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Preface 

"Most impediments to scientific understanding are conceptual locks, 
not factual lacks." The history of the discovery of the chaperonins and 
their role in protein folding provides a good illustration of this aphorism 
by Stephen J. Gould (1991). The pioneering experiments of Christian 
B. Anfinsen in the 1950s and 1960s revealed the remarkable finding 
that some pure denatured proteins will refold spontaneously into their 
biologically active three-dimensional structures when the denaturant is 
removed. They will do this in the absence of either an energy source or 
any other macromolecules. Thus was born an important corollary to the 
Central Dogma of molecular biology: the principle of self-assembly, 
according to which all the information required for each aminoacyl 
sequence to fold into its functional conformation resides within the 
sequence itself. It is hard to exaggerate the importance of this principle 
for our current understanding of the molecular basis of the living state. 
Just imagine the difficulties if each newly synthesized polypeptide chain 
required steric information from preexisting cellular components before 
it would fold correctly! 

The contribution of Anfinsen was recognized by the joint award, with 
S. Moore and W. H. Stein, of the Nobel Prize for chemistry in 1972. A 
glance at modern textbooks of biochemistry reveals the importance 
placed on self-assembly as an organizing principle in biology. So why is 
the remark of Gould relevant to what seems a satisfactory and pleas-
ing concept? 

The answer lies in the extraordinary complexity of the environment 
in which proteins fold inside cells and in the differing attitudes of the 
many researchers that have followed Anfinsen in the study of protein 
refolding in vitro. Some have pursued his basic type of experiment by 
applying ever more sophisticated techniques to the refolding of pure 
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proteins in the test tube. It was observed that success in such experiments 
for some proteins requires the use of low protein concentrations and 
low temperatures to avoid the production of aggregated or misfolded 
structures, but this observation did not stimulate enquiry into how these 
problems are countered in the cell. This work continues to be driven by 
the intellectual challenge of discovering the precise rules that enable a 
given aminoacyl sequence to fold into a particular conformation, a chal-
lenge still to be met. The "protein folding problem" is regarded by some 
as the most challenging intellectual problem in biology (those wanting 
to know the molecular basis of consciousness would disagree). The diffi-
culty of this task, combined with the technical simplicity of the conditions 
under which protein refolding is studied, has discouraged many protein 
chemists from considering whether other processes are involved in pro-
tein folding in the living cell. In my experience protein chemists do not 
react well to the suggestion that they make the refolding conditions 
much more complex in trying to mimic intracellular conditions, and who 
can blame them? Why complicate the situation when the protein will 
regain its biological activity on its own, albeit under unphysiological 
conditions? But in the end we have to ask why protein chemists are 
doing this type of work. Is it to understand how proteins fold inside test 
tubes or inside living cells, and are these the same problems? 

It is interesting in hindsight to note that a paper pubUshed from Anfln-
sen's laboratory (Epstein et al, 1963) contained the prophetic remark 
that "Another large molecule (e.g., an antibody, other protein, or possi-
bly even the same protein) could influence the folding process by inter-
molecular reactions," but this suggestion did not spark much enthusiasm 
among protein chemists to search for such molecules. Cell biologists and 
biochemists, on the other hand, are happy to work with undefined cellular 
soups, but then they do not aim to achieve the precision sought by 
protein chemists. It is from a serendipitous observation made during the 
study of protein synthesis in cell-free extracts and isolated organelles 
that a more complex story about protein folding inside cells started to 
emerge. The folding of some proteins did not appear to be spontaneous, 
but to involve interactions with preexisting proteins that act as molecular 
chaperones and hydrolyze ATP. Chapter 1 (R. John Ellis) discusses the 
origins of this new view of protein folding. The chaperonins are one 
major group of ubiquitous molecular chaperones that interact with fold-
ing proteins, and the aim of this book is to provide a snapshot of recent 
research in this exciting new field. 

Chaperonins occur in all types of cell and fall into two related subfami-
lies called the GroE chaperonins and the TCP-1 chaperonins. Chapter 
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2 by Radhey S. Gupta discusses possible evolutionary relationships of 
members of these subfamilies. Two chapters follow on the properties 
and functions of the GroE chaperonins found inside chloroplasts and 
photosynthetic bacteria (Anthony A. Gatenby) and mitochondria 
(Thomas Langer and Walter Neupert), with which much of the early 
work on the chaperonins was carried out. The TCP-1 chaperonins found 
in archaebacteria and eukaryotic cytosol are discussed in Chapter 5 by 
Keith R. WiUison and Arthur L. Horwich. The most detailed knowledge 
of the regulation of GroE chaperonin gene expression comes from stud-
ies on eubacteria, especially Escherichia coll It was the analysis of mu-
tants of this bacterium which were unable to replicate some bacterio-
phages that led to the identification of the first bacterial chaperonin 
called GroEL in the 1970s, but the "conceptual lock" of self-assembly 
discouraged attempts to determine the role of GroEL in the uninfected 
cell. These genetic aspects are considered in Chapter 6 by Saskia M. van 
der Vies and Costa Georgopoulos. 

Much of the current excitement in the chaperonin field is being gener-
ated by the analysis of "neo-Anfinsen" experiments in which the refold-
ing of denatured pure proteins is studied in the presence of chaperonins 
added to the refolding buffer. Biophysical aspects of these experiments 
are discussed in Chapter 7 by Anthony R. Clarke and Peter A. Lund 
and the biochemical aspects in Chapter 8 by Jorg Martin, Mark Mayhew, 
and F.-Ulrich Hartl. Complementing these approaches are structural 
studies of the chaperonins by both electron microscopy and X-ray dif-
fraction (Chapter 9 by Helen R. Saibil). The last chapter by Anthony 
R. M. Coates discusses a less well-publicized aspect of the GroE chaper-
onins: the fact that they are the dominant immunogens in human bacterial 
infections and stimulate cytokine production when added to some animal 
cells in culture. The chaperonins may have additional functions, such as 
the protection of messenger RNA against degradation and obscure sur-
face roles in some bacterial and animal cells. The chaperonin story is 
just beginning. 

It is important to realize that the new wave of research discussed in 
this book casts no doubt on the validity of the principle of protein self-
assembly. The chaperonins do not provide steric information for protein 
folding, rather they permit self-assembly to proceed with a higher proba-
bility of success within the highly concentrated and complex intracellular 
milieu. The mechanisms by which they achieve this improvement are 
under debate, but a currently favored model suggests that the chaperon-
ins essentially act as sequestering agents inside which protein chains fold 
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by self-assembly in isolation from one another. I have coined the term 
"Anfinsen cage" for this model since it impUes that protein folding per 
se occurs in the same way inside cells and test tubes. If this view is correct, 
chaperonin research will not help solve the protein folding problem, but 
it will illuminate some of the ancillary events that enable self-assembly 
to proceed more effectively inside the cell, and may permit the trapping 
of productive folding intermediates. Thus the notion of spontaneous 
self-assembly is being replaced by the idea that, within the cell, the self-
assembly of some proteins is assisted by preexisting proteins such as 
the chaperonins. It follows that the approach of the cell biologist is 
complementary to that of the protein chemist, since it provides additional 
information about events accompanying protein folding in nature. 

This book is dedicated to the memory of Christian B. Anflnsen for 
his briUiant insight into the nature of protein folding. He sadly did not 
live to receive a copy of this book, but I am glad to record the enthusiasm 
and interest he expressed to me about the chaperonins in his last years. 
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What are the chaperonins, how were they discovered, and what are 
the functions that their structures have evolved to perform inside all 
living cells? This volume presents the views of some of the active re-
searchers in this field about possible answers to these questions. The 
purpose of this introductory chapter is to provide a general historical 
and conceptual framework within which these views can be considered. 
The chaperonins are at the center of a new and rapidly expanding field 
of biochemical research into the biological roles of molecular chaperones. 
The results of this effort are changing our views about how proteins 
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achieve, maintain, and lose their functional conformations in all types 
of cell. The contents of this volume provide a snapshot of research into 
arguably the single most important process in biology: protein folding. 

I. ORIGINS 

It is useful to consider the origins of a new subject for two reasons. 
First, it can be instructive; the history of science provides sobering take-
home messages about the importance of not ignoring observations that 
do not fit the prevailing conceptual paradigm, and about the value of 
thinking laterally, in case apparently unrelated phenomena conceal com-
mon principles. Second, once a new idea has become accepted there is 
often a tendency to believe that it was obvious all along—hindsight is 
a wonderful thing, but the problem is that it is never around when you 
need it! The history of the discovery of the chaperonins contains exam-
ples of both these points. 

A. Origin of Chaperonin and Molecular Chaperone 

The term chaperonin was coined by Sean Hemmingsen to describe 
one family of highly sequence-related proteins acting as molecular chap-
erones found in chloroplasts, mitochondria, and eubacteria such as Esch-
erichia coli (Hemmingsen et ai, 1988). Newcomers to this field may well 
wonder why there is such emphasis on the term molecular chaperone 
and its derivatives, and suspect that, at best, the term is used as a mere 
metaphor or, at worst, is a dreadful example of academic whimsy. In 
my view it is neither of these, but is a precise description of a ubiquitous 
and essential function operating within all types of cell. What is this 
function? 

The term molecular chaperone was used first by Laskey et al (1978) 
to describe the properties of nucleoplasmin, an acidic nuclear protein 
required for the correct assembly of nucleosome cores from DNA and 
histones in extracts of Xenopus eggs. Why is the word chaperone appro-
priate to describe the properties of nucleoplasmin? These properties are 
unusual because they do not fall into any of the obvious categories. Thus 
the role of nucleoplasmin is not to provide steric information essential for 
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nucleosome assembly, nor is it a structural component of the assembled 
nucleosome. Rather nucleoplasmin binds transiently to the histones, 
thereby reducing their positive charge density, and so inhibits the ten-
dency for unspecific aggregates to form between the positively charged 
histones and the negatively charged DNA—in other words, nucleo-
plasmin acts as an electrostatic filter. This transient inhibitory role of 
nucleoplasmin allows the self-assembly properties of the histones with 
DNA to predominate over the incorrect interactions generated by their 
high density of opposite charges. The molecular details of how this is 
achieved are still obscure, but it is clear that the role of nucleoplasmin 
in nucleosome assembly is transitory, and does not involve the formation 
or breakage of covalent bonds. It can thus be detected only if nondenatur-
ing techniques are used to study the early stages of nucleosome forma-
tion. Later work revealed an additional role of nucleoplasmin in decon-
densing sperm chromatin on fertilization of the egg, resulting in the 
replacement of the protamine proteins of the sperm nucleosomes by the 
histone proteins of the zygote (Laskey et al, 1993). 

It should be clear from these properties that nucleoplasmin is a precise 
molecular analog of the human chaperone. The traditional role of the 
latter is to prevent incorrect interactions between pairs of human beings, 
without either providing the steric information necessary for their correct 
interaction or being present during their subsequent married life—but 
often reappearing at divorce and remarriage! So the term is a precise 
description of an essential function that we now know all cells require 
in order to increase the probability of correct macromolecular interac-
tions (see Section II). 

B. Discovery of Chaperonins 

The term molecular chaperone was used by Laskey et al. (1978) to 
describe the properties of one protein, nucleoplasmin, found in the nu-
cleus of amphibian eggs. It was later extended to describe the properties 
of a different protein imphcated in the assembly of the photosynthetic 
carbon dioxide-fixing enzyme ribulose-bisphosphate carboxylase 
(EC4.1.1.39, ribulosebisphosphate carboxylase/oxygenase, Rubisco) in 
the chloroplasts of higher plants (Musgrove and ElUs, 1986). Chloroplast 
Rubisco is an ohgomeric protein consisting of large subunits synthesized 
inside the chloroplast and small subunits imported into the chloroplast 
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after synthesis in the cytosol. The key observation was that an abundant 
chloroplast protein binds transiently and noncovalently to radioactively 
labeled large subunits of Rubisco synthesized inside intact chloroplasts 
isolated from the leaves of Pisum sativum; time course experiments 
showed that these large subunits are subsequently transferred to the 
holenzyme (Barraclough and Ellis, 1980). Because isolated large subunits 
of chloroplast Rubisco have a strong tendency to form insoluble aggre-
gates in the absence of denaturing agents, it was proposed that this 
binding protein might be an obligatory step in the assembly of chloroplast 
Rubisco that served to keep the large subunits soluble inside the chloro-
plast prior to assembly (Barraclough and ElHs, 1980). Although nucleo-
plasmin acts to reduce problems produced by the high concentrations 
of charged residues in the nucleus, and the chloroplast binding protein 
acts to reduce problems caused by the high concentration of hydrophobic 
residues in the chloroplast, they nevertheless share a commonality of 
action in that they reduce incorrect interactions of one kind or another. 
Figure 1 shows a repeat of the key experiment that identified the chloro-
plast protein as a polypeptide binding protein. 

It is chastening to record that this binding phenomenon was first ob-
served in the author's laboratory in 1973, and noted repeatedly thereaf-
ter, but was interpreted incorrectly until 1980 because the low stoichi-
ometry of binding did not allow the complex of binding protein with 
radioactive Rubisco large subunits to be resolved from the bulk of the 
nonradioactive binding protein. Because the radioactive Rubisco large 
subunits migrate exactly with the chloroplast binding protein during 
electrophoresis on nondenaturing polyacrylamide gels (see Fig. 1), and 
during centrifugation on sucrose density gradients, the conclusion 
seemed obvious between 1973 and 1980 that what we now know is a 
polypeptide binding protein is simply an oligomeric form of Rubisco 
large subunits that the chloroplast accumulates as part of its Rubisco 
assembly pathway. The message from this story is that an interpretation 
that seems obvious and rational can nevertheless turn out to be incorrect. 
A detailed history of the discovery of the chloroplast binding protein is 
available (Ellis, 1990a). 

The proposal that the chloroplast binding protein could be thought 
of as a molecular chaperone (Musgrove and Ellis, 1986) did not meet 
with much enthusiasm at the time because of the general acceptance 
of the principle of protein self-assembly, which proposes that both 
the folding and the association of newly synthesized polypeptides are 
spontaneous processes requiring no macromolecules other than the 
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Fig. 1. Discovery of the chloroplast binding protein (BP). Intact chloroplasts were 
isolated from young seedlings of Pisum sativum and illuminated at 20°C in a medium 
containing sorbitol as osmoticum and [^^S]methionine as labeled precursor; the illumination 
serves as an energy source for protein synthesis by ribosomes inside the intact chloroplasts. 
Samples were removed at intervals, the chloroplasts were centrifuged down and lysed in 
hypotonic buffer, and the soluble fraction was electrophoresed on a 5% nondenaturing 
polyacrylamide gel (A and B). The gel was stained in Coomassie blue (A) and an 
autoradiograph made (B). The stained bands of Rubisco holoenzyme and BP were excised 
from the 30-min track and analyzed separately on a 15% SDS-polyacrylamide gel (C and 
D). The SDS gel was stained (C) and an autoradiograph made (D). Note that labeled 
Rubisco large subunits comigrate exactly with the staining band of the binding protein 
(compare the precise shapes of the bands in A and B). These large subunits can be 
visualized by their radioactivity but not by staining, since the chemical amount made in 
this system is very small (compare C and D). The binding protein oligomer (BP) is visible 
as a prominent stained band, as are its 60-kDa subunits, but these are not radioactive 
since they are made in the cytosol (compare C and D). BP, Rubisco subunit binding 
protein; Rubisco, holoenzyme of ribulose bisphosphate carboxylase-oxygenase; large and 
small, large and small subunits of Rubisco, respectively. Reprinted from Johnson (1987) 
with permission. 

components of the assembled protein. This conclusion is an important 
corollary of the central dogma of molecular biology which states that 
the information transferred from nucleic acids to proteins is linear in 
nature. Protein self-assembly implies that no informational factors 
other than the linear sequence of aminoacyl residues are necessary 
for that sequence to fold into a specific conformation. There was thus 
no compelling reason to search for factors that might affect this 
folding process. 
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The self-assembly principle is based on two types of observation. Some 
pure proteins denatured in vitro will often refold correctly in a spontane-
ous manner when the denaturing agent is removed, in the total absence of 
either any other macromolecules or the expenditure of energy (Anfinsen, 
1973). Some oligomeric structures such as tobacco mosaic virus will 
reassemble correctly when the separated components of the assembled 
structure are mixed together (Caspar and Klug, 1962). It is interesting 
that some pioneers of the self-assembly hypothesis speculated that "an-
other large molecule (e.g., an antibody, other protein, or possibly even 
the same protein) could influence the folding process by intermolecular 
interactions" (Epstein et ai, 1963). This prophetic remark, however, did 
not turn out to be seminal, since its potential implications were largely 
ignored by protein chemists until the chaperonins were discovered. Thus 
it is only the most recent editions of biochemistry text books that refer 
to the role of molecular chaperones in assisting protein folding (e.g., 
Alberts et al, 1994). 

It was initially thought that nucleoplasmin and the chloroplast 
binding protein were special cases evolved to deal with certain oUgo-
meric proteins whose assembly presents particular difficulties. Specula-
tions by Pelham (1986) about a more general role of yet other proteins 
(heat shock 70 and 90 proteins) in assembly and disassembly processes 
prompted the broader suggestion that proteins acting as molecular 
chaperones may be widespread, and are commonly required for both 
protein folding and protein oligomerization to proceed correctly (Ellis, 
1987). Thus the general concept of molecular chaperones was borne 
from the realization that several unrelated discoveries in biochemical 
research could be regarded as examples of a more fundamental phe-
nomenon. 

Support for this idea soon appeared. Sequence determinations of 
cDNAs for the subunits of the chloroplast binding protein revealed 
unexpected aminoacyl identities of about 50% with the GroEL protein 
of E. coliy and with the common antigen found in many human 
bacterial infections (Hemmingsen et ai, 1988). The GroEL protein 
was identified genetically in four laboratories in 1972-1973 as a 
bacterial protein required for the rephcation of bacteriophages such 
as lambda (X)—''Gro" refers to phage growth and the suffix "E" 
refers to the observation that the phage lambda growth defect is 
overcome when the phage carries a mutation in the head gene E 
(Sternberg, 1973; see Chapter 6). This GroEL protein is required for 
phage-encoded protein subunits to assemble correctly into the oligo-
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meric connector that joins the head to the tail of phage lambda, but 
it is not a component of the final structure. 

In the 1970s most attention was paid to the role of this bacterial protein 
in phage assembly rather than to its role in the uninfected cell, and this 
remained the case until the high sequence identity of GroEL with the 
chloroplast binding protein was discovered in 1988. Independent work 
at about the same time revealed an immunological similarity between 
GroEL and a heat shock protein of mitochondria from plant and animal 
sources (McMullin and Hallberg, 1988); the role of this protein in assist-
ing the folding of newly imported proteins by yeast and Neurospora 
mitochondria was soon defined (Cheng et al, 1989; Ostermann et ai, 
1989; see Chapter 4). The work reported by Ostermann et al (1989) was 
of particular significance for two reasons. First, it concerned the folding 
of a monomeric protein dihydrofolate reductase (DHFR), whereas other 
studies used oligomeric proteins where it was not definitively established 
whether the chaperonin (cpn)60 was assisting folding and/or association. 
Second this protein refolds spontaneously in vitro with high efficiency, 
but nevertheless was found to interact with the mitochondrial cpn60 in 
vivo. This finding was the first to indicate that the fact that a protein 
refolds spontaneously in vitro with no difficulty does not necessarily 
mean that it folds spontaneously in vivo. In similar vein, two proteins 
newly synthesized in cell-free extracts of E. coli were found to bind 
transiently to GroEL, and the transport competence of one of them was 
prolonged by this binding (Bochkareva et al, 1988). 

It was not long before the pioneer experiments of Anfinsen on the 
refolding of denatured proteins were being repeated with the modifica-
tion that GroEL was added to the refolding buffer (Goloubinoff et al, 
1989). This modification improves the yield of correctly folded bacterial 
Rubisco in an ATP-dependent process and reduces its tendency to aggre-
gate when diluted from the denaturant. Goloubinoff er A/. (1989) reported 
the first example of a continuing wave of similar "neo-Anfinsen" experi-
ments being carried out on a variety of other proteins in several labora-
tories. The precise means by which GroEL assists correct protein refold-
ing in these ''neo-Anfinsen" experiments and exactly how quantitatively 
important the chaperonins and other molecular chaperones are at assist-
ing protein folding in vivo are the subject of much current debate, some 
of which is recorded in Chapters 7-9. 

The period 1987-1989 marks a watershed in research on protein fold-
ing. The original view that protein folding in the cell is a spontaneous 
energy-independent process continues to be challenged by a different 



8 R. John Ellis 

view. This view retains the principle of protein self-assembly, but empha-
sizes the importance of the assistance of this process by preexisting 
proteins acting as molecular chaperones, some of which expend energy 
in the form of ATP hydrolysis. The idea that self-assembly requires 
assistance may seem contradictory, but one of the originators of the self-
assembly principle has commented that "chaperonage of self-assembly 
is not an oxymoron" (Caspar, 1991). The evidence for this new view 
was initially obtained from studies with chloroplasts, eubacteria, and 
mitochondria, but was extended to the archaebacteria and the eukaryotic 
cytosol in 1990-1991 when the relationship between the GroE chaperon-
ins and the r-complex polypeptide 1 (TCP-1) chaperonins was uncovered 
(see Section III and Chapter 5). Thus the general concept of molecular 
chaperones has triggered a wave of fresh research on protein folding in 
systems from all types of cell that has yet to break, and whose final 
biological significance has yet to emerge. 

II. GENERAL CONCEPT OF MOLECULAR CHAPERONES 

This topic has been discussed extensively (Ellis and Hemmingsen, 
1989; Rothman, 1989; Ellis, 1990a,b; Ellis and van der Vies, 1991; Gething 
and Sambrook, 1992; Ellis, 1993; Hendrick and Hartl, 1993), so only a 
summary of key points is given here. 

A. Definitions of Molecular Chaperones 

Molecular chaperones are currently defined as a class of unrelated 
famihes of protein that have in common the ability to assist the noncova-
lent assembly of other protein-containing structures in vivo, but which are 
not permanent components of these structures when they are performing 
their normal biological functions (Ellis and Hemmingsen, 1989; Ellis, 
1990a,b, 1993). In this definition "assembly" is used in a broad sense to 
encompass not only the folding of newly synthesized polypeptide chains 
and any association into oligomers that may occur subsequently, but 
also any changes in the degree of either folding or association that may 
occur when proteins cross membranes, perform their normal functions, 
or are repaired or removed after damage by stresses such as heat shock. 
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The term noncovalent is used to exclude those proteins that carry out 
covalent co- or post-translational modifications; such modifications are 
often important for protein assembly, but the enzymes that catalyze 
them are not the proteins being defined here. Thus protein disulfide-
isomerase is not a molecular chaperone in terms of its isomerase activity, 
although it may contain a molecular chaperone activity in other parts 
of its structure (Lamantia and Lennarz, 1993; Puig and Gilbert, 1994). 
An alternative form of wording that expresses essentially the same idea 
has been proposed: a molecular chaperone is a "protein that binds to 
and stabilizes an otherwise unstable conformer of another protein, and 
by controlled binding and release of the substrate protein facilitates its 
correct fate in vivo, be it folding, oligomeric assembly, transport to 
another subcellular compartment or controlled switching between active 
and inactive conformations" (Hendrick and Hartl, 1993). 

It should be noted that both these definitions are functional rather 
than structural in nature, but contain no constraints on the mechanisms 
by which molecular chaperones function. This is the reason for the 
use of the imprecise words ''assist" and "facilitate." Thus molecular 
chaperones are not defined by a common mechanism of action nor by 
sequence similarity. One convenient way of classifying the different types 
of molecular chaperone is to group them into famihes on the basis that 
within each family there is high sequence similarity, but between families 
there is not (Elhs and van der Vies, 1991). The chaperonins are thus 
just one family of sequence-related molecular chaperones. 

If the above definitions are accepted, only two criteria need to be 
fulfilled in order to call a protein a molecular chaperone: it must in 
some sense assist or facilitate the assembly of other protein-containing 
structures, the mechanism by which it does this being irrelevant, but it 
must not be a component of those structures when they are performing 
their normal biological functions. 

Both the above definitions suggest that molecular chaperones function 
not only during normal conditions but also under stress conditions. The 
molecular chaperone concept can accommodate at least some aspects 
of the stress response by supposing that the need for these molecular 
chaperones increases when proteins are damaged by stress. If the cell 
is to survive stress, damaged proteins need to be either refolded correctly 
or removed by proteolysis, while undamaged proteins need to be pro-
tected against subsequent stresses that may create incorrect assembhes. 
Thus the stress response can be viewed in certain respects as an amplifi-
cation of a basic molecular chaperone function that all cells require 
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under normal conditions, rather than as a unique function required 
only under stress conditions. It remains possible of course that some 
stress proteins have functions that are uniquely required in the stress 
situation. Indeed, if the first living cells originated in high temperature 
environments, it is conceivable that molecular chaperones functioned 
initially under stress conditions, and only later in evolution were 
retained to function at the lower temperatures that most cells experi-
ence today. 

The view that some stress proteins act as molecular chaperones has 
gained increasing experimental support (Morimoto et al, 1994), but it 
is important to note that not all stress proteins act as molecular chaper-
ones and, conversely, that not all molecular chaperones accumulate after 
stress. Only 5 of the 20 or so stress proteins of E. coli whose expression 
is controlled by the sigma (a) 32 transcription factor are known to act 
as molecular chaperones (Georgopoulos et ai, 1990), whereas nucleo-
plasmin and the TCP-1-containing complexes in the eukaryotic cytosol 
are not stress proteins (see Chapter 5). 

B. Why Molecular Chaperones Exist 

An interesting question to consider is why molecular chaperones exist 
at all. The principle of protein self-assembly is well supported by many 
in vitro experiments, so why is it apparently insufficient to describe the 
in vivo situation? A possible answer stems from the observation that 
many cellular processes involve the transient exposure of interactive 
surfaces to the intracellular environment, and so run the risk that some 
of these surfaces may interact incorrectly to generate nonfunctional 
structures. Interactive surfaces are defined in this context as any regions 
of intra- or intermolecular contact that are important in maintaining the 
structure in its biologically active conformation. The interactive surfaces 
that are chaperoned in the nucleus by nucleoplasmin are charged, but 
in the case of all other molecular chaperones so far studied, the interac-
tions are hydrophobic. 

It has long been known that the success of an in vitro protein refolding 
experiment of the type pioneered by Anfinsen (1973) increases as the 
temperature and protein concentration decrease, because these condi-
tions reduce the probability of incorrect interactions between hydropho-
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bic surfaces transiently exposed during the refolding process (see Chap-
ters 7 and 8). Such refolding experiments are often performed at protein 
concentrations in the 1 /xg-1 mg/ml range, but protein concentrations 
in vivo are much higher, in the range 200-300 mg/ml, so the concentration 
of exposed interactive surfaces is also higher in vivo. Most ribosomes are 
active in protein synthesis in growing E. coli cells, so the concentration of 
nascent chains will be in the same range as the concentration of ribo-
somes, i.e., 30-50 ixMy or 1-2 mg/ml for a protein of 40 kDa. This 
concentration range of nascent chains does not appear to greatly exceed 
that used in vitro, but the effective concentration of nascent chains in 
vivo is greatly increased in terms of thermodynamic activity because of 
the effect of macromolecular crowding, an effect that is absent in vitro 
(see Section V,B). 

Whereas the self-assembly principle implies that all the interactions 
that occur in vivo are both necessary and sufficient to produce the correct 
structures, the molecular chaperone concept suggests that on the contrary 
there is an intrinsic risk of incorrect interactions producing abnormal 
structures because of the high concentration of interacting surfaces. It 
is also possible that under the conditions existing in vivo some proteins 
will become kinetically trapped in nonnative conformations and be un-
able to proceed on their own to the native conformation at a sufficient 
rate (see Chapter 7). The proportion of cellular proteins that requires 
assistance by molecular chaperones in order to assemble correctly in 
amounts sufficient for cellular needs is one of the many unresolved 
questions in this field (see Section V). 

We can summarize all these considerations into a simple unifying 
principle: all cells require a molecular chaperone function that serves to 
prevent or to reverse incorrect interactions between transiently exposed 
surfaces by the binding of molecular chaperone proteins to these surfaces. 
Whether molecular chaperones exist that have a more active role, e.g., 
by altering the range of pathways of folding open to certain polypeptides 
or even by providing steric information, remains to be seen. The discov-
ery that diluting from denaturant a mixture of the scrapie prion protein 
with its normal conformational isomer causes the conversion of some 
of the latter to the former may be an example of a process whereby one 
protein alters the folding pathway of a related protein (Bessen et ai, 
1995). What is clear is that the list of proteins that can be regarded as 
molecular chaperones is growing steadily. This volume is concerned with 
the best-studied family: the chaperonins. 
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III. DEFINITIONS AND NOMENCLATURE 

One reason the term chaperonin was proposed was to try to simplify 
the existing complex nomenclature for different members of this family 
of proteins whose close similarity had just been realized (Hemmingsen 
et al, 1988). Present knowledge suggests that one way to define the 
chaperonins is as a family of sequence-related molecular chaperones 
that function to assist protein folding in all types of cell by binding to 
nonnative forms of proteins. The family contains two distinct subclasses 
(EUis, 1992, and Table I): (1) the GroE subclass found in chloroplasts 
and other plastids, mitochondria, and eubacteria and (2) the TCP-1 
subclass found in archaebacteria and the eukaryotic cytosol. These sub-
classes have also been called Group I and II chaperonins, respectively 
(see Chapter 5). 

The sequence identity between members of the GroE subclass is 
around 50%, as is the sequence identity between members of the TCP-1 
subclass, but the identity between the two subclasses is much less. This 
grouping is consistent with the view that chloroplasts and mitochondria 
originated as endosymbionts from free-living eubacteria, whereas the 

TABLE I 

Nomenclature of the Chaperonins 

Generic name 

GroE subclass 
Eubacterial chaperonin 60 
Eubacterial chaperonin 10 
Mitochondrial chaperonin 60 
Mitochondrial chaperonin 10 
Chloroplast chaperonin 60 
Chloroplast chaperonin 10 

TCP-1 subclass 
Cytosolic chaperonin 60 

Archaebacterial chaperonin 60 

Useful 
abbreviations 

Eu cpn60 
Eu cpnlO 
Mt cpn60 
Mt cpnlO 
Ch cpn60 
Ch cpnlO 
Chcpn21 

Cyt cpn60 
TCP-1 
CCT 
TRiC 
Ar cpn60 
TF55 

Other names 

GroEL {E. coli), 65-kDa antigen 
GroES (E. coli), cochaperonin 
hsp60, mitonin, HuCha60 
hsplO, cochaperonin 
Rubisco subunit binding protein 
Cochaperonin, chaperonin 21 

r-complex polypeptide 1, 
chaperonin-containing TCP-1, 
TCP-1 ring complex 

Thermophilic factor 55, 
thermosome 
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archaebacteria contributed toward the eukaryotic cytosol. Possible evo-
lutionary relationships within and between these subclasses are discussed 
in Chapters 2 and 5. 

The above definition also describes the heat shock protein 70 family 
of molecular chaperones, although their role in protein folding is differ-
ent from that of the chaperonins (see Chapter 8), so it is necessary to 
define the structure of the chaperonins. The chaperonins all have in 
common a large oligomeric structure consisting of two stacked rings of 
subunits, each about 60kDa in size, surrounding a central cavity within 
which the protein substrate binds; these subunits catalyze the hydrolysis 
of ATP to ADP. The GroE chaperonins have seven subunits per ring, 
whereas the TCP-1 chaperonins have eight or nine. 

A convenient abbreviation for chaperonin(s) is cpn(s), a terminology 
introduced by Lubben et al (1989) and Goloubinoff et al (1989) and 
used throughout this volume. Thus the subunits of the rings can be 
referred to as cpn60 subunits and the oligomer itself, cpn60. The GroE 
subclass also contains another type of oHgomeric ring made of seven 
smaller 10-kDa subunits, cpnlO. The cpn60 oligomer from E. coli is the 
best studied chaperonin of this subclass and is often called GroEL, 
whereas the cpnlO oligomer from E. coli is often called GroES. In this 
volume the terms GroEL and GroES refer to the proteins from E. coli 
only. Note that it is tautologous to use the expression GroEL chaperonin 
60 protein, since GroEL is the chaperonin 60 of E. coli. GroEL and 
GroES oligomers bind to each other in the presence of adenine nucleo-
tides, and this binary complex is beheved to play an important part in 
chaperonin function; thus the genes encoding both GroEL and GroES 
are essential for the survival of E. coli (see Chapters 7-9). 

The numbers 60 and 10 are rounded off approximations of the actual 
molecular sizes; Chapter 2 should be consulted for the sequences. The 
chloroplast cpnlO is unusual in that the protein subunit consists of two 
copies of the cpn 10 sequence joined head to tail, and thus is often 
referred to as cpn21 (see Chapter 3). CpnlO oligomers are sometimes 
called cochaperonins, but this term is not used in this volume since it is 
confusing to use similar but nonidentical names for the same protein; 
moreover, cpnlO sequences show some similarity to part of the cpn60 
sequence and thus are true chaperonins by definition (see Chapter 2). 
The term cochaperonin should be reserved for proteins that modulate 
chaperonin activity, but that are unrelated in sequence to the chaperonins 
(for possible examples see Chapter 5). The TCP-1 oligomers found in 
the eukaryotic cytosol are much more variable than the GroE oligomers 
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in that the latter contain only one or two subunit sequences while the 
former contain up to nine; for this reason TCP-1 oHgomers are also 
called CCT complexes, for chaperonin-containing TCP-1 complexes, or 
TRiC, for TCP-1 ring complexes (see Chapter 5). The TCP-1 chaperonins 
appear not to include cpnlO oligomers. 

The cpn60 and cpnlO proteins of E. coli are encoded by a single 
operon, but in other eubacteria and some archaebacteria more than one 
type of cpn60 gene occurs, only some of which are located in operons 
with CpnlO (see Chapters 2 and 6). A nomenclature has been proposed 
to cover the latter situation. When either a second cpn60 or a second 
cpnlO gene is found within a given species, the genes that are either 
adjacent or operon-located should be called cpn60-l and cpnlO-l, and 
subsequent chaperonin genes should be called cpn60-2 or -3 and cpnlO-
2 or -5 and so on (Coates et al, 1993). Whether the different types of 
cpn60 sequence occur in the same protein oligomer in these bacteria is 
unknown, but in the case of the chloroplast cpn60, it is Ukely that both 
sequences (called a and j8) are present in the same oligomer (see Chapter 
3). The multiple TCP-1 subunits of eukaryotes appear not to be encoded 
in operons, but it is probable that up to nine types of subunit occur in 
each individual oligomer (see Chapter 5). 

Some authors use the term chaperonin interchangeably with heat 
shock protein 60 (hsp60). However, the terms are not synonymous 
because it is only cpn60 in bacteria and mitochondria and TCP-1-
related proteins in archaebacteria that are strongly heat-inducible—the 
chloroplast cpn60 and the TCP-1 complexes in eukaryotes are not 
heat shock proteins. Moreover, the heat shock terminology, although 
useful in the earUer studies of these proteins, places undue emphasis 
on just one specialized feature of these proteins whose more fundamen-
tal role is to act as molecular chaperones under nonstress conditions. 
In this volume the term hsp60 is restricted to the cpn60 oUgomer 
found inside mitochondria. 

The word molecular is used in the term molecular chaperone because 
in normal usage the word chaperone refers to a person. This may seem 
a point too obvious to make, but the literature contains several examples 
in reputable journals of use of the nonsense term molecular chaperonin! 
This abuse arises because of the confusion of the term molecular chaper-
one with the term chaperonin. It should be clear from the above discus-
sion that the chaperonins are just one family from a large and steadily 
growing Ust of unrelated famiUes of proteins that act as molecular chap-
erones. 
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IV. FUNCTIONS OF CHAPERONINS 

A. Validity of in Vitro Experiments 

Most of this volume discusses recent observations and interpretations 
of the structure and functions of the chaperonins, but a summary of key 
points may be useful here to orient the reader new to this field. A 
distinction should be drawn between those experiments performed in 
vitro with either defined components or isolated organelles and crude 
cell-free extracts, and those performed in vivo, usually by genetic means. 
The former experiments greatly outnumber the latter and have the ad-
vantage that they allow sophisticated techniques to be used to analyze, 
for example, the kinetics of protein refolding, the order of complex 
interactions, and the structures of partially folded forms of polypeptides. 
However, in vitro experiments suffer from the disadvantage that the 
conditions under which they are performed are different in important 
respects from those operating within the intact cell (see Section V,B). 
Since the chaperonins evolved to assist protein folding inside the living 
cell, and not in the test tube, this is not a trivial distinction. 

It is my view that biochemistry is a branch of biology and not a branch 
of chemistry, since its declared aim is to understand how organisms 
work. On this basis I suggest that the ultimate aim of research into 
protein folding should be to understand how this process operates in 
vivo. This view appears not to be shared by all workers in this field, but 
I suspect that had protein chemists in the past considered more closely 
the intracellular environment in which proteins have evolved to fold, the 
chaperonins could have been discovered much sooner. One encouraging 
trend that has become evident recently, and one that I predict will 
increase in importance, is that more attention is being paid to trying 
to mimic in vitro some of the conditions that may influence how the 
chaperonins function in vivo, conditions such as the presence of other 
molecular chaperones acting on folding polypeptides (see Chapter 8) 
and the degree of macromolecular crowding (see Section V). 

B. Three Main Functions of Chaperonins 

The majority of published evidence about chaperonin function con-
cerns the GroEL and GroES chaperonins of E. coli and the chaperonins 
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of yeast mitochondria; much less information is available about the 
functions of the TCP-1 chaperonins (see Chapter 5 for the latter). This 
evidence supports the provisional conclusion that these proteins serve 
at least three functions: (1) They prevent the aggregation of partially 
folded polypeptides that have either just been released by the ribosome 
or just emerged from a membrane after transport from the cytosol (see 
Chapters 4,7-9). (2) They bind partially folded polypeptides that may be 
kinetically trapped in a conformation unable to proceed spontaneously 
to the functional conformation; this binding and/or subsequent release 
causes the alteration of some noncovalent interactions that allow correct 
folding to proceed (see Chapter 7). (3) They protect correctly folded 
proteins from aggregation after denaturation by stresses such as high 
temperatures and trap denatured proteins so that they can be degraded; 
these activities account for the observation that in many, but not all, 
cell types the GroE and TCP-1 chaperonins are induced by stress (see 
Chapter 8). 

These functions are not mutually exclusive, but complementary, and 
all involve the binding of the cpn60 component to exposed hydrophobic 
surfaces of the protein substrate. The protein binding sites of GroEL 
he within the top of each ring (see Chapter 9). This location serves to 
encapsulate the protein substrate to some degree and prevents GroEL 
oUgomers from binding to one another. The binding is reversed by ATP 
hydrolysis, and this reversal releases the substrate protein in a manner 
whereby it is more likely to avoid aggregation and fold correctly. The 
precise manner by which these ends are achieved is the subject of intense 
current debate (see Chapters 7-9). Two aspects of these issues that 
relate to chaperonin function in vivo are discussed in Section V. 

The majority of the evidence for the above conclusions is derived 
from in vitro experiments, but experiments in which cpn60 function is 
disrupted in vivo by genetic means support the view that cpn60 prevents 
the aggregation of a significant number of newly imported proteins in 
yeast mitochondria (Cheng et al, 1989; Hallberg et al, 1993) and newly 
synthesized proteins in E. coli (Gragerov etal, 1992; Horwich etal^ 1993). 

The biological significance of the chaperonins does not end with their 
roles in protein assembly. The GroE chaperonins are some of the most 
potent stimulators of the immune system yet discovered, and indeed are 
the dominant immunogens in all human bacterial infections studied. 
There is thus considerable medical interest in the possible role of the 
chaperonins in human disease, especially in protection against infection, 
cancer, and autoimmune disease (see Chapter 10). 
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There is some indication that the chaperonins may also play extracellu-
lar roles in animals. It is claimed that the early pregnancy factor, a 
protein detected by bioassay in the maternal serum of mammals within 
24 h of fertilization, is identical to mitochondrial cpnlO (Cavanagh and 
Morton, 1994). However, there has been no report of the detection of 
cpnlO in serum by chemical methods, perhaps because the concentration 
of CpnlO may be very low. One of the cpn60 proteins from mycobacteria 
stimulates cytokine secretion by human monocytes, whereas cpnlO from 
Mycobacterium tuberculosis induces apoptosis in human T lymphocytes. 
These and related observations have been used to formulate the idea 
that the chaperonins are multiplex antigens; i.e., they act simultaneously 
on a range of cell types in stress situations so that immune messages 
such as cytokines cause immune effector cells to adapt to cope with the 
stress (see Chapter 10). There are several reports that cpn60 occurs at 
sites outside the mitochondria in some animal cells, including at the cell 
surface (Kaur et al, 1993). These studies use indirect immunological 
methods as the main means of detection, and more detailed characteriza-
tion is required before the significance of these observations becomes 
clearer. Perhaps the peptide binding abilities of cpn60 enable it to play 
an extracellular role in binding peptides for transport or detoxification. 

V. PROBLEMS 

The aim of this section is to stimulate discussion and experimentation 
on two aspects of chaperonin function inside cells. These aspects are the 
quantitative importance of the chaperonins in assisting protein folding 
in vivo and the effects of the highly concentrated intracellular miheu on 
their mechanism of action. 

A. Number of Proteins Using GroEL to Fold in Vivo 

There appears to be little or no specificity for the type of aminoacyl 
sequence that can bind to GroEL in vitro and be released productively, 
so it is possible in principle that the folding of the majority of pro-
teins is assisted by GroEL in E. coll Moreover, the genes encoding 
both GroEL and GroES are essential for viability and the proteins are 
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required for growth at all temperatures. One genetic study employed a 
temperature-sensitive mutation to shut off the production of functional 
GroEL in vivo and concluded that a minimum of about 30% of the 
soluble proteins of E. coli requires GroEL to fold correctly (Horwich 
et aly 1993). However, it is difficult to rule out that only a small number 
of proteins actually interact with GroEL, the folding of the remainder 
being disturbed by indirect pleiotropic effects. For example, if one of 
the proteins folded by GroEL is DnaK, the hsp70 homolog of E. coli, 
any decline in DnaK after the temperature shift could affect the folding 
of other proteins; this possibility arises since it is known that DnaK binds 
to many nascent chains and prevents their aggregation (see Chapter 8). 
How important this effect is will depend on the rate at which DnaK 
turns over in the dying cells. So the gene for GroEL could be essential 
because GroEL is required to fold a small number of essential proteins. 

Another way to approach this problem is to calculate from available 
data on the cellular content of GroEL and rates of protein synthesis the 
fraction of proteins that could interact with GroEL under defined growth 
conditions. From the information provided by Neidhardt (1978) and by 
Bremer and Dennis (1987) for the growth of E, coli strain B/r on a 
glucose minimal medium at 37°C, and by Herendeen et al (1979) for 
the content of GroEL, the following values emerge: (1) doubling time 
is 40 min; (2) total number of polypeptide chains per cell (average size 
40 kDa) is 2.35 X 10 ;̂ (3) cytoplasmic volume of cell is 0.6 ixw?\ and 
(4) GroEL content per cell is 1.65% of total soluble protein or 2.75 mg/ 
ml or 3.4 [xM or 1224 oHgomers per cell. The percentage varies less than 
20% over doubling time changes of fivefold (Pedersen et aL, 1978) so 
that the concentration of GroEL remains approximately constant as the 
cells change size with doubling time. 

Thus each cell under the above growth conditions makes about 10,000 
polypeptide chains every 10 s and contains about 1000 molecules of 
GroEL. If all these proteins were folded by GroEL this would require 
each GroEL to fold one chain every second. However, the actual require-
ment will be less than this because many proteins do not fold in the 
cytosol. There are four intracellular compartments known where proteins 
fold, but that do not appear to contain any chaperonin, i.e., the endoplas-
mic reticulum, intermembrane mitochondrial space, and intrathylakoid 
chloroplast lumen of eukaryotic cells, and the periplasmic space of bacte-
ria. The exported proteins of E, coli identified in the study of Horwich 
et al. (1993) do not appear to require GroEL function. The proteins of 
E. coli that constitute the periplasmic space and the outer and inner 
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membranes are estimated to be about one-third of total protein (Good-
sell, 1991), so if we assume these fold independently of GroEL, the 
folding requirement reduces to two-thirds of 10,000 or 6666 chains folded 
per 10 s. 

These values need to be compared with those for the activity of GroEL 
at refolding polypeptides in vitro. An immediate problem is that these 
studies are almost always conducted at around 25°C rather than at 37°C, 
so they are Hkely to be too low by a factor of two- to threefold. If we 
assume that the average polypeptide chain requires three rounds of ATP 
hydrolysis to be correctly folded by one GroEL oUgomer, this takes 
about 60 s at 25°C (F-U. Hartl, personal communication, 1995). If we 
assume that it takes 20 s for one GroEL to fold one chain at 37°C, then 
the 1000 molecules of GroEL could fold 500/6666 or 7.5% of the total 
chains folding in the cytoplasm. 

Despite the uncertainties in this calculation the results suggest that 
GroEL folds only a minority of proteins in E. coli—probably in the 
range 7.5-30%. This does not mean that any proteins fold spontaneously, 
however, since the cytoplasm contains types of molecular chaperone 
other than GroEL that bind to nascent chains, and in higher concentra-
tions. For example, the DnaK content of E. coli is reported to be about 
5000 molecules per cell (Neidhardt and VanBogelen, 1987). Another 
possibility is that GroEL functions significantly faster in vivo than it 
does in the in vitro conditions that have so far been tried. There is one 
striking aspect of the in vivo situation whose significance for models of 
chaperonin action is only just starting to be appreciated—the phenome-
non of macromolecular crowding. 

B. Macromolecular Crowding and Models for Chaperonin Action 

The basic assumption of biochemistry as a discipline is that molecular 
properties determined using either cell-free extracts or pure components 
derived from these reflect to a significant degree properties relevant to 
the function of these molecules inside the living cell. Proteins are flexible 
and sensitive molecules, so the properties of proteins vary with the 
environment within which they are studied. It is relatively easy to use 
in vitro protein concentrations, temperatures, pH values, and concentra-
tions of components such as metal ions, nucleotides, and other known 
effectors that are similar to those in which the proteins under study 



20 R. John Ellis 

function in vivo. In the case of the chaperonins, the concentrations of 
GroEL oligomers commonly employed in protein refolding studies in 
vitro are in the range 1-2 /JLM. This range is close to the reported 
concentration of GroEL inside the cytoplasms of E. coli cells growing 
under defined conditions (3.4 JJLM, see Section V,A). Whether this corre-
spondence is due to luck or good judgment is not clear, but the fact that 
most measurements of GroEL activity are performed at 25°C suggests 
that the former is correct! However, there is one aspect of the in vivo 
situation that is rarely mimicked in biochemical studies, but that has a 
large effect on certain properties relevant to understanding how the 
chaperonins function in vivo—this is the macromolecular crowding (or 
excluded volume) effect. 

Macromolecular crowding is the term used to describe the fact that 
the concentration of total macromolecules inside living cells is so high 
that a significant proportion of the cellular volume is physically occupied 
by molecules, and is thus unavailable to other molecules. Thus the total 
RNA and protein inside E. coli occupy a substantial fraction of the total 
volume (340 g/Uter). In the words of Zimmerman and Minton (1993) 
"it is not generally appreciated that, from a quantitative point of view, 
biochemical rates and equilibria in a living organism bear scant resem-
blance to those measured in a bath of solvent." Both theory and experi-
ment have shown that the thermodynamic activity of each macromolecu-
lar species in a crowded environment exceeds the activity of that species 
at an identical concentration in an uncrowded solution. For example, it 
has been estimated that the ratio of thermodynamic activity to concentra-
tion (i.e., the activity coefficient) for a spherical protein of 30 nm radius 
inside E. coli is in the range 100-1000 (Zimmerman and Trach, 1991). By 
contrast, the effect of high volume occupancy on the activity coefficient of 
small ions and other solutes is small. Figure 2 attempts to illustrate 
the difference between the uncrowded environment in which GroEL 
functions in vitro and the crowded environment in which it functions 
in vivo. 

There are two main effects of macromolecular crowding. First, the 
more crowded the environment the larger the association constants of 
interacting macromolecules; macromolecular association constants for 
proteins in E. coli are predicted to exceed those in dilute solution by 
several orders of magnitude (Zimmerman and Minton, 1993). Second, 
crowding will reduce the diffusion rates of macromolecules; the diffusion 
coefficient decreases about 10-fold as the total protein concentration 
increases to 300 g/liter. Why are these considerations relevant to models 
for chaperonin action? 
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In vitro In vivo 
Fig. 2. Macromolecular crowding or the airport terminal effect (after Goodsell, 1991). 

Each square represents the face of a cube with an edge 100 nm in length. The left-hand 
square (in vitro) illustrates the 1.5 fiM concentration of GroEL, similar to that used in 
many protein refolding experiments; there is one GroEL ohgomer per cube (labeled G 
and approximately to scale). The right-hand square (in vivo) illustrates the 3 [xM 
concentration of GroEL in the cytoplasm of E. coli; there are about two ohgomers per 
cube, and the whole cytoplasm consists of about 600 such cubes. The other structures 
in the right-hand square represent the sizes and concentrations of the macromolecular 
components in the cytoplasm that create crowding by occupying so much space; thus each 
cube contains in addition to two GroEL molecules (G) about 30 ribosomes, 340 tRNA 
molecules, and 500 other protein molecules. The right-hand square is reprinted with 
permission from Goodsell (1991). 

A study of Chapters 7-9 will reveal that there are two main classes 
of model proposed for the ability of GroEL/ES to increase the yield of 
correctly refolded protein after dilution from denaturant. Both models 
propose that binding to GroEL reduces the probability of aggregation 
by segregating individual partially folded protein chains inside the central 
cavity of GroEL, and may also alter some noncovalent interactions that 
hold the chain in a kinetically trapped conformation, but they differ in 
their view of subsequent events. According to one view, ATP hydrolysis 
releases the bound chain into the free solution where it can fold spontane-
ously; if it fails to bury all its hydrophobic residues before it encounters 
another GroEL molecule, it will bind again, and the process will be 
repeated until folding is complete. The problem with this model is that 
it does not offer any protection against aggregation when the chain is 
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jumping between GroEL oligomers, but we know that aggregation is a 
real problem in vivo (Horwich et ai, 1993). The alternative model pro-
poses that ATP hydrolysis releases the chain into the internal cavity of 
GroEL where it can internalize its hydrophobic groups in a sequestered 
environment and so avoid aggregation; this type of model (Martin et ai, 
1993) is called the Anfinsen cage model by this author to emphasize the 
point that folding as observed in an Anfinsen refolding experiment is 
postulated to initiate inside the GroEL cavity (EUis, 1994). The problem 
with this model is that once the chain unbinds from GroEL it is free to 
diffuse away into the free solution unless it is constrained in some way, 
such as being located in the cavity under the GroES component. The 
diffusion rate in vitro is fast compared to the rate of folding, but in vivo 
diffusion is reduced by macromolecular crowding, and folding need not 
proceed to completion, but only to the point where the danger of aggrega-
tion has passed. So one basic unresolved question is whether the sole 
action of GroEL is to bind sticky folding intermediates and so reduce 
self-aggregation, or whether, in addition, GroEL increases the time for 
internalizing the sticky sites by a sequestration action. It can be seen 
that time is of the essence in distinguishing between these possibilities. 

It can be calculated that a compact partially folded polypeptide chain 
50 kDa in size takes 0.5 ms to diffuse 100 nm, which is the average distance 
between GroEL oligomers in a typical protein refolding experiment (see 
Fig. 2). This is a much shorter time than it takes the average protein to 
refold, and even allowing for the probability that binding is not diffusion-
limited and that several transfers could take place, these values suggest 
that proteins will not have time to fold appreciably while jumping be-
tween GroEL oligomers, as one study suggests (Weismann et al., 1994). 
In the crowded environment found in vivo, diffusion will be slowed by 
10-fold, but a more important difference is that the association of both 
GroES and the partially folded chain with GroEL will be greatly favored. 
Both these factors suggest that in vivo the folding chain will complete 
its folding in close association with the same GroEL/ES complex to 
which it first binds. 

It is possible to create a highly crowded environment in vitro by adding 
large amounts of certain high-molecular-weight synthetic polymers (Zim-
mermann and Minton, 1993). Use of such polymers with GroEL shows 
that the crowding restricts the jumping of folding intermediates between 
GroEL oUgomers observed in their absence (F-U. Hartl, personal com-
munication, 1995). Future research will increasingly use such methods 
to try to elucidate the extraordinary abiUty of the chaperonins to assist 
protein folding in the intact cell. 
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I. INTRODUCTION 

Chaperonin homologs are found in all extant species, including eubac-
teria, archaebacteria, and eukaryotes. In bacteria and eukaryotic cell 
organelles such as mitochondria and chloroplasts, chaperonin (cpn) 10 
and cpn60 are present (related proteins also referred to as hsplO and 
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hsp60, or GroES and GroEL, respectively). In contrast to the above, no 
proteins closely related to cpn60 (or cpnlO) have been found in the 
archaebacteria and the eukaryotic cell cytosol thus far. These species 
instead contain members of a protein family referred to as TCP-1 (t-
complex polypeptide 1), which is distantly related to the cpn60 family 
of proteins (see Ellis, 1990; Gupta, 1990; Horwich and Willison, 1993). 
This chapter will examine the cpnlO, cpn60, and TCP-1 families of pro-
teins from an evolutionary perspective to understand how these proteins 
have evolved, and their possible relationship to one another. The se-
quence data on these proteins also provide valuable information concern-
ing the origins of the eukaryotic cell and eukaryotic cell organelles 
(namely, the mitochondria and chloroplasts). Some of these aspects have 
also been reviewed elsewhere (Gupta, 1995). 

II. CHAPERONIN 60 AND CHAPERONIN 10 GENE FAMILIES 

A. Sequence Characteristics of Chaperonin 60 
and Chaperonin 10 Families 

Since the publication of the first cpn60 sequence from Mycobacterium 
leprae (referred to as 65-kDa antigen; Mehra et al, 1986) a large number 
of cpn60 genes have been cloned and sequenced from various species 
(see Table I for a partial Ust). A global alignment of available cpn60 
sequences was carried out and excerpts from it for representative species 
covering the main groups are shown in Fig. 1. Based on the global 
alignment of sequences, the following characteristics of cpn60 sequences 
have been noted: (i) Most of the cpn60 sequences contain one or more 
repeats of the sequence GGM (i.e., Gly-Gly-Met) at their extreme C-
terminal ends (see Hemmingsen et al, 1988; Picketts et al, 1989). The 
exceptions to this are the chloroplast sequences and the sequences of 
one or more cpn60 homologs from species that contain more than one 
cpn60 gene (e.g., Streptomyces albus, Mycobacterium leprae, Rhizobium 
meliloti), McLennan et al (1993) have examined the effect of removal of 
this repeat motif on the biological activity of Escherichia coli cpn60, which 
is 547 amino acids long. In their study a truncated cpn60 (cpn60tr), which 
lacked the 16 C-terminal residues (i.e., GAAGGMGGMGGMGGMM), 
was found to behave in a manner very similar to that of the full-length 
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cpn60, in a variety of in vitro and in vivo tests. These tests included 
assembly of cpn60tr into characteristic oligomeric structures, presence 
in it of ATPase activity that was sensitive to inhibition by cpnlO, binding 
of the truncated protein to newly synthesized pre-j8-lactamase and facili-
tating its transport into periplasm, and ability of the cpn60tr to comple-
ment a temperature-sensitive mutant of cpn60, for growth at nonpermis-
sive temperature. In an experiment where the truncated cpn60 was the 
only cpn60 gene present in the cells, it supported normal cellular growth 
as well as multipUcation of various bacteriophages (namely, X, T4, and 
T5, which require cpn60 for successful assembly) (Georgopoulos et ai, 
1973). These observations indicate that the GGM repeat motif in cpn60 is 
a dispensable feature that does not seem to have any important biological 
function. McLennan et al (1994) have reported that the forms of cpn60 
that are lacking up to 27 residues from the C-terminal end are fully 
functional. However, further removal of even a single amino acid causes 
almost complete loss of activity by greatly reducing the ability of the 
protein to assemble into oligomeric structures, (ii) The mitochondrial 
homologs in all of the eukaryotic species examined are encoded by 
nuclear genes and contain a characteristic N-terminal leader sequence 
(rich in basic and hydroxylated amino acids such as Arg, Lys, Ser, and 
Thr) that is required for the mitochondrial import of the protein (Schatz, 
1987; Hartl and Neupert, 1990; Singh et al, 1990). An N-terminal leader 
sequence is also present in some of the chloroplast homologs but its 
role in chloroplast import has not yet been demonstrated, (iii) Several 
bacterial species have been shown to contain more than one cpn60 
homolog. This includes a number of gram-positive bacteria (e.g., S. albus, 
M. leprae, or M. tuberculosis) and cyanobacteria (see Mazodier et al, 
1991; Kong et al, 1993; Lehel et al, 1993). Two cpn60 homologs are also 
known to be present in plant chloroplasts (Martel et al, 1990; see Chapter 
3). In addition, several gram-negative bacteria of the Rhizobiaceae fam-
ily, which can either grow in a free-living state or as endosymbiont in 
the plant root nodules (namely, R. meliloti, Bradyrhizobium japonicum, 
R. leguminosarum), contain multiple (between five and six) cpn60 homo-
logs (Fischer et al, 1993; Rusanganwa and Gupta, 1993; Wallington and 
Lund, 1994). In R. meliloti, which contains two large megaplasmids that 
harbor many of the genes involved in nitrogen fixation (see Jordan, 1984; 
Banfalvi et al, 1985), only one of the cpn60 genes is located on the 
main chromosome (Rusanganwa and Gupta, 1993). The remaining cpn60 
genes are localized on the megaplasmids and are presumably involved 
in specialized functions related to root nodule formation and nitrogen-



TABLE I 

Species Names and Accession Numbers of Sequences 

Species name"* 

Gram-negative bacteria 
Ec. coli 
Ch. vinosum 
Y. enterocolitica 
Ha, ducreyi 
Ps. aeruginosa 
L. pneumophila 
Co. burnetii 
N. flavescens 
N. gonorrhoeae 
R. meliloti (A) 
R. meliloti (B) 
R. meliloti (C) 
R. leguminosarum 
Ag. tumefaciens 
Ri. tsutsugamushi 
Brad, japonicum 3A 
E. chaffeensis 
Z. mobilis 
Bru. abortus 

Chlamydiae and Spirochetes 
He. pylori 
C. trachomatis 
C. pneumoniae 
B. burgodferi 
Le. interrogans 
T. pallidum 

Gram-positive bacteria 
CI. perfringens 
CI. acetobutylicum 
Th. bacteria (PS-3) 
Ba. subtilis 
Ba. stearothermophilus 
S. albus 1 
S. albus 2 
S. coelicolor 
St. aureus 
La. lactis 
M. leprae 1 
M. leprae 2 
M. tuberculosis 1 
M. tuberculosis 2 

Cyanobacteria 
Sy. species PCC6803 

Accession no.^ 

Cpn60 

P06139 
P31293 
X68526^ 
P31294 
P30718 
P26878 
P19421 
Z22955^ 
Z23009^ 
M94192^ 
M94190^ 
M9419r 
L20775^ 
P30779 
P16625 
Z22603^ 
L10917" 
01654^^ 
P25967 

X73840^ 
P17203 
P31681 
P27575 
L14682^ 
S33213^ 

P26821 
P30717 
P26209 
P28598 
L10132^ 
000767^ 
000768^^ 
X75206" 
JN0601^ 
X71132^ 
P09239 
825181'^ 
P06806 
X60350^ 

P22034 

CpnlO 

P05380 
P31295 

P31296 
P30720 
P26879 
P19422 

M94192" 

M94191^ 

P30780 
P16626 
Z22603^ 
L10917^ 
L11654^ 
P25968 

P17204 
P31682 

L14682^ 

P26822 
P30719 
P26210 
P28599 
L10132^ 
Q00769^ 

X75206^ 
JN0600'^ 
X71132^ 
P24301 

P09621 

Refs. 

Hemmingsen et al (1988) 
Ferreyra et al. (1993) 
GenBank 
Parsons et al. (1992) 
Sipos et al (1991) 
Sampson et al. (1990) 
Vodkin and Williams (1988) 
GenBank 
GenBank 
Rusanganwa and Gupta (1993) 
Rusanganwa and Gupta (1993) 
Rusanganwa and Gupta (1993) 
Wallington and Lund (1994) 
Segal and Ron (1993) 
Stover et al. (1990) 
Fischer et al. (1993) 
Sumner et al. (1993) 
GenBank 
Lin et al. (1992) 

Macchia et al. (1993) 
Morrison et al. (1990) 
Kikutaera/. (1991) 
Shanafelt et al. (1991) 
Ballard et al. (1993) 
Houston et al. (1990) 

Rusanganwa et al. (1992) 
Narberhaus and Bahl (1992) 
Tamada et al. (1991) 
Li and Wong (1992) 
Schon and Schumann (1993) 
Mazodier et al (1991) 
Mazodier et al (1991) 
GenBank 
Ohta et al (1993) 
Kim and Batt (1993) 
Mehra et al (1986) 
Rinke de Wit et al (1992) 
Shinnick (1987) 
Kong et al (1993) 

Chitnis and Nelson (1991) 

{continues) 
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(Continued) 

Accession no.^ 

Species name'' Cpn60 CpnlO Refs. 

Syn. species PCC6301 P12834 
Syn. species PCC7942 P22879 

Mitochondria and Chloroplasts 
P22880 

Sa. cerevisiae (m) 
Human (m) 
Chi. hamster (m) 
Mouse (m) 

Rat (m) 
H. virescens (m) 
Cucurhita (m) 
Maize (m) 
Br. napus (m) 
Tr. cruzi (m) 
A. thaliana (m) 
Bovine (m) 
Cy. caldarium (c) 
Wheat (c) 
A. thaliana (c) 
Br. napus a (c) 
Br. napus fi (c) 
Spinach (c) 

TCP-1 Sequences 
Chi. hamster 
Human 
Rat 
Mouse la 
Mouse lb 
A. thaliana 
D. melanogaster 
Su. shibatae 
Mouse (matricin) 
Avena sativa 
Sa. cerevisiae 

P19882 
P10809 
P18687 
P19226 
P19227 D26772^ 

P25420 
X70868^ 
P29185 
Z27165" 
L0879r 
P29197 L02843^ 

S29974^ 
P28256 
P08823 
P21240 
P21239 
P21241 

Q02073^ 

P18279 
P17987 
P28480 
1^475^^ 
PI1983 
P28769 
P12613 
P28488 
L20509^ 
X1577T 
P12612 

Cozens and Walker (1987) 
Webb et al. (1990) 

Reading et al. (1989) 
Jindal et al. (1989) 
Picketts et al. (1989) 
Venner and Gupta (1990a) 
Venner and Gupta (1990b); 

Hartman et al. (1992) 
Miller and Leclerc (1990) 
Tsugeki et al. (1992) 
Prasad and Stewart (1992) 
GenBank 
GenBank 
Prasad and Stewart (1992) 
Pilkington and Walker (1993) 
Maid et al. (1992) 
Hemmingsen et al. (1988) 
Zabaleta et al. (1992) 
Martel et al. (1990) 
Martel et al. (1990) 
Bertsch et al. (1992) 

Ahmad and Gupta (1990) 
Kirchhoff and WiUison (1990) 
Kubota et al. (1991) 
Kubota et al. (1991) 
WiUison et al. (1986) 
Mori et al. (1992) 
Ursic and Ganetzky (1988) 
Trent et al. (1992) 
Joly et al. (1993) 
Ehmann et al. (1993) 
Ursic and Culbertson (1991) 

" A, Arabidopsis; Ag, Agrobacterium; B, Borrelia; Ba, Bacillus; Br, Brassica; Bra, Brady-
rhizobium; Bru, Brucella; C, Chlamydia; Ch, Chromatium; Chi, Chinese; CI, Clostridium; 
Co, Coxiella; Cy, Cyanidium; D, Drosophila; E, Ehrlichia; Ec, Escherichia; H, Heliothis; 
Ha, Haemophilus; He, Heliobacter; L, Legionella; La, Lactococcus; Le, Leptospira; 
M, Mycobacterium; N, Neisseria; P, Porphyromona; Ps, Pseudomonas; R, Rhizobium; 
Ri, Rickettsia; S, Streptomyces; Sa, Saccharomyces; St, Staphylococcus; Su, Sulfolobus; 
Sy, Synechocystis; Syn, Synechococcus; T, Treponema; Th, Thermophillic; Tr, Trypanosoma; 
Y, Yersinia; Z, Zymomonas; (c) chloroplast; (m) mitochondria, other numbers or letters 
after the species name refer to a particular gene. 

* All accession numbers are from the SWISSPROT database unless noted otherwise. 
^ GenBank database. 
^ Protein Identification Resource (PIR) database. 
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fixation processes (see Govezensky et al, 1991; Rusanganwa and Gupta, 
1993; Fischer, 1994). When multiple cpn60 genes are present in a species, 
the sequences generally show close evolutionary relationship to one 
another (see Section II,D). (iv) The global alignment of cpn60 sequences 
indicates that a large number of positions in the sequence are highly 
conserved among all species. The pairwise amino acid identity/similarity 
matrix of cpn60 sequences indicates that the minimum identity that is 
observed between any two cpn60 sequences is 42% over their entire 
length (Table II). In addition, between 18 and 20% of the amino acid 
substitutions are conservative replacements, (v) The global alignment 
of cpn60 sequences has identified a number of signature sequences that 
are uniquely shared (a) among members of gram-negative a-purple sub-
division of bacteria and mitochondrial homologs and (b) between cyano-
bacteria and chloroplast homologs (see Fig. 1). The significance of this 
observation regarding the origin of mitochondria and chloroplasts is 
discussed later (Section II,D). In addition, all cpn60 homologs from the 
gram-positive species can be distinguished from other species by the 
lack of a single amino acid at a position corresponding to residue 153 
in the E, coli cpn60 sequence (Fig. 1). Whether this difference is due to 
a deletion in the gram-positive species, or insertion in other species, is 
not clear at present. It should be noted in this context that similar studies 
with the hsp70/DnaK family of sequences have identified a large insert 
(23-27 residues) that is present in the N-terminal quadrants of all homo-
logs from gram-negative bacteria and eukaryotes but is not seen in any 
of the hspTOs from archaebacteria and gram-positive bacteria (Gupta 
and Golding, 1993; Gupta et aL, 1994). The presence of signature se-
quences that are uniquely shared by homologs from different species 

Fig. 1. Multiple alignment of cpn60 sequences from representative prokaryotic and 
eukaryotic species. The alignment was carried out as described in our earlier work (Picketts 
et al, 1989; Gupta and Singh, 1992). The numbers at the top indicate the position in the 
Escherichia coli cpn60 sequence. Dashes (-) indicate residues identical to that present in 
the top row. Small portions of the sequence from both N- and C-terminal ends, which 
could not be properly aligned in all sequences, are not shown. The shaded (or hatched) 
residues in a column identify signature sequences that are uniquely shared either between 
cyanobacteria and chloroplast homologs (c), or between a-purple bacteria and 
mitochondria (m). Species names are as indicated in Table I. 
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EC.coli 
L.pneumoph iI a 
N.gonorrhoeae 
Rh.meliloti(A) 
R.tsutsugam. 
Z.mobilis 
C.trachomatis 
T.pallidum 
B a . s u b t i l i s d ) 
S.albus(l) 
La.lactis 
M.leprae(l) 
M.tubercul.(2) 
Sy.spe.6803 
Syn.spe.7942 
Sa.cerev.Cm) 
Human(m) 
Mouse(m) 
Maize(m) 
Br.napus(m) 
Tr.cruzi(m) 
Wheat(c) 
A. thal iana(c) 
Br.napus aiO 
Br.napus P(c) 

Ec.coli 
L.pneumophila 
N.gonorrhoeae 
Rh.meliloti(A) 
R.tsutsugam. 
Z.mobilis 
C.trachomatis 
T.pa 11i dum 
B a . s u b t i l i s d ) 
S.albus(l) 
La.lactis 
M.leprae(l) 
M.tubercul.(2) 
Sy.spe.6803 
Syn.spe.7942 
Sa.cerev.Cm) 
Human(m) 
Mouse(m) 
Maize(m) 
Br.napus(m) 
Tr.cruzi(m) 
Wheat(c) 
A.thaliana(c) 
Br.napus a(c) 
Br.napus P(c) 

Ec.coli 
L.pneumophila 
N.gonorrhoeae 
Rh.meliloti(A) 
R.tsutsugam. 
Z.mobilis 
C.trachomatis 
T.pallidum 
B a . s u b t i l i s d ) 
S .a lbusd) 
La . lact is 
M. lepraed) 
M.tubercul.<2) 
Sy.spe.6803 
Syn.spe.7942 
Sa.cerev.Cm) 
HumanCm) 
MouseCm) 
MaizeCm) 
Br.napusCm) 

Tr.cruziCm) 
WheatCc) 
A.thalianaCc) 
Br.napus aCc) 
Br.napus PCc) 
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KNFNF-VE--K--R I-Q--ATNR-KMIT-F-N-Y---L-Q-V-TVQPLV HT VL--D--D TALIL-NLK-
K-FDF TN--KMVA--AD-Y--IYE--L--LQSI--I--S-VQS-R I L---KL--
K-FETV N-N S--ATN---QECV--DALV-IY G-KDF--I-QQ--ES-R I L---R---
QTMETVTEF I-S--VTDRDRMETVY-N-Y--IY--S--TMKDL--L--KI-QT-R L---SL--
K-FTT--E A---MVTDSDKMEAV-DN-Y--IT T--Q-I Q-VQQ L L---KL--
NTFGVD--FT---A--K MVTDQ-RMEAV-DD-Y--IHQG--GS-QDL--L--K-IQ S-L---K---
K-M-T Q-MVSNT-KMVA--DN-Y--IT Q-I--L--QIL-TNR V-D--D P-L-L-K-K-
NTFGLQ-ELT---R--K--I-G--VTDA-RQEAV--E-Y---VSS-V-TVKDL--L--K-IQ---S S-L---K---
NTFGLQ-ELT---R--K--I-G--VTD--RQEAV--D-Y---VSS-V-TVKDL--L--K-IG S-L---K---
KS-NT--E I 1 TDSDRQL--FDN-L--IT A-A-LV R--R I L---KA--
KSMTT--E-T---R--K--I ATDT-RMEAVFDE IT GLVQDLV Q--R--R--V I-K L---RL--
RT-E---E-T---R FI TD-KSSK--F-K-LL--SE S-QDI--A--ISNQSRR GD ACIL-KL--
KT-N---EII---K I TSKGQKC-FQDAYV--SE S-QSIV-A--IANAHR---V D S-L-L-RLKV 
KT-N---EII---K I TSKGQKC-FQDAYV--SE SVQSIV-A--IANAHR---V D S-L-L-RLKV 
NT-YN--E KL 1 TNSK-QKC---D-L--IH---VT-MHAVVK---MAL-KQ V S---G-LII-KL-A 
KT-FN--E KI 1 TNQKNQKC---D-L--IHE LNS-VK---LAL-SQRS---V-A-L-SD---VLIL-KL-A 
KTMTT--E SI 1 VTDAKAQKASWRMRLV-VSA--V-S-HTI--A-NH-VGT-R D---S---T-MIF-KLQ-
SSFETTV--E---EI I--Q-VTNL-KSI--F-NARV-IT-Q--TS-K-II-L--QTTQLRC--F-V---IT L---KL--
KSAENN-Y I VTDS-KMS--FDNCKL--V T-A-DLVG---DAIRG-Y-I I-Q L---KL--
SSFETTVE-E---EI I--Q-VTN--KLL--F-NARV-IT-Q--TA-KDII-I--KTTQLRA T L---KL--
KSAENA-Y V VTDS-KMS--PDNCKL--V T-A-DLVG---DAIRG-Y-1 I-Q L---KL--
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M.lepraed) 
M.tubercul.(2) 
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C--
VL-TV--
GL-I---
SI--V--
GL 
GFR-C--
TL-TC--

--I--K-Q KS--G S---I-VT-EN E-KATE-NA-IT---A-M-
--I V V-LS D IE-G-EN--V---F-DA-Q-EA---E 
--I D L-IK--SV--DM--R--K-S-T-EN---V--A-QKSD-E KA---

K-E--E-

E--E-

-K-RK--MT--E 
-K-RK--VT--E 
---VKATLE 
-K-R-IT-T 

-VHDKNNSKKVNS-CE---EA-K 
-V--A-DQST-KD--EA--S---
-VE-M--KE-LEA-CES-KK---

S-KSKD-KD-IE--KK---
-VE-A--TDK-SA--T---A-V-
-V--G-NAEDV KAE--
-VE-A-SAD--SD---I-KA---
-VE-A-DTD--A TE--
-VE-A-DTD--A E--

N-ILVA-AHKR-GVKE-lE-L-KEYA 
N---VAEGN VKA--D---R---

-I--N-E--T-Q L-IK---VNTSK--T-N--IVT--H-
•I--K-EL---D L-IK--NV--NM--S S-T-EN-
-I QL L--K--N-N-AM--K--K-IVS-ED-
-I-S--Q D L-LK--S-DIAL S-KVD-EN-

TFNAV E---V E--T-D L-LD-KSTQIAQ--R-SK--VT-EN-
TFNAV G-M A---A-- V-LK-DQ-G-DV--T-R--TVT--D-
VFN-V Q-EHL-I T-- L-LD-KD----A----AKATVD--H-
TF-SV M-I---AQ V-LT--NTD-SL 
TF-SV M-I Q V-LT--N-D-SL 
VLN---I V I S D --LS-DTVS-DQ 
VLN E---V QL-T-D AARK-DTTK-DQ 
Q---C N--NTIG---V F T " LDLKP-QC-I-N 
GLQ-V N--NQ-K-M-IA---A-FG--GLTLN--DVQPH-
GLQ-V--
GI--C--
GI--C EN---NMH-L AQ--T-- L--N---ID-SM-
KL-I-C NKT--M IFA-ARLVG--GLELDA-NFDPAI-
-IN---I---S--E V IV--AEYLAKD L-LLV-N--VDQ-
TL-I--LR E-KSQY-D---I---A---R-- V-LS-D--GK-V-
VLN-V E I---PSTTLDNGL -VEN-IDQ-
TL-I--L E-KSQY-D---I---A---R-- V-LS-D--GK-V-
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-T I AQKA-DS-
T K D L-ARAA-EN-
-T L R--iB iiî  D-ID---N Q--I-P L-SSV-IT V 
DT EK L---RN L - - - ^ Q--R-D I-P FYASRV-DS-
AT i i--R-D--D Q--I-P---T--LYATKA-EG-

SCDSITVT-ED-V-LN-S-PKE---E-IE--KGS-D 
ICVGE-IVT--DAMLLK-K-DK-Q-EK-IQE-IE-LD 

-N--NQ-K-M-IA---A-FG--GLNLN--DVQAH---KVGE-IVT--DAMLLK-K-DK-H-EK-IQE-TE-LD 
EN---N---L-IF---E--T-- L--N--NFEPHM--TC-K-TVS--D-V-L--A-DKKS-EE-AE-L-SA--

NC-KITVS--D-VFLG-A-DKK--GE-CE---SMV-
TV-KAT-T--D-VLLN-G--SSMVKE--ELL-GL-D 
T-RKIT-HQT---L-ADAASKDE--A LKKELS 
N-SK--LT-E-S--VGDGSTQD-VKK--T--KNL--
I-RK-T-S--S--L-ADAASKETL-A-IS-LKKELS 
H-AK--LT-E-S--VGDGSTQD-V-K--T--KNL--

DSS K-
AS S-
-T--EF---
STD--W---
KT---F---
MSD 
NSD 
ASD K-
-TE-S--K-
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VT--E-EK-

-I- -D--D--Q- -I-
-L---S 

-L C-

-I- -I-

---L 
---I 
---L---S---
---L---S---
N--L---SD--

IT--E-EK---N--L---SD--
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T-L--R-L-I-

-R L--R-H-L-
V T-L-AM-LLI-
--A L--R-H-I-
--A L--R-H-I-

T-L-DR-L-I N--K I-P-
V T---DR-L-L---IN--K I-P-
-R--e-S---S!G---D-YD---N ILP-
L---§TSD--!iiW---D--T---N I-L-
L---^TSD--»N---D--T---N I-L-

-IS 
--N 
-VRNAK-
-VRNAK-

-ILP-
-I---
-I-S-
-I-S-
-I-S-
-I---
-I---
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RGQNEDQN 
K-D-D---
HTG-A--E 
K-E-D--D 
KFD R 
N-V Q 

-CIPT-EAFLPML T---EQ 
-QA-AA 
VN-YN-V-AV 
VHAVKV-D-N 
VNAIAA-DK-

S-LTP-EA 
EAE G-AQ 
L-RTG-EA 
SEE G-IQ 
KLT G-EA 
KLE G-EA 

--T-LQA-PA-DK-
--T-LQA-PT-DE-
-TT---ii-G-IESF KAQLS-DEER 
-TT-AHI-PQ-EEW ATANLSGEEL 
-T - -VKASRV-DEV VVD-F--K 
-C--L-CIPA-DS-
-C--L-CIPA-DS-

TPA K 
KPA K 
QTA-F--K 
STA-F-HK 

-S-V-A-SA-I--
- - -L AA-G-

NS K L---S L-I-i5-S-A-VC---D--T---N--K I-P LYASKE-DK 
ASE K L---S L-I-S-S-S-!i^---D--T---N--K I-P LYASKE-DK 
GE N L---S iSGS---SN---D-IT---CS Q--I-P L-ASKA-DS-LGDSSLTA--R 
- T D - I - - S - - - A - - I - - - S -T--T-LEDRQL-I---KN--F--I---I-P---A-YVHiiSTYVPAI KETIEDH-ER 
Q-DE--EK---N--I---S Q---Q--T-L L N--K I-V---CT-L-i|---VDAI KATLD-DEEK 
-TD-V--S---A--MP--P T-LEDR-L-I---KN--F--I---I-P---AT-VHESTVIPAIKEKLE DA-ER 
Q-EQ--EK---N--I---S Q---Q--T-L L N--K I-V---CT-L-|- - -VDAI KAALD-DEEK 
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M--NILR--I-S-M T-A-Y-A---V-K- AEHKD---F G---D-VE M---N S--L A-
A-VQIV---V-S-V A-A-G V-K- LE-K GSG---D--G--VH--A H---I L--D--IAE 
A-VNIVR--LQS-A E-A-D-A-I-VGKILEKNTDDF Q-G- - -D- -A- - - I - -V - -¥ -T - - -e S-L A-IAE 
---NIIKKVL---V K-A-GKED--V-ELS-ST-K-R-FD-R-MQ-VD--KA--V i^-T---D-F-
R--DIVR--LQ--V---AQ-A-FDGA---GKLID-N-DKI-F--Q--K-EDLAAT-VI ^.j-..^-.. 
I-ARIV-K-LS---K--AA-A-K-GAIIFQQ-MSRSANE --D-LRDA-TD-LEA A--- ES---
--F-IVR--L-E-I---SE-A-IDGA---EKA -EKR- I-FD-SKM-WVD--KV--I--A N-
T--NIV---L-E-I---AH-A-L-G--IVERL -NEEIGV-F G-WV---EK--V N-
T-VA-VR--AVE---W-AE-A-L-GY-ITTK- AEL-KGQ-F G---DLVKA-VI--V EN-
T--NIVR--L-E-V---AA-A-Y-G--IIDKL RSEEVGT-F GQWV---EE--V--A N-
T-ANIVKV-L K--AF-S-M--G---EK- RNLSVGH-L G--EDLLKA-VA--V N-
T-ANIVKV-L K--AF-S-L--G---EK- RNLPAGH-L--Q-GV-EDLLAA-VA--V N-
-AADIIAK-L H-LAS-A-V-G--IVEK- -EAT--Q---VI-GKIEDL-AA--I--A--V N-
T-AQIVA--LT-R-KR-AE-A-LNGA-ISER- -ELPFDE--D-SNNQFV--FTA--V--A N-
L-VDIIRK-ITR-AK--IE-A---G--IIGKLIDEYGDDF--D-SKS--TD-LAT--I--F--i^--G-V|-SG-
I--EIIK-TLKI-AMT-AK-A-V-G-LIVEKIMQSSSE V--D-MAGDFV--VEK--I iiii-T--Lft--G-
I--EIIK--LKI-AMT-AK-A-V-G-LIVEKI LQSSSEV--D-MLGDFV--VEK-VI ii-T--L£il--G-
I-VQIIQN-LKT-VHT-AS-A-V-GA--VGKLLEQENTDL D--KG--VD-VKT-- I - -L-- | -T--vi -
I-VQIIQN-LKT-VYT-AS-A-V-GA-IVGKLLESDNPDL D--KG--VD-VKS--I--V--i:-T--vi:-
T-VQIIPN-VRL-AHT----A-K-GA--VEK-LENN-VTV--D-QRDR-V--FEA--I--AR-i^-V-ITiiiPV-
L-ADnQK-LQ--ASL-AN-A-V-GE--IEKI -ESEWEM M-DK-E-L-ES-VI--A----C---ii-
--ADIVK--LSY--KL-AK-A-VNG---SEK-LSNDNVKF GK-EDLMAA--I V-CC-EH-
L-ADIVQK-LV-R SL-AQ-A-IGGE--VEKIMFSEWE I M-DT-E-LLEA-VI--A C---N-
--ADIVK--LSY--KL-AK-A-VNG---SEK-LSNDNVKF GK-EDLMAA--I V-CC-EH-

LL-
--S--LL-
---AMFL-
- I -S-LL-

IL-
- I - - - F L -
- I - - - F L -
-I--MVL-

-ALIAE 
--AIAA 
-AV-A-
-TL-VE 
-AV-AN 
-AV-A-
-AV-A-
-AL-VE 

-I-AMVL I-V-
-S-LA---VAIV-
-S-LT-A-W--E 
-S-LT-A-AV--E 

-SS--T---SI IVE 
-SS-LT---AV--E 

-S--M---ASIV-
--S-MVL--QAI-VE 
---KTFLMSD-V-VE 

MVL--QAI-V-
---KTFLMSD-V-VE 

Fig. 1. Continued. 
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provides important information concerning their evolutionary relation-
ships (see Rivera and Lake, 1992; Gupta et al, 1994). (vi) A global 
alignment of available cpnlO sequences has also been carried out (Fig. 
2). These sequences (minimum identity ==̂ 30-35%) are more divergent 
than the cpn60 sequences and no unique sequence feature distinctive of 
any major group of species has thus far been identified. However, two 
observations on gene organization that are of interest may be noted. 
First, although cpnlO gene sequences in bacteria form part of an operon 
with a downstream cpn60 gene, several species that contain multiple 
cpn60 genes have no cpnlO sequences upstream of the cpn60 genes 
(Mazodier et al, 1991; Kong et al, 1993; Rusanganwa and Gupta, 1993). 
The significance of this observation is unclear at present, but it suggests 
that, in contrast to the presumed specialized functions of different cpn60 
homologs, the same cpnlO protein is able to function with different cpn60 
partners. The second interesting observation is that the cpnlO-related 
protein in higher plant chloroplasts has an apparent M^ of ^24,000 
(Bertsch et al, 1992). The gene for this larger protein has undergone 
a gene dupUcation event, involving head-to-tail joining of two cpnlO 
sequences (Bertsch et al, 1992). The functional significance of this gene 
duplication event and whether it is a characteristic of all plant chloroplast 
CpnlO sequences remain unclear at present (see Chapter 3). 

B. Sequence Similarity between Cliaperonin 10 and Chaperonin 60 

Chaperonin 60 and cpnlO both exhibit a sevenfold axis of symmetry 
and function as a team in the protein folding/assembly processes (Chan-
drashekhar et al, 1986; Hendrick and Hartl, 1993). Although these two 
molecules differ greatly in size (= 6̂0 kDa vs 11 kDa), we have noticed 
that a segment of the larger chaperonin may be related to the cpnlO 
molecule (Gupta, 1994). Figure 3 presents an alignment of a segment 
of cpn60 sequences with the cpnlO sequences from representative groups 
of species. With the introduction of a small number of gaps, the cpnlO 
sequences show reasonably good alignment with the indicated region of 
cpn60 molecules. Many of the positions in these two groups of proteins 
are highly conserved. In the alignment between the E, coli cpn60 and 
the CpnlO from Bacillus subtilis (94 amino acid overlap), 31 identical and 
an additional 18 conservative substitutions were observed. The observed 
alignment score of these sequences differed by 4.2 standard deviations 
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314(2) 372(41) 
•E,coll LEDLGQAKRWINKDTTTIIDGVGEEAAIQGRVAQIRQQIEEATSDYDREKLQE RVAK 
R,meliloti -DM—R—K-S-T-EN V~A-QKSD-E KA T L — 
C. trSLcho. -AM—K— K-IVS-ED VE-M—KE-LEA-CES-KK PSS K 
B. subtil. lAQ—R-SK—VT-EN VE-A—TDK-SA—T A-V—T—EF 
S. albus -DV—T-R—TVT—D V—G-NAEDV KAE—STD—W 
M. leprae -SL—K-RK—MT—E VE-A-DTD~A TE—MSD 
Syn. spec, -DQ VKATLE—N-ILVA-AHKR-GVKE-IE-L-KEYAASD K — I — 
S.cer.(m) I-N—SCDSITVT-ED-V-LN-S-PKE E-IE—KGS-DIT-TN-EK 
Human (m) PH KVGE-IVT—DAMLLK-K-DK-Q-EK-IQE-IE-LDVT—E-EK N-
B,napus(m) -SM—NC-KITVS—D-VFLG-A-DKK~GE-CE SMV-ASE K 
Wheat (c) VDQ—T-RKIT-HQT L-ADAASKDE—A LKKELS-TD-I—S A -

- A. t h a i . (C) K-V—N-SK—LT-E-S—VGDGSTQD-VKK—T—KNL~Q-DE—EK N-
-B. subtil. - K P — D ELVE S—KTAS-I-
Cperfri, I K P ~ D KRLE A—TTKS-II 
M.leprae IKP-E DKILVQAGE A-TMTPS-L-
S.albus IKP-E D-I-VQPLT A-QTTAS-L-
E.coli IRP-H D—IVKRKE V-TKSAG-I-
R.meliloti FRP-H D VRRVE S—KTKG-II 
A.thai,(m) - IPTF N-ILVQRVI QPAKTES-IL 
Rat (m) FLP-F D—LVERSA A~TVTKG-IM 
Ctracho, IKP— D-ILVKREE EAST-RG-II 
L,intero, IKP— D—LVEPRQ EA-EK-GSIF 
Syn, spec, VTP— D—FVKVAE A~KTAG-II 

- Spinach (c) VKP— D—L-KTKI V—KTTS-IF 

- L — 
- L — 
- L — 
- L — 
- I — 
- L — 
- L — 
- L — 
- I — 
- I — 

LP-SAK—P—GKIVA 
VTGTAK-RP—AE-VA 
IPENAK—P—GT-VA 
IP-TAK—P—GV-LA 
LTGSAAA-STRGE-LA 
IP-TAK—P—GEIVA 
LPEKS S—NSGK-IA 
LPEKSQG-VLQAT-VA 
LP-TAKK-QDRAE-LA 
VP-TAK—P—GK-VE 
LP-NAK—P-VGEIVA 
LPTAAQK-P-SGE-VA 

*** ** ** 
373(42) 431(94) 

i-E,coli LAGGVAVIKVGAATEVEMKEKKARVEDALHATRAAVEEGWAGGGVALIRVASKLADLRG 
R,meliloti R ~ G V D-ID N Q — I - P L - S S V - I T VK-
Ctracho, - S R 1 D ~ D ~ Q 1 ILP T CIPT-EAFL 
B, subtil, T - L — R - L - I NS I - S T—VN-YN-V-AVEA 
S, albus C—R L—R-H-L IS I - S S—VHAVKV-D-NL-
M, leprae A L—R-H-I VRNAK 1 T-LQA-PA-DK-KL 
Syn, spec, T-L-DR-L-I N ~ K I - P TT L-G-IESFQL 
S . c e r . (m) - S R—G-S VG D-YD N ILP T—VKASRV-DEVW 
Human (m) -SD L GTSD~VN D—T N I - L C—L-CIPA-DS-TP 
B.napus(m) - S L - I - G - S - S - V G D—T N—K I - P LYASKE-DK-ST 
Wheat (c) - S T—T-LEDRQL-I K N ~ F — I I - P A-YVHLSTYVPAITI 
A, thai, (c) - S Q Q—T-L L N ~ K I -V CT-L-L VDAITL 
B,subtil, AGS- R-LES-ERVAL-V—G D-IIFSKY-GTEVKY— 
Cperfri, VGP- -IVD -KR—M-V-IG DK-LYSKY-GTEVKF— 
M,leprae VGP- RWDED—RIP-DVS-G DI-IYSKYGGTEIKYN-
S,albus VGP- RF EN-ERLPLDV-TG DV-LYSKYGGTEVKYN-
E,coli VGN- RILEN-EVKPLDV-VG DI-IFNDYGVKSEKIDN 
R,meliloti VGS RDES-KWPLDV-AG D-ILFGKWSGTEVKIN-
A,thal,(m) VGP- SRD-D-KLIP-SV—G DT-LLPEYGGTQVKLGE 
Rat (m) VGS- GKG-G-EIQP-SV-VG DK-LLPEYGGTKV-LDD 
Ctracho, -GT- KKDDK-QQLPF-VQVG DI-LIDKYSGQELTV— 
L,intero, I G S - KY ED-KLIPL-V-VG DT-LYGKYSGTEIKS— 
S y n . s p e c . VGP- KRNDD-SRQAP-V-IG DK-LYSKY-GTDIKLGN 
Spinach(c) IGS- KK VGDKKLP-AV-TG -E-VYSKYTGTEIEVD-

**** *** * ***** *** * * ** 

TEY—LRE-DILAVI-
EEYT-LRQDDILAIVE 
EEY—LS-RDVLAWS 
EEY-VLS-RDVLAIIE 
EEV—MSE-DILAIVE 
EDL—MKEADIMGVI-
NEYHLFRDEDVLGTLH 
KDYFLFRDGDILGKYV 
EEYV-VQM-EVIAVLQ 
KEY—IRE-DILAWK 
DDYVLLSEKDILAWA 
SSH—VKEDDIIGILE 

***** **** 

Fig. 3. Sequence similarity between cpnlO and a region of the cpn60 molecule. Sequence 
alignment for representative cpnlO and cpn60 sequences is shown. The numbers at the 
top indicate the position of residues in E. coli cpn60 or B. subtilis cpnlO (in parentheses) 
sequences. An asterisk (*) below a row indicates that either identical or conserved residues 
are present in at least three sequences of each kind. The conserved amino acids were 
determined according to PAM120 substitution matrix (Altschul, 1991). 

from the average of the randomized (100 times) scores of the same 
sequences, indicating that the observed similarity between these two 
sequences is significant (p < 0.0001) (Pearson, 1990). Although the bio-
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logical significance of the observed similarity remains to be determined, 
it is possible that this region may contain information for assembly into 
structures exhibiting sevenfold rotational symmetry and for interaction 
with diverse proteins—two characteristics that are common and essential 
for both these proteins (Hendrick and Hartl, 1993). It should also be 
mentioned in this regard that Martel et al (1990) have previously sug-
gested that a different region of the cpn60 family of proteins (residues 
114 to 232 in E. coli) shows limited sequence similarity to the cpnlO 
sequences. Although we do not find this sequence similarity to be signifi-
cant, it is possible that this region has diverged much more from the 
original ancestral sequence. Such a case would suggest the possibility of 
a gene duplication event in the evolution of the cpn60 gene family. 

C. Sequence Similarity between Chaperonin 60 and Other Proteins 

/. Other Antigenic Proteins 

In addition to the cpnlO and TCP-1 families, limited sequence simi-
larities between cpn60 homologs and a number of other proteins (e.g., 
penicillin-binding proteins, Pol polyprotein, cholera enterotoxin, immu-
noglobulin G (IgG) delta (8) chain, myosin light chain, thyroglobulin, 
DNA-binding protein, cytokeratin, neurofilament triplet protein, gluta-
mate decarboxylase) have also been observed (Dudani and Gupta, 1989; 
Jones et al, 1993). Since many of these proteins correspond to known 
autoantigens, the observation is suggestive that molecular mimicry be-
tween cpn60 and these proteins could be playing a role in the develop-
ment of autoimmune diseases (Kaufmann, 1990; Young et al, 1990; 
Cohen, 1991; Brudzynski et al, 1992; Jones et al, 1993). 

2. Relationship to mRNA Stability Gene: ams^ 

Chanda et al (1985) have previously reported the cloning of an E. coli 
gene (ams^) that complemented the ams-1 mutation affecting mRNA 
stability in such cells. The ams^ gene was reported to be contained within 
a 595-base-pair fragment that harbored an open reading frame of 450 
nucleotides encoding for a protein of Mj. 17,000. Interestingly, the first 
117 residues of this protein show nearly a perfect match (116 out of 117 
identical) with the amino acids 307-423 in the E. coli GroEL or cpn60 
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sequence. However, the C-terminal portion of the sequence is unrelated 
to cpn60 (Chanda et al, 1985). 

To examine the relationship of ams^ protein to cpn60 sequences, the 
nucleotide sequence of the 595 nucleotide ams^ fragment was translated 
in all three reading frames and compared with the E. coli cpn60 sequence. 
Results of these analyses are presented in Fig. 4. The translation of the 
5'-end 378 nucleotides in the first frame shows a perfect match with the 
E. coli GroEL, whereas beyond this point, the translation in the third 
frame corresponds to the GroEL. The observed frame shift is due to a 

1 GGT ACC GTG ATC TCT GAA GAG ATC GGT ATG GAG CTG GAA AAA GCA ACC CTG GAA GAC CTG 
& t V l S E B l G H S L f i K A t L E O L 
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- R S C N P R P C C S D P S A D - R S N 
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Fig. 4. Translation of the ams^ gene fragment (Chanda et al, 1985) in the first and 
third reading frames. The shaded regions identify amino acids corresponding to those of 
the E. coli cpn60 sequence (Hemmingsen et al, 1988). The arrowheads indicate the 
beginning and end of the postulated ams^ protein (Chanda et al, 1985). The arrow after 
nucleotide 378 indicates the position where a missing base (T) causes the apparent frame 
shift in the reported sequence. The protein sequence encoded by this fragment corresponds 
to residues 298-495 in E. coli cpn60. 
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single missing nucleotide (T after position 378) in the reported sequence. 
Upon inclusion of the missing nucleotide, the sequence reported by 
Chanda et al (1985) encodes for a portion of the E. coli GroEL or cpn60 
from residues 298 to 495. In subsequent work, Claverie-Martin et al. 
(1989) have observed that the gene fragment cloned by Chanda et al 
(1985) does not complement the ams-1 mutation as claimed in the earlier 
work (Chanda et al, 1985). The ams^ gene cloned and characterized by 
Claverie-Martin et al (1989) encodes a protein with M^ 110,000 and it 
shows no sequence similarity to the cpn60 from E. coli or other species. 
Thus the sequence for ams^ gene reported earUer (Chanda et al, 1985) 
corresponds to a fragment of the E. coli cpn60 gene, and there is no 
sequence similarity between the ams'' protein and cpn60 sequences. 

D. Phylogenetic Analysis Based on Chaperonin 60 
and Chaperonin 10 Sequences 

One of the utiUties of gene/protein sequence data is in inferring evolu-
tionary relationships between various organisms (see Fitch and Margoli-
ash, 1967; Felsenstein, 1982). The concept that "molecules or molecular 
sequences constitute documents of evolutionary history" was first put 
forth clearly by Zuckerkandl and Pauling (1965). Its central tenet that 
changes in gene/protein sequences occur in a time-dependent manner 
has led to the concept of the "molecular or evolutionary clock." Due 
to the recent developments in molecular biology that have greatly facih-
tated the delineation of gene/protein sequences from various species, 
fundamental advances in our understanding of the evolutionary relation-
ships between extant species are occurring (see Woese, 1987; Gogarten 
et al, 1989; Iwabe et al, 1989; Woese et al, 1990; Gupta and Singh, 
1994). The cpn60 sequences, because of their large size, high degree of 
sequence conservation, and presence in all eubacteria and eukaryotic 
organelles, provide a good molecular model to investigate the evolution-
ary relationship within and between these groups. cpnlO sequences, 
although smaller in size and information content, are also useful in 
this regard. 

The evolutionary relationship based on cpn60 sequences was examined 
for a group of 48 sequences covering all main groups of bacteria and 
eukaryotic organelles (namely, mitochondria and chloroplasts). A global 
alignment of various sequences was carried out, and only those regions 
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of the alignment (corresponding to those shown in Fig. 1) that could be 
aligned without any ambiguity in all species were employed for phyloge-
netic analysis. A neighbor-joining distance matrix tree based on these 
sequences is presented in Fig. 5. The tree based on cpn60 sequences was 
rooted using the TCP-1 (or TF55) sequence from the archaebacteria 
Sulfolobus shibatae. TCP-1 is a distant homolog of cpn60 (see Section 
III,A). A comparable neighbor-joining tree was also constructed based 
on cpnlO sequences. Since the gram-positive group of bacteria are indi-
cated to be an ancestral lineage (see Gupta and Golding, 1993, and Fig. 
5), this tree was rooted using a member from this group (M. leprae). 
From comparison of Figs. 5 and 6, it is apparent that the orders of 
branching of various species in both cpn60 and cpnlO trees are very 
similar, which independently shows that both of these gene sequences 
give similar results. From these trees a number of inferences concerning 
the relationships between eubacterial species, as well as organellar homo-
logs, can be made, (i) Based on cpn60 and cpnlO trees (Figs. 5 and 6), 
the various homologs examined could be arranged in a number of distinct 
groups, namely, gram-positive bacteria, cyanobacteria and chloroplasts, 
chlamydiae and spirochetes, gram-negative purple bacteria, and eukary-
otic mitochondrial homologs. These groups correspond to the main divi-
sions of bacteria and eukaryotic organelles that have been identified 
based on small subunit (SSU) rRNA and other gene sequences (see Fox 
et al, 1980; Woese, 1987; Cedergren et al, 1988; Woese, 1991). After the 
present work was completed, Viale and co-workers have independently 
reported phylogenetic analysis based on cpn60 sequences (Viale and 
Arkaki, 1994; Viale et al, 1994). The inferences reached by these authors 
are very similar to those reported here and in our other work (Gupta, 
1995). (ii) In the cpn60 tree, homologs from the gram-positive group 
of bacteria show the deepest branching (Fig. 5). Within this group, the 
species with high and low G + C contents form separate clades. The 
monophyletic grouping of high and low G + C gram-positive species is 
shown to be rehable by bootstrap analysis of the sequence data (Viale 
et al, 1994; Gupta and Singh, 1994; R. S. Gupta, unpublished results, 
1994). The ancient nature of gram-positive bacteria is also supported by 
phylogeny based on other gene sequences, including rRNA and hsp70 
(Woese, 1987; Gupta and Golding, 1993). Recent studies based on hsp70 
gene sequences strongly indicate that the homologs from the gram-
positive group of bacteria that do not contain a large insert in the N-
terminal quadrant constitute the ancestral form of the protein from 
which all other homologs are derived (Gupta and Singh, 1992; Gupta 



2. Evolutionary Relationships of Chaperonins 43 

0.1 substitutions /site • T E 
Purple bacteria 

03 and Y subdivisions) 

Ec. coli 
Y. enterocolitica 
Ha. ducreyi 
N. flavescens 
N. gonorrhoeae 

Co. burnetii 
— L. pneumophila^ 
R. meliloti (A) 

Ag. twnefaciens 
R. meliloti (B) 

R. meliloti (E) 
Z. mobilis 

Ri. tsutsugamushi 
E. chaffeensisj 

S. cerevisiae (m) 

Purple bacteria 
(a subdivision) 

\ 

Human (m) 
Ch. hamster (m) 
Mouse (m) 
Rat (m) 

H. virescens (m) 

^ 

^ 

He. pylori 
C. trachomatis 
B. burgodferi 

T. pallidum 

Cucurbita (m) 
A. thaliana (m) 

Br. napus (m) 
Maize (m) 

Tr. cruzi (m) 

Mitochondria 

Chlamydiae and 
spirochetes 

Le. interrogans 
• Sy. spe. PCC6803 

I Wheat (c) 
' Br. napus a (c) 

C A. thaliana (c) 
Br. napus j3 (c) 

Syn. spe. PCC7942 
Cy. caldarium (c) 

Cyanobacteria and 
chloroplast homologs 

S. albus 1 
S. coelicolor 

M. leprae (2) 
M. tuberculosis (2) 

S. albus 2 
M. leprae (1) 

• M. tuberculosis (1) 
CI. perfringens 

Ba. subtilis 
Ba. stearothermophilus 

La. lactis 
^Mf-

Low 
G+C 

Gram-positive 
bacteria 

-5M. shibatae (TF55/TCP-1) Archaebacteria 

Fig. 5. Evolutionary tree based on cpn60 sequences. The tree shown is a neighbor-
joining distance matrix tree constructed using the PHYLIP version 3.5C program package 
(Saitou and Nei, 1987; Felsenstein, 1991). The phylogenetic analysis was carried out on 
the sequence region and alignment similar to that shown in Fig. 1. The tree was rooted 
using the TCP-1 homolog (TF55) from Sul shibatae as the outgroup. The branching of 
mitochondrial homologs with the a-purple subdivision of bacteria and of chloroplasts with 
the cyanobacteria should be noted. 

and Golding, 1993). Following the gram-positive group of bacteria, the 
order of branching of other groups, namely cyanobacteria, chlamydiae, 
spirochetes, and purple bacteria, in both cpn60 and cpnlO trees is again 
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to that shown in Fig. 2. 



2. Evolutionary Relationships of Chaperonins 45 

similar to that based on other gene phylogenies (e.g., hsp70, SSU 
rRNA) (Woese, 1991; see Gupta and Golding, 1993). (iii) The phyloge-
netic tree based on cpn60 sequences indicates that multiple cpn60 
homologs, when present in a species or a group of species, generally 
show a clustering in the tree (see Fig. 5). This observation suggests 
that the multiple cpn60 homologs arose by independent gene duplica-
tion events that took place within different branches of the tree. On 
the basis of the known cpn60 sequences and their positions in the 
phylogenetic tree, three independent gene dupUcation events can at 
present be identified. One of these is postulated to have occurred in 
the common ancestor to Mycobacteria and Streptomyces group of 
gram-positive bacteria. A second such event in the cyanobacterial 
lineage could account for the two cpn60 homologs present in cyanobac-
teria and chloroplasts (Martel et al, 1990; Lehel et aL, 1993). The 
third gene duphcation event appears to have occurred in the most 
recent common ancestor to the Rhizobiaceae group of bacteria. These 
groups of bacteria, which are involved in nitrogen fixation (e.g., R. 
meliloti, B. japonicum, R. leguminosarum), contain either 5 or 6 cpn60 
genes (Fischer et aL, 1993; Rusanganwa and Gupta, 1993; Wallington 
and Lund, 1994). In R. meliloti all of these genes, with the exception 
of one that is present on the main chromosome, are located on the 
two megaplasmids that are present in this species (Rusanganwa and 
Gupta, 1993). In view of their megaplasmid localization, this gene 
duplication event presumably occurred in the most recent common 
ancestor of these species, after it had acquired the megaplasmids. 

/. Mitochondrial Origin 

As can be seen from Fig. 5, all of the mitochondrial cpn60 homologs 
form a monophyletic cluster in the phylogenetic tree. Within this cluster 
the various plant and animal species form distinct subgroups and the 
deepest branching is observed for the protist species, Trypanosoma cruzi. 
The branching order of various eukaryotic species within the mitochon-
drial cluster is in accordance with that based on other gene sequences 
(see Cedergren et al, 1988; Iwabe et al, 1989; Gupta et aL, 1994). One 
interesting observation that is apparent from Fig. 5 is that the mitochon-
drial group shares a most recent common ancestor with the members 
of the a-subdivision of the gram-negative purple bacteria (or proteobac-
teria). A close and specific relationship between cpn60 homologs from 
the a-purple subdivision of bacteria and mitochondria is also indicated by 
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the observation that the homologs from these groups contain a number of 
unique sequence characteristics (namely, amino acid substitutions) that 
are not found in other cpn60 sequences (Fig. 1). Within the a-subdivision 
of gram-positive bacteria, a closer affiUation of mitochondrial homologs 
was observed for the species Ehrlichia chaffeensis and Rickettsia tsutsuga-
mushi (Figs. 5 and 6; see also Viale and Arakaki, 1994), which are 
obligate intracellular pathogens (Moulder, 1985). Bootstrap analysis of 
cpn60 sequence data shows that a specific relationship between these 
two groups of homologs is observed in about 75-85% of the bootstrap 
trees (Gupta, 1995; Viale and Arakaki, 1994), indicating that this affiUa-
tion is reasonably robust. Viale and Arakaki (1994) have noted several 
other characteristics of the Ehrlichia and Rickettsia groups of species 
which tend to support this. These observations indicate that the last 
common eubacterial ancestor from which the mitochondrion originated 
was related to the above subgroup (composed of Ehrlichia/Rickettsia 
species) of purple bacteria. The phylogenetic tree based on cpnlO se-
quences (Fig. 6) independently supports this inference. A similar infer-
ence concerning the origin of mitochondria from a-purple bacteria has 
been reached in earlier studies based on the size characteristics of cyto-
chrome-c sequences (Schwartz and Dayhoff, 1978; Dickerson, 1980) and 
phylogenies based on SSU rRNA and hsp70 sequences (Gray and Doo-
little, 1982; Yang et aL, 1985; Gray, 1992; Gupta and Golding, 1993; 
Falah and Gupta, 1994). The detailed phylogenetic analyses of hsp70 
sequences also point to a monophyletic origin of mitochondria (Falah 
and Gupta, 1994)—an inference that is supported by the cpn60 se-
quence data. 

2. Chloroplast Origin 

In the cpn60 tree (Fig. 5) the branching of chloroplast homologs with 
the cyanobacterial group supports the inference from earlier studies 
regarding the endosymbiotic origin of chloroplasts from this group of 
bacteria (see Margulis, 1970; Schwartz and Dayhoff, 1978; Gray and 
Doolittle, 1982; Taylor, 1987; Gupta et al, 1989; Gray, 1992; Gupta and 
Golding, 1993). A specific relationship between plant chloroplasts and 
cyanobacterial homologs is also indicated by other observations: {a) In 
Table II, the maximum amino acid identity of chloroplast homologs is 
observed with the cyanobacterial group of species; (b) the cpn60 homo-
logs from both these groups share a number of sequence characteristics 
not present in other sequences (see Fig. 1). The tree based on cpnlO 
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sequences is not reliable in this regard since the only sequence informa-
tion currently available is for a single chloroplast cpnlO homolog, which 
has undergone gene duplication and is found as a larger Mj. protein 
(Bertsch et al., 1992). The branching of both the a and fB subunits of 
chloroplast cpn60 sequences within the cyanobacterial/chloroplast clus-
ter suggests that both of these homologs evolved by a gene dupUcation 
event that took place in the common ancestor to chloroplast cpn60. The 
identification of two different cpn60 homologs in a cyanobacterial species 
supports this inference (Lehel et al, 1993). 

III. r-COMPLEX POLYPEPTIDE 1 GENE FAMILY 

A. Sequence Similarity between Chaperonin 60 and ^Complex 
Polypeptide 1 Chaperonins 

The first indication that TCP-1 may be a cytosoUc chaperonin was 
provided by the sequence similarity searches that indicated significant 
sequence similarity between the cpn60 family of proteins and the mouse 
TCP-1 protein (Ellis, 1990; Gupta, 1990). The significance of sequence 
similarity between these sequences has been examined using a number of 
different programs, namely, RDF2 program of the FASTA PIR package 
(Gupta, 1990), FASTP (Ellis, 1990), and Relate (Trent et al, 1992), and 
all except the last program indicate significant similarity between these 
protein famihes. In Table III, the alignment scores obtained by the 
Needleman and Wunsch (1970) method between representative TCP-1 
and cpn60 sequences from the major groups of species are presented. 
In this program, which is part of the PCGENE package, alignment score 
values >3 are considered significant {p < 0.0001) and those above 6 
are regarded highly significant, indicative of homology due to common 
ancestory (see Needleman and Wunsch, 1990; Pearson, 1990). As seen 
from Table III, all of the aUgnment scores between these two groups of 
proteins are >3, and most are >6, supporting the inference that these 
proteins are structurally related and shared a common ancestor. The 
complete aUgnment of TCP-1 sequences with the cpn60 sequences has 
been previously published (Ahmad et al, 1990; Gupta, 1990) and, there-
fore, is not described here. The inference from sequence similarity studies 



TABLE III 

Amino Acid Similarity between cpn60 and TCP-1 Sequences" 

TCP-l+ 
Cpn60.1 Human D. melanogasrer Sa. cerevisiae A. thaliana Su. shibatae A. sativa Mouse 

~~~ ~~ 

Ec. coli 37.0 (6.7) 33.4 (5.2) 33.8 (5.5) 36.5 (6.1) 34.4 (9.0) 35.5 (3.3) 35.7 (9.5) 
S. cerevisiae (m) 34.7 (6.0) 33.9 (5.4) 35.1 (7.1) 35.9 (6.1) 32.4 (8.1) 35.7 (6.7) 34.4 (7.3) 
Human (m) 34.5 (5.2) 35.6 (5.9) 35.0 (6.6) 39.8 (5.6) 37.3 (9.4) 37.2 (6.7) 34.8 (7.5) 
Wheat (c) 36.1 (7.1) 35.0 (4.9) 35.9 (5.5) 35.7 (6.5) 36.1 (6.4) 33.3 (2.0) 34.0 (6.4) 
Cl. perfringens 38.0 (10.2) 36.7 (7.3) 39.1 (5.9) 40.0 (7.1) 38.9 (10.1) 37.4 (5.4) 36.9 (9.2) 
M .  leprae 37.9 (6.5) 36.9 (6.2) 37.0 (5.4) 38.2 (5.6) 37.2 (7.5) 39.2 (3.3) 38.2 (8.8) 

a The amino acid similarity (i.e., percentage identical plus conserved residues) between the pairs of sequences was determined using the PALIGN 
program as described in Table I. The numbers in parentheses indicate the alignment scores for the pairs of sequences computed as described previously 
(Gupta, 1990; Gupta and Singh, 1992) according to Pearson (1990) for 50 random runs. The alignment scores above 3 indicate significant similarity 
between the pairs of sequences. Abbreviations as in Table I. 
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that the TCP-1 family of proteins may be carrying out a similar function 
in eukaryotic cell cytosol as cpn60 within the organelles has now been 
amply confirmed by different studies (see Ellis, 1992; Gao et al, 1992; 
Horwich and Willison, 1993; Yaffe et al, 1992; see Chapter 5). 

B. Identification of Two Subfamilies of r-Complex Polypeptide 
1 Sequences 

To understand the evolutionary relationships among known TCP-1 
homologs, a global alignment of available TCP-1 sequences was carried 
out. The aUgnment indicated interesting differences between various 
sequences, and excerpts from it for representative TCP-1 sequences are 
shown in Fig. 7. The top three lines, which include sequences from animal 
(mouse), plant {Arabidopsis thaliana), and yeast, contain numerous com-
mon amino acids (indicated by asterisks) that are not present in other 
TCP-1 sequences. The sequences from other animal species (namely, 
human, rat, Chinese hamster, Drosophila) are quite similar to these (not 
shown). In contrast to these sequences, the sequences in the last three 
lines, which include a TCP homolog from archaebacteria (TF55), a mouse 
homolog referred to as matricin, and a homolog from a plant species 
{Avena sativa), contain numerous other shared sequence characteristics 
(shaded regions) that are not present in the former group (Fig. 7). It 
should be noted that the differences noted above are not species-related, 
as sequences from the same (namely, mouse) or closely related plant 
species (namely, A. sativa and A. thaliana) are present in both groups. 

The evolutionary relationships of TCP-1 sequences were examined by 
constructing a neighbor-joining tree based on these sequences (Fig. 8A). 
In this figure, distance from the nodes along the horizontal axis indicates 
the distance between the species. The group I sequences form a coherent 
closely related group, wherein all of the animal TCP-1 sequences form 
a separate clade. In contrast, the group II TCP-1 sequences show com-
pletely distinct branching, and the observed large distance between these 
two groups of sequences is suggestive of their distant evolutionary rela-
tionship. More detailed investigation of the sequence data was carried 
out by means of the bootstrap methods (Felsenstein, 1985; Saitou and 
Nei, 1987). A neighbor-joining bootstrap consensus tree based on these 
sequences is shown in Fig. 8B. To obtain this tree the sequences were 
bootstrapped 100 times, for each a neighbor-joining tree was found, 
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S.cerev. LN---AR-AM---IN-D---Q-E---K--AG-VL--VK--IDA--Q-V---IC L---E KI-G 
A.sat iva H-Ht>TCPFi&>P-P-TKHK-D-DTV--FQTL-GQ-QKYFD-MV--CKDV--TLVirCQW-F--EAmi^QRELP-
Sul .shib. ---i--A--ivE-PE-DAEIR-N--TQMHKFLEE-EN-L--KVD--A v|CQK---EVAiS-iAKK-IL-
Matr ic in R-\|i--S--|YK-GESQTDIE--RE-DFTR-L-M-EEYIQQLCEDMQLKPD-v|-EK--S-LA||-|MR-NVT-

3QQ * * * * * * * * * * * * * * * * * * 3g2 

Mouse(a) VRRVLKRDLKCVAKASGATILSTLANLEGEETFEVTMLGQAEEWQERICDDELILIKNTKARTSASIILRGAND 
A.thal iana R-E-MRH T---LVT-F-DM DPAH--S-D---E---A--DV G--TSSAV-L 
S.cerev. ---CK-E--RRI-R-T---LV-SMS SSY--LCD AKFS---C G-SKHS-S 
A.sativa --W-GGVE-iLI-I-T-GR-VPRFfti-ST-KiSK AG-iii!REi^FfiTTKiii;-RMLi-EKCANSili!iAVT-FI--G-K 
Sul .shib. ---AK-S--iCL-R-T-G|vi-Nlii i-TSQDiiY AA-iiiiEEic-iEiiii-KM\#/EGA-NPiiiii-V--LI--GLE 
Matr ic in I---R-T-Ni!ifRI-R-C--|-V-RP||-REDDS|TGAG-|Eliikl|D|S SK 

333 * * * * * * * * * * * * * * *457 

Mouse(a) FMCDEMERSLHDALCWKRVLESKSWPGG6AVEAALSIYLENYATSMGSREQLAIAEFARSLLVIPNTLAVNAA 
A.thal iana Y-L A I - - -T - - -NT- -A S---V---HL--TL DA--I--KV 
S.cerev. YSL S-S T---GN C N---D-F--TV AA-- I - -K 
A.sat iva M-IE-TK--I ARNLIINNM-Y---SA-J;SC--AV-AA-DRHP6V--Y--R*--DA-E^A--LA--i-SS 
Sul .shib. RVV--T--A-R---GT-AD-IRDGRA-A |EIAKR-RK--PQV-ic Ei;Y-NAliGLIMI--i--ii 
Matr ic in EILS-V--N-Q--MQ-CRN--LDPQL S-H-VAHA-TEKSICA-T|v--UPYR|v-QA-|---R--l|-C!i 

453 * * * * * * * * * * * * * 532 

Mouse(a) QDSTDLVAKLRAFHNEAQVNPERKNLKUIGLDLVHGKPRDNKQAGVFEPTIVKVKSLKFATEAAITILRIDDLIK 
A.thal iana K-A-E Y-HT--TICADK-HYSSM N-TI-N-LE--- I - -AMS--- I IQ M--
S.cerev. K--SE SY-AAS-MK---RSYRNY IR- - IV-EIH-- -L S L-L--CVA TM-T 
A.sativa LPPi-TliiTWKSQ-V Kfi-NSRC-I-CNDVGTN-|iJ-EQN---TL-G-QQQILL--QWICM--K---V-T 
Sul .shib. L-pi|-KiiMQ--SL-E •l^rN--Y--N-FT-N-E-iiWKL--I--AL--MNAI-A V T I V IVA 
Matr ic in AST|iR-|TS---K-T 'QC-CETW-VNGET-TLV-|i-EL-IW--LA--LQTY-T-V-T-\^L IVS 

Fig. 7. Identification of two TCP-1 subfamilies based on sequence characteristics. An 
alignment of TCP-1 sequences from representative homologs is shown. The asterisks mark 
the residues that are either identical or conserved in the top three lines. Other members 
of this subfamily (namely, from rat, human, Chinese hamster, D. melanogaster) also contain 
similar residues. The shaded residues in the bottom three lines identify residues that are 
either identical or conserved in the second group of TCP-1 homologs, but which differ 
from that in the first group. The dashes (-) indicate residues identical to those in the top 
line. The numbers at the top refer to those in mouse TCP-1 sequence. 
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Fig. 8. Phylogenetic trees based on TCP-1 sequences. (A) The neighbor-joining 
distance matrix tree was constructed as described in Fig. 5. The distance along the horizontal 
axis indicates the distances between the species. The bar shown corresponds to 0.1 
substitution per amino acid. I and II denote the two subfamiUes. (B) A neighbor-joining 
boot-strap consensus tree based on TCP-1 sequences. The numbers at the forks indicate 
the number of times the species (or homologs), which are to the right of that fork, group 
together out of 100 boot-strapped trees. 
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and finally a consensus tree based on these analyses was obtained. The 
numbers at the fork indicate the number of times the sequences that 
are to the right of that fork group together out of 100 trees. There is a 
clear distinction (100 out of 100) between the group I and II sequences 
(Fig. 8B), which strongly supports their division into two groups. The 
above analyses provide strong evidence that the TCP-1 sequences in the 
two groups (each of which contain members from the plant and animal 
species) diverged from each other very early and have since then evolved 
independently. To account for the presence of two different groups of 
TCP-1 sequences in eukaryotic (e.g., plant and animal) species, the sim-
plest explanation would be that they are derived from different TCP-1 
homologs present in the archaebacterial parent. The available evidence 
indicates that similar to the eukaryotic TCP-1 complex, the archaebacte-
rial TCP-1 complex is also a heterooligomer made up of several different 
subunits (see Horwich and Willison, 1993, and Chapter 5). It is likely 
that the sequence of one of these subunits will bear closer similarity 
to the group I TCP-1 sequences, and possess many of the sequence 
characteristics of this group. 

After the present analysis was completed, Kubota et al (1994; see 
Chapter 5) reported the complete sequences of six additional TCP-1 
related proteins from mouse cells. The newly described TCP-1 homologs 
(designated CCT ,̂ CCT ,̂ CCTs, CCTe, CCT ,̂ and CCT ,̂ the original 
TCP-1 referred to as TCPa) are shown to be highly divergent, exhibiting 
between 25 and 39% amino acid identity to the other homologs. On the 
basis of sequence comparisons, the mouse matricin protein considered 
here (Joly et al, 1994) corresponds to the CCT^ subunit of the TCP 
complex. In view of the highly divergent nature of the TCP-1 subunits 
(Kubota et al, 1994), it is likely that more than two subfamiUes of protein 
sequences (as described here) will be found within this group. 

IV. EVOLUTIONARY RELATIONSHIP OF r-COMFLEX 
POLYPEPTIDE 1 AND CHAPERONIN 60 GENE FAMILIES AND 
ORIGIN OF EUKARYOTIC CELLS 

As indicated earlier, cpn60 homologs have been found only in bacterial 
species and in eukaryotic cell organelles that have originated from eu-
bacteria via endosymbiosis. In contrast, TCP-1-related chaperonins are 
present in archaebacteria and eukaryotic cell cytosol. To understand the 
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Species distribution of these two families of proteins and their relation-
ship to each other, it is important to consider the evolutionary relation-
ship among archaebacteria, eubacteria, and eukaryotic species. 

Phylogenetic analysis based on SSU rRNA and a few other gene 
sequences has led to the concept of the division of all extant organisms 
into three primary urkingdoms or domains comprising archaebacteria, 
eubacteria, and eukaryotic species (Woese et ai, 1990). Each of these 
species domains is proposed to be monophyletic and completely distinct 
from the others. Although this concept has gained wide acceptance, 
sequence data for a number of highly conserved proteins, including 
hsp70, glutamine synthetase (glutamate-ammonia ligase), glutamate de-
hydrogenase, etc., do not support this view (Benachenhou-Lahfa et al, 
1993; Gupta and Golding, 1993; Tiboni et al, 1993; Golding and Gupta, 
1995). These latter studies indicate a closer relationship between archae-
bacteria and gram-positive bacteria, and this group is postulated to be 
the ancestral lineage (Gupta and Singh, 1992; Gupta and Golding, 1993). 
For the origin of eukaryotic cells, phylogenetic studies based on different 
gene sequences have led to two main types of model. The first type 
of model assumes progressive evolution of the eukaryotic cell from a 
prokaryotic ancestor (see Fig. 9A and Woese et al, 1990). On the basis 
of the sequence data for EF-la, EF-2, F- and V-type ATPases, and RNA 
polymerase II and III subunits, where greater similarity is observed 
between the archaebacterial and the eukaryotic homologs, it has been 
postulated that the eukaryotic cells have evolved from an archaebacterial 
ancestor (Gogarten et al, 1989; Iwabe et al, 1989; Piihler et ai, 1989), 
most likely belonging to the thermoacidophihc group of archaebacteria, 
referred to as eocytes (Rivera and Lake, 1992). In contrast to the above 
genes, the sequence features and phylogenies based on a number of other 
gene sequences, the most striking of which is hsp70, strongly indicate that 
the eukaryotic homologs have evolved from a gram-negative eubacte-
rium (Gupta et al, 1994; Gupta and Singh, 1994). In the case of hsp70, 
a relatively conserved insert of 23-27 residues is present in the same 
position in all hsp70s from eukaryotic species and gram-negative eubac-
teria, but is not found in any of the hsp70s from gram-positive bacteria 
or archaebacteria, pointing to the evolution of eukaryotic cells from a 
gram-negative bacterium. To account for the conflicting phylogenies 
obtained using different gene/protein sequences, a second type of model 
that postulates a chimeric origin of the eukaryotic cell nucleus has been 
proposed (Zillig, 1991; Gupta and Golding, 1993; Gupta and Singh, 1994; 
Irwin, 1994; Golding and Gupta, 1995). 
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Fig. 9. Evolutionary relationship between cpn60 and TCP-1 sequences. Two alternative 
models based on current views regarding the origin of eukaryotic cells are presented. Both 
models assume that the cpn60 and TCP-1 proteins evolved from an ancestral protein that 
was present in the universal ancestor of all organisms. Changes in this protein at an early 
stage in evolution led to the evolution of cpn60 and TCP-1. In model (A), referred to as 
archaebacterial model (Woese et al, 1990), the eukaryotic cell nucleus is presumed to 
have evolved from an archaebacterial (eocyte group) ancestor, which contained TCP-1 
homolog(s). In the chimeric model (B), early stages of divergence from the universal 
ancestor gave rise to archaebacteria which contained TCP-1 and gram-positive bacteria 
containing cpn60. From these two primary lineages other groups of archaebacteria and 
eubacteria evolved. At a later time, a primary fusion event between an eocyte group of 
archaebacteria and a gram-negative bacterium gave rise to a proeukaryotic cell. During 
its estabUshment into a eukaryotic cell, this cell retained different genes from the two 
fusion partners. From the cpn60/TCP-l group, only TCP-1 homologs were retained. The 
thin dotted arrows indicate the endosymbiotic capture of an a-purple bacterium and a 
cyanobacterium resulting in the origin of mitochondria and chloroplasts, respectively. 
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According to the chimeric model, the eukaryotic cell nucleus is a 
chimera that originated by the primary fusion between a gram-negative 
eubacterium and an eocyte group of archaebacteria (see Fig. 9B). This 
primary fusion event could be akin to endosymbiosis, where one of the 
fusion partners served as the host (e.g., gram-negative eubacterium) and 
the other, which was engulfed, was the guest (namely, eocyte), followed 
by mixing of their genes in a common pool surrounded by the membrane 
of the guest species (Gupta et ai, 1994; Lake and Rivera, 1994). During 
the early stages of the evolution of this proeukaryotic cell, it is postulated 
that an assortment or selection of genes from the two fusion partners 
took place, and the genes that were not selected were either lost or so 
drastically modified that no similarity to the original gene(s) is currently 
observed. As a result, all extant eukaryotic species contain genes that 
are descendant from either archaebacteria or gram-negative bacteria 
but not from both species (see Gupta and Golding, 1993; Gupta and 
Singh, 1994). 

The sequence data for the cpn60/TCP-l family of proteins are consis-
tent with and could be explained by either of these two models. However, 
of these two, we prefer the latter model because it explains all of the 
other gene phylogenies as well (see Gupta and Singh, 1994; Irwin, 1994; 
Golding and Gupta, 1995). To understand the relationship between these 
two families of proteins, one needs to assume the existence of an ancestral 
protein in the universal ancestor of all organisms from which both cpn60 
and TCP-1 evolved (Gupta, 1990). On the basis of the hsp70 sequence 
data, it is suggested that this universal ancestor was related to the hne-
age comprising archaebacteria and gram-positive bacteria (Gupta and 
Golding, 1993). Since many of the known archaebacteria grow optimally 
at high temperatures (>100°C) in anaerobic environments and utilize 
energy from the reduction of sulfur and hydrogen, conditions that are 
probably akin to what may have existed in the primitive earth's environ-
ment (Pace, 1991), it is possible that the universal ancestor was more 
closely related to this group. 

During the early period of evolution (which could have lasted up to 
1 billion years), this universal ancestor gave rise to two main groups of 
organisms, archaebacteria, and gram-positive bacteria. Due to the rapidly 
changing environment, extensive divergence took place by this time for 
some genes/proteins for which functional constraints were not rigid (e.g., 
EF-1QJ, EF-2 , cpn60), such that the ancestral cpn60/TCP-l related protein 
gave rise to the TCP-1 family of proteins in archaebacteria and cpn60 
derivatives in gram-positive bacteria. In archaebacteria, due to altered 
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functional requirements, duplication of the TCP-1 gene probably also 
took place at an early stage, giving rise to multiple isoforms. In contrast to 
the above genes, for a number of other highly conserved and constrained 
functions (namely, hsp70, glutamate dehydrogenase, glutamine synthe-
tase), the close relationship between these two groups of organisms was 
retained and can still be observed (Benachenhou-Lahfa et aL, 1993; 
Gupta and Golding, 1993; Tiboni et al, 1993; Brown et al, 1994; Golding 
and Gupta, 1995). In the period that followed (during which the environ-
ment changed from predominantly anaerobic to aerobic) other groups 
of archaebacteria and eubacteria (including the gram-negative group) are 
postulated to have evolved from these ancestral groups. The evolution of 
archaebacterial and eubacterial groups was followed by the postulated 
fusion between an archaebacterium and a gram-negative eubacterium 
that gave rise to the proeukaryotic cell. During the assortment of genes 
from the two fusion parents, only the TCP-1-related genes but not cpn60-
related genes were retained in the eukaryotic nucleus. [This is in contrast 
to hsp70 where the homolog from the gram-negative bacteria was se-
lected (Gupta et al.y 1994).] It is not clear at present at what stage the 
cpnlO chaperonin evolved. If a related protein was present in the univer-
sal ancestor before the divergence of archaebacteria and bacteria, then 
it is expected that a cpnlO homolog should also be found in archaebacte-
ria and eukaryotic cell cytosol, unless its function has become redundant 
in the TCP-1 complex. On the other hand, if it evolved at a later stage 
(in concert with the evolution of cpn60 in the bacterial lineage) then no 
cpn60 homolog will be found in archaebacteria or eukaryotic cell cytosol. 
At later stages in the evolution of eukaryotic cells, other endosymbiotic 
events that gave rise to mitochondria (from an a-purple gram-negative 
bacterium) and chloroplasts (from cyanobacteria) took place, as depicted 
in Fig. 9B. 

The model proposed here explains all of the characteristics of the 
cpn60/TCP-l gene families as well as other gene/protein phylogenies. In 
addition, it makes a number of predictions that are experimentally testa-
ble. These include the following: (i) The model proposes that TCP-1 
homologs should not be found in bacteria nor the cpn60 homologs in 
the eukaryotic cell cytosol (i.e., of nuclear origin), (ii) It predicts that 
different TCP-1 subunits in eukaryotic cells originated from different 
genes present in the archaebacteria. Therefore one should expect to find 
multiple TCP-1 genes in archaebacteria and they should bear closer 
relationship to different TCP-1 subfamilies in eukaryotic homologs. 
(iii) The model also suggests that for some of the highly conserved 
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proteins that are found in all eukaryotic species (e.g., actin, tubulin) a 
related protein may also be found in prokaryotic species (namely, either 
archaebacteria or gram-negative bacteria), (iv) The ancient nature of 
gram-positive bacteria also provides a clue to why the homologs from 
some of the gram-positive bacteria (mycobacteria) are highly antigenic 
in mammahan systems (Kaufmann, 1990; Young etai, 1990; see Chapter 
10). In comparison to the eukaryotic cells, they represent the most diver-
gent group of species and it is predicted that some of the other members 
of this group will also be highly antigenic, (v) The phylogeny based on 
cpnlO and cpn60 sequences strongly supports the origin of mitochrondria 
from the a-purple subdivision of gram-negative bacteria, and of chloro-
plasts from the cyanobacteria—an inference in accordance with the 
earlier studies (see Yang et al, 1985; Gray, 1992; Falah and Gupta, 
1994). The analysis based on cpn60 sequences further suggests that the 
eubacterial ancestor from which mitochondrion evolved was evolution-
arily closely related to the species belonging to the Ehrlichia/Rickettsia 
group, which live symbiotically within eukaryotic cells. The analysis 
presented here thus provides valuable insight into the origin of eukaryo-
tic cells and organelles and it enables us to understand the relationship 
between different members of the chaperonin family of proteins from 
a broader perspective. 
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I. INTRODUCTION 

From a historical perspective, the early observations on the nature 
and function of chloroplast chaperonin 60 (cpn60) were auspicious (Bar-
raclough and Ellis, 1980; Roy et al, 1982; Bloom et ai, 1983). The 
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significance of these papers was not fully appreciated at the time, perhaps 
because the role of "folding helpers" was not generally apparent. A 
number of the features more recently described for bacterial and mito-
chondrial chaperonins can be found in the early literature on chloroplast 
chaperonins, such as binding of nascent polypeptides to the chaperonin 
oligomer and the requirement for MgATP to release the bound target 
polypeptide. Because these studies described the binding of the large (L) 
subunit of ribulose-bisphosphate carboxylase-oxygenase (EC 4.1.1.39, 
Rubisco) to an oligomeric "assembly" protein, this oligomer was termed 
the large subunit binding protein (LSBP). The name was later modified 
to the Rubisco subunit binding protein when it was realized that the 
small (S) subunit of Rubisco could also bind to the LSBP (Gatenby et 
al, 1988; Ellis and van der Vies, 1988). With the demonstration that a 
wide range of proteins imported into isolated chloroplasts would also 
form a complex with the binding protein, it was given its current name 
of chaperonin 60 (cpn60) (Lubben et ai, 1989) to reflect both its func-
tional role as a molecular chaperone, and the size of the cpn60 protomers 
(60 kDa). cpn60 is now frequently used as a generic name for the related 
chaperonins in mitochondria and bacteria. An example of the binding 
of newly synthesized maize Rubisco L subunits to Escherichia coli cpn60 
is shown in Fig. 1. 

Viewed by electron microscopy (Hendrix, 1979; Pushkin et ai, 1982; 
McMullin and Hallberg, 1988; Saibil et al, 1993; see Chapter 9) cpn60 
from different organisms contains fourteen 60 kDa subunits arranged 
in two stacked rings of seven subunits, forming a double-toroid structure 
with a central cavity. The complex molecular architecture of chaperonins 
clearly has important mechanistic significance, since the pattern of seven-
fold rotational symmetry is repeated for cpn60 homologs isolated from 
chloroplasts and mitochondria (Pushkin et ai, 1982; McMullin and Hall-
berg, 1988). Among the most intensively studied of these proteins are 
E. coli GroEL, yeast mitochondria hsp60, and cpn60 from plant chloro-
plasts. These are all highly conserved proteins at the level of amino acid 
sequence similarity (Hemmingsen et al, 1988; EUis and van der Vies, 
1991; Zeilstra-Ryalls et al, 1991). In contrast to bacteria and mitochon-
dria, which contain only a single type of cpn60 subunit (Hemmingsen et 
al, 1988; Reading et al, 1989), chloroplasts contain two distinct cpn60 
polypeptides (a and fS) that are present in roughly equal amounts (Hem-
mingsen and Ellis, 1986; Musgrove et ai, 1987; Martel et ai, 1990). 

Members of a second chaperonin subfamily that functionally interact 
with cpn60 are also oligomeric proteins, but are significantly smaller 
than cpn60, and usually contain identical subunits of about 10 kDa. This 
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STAIN 35s 

Fig. 1. Formation of a stable binary complex between the maize Rubisco L subunit 
and E. coli cpn60 (GroEL). A cloned maize rbcL gene (Gatenby et al, 1981) was expressed 
in an E. coli cell-free coupled transcription/translation lysate in the presence of 
[^^S]methionine. Samples of the in vitro translation reaction mixture were analyzed by 
nondenaturing gel electrophoresis using 6% polyacrylamide gels. Samples in lanes 1-3 
were stained with Coomassie brilhant blue, and lane 4 is an autoradiograph of lane 3. A 
complex collection of stained protein bands can be seen in lane 3, as expected for an E. 
coli S30 lysate. In contrast, the autoradiograph (lane 4) of the stained sample shown in 
lane 3 reveals that most of the synthesized Rubisco L subunits migrate as a discrete band 
near the top of the gel. By comparison with stained markers, the radioactive band in lane 
4 does not have the same mobility as purified Rubisco (Ru) (lane 1), but does comigrate 
with pea Rubisco subunit binding protein (BP) (lane 2), now referred to as cpn60. A band 
of similar mobility to BP is present in the E. coli S30 lysate (lane 3), and subsequent 
experiments showed that it is the bacterial cpn60 (GroEL) which has bound to newly 
synthesized Rubisco L subunits. It was experiments like these, together with analogous 
approaches using isolated chloroplasts and direct comparison of DNA sequences, that led 
to the recognition of chaperonins in bacteria and chloroplasts that could assist in the 
folding of polypeptide chains by interacting with nonnative (partially folded) structures. 
This experiment was performed by the author. 

smaller chaperonin protein is known as GroES in E. coli, and is more 
generally referred to as chaperonin 10 (cpnlO), again reflecting its subunit 
size. Homologs of cpnlO are found in numerous prokaryotic species 
(Zeilstra-Ryalls et al, 1991), mammalian mitochondria (Lubben et al, 
1990; Hartman et al, 1992b), and higher plant chloroplasts (Bertsch et 
al, 1992), and a functionally related protein called Gp31 is also expressed 
from a bacteriophage T4 gene during growth in E. coli (van der Vies et 
al, 1994; see Chapter 6). The available evidence suggests that hke cpn60, 
bacterial (Chandrasekhar et al, 1986) and mitochondrial (Hartman et 
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al, 1992b) cpnlO oligomers possess toroidal structures with sevenfold 
symmetry. Electron micrographs of the chloroplast homolog of cpnlO 
also reveal a toroidal structure (Baneyx et al, 1995). Intuitively, this 
observation makes sense since cpn60 and cpnlO form a stable complex 
with each other in the presence of certain adenine nucleotides. Therefore, 
the unusual sevenfold symmetry of cpn60 is mirrored in the structure 
of CpnlO molecules that must bind to cpn60 to promote efficient discharge 
and folding of the target polypeptide. The term cpnlO is actually some-
what misleading for the chloroplast chaperonin, because a functional 
chloroplast cpnlO homolog comprises two similar but nonidentical halves 
of about 10 kDa fused together (Bertsch et al, 1992). The two halves 
of the chloroplast protein show 40% amino acid identity and are 70% 
homologous if conservative changes are also considered. Since the molec-
ular mass of the fused cpnlO domains is about 21 kDa (Bertsch et al, 
1992; Baneyx et al, 1995), we refer to this protein as cpn21. 

II. CHLOROPLAST CHAPERONINS 

There are many similarities between the transcriptional (Bradley and 
Gatenby, 1985) and translational (Gatenby et al, 1989) mechanisms of 
chloroplasts and E. coli, which is no doubt a reflection of the essentially 
prokaryotic-like nature of these photosynthetic organelles. It is also 
apparent that factors influencing the final stages of gene expression, 
namely protein folding and assembly, are also conserved (Gatenby and 
Viitanen, 1994). Molecular chaperones in E. coli were initially identified 
using genotype screening for mutations altering their function, and subse-
quently followed by purification and biochemical analysis of the various 
proteins. With chloroplasts a genetical approach is rarely available, and 
so much of the characterization has been achieved by analysis of the 
purified proteins. An exception to this comment is the successful expres-
sion of an active chloroplast cpnlO homolog (cpn21) in E, coli (Baneyx 
et al, 1995), which has permitted analysis of functional features using 
the approaches of bacterial genetics and mutagenesis. 

A. Chaperonin 60 

Chloroplast cpn60 was first discovered during studies on the biosynthe-
sis of Rubisco in isolated chloroplasts. Although the majority of chloro-
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plast proteins are synthesized in the cytosol and translocated into the 
developing organelle, a significant number, most notably the L subunit 
of Rubisco, are synthesized in the chloroplast stroma. The Rubisco L 
subunit polypeptide is by far the major product of in organello protein 
synthesis, and it assembles with imported S subunits into a holoenzyme 
with an L8S8 composition (Gatenby and Ellis, 1990). It was observed, 
following electrophoresis on nondenaturing polyacrylamide gels, that 
although Rubisco L subunits synthesized in isolated chloroplasts can 
assemble into the holoenzyme, a significant proportion of the L subunits 
are stably associated with a large oligomeric protein (Barraclough and 
Ellis, 1980). This oligomeric protein is greater than 600 kDa in size, and 
contains subunits of 60 kDa (Barraclough and Ellis, 1980; Hemmingsen 
and EUis, 1986). The results of time course experiments during radiola-
beling demonstrated that as radioactive L subunits become assembled 
into Rubisco holoenzyme, the radioactivity in the cpn60 oHgomer de-
clines. These observations raised the possibility that nascent Rubisco L 
subunits are specifically associated with cpn60 prior to assembly into 
holoenzyme, and that the cpn60 • L subunit binary complex is an obUga-
tory intermediate in the assembly of Rubisco (Barraclough and Elhs, 
1980; see Chapter 1). 

Independent experiments also demonstrated that Rubisco L subunits 
synthesized in vivo or in organello can be recovered from intact chloro-
plasts in the form of two different sedimentation complexes of 7S and 
29S, as determined on sucrose gradients (Roy et al, 1982). The 29S 
complex contains unassembled Rubisco L subunits associated with 
cpn60, and the 7S complex may represent Rubisco dimers. When chloro-
plasts are incubated in the light, it is found that the newly synthesized 
L subunits present in both the 7S and the 29S complexes disappear and 
are subsequently located in the assembled 18S Rubisco holoenzyme (Roy 
et ai, 1982). This post-translational assembly of Rubisco is accelerated in 
chloroplast extracts by the addition of ATP, but the 29S cpn60 oligomer 
remains intact (Bloom et al, 1983). However, in the presence of magne-
sium, ATP causes dissociation of the 29S cpn60 molecule, whereas a 
nonhydrolyzable analog of ATP has no effect (Bloom et al, 1983; Mus-
grove et al, 1987; Roy et al, 1988). Although dissociation of the chloro-
plast cpn60 occurs at physiological concentrations of ATP, the low con-
centrations of chaperonins in these experiments would in themselves 
favor oligomer dissociation. As noted by the authors, the in vivo condi-
tions might be quite different, and the higher concentration of chaperon-
ins could permit oHgomers to maintain their structure even in the pres-
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ence of ATP (Musgrove et al, 1987). In contrast to the effect of ATP 
on chloroplast cpn60 oligomer stability, the bacterial and mitochondrial 
cpn60 oligomers are not dissociated to a large extent by ATP. A complex 
set of reactions was proposed by Bloom et al (1983) that requires nucleo-
tides, magnesium, cpn60, and putative intermediates in the assembly of 
the Rubisco holoenzyme. Purified chloroplast cpn60 has been used to 
refold successfully a denatured bacterial Rubisco in vitro using defined 
biochemical components. Under the conditions used, where chemically 
denatured Rubisco fails to revert spontaneously to its native state, the 
successful refolding of bacterial Rubisco is obtained in the presence of 
chloroplast cpn60 and E. coli cpnlO in a reaction that requires ATP 
hydrolysis (Goloubinoff et al,, 1989b). Some additional complexities in 
the refolding and assembly of a chloroplast enzyme were noted in the 
studies by Chen and Jagendorf (1994), who obtain reconstitution of an 
active multisubunit coupUng factor CFi core in the presence of molecular 
chaperones and MgATP. Successful folding and assembly of a catalyti-
cally active 0:3)837 core from urea-denatured subunits do not occur in 
the presence of either chloroplast cpn60 and cpn21 or E. coli cpn60 and 
cpnlO, but require a mixture of additional chaperones to be added. These 
additional components have not been fully characterized, but apparently 
include hsp70. 

As already noted, chloroplast cpn60 is composed of two types of 
subunit of 61 and 60 kDa, known respectively as the a and p subunits 
(Musgrove et al.y 1987). The two cpn60 subunits are highly divergent in 
their predicted amino acid sequences (Martel etai, 1990). It is not known 
whether the a and (3 subunits reside in the same or different cpn60 
tetradecamers, which would result in either hetero- or homoohgomers, 
respectively. Both cpn60 subunits are encoded by nuclear genes and are 
imported into chloroplasts following synthesis of the precursor form by 
cytosolic ribosomes (Hemmingsen and EUis, 1986). Historically, it was 
the isolation and analysis of cDNA for the a subunit from plants that 
revealed a high degree of sequence similarity to the E. coli GroEL 
protein, and ultimately led to the identification of the family of proteins 
that are now called chaperonins (Hemmingsen et ai, 1988). Although 
the chloroplast cpn60 was originally demonstrated to be involved in 
Rubisco assembly (Barraclough and Ellis, 1980; Roy et al, 1982; Bloom 
et al, 1983), it undoubtedly plays a more general role in chloroplast 
biogenesis, and probably also in the development of other types of 
plastid. 
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B. Chaperonin 21 

A wide range of purified proteins in their nonnative states can interact 
with cpn60; examples include Rubisco (Goloubinoff er a/., 1989b; Baneyx 
and Gatenby, 1992; van der Vies et ai, 1992), pre-)8-lactamase (Laminet 
et al, 1990), rhodanese (Mendoza et ai, 1991); Martin et ai, 1991), 
dihydrofolate reductase (Martin etai, 1991; Viitanen etal.y 1991), citrate 
synthase (Buchner et ai, 1991), lactate dehydrogenase (Badcoe et al, 
1991), glutamine synthetase (Fisher, 1992), and phytochrome (Grimm 
etal.y 1993). From these, and other studies (HoU-Neugebauer etai, 1991; 
Martin et ai, 1993), it has become apparent that chaperonins regulate 
protein folding by stabilizing folding intermediates, thereby influencing 
the kinetic partitioning between aggregated (misfolded) and correctly 
folded proteins (see Chapters 7 and 8). The release of target proteins 
bound to cpn60, and subsequent progression to the native state, occurs 
through interactions with the cpnlO chaperonin and MgATP. Even where 
cpnlO is not essential for release, its presence usually facilitates the 
discharge reaction (Laminet et al, 1990; Martin et ai, 1991; Viitanen et 
ai, 1991; Fisher, 1992). This role for cpnlO in effective dissociation of 
the cpn60 • target protein complex suggested that chloroplasts might also 
contain a cpnlO homolog to facilitate protein folding by interacting with 
the chloroplast cpn60 (Lubben et ai, 1990). 

A functionally related cpnlO protein was eventually identified in pea 
and spinach chloroplasts (Bertsch et ai, 1992). Surprisingly, the chloro-
plast CpnlO homolog is a polypeptide of about 21 kDa (cpn21), which 
is twice the size of bacterial and mitochondrial cpnlO, and thus different 
from any cpnlO described previously. The chloroplast cpn21 (previously 
called ch-cpnlO) comprises two distinct cpnlO-like domains fused in 
tandem to give a binary structure (Bertsch et al, 1992; see Fig. 2). On 
the basis of sequence similarities between each domain in cpn21 and 
other pubUshed cpnlO sequences, a potential oligopeptide linker is lo-
cated in the mature protein at T103 (Bertsch et ai, 1992) with the 
sequence TDDVKD. This oUgopeptide has a composition highly favor-
able for domain linkage (Argos, 1990), and is effectively positioned 
midway along the cpn21 polypeptide to provide an internal symmetry 
axis around which a pseudosymmetric structure could form following 
collapse and folding of the two domains. Each of the two fused domains 
possesses several highly conserved amino acid residues that are also 
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1 50 
GroES MNIRPLHDRVIVKRKEVETKSAGGIVLTGSAAAKSTRGEVLAVGNGRILE 
9-104 TSVK G LI T I E TTS F PTA QK PQS V I S KK--

107-202 KDLK N LLI VA N TS LL AE SKE PSF T V T P VLD 

51 100 
GroES NGE-VKPLDVKVGDIVIFNDGYGVKSEK-IDNEEVLIMSESDILAIVEA 
9-104 V DKKL VA T AE VYSK- TGTEIE-V GSSH VK D IG L TD 

107-202 E N-RI P CS NT LYSK- AGNDF GV GSDYMVLRV VM VLS 
•k -k -k 

Fig. 2. Each half of the mature spinach chloroplast cpn21 shows similarity to E. coli 
GroES. The GroES amino acid sequence is shown on the top lines numbered from 1 to 
100. Beneath GroES is the sequence for amino acids 9-104 of the N-terminal domain of 
cpn21, and beneath it is the sequence for amino acids 107-202 of the C-terminal domain 
of cpn21. Blank spaces correspond to residues in cpn21 that are identical to GroES, and 
aUgnment gaps are marked with (-). The asterisks beneath eight of the residues indicate 
positions that are identical in cpnlO sequences deposited in GenBank. Based on data from 
Hemmingsen et al (1988), Bertsch et al (1992), and the GenBank database. 

encoded in many other groES genes examined, suggesting that each 
domain could be functional. The two-domain structure of chloroplast 
cpn21 is also present in a broad range of distantly related photosynthetic 
eukaryotes, as judged by immunoblotting of plant extracts using antisera 
raised against cpn21. An immunoreactive protein of similar size is present 
in liverworts, mosses, club mosses, ferns, gymnosperms, monocots, and 
dicots (Baneyx et al, 1995; see Fig. 3). The evolutionary divergence 
represented by this group of species covers a time span of 5 X 10̂  or 
more ysars. Clearly, the double-domain structure of the chloroplast 
CpnlO evolved early, and its unusual features have been maintained 
during the course of diverse speciation. Domain dupHcation presumably 
occurred during the early evolution of the more complex and differenti-
ated chloroplasts following endosymbiosis, since the postulated progeni-
tors of chloroplasts, namely photosynthetic cyanobacteria, possess the 
single-domain type of cpnlO (Webb et al, 1990; Lehel et al, 1993; see 
Chapter 2). 

To test the biological activity of the double-domain cpn21 and each 
of its two separate single domains, the complete and partial coding 
sequences have been expressed in E. coll Spinach cpn21 and the N-
terminal (cpnlO-N) and C-terminal (cpnlO-C) domains were synthesized 
in a groES mutant strain that fails to support bacteriophage assembly. 
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Fig. 3. Immunoblot of soluble leaf extracts resolved by SDS-PAGE and incubated 
with anti-spinach cpn21. Lane IJuniperus horizontalis; lane 2, Taxus media; lane 3, Ginkgo 
biloba; lane 4, Dicranum flagellare; lane 5, Selaginella krausiania; lane 6, Zea mays; lane 
7, Hordeum vulgare. The lower arrow indicates the position of cpn21, and the upper 
arrow indicates cpn60 cross-reacting with contaminating anti-cpn60 in the serum. Proteins 
were electroblotted onto nitrocellulose, and sequentially incubated with rabbit anti-cpn21 
and goat anti-rabbit IgG conjugated to alkaline phosphatase (Baneyx et al, 1995). 

The cpn21 protein and each separate domain support bacteriophage 
growth and can substitute for bacterial cpnlO in virus morphogenesis 
(Baneyx et al, 1995). cpn21 and cpnlO-N, but not cpn 10-C, also suppress 
the growth defect of a temperature-sensitive groES mutant strain. It has 
been established that in the presence of either ATP or ADP a stable 
complex can be formed between E. coli cpn60 and cpnlO (Chandrasekhar 
et al, 1986; Lissin et al, 1990; Viitanen et al, 1990). cpnlO from mitochon-
dria, cpn21 from chloroplasts, and Gp31 from bacteriophage T4 will 
each form a complex with E. coli cpn60 in the presence of adenine 
nucleotides (Lubben etal, 1990; Bertsch etal, 1992; Rospert etal, 1993a; 
Burt and Leaver, 1994; van der Vies et al, 1994; Baneyx et al, 1995; see 
Fig. 4), indicating considerable functional conservation in the structure 
of the interactive cpn60/cpnl0 surfaces. Purified spinach cpn21 inhibits 
the Mg^+-dependent ATPase activities of both E. coli cpn60 (Baneyx et 
al, 1995) and spinach chloroplast cpn60, the latter also possessing a 
Ca^+-dependent ATPase activity (G. G. Chen, A. A. Gatenby, and 
A. T. Jagendorf, unpublished). Chloroplast cpn21 will effectively substi-
tute for bacterial cpnlO in the chaperonin-facihtated refolding of dena-
tured bacterial Rubisco (Baneyx et al, 1995). Electron micrographs of 
cpn21 reveal a ring-like organization that is very similar to the surface 
views of the toroidal cpnlO protein from E. coli (Chandrasekhar et al, 
1986). The shape of the oUgomer indicates that the cpn21 subunits are 
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1 2 3 4 5 6 7 8 9 

Fig. 4. Adenine nucleotide-dependent binding of E. coli and chloroplast cpn60 to 
immobilized cpn21. Plasmid pCK28 encodes an N-terminal fusion between six histidine 
residues and cpn21. The His-cpn21 protein was synthesized in E. coli, bound to nickel 
(Ni-NTA) columns and washed free of contaminating proteins. Purified E. coli cpn60, or 
soluble spinach chloroplast proteins, were incubated with the His-cpn21 resin ± adenine 
nucleotide, washed, eluted with imidazole, and analyzed by SDS-PAGE. Lane 1, 
JM105(pCK28) total preinduced proteins; lane 2, total induced JM105(pCK28) proteins; 
lane 3, His-cpn21 bound and eluted from Ni-NTA column (the arrow for lane 3 marks 
the position of His-cpn21); lanes 4 and 5 show protein eluted from column following 
passage of E. coli cpn60 -ADP (lane 4) and + 1 mM ADP (lane 5) (the arrow for lane 
5 marks the position of cpn60 and the star the position of His-cpn21); lanes 6-9 show 
chloroplast extracts where 6 is the column preload, sample 7 is cpn60 bound to His-cpn21 
in presence of 1 mM ATP, sample 8 is cpn60 bound in presence of 1 mM ADP, and 
sample 9 is pretreated with apyrase before column loading in the absence of either ADP 
or ATP. The two bands marked by arrows in lanes 6-9 are the a (top) and /3 (bottom) 
of spinach cpn60. Lanes 1-5 were stained with Coomassie brilliant blue, and lanes 6-9 
immunoblotted, reacted with rabbit anti-cpn60, and goat anti-rabbit IgG conjugated to 
alkaline phosphatase (Baneyx et al, 1995). 

arranged with rotational symmetry around an axis through the center 
of the toroid (Baneyx et al, 1995; see Fig. 5). 

Because each domain of cpn21 is functional, this raises the possibility 
that the a and j8 cpn60 subunits in chloroplasts require different domain 
interactions for maximal activity, thus implying that the two cpn21 do-
mains have preferred binding sites either on different cpn60 molecules 

Fig. 5. Electron micrographs of purified spinach cpn21 synthesized in E. coli. The 
protein was fixed with 1% glutaraldehyde and negatively stained with 1% uranyl acetate. 
Two magnifications are shown; in (A) the bar represents 100 nm and in (B) the bar is 
equivalent to 20 nm. Electron micrographs were kindly provided by Jan van Breemen 
(Baneyx et al, 1995). 
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or on different faces of the same molecule. Perhaps the fused-domain 
structure of the chloroplast cpn21 satisfies this requirement by presenting 
two differentially active surfaces to cpn60 in the target polypeptide dis-
charge reaction. Binding experiments with histidine-tagged cpn21 reveal 
that both the a and the j8 subunits are present in cpn60 molecules that 
interact with cpn21 in the presence of ADP or ATP, but binding does 
not occur in the absence of ADP or ATP (Baneyx et ai, 1995; see Fig. 
4). Irrespective of whether the two cpnlO-like domains of cpn21 have 
different specificities in their interactions with cpn60 a or j8, why should 
the chloroplast cpn21 maintain two functional cpnlO domains fused to-
gether, rather than using separate cpnlO subunits? Many other proteins 
have apparently also evolved by domain duplication and fusion (McLach-
lan, 1987). For example, domains are autonomous cooperative folding 
units, and it has been found that domain fusion enhances the rate of 
folding and can improve stability by reducing the entropy of the unfolded 
state (Liang et al, 1993). This improvement occurs because the two 
chains are no longer independent of each other, thus reducing the transla-
tional and rotational entropy of the unfolded polypeptide. Perhaps the 
most compelling reason for domain fusion is that it provides a mechanism 
for the correct association of dissimilar, but related, subunits (Tang et 
al, 1979). As each domain collapses to its native-like structure it is 
tethered to the other domain by a peptide linker, thus ensuring a high 
local concentration of the fused subunits with a fixed polarity. This 
polarity may be important in the overall assembly of the cpn21 oUgomer 
to achieve close packing in a sevenfold rotationally symmetrical mole-
cule. This hypothesis implies a protein folding mechanism that requires 
selectivity in the binding of distinct surfaces of cpn21 to the a and j8 forms 
of cpn60, to give optimum interactions and efficiency in the polypeptide 
discharge reaction. Clearly, a better understanding of the manner in which 
chloroplast cpn21 interacts with chloroplast cpn60 will require additional 
structural information, together with the isolation and analysis of mutated 
plastid cpn21. Such studies may provide an explanation for the unique 
double-domain cpnlO proteins found in chloroplasts. 

C. Interaction of Chloroplast Chaperonins with Imported Proteins 

The first examples of imported proteins becoming associated with 
chaperonins were reported for the Rubisco L and S subunits following 
their uptake into isolated pea chloroplasts (Gatenby et ai, 1988; Ellis and 
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van der Vies, 1988). The L subunit of Rubisco from the cyanobacterium 
Anacystis nidulans was fused to a soybean chloroplast transit peptide 
and, following import, was observed to interact with the plastid cpn60 
protein (Gatenby et ai, 1988). This interaction is transient, and during 
a time course experiment the number of Rubisco L subunits that are 
associated with cpn60 decreases at a similar rate as L subunits become 
assembled into Rubisco holoenzyme. Similar kinetics are observed in 
the presence of chloramphenicol, indicating that active protein synthesis 
is not required for the interaction of imported large subunits with cpn60 
and their subsequent transfer into holoenzyme. These data, showing 
imported Rubisco L subunits interacting with cpn60 before association 
into holoenzyme, are similar to results obtained by Barraclough and 
Ellis (1980), except that the latter authors studied L subunits synthesized 
within chloroplasts. The two experimental approaches indicate that chap-
eronin interactions and Rubisco assembly follow similar kinetics, 
whether the L subunit polypeptide is in a nonnative state due to either 
import through the chloroplast membrane or synthesis in the stromal 
compartment. Imported S subunits of Rubisco are also associated with 
cpn60 to form stable complexes that can be resolved by nondenaturing 
gel electrophoresis, although not to the same extent observed for large 
subunits (Gatenby et ai, 1988; EUis and van der Vies, 1988). 

A more general role for chloroplast cpn60 in chloroplast development 
is indicated by the observation that a wide range of unrelated proteins 
become associated with this chaperonin after import into isolated chloro-
plasts (Lubben et al, 1989). These imported proteins include the j8 sub-
unit of ATP synthase, glutamine synthetase, chloramphenicol acetyl-
transferase, the light-harvesting chlorophyll a/h binding protein (LHCP), 
and pre-j8-lactamase. The observed degree of interaction, however, var-
ies significantly for each target protein. The complexes formed between 
cpn60 and imported proteins are dissociated by the addition of MgATP, 
but not when a nonhydrolyzable analog is substituted. Binding of these 
imported proteins to cpn60 is probably an early event in the folding of 
chloroplast polypeptides, and occurs before they can progress to their 
native states. This broad specificity of chloroplast cpn60 for a range of 
imported proteins is very similar in principle to the interaction of a wide 
range of proteins with the cpn60 protein of E. coli (Van Dyk et ai, 1989; 
Viitanen et al, 1992). Other studies have also shown an interaction 
between imported proteins and chloroplast chaperonins (Tsugeki and 
Nishimura, 1993; Madueno et ai, 1993). By following the kinetics of 
association after import of ferredoxin-NADP+ reductase, Tsugeki and 
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Nishimura (1993) detected an initial interaction between the imported 
protein and hsp70. This initial pathway is similar to the examples of 
imported mitochondrial proteins that first associate with hsp70 prior to 
a transfer to cpn60 (Hendrick and Hartl, 1993; see Chapter 4). In contrast, 
it appears that the imported Rieske iron-sulfur protein of chloroplasts 
interacts with cpn60 before forming a complex with hsp70 (Madueno et 
aly 1993), and it was suggested that these two chloroplast molecular 
chaperones operate at different points of the import pathway. 

D. Alterations to Chaperonin Composition of Chloroplasts 

The chaperonin content of chloroplasts can be modified in transgenic 
plants where the ''transforming" DNA encodes a transit peptide target-
ing sequence fused to a chaperonin gene. Wu et al (1993) fused a pea 
Rubisco S subunit transit peptide coding sequence to E. coli groEL, and 
positioned the resulting gene fusion downstream of a tandem 35S 
cauliflower mosaic virus (CaMV) promoter. Expression of the chaperonin 
gene fusion in transgenic tobacco plants leads to production of modified 
bacterial cpn60, which is targeted and imported into chloroplasts. Depend-
ing on the particular transgenic plant analyzed, bacterial cpn60 accumulates 
to high or low levels, and the imported chaperonin becomes resistant to 
proteolytic degradation when isolated intact chloroplasts are incubated with 
thermolysin (Wu et al, 1993). Interestingly, the N-terminal transit peptide 
is not removed from all of the imported cpn60 molecules, with about 20% 
of the protein retaining the transit peptide. This incomplete processing 
is similar to that observed when bacterial )8-lactamase is fused to a transit 
peptide and imported into isolated pea chloroplasts (Lubben et al, 1989), 
and these intact precursors may represent folded forms in which the 
processing sites become inaccessible to chloroplast proteases. The reten-
tion of an N-terminal transit peptide does not appear to impair bacterial 
cpn60 oUgomerization. High levels of foreign cpn60 in transgenic tobacco 
plants represent 1-2% of total soluble leaf protein, which is a concentra-
tion in excess of the endogenous levels of chloroplast cpn60 (Wu et al, 
1993). The major chaperonin species present in high bacterial cpn60 
plants appear to be novel hybrid tetradecameric molecules containing 
both E. coli and tobacco cpn60 polypeptides. In contrast, transgenic 
plants accumulating low levels of E. coli cpn60 possessed as predominant 
species both authentic chloroplast cpn60 and bacterial cpn60 tetradecam-
ers. It was suggested that the authentic tetradecamers formed because 
of the combined influence of lower levels of groEL expression and the 
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differential temporal regulation of the natural and foreign genes, plant 
cpn60 expression being diurnal and that of groEL using a CaMV 35S 
promoter being constitutive (Wu et al, 1993). In all cases the growth 
and development of transgenic and control plants were indistinguishable. 

A different strategy to modify the chaperonin content of chloroplasts 
is to use antisense technology to inactivate the expression of cpn60 genes. 
Zabaleta et al (1994) used this approach to reduce the levels of the /3 
subunit of cpn60 in transgenic tobacco plants and found that abnormal 
phenotypes develop. The modified plants grow more slowly, have de-
layed flowering, are stunted, and possess chlorotic leaves. The most 
extreme effect in antisense cpn60-j8 plants is lethality. It is not clear 
from these data whether the abnormal phenotypes occur because of a 
reduction in total cpn60 concentration in chloroplasts or whether the 
phenotypes are a reflection of specific functions attributable to the j8 
subunit, which cannot be compensated for by the residual a subunits. 

III. CHAPERONIN 60 AND CHAPERONIN 10 IN MITOCHONDRIA 
FROM ANGIOSPERMS 

Compared to the two cpn60 types (a and j8) and the "double" cpn21 
proteins found in chloroplasts, those identified so far in plant mitochon-
dria appear to have structural properties similar to those of chaperonins 
located in the mitochondria of other eukaryotic species and in prokary-
otes. Very little characterization of these plant proteins at the biochemi-
cal level has been reported, but the limited data available conform to 
the functional properties of mitochondrial chaperonins from other 
kingdoms (see note added in proof). 

A. Chaperonin 60 

The cpn60 protein present in plant mitochondria was initially charac-
terized by Prasad and Hallberg (1989). Analysis of the maize mitochon-
drial cpn60 protein revealed that its morphological structure is very 
similar to that of E. coli cpn60 with 12.5-nm-diameter particles exhibiting 
sevenfold axial symmetry, and with each of the 14 subunits having a 
relative molecular mass of 62 kDa. Sequencing of cDNA clones of mito-
chondrial cpn60 from Arabidopsis thaliana and maize indicates that the 
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predicted proteins are about 55-60% identical to the homologous pro-
teins from E. coli and yeast mitochondria. Plant mitochondrial cpn60 is 
nuclear-encoded, and it appears to possess transit peptide sequences 
for mitochondrial targeting (Prasad and Stewart, 1992). Cross-reacting 
polypeptides of 62 kDa were also identified by immunoblotting mito-
chondrial extracts from barley, carrot, cauliflower, mungbean, pea, rad-
ish, tomato, and wheat (Prasad and Hallberg, 1989). There is some degree 
of heat shock response, with a two- to threefold increase in both transcript 
levels and cpn60 polypeptide accumulation (Prasad and Hallberg, 1989; 
Prasad and Stewart, 1992). A developmental response was also noted 
by these authors, who found that the overall concentration of maize 
cpn60 was two- to threefold higher at early stages of germination than 
at later ones, suggesting that during periods of increased mitochondrial 
biogenesis there may be a demand for elevated chaperonin levels. 

In a functional study of the maize cpn60 protein, Prasad etal (1990) were 
able to demonstrate that two radioactive proteins synthesized in isolated 
mitochondria form stable complexes with cpn60 oligomers. One of these 
proteins was identified as the a subunit of Fi-ATPase, and its association 
with cpn60 is sufficiently stable to withstand sucrose gradient centrifuga-
tion and electrophoresis on nondenaturing gels. These results are similar 
in concept to the observation that Rubisco L subunits synthesized in chlo-
roplasts form a stable complex with plastid cpn60 (Barraclough and EUis, 
1980; Bloom etaly 1983), and indicate that in both plant mitochondria and 
chloroplasts at least some of the newly synthesized organellar proteins 
interact with cpn60 during progression to their native states. 

B. Chaperonin 10 

Although a preliminary report suggested the presence of a cpnlO 
homolog in barley mitochondria (Hartman et al, 1992a), the unambigu-
ous identification and characterization of the plant mitochondrial cpnlO 
was achieved only recently (Burt and Leaver, 1994). Mitochondrial ex-
tracts were prepared from potato {Solarium tuberosum) tubers and incu-
bated in the presence or absence of MgATP. In the presence of MgATP 
it was assumed that a stable binary complex would form between the 
endogenous mitochondrial cpn60 and cpnlO, which could subsequently 
be isolated by affinity chromatography on a column of immobilized 
potato cpn60 antibodies. This, indeed, turned out to be the case and a 
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8.6-kDa polypeptide was found to bind to cpn60 only when MgATP was 
present (Burt and Leaver, 1994). Amino acid sequence analysis of a 
trypsin-digestion fragment revealed a sequence match in 10 out of 11 
positions when compared with rat mitochondrial cpnlO. The plant mito-
chondrial cpnlO protein is, therefore, similar in overall size to the homol-
ogous protein found in mammalian (Lubben et aL, 1990; Hartman et ai, 
1992b) and fungal (Rospert et aL, 1993a,b) mitochondria, rather than 
the fused double-domain cpn21 structure located in chloroplasts (Bertsch 
et ai, 1992). 

IV. CHAPERONIN 60 AND CHAPERONIN 10 IN PHOTOSYNTHETIC 
PROKARYOTIC ORGANISMS 

It is generally accepted that the chloroplasts of plants and algae origi-
nated as endosymbionts, with those organisms having plastids sur-
rounded by two membranes (rhodophytes, chlorophytes, and land plants) 
evolving from a progenitor phagotrophic eukaryotic host plus cyanobac-
terium (Douglas et ai, 1991). It iŝ  therefore, interesting to consider the 
structure and function of chapefonins from photosynthetic prokaryotes 
in terms not only of the protists themselves but also of their possible 
contribution to the chaperoiiins of chloroplasts (see also Chapter 2). 
Analysis of chaperonins from photosynthetic prokaryotes has primarily 
focused on the cyanobacteria (blue-green algae), the purple nonsulfur 
bacterium Rhodobacter sphaeroides, and the purple sulfur bacterium 
Chromatium vinosurti. 

Localization experiments with the nitrogen-fixing cyanobacterial strain 
Anabaena PCC 7120 reveal the presence of cpn60 in both vegetative 
cells and heterocysts, with antisera raised against E. coli cpn60 cross-
reacting with a 65-kDa protein (Jager and Bergman, 1991). This strain 
of Anabaena forms filaments with photosynthetic vegetative cells and 
nitrogen-fixing heterocysts. The immunochemical studies of vegetative 
cells indicate that cpn60 is present both in the polyhedral carboxysomes, 
the apparent site of Rubisco in strain 7120, and in the cytoplasm, with 
an enrichment in the thylakoid region. An even distribution of cpn60 was 
observed in heterocysts (Jager and Bergman, 1991). Clues concerning the 
genetic arrangement of the groE operon in cyanobacteria were reported 
by Cookson et al (1989) and Gupta et al (1989), who pointed out that 
the unknown reading frames URF-4 and URF-3 (partial) of Synechococ-
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cus PCC 6301 described by Cozens and Walker (1987) are highly homolo-
gous to groES and groEL from E. coll A more detailed analysis of 
the groESL operon and its regulation was subsequently described for 
Synechococcus PCC 7942 (Webb et al, 1990). The gene order for strain 
PCC 7942 is identical to that found in strain PCC 6301 and E. coli, with 
groES preceding groEL, and separated by 46 bp. The derived proteins 
from PCC 7942 show identity to E. coli cpnlO (44%), E. coli cpn60 (55%), 
yeast hsp60 (48%), and wheat cpn60 (50%), and the cyanobacterial cpn60 
homolog is recognized by antisera against E. coli cpn60 (Webb et al, 
1990). Transcription of the groESL operon of Synechococcus PCC 7942 
increases dramatically for 20 min following heat shock at 45°C, and 
produces levels of mRNA accumulation of 120-fold over that present 
in cells grown at 30°C. The response is transient and levels decline to 
normal after 60 min. This pattern of expression, however, does lead to 
increased accumulation of chaperonins in cells under stress conditions 
that can destabilize protein folding intermediates, at which time it may 
be important to have increased concentrations of cpn60 to capture the 
labile intermediates. 

Chitnis and Nelson (1991) initially identified the gene for cpn60 from 
the cyanobacterium Synechocystis PCC 6803 and found that its transcrip-
tion increases in response to heat shock, oxidative stress, and ultraviolet 
exposure. In addition, the heat shock-induced synthesis of cpn60 and its 
subsequent purification were used to identify the cpn60 homolog from 
Synechocystis PCC 6803 by others (Lehel etal, 1992). The HSP64 protein 
induced by a temperature shift from 30°C to 40-45°C cross-reacts with 
antisera against E. coli cpn60, and N-terminal sequence analysis reveals 
76% identity to Synechococcus cpn60 (Lehel et al, 1992) and 56-58% 
identity to other bacterial homologs (Chitnis and Nelson, 1991). An 
interesting feature of the groEL gene isolated by the latter authors is 
the absence of a closely linked groES gene. Further analysis, however, 
of the chaperonin genes from PCC 6803 subsequently revealed the pres-
ence of a second groEL gene that has a groES homolog closely positioned 
at its 5' end (Lehel et al, 1993). N-terminal sequence analysis of the 
purified chaperonin proteins shows that these regions are identical to 
the predicted sequences of the two proteins in the groESL operon. 
Clearly, Synechocystis PCC 6803 has an unusual arrangement of chaper-
onin genes with two copies of groEL, only one of which is transcription-
ally linked to a groES gene. This type of gene arrangement is not unique, 
and multiple copies of groEL genes have been identified in species of 
Streptomyces (Mazodier et al, 1991) and mycobacteria (Kong et al. 
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1993), suggesting that the multiple cpn60 proteins may fulfill physiologi-
cally distinct roles. Needless to say, the presence of two copies of groEL 
in certain cyanobacteria may have some significance to the occurrence 
of two related forms of cpn60 (a and 13 subunits) in chloroplasts (Mus-
grove et al, 1987), particularly considering the probable evolution of 
chloroplasts from cyanobacteria. 

Chaperonins from the photosynthetic bacteria C vinosum and R, 
sphaeroides have also been characterized. A homolog of cpn60 was 
initially identified in C vinosum by cross-reaction of a 700-kDa protein 
composed of 60-kDa subunits with antisera against pea chloroplast cpn60 
(Torres-Ruiz and McFadden, 1988). The purified protein also exhibits 
some N-terminal sequence similarity to pea cpn60. Subsequently, a cpnlO 
homolog was also purified from C. vinosum and shown to interact with 
the cpn60 protein to form a binary complex in the presence of MgATP 
(Torres-Ruiz and McFadden, 1992). As observed for other cpnlO • cpn60 
complexes, the C. vinosum cpn60/cpnl0 interaction results in the inhibi-
tion of the ATPase activity of cpn60; this effect has also been reported 
for the R. sphaeroides proteins (Terlesky and Tabita, 1991). The groES 
and groEL genes from C vinosum were isolated using a functional 
expression strategy based on the failure of bacteriophage X to grow on 
a groEL140 E. coli strain. By plating a C. vinosum genomic library 
constructed in bacteriophage X with groEL140 cells, and selecting for 
plaque formation, Ferreyra et al (1993) successfully cloned the groESL 
operon. The two genes are linked on a contiguous fragment of DNA, 
with groES preceding groEL. It was also observed that expression of 
the C vinosum chaperonin genes in E. coli, together with cloned Rubisco 
genes from different phototrophic bacteria, results in enhanced assembly 
of the latter enzymes (Ferreya et al, 1993). Although the genetic organ-
ization of the groESL genes from R. sphaeroides has not yet been 
established, this prokaryote too contains characteristic chaperonin pro-
teins that have been purified (Terlesky and Tabita, 1991). The cpn60 
and CpnlO proteins of R. sphaeroides are oligomers with 61 and 
12.7 kDa subunits, respectively, and copurify together in the presence 
of 1 mM ATP. 

V. CONCLUDING COMMENTS 

It is ironic that studies initiated in the 1980s to understand the complex-
ity of higher plant chloroplast Rubisco assembly (Barraclough and Elhs, 
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1980; Gatenby et al, 1981; Roy et al, 1982; Bloom et al, 1983; Hemming-
sen and Ellis, 1986; Musgrove et al, 1987; Gatenby et al, 1988) should 
have crossed paths with studies on bacteriophage assembly (Georgo-
poulos et al, 1973; Hendrix, 1979; Tilly et al, 1981), to contribute instead 
to the discovery and characterization of the chaperonin family of molecu-
lar chaperones in bacteria (Hemmingsen et al, 1988; Bochkareva et al, 
1988; Van Dyk et al, 1989; Goloubinoff et al, 1989a,b; Laminet et al, 
1990), chloroplasts (Hemmingsen et al, 1988; Lubben et al, 1989; Gupta 
et al, 1989; Bertsch et al, 1992; Baneyx et al, 1995), and mitochondria 
(McMullin and Hallberg, 1988; Cheng et al, 1989; Prasad and Hallberg, 
1989; Reading et al, 1989; Ostermann et al, 1989; Lubben et al, 1990). 
It should also be recalled that structural similarities were identified be-
tween the GroEL protein of E. coli and a pea leaf protein as early as 
1982 in a paper that was not generally noticed, and remarked on at the 
time (Pushkin et al, 1982). 

Although we now know many of the details of chaperonin interactions 
with folding intermediates, and how these interactions facilitate protein 
folding (reviewed by Hendrick and Hartl, 1993; Gatenby and Viitanen, 
1994; see Chapters 7 and 8), the folding and assembly of the L8S8 form 
of Rubisco from higher plants is still elusive when attempted either in 
vitro using purified components or in E. coli using expressed genes 
(Gatenby etal, 1987; Gatenby and Ellis, 1990). This failure is a reflection 
of our incomplete understanding of how this major component of the 
photosynthetic pathway in chloroplasts is assembled, and is a puzzle 
since the analogous L8S8 Rubisco from cyanobacteria is assembled in 
E. coli (Gatenby et al, 1985) using the GroE chaperonins (Goloubinoff 
etal, 1989a). Even with the knowledge that chaperonins facilitate cyano-
bacterial Rubisco assembly in E. coli, reconstruction of the folding path-
way in vitro in the presence of chaperonins has failed to yield a functional 
hexadecamer (Gatenby, unpubUshed). The problem appears to reside 
at the stage of L subunit folding and assembly into a soluble core octomer, 
and insolubiUty of plant Rubisco L subunits is well known (Gatenby, 
1984). Once a stable L8 core is formed from plant subunits, the binding 
of eight S subunits to the core should proceed relatively well since it is 
known that plant S subunits remain soluble when expressed in E. coli 
(Gatenby et al, 1987), and they also possess the ability to bind to a 
cyanobacterial L8 core in vivo to give a functional hybrid Rubisco en-
zyme (van der Vies et al, 1986). Clearly there are many problems remain-
ing to be solved in our understanding of the biogenesis of proteins in 
photosynthetic organisms, and how this process is influenced by molecu-
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lar chaperones, and especially the chaperonins. Our knowledge to date 
is undoubtedly based on the more abundant and easily isolatable chaper-
onins from plants and other photosynthetic organisms, and there are 
sure to be many surprises and delights as we gradually unravel the 
complexity and mystery of protein folding in living cells. 

NOTE ADDED IN PROOF: The following references were omitted from the review and 
should be consulted for information about two forms of cpn60 in pumpkin mitochondria 
(Tsugeki et al, 1992) and a recent detailed study of cpn21 and cpn60 from chloroplasts 
(Viitanen et al, 1995). 
Tsugeki, R., Mori, H., and Nishimura, M. (1992). Purification, cDNA cloning and Northern-

blot analysis of mitochondrial chaperonin 60 from pumpkin cotyledons. Eur. J. Bio-
chem. 209, 453-458. 

Viitanen, P. V., Schmidt, M., Buchner, J., Suzuki, T., Vierling, E., Dickson, R., Lorimer, 
G. H., Gatenby, A. A., and Soil, J. (1995). Functional characterization of the higher 
plant chloroplast chaperonins. /. Biol. Chem. 270, 18158-18164. 
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I. INTRODUCTION 

Molecular chaperone proteins bind to nonnative protein structures 
which expose hydrophobic regions that are buried in the interior of 
a completely folded protein, and so prevent the aggregation of these 
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Structures. Within a cell, these interactive surfaces are exposed during 
synthesis when polypeptide chains emerge from ribosomes and at later 
stages of the folding pathway. Organellar proteins face additional risks 
of engaging irreversible off-reactions as they have to traverse membranes 
to reach their final location. Membrane translocation requires an un-
folded, "translocation-competent" conformation of polypeptide chains. 
This implies, on one hand, that cytosoUc forms of the proteins have to be 
unfolded on membrane translocation or that folding has to be suppressed 
until the final location is reached. On the other hand, after membrane 
translocation has been achieved, folding of organellar proteins into the 
native conformation must occur. On the basis of these considerations it 
can be expected that the biogenesis of organellar proteins strongly de-
pends on molecular chaperone proteins. Indeed, during recent years 
studies on intracellular protein sorting have revealed important insights 
into the mechanism of molecular chaperone function within the cell. 

Mitochondria turned out to provide an extremely useful system in 
this context. The overwhelming majority of mitochondrial proteins are 
nuclear-encoded. After synthesis by polyribosomes in the cytosol, in 
most cases as precursor proteins with an N-terminal targeting sequence, 
they are imported into mitochondria and sorted into the various sub-
compartments, i.e., matrix space, inner and outer membrane, and inter-
membrane space. The post-translational import of proteins can be recon-
stituted in vitro using isolated mitochondria and radiolabeled precursor 
proteins. The availability of this powerful in vitro system has allowed a 
detailed characterization of the mitochondrial import machinery and has 
unravelled basic principles underlying the membrane translocation of 
proteins (Hannavy et al, 1993; Kiebler et al, 1993; Stuart et al, 1994, 
for reviews). Most relevant for the topic of this review, the in organello 
translocation system allows us to analyze the folding of newly imported 
proteins in a "cellular" environment. In contrast to in vivo studies in 
intact cells, however, experimental conditions can be manipulated more 
easily and interfering effects of protein synthesis on the folding process 
can be excluded. Using this approach, direct experimental evidence was 
obtained that folding and assembly of newly imported proteins are medi-
ated by molecular chaperones. Mitochondrial (mt) heat shock protein 
(hsp) 70 and the chaperonin (cpn) hsp60 (mt cpn60) were identified as 
central components of the folding machinery. Here we will review the 
current understanding of the function of mt cpn60. Other molecular 
chaperone proteins are dealt with only in respect to their functional 
interaction with mt cpn60. A detailed discussion of the role of chaperone 
proteins in mitochondrial biogenesis can be found elsewhere (Stuart et 
al, 1994; Langer and Neupert, 1994). 
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II. MITOCHONDRIAL CHAPERONIN 60 

Mitochondrial cpn60 belongs to a family of highly conserved proteins, 
termed chaperonins (Hemmingsen et al, 1988; Ellis, 1993), that occur 
in prokaryotes and in mitochondria and chloroplasts of eukaryotic cells 
(McMuUin and Hallberg, 1987, 1988; Jindal et aL, 1989; Mizzen et al, 
1989; Picketts et aL, 1989; Waldinger et aL, 1989; Barraclough and Ellis, 
1980; Martel et aL, 1990). Mitochondrial cpn60 is encoded by an essential 
gene in yeast whose expression is induced two- to threefold upon heat 
shock (Reading et aL, 1989; Johnson et aL, 1989). Under these conditions 
mt cpn60 represents 1-2% of total mitochondrial protein. Several fea-
tures define mt cpn60 as a chaperonin, including its tertiary structure 
and its ATPase activity, which is modulated by another protein called 
cpnlO. Mitochondrial cpn60 is a homooHgomeric protein consisting of 
14 subunits of 60 kDa. These subunits are arranged in two heptameric 
layers forming a barrel-like structure (Hutchinson et aL, 1989). Recombi-
nant mammaUan mt cpn60 was found to form and be functional as a 
heptameric toroid, suggesting that the minimal functional unit of this 
chaperonin is a single ring (Viitanen et aL, 1992). This notion is in 
agreement with recent in vitro studies on the mechanism of GroEL 
function, the prokaryotic cpn60 homolog (Todd et aL, 1993; Martin et 
aL, 1993; see Chapters 7-9). As other chaperonins, mt cpn60 exhibits 
an ATPase activity by which the binding of substrate proteins is regu-
lated. On ATP hydrolysis, release of bound substrate proteins occurs. 
Essential for the function of prokaryotic chaperonin GroEL is the coordi-
nation of the ATPase activities of its subunits by the cpnlO called GroES 
(Chandrasekhar etaL, 1986; Martin etaL, 1991; Todd etaL, 1993; Jackson 
etaL, 1993). Within mitochondria, proteins highly homologous to GroES, 
designated mt cpnlO or hsplO, have been identified in various organisms 
(Lubben etaL, 1990; Hartman etaL, 1992a,b, 1993; Rospert etaL, 1993a,b; 
Hohfeld and Hartl, 1994), indicating that the basic mechanism of chaper-
onin function is conserved from prokaryotes to mitochondria. 

A. Mitochondrial Chaperonin 60-Mediated Assembly of Oligomeric 
Protein Complexes 

First evidence for the function of mt cpn60 in the biogenesis of mito-
chondria was obtained by a classical genetic approach with yeast. The 
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yeast mif4 mutant was identified by screening a library of temperature-
sensitive mutants for a phenotype that results from a deficiency of assem-
bly of mitochondrial proteins (Cheng et ai, 1989). It turned out that in 
this mutant the HSP60 gene, which was identified in the yeast genome 
at the same time (Reading et al, 1989), was affected. Subsequent bio-
chemical characterization of the phenotype of the mif4 mutant strain 
provided direct evidence for a function of mt cpn60 in the assembly 
of matrix-localized and inner membrane proteins. At nonpermissive 
temperatures mt cpn60 is functionally inactivated and becomes insoluble. 
Under these conditions newly imported j8 subunits of the Fi-ATPase 
failed to assemble into the Fi-ATPase complex and maturation of the 
Rieske Fe/S protein was impaired. A number of newly imported matrix-
localized proteins form aggregates in the absence of functional mt cpn60, 
including ornithine transcarbamoylase, lipoamide dehydrogenase, and 
the j8 subunit of the matrix processing peptidase (Cheng et al, 1990; 
Click et al.y 1992). Interestingly, newly imported mt cpn60 subunits also 
were found to require preexisting functional mt cpn60 oligomers to 
assemble into tetradecameric complexes (Cheng etal, 1990). These find-
ings have been confirmed by genetic depletion experiments (Hallberg 
et aly 1993). Yeast strains with a disrupted HSP60 gene were rescued 
by expression of mt cpn60 from a galactose-inducible promotor. Growth 
of this strain on glucose medium resulted in subsequent depletion of mt 
cpn60 from mitochondria. In the virtual absence of mt cpn60 matrix-
localized proteins were targeted to mitochondria and processed as in 
wild-type cells, but accumulated as insoluble aggregates. 

These results point to a general role of mt cpn60 in the assembly of 
newly imported, matrix-localized proteins. In addition, mt cpn60 function 
appears to be required also for the assembly of proteins that are encoded 
by the mitochondrial genome and translated on mitochondrial ribo-
somes. The identification of a complex between mt cpn60 and the mito-
chondrially encoded a-subunit of the Fi-ATPase in maize mitochondria 
suggests that mt cpn60 plays a role in the assembly of this oligomeric 
complex (Prasad et al, 1990). In the yeast Saccharomyces cerevisiae, 
mitochondrial DNA codes for eight proteins, which, with a single excep-
tion, are subunits of respiratory chain and ATP synthase complexes in 
the inner membrane. The only translation product that is soluble in the 
mitochondrial matrix space is the Varlp, a component of the small 
subunit of mitochondrial ribosomes. In contrast to wild-type cells, in mif4 
mutant mitochondria Varlp was found to aggregate under restrictive 
conditions (Horwich et al, 1992). Although indirect effects of mt cpn60 
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on other ribosomal subunits cannot be excluded, this observation sug-
gests a role of mt cpn60 in the assembly of mitochondrial ribosomes. 
The translation process itself appears not to be affected by mt cpn60 
(Horwich et ai, 1992). 

B. Mitochondrial Chaperonin 60-Mediated Polypeptide Folding 

The experiments discussed so far established an essential role of mt 
cpn60 in the biogenesis of various mitochondrial proteins. Since in all 
cases oUgomeric protein complexes are affected by a mt cpn60 dysfunc-
tion, however, it remained unclear on the basis of these studies whether 
mt cpn60 promotes the assembly of already folded subunits or whether 
polypeptide chain folding itself is mediated by mt cpn60. To address 
these questions, a fusion protein was imported into mitochondria isolated 
from Neurospora crassa; this protein consists of amino terminal regions 
of the precursor of ATP synthase subunit 9 (amino acids 1-69) fused 
to dihydrofolate reductase (DHFR) [pSu9(l-69)-DHFR; Ostermann et 
al.y 1989]. The intrinsic protease resistance of native DHFR can be 
exploited to monitor the folding state of the newly imported polypeptide 
chain from which the presequence (residues 1-66) has been removed 
by the matrix processing peptidase. Folding of the DHFR domain within 
mitochondria was found to be ATP-dependent and to occur at a consider-
able slower rate than the import reaction. At reduced ATP levels, which 
still allowed efficient import, folding of the DHFR domain was inhibited. 
Under these conditions newly translocated Su9(l-69)-DHFR was found 
in a high-molecular-weight complex with mt cpn60. On addition of 
MgATP, DHFR folded to the protease-resistant, native structure. Inter-
estingly, after partial purification of the mt cpn60-DHFR complex by 
gel chromatography, DHFR remained associated with mt cpn60 upon 
addition of MgATP and exhibited a partial resistance toward added 
protease. This observation indicates that different conformations of a 
polypeptide chain during folding can be stabilized by mt cpn60 and that 
mt cpn60 mediates ATP-dependent folding of the bound DHFR moiety 
(Ostermann et al, 1989). Indeed, various in vitro studies using prokary-
otic cpn60 proteins have provided compelling evidence that at least 
partial folding of polypeptide chains can occur in association with chaper-
onins (Martin et al, 1991; van der Vies et al, 1992; Hayer-Hartl et al, 
1994; see Chapters 7 and 8). On the other hand, the partial inhibition 
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of DHFR folding after enrichment of the mt cpn60-DHFR complex 
points to a yet unidentified component required for mt cpn60 function. 
The mitochondrial chaperonin 10 (mt cpnlO or hsplO) is a likely candi-
date to cooperate with mt cpn60 in this reaction. However, in a mutant 
strain of S. cerevisiae, carrying a temperature-sensitive allele of HSPlOy 
DHFR folding was not affected at a nonpermissive temperature (Hohfeld 
and Hartl, 1994; see below). 

A more general function of mt cpn60 in the folding of newly imported 
proteins is suggested by the observation of complexes between several 
newly imported authentic mitochondrial proteins with mt cpn60. The /3 
subunit of the Fi-ATPase, the Rieske Fe/S protein (Ostermann et al, 
1989), the a subunit of the matrix processing peptidase (Manning-Krieg 
et al, 1991), and medium-chain acyl-CoA dehydrogenase (Saijo et al, 
1994) were detected in association with mt cpn60 using coimmunopre-
cipitation or native gel electrophoresis as a tool to demonstrate a direct 
physical interaction. Although folding of these polypeptide chains cannot 
be easily assessed under cellular conditions, it appears to be very likely 
that mt cpn60 mediates the folding rather than the assembly step. A 
detailed examination of the chaperonin-dependent folding and assembly 
of trimeric ornithine transcarbamylase (OTC) in vitro using the prokary-
otic chaperonin system GroE revealed no evidence for a function of the 
chaperonin in the assembly of this protein (Zheng et al, 1993). Rather, 
folded monomers of OTC dissociate from the chaperonin, which assem-
ble spontaneously after release. 

III. MITOCHONDRIAL CHAPERONIN 60 AS STRESS PROTEIN 

Physiological stress results in denaturation of proteins within a cell. 
Under these conditions heat shock proteins, acting as molecular chaper-
ones, are thought to diminish damage to the cell. Within mitochondria, 
at high temperatures a variety of proteins were observed to become 
associated with mt cpn60 (Martin etal, 1992). Using DHFR as a relatively 
thermolabile model protein, mt cpn60 was shown to prevent protein 
denaturation under heat stress conditions in an ATP-dependent manner 
(Martin et al, 1992). After import into mitochondria in vivo, DHFR was 
detected in a complex with mt cpn60 only when cells were grown at 
37°C. In the absence of functional mt cpn60, heat treatment of cells 
resulted in aggregation of newly imported as well as preexisting DHFR. 
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As demonstrated in vitro, mt cpn60 stabilizes the native conformation 
of DHFR by repeated cycles of binding and release from the polypeptide 
chain (Martin et ai, 1993). MgATP and cpnlO are required for the 
maintenance of DHFR activity. Interestingly, in vivo, other mitochon-
drial chaperone proteins, e.g., mitochondrial hsp70 (mt hsp70), cannot 
replace mt cpn60 in the stabilization of DHFR at high temperatures. As 
suggested by studies of the thermal inactivation of firefly luciferase in 
Escherichia coli under heat stress, hsp70 proteins act in a manner differ-
ent from that of cpn60 (Schroder et al, 1993). Inactivation of proteins 
at high temperatures appears to be unaffected by hspTO. However, irre-
versible aggregation of (partially) unfolded polypeptide chains is pre-
vented, allowing the hsp70-dependent reactivation under normal growth 
conditions. The function of mitochondrial hsp70 under heat stress re-
mains to be determined. 

IV. REGULATION OF MITOCHONDRIAL CHAPERONIN 60 
FUNCTION BY MITOCHONDRIAL CHAPERONIN 10 

Similar to other chaperonins, mitochondrial mt cpn60 function is mod-
ulated by mt cpnlO (hsplO). The principles of the functional interaction 
of both components were first recognized in E. coli, and subsequently 
exploited to identify mitochondrial homologs in various organisms in-
cluding mammals and yeast (Lubben et al, 1990; Hartman et al, 1992a,b, 
1993; Rospert et al, 1993a,b; Hohfeld and Hartl, 1994). Mitochondrial 
cpnlOs are highly conserved in both structural and functional terms. 
Yeast mt cpnlO is 36.5% identical in amino acid sequence to E. coli 
GroES and 43.6% identical to rat liver mt cpnlO (Hohfeldt and Hartl, 
1994). Like the prokaryotic homolog, mitochondrial cpnIOs were found 
to form homooligomeric complexes, most hkely consisting of seven sub-
units. Under stress conditions, such as high temperatures or in the pres-
ence of amino acid analogs, expression of HSPlO is induced, as is that 
of HSP60 (Hartman et al, 1992a; Hohfeld and Hartl, 1994). 

All available data are consistent with a function of mt cpnlO in synchro-
nizing the ATPase activities of individual subunits of mt cpn60, as demon-
strated for the prokaryotic chaperonin system (Martin et al, 1991; Gray 
and Fersht, 1991; Todd et al, 1993; see Chapters 7 and 8). Yeast mt 
cpn60 exhibits an ATPase activity of about six ATP molecules/minute/ 
protomer (Rospert et al, 1993a). As with E. coli GroES, ATP hydrolysis 



98 Thomas Langer and Walter Neupert 

is stimulated by K^ ions. Together with the observation that the prokary-
otic chaperonin GroEL was found to functionally interact with cpnlOs 
isolated from diverse organisms (Lubben et al.y 1990; Hartman et ai, 
1992a; Rospert et al, 1993a; Hohfeld and Hartl, 1994), these similarities 
strongly suggest a highly conserved mechanism of chaperonin action 
(Goloubinoff et ai, 1989). However, minor differences may exist. 
Whereas GroEL is active in folding assays with either the authentic 
bacterial or a heterologous mitochondrial cpnlO, no complex formation 
was observed between mitochondrial mt cpn60 and the bacterial cpnlO 
(Viitanen et al, 1992). Interestingly, although mitochondrial mt cpn60 
and mt cpnlO from yeast promote folding of model proteins in in vitro 
assays, in contrast to the situation in E. coli, no inhibition of the ATPase 
activity of mt cpn60 was observed on incubation with the mt cpnlO 
(Rospert et ai, 1993a). This observation is consistent with studies using 
prokaryotic GroEL and GroES, which suggest that the coordination of 
the cpn60 subunits by cpnlO is important for the folding activity, rather 
than the inhibition of the ATPase activity. 

In S. cerevisiae mt cpnlO is encoded by an essential gene (Rospert et 
al, 1993a; Hohfeld and Hartl, 1994). Although at the very N-terminus 
positively charged and hydroxylated amino acids appear to be enriched, 
a characteristic of mitochondrial targeting sequences, no processing was 
observed upon import into isolated mitochondria. Evidence for the func-
tion of mt CpnlO under physiological conditions was obtained by analyz-
ing the phenotype of S. cerevisiae strains carrying temperature-sensitive 
alleles of the HSP60 gene. Sequencing of the alleles revealed point 
mutations in a highly conserved loop region at the N-terminus of mt 
CpnlO (Hohfeld and Hartl, 1994). In E. coli GroES, this region was shown 
to be exposed to solvent and required for stable complex formation with 
GroEL (Landry et ai, 1993). At a nonpermissive temperature cpn60 
binding of mutant mt cpnlO was strongly reduced, again emphasizing 
the conservation of chaperonin function. Under these conditions, folding 
and assembly of newly imported proteins into the mitochondrial matrix 
were impaired. No trimeric ornithine transcarbamylase, which is formed 
in a mt cpn60-dependent manner (Cheng et ai, 1989), was detected in 
mt CpnlO mutant mitochondria. Also, a-MPP, a subunit of the matrix 
processing peptidase known to interact with mt cpn60 after import (Man-
ning-Krieg et ai, 1991), did not assemble with j8-subunits into the enzy-
matically active, dimeric structure, but aggregated in the absence of 
functional mt cpnlO (Hohfeld and Hartl, 1994). However, other model 
proteins show a different behavior. Mitochondrial cpn60-dependent fold-
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ing of newly imported DHFR was not affected at a nonpermissive tem-
perature in mt cpnlO mutant mitochondria (Hohfeld and Hartl, 1994). 
This observation is in agreement with in vitro folding experiments dem-
onstrating that cpnlO is dispensable for the cpn60-mediated refolding of 
DHFR (Martin et al, 1991; Viitanen et al, 1991). It remains to be 
determined, however, whether mt cpnlO accelerates the mt cpn60-depen-
dent refolding of newly imported DHFR at low temperatures. 

V. ROLE OF MITOCHONDRIAL CHAPERONIN 60 MACHINERY IN 
INTRAMITOCHONDRIAL PROTEIN SORTING 

Interestingly, at restrictive temperatures in mt cpnlO mutant mitochon-
dria the maturation of intermembrane space proteins was also affected 
(Hohfeld and Marti, 1994). The Rieske Fe/S protein passes through the 
mitochondrial matrix, where it is processed twice and an intermediate is 
formed. Subsequently, sorting to the outer surface of the inner membrane 
occurs (Hartl et al, 1986; Hartl and Neupert, 1990). At a nonpermissive 
temperature in mt cpnlO mutant mitochondria, and similarly at a restric-
tive temperature in the mif4 mutant (Cheng et al, 1989), maturation of 
the precursor of the Rieske Fe/S protein was affected (Hohfeld and 
Hartl, 1994). Mt cpn60 is thought to maintain the intermediate form 
of this protein in a conformation allowing its efficient sorting to the 
intermembrane space. It appears as if, at least at high temperatures, mt 
CpnlO function is crucial for the assembly of Rieske Fe/S protein into 
complex III of the inner membrane. This requirement may also provide 
an explanation for the earlier observation that the release of the Rieske 
Fe/S protein from mt cpn60 was impaired after partial purification of 
the mt cpn60-Fe/S protein complex (Ostermann et al, 1989). 

In agreement with the effect on the Rieske Fe/S protein, the maturation 
of another intermembrane space protein, cytochrome Z)2, was also af-
fected kinetically in mt cpnlO mutant mitochondria (Hohfeld and Hartl, 
1994). This effect is particularly interesting in view of the current debate 
about the sorting pathway of this protein (Koll et al, 1992; Glick et 
al, 1992). At nonpermissive temperature in mif4 mutant mitochondria, 
accumulation of the intermediate form of cytochrome bi was observed 
(Cheng etal, 1989). In in vitro experiments the association of cytochrome 
^2 with mt cpn60 was reported, and taken as additional evidence for the 
conservative sorting model, which predicts that cytochrome 62 traverses 
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the matrix space on its route to the intermembrane space (KoU et ai, 
1992; Hartl and Neupert, 1990). This conclusion, however, was recently 
challenged, on the basis of the observation of a different phenotype in 
mif4 mutant mitochondria and of correct sorting of cytochrome 62 in 
the virtual absence of mt cpn60 (GUck et ai, 1992; Hallberg et ai, 1993; 
Rospert et ai, 1994). Although the latter results suggest that mt cpn60 
may not be essential for the sorting of cytochrome 62, in the presence 
of mt cpn60 cytochrome 62 may be stabilized by the chaperonin, at least 
under conditions that favor import over reexport. This stabilization might 
explain the occurrence of intermediate-sized cytochrome 62 when synthe-
sized in the absence of mt cpn60 (Hallberg et ai, 1993), and the observed 
kinetic effect of a conditional mutation in the HSPIO gene on maturation 
of cytochrome 62 (Hohfeld and Hartl, 1994). 

VI. COOPERATION OF MITOCHONDRIAL CHAPERONIN 60 WITH 
MITOCHONDRIAL HEAT SHOCK PROTEIN 70 MACHINERY 

Folding of newly imported proteins requires, in addition to mt cpn60, 
functional mt hsp70 (Fig. 1). Incoming polypeptide chains bind first to 
hspTO in the mitochondrial matrix, which subsequently mediates, by 
cycles of ATP-dependent binding and release, their vectorial movement 
across the mitochondrial membranes (Stuart et ai, 1994, for review). In 
mitochondria containing a temperature-sensitive mutant of hsp70, sscl-
2, protein import is impaired under restrictive conditions (Kang et ai, 
1990). The block of translocation, however, can be circumvented in in 
vitro experiments by denaturation of the precursor protein prior to im-
port. Under these conditions, a fusion protein consisting of a matrix 
targeting sequence and mouse cytosolic DHFR is efficiently imported 
into mitochondria (Kang etai, 1990). However, hsp70 remains associated 
with the newly imported polypeptide chain and stabilizes it in an unfolded 
conformation. Folding requires the ATP-dependent release from hsp70 
and transfer to mt cpn60. A sequential action of hsp70 and mt cpn60 in 
the mitochondrial matrix during folding is also suggested by the observa-
tion that at a restrictive temperature in mif4 mutant mitochondria, in 
contrast to sscl-2 mitochondria, protein import was not affected (Cheng 
et al, 1989; Kang et ai, 1990). Indeed, various mitochondrial proteins, 
including a-MPP and medium-chain acyl-CoA dehydrogenase (Man-
ning-Krieg etal, 1991; Saijo etal, 1994), could be coimmunoprecipitated 
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Fig. 1. Functions of mt cpn60 in mitochondrial biogenesis: (I) Folding of proteins 
newly synthesized within mitochondria. (II) Folding of newly imported proteins. (Ill) 
Prevention of heat denaturation of preexisting proteins in the mitochondrial matrix. See 
text for details. 70, mt hsp70; J, Mdjlp; E, Mgelp; OM, mitochondrial outer membrane; 
IM, mitochondrial inner membrane. 

successively with hsp70 and mt cpn60. Interestingly, in mammalian cells 
both heat shock proteins can be coimmunoprecipitated with each other, 
suggesting a direct complex formation during transfer of the polypeptide 
chain (Mizzen et ai, 1991). In agreement with a sequential action, newly 
imported mt cpn60, which requires preexisting mt cpn60 for correct 
assembly (Cheng et ai, 1990), remains associated with hsp70 even in 
the presence of ATP in mt cpn60-depleted mitochondria (Hallberg et 
ai, 1993). 

A detailed analysis of the folding reaction mediated by hsp70 and 
mt cpn60 was carried out in vitro using the corresponding highly 
homologous chaperones from E. coli, which are easily accessible from 
overproducing strains (Langer et ai, 1992). These studies revealed a 
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tight regulation of the functional cooperation of hsp70- and mt cpn60-
like proteins. First, hsp70 and mt cpn60 differ from each other in 
their substrate specificity. Whereas hsp70 exhibits high affinity for 
polypeptide chains lacking secondary structure (Palleros et al, 1991; 
Langer et al, 1992), cpn60-type proteins stabilize folding intermediates 
in a compact conformation characterized by a disordered tertiary 
structure (Martin et ai, 1991; van der Vies et al, 1992; Hayer-Hartl 
et al., 1994). Second, the ATP-dependent interaction of a polypeptide 
chain with hsp70 is modulated by two other heat shock proteins. E, 
coli DnaJ and GrpE (Liberek et al, 1991; Georgopoulos et al, 1994). 
Homologs of these proteins, Mdjlp and Mgelp, respectively, have 
been identified in mitochondria (Rowley et al, 1994; Ikeda et al, 
1994; Bollinger et al, 1994; Laloraya et al, 1994). In view of the high 
sequence similarity between the prokaryotic and the mitochondrial 
proteins, a conserved mode of action is an attractive possibility. Indeed, 
Mdjlp was found to be required for folding of newly imported and 
preexisting proteins (Rowley et al, 1994), as is mitochondrial hsp70. 

VII. PERSPECTIVES 

Although the cooperation of hsp70 and mt cpn60 in folding of newly 
imported mitochondrial proteins is well documented, a number of ques-
tions remain unanswered. How general is this folding pathway? Is mt 
cpn60 only required for the folding of a subset of mitochondrial proteins, 
as is the prokaryotic homolog GroEL (Horwich et al, 1992), and do 
other proteins fold spontaneously or are they assisted by other chaperone 
proteins? hsp70 was recently found to fulfill multiple functions during 
the biogenesis of mitochondria, including protein translocation, folding, 
assembly, and degradation. This discovery raises the intriguing question 
of whether mt cpn60 cooperates with the hsp70 machinery in all of these 
processes. Does hsp70 binding to the polypeptide chain precede mt cpn60 
binding in all cases? Answers to these questions should provide a more 
detailed view on the mechanism of action of chaperonins and their 
functional interaction with other chaperone proteins in vivo. Again, 
mitochondria may turn out to represent a useful model system to unravel 
various aspects of chaperone function in the intact cell. 
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I. INTRODUCTION 

One exciting development in the study of chaperonins has been the 
discovery of a second family of chaperonins distinct from GroEl/hsp60/ 
RBP in thermophiUc archaebacteria and the eukaryotic cytosol. Thermo-
phiUc factor 55 (TF55) in thermophilic archaebacteria exhibits the struc-
tural and functional hallmarks of the bacterial and organellar chaperon-
ins, i.e., double-ring structure, ATPase activity, and an abiUty to bind 
nonnative proteins but the primary structure of the TF55 chaperonins 
has only weak resemblance of heat shock protein (hsp)60 members, 
confined mainly to the region corresponding in GroEL to the ATPase 
domain. Strikingly, the primary structure of TF55 bears a much closer 
relationship (40% identity overall) to a protein of the eukaryotic cytosol 
whose function had previously been unknown, r-complex polypeptide 1 
(TCP-1). When subsequent studies established that TCP-1 and a collec-
tion of at least eight structurally related subunits comprise a double-ring 
structure that also exhibits ATPase activity and ability to assist folding 
of at least actin and tubulin, it became unmistakably clear that a second 
family of chaperonins had evolved (Horwich and Willison, 1993; WiUison 
and Kubota, 1994; Kubota et ai, 1995b). The lines of evolution of these 
two famiUes of chaperonin seem comprehensible in the Ught of more 
general understanding of evolution; since components of the eukaryotic 
cytosol bear a closer relation to archaebacterial relatives than to prokary-
otic homologs, it seems understandable that there is a closer relation 
between TF55 and TCP-1-related subunits. Likewise an endosymbiotic 
origin of organelles, mitochondria, and chloroplasts, from prokaryotic 
ancestors, accounts for the origin and distinct identity of the GroEL/ 
hsp60/RBP family (Table I). 

Studies have made clear that there are features of the TF55/TCP-1 
chaperonins that are different from those of the GroEL family, particu-
larly in the case of TCP-1 complex, sharpening interest in understanding 
the structure and mechanics of action, (i) Only a restricted range of 
substrates has been identified for TCP-1 complex, most notably actin, 
tubulin, and homologs. A broad role in assisting folding, as in, for exam-
ple, GroEL, has not been demonstrated. Although studies in vitro have 
shown binding of TCP-1 complex to neurofilament proteins (Roobol 
and Garden, 1993), hepatitis virus capsid proteins (Lingappa etai, 1994), 
and chromaffin granule membranes (Creutz etai, 1994) (see Table III), 
it seems possible that TCP-1 complex evolved solely to cope with 
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 ^
 

O
N 

1^ 
^

 

^ 
^ 

o
 

« 
o

 
g

 
"S

 
cd 

^
-^

 
^

 
O

N
 

in 
*- 

'^ 
O

N 
<^ 

O
N 

i^
 

•̂
 2 

*- 
c 

O
 

^^ 

o
 

_ 
O

H
 

A
; 

»-i 
O

N
 

O
 

T-H
 

<i) 

"̂
 ^

 
>-

*- 13 '̂
 

o
 

,C
U

D
 

« 

^ 
C

d 

O
H 

-
^ 

I « 
^

S
.^ 

.̂
 ^ ^ O

N
 

<3N
 

O
 

O
N

 
-

5 
O

N
 

'S 



110 Keith R. Willison and Arthur L. Horwich 

the folding of cytoskeletal substrates and is a specialized chaperonin. 
(ii) TCP-1 complex is heterooligomeric in composition, with potentially 
eight or nine different subunits in each ring of the double ring assembly, 
although eightfold rotational symmetry is the averaged value determined 
by electron microscopy (Marco et al, 1994a). Although it may be in 
general a single heterooUgomeric assembly, it has been observed to be 
heterogeneous in subunit composition under certain conditions. The 
nature of the functional purpose to such heterogeneity remains unclear, 
but it seems possible that heterogeneity evolved to handle recognition 
and productive release of specific substrates, (iii) Neither TF55 nor 
TCP-1 complex appears to require a cooperating GroES-like chaperone 
for assisting productive folding. Nevertheless, in the case of the substrate, 
)8-tubulin, it appears that two cofactors play a key role in production of 
the native state in cooperation with TCP-1 complex, (iv) TCP-1 complex 
is not stress-induced and whereas its abundance in testis, leukocytes, 
and some tissues such as lung epitheUum may be similar to that of 
GroEL, in other mammaUan tissues and in Saccharomyces cerevisiae, 
for example, its abundance appears to be reduced by at least one order 
of magnitude compared with GroEL. 

This chapter first discusses the general features of thermophiUc archae-
bacterial chaperonins, then the biochemistry of TCP-1 complex (also 
termed CCT, for chaperonin-containing TCP-1, or TRiC for TCP-1 ring 
complex), and the nature of its heterogeneity. A section on analyses in 
yeast follows. The chapter ends with a discussion of the evolution of 
archaebacteria, CCT, actins, and tubulins. 

II. ARCHAEBACTERIAL CHAPERONINS 

A. Thermophilic Factor 55 

Chaperonins have been studied in detail in three species of thermo-
phiUc archaebacteria: Sulfolobus shibatae (Trent et al., 1991; Kagawa et 
al, 1995), Sulfolobus solfataricus (Knapp etai, 1994; Marco etal, 1994a), 
and Pyrodictium occultum (Phipps et ai, 1991,1993). Thermophilic factor 
55 was originally detected as virtually the only protein synthesized in 
thermophiUc archaebacteria under conditions of heat shock (Trent et 
aly 1990). In particular, it was the dominant protein produced when ceUs 
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of 5*. shibatae were shifted from a normal growth temperature of 68°C 
to a near lethal temperature of 88°C. Following such incubation, cells 
could survive at a temperature that is otherwise lethal, i.e., 95°C. Because 
the prior expression of TF55 could be correlated with this acquisition 
of thermotolerance, a role in stabilizing cellular components against 
thermal inactivation was suggested. Classically, such action by heat-
inducible proteins has involved stabilization of other proteins against 
misfolding and aggregation, an action characteristic of molecular chaper-
ones. Observations in vitro that purified TF55 from two species of Sulfo-
lobus and Pyrodictium occultum exhibited ATPase activity (Trent et aL, 
1991; Phipps et aL, 1991; Knapp et aL, 1994), and that the former can 
selectively bind mesophilic proteins at temperatures where inactivation 
occurs (Trent et aL, 1991), provide a strong indication that TF55 functions 
as a molecular chaperone in the cell. Indeed, the observation that TF55 
is abundant even under normal growth conditions suggested that it most 
likely functions as a chaperone under normal conditions, and Guagliardi 
et aL (1994) have shown interaction of a number of thermophilic enzymes 
with TF55. 

With a basal abundance of a least 1 to 2% of total soluble protein, the 
abundance of TF55 resembles that of GroEL in the bacterial cytoplasm. 
Likewise, its quaternary structure of two stacked oligomeric rings (Phipps 
et aL, 1991, 1993; Trent et aL, 1991; Knapp et aL, 1994; Marco et aL, 
1994b) and biochemical properties of ATPase activity and ability to bind 
nonnative proteins fit the definition of a chaperonin. Since GroEL has 
been shown to be involved in folding of at least 40% of newly translated 
soluble proteins in Escherichia coli (Viitanen et aL, 1992; Horwich et aL, 
1993), it is conceivable that TF55, with its similar abundance, may also 
have a broad role in mediating folding of many newly translated proteins 
in thermophilic archaebacteria. 

Thermophilic factor 55 may also have a role in protecting already 
native proteins from thermal inactivation. Guaghardi et aL (1994) have 
carried out experiments in vitro with TF55 from S. solfataricus, showing 
that its coincubation with several thermophilic enzymes could prevent 
them from inactivation at temperatures of nearly 100°C. Thermoprotec-
tion was associated with binding of nonnative forms and addition of 
ATP, after downshift of temperature led to release of biologically active 
protein. A similar protective role has been previously suggested for 
hsp60 in protecting some proteins inside the mitochondrial matrix from 
thermal inactivation (Martin et aL, 1992). Unfortunately, the extent of 
involvement of TF55 in vivo with newly translated versus already-native 
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proteins cannot be directly tested since means of genetically altering 
thermophilic archaebacteria, needed for an in vivo test, are lacking. 

The original examination of a TF55 homolog from P. occulturriy termed 
the thermosome, identified two constituent subunits to this complex, 56 
and 59 kDa in size, composing two stacked eight-member rings (Phipps 
etaly 1991). Studies of TF55 from both 5. solfataricus and S. shibatae now 
make clear that chaperonins from these organisms are also composed of 
what appear to be equimolar amounts of two distinct, closely related, 
subunits (Knapp et al, 1994; Kagawa et al., 1995). Each subunit species 
could compose an individual homooligomeric ring, making a complex of 
two distinct rings, or it is possible that the rings have a mixed composition. 
Indeed this mixed arrangement was proposed originally for the eight-
member rings of Pyrodictium chaperonin, but in the case of S. shibatae 
and S. solfataricus TF55, which have nine-member rings (Knapp et ai, 
1994; Marco et al., 1994a), a mixed composition would clearly not allow 
for strict symmetry within the rings. 

B. Thermosome as Immediate Ancestor of r-Complex Polypeptide 1 

Baumeister and co-workers have structurally characterized TF55 chap-
eronin homologues from P. occultum, P. brockii, Thermoplasma acido-
philum, and Archaeoglobus, termed thermosomes (Phipps et al, 1991, 
1993). In all four of these species, in contrast with S. shibatae, eight-
fold symmetrical rings were observed. The ATPase activity and subunit 
composition of the P. occultum thermosome were analyzed in some 
detail. The ATPase activity is very temperature-dependent, with maxi-
mum activity found at 100°C. The K^ for ATP at 90°C, pH 7.5, was 5.6 
liM, with a turnover rate of 5 s"\ an affinity and turnover rate at least an 
order of magnitude greater than that of GroEL at 37°C. The thermosome 
complex from T. acidophilum is composed of subunits of 58 and 60 kDa 
that are 60% identical to each other (Waldmann et al, 1995). The study 
of these components has important ramifications for the understanding 
of the evolutionary origin of CCT. Because CCT has eightfold symmetry 
(Marco et al, 1994a) and all its structurally related subunits show around 
40% identity to TF55 (Kubota et al, 1994), it seems likely that CCT 
evolved from an archaebacterium of the Pyrodictium type with an eight-
fold symmetrical composition. 
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III. r-COMPLEX POLYPEPTIDE 1 IN EUKARYOTIC CYTOSOL 

A. Composition of CCT or Chaperonin-Containing TCP-1 

When the primary structure relationship between TF55 in thermophiUc 
archaebacteria and TCP-1 protein in the eukaryotic cytosol was initially 
detected (Trent et al, 1991), it seemed immediately possible that a 
GroEL equivalent had been identified in the eukaryotic cytosol. After all, 
TCP-1 had been shown previously to be highly conserved in eukaryotes 
(Wilhson et al, 1986, 1987; Ursic and Ganetsky, 1988) and to be an 
essential gene in yeast (Ursic and Culbertson, 1991). Indeed, weak ho-
mology with GroEL chaperonins had been intimated (Gupta, 1990; Elhs, 
1990). Investigations, particularly studies in vitro (Section III,D), leave 
Uttle question that the TCP-1 complex functions as a chaperonin, but 
findings concerning the relative abundance of TCP-1 subunits, heteroge-
neity of the subunits, and substrate specificity leave a broad role, equiva-
lent to that of GroEL, as an unresolved question. 

^complex polypeptide protein was originally identified as a product 
of the mouse T locus (Silver et al, 1979) but more recently has been 
recognized as but one of a set of related proteins whose genes are 
dispersed throughout the genome (Kubota etal, 1994,1995a). Combined 
with the related subunits, the abundance of the TCP-1-related proteins 
in total appears to be somewhat less than that of GroEL in the basal 
state, making up 0.1 to 0.3% of soluble cytosolic protein, as determined 
in lysates of mammalian testis and reticulocyte, and as measured in S. 
cerevisiae (Lewis et al, 1992; Miklos et al, 1994). Most cells contain 
between 6 X 10^ and 3 X 10^ CCT complexes (Lewis et al, 1992; Kubota 
et ai, 1995b). This abundance appears to be at least one order of magni-
tude less than the collective of hsp70 class proteins in the eukaryotic 
cytosol. Also, neither the TCP-1 protein, now termed TCP-la/CCTa, 
nor its relatives are heat-inducible (Lewis et ai, 1992; Ursic and Culbert-
son, 1991). In animal and yeast systems, within any given cell type, the 
different TCP-1-related subunits appear to be present at similar levels 
(Lewis et al, 1992; Frydman et al, 1992; Kubota et al, 1994). That is, 
no single subunit or group of subunits is substantially more abundant 
than any other, but there is clearly variation in relative levels of certain 
subunits in different preparations. This observation is most consistent 
with formation of a single type of heterooligomeric ring, but it does not 
exclude the possibihty of formation of roughly equal amounts of various 



114 Keith R. Willison and Arthur L. Hor^ch 

homooligomeric or heterogeneously composed complexes. There are 
indications that complexes containing different combinations exist in 
cells (see Kubota et ai, 1994; Roobol et al., 1995), but none have been 
biochemically characterized so far. We think it likely that a "core" CCT 
complex, heterooligomeric in composition, contributes the main CCT 
assembly in most cells, but it is also likely that other CCT subunit-
containing complexes exist (K. R. WiUison et al, unpubUshed results). 

The subunit TCP-la/CCTo: (Table II) has been examined in the great-
est number of cell types with respect to abundance. In general, TCP-la 
abundance seems to correlate with, if anything, the abundance in a given 
cell type of the structural component, tubulin, with greater levels found 
in Schizosaccharomyces pombe than S. cerevisiae (Horwich and Willison, 
1993) and in mammaUan testis, compared with other tissues (Silver et 
al, 1979; Lewis et ai, 1992). The abundance of TCP-la in mouse tissue 
varies considerably, with the mRNA raised more than 20-fold in testis 
versus liver (Dudley et al, 1984). The TCP-la/CCTa is abundantly ex-
pressed in lung epithelial cells, which also have a high content of actin 
and tubulin. Involvement in tubulin biogenesis is supported both by 
studies of mutant S. cerevisiae strains bearing either cold-sensitive (Ursic 
and Culbertson, 1991) or temperature-sensitive (Miklos etal^ 1994; Ursic 
et al.y 1994) mutations in TCP-la and by studies in mammaUan cells 
(SternUcht et al., 1993). The CCTy gene of the protozoan Tetrahymena 
has been shown to be coinduced during tubulin biosynthesis required 
for regrowth of ciUa (Soares et al.y 1994). Sun et al (1995) have examined 
the expression of TCP-la/CCTa mRNA during early development of 
the axolotl (Ambystoma mexicanum) and find that the TCP-la/CCTa 
transcript level is regulated temporally and spatially during embryogene-
sis, especially in neural and somitic development. This regulation corre-
lates with an abundance of tubulin in neural tissues and of actin proteins 
in somites. At the later tailbud stages, the anterior/posterior pattern of 
TCP-la/CCTa correlates with the anterior/posterior expression of actin 
and myosin protein patterns. Such observations suggest that CCT is 
important during morphogenesis, particularly during neurogenesis, in 
regulating the folding and assembly of cytoskeletal components. 

Roobol et al (1995) have examined the behavior of CCT during nerve 
growth factor (NGF)-induced differentiation of the ND7/23 cell line, 
a hybrid formed from neonatal rat dorsal root gangUon and mouse 
neuroblastoma. The TCP-la/CCTa subunit enters growing neuritic pro-
cesses and is particularly noticeable at the leading edge of growth cone-
Uke structures where it colocalizes with actin. Three other components 
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of CCT (CCTjS, e, and y), however, remain predominantly restricted to 
perikaryal cytoplasm. These findings suggest a heterogeneous population 
of chaperonin particles within single differentiated ND7/23 cells. This 
heterogeneity may reflect specialization of chaperonin function within 
different cytoplasmic compartments of an individual cell. These observa-
tions also underscore that the action of CCT-containing chaperonin 
molecules is at least in part likely to be post-translational, since ribosomes 
do not enter the growing neurites. 

B. CCT-Mediated Folding: Recognition of Substrates 

Experiments carried out with CCT in vitro, as with GroEL, have been 
used to study the mechanism of folding mediated by the chaperonin. As 
with GroEL, an action associated with rounds of polypeptide binding 
and ATP-driven release/folding has been identified (Gao et al, 1994; 
Tian et al, 1995). Distinctly missing from the action of both TF55 and 
CCT, however, is cooperation with a GroES-like ring. In particular, no 
small protein coinduced with TF55 has been observed in thermophilic 
archaebacteria, and similarly, in the case of CCT, a small associated 
eight- or nine-member oligomer has not been detected, although two 
factors have been identified as cooperating in the folding of j8-tubulin 
(see Section III,E). 

Binding of proteins in nonnative form to CCT (see Table III) has 
been observed in vitro, and in general the specificity for substrate binding 
in vitro appears to correlate with that observed in vivo (Gao et al, 1992; 
Yaffe et al, 1992; Frydman et al, 1992; Sternlicht et al, 1993; Hynes et 
al, 1995). Binding has been observed in a number of in vitro systems. 
In reticulocyte lysate, newly synthesized actin (Gao et al, 1992), tubulin 
(Yaffe et al, 1992; Gao et al, 1993; Frydman et al, 1992), luciferase 
(Frydman et al, 1992), and transducin (G. Farr, unpublished) can be 
observed to associate with CCT. This interaction was observable when 
ATP-directed release is blocked by addition after translation of either 
apyrase or EDTA (which releases nucleotide from chaperonin). 

It seems probable that peptide binding in vivo follows initial interaction 
of nascent peptide chains with hsp70 class chaperones. This possibihty 
has been supported both by studies with intact yeast and by studies in the 
reticulocyte lysate system. Nelson et al (1992) observed that deficiency of 
the two yeast SSB class hsp70 proteins leads to slow growth, suppressible 



TABLE I1 

Correspondence between Subunit Proteins and Genes of CCT" 
~~ ~ 

Protein 

Source CCTa CCTP CCTy CCTG CCTE CCTI, CCTq CCTO 

Mouse testisb s 3  s4 s5  s9  s2  S7 S8 s1 
Bovine testis' P4 P1 P5 P3 - - P2 - 
Rabbit reticulocyte' 5 6b 4 6a 3 1 2 7 

Gene 

Ccta Cctb cctg Cctd Ccte ccrz Ccth Cctq 
(CCTI)  (CC72) (CCT3) (CCT4) (CCTS) (CCT6) (CCT7) (CCT8) 

Mouse T ~ p - 1 ~  PTPZb P W b  pTG2 pTe5 ~ T 5 1 2 ~  pCBL80b pTOlg 

Human TCPlh p383*' hTRiC-P5*' IB713 *I  ~ 3 8 4 * ~  TCP20-1*k - KIAA0002 I 

mTRiC-P5f A45Y 

- - - - - - - Axolotl TCP-I * m  

Fruitfly Tcp- 1 " - - - - - - - 
Nematode pGl*b.O - - p~3*b.0 p ~ 4 * b , ~  pG1*bro - - 
Budding Yeast TCPl P TCPIpq BIN2' ANC2' p701' TCP20k - - 

Plant Tcp-1' - - - ASTCP-K19' - - - 
Protozoa Ma68" - TpCCTyX - - - - - 

BIN3' 



The gene and protein nomenclatures for CCT subunits have been described in Kubota et al. (1994) (Ccta-Ccth genes for CCTa-CCTq proteins, 
respectively) and Kubota et al. (1995a) (Cctq for CCTB). Numbers are shown for each mammalian CCT subunit protein prepared from each source 
and clone names are shown for Cct genes of each species except for mouse, human, axolotl, fruitfly, yeast, and plant Tcp-Z genes, yeast genes TCPZp 
(BZN3), BZN2, ANC2, and TCP20, and Tetrahymena TpCCTy. The gene nomenclatures shown in parentheses (CCTZ-CCTS) are recommended for 
budding yeast (S. cerevisiae) genes (F. Sherman, personal communication). Asterisks indicate partial clones or partially sequenced clones. Modified 
from Kubota et al. (1995b). 

Kubota et al. (1994). 
Frydman et al. (1992). 
Rommelaere et al. (1993). 
Willison er al. (1986) and Kubota et al. (1992). 

f Joly er al. (1994a). 
g Kubota et al. (1995a). 

Willison et al. (1987) and Kirchhoff and Willison (1990). 
' Sevigny er al. (1994). 
Khan et al. (1992). 
Segel el al. (1992) and Li et al. (1994). 

' Nomura et al. (1994). 
Sun et al. (1995). 
Ursic and Ganetzky (1988). 
Waterson et al. (1992) (Caenorhabditis elegans). 

p Ursic and Culbertson (1991). 
Miklos et al. (1994). 
Chen, X., et al. (1994). 
Vinh and Drubin (1994). 
Kim et al. (1994). 
' Mori et al. (1992) (Arabidopsis thaliana). 
" Ehmann et al. (1993) (Avena sativa). 

Maerker and Lipps (1994) (Stylonychia lemnae, this sequence may include several sequencing mistakes). 
Soares et al. (1994) (Tetrahymena pyriformis). 

Y Xie and Palacios (1994). 
r CI 
4 
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TABLE III 

Proteins Known to Be Folded or Assembled by 
CCT and Cofactors'' 

Protein Experiment Refs.̂  

Actin 
Actin-RVP 
Tubulin 
Neurofilament (fragment) 
Luciferase 
Hepatitis B virus capsid 

In vitro, in vivo 
In vitro 
In vitro, in vivo 
In vitro 
In vitro 
In vitro^ 

1,2 
3 

2-8 
9 

5,10 
11 

^ Kubota et al (1995b). Reproduced with kind permission 
from European Journal of Biochemistry. 

^ Key to references: (7) Gao et al (1992); (2) Sternlicht et 
al (1993); (5) Melki et al (1993); {4) Yaffe et al (1992); 
(5) Frydman etal (1992); (6) Gao etal (1993); (7) Rommelaere 
et al (1993); {8) Gao et al (1994); (9) Roobol and Garden 
(1993); {10) Frydman et al (1992); {11) Lingappa et al (1994). 

' TCP-1 or TCP-1-like chaperonin recognized by anti-TCP-
1 antibody. 

by increased copy number of a gene for translation elongation factor 
la. The SSB proteins were found to be associated wtih translating ribo-
somes, an association disrupted by puromycin. This association suggested 
that SSB-class proteins interact with the nascent chain, aiding passage 
out of the ribosome. Using a rabbit reticulocyte lysate system, Frydman 
et al (1994) found that immunodepletion of hsp70 blocked the produc-
tion of the native active form of newly synthesized luciferase (without 
affecting translation efficiency). Hsp70 could be added back cotransla-
tionally, but not posttranslationally, to rescue the native state. Inter-
action of hsp70 proteins with the nascent chains emerging from the ribo-
some may prevent premature protein folding or misfolding, allowing 
translation to be completed prior to global arrangement of tertiary 
structure. 

It has also been suggested that cotranslational interaction can occur 
between nascent luciferase chains and CCT (Frydman et al, 1994). By 
a similar strategy of immunodepletion, in this case of CCT, a reduced 
production of native luciferase was observed. However, readdition of 
CCT posttranslationally restored a substantial amount of luciferase activ-
ity. Thus the issue of whether luciferase folding in vivo occurs in a 
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cotranslational or posttranslational manner, or in both ways, could an-
swer these questions. There is a lack of precedent for cotranslational 
interaction of nascent chains with chaperonin ring complexes. In the 
best-studied system, mitochondria, proteins appear to be fully imported 
and released from mitochondrial hspVO before they interact with hsp60. 

So far, a number of proteins have been found to associate with CCT 
in reticulocyte lysate (see Table III); these include a- and /3-tubulin 
(Yaffe et al, 1992; Gao et al, 1993; Frydman et al, 1992) and their 
centrosomally localized relative y-tubulin (Melki et al, 1993); actin (Gao 
et al, 1992), and its centrosomal relative centractin (Melki et al, 1993); 
firefly luciferase (Frydman et al, 1992); a neurofilament fragment 
(Roobol and Garden, 1993); and, more recently, a heterotrimeric G pro-
tein family member, Ga transducin (G. Farr, unpubUshed). Creutz et al 
(1994) have shown an in vitro stable association of CCT with bovine 
chromaffin granule membranes. As with the other substrates, the associa-
tion was stabilized in the absence of ATP. 

Some of the same collective of substrates can be bound by purified CCT 
upon dilution from denaturant, including actin, tubulin, and luciferase. 
Binding in this context prevented these proteins from forming insoluble 
aggregates. The general location of binding on CCT appears to be shared, 
as actin and tubulin could compete with each other for binding to CCT 
(Gao et al, 1993). The kinetics of binding by CCT appears to differ 
from binding by GroEL (Tian et al, 1995). Whereas actin diluted from 
denaturant was bound efficiently by GroEL within seconds, a period of 
minutes was required before binding by CCT was observed. The same 
time course of binding by CCT was observed when CCT was added 
at various times after actin had been diluted from denaturant, further 
supporting the idea that actin must proceed through conformational 
changes beyond the initial putative early collapse that is recognized by 
GroEL, before being recognizable by CCT. This distinction imphes that 
CCT and GroEL recognize different conformations of actin and tubuhn, 
correlating with the abihty of CCT, but not GroEL, to mediate produc-
tive release/folding (Tian et al, 1995). 

Additional tests for broader recognition by CCT have been carried 
out both in reticulocyte lysate and on dilution from denaturant. In the 
former case, when total poly(A)^ RNA from a number of tissues was 
translated for short periods of time prior to addition of chelator, only a 
small group of proteins in addition to tubulin and actin could be observed 
associated with CCT (G. Farr, unpubUshed). In addition, tests with syn-
thesis of specific protein substrates including yeast cytosoHc ornithine 
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transcarbamoylase, yeast cytosolic invertase, and enolase did not detect 
appreciable binding. In the case of dilution from denaturants, a variety 
of cytosolic proteins have been tested, including globin and p21-ras (Gao 
et aly 1992) and these fail to be efficiently bound. Studies in intact 
mammaUan cells looking for association of newly synthesized proteins 
with CCT (SternUcht et al, 1993) show principally tubuHn and actin, and 
only a few other unidentified proteins, binding to CCT. Thus in the 
eukaryotic cytosol many proteins may not require interaction with CCT 
in order to reach native form. Such proteins may have evolved pathways 
of folding that are sufficiently rapid and efficient that a chaperonin 
interaction is obviated (Creighton, 1994; Sosnick et al, 1994). Neverthe-
less, Hynes et al (1995) have isolated a form of CCT (II) from intact cells 
that contains bound tubulins and actin but also many other unidentified 
proteins that could be substrates. 

C. Sites on CCT Involved with Polypeptide Binding 

Electron microscopic studies of CCT and GroEL suggest that both 
chaperonins have the same overall subunit architecture (see Chapter 9). 
Side views of both chaperonin cylinders reveal subunits that are similarly 
composed of two major globular domains, one at the terminal apical 
end of the cylinder and one at the equatorial position, contributing a 
pattern of four horizontal stripes (two per ring) (Gao et al, 1992; Lewis 
et al, 1992; Frydman et al, 1992). Further microscopy studies have exam-
ined complexes with bound substrates (Marco et al, 1994b). In top views 
of such binary complexes, peptide is observed to be localized within the 
respective central channels. Interestingly, the channel of CCT appears 
to be larger than that of GroEL, measuring 60 A, compared with 45 A 
for GroEL, the latter construed from the crystal structure. In the case 
of GroEL, side view studies have identified bound peptide at the level 
of the apical domains, at the ends of the GroEL cylinder (Braig et al, 
1994; Chen, S. et al, 1994; see Chapter 9). Localization of peptide sub-
strates in the central channel at the apical level is further supported by 
crystallographic and functional analyses of GroEl (Braig et al, 1994). 
Residues critical to peptide binding were identified by mutational analy-
sis and were found at the inside channel face of the apical domains 
(Fenton et al, 1994). These residues were invariably hydrophobic and 
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appear to form a noncharged hydrophobic surface that may make hydro-
phobic interactions with bound nonnative peptides. 

Comparison of primary structures of GroEL and CCT subunits reveals 
a high degree of similarity in the N-terminal and C-terminal regions, 
which together make up the equatorial ATPase domain of GroEL (Kim 
et aly 1994). In particular, a set of invariant residues within these regions 
line the ATP-binding pocket in GroEL, and it seems likely that they 
also contribute to the ATPase site in CCT. This leaves the central regions 
of the primary structures apparently comprising the apical domains of 
the respective subunits. Comparison of the primary structures through 
this region reveals, in contrast with the equatorial regions, little or no 
significant homology between CCT and GroEL. Not only do CCT sub-
units not share a significant relationship with GroEL, but they also do 
not share central sequences with one other. By contrast, individual CCT 
subunits have a high degree of identity in the central portion when 
compared across species lines. This suggests that the apical domains 
of individual subunits have diverged substantially from each other but 
functional roles of individual apical domains have been highly conserved 
from yeast to humans. Such a conserved and critical function of individual 
subunits is supported by genetic experiments with CCT subunits carried 
out in the yeast S. cerevisiae (see below), where disruption of any individ-
ual CCT subunit proves to be lethal and where such lethality cannot be 
rescued by overexpression of another CCT subunit. 

Conserved residues in the ATP-binding site include residues 86-91 in 
GroEL, including the GDGTT motif, found universally in chaperonins 
but also present as GxGxx(G) in the phosphate-binding loop of many 
type I kinases (Lewis et al, 1992; Kubota et ai, 1994) or as GxxxxGKT 
of Walker consensus sites (Story and Steitz, 1992). Mutation of Asp-87 
in GroEL to lysine or asparagine abrogates ATPase activity and blocks 
release of bound polypeptide from the chaperonin (Fenton et ai, 1994). 
Residues 30-35 in GroEL are also positioned at the ATP site and form 
a loop segment. Mutation of the equivalent of the conserved Gly-35 of 
GroEL in yeast CCTa (Gly48) leads to temperature-sensitive lethaUty 
and a phenotype of tubuHn deficiency (Miklos et al, 1994), as does 
mutation in yeast CCTa (Gly-45) (Ursic et al, 1994). Also conserved 
around the ATP site is the hexapeptide TITxDG (residues 48-53 in 
GroEL), and a triple glycine loop (residues 414-416 in GroEL). Mutation 
of the equivalent of Gly-414 in yeast CCTo: produces an actin/tubuUn-
deficient phenotype (Ursic et al, 1994, and Table IV). There are addi-
tional stretches of identity in the equatorial region of CCT, whose roles 
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TABLE IV 

Effects of Temperature-Sensitive Mutants of CCT Subunits in Budding Yeasf" 

Subunit species 

CCT«/TCP-1 
(Cctlp) 

CCT/3 
(Cct2p) 

CCTy 
(Cct3p) 
CCT8 
(Cct4p) 

Mutant 

tcpl-1 
tcpl-2 
tcpl-3 
tcpla '245 
tcplfi -270 
tcpl^ -326 
binS-l 
bin3-2 
bin3-3 
bin3-4 
bin2-l 

anc2-l 

Mutation 

D 9 6 ^ E 
G425^D 
G45-» S 
G 4 8 ^ E 

ND 
ND 
ND 
ND 
ND 
ND 
ND 

ND 

Tubulin 
effect 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

-

Actin 
effect 

+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
+ 
+ 

+ 

Refs.^ 

1,2 
2 
2 
3 
3 
3 
4 
4 
4 
4 
4 

5 

" ND, not determined. The symbols 4- and - denote presence and absence of abnormal 
organization of tubulin actin in the temperature sensitive mutants, respectively. Modified 
from Kubota et al (1995b). Note the different nomenclature for the yeast genes and 
proteins compared to mouse and human; the eight yeast genes encoding subunits of CCT 
are called CCT1-CCT8 and their protein products are called Cctlp-CctSp. Mutations in 
subunit genes are listed by their mutant allele names as described in the primary papers. 

^ Key to references: (1) Ursic and Culbertson (1991); (2) Ursic et al. (1994); (3) Miklos 
et al (1994); {4) Chen, X., etal (1994); (5) Vinh and Drubin (1994). 

are not as obvious. They may be involved in maintaining a highly-a-
helical domain fold, as in GroEL, or could be involved in maintaining 
subunit-subunit interactions similar to those in GroEL. However, few 
conserved sites correspond to the equatorial interface between GroEL 
rings. Similarly, there is no obvious preservation of potential side-to-side 
contact sites formed between subunits within a ring. Loss of conservation 
related to intersubunit contacts would not be surprising considering that 
CCT assemblies have a subunit number differing from that of GroEL, 
presumably as a function of specific subunit-subunit contacts. 

Another region of noticeable sequence homology corresponds to a 
position in the intermediate domain of GroEL. This domain, like the 
equatorial domain, comprises two parts, an amino-terminal (ascending) 
segment and a carboxy-terminal (descending) segment. A region of the 
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loop in the ascending strand, residues 172-175, lies parallel to a stretch 
of a helix in the descending strand, residues 396-407. Interestingly, the 
conserved residues in the descending helix all lie on the face adjacent 
to the ascending polypeptide segment. Nevertheless, the main-chain dis-
tance between these segments in GroEL is nearly 10 A. Only two pairs 
of side chains approach each other (V175 and L400 are 3.9 A apart, and 
E172 and R404 are 3.6 A apart). Thus, in the unliganded form of GroEL 
the two structures do not make obvious contact. However, when nucleo-
tide is bound in the equatorial pocket, these structures could conceivably 
make a critical functional contact. 

The lack of homology in the putative apical region of CCTs invites 
questions about the nature and origin of the fold of this domain. Despite 
the lack of sequence relatedness to GroEL, does the apical region of 
CCT have the same or similar secondary and tertiary fold as GroEL? 
Do individual CCT members share this fold or are they divergent one 
from the other? Whatever the fold, it seems likely that the subunits 
maintain their binding sites on the inside faces, as supported by an 
electron microscopy study showing that actin bound to CCT was local-
ized, at least in part, inside the central channel (Marco et al, 1994b). 

An issue related to the structure of the CCT apical domains is why 
binding by CCTs should involve multiple forms of the apical domain, 
as opposed to the single form in GroEL. We note from structural studies 
that the GroEL apical domains around a ring may differ in conformation 
from subunit to subunit, perhaps reflecting the ability of the apical bind-
ing surfaces to flexibly conform to bind polypeptide substrates with 
different surface structures (D. C. Boisvert, unpubUshed). The differ-
ences in CCT primary structure could represent an extreme of such 
conformational accommodation to substrates, with specificities for sub-
strates programmed at the level of primary structure rather than directed 
by adjustment of tertiary structure. This possibihty would amount to 
genetic programming of a chaperone to accommodate its substrates. 

D. ATP-Dependent Release/Folding from CCT 

Both in reticulocyte lysate and in defined renaturation systems, dis-
charge from CCT and folding of actin, tubuUn, and luciferase has been 
shown to require hydrolyzable ATP. Experiments with GroEL suggest 
that ATP binding/hydrolysis promotes release of peptides in nonnative 
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forms that partition between folding to the native state and reaching 
kinetically trapped or aggregation-prone conformations that are bound 
by other molecules of chaperonin (Weissman et ai, 1994; Todd et al, 
1994). Multiple cycles of release/rebinding are associated with folding 
of input molecules to native form. Evidence for such ATP-dependent 
cycling from CCT has recently been presented: when GroEL or mito-
chondrial hsp60 was mixed with a tubulin-CCT binary complex and 
ATP added, a portion of the tubulin molecules could be observed to 
transfer to GroEL or to hsp60 over a period of minutes (Tian et al., 1995). 

In contrast with the reduced affinity of CCT for peptide in the presence 
of ATP, formation of stable binary complexes is favored in the presence 
of ADP, suggesting that ADP-bound CCT is likely to comprise the 
peptide acceptor state in vivo (Gao et ai, 1994). 

E. Cofactors Required for CCT-Mediated Folding of Tubulin 

When binary complexes formed in reticulocyte lysate between newly 
translated substrate proteins and TCP-1 complex are incubated with 
MgATP, the bound polypeptide is discharged and can be detected 
in a native conformation (Gao et aL, 1992; Yaffe et ai, 1992; Frydman 
et ai, 1992). Likewise, binary complex formed in vitro, between 
substrate diluted from denaturant and purified TCP-1 complex can 
be discharged on incubation with MgATP (Gao et ai, 1992; Frydman 
et ai, 1992). In the latter reaction both actin and luciferase can be 
released; by contrast, neither tubulin (Gao et ai, 1993) nor a recently 
studied G protein (G. Farr, unpubhshed) can be productively released 
by MgATP alone. Two proteins have been identified as additionally 
required for productive folding of j8-tubulin, termed A and B, of 
molecular sizes 28 and 100 kDa, respectively (Gao et ai, 1993). These 
components do not appear to be seven-membered ring structures, but 
their role in promoting productive release may be similar to that of 
GroES. Factor A was purified from bovine testis and cloned cDNA 
derived, the sequence predicting a 108 residue hydrophilic protein 
with no homology to any known protein (Gao et ai, 1994). The factor 
A mRNA, like that for TCP-1, is abundant in testis, at least one 
order of magnitude more message being present than in other somatic 
tissues. Given its predicted size and migration of the purified component 
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE) as a 13-kDa species, factor A is apparently a dimer. Factor 
A reportedly stimulated ATPase activity of CCT by severalfold when 
supplied in amounts up to equimolar. By implication, it must interact 
with CCT. In the presence of ATP, addition of factor A leads to 
release (without apparent rebinding) of tubulin monomers that are 
nonnative (Gao et ai, 1993). These species migrate into native gels, 
to a position ahead of CCT itself, and are unable to assemble with 
added tubulin a/IB heterodimers. The functional nature of factors A 
and B remains unknown. Perhaps they act as specific modifiers of a 
specific tubulin intermediate structure, e.g., by isomerizing specific 
prohne residues. Alternatively, they could interact with tubulin at the 
point of release or beyond, influencing the pathway of oligomeric 
assembly (Archer et ai, 1995). The structure of factor B remains to 
be determined, but it is critical to production of the native state. 
Campo et ai (1994) independently discovered factor A acting as a re-
lease factor of j8-tubuUn monomers from a 300 kDa complex (C-300). 
In the tubulin folding pathway, C-300 is downstream of CCT, and 
therefore it may be the case that Factor A/pl4 is acting as a chap-
erone for /3-tubulin when it is bound to CCT or to C-300. Further work 
is required to define more clearly the role of protein co-factors in tubulin 
assembly pathways. 

IV. CCT ANALYSIS IN YEAST 

Analysis of CCT in S. cerevisiae has shown that yeast contains a 
heteromeric CCT complex similar to that found in mammalian cells. 
The yeast CCT complex purifies as a multisubunit assembly (Miklos 
et al, 1994) and two subunits, TCP-la and TCP-l^S (Cctlp and Cct2p), 
have been shown to occupy the same complex by coimmunoprecipita-
tion of heterologously tagged {myc~ and HA) species (Miklos et al, 
1994). It is likely that the yeast CCT complex comprises eight subunits 
encoded by separate genes; six CCT genes have been discovered and 
fully sequenced so far (Table IV). All six CCT genes are essential 
(Ursic and Culbertson, 1991; Miklos et al, 1994; Chen, X., et al, 
1994; Vinh and Drubin, 1994; Li et al, 1994; Kim et al, 1994). 
Conditional mutations have been isolated in four Cctp subunits and 
they produce phenotypes of deficiency of either actin or tubulin or 
both (Table IV). Notably CctS {CCT4) was identified by a synthetic 
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lethality screen with a genetic mutant affecting actin (Vinh et al, 
1994). Ursic et al (1994) have recently shown gene- and allele-specific 
interactions between Tcp-1 (CCTl) and actin and tubulins; tub2-402, 
a mild allele of )3-tubulin (Huffaker et al, 1988), and tcpl-1 produce 
synthetic lethality in the double mutant. Genetic interaction between 
Tcp-1 and actin was found in tcpl-1 actl-l double mutants, which 
grow slowly and show a high frequency of cell lysis during growth. 
These genetic experiments are very dependent on the alleles of each 
gene used; tcpl-l has a substitution of the absolutely conserved aspartic 
acid (Table IV) in the GDGTT motif involved in ATP hydrolysis 
(Fenton et al, 1994; Kim et al, 1994), whereas the tcpla-245 (Gly-
48 -^ Glu) mutation appeared to display no obvious actin phenotype 
(Miklos et al, 1994). Indeed all four mutations identified in CCTl 
(Table IV) affect ATP binding and/or hydrolysis based on the molecular 
modeling analysis of Kim et al (1994). It will be important to find 
out whether defects in ATP activity of a single subunit affect all the 
functions of CCT, to produce a completely defective complex, or only 
some functions. 

Our own work has focused on the Tcpla (CCTl) and TcpljS {CCT2) 
genes. Both TCP-la- and TCP-l)8-deficient yeast cells exhibit specific 
defects of the mitotic spindle at nonpermissive temperature, arresting 
as large-budded cells with repUcated but nonsegregated chromosomes 
(Miklos et al, 1994). In these cells there is either absence of antitubuUn 
staining, or a diffuse staining pattern, suggestive of defective biogenesis 
of tubulin and microtubules. In contrast to this readily appreciable phe-
notype, when specific activities of several metaboUc enzymes of the 
cytosol were examined in the temperature-sensitive mutant strains, no 
reduction of specific activity could be observed. In particular when two 
indigenous enzymes of S. cerevisiae, a cytosolic dimer, invertase, or a 
cytosolic homotrimer, ornithine transcarbamylase, were programmed for 
inducible expression at nonpermissive temperature in TCP-la or TCP-
lj8 temperature-sensitive mutants, no defect in specific activity was ob-
served (D. Miklos, unpublished). By contrast, in compartments where 
mutant versions of hsp60 or GroEL were present, the mammalian version 
of ornithine transcarbamylase (OTC) was detected in an inactive form 
in insoluble aggregates (Cheng et al, 1989; Horwich et al, 1993). OTC 
in these latter compartments has an absolute requirement for GroE 
chaperonin function to reach its native state. Observations in the yeast 
TCP-1 mutants of normal biogenesis of cytosolic enzymes indigenous to 
yeast again leave open the possibility of a restricted substrate specificity 
of CCT. 
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V. EVOLUTION 

A. CCT 

As first pointed out by Gupta (1990), GroEL and TCP-1 (CCTa) 
are weakly, although significantly, related throughout their length, and 
others support this view (Ellis, 1990; Hemmingsen, 1992; Lewis et al, 
1992). The sequencing of the gene encoding TF55 from the archaebacte-
rium S. shibatae showed that the predicted amino acid sequence of TF55 
is 40% identical to mammahan TCP-1 (Trent et ai, 1991), suggesting 
that all eukaryotic Tcp-1 and CCT genes are derived from a lineage 
giving rise to the Archaea (archaebacterial) and Eukarya (eukaryotes). 
Thus, there are two major subfamilies of chaperonins: the GroE and 
TCP-1 subfamilies (Ellis, 1992; Lewis et aL, 1992). All chaperonins are 
thought to have evolved from a common ancestral chaperonin in the 
progenote (Gupta, 1990, and Chapter 2) and to have diverged indepen-
dently in the eubacterial lineage and archaebacterial-eukaryotic lineage 
(Fig. 1). After the first divergence, the latter lineage diverged to give 
rise to the archaebacterial and eukaryotic lineages. We have speculated 
that the sequence conservation between the two subfamilies is due to 
the Mg-ATP binding and ATPase activity of the chaperonins, rather 
than the ability to form stacked toruses or bind substrates (Kubota et 
aly 1994,1995b), and this idea has been confirmed by the X-ray structure 
of GroEL (Kim et al, 1994) as discussed in Section III,C of this chapter. 

Complete cDNA sequences have been determined for eight members 
of the mouse CCT family (Kubota et ai, 1994, 1995a,b). All members 
of the family are approximately 30% identical in pair-wise comparisons 
of their amino acid sequences. We think it likely that these eight CCT 
genes encode the eight subunits of the ''core" CCT complex, each posi-
tion in the ring being occupied by a different CCT protein. Six CCT 
genes have been found so far in yeast (Table II) but it is likely that all 
eukaryotes contain orthologs of the eight CCr genes (Ccta-Cctq, Table 
II) found in mouse. However, the situation is likely to be more compU-
cated than the simple eight-fold symmetry/8 gene hypothesis since we 
have discovered tissue-specific CCT genes in mouse (Kubota et ai, un-
published results) and the subunit stoichiometry as determined by bio-
chemical and metabolic analysis is not straightforward, that is, the pres-
ence of molar equivalents of each of the eight subunits, as discussed by 
Kubota et al (1995b). Detailed phylogenetic analysis suggests that the 
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Fig. 1. Evolution of chaperonins. This evolutionary diagram was constructed by consideration of the amino acid sequence homology 
between chaperonin subunits (see Table I) and the endosymbiont hypothesis. An arrow indicates a subunit species. Note that it is likely 
that CCT evolved from an eightfold symmetrical thermosome-type chaperonin rather than from a ninefold symmetrical TF55-type 
chaperonin (Section 11,B). 
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CCT family may have originated by duplications and divergence at the 
time of the origin of eukaryotic cells (Kubota, 1994). If so, the establish-
ment of the cytoskeleton might have been dependent on CCT function 
and the rapid expansion of the CCT gene family to eight members 
from two members in the immediate archaebacterial precursor of the 
eukaryotic cell. 

B. Actins and Tubulins 

There are suggestions of a deep relationship between the heat shock 
proteins and the two cytoskeletal protein families, the actins and the 
tubulins. The ATP binding domains of hsp70, actin, and hexokinase have 
remarkably similar tertiary structures (Flaherty et aL, 1991) and it seems 
likely that they evolved from a common precursor that possessed an 
ATP binding and/or ATP hydrolysis activity. At present, it is not possible 
to determine whether hsp70 or hexokinase evolved first, that is, ATP 
hydrolysis and energy production followed by a protective hsp70 chaper-
one activity, or chaperone activity first in response to heat shock insults. 
It will be important to discover whether archaebacteria contain hsp70/ 
dnaK-like proteins, hexokinases, and actins in order to determine the 
possible order of evolution of this family. The results of the Sulfolobus 
genome sequencing project are eagerly awaited. Both actins and tubulins 
use nucleotide binding to regulate polymerization activity, although tu-
bulins use a GDP/GTP hydrolysis cycle. Because the crystal structure 
of tubulin has not yet been determined, it is not possible to speculate 
on the origin and nature of tubulin and its nucleotide binding domain. 

Doolittle (1995) has compared the rates of evolution of the eukaryotic 
actins and tubulins and the related proteins of £". coli, ftz A (20% identical 
to actins) and ftz Z (20% identical to tubuUns). He concludes that in 
eukaryotes the actin and tubulin famihes have both shown remarkably 
little sequence divergence; i.e., they are both very highly conserved 
proteins. Thus there is a conundrum: how did the prokaryotic precursors 
of actins and tubulins, presumably archaebacterial ftz A- and ftz Z-like 
proteins, respectively, evolve rapidly into the eukaryotic type proteins? 
Put another way: how did a 50% change in sequence occur in, say 1 
billion years or, indeed, much less, and then changes only accumulated 
at the rate of 10% per bilhon years over the next 2 bilHon years? We 
suggest that the expansion and divergence of the CCT gene family at 
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2000 Myr ago (Kubota et ai, 1994) could have influenced the rate of 
change of sequence divergence. If actins and tubuHns each interact spe-
cifically with multiple CCT subunits, then their structures and folding 
pathways could be constrained by their geometrical interaction with 
CCT. This model partially resolves Doolittle's conundrum because it 
suggests that the evolution of eight CCT genes could both have driven 
the increase in the rate of evolution of actin and tubulin, because they 
would be responding to changes occurring in up to eight genes, and then 
caused fixation once the folding pathway was set in place. 

VI. CONCLUSIONS 

If CCT functions Uke GroEL, why has it evolved so many subunits, 
each type of which has been very conserved during eukaryotic evolution? 
We have speculated that subunits of CCT evolved to cope with the 
folding of newly evolving proteins (Kubota et ai, 1994), and if this is 
the case, it seems inescapable that CCT subunits have specific binding 
sites for particular polypeptide structures or motifs found in proteins. 
Biochemical and genetic analyses are beginning to support this original 
model based on phylogenetic analysis (Kim et ai, 1994; Kubota et ai, 
1995b). It is possible that CCT evolved solely to cope with the folding 
of a few cytoskeletal proteins such as actin and tubulin, and that it 
represents a special, unusual type of chaperonin able to do useful tasks 
for the folding problems encountered by this particular class of proteins. 
It remains to be shown that CCT is a broad-spectrum folding machine, 
but it is hard to envisage how other proteins (other heat shock families?) 
in evolving eukaryotic cells took up the general functions performed by 
chaperonins, whereas the CCT evolved from having a general function 
to having a restricted one. It may be that CCT works through a combina-
tion of general affinity for unfolded proteins and specific affinities for 
particular domains of certain partially folded proteins. Functional analy-
sis of each subunit species through manipulation of the genes that encode 
them (Kubota et ai, 1994) is now under way to solve the mechanisms 
by which CCT facilitates protein folding in eukaryotic cytosol. 
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I. INTRODUCTION 

As is often the case in science, most progress in biology has come 
from the serendipity of seemingly unrelated phenomena. The chaperonin 
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proteins are a perfect example of this. The existence of the chaperonin 
functions was originally inferred from genetic studies with the Esche-
richia co///bacteriophage \ system (reviewed in Friedman et aL, 1984, 
and Georgopoulos et ai, 1990). The original genetic selections were 
designed to detect genetic interactions between bacteria and bacterio-
phage-encoded gene products. These studies resulted in the identification 
of many bacterial genes essential for bacteriophage X growth at all tem-
peratures and bacterial growth at high temperatures. Two of the bacterial 
genes thus identified turned out to encode the universally conserved 
chaperonin proteins GroES (or chaperonin 10; cpnlO) and GroEL (or 
chaperonin 60; cpn60). 

The reason the selection procedure worked in the first place is that 
bacteriophage growth exhibits a keen requirement for "chaperonin 
power," especially during its morphogenetic cycle, late in the infectious 
process. If sufficient chaperonin power does not exist at that particular 
stage of bacteriophage development, sufficient morphogenesis will not 
take place, thus blocking DNA encapsidation and limiting the formation 
of viable bacteriophage progeny. The bacterial host, however, can ''limp" 
along with reduced chaperonin power and propagate under these labora-
tory conditions, thus enabling the isolation of mutations in the corres-
ponding chaperonin genes. If it were not for the use of bacteriophage 
as a selection agent, the discovery of the chaperonin genes would have 
been considerably delayed. 

II. CHAPERONIN GENE ORGANIZATION 

As stated above, the chaperonin-encoding genes of E. coli were identi-
fied more than 20 years ago, due to the fact that chaperonin gene muta-
tions interfered with the morphogenesis of several bacteriophages (re-
viewed by Georgopoulos et al, 1990; Zeilstra-Ryalls et al, 1991). The 
E. coli chaperonin operon is composed of two genes, groES and groEL 
(Tilly et aL, 1981) and maps at 94 min on the E. coli chromosome 
(Georgopoulos and Eisen, 1974). For bacteriophage X, groES or groEL 
mutations inhibit the assembly of the "preconnector," the basic oligo-
meric structure of 12 identical bacteriophage-encoded XB polypeptides, 
onto which the major XE capsid protein assembles (Georgopoulos et al, 
1973). In the case of bacteriophage T4, capsid protein Gp23 forms large 
insoluble aggregates that associate with the cell inner membrane either 
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when its own gene 31 is mutated or in certain groEL mutant hosts 
(Laemmh et aL, 1970; Georgopoulos et ai, 1972; Takano and Kakefuda, 
1972). We have shown that the product of gene 31 ̂  Gp31, is a functional 
analog of GroES (van der Vies et al, 1994, see Section VI below). 

Like E. coli, most bacteria contain one groESL operon (see Table I). 
However, multigene families of closely related groESL-likt operons 
have been found in members of the Rhizobium genus, while certain gram-
positive bacteria as well as the gram-negative cyanobacteria contain 
an additional monocistronic groEL gene without an upstream groES 
sequence (see Table II). The Rh, meliloti bacterium contains an unusual 
selection of chaperonin genes with two groESL-\\\it operons and one 
monocistronic groEL-Xikt gene. In addition, one of the groEL sequences 
is present on one of the large plasmids present in this bacterium. The 
purpose of these different and multicopy groE(S)L gene arrangements 
is currently not understood, but may reflect the necessity to modulate 
the cellular quantity and quality of specific chaperonins to meet various 
physiological requirements, thus allowing bacteria to respond to specific 
environmental stimuh (see below). 

In eukaryotes, the presence of chaperonins is not just restricted to 
mitochondria and plastids, since a distantly related chaperonin subfamily, 
represented by the r-complex polypeptide 1 (TCP-1) protein, constitutes 
a key component of the cytosohc protein folding machinery. The TCP-
1-related proteins show low, but significant, sequence similarity to the 
GroEL-like family members, suggesting that they have evolved from a 
common archaebacterial ancestor (see Chapters 2 and 5). Little is known 
about the gene organization and transcriptional control of the higher 
eukaryotic chaperonins, since most of the sequences have been isolated 
from cDNA libraries. The mitochondrial chaperonin genes in yeast are 
nuclear-encoded and contain their own regulatory sequences (Johnson 
et ai, 1989; Reading et ai, 1989; Rospert et ai, 1993). The two groEL-
related genes identified in the nuclear genome of Zea mays contain 16 
introns each that divide the entire coding sequence in approximately 
equal size fragments of about 100 nucleotides each (Pose, 1993). The 
two maize gro£^L-related genes code for an identical chaperonin that 
contains a typical mitochondrial targeting presequence. Although no 
chaperonin gene sequences have so far been identified in the mitochon-
drial genome, the plastid genome of the thermophilic unicellular red 
alga Cyanidium caldarium contains a single gro^L-related gene (Maid 
et al, 1992). 

The observation that either the groES or the groEL gene of E. coli 
(Fayet et al, 1989; see Table I) and their corresponding prokaryotic and 
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eukaryotic homologs (Reading et al., 1989; Rospert et al, 1993) are 
essential for growth of all organisms thus far examined, under all condi-
tions tested, highlights the fundamental importance of both proteins for 
protein folding and cellular survival. 

III. INDUCTION OF CHAPERONIN SYNTHESIS 
IN RESPONSE TO STRESS 

Many kinds of stress such as heating, chilling, wounding, and infection 
either elicit or enhance the expression of specific genes. All organisms 
examined respond to heat (heat shock response) by transiently accelerat-
ing the rate of synthesis of a specific group of proteins, called "heat 
shock" or "stress" proteins (reviewed by Neidhardt and VanBogelen, 
1987; Lindquist, 1986; Welch, 1993). The heat shock response is one of 
the best studied phenomena in biology, because of its universal character, 
the structural and functional conservation of the heat shock proteins, 
and the use of its regulation as a model for gene expression. Occasionally, 
stress-induced genes are found together in operons, as is the case for 
the groES-groEL and dnaK-dnaJ genes in E. colL The effect of stress 
on the synthesis of chaperonins varies in duration and magnitude but 
invariably causes enhanced accumulation (Tables I and II). For example, 
at high temperatures the concentration of the plastid and mitochondrial 
chaperonins increases two- to threefold (McMuUen and Hallberg, 1987; 
see Chapter 3), whereas the transient rate of synthesis of the E. coli 
chaperonins increases 20-fold. Pathogenic and endosymbiotic bacteria 
encounter another type of stress imposed by their hostile environment, 
which causes the induction of specific set of proteins, including the 
chaperonins (see Section V). As a first approximation, both the transient 
rate of chaperonin synthesis and the final accumulation are proportional 
to the temperature of exposure. As a consequence, synthesis of the 
GroEL protein accounts for 1% of the total protein synthesis in the cell 
under steady-state growth at 37°C, but soon after the cells are shifted 
to 46°C the amount of GroEL protein increases to 10% of the total 
cellular protein (Herendeen et al, 1979). The best studied example of 
chaperonin regulation is presented by the E. coli groESL operon, which 
is regulated as part of the heat shock response. The regulation of the 
E. coli groESL operon is mainly at the level of transcription and is 
discussed below. 
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IV. REGULATION OF Escherichia coli CHAPERONIN GENES 

A. Identification of Escherichia coli Chaperonins as Stress Proteins 

The chaperonins [also known as GroEL and GroES in E. coli, and 
more generally as chaperonin 60 (cpn60) and chaperonin 10 (cpnlO)] 
were originally identified as one of the major cellular proteins whose 
rate of synthesis is increased by several external factors, such as bacterio-
phage X infection, heat, ultraviolet light (UV) radiation, and various 
chemical reagents such as ethanol and heavy metals (reviewed by Neid-
hardt and VanBogelen, 1987). In E. coli cells that carry a mutation in 
the rpoH gene, expression of the chaperonin operon is constitutively 
low, a key observation that suggested that this gene codes for a protein 
that functions as a positive regulator of the stress response. It turned 
out that the rpoH (also called htpR or hin) gene codes for a polypeptide 
with a Mj. of 32,000 (cr^^), which associates with the RNA polymerase 
core (E) to form the Ea^^ holoenzyme (Grossman et ai, 1984; Landick 
etal., 1984). The Ecr^^ polymerase recognizes specific promoter sequences 
that consist of two conserved regions, -CCCTTGAA- and -CCCATTTA, 
separated by 13 to 15 bp and centered around the - 3 5 bp and - 1 0 bp 
positions respectively, upstream of the transcriptional start site (Cowing 
et al.y 1985; Gross et ai, 1990). These conserved - 3 5 and - 1 0 regions, 
together known as the heat shock- or the a^^-promoter, are also present 
in the groE(S)L operons of myco-, cyano-, and symbiotic bacteria (Ta-
ble III). 

In E. coli, transcription of the groESL operon at all temperatures is 
ensured by two promoters, one of which is recognized by the Ea^^ 
holoenzyme and the other by the Ea^^ holoenzyme (Grossman et ai, 
1987; Zhou et ai, 1988). The presence of the â ^ promoter confers on 
the groESL operon the typical regulation of heat shock gene expression. 
Under physiological conditions, i.e., at 30°C and above, transcription 
from the â ^ promoter occludes transcription from the a^° promoter. 
Upon lowering the temperature, transcription from the a^° promoter 
increases and at \TC transcription constitutes 25% of that seen at 30°C 
(Zhou et ai, 1988). 

The levels of heat shock gene expression in E. coli are directly propor-
tional to the amount of â ^ in the cell (Straus et ai, 1987). For example, 
when the growth temperature of E. coli cells changes from 30 to 42°C, 
the amount of both â ^ and dnaK-sptdfic mRNA increases about 17-
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fold within 5 min, followed by a gradual, concomitant decline to a steady 
state level of three times that seen at 30°C. Thus the synthesis of heat 
shock proteins is controlled by those cellular factors that determine the 
amount and activity of â .̂ Extensive genetic and biochemical work on 
the regulation and function of the rpoH gene has been carried out in 
the laboratories of T. Yura, F. Neidhardt, and C. Gross over the last few 
years. Some of the history and early contributions have been reviewed 
elsewhere (Neidhardt and VanBogelen, 1987; Gross etal, 1990), whereas 
more recent studies are summarized in a review by Yura et al (1993). 
In this section we briefly summarize the regulation of the rpoH gene 
and highUght the mechanism by which the DnaK/DnaJ/GrpE chaperone 
machine directly or indirectly regulates both the concentration and the 
activity of the â ^ protein. 

B. Regulation of â ^ Transcription Factor 

/. Transcriptional Regulation of rpoH Gene 

Transcription of the rpoH gene is governed by at least four promoters 
that are required for the transcription of the rpoH gene. PI, P4, and P5 
are recognized by Ea^^ (the P2 promoter is strain-specific), whereas P3 
is recognized by the Ea^ {u^^) holoenzyme (reviewed by Gross et al, 
1990; Yura et al, 1993; Fig. 1). Under physiological conditions the PI 
promoter is responsible for the majority of the rpoH transcripts. Tran-
scription from the P3 promoter is unusual, as it gradually increases with 
an increase in temperature within the normal growth range of E. coll 
However, at extremely high temperatures, such as 51°C, where Ea^^-
directed transcription completely ceases, only Ea^-directed transcription 
of the rpoH gene is observed, thus ensuring the synthesis of sufficient 
amounts of cr'^ (Erickson and Gross, 1989). The continuous presence of 
cr'^ is especially required at high temperatures to guarantee the continu-
ous transcription of the heat shock genes, thereby providing the cell 
with sufficient amounts of heat shock proteins to combat the increased 
denaturation and subsequent aggregation of proteins that result from 
the increased temperature. 

There are two known negative controls that influence rpoH gene tran-
scription. One is imposed by the DnaA replication protein of E. coli 
(Wang and Kaguni, 1989). The DnaA protein inhibits P3- and P4-
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PI (CT70) 

r m 

P2 (o70) 

^ P4 
P5 (a70) 

-200 -100 

DnaA 
binding 

100 200 300 400 855 

H 

A 

-P3 (a24) 

B 

Fig. 1. Organization of the promoter and other regulatory sites of the rpoH gene. The 
five different promoters (PI, P2, P3, P4, and P5), their respective start sites, and direction 
of transcription are indicated by the arrows. Nucleotide numbering is with reference to 
the structural gene which starts at position 1 and ends at position 855. Regulatory regions 
A, B, and C as well as the DnaA binding sites are indicated and discussed in the text 
(Section IV,B). 

directed transcription through binding at two specific sites in the rpoH 
promoter region (Fig. 1). This negative regulation may serve to "fine-
tune" rpoH gene expression in the cell, since the bulk of the transcription 
is directed from the PI promoter, which is not affected by the DnaA 
protein. The second negative control is exerted by the htrC gene product 
(Raina and Georgopoulos, 1990). The basis for this conclusion is the 
fact that in htrC null mutant bacteria, the heat shock response is turned 
on at all temperatures. The mechanism by which the HtrC protein exerts 
this negative, pleiotropic effect on heat shock gene expression is not 
known. 

2. Translational Regulation of rpoH Gene 

Although there is a relatively minor increase in the accumulation of 
rpoH transcripts, the amount of â ^ protein is dramatically increased 
following a temperature shift from 30 to 42°C. This increase is a conse-
quence of both an increased rate of translation of the rpoH mRNA at 
42°C, and a transient stabilization of the mature â ^ polypeptide (Straus 
et al, 1987; reviewed in Gross et al., 1990, and Yura et al, 1993). An 
extensive deletion analysis of rpoH-lacZ gene fusions by the Yura labo-
ratory led to the identification of three important regulatory regions of 
the rpoH mRNA (Fig. 1). 
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The first region, named A, is present immediately downstream of the 
rpoH-lacZ initiation codon (nucleotides 6-20). This region is a positive 
element that ensures a high rate of translation and is thought to interact 
with a complementary region present on the 16S rRNA, thereby stabiliz-
ing the binding of the rpoH mRNA to the 308 ribosomal subunit. The 
rate of rpoH translation decreases 15-fold when region A is deleted. 

The second region, B, is located between nucleotides 153 and 247 and 
acts as a negative element, since its absence leads to increased translation 
of rpoH mRNA at all temperatures. The observation that certain point 
mutations in region A result in constitutive rpoH gene expression led 
Yura et al (1993) to propose the existence of a secondary structure in 
the rpoH transcript, which may be responsible for the temperature-
dependent translational regulation. In this model the putative regulatory 
secondary structure involves base-pairing of the AUG initiation codon, 
found in region A, with complementary sequences present in region B. 
In strong support of this model is the observation that point mutations 
designed to disrupt the predicted RNA secondary structure result in 
higher constitutive levels of rpoH gene expression. It is possible that a 
trans-diQ\mg protein is required to stabilize the rpoH mRNA secondary 
structure, thereby impeding translation. Such a putative protein factor 
would be expected to be temperature-labile, since the rate of rpoH 
mRNA translation increases instantaneously upon a shift to 42°C. 

The third d5-acting region (C) is flanked by nucleotides 364 and 433 
and appears to be responsible for the translational repression of the 
rpoH mRNA. A frameshift mutation changing the amino acid sequence 
in this region abohshes translational repression, suggesting that this poly-
peptide segment is directly involved in restraining translation. In addi-
tion, repression of rpoH mRNA translation does not occur in dnaK or 
dnaJ or grpE mutant bacteria, indicating that the DnaK/DnaJ/GrpE 
chaperone machine directly or indirectly exerts this translational repres-
sion effect (Yura et al.y 1993). It could be that members of the DnaK 
chaperone machine bind to the C region in the G^^ polypeptide, perhaps 
as it emerges from the ribosome, thus arresting translation directly or, 
alternatively, indirectly by presenting the unfinished â ^ polypeptide to 
proteases for immediate degradation. 

3. Stability of Mature â ^ Polypeptide 

The mature cr^^ polypeptide chain is highly unstable with a half-life 
of 45-60 s, measured during steady-state growth of E. coli both at 30 
and 42°C (Straus et al, 1987; Tilly et al, 1989). When E. coli cells are 
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shifted from 30 to 42°C, however, the â ^ polypeptide is transiently 
stabilized for a short period of time, after which its instability is restored. 
It had previously been observed that its half-life increases 10- to 30-fold 
in dnaK or dnaJ or grpE mutant bacteria, suggesting that the DnaK/ 
DnaJ/GrpE chaperone machine may be directly responsible for mediat-
ing the stability of the a^^ polypeptide (Tilly et al, 1989; Straus et aL, 
1990). Studies with purified proteins in vitro have demonstrated directly 
the ability of â ^ to form stable complexes with different members of 
the DnaK/DnaJ/GrpE chaperone machine (reviewed by Georgopoulos 
and Welch, 1993; Bukau, 1993). However, the exact mechanism by which 
the DnaK chaperone machine determines the in vivo instability of cr^^ 
remains to be determined (see Section IV,B,4). 

4. Autoregulation of Heat Shock Response by DnaK/DnaJ/GrpE 
Chaperone Machine 

There is a great deal of genetic and biochemical evidence that the 
DnaK/DnaJ/GrpE chaperone machine plays a key role in the regulation 
of synthesis and degradation of a^ .̂ It is beyond the scope of this review 
to discuss the supporting evidence in more detail, and the interested 
reader is referred to reviews by Gross et al (1990), Georgopoulos et al 
(1990), Craig and Gross (1991), Yura et al (1993), Georgopoulos and 
Welch (1993), and Bukau (1993). Here, we highhght the various activities 
displayed by the DnaK chaperone machine during u^^ regulation. 

Various members of the DnaK chaperone machine function together 
to regulate both the amount and the activity of â ^ by: (1) inhibiting the 
polymerase Ea^^ activity following its binding to a heat shock promoter; 
(2) sequestering the a-̂ ^ polypeptide, thus preventing the formation of 
the Ea^^ polymerase holoenzyme; (3) arresting rpo/ /mRNA translation; 
and (4) mediating the proteolysis of a-̂ .̂ A likely scheme of a^^ regulation 
may be envisioned as follows. Under normal conditions heat shock gene 
expression is inhibited because very little a-̂ ^ is synthesized, and in addi-
tion, whatever mature â ^ is present is sequestered by the DnaK chaper-
one machine. When the temperature is raised, various polypeptides begin 
to unfold, and to prevent their subsequent aggregation, the activity of the 
DnaK chaperone machine is required. Consequently, both â ^ translation 
increases and the "captured" â ^ polypeptide is liberated from the DnaK 
chaperone machine. The â ^ then associates with the RNA polymerase 
core to form the Ea^^ holoenzyme, which subsequently accelerates the 
rate of transcription of heat shock genes. As a result, the amount of 
heat shock proteins, like the DnaK chaperone machine, increases. Once 
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the intracellular level of the DnaK chaperone machine has increased by 
a sufficient amount to deal with the damaged proteins, it can again 
resequester a^^, thus limiting its amount and activity. An indirect role 
in the regulation of a^^ may be played by the chaperonins (sometimes 
referred to as the GroEL chaperone machine), since they mediate the 
correct folding of many proteins (and hence perhaps a^^), including 
themselves (Van Dyk et ai, 1989; Lissin et ai, 1990; Viitanen et al., 1992). 

V. REGULATION OF CHAPERONIN GENES IN OTHER BACTERIA, 
INCLUDING GRAM-POSITIVE BACTERIA 

The discovery of multiple groESL operons and additional monocis-
tronic groEL genes in various bacteria other than E. coli (Table II) 
raises two, not mutually exclusive, questions: (1) Do the different chaper-
onins fulfill physiologically distinct functions? (2) Do certain bacteria 
need differential regulation of chaperonin gene expression either at 
different times during their life cycle or to survive externally imposed 
stress conditions? For example, in the cyanobacterium Synechocystis, 
the amount of groESL mRNA is about 10-fold higher than the groEL 
monocistronic mRNA at 30°C, whereas both mRNA levels increase 50-
fold after 30 min at 42°C (A. Glatz, personal communication). At the 
same sublethal temperature of 42°C, cpn60 and cpnlO are found associ-
ated with the thylakoid membrane, possibly to prevent destabilization 
by directly binding to the membrane, or indirectly through binding to 
membrane-associated proteins, such as the photosynthetic complex (Ko-
vacs et al, 1994a,b). Unlike E. coli, most endosymbiotic bacteria exam-
ined synthesize larger quantities of cpn60 relative to cpnlO, which most 
likely reflects their specific physiological needs. The calculated molar 
ratio of GroEL/GroES in E. coli, under steady-state cell growth, is 
approximately 2, based on the figures given by Neidhardt and VanBo-
gelen (1987). Here we review the regulation of chaperonin gene expres-
sion in organisms other than E. coli. 

A. Regulation of groESL Multigene Family 
in Bradyrhizobium japonicum 

Under natural conditions, bacteria of the genera Rhizobium and 
Bradyrhizobium infect plant root cells. This infection is followed by 
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the differentiation of the bacterium into an intracellular symbiont (also 
known as a bacteroid) and involves a series of complex developmental 
processes, including the assembly of the nitrogenase complex (reviewed 
by Gussin et aL, 1986; Fisher and Long, 1992). This enzyme complex is 
essential for symbiosis, as it catalyzes the reduction of atmospheric nitro-
gen into ammonia, a growth requirement for both the symbiont and 
the host. The bacterial infection of the root cells is expected to cause 
considerable stress to both plant and bacterium since the initial host-
defense response is aimed at elimination of the infective organism. Addi-
tional stresses, such as low oxygen concentration and nutrient limitation, 
may also be encountered by bacteroids. These stresses elicit or enhance 
the expression of specific bacterial- and host-encoded genes, including 
those encoding the chaperonins. The chaperonins of the soybean symbi-
ont B. japonicum are encoded by a multigene family of five very similar, 
but not identical, groESL-Yikt operons, the members of which have been 
shown to be under different regulatory controls. 

Fischer et al (1993) used a series of translational lacZ fusions, inte-
grated at their homologous sites in the B. japonicum chromosome, to 
show that the groESLl and groESL5 operons are transcribed very 
weakly, whereas groESL2 and groESL4 are expressed constitutively 
at high levels, under aerobic, anaerobic, or symbiotic conditions. The 
groESLl operon contains a typical E. coli Ea^^-dependent heat shock 
promoter sequence (Table III), and its expression is consequently in-
creased about 25-fold when the temperature is shifted from 28 to 39°C. 
Three operons, groESLl, groESL4, and groESL5 contain an inverted 
repeat (IR) element, previously shown to be characteristic of the regula-
tion of heat shock gene expression in Bacillus subtilis and other bacteria 
(see Section V,B and Table IV). In all three operons, the IR element 
is present downstream of the transcriptional start site, is preceded by 
canonical â ^ promoter sequence, and is thought to be involved in the 
induction of groESL4 and groESL5 gene expression during heat shock. 
In contrast, groESL2 is not induced during heat stress, suggesting a 
distinct, and yet unknown, mechanism of gene regulation. 

Most interesting is the regulation of the groESL3 operon. Under anaer-
obic growth, or in bacteroids, groESL3 gene expression increases 450-
and 200-fold, respectively. The induction of groESLS gene expression 
appears to be absolutely dependent on both the oxygen-responsive tran-
scriptional activator Nif A and the RpoN (â ^̂ ) proteins. The Nif A protein 
plays a key role in the transcription of different genes involved in nitrogen 
fixation (Fisher and Long, 1992). Under low oxygen tension, as present 
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in the root nodule, Nif A binds to an upstream activator sequence where 
it interacts with the RNA polymerase Ea^^ thereby allowing transcription 
to begin (Morett and Buck, 1989; Morett et al, 1991). The groESLS 
operon maps within a cluster of genes required for nitrogen fixation, 
and promoter elements characteristic of Nif A-regulated genes are found 
within the groESL3 operon, suggesting that these chaperonins may be 
required for nitrogen fixation. For example, GroEL3 and GroES3 may 
modulate the observed temperature-dependent reversible inactivation 
of the Nif A protein, by preventing its aggregation and/or mediating the 
correct folding of nitrogenase itself. The observation that Nif A, as well 
as three subunits of the nitrogenase complex, NifD, NifH, and NifK, can 
be individually coimmunoprecipitated in a complex with the Rhizobium 
cpn60 is in support of this idea (Govezensky et al, 1991). However, 
analysis of mutant B. japonicum bacteria containing individually inacti-
vated groESL operons (caused by a Tn5 insertion) revealed that none 
of these operons are essential for soybean root nodulation and nitrogen 
fixation under symbiotic conditions, suggesting that none of the chaper-
onins possesses an essential highly specialized activity. The high percent-
age of amino acid identity between GroEL2 and GroEL3 (90-91%) 
suggests that certain chaperonins may be able to replace one another 
functionally, as shown for the SSA subfamily of hsp70-hke genes in yeast 
(reviewed by Craig et al, 1994). Four members of this family contain 
very similar nucleotide sequences and each of the various HSP70 proteins 
can functionally substitute, at least partly, for the absence of the other 
three. The SSA genes are differentially regulated in response to growth 
temperature, whereas mutations in some SSA genes influence the expres-
sion of the heat shock response itself. 

B. Inverted Repeat Element: An Alternative Regulatory Mechanism 

Although chaperonin synthesis is enhanced upon heat shock in all 
bacteria examined thus far, the use of a a^^-like transcription factor 
appears not to be universal. For example, in gram-positive bacteria, 
like B. subtilis, the groESL operon contains a characteristic sequence 
(TTGAAA-17 bp-TATAT) that is recognized by the vegetative sigma 
factor (T^^, which mediates the initiation of transcription at all tempera-
tures (Li and Wong, 1992; Schmidt et al, 1992). However, when B, 
subtilis cells are shifted from 37 to 40°C, the amount of groESL mRNA 
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increases dramatically within 5 min, and this increase is followed by a 
gradual decline for the next 15 min to a steady-state level higher than 
that at 37°C, suggesting a regulatory mechanism for heat shock gene 
expression different than that described for E, coli (see Section IV). The 
DNA sequence around the transcriptional start site of the B. subtilis 
groESL operon contains a perfect IR element consisting of 9 nucleotides, 
separated by 9 nucleotides. Almost identical IR sequences have been 
found in the chaperonin groE(S)L operons of cyanobacteria, purple 
sulfur bacteria, and mycobacteria as well as the gram-negative bacterium 
Agrobacterium tumefaciens (Table IV). In addition, IR elements are 
present in the dnaK operon of many gram-positive bacteria, such as B. 
subtilis (Wetzstein et ai, 1992), in the groESL operon of Clostridium 
acetobutylicum (Narberhaus and Bahl, 1992), and in the dnaJ gene of 
Lactococcus lactis (van Asseldonk, 1993), suggesting that the IR element 
may be involved in the regulation of gene expression as part of the heat 
shock response. 

Zuber and Schumann (1994) have reported that different point muta-
tions in the left, the right, or both ' 'arms" of the IR element present in 
the dnaK operon of B. subtilis result in constitutive high levels of both 
dnaK mRNA and DnaK protein at 30°C, suggesting that the IR element 
acts as a repressor of dnaK operon transcription. In agreement with this, 
when the IR element is inserted between the promoter and the start site 
of the structural lacZ gene in B. subtilis, the j8-galactosidase activity is 
reduced fourfold, demonstrating that the IR element is both necessary 
and sufficient for repression. When a frame-shift mutation alters the 
nucleotide sequence, but not the secondary structure of the IR element, 
similar constitutive high levels of dnaK gene expression at 30°C are 
observed, suggesting that the IR element is specifically bound by a trans-
acting factor, such as a protein. If such a protein exists, it can function 
at either the DNA or the RNA level and limit heat shock gene expression 
at 30°C through binding to this IR element. 

In most cases reported, a single IR is present between the promoter 
sequence and the start site of the structural gene. However, a unique 
case is presented by the groESL (groELl) operon and the single groEL 
(groEL2) gene of Streptomyces albus and S. coelicolor, which all contain 
a region accommodating two identical IR elements, one downstream of 
the transcriptional start site and the second within the promoter region 
(Gughelmi et al, 1993; Duchene et al, 1994, and Table IV). In both 
bacteria three mRNA species corresponding to groESLl, groELl, and 
groES are found. The latter is probably the result of either transcriptional 
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termination or processing of the full-length bicistronic groESLl mRNA 
at the distinct IR element located between the groES and the groELl 
genes. In S. coelicolor, synthesis of groESLl and groELl mRNA in-
creases and remains high even up to 2 h after a temperature shift, whereas 
groES mRNA synthesis is induced and turned off much faster. 

In contrast to the single IR element present in the dnaK gene of B. 
subtilis (see above), the double IR element of the S. albus groESL 
operon does not impose a heat-inducible expression of a reporter gene, 
suggesting that other parts of the groESLl gene sequence may also be 
required for thermal regulation (Servant et al, 1994). Analysis of a series 
oi groEL-neo (the neo gene encodes aminoglycoside 3'-phosphotrans-
ferase, APH) gene fusions, integrated at their homologous sites in the 
S. albus chromosome, revealed a nucleotide region, encoding amino 
acids 5 to 471 of the GroEL polypeptide that acts as a negative element. 
Consistent with this interpretation, when the double IR element of the 
S. albus groESL-neo fusion gene is replaced by the E. coli lac promoter, 
heat-regulated expression of the GroEL-APH fusion protein is still 
observed. However, heat-regulated expression of the APH protein is 
abohshed when the groESL-neo transcriptional fusion contains an addi-
tional ribosome binding site in front of the neo gene. These observations 
demonstrate that an internal transcribed region of the groEL gene is 
both necessary and sufficient for repression of the groESLl operon of 
S. albus. 

Although the double IR element is not essential for repression it may 
be involved in transcriptional control. Experiments using the regulatory 
double IR element of the groESLl operon of S. coelicolor, as well as a 
synthetic single IR element, have revealed that retarded electrophoretic 
migration of both DNA fragments occurs only in the presence of a 
specific protein fraction, suggesting that the IR element acts as a protein 
binding site (Duchene et al, 1994). It is not known whether the protein 
binds to one or both of the IRs present in the double IR region. Surpris-
ingly, the same level of DNA binding activity is present in protein extracts 
isolated from cells before and after heat shock. This situation may be 
similar to that reported for the heat-shock activator factor (HSF) of yeast. 
Although HSF binds to the promoter region with the same efficiency in 
both heat-shocked and control cells, the rate of transcription is modu-
lated by changes in the phosphorylation state of the HSF (Sorger et 
al, 1987). 

A single IR element is present upstream of the vegetative promoter 
sequence of the monocistronic dnaJ gene of L. lactis (van Asseldonk et 
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al, 1993). Deletion of this IR element results in constitutive high-level 
expression of a reporter gene at 30°C. It is noteworthy that this IR 
element is positioned only 3 nucleotides upstream of the TTGCCA - 3 5 
promoter region, and should therefore interfere with the efficient binding 
of the RNA polymerase holoenzyme, consequently influencing the rate 
of transcription. 

In summary, the 9-bp IR element most likely acts as a negative element 
influencing both transcription and translation of the structural gene(s) 
it precedes. The quantitative and qualitative effect may vary from organ-
ism to organism and from gene to gene. Clearly, the extent and level 
(DNA or RNA) of regulation depend on the position and the number 
of IR elements as well as on the structural gene itself. Interestingly, the 
double IR element of the groESL operon of S. coelicolor is sufficient 
to direct chaperonin synthesis in E. coli (A. Labigne, personal communi-
cations), supporting the suggestion that a related sequence in the untran-
scribed IR element (GugUelmi et ai, 1993, and Table IV) may be recog-
nized by the E, coli Ea^^ polymerase, and indicating that these regulatory 
sequences may have a common ancestor. 

C. Parasitic Bacteria and Other Intracellular Survivors 

Certain parasitic bacteria survive intracellularly within their host. The 
human pathogen Legionella pneumophila normally lives in freshwater 
protozoa, but when taken up by macrophages, present in specialized lung 
tissue, multipHes within a ribosome-studded membrane-bound vesicle 
(Horwitz, 1983). The survival of a parasite is controlled by multiple 
regulons, and in the case of Salmonella typhimurium the intracellular 
response pattern is similar, yet not identical, to the global stress responses 
induced by heat, osmotic shock, or hydrogen peroxide (Abshire and 
Neidhardt, 1993). In response to the intracellular environment of the 
macrophage, both L. pneumophila and S. typhimurium dominantly syn-
thesize two proteins: cpn60 and DnaK (Buchmeier and Heffron, 1990; 
Kwaik et ai, 1993). The purpose of the large quantity of endosymbiotic 
cpn60 relative to cpnlO is not known, but may reflect specific physiologi-
cal needs. In most cases it has been found that processes mediated 
by cpn60 in vivo also require the function of cpnlO (see Chapter 8). 
However, in vitro cpn60 alone is capable of maintaining precursor poly-
peptides in conformations compatible with subsequent transport across 
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biological membranes and protecting polypeptides against heat denatur-
ation (Bochkareva et al, 1988; Lecker et al, 1989; Phillips and Silhavy, 
1990; Ziemienowicz et al, 1993). In this model, the precursor is released 
from the cpn60 by some component of the transport machinery rather 
than by cpnlO. In this respect it is interesting that cpn60 associates with 
the bacteroidal membrane of L. pneumophila 24 h after infection of 
HeLa cells (Hoffman et ai, 1990), whereas Kakeda and Ishikawa (1991) 
have suggested that the endosymbiontic cpn60 of the gram-negative 
prokaryotic Acyrthosiphon pisum (also known as "symbionin") may be 
required for translocation of proteins across the bacteroidal membrane. 
Acyrthosiphon pisum lives in a specialized differentiated aphid fat body 
cell (Buchner, 1965) and needs cpn60 to sustain its bacteroidal structure 
(Ohtaka et aL, 1992). Large quantities of cpn60 may alternatively be 
required because cpn60 is secreted from the endosymbiont, as has been 
reported for the human pathogen Helicobacter pylori (Evans et al, 1992). 
Cpn60 is one of the five surface-associated proteins that are essential 
for intracellular survival, and are secreted when H. pylori is cultured on 
agar plates. Hoffman et al. (1990) showed that in contrast to E. coli, 
where cpn60 is restricted to the cytoplasm, in L. pneumophila bacteria 
hosted by HeLa cells, cpn60 is present in the cytoplasm and either the 
periplasm or on the cell surface, as seen by fluorescence microscopy 
using antibodies raised against cpn60. 

Although httle is known about the regulation of chaperonin gene 
expression in these endosymbiotic bacteria, in L. pneumophila and A. 
pisum the groESL operon contains a nucleotide sequence that resembles 
the E. coli heat shock promoter (Table III; Hoffman et al, 1990; Ohtaka 
et al, 1992). Although these endosymbiotic promoter sequences are 
functional in E. coli, it is not known how they regulate chaperonin gene 
expression during symbiosis. The short IR element (7 nucleotides with 
a 7-nucleotide spacer), found just upstream of the ribosome binding site 
of the groEL gene of A. pisum, may function as a positive regulatory 
element to enhance the synthesis of cpn60 relative to cpnlO (Ohtaka et 
al, 1992). 

The groESL operon of the human pathogen Mycobacterium tuberculo-
sis contains a distinctly different long-inverted repeat, which may also 
be involved in gene regulation. This distinct IR element consists of two 
21 nucleotide sequences with a 5-nucleotide spacer and separates the 
groES from the groEL gene (Baird et al, 1989; Kong et al, 1993). 
Although a putative E, coli Ea-^^-like heat shock promoter is present 
upstream of the groES gene, the observed mRNA contains only the 
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Structural groEL gene sequence plus the preceding ribosome binding 
site (Kong et aly 1993), thus resulting in the synthesis of large amounts 
of cpn60 relative to cpnlO. The 5' end of this groEL transcript maps 
just downstream of the 21-nucleotide IR element, suggesting that the 
groEL mRNA may be produced by the specific cleavage of a larger 
transcript. This long IR element may thus be part of a novel regulatory 
mechanism that controls the differential synthesis of the chaperonins by 
acting as a RNase enzyme cleavage site. Inhibition of groES translation 
could then subsequently be achieved by progressive degradation of the 
remaining shorter transcript in the 3' to 5' direction. Such a retroregula-
tory control has been shown to occur in the synthesis of the Int protein 
of bacteriophage X (reviewed in Echols and Guarneros, 1983). In this 
case a long IR element, termed sib (18 nucleotides separated by a 14 
nucleotide spacer), was proposed to regulate the differential expression 
of the int and xis genes that are cotranscribed from the PL promoter. 

VI. MODULATION OF CHAPERONIN ACTIVITY BY 
BACTERIOPHAGE Gp31 PROTEIN 

Both cpn60 and cpnlO are required for the ATP-dependent folding 
of many unrelated proteins in vivo, since newly synthesized polypeptide 
chains collapse rapidly into partly folded compact intermediates that 
display hydrophobic regions and hence tend to aggregate. The potential 
to form such aggregates varies with each individual polypeptide but 
invariably increases with temperature and the concentration of the fold-
ing polypeptide chains. Studies with purified proteins have shown that 
the correct refolding of certain polypeptides is facilitated by cpn60 and 
ATP alone (see Chapters 7 and 8). It should be appreciated, however, 
that in most of these cases the presence of cpnlO does increase the 
yield of the refolding reaction. There is strong genetic and biochemical 
evidence that correct folding in vivo requires both cpn60 and cpnlO 
(Goloubinoff et al, 1989; Van Dyk et al, 1989; Horwich et aL, 1993). So 
far the only exception to this rule is the bacteriophage T4 capsid protein 
Gp23, which fails to assemble correctly in E. coli and requires the bacte-
riophage-encoded protein Gp31 instead of GroES (LaemmH et aL, 1970; 
Georgopoulos et aL, 1972; Takano and Kakefuda, 1972). Other bacterio-
phages, such as X and T5, use the E. coli host cpn60 and cpnlO for the 
assembly of their capsid and tail structures. 
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We have shown that Gp31 is a functional analog of the E. coli cpnlO 
(van der Vies et al, 1994). Despite the lack of obvious sequence similarity 
with GroES, Gp31 can substitute for GroES in the assembly of bacterio-
phage X and T5 in E, coli, and in the cpn60-dependent folding of the 
bacterial enzyme ribulose-bisphosphate carboxylase, both in vivo and in 
vitro. The absolute requirement of Gp31 for the correct assembly of the 
Gp23 capsid protein in vivo suggests that Gp31 may possess specific 
cochaperonin properties that are absent in GroES, or alternatively may 
function similarly to GroES but with improved efficiency. 

The identification of Gp31 as a cochaperonin raises the interesting 
question of whether other specialized chaperonins exist that handle pro-
teins whose folding requires specific features. Although there is no other 
reported example of this, the observation that chaperonins are under 
differential transcriptional control in B. japonicum and in certain endo-
symbionts (see Section V,B and V,C) could be explained in this way. 

VII. CONCLUDING REMARKS 

Not only are chaperonins ubiquitous, they are also involved in a diverse 
array of cellular processes that make them essential for cell viability. 
From the data reviewed here it is clear that the regulation of chaperonin 
synthesis in bacteria is determined by various physiological needs and 
requirements, and although the mechanisms of chaperonin gene expres-
sion are different in the various bacteria examined, chaperonin synthesis 
is invariably enhanced during stress. Further studies on chaperonin gene 
expression in bacteria, especially in those possessing multiple and differ-
ent chaperonin genes, will contribute to our understanding of chaperonin 
requirement and the mechanisms of chaperonin action and regulation. 
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A combination of genetic, cell biological, and in vitro renaturation 
studies shows that chaperonins assist the folding of proteins, an activity 
required in the cell both to ensure that newly synthesized proteins fold 
and assemble to their biologically active states and to facilitate recovery 
from cellular damage. To achieve these ends chaperonins bind to nonna-
tive protein structures and use the energy derived from ATP hydrolysis 
to drive the formation of native states. In this discussion we take this 
conclusion as a starting point to examine the physical mechanisms under-
lying this intriguing activity, but as an opening to such a discussion it is 
useful to define those general phenomena for which a tenable mechanism 
must account. 

I. GROUND RULES OF CHAPERONIN BEHAVIOR 

A. Specificity and Affinity for Protein Substrates 

In this chapter our considerations are hmited to the homotetradecam-
eric chaperonins and their homoheptameric coproteins, typified by the 
chaperonin 60 (cpn60) and chaperonin 10 (cpnlO) proteins from eubac-
terial prokaryotes, especially Escherichia coll In these cases there is no 
evidence of specialization of subunits for particular protein targets or 
cellular functions, as there may be, for instance, in the case of the TCPl-
containing chaperonin complexes, which are discussed in Chapter 5. 
On the contrary, chaperonins such as GroEL show surprisingly Uttle 
specificity in the binding of protein substrates. This conclusion is demon-
strated by the burgeoning number of unrelated proteins which, when 
refolding in vitro from denatured states, interact with chaperonins to 
increase the yield of active protein. 

In the early stages of chaperonin research it was suggested that their 
function may be to guide the folding of protein molecules by binding 
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to, and therefore stabilizing, transiently formed elements of the native 
structure (Rothman, 1989). Such an idea might be considered heretical 
by physical biochemists studying spontaneous folding, since it appears 
to contradict the Anfinsenian dictum that all the information necessary 
to fold to the native state is contained within the primary structure 
(Anfinsen, 1973). 

In fact, the view that chaperonins may stabilize features of the native 
state that are unstable in intermediates in the folding process cannot, a 
priori, be ruled out. However, the features that are recognized in such 
a mechanism must be crude and general, owing to the fact that proteins 
with unrelated topologies and sequences have their folding yields im-
proved by chaperonins (Jaenicke, 1993). Further to this argument, the 
members of a family of proteins with identical topologies and subunit 
arrangements can behave quite differently from one another with respect 
to their response to chaperonins during folding (Staniforth et ai, 1994a). 
Some support for the possibility that elements of secondary structure 
are stabilized by cpn60 was furnished by nuclear magnetic resonance 
(NMR) measurements which showed that a peptide capable of forming 
an amphipathic a helix of the type commonly encountered in globular 
proteins adopted a random conformation in free solution and a hehcal 
one when bound to cpn60 (Landry and Gierasch, 1991; Landry et ai, 
1992). The general importance of this observation was later diluted by 
the demonstration that a protein that contained only jS-sheet elements 
of secondary structure was a good substrate for chaperonin-enhanced 
folding (Schmidt and Buchner, 1992). The NMR data, however, were 
valuable in showing that binding is achieved by contact between hydro-
phobic side chains on the peptide and the chaperonin surface rather than 
through hydrogen bonding interactions with backbone peptide groups 
accessible only in extended conformations. Further evidence that chaper-
onins bind to protein substrates by hydrophobic forces is provided by 
the observation that such interactions are strengthened by high ionic 
concentrations and weakened by low temperatures (Hansen and Gafni 
1993; Brunschier et ai, 1993; Schmidt et ai, 1994a). In addition, when a 
random mixture of tryptic peptides derived from a cell extract of E. coli 
is incubated with cpn60, those bound preferentially are rich in the larger 
aliphatic and aromatic amino acids (N. A. Ranson and A. R. Clarke, 
unpublished data, 1993), and even among individual amino acids, the 
most hydrophobic are bound tightest (Richarme and Kohiyama, 1994). 
Mutagenic experiments (Fenton et ai, 1994) interpreted in the light of 
the crystal structure of GroEL (Braig et ai, 1994) confirm this hypothesis 
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by demonstrating that the binding of protein substrates is impaired by 
substituting hydrophobic residues on the surface of the apical domain 
for hydrophilic ones (see Chapter 9). 

These observations, and the general fact that chaperonins bind to any 
unfolded protein, albeit with varying affinities, lead to the conclusion 
that they recognize nothing more specific than the nonpolar regions of 
proteins which are normally buried in the native state. By this property 
alone they must bind to and stabilize unfolded states in preference to 
folded ones; dissociation constants for the interaction of cpn60 with such 
states are in the nanomolar (Burston et al, 1992) or even the picomolar 
(G. H. Lorimer and P. V. Viitanen, personal communication, 1993) 
range. The simple binding and folding processes involved in chaperonin-
mediated folding are illustrated in Fig. 1. 

STATE A (C+U) STATE D (C+F) 

folded protein 

\ 

*^4= 5^ I step 4 

STATE B (C:U) STATE C (C:F) 

Fig. 1. Binding and folding of protein substrates: the thermodynamic cycle. The diagram 
depicts the basic equilibrium states of apo-cpn60 and a protein substrate. The protein 
substrate is shown in just two forms; unfolded (with a high affinity for the cpn60 cavity) 
and folded (low affinity). Step 1 represents spontaneous folding of the protein in free 
solution, step 2 is the tight association of the unfolded form with cpn60, step 3 shows the 
folding process on the surface of the cpn60, and step 4 the association/dissociation of the 
folded substrate. Note that binding equilibria are described by association constants. C, 
Chaperonin; U, unfolded protein; F, folded protein. 
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B. Release of Bound Proteins 

In chaperonin-facilitated folding, the protein substrate must bind and 
dissociate, perhaps many times (Weissman et al, 1994), during the pro-
cess. In terms of the protein association event, it has been widely demon-
strated that the most effective way of forming a strong chaperonin: pro-
tein complex is to unfold the substrate completely and mix it with cpn60 
alone (Goloubinoff et al, 1989; Badcoe et al, 1991; Buchner et al, 1991; 
Martin etal, 1991; Gray and Fersht, 1993). All proteins when confronted 
with these conditions either (i) remain bound in an unfolded state 
(Goloubinoff et al, 1989; Buchner et al, 1991; Martin et al, 1991) or 
(ii) show a much retarded rate of folding owing to the kinetic conse-
quences of tight interaction with unfolded forms (Badcoe et al, 1991; 
Gray and Fersht, 1993). In the scheme represented in Fig. 1, the former 
kind of substrate is locked in the unfolded state (B), whereas the latter 
is able to proceed to the free, native state (D) because the intrinsic 
folding energy (step 1) is sufficient to overcome the binding energy 
between cpn60 and the unfolded state (step 2) at the protein concentra-
tions used in the experiment. This behavior is illustrated by two, homolo-
gous dimeric proteins—Bacillus stearothermophilus lactate dehydroge-
nase (bLDH) and mitochondrial malate dehydrogenase (mMDH). The 
former is extremely stable (AG = -12.5 kcal/mol) and can fold in the 
presence of 50 nM cpn60 (Badcoe et al, 1991), whereas the latter is less 
stable (AG = -2.5 kcal/mol) and cannot (Staniforth et al, 1994a). The 
native state of bLDH is 10 kcal/mol (or 2 x 10^ times) more stable than 
that of mMDH. In order to stabilize the unfolded form of bLDH to the 
same degree as mMDH, the cpn60 would have to bind to it 20 milhon 
times more tightly. 

Even when the folding energy is sufficient to overcome that of binding 
to unfolded states, the kinetics of folding in the presence of cpn60 are 
found to be slow. There are two general explanations for this. Either 
(i) the protein cannot fold while bound to cpn60 and the proportion of 
free, unfolded protein able to undergo the transition (Fig. 1, step 1) to 
the native state is small and/or the rate of dissociation is slow or (ii) the 
protein can fold on cpn60 (step 3) but must break intermolecular bonds 
in order to form the intramolecular contacts necessary for acquisition 
of the native structure. In this latter case the energy barrier governing 
folding through step 3 is higher than that through step 1 (illustrated in 
Fig. 2). Whether proteins are able to fold while in contact with the 
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C + N ^ • C + U-^C:U C : N - ^ ^ C + N 

weakly bound 
substrate 
protein 

tightly 
bound 
substrate 
protein 

Folding o^ chaperonin Folding on chaperonin 
C + N - * C : U • C + N 

Fig. 2. The energetics of protein folding in the presence of cpn60 As shown in Fig. 1, 
folding can proceed either in free solution or on the surface of cpn60. The above diagram 
shows the free energy profiles for these processes referred to in the text. Note that, owing 
to the preferential stabilization of the unfolded form, the barriers to folding are always 
higher when folding occurs in the presence of cpn60 (2, 2', 3, and 3') compared to folding 
in free solution (1). The route from the bound unfolded state (C:U) to the free native 
state in the off-chaperonin process, i.e., by dissociation, has a rate governed by barriers 
2 and 2', the former for weak binding conditions, the latter for tight. The on-chaperonin 
route occurs at a rate determined by barriers 3 and 3' for weak and tight binding conditions, 
respectively. The profiles illustrate that the preferred route (lowest barrier) will depend 
on the tightness of the interaction and/or the concentration of cpn60. C, cpn60; N, folded 
protein; U, unfolded protein; N, folding transition state. 

surface of cpn60 is an often discussed point and may have a strong 
bearing on the mechanism. In the case of barnase (the ribonuclease 
enzyme from B. amyloliquefaciens) this process has been shown to occur 
by the fact that there is a slow but finite folding rate even at an extrapo-
lated infinite concentration of cpn60. Under these conditions there is no 
protein substrate in free solution, so folding must occur while it is bound 
to cpn60 (Gray and Fersht, 1993). 

To develop this point further, consider the energy profiles for folding 
reactions occurring both on and off cpn60 shown in Fig. 2. For the 
purposes of this illustration the unfolded protein(U) passes through a 
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transition state (N*) before forming the native conformer (N). As indi-
cated by spontaneous folding experiments (Matouschek et aL, 1992a), 
the solvent exposure of side chains in the N* state is taken to be halfway 
between that in U and in N. The affinity of binding to cpn60 follows the 
side chain exposure (U > N* > N). Taking the C: U complex as a starting 
point, there are two ways of forming the free native state: either by 
dissociation to C + U (leftward) or by folding on the cpn60 through the 
bound transition state C: N* (rightward). The continuous fine represents 
the energetics of folding of a weakly bound protein and the dotted line, 
those of a "sticky," tightly bound protein. Equally, one could consider 
the continuous line to represent the reaction at low, and the dashed line 
at high, cpn60 concentrations. The spontaneous folding rate is deter-
mined by the energy difference between C + U and C + N*, which 
represents the reaction in the absence of cpn60; i.e., the rate is determined 
only by the energy difference between U and N* (represented by barrier 
1 in Fig. 2). In the presence of cpn60, the rate of the dissociation pathway 
is determined by the energy difference between C: U and C + N* (barri-
ers 2 and 2') since the protein must leave the cpn60 surface, to form 
C + U, before it can undergo the folding reaction. The rate of the "on-
chaperonin" pathway is determined by the energy difference between 
C:U and C:N* (barriers 3 and 3'). This energetic scheme immediately 
illustrates two points. First, folding is necessarily slower in the presence 
of cpn60; i.e., barrier 1 will always be the lowest. Second, in circumstances 
of tight binding, on-chaperonin folding (rightward) becomes more favor-
able when compared to the dissociation pathway (leftward); i.e., barrier 
3' becomes lower than barrier 2'. 

The effect of cofactors such as nucleotides and cpnlO is to weaken 
the contact between the cpn60 and its protein substrate in order to allow 
folding. However, the cofactor requirements are found to be different, 
depending on the properties of the bound protein substrate. These re-
quirements can be described on a more quantitative basis by referring to 
the reaction scheme shown in Fig. 1 and making the justifiable assumption 
that, at equilibrium, the system contains negligible amounts of free, 
unfolded protein (U) or bound, folded protein (C:F). In this case, and 
if the concentration of cpn60 is large compared with its protein substrate 
(i.e., Co, ~ [C]) the following relationships hold: 

""' [C:U] + [F] KMi + C,' 
JF] K,IK2 
U] + [F] KMi + 

where a^ is the proportion of folded protein at equilibrium, Ki is the 
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equilibrium constant for folding in free solution ([F]/[U]), K2 is the 
association constant for formation of the C: U complex, and Co is the 
total cpn60 concentration. If an unstable protein with a Ki of 10̂  were 
to fold at a cpn60 concentration of 1 /xM and have an association constant 
{K2) for the unfolded form of 10̂ ^ M"\ only 0.1% of the protein molecules 
would reach the native state at equilibrium. If the binding of a cofactor 
such as a nucleotide and/or cpnlO decreased the cpn60 affinity by a 
factor of 10, the final concentration of native protein would still be less 
than 1%. If the same effect occurred with a more stable protein substrate 
for which Ki had a value of 10"̂ , the addition of the cofactor would have 
a large effect on the yield at equilibrium, increasing it from 10 to 50%. 
From this argument it is clear that the requirements for folding will 
depend on the balance between the protein: cpn60 affinity (determined 
by K2 and the cpn60 concentration, Q) and the intrinsic stability of the 
protein (determined by i^i). 

The preceding discussion applies to assisted folding reactions at equi-
librium, but it is often in the kinetics of folding where the most profound 
effects of cpn60 are seen. This is illustrated by taking the case of a 
moderately stable protein with a Ki of 10̂  [i.e., with a folding energy 
of 7 kcal/mol {-RTln Ki)] in which the unfolded form or forms bind 
to cpn60 with a K2 of 10̂  M"^ In a 1 iiM solution of cpn60 about 99.9% 
of the molecules would attain the native state; i.e., there would be no 
detectable effect on the end point of folding. In fact it would require an 
impossibly high cpn60 concentration of 1 mM (about 860 mg/ml) to 
arrest folding to 50%. However, the proportion of unfolded, chaperonin-
bound protein (aciu) at any time is given by 

-. - C : U _ /C2/C0 ^ Q^g 

'•" C:U + U l + î 2Co 

and the proportion of unfolded protein substrate free in solution (ojucfree)) 
is defined by 

_ U _ 1 _ n . . 
«u(free) " C : U + U " 1 + K^C, ~ ^'^^' 

These relationships show that, at any one time, only 1% of the unfolded 
protein is free in solution and able to fold spontaneously in these condi-
tions. Such an interaction has a profound effect on the kinetics of folding. 
If the half-time for spontaneous folding is 10 s, and slow compared with 
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the rates of binding and dissociation from cpn60, then the observed half-
time for the chaperonin-mediated process, via the dissociation route, 
would be about 1000 s, i.e., 100 times longer. The observed rate constant 
(kohs) for this process is formally defined, 

kobs = k,l (1 + K2C^\ 

where kf is the rate of folding in free solution. 
If the protein were able to fold on the chaperonin surface, the kinetics 

of the process would still be slow owing to an increase in the activation 
barrier (see Fig. 2). When both processes occur the observed rate of 
folding is approximated by 

^ kx,K2Co + kj 

^^^ 1 + K2C0 ' 

where k\^ is the rate of folding of the bound protein substrate. 
As an aside to the general theme, the rates of binding and dissociation 

of unfolded protein substrates to cpn60—which define K2—are clearly 
important factors in determining the behavior of a chaperonin-mediated 
folding reaction and so must color our interpretation of such events. 
These rates are most easily and rehably measured in protein molecules 
that cannot fold to the native state, thus eliminating the competing 
effect of the folding process. Reduced, fluorescently labeled lysozyme 
when rapidly mixed with cpn60 in a stopped-flow apparatus forms a 
complex at a rate of 4 X 10̂  M~̂ s"̂  with an association equilibrium 
constant (̂ 2̂) of 10̂  ^"^- From this measurement we can deduce a 
half-time of dissociation of 18 s and a half-time for formation at 1 
)LtM cpn60 of 0.18 s (Burston and Clarke, unpublished data, 1994). 
The first half-time must always be a component of the observed time 
of refolding, and the second determines how far spontaneous folding 
can proceed in free solution before an encounter with cpn60. The 
imphcations of this latter process are discussed in more detail in 
Section III. 

With regard to the more central problem of protein release, the influ-
ence of nucleotides and cpnlO on the reaction scheme shown in Fig. 1 
is to decrease the value of K2 (in the off-chaperonin pathway) or to 
increase K4 (folding on-chaperonin). In measurements of the retardation 
of folding of bacterial LDH, the effectiveness of nucleotides in reducing 
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the apparent affinity of cpn60 for the enzyme is in the order 
ATP > AMP-PNP > ADP. The addition of cpnlO, which binds in the 
presence of any nucleotide, reduces the affinity still further in the case 
of ATP and its analog but has little influence on the ADP effect (Stani-
forth et al, 1994b). 

The above arguments explain the variety of effects that cpn60, cpnlO, 
and nucleotides have on folding reactions, both on the equilibrium level 
of folded product and the time course of the process. These considera-
tions help interpret observations such as barnase needing no releasing 
factor (Gray and Fersht, 1993) and tryptophanase requiring only ADP 
(Mizobata et fl/.,1992), whereas Rubisco (Goloubinoff et al, 1989), rho-
danese (Martin et al, 1991), and mitochondrial MDH (Miller et al, 
1993) need ATP and cpnlO, and a host of proteins show intermediate 
requirements. However, these considerations, although useful in laying 
the crude foundations of chaperonin action, do not necessarily address 
the underlying mechanism by which the yield of a folding reaction is en-
hanced. 

The crux of the physical mechanism Ues in the use to which this binding 
energy between the cpn60 and its protein substrate is put. In a classical 
enzyme-catalyzed reaction, binding energy is used to stabilize the most 
improbable states in the progress between reactant and product, so 
diminishing reaction barriers, whereas in nucleotide-based energy trans-
duction, the abiUty of nucleoside triphosphates and their hydrolytic prod-
ucts to stabilize different functional states of proteins is used to drive 
unfavorable processes. The cpn60 case is odd in that the folding process 
is energetically favorable, but to reach high efficiency for chaperonin-
dependent proteins requires the hydrolysis of ATP. It is in a careful 
understanding of the role of the binding energy of nucleotides, protein 
substrate, and cpnlO with cpn60 that the basis of the molecular mecha-
nism can be understood. 

C. Yield Enhancements in Chaperonin-Assisted Folding Reactions 

Thus far, we have stressed the diversity of proteins that are bound by 
cpn60, the range of affinities, and the variety of conditions required for 
the release of the protein substrate. All of these factors suggest a rather 
"catch-all" mechanism of action, capable of dealing with a wide spectrum 
of proteins. We now examine their most biologically relevant function. 
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that is, the abihty to enhance the yield of a folding reaction. Here too, 
there are no transparent rules. Consider the case of three proteins: 
bLDH and the porcine MDHs from the mitochondrion (mMDH) and 
the cytosol (cMDH). These proteins are dimers with the same subunit 
fold and quaternary symmetry, but with completely different responses 
to the chaperonins. The folding time courses for the unassisted processes 
and those occurring in solutions of cpn60, cpnlO, and ATP have all been 
measured (Staniforth et al, 1994b) and the results are summarized in 
Table I. The folding of cMDH in the "full" chaperonin system is un-
changed over the spontaneous process, bLDH folds slightly more slowly 
and the yield is increased two- to threefold, whereas mMDH in physiolog-
ical ionic conditions shows an acceleration of folding combined with a 
threefold improvement of yield. In the case of mMDH the inclusion of 
cpnlO is required to enhance the yield, but for bLDH it is not. Even more 
oddly, if the mMDH experiment is performed in a high concentration of 
"structure-forming" orthophosphate ions (Jaenicke etal, 1979), sponta-
neous folding is accelerated so that the only effect of chaperonins is to 
enhance the yield. 

These results show that the topology of the protein dictates neither 
the necessity for chaperonins nor its behavior in the assisted folding 
reaction. As such, this conclusion is complementary to the finding that 

TABLE I 

Influence of Chaperonins on Folding Rates and Yields 
for Three Homologous Proteins'* 

cMDH bLDH 

mMDH 

10 mM[Pi] 200 mM [Pi] 

Chaperonin Rate Yield Rate Yield Rate Yield Rate Yield 

cpn60 
cpn60/ATP 
cpn60/ATP/cpnlO 

0.5 
0.9 
1.0 

0.4 
0.9 
1.0 

0.1 
0.7 
0.9 

3.2 
2.3 
2.3 

~0 
0.4 
2.8 

~0 
0.5 
3.0 

~0 
0.2 
1.1 

~0 
0.3 
2.0 

^ Data taken from Staniforth et al (1994a,b) on the refolding rates and yields of porcine 
cytosolic malate dehydrogenase (cMDH), Bacillus stearothermophilus lactate dehydroge-
nase (bLDH), and porcine mitochondrial malate dehydrogenase (mMDH), the last at 
differing concentrations of orthophosphate. The rate referred to is for the unimolecular 
folding of the monomer prior to dimerization. For both rates and yields, the values given 
are relative to those measured for the spontaneous process (i.e., in the absence of cpn60). 
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proteins of quite different topologies can behave in the same way. Among 
this trio of dehydrogenases, one can then ask why the behavior varies. 
Two general molecular properties suggest themselves: the stabihty of 
the folded state and the overall hydrophobicity of the molecule. On the 
first criterion there is no clear relationship since the order of stability is 
mMDH < cMDH < bLDH, whereas the chaperonin-induced enhance-
ment of folding is in the order mMDH > bLDH > cMDH. Moreover, 
the addition of citrate, an allosteric effector of mMDH, equalizes the 
stability of the native states of cMDH and mMDH but has no effect on 
assisted folding. By contrast, the hydrophobicities determined by the 
summed side chain properties are in the appropriate order (i.e., mMDH 
> bLDH > cMDH) implying, albeit on the basis of only three examples, 
that the requirement for chaperonins and the affinity of binding are a 
function of hydrophobicity. From a biological standpoint, it is notable 
that the two chaperonin-assisted homologs (bLDH and mMDH) fold in 
chaperonin-rich cellular compartments, the prokaryotic cytoplasm and 
the mitochondrion, whereas cMDH folds in the TCP-1 chaperonin envi-
ronment found in the cytosol. It is formally possible that proteins which 
fold in these cpn60-rich miheux contain sequences that predispose them 
to interact with cpn60. In this respect, it is difficult to see how polypeptide 
binding sites on cpn60 can be completely indifferent to the steric proper-
ties of a ligand. However, there is no convincing evidence for specific 
sequence recognition. 

A further, more controversial, point arises from these results. In the 
absence of an artifically high concentration of orthophosphate, the uni-
molecular rate that governs the folding of the mMDH subunit appears 
to be increased by chaperonins. This is at odds with the conventional 
view that they cannot enhance rates of folding. 

These varied manifestations of cpn60 behavior have significant mecha-
nistic consequences, especially where there are yield enhancements and 
either no change in folding rate or an acceleration (discussed in Sections 
II and VI). Such observations raise the fundamental question of the 
molecular processes occurring during the encounter between the folding 
protein and the chaperonin complex, and must be explained by any 
plausible model of the chaperonin mechanism. An important observation 
by Peralta et al 1994) has shed light on the consequences of such encoun-
ters. If mitochondrial MDH is denatured by incubation in a solution of 
guanidinium chloride, and then diluted into a nondenaturing buffer at 
36°C, the enzyme cannot fold to the native state. In these conditions it 
adopts a soluble, kinetically trapped state that can be refolded by the 
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addition of cpn60, cpnlO, and ATP. This experiment emphatically dem-
onstrates catalysis of folding from a nonnative state by chaperonins. 

D. Behavior of Chaperonins in Vivo 

Less can be learned about mechanisms of action of chaperonins 
through studies on their in vivo behavior, due to the high inherent 
complexity of the intracellular milieu and the impossibility of defining 
reaction steps and intermediates with any precision. However, any model 
of chaperonin action must at least be consistent with their observed in 
vivo properties, since ultimately it is their role in the cell that is of 
biological significance. In all cases tested, the chaperonin genes are essen-
tial for cell viability, a property that makes genetic studies dependent 
on the isolation of conditional mutants that can be inactivated by a 
change in temperature or some other manipulable parameter. Studies 
on such mutants in E. coli show that when a strain carrying a highly 
temperature-sensitive GroEL (cpn60) protein is shifted to the nonper-
missive temperature, a large subset of proteins fail to fold correctly and 
either accumulate in an inactive form or are not seen at any significant 
level in the cell, presumably because they are turned over rapidly by 
proteases. Some of these proteins have been identified as key enzymes 
involved in metabolic pathways and protein translation (Horwich et al, 
1993). Similarly, global depression of the heat shock response of which 
the groES and groEL genes are a component leads to substantial aggre-
gation of proteins and extreme temperature sensitivity, both of which 
can be suppressed by the overexpression of the groES and groEL genes 
alone (Gragerov et al, 1992). Overexpression of both genes can also 
suppress temperature-sensitive mutations in a wide variety of other pro-
teins. This is presumably because the defect in these mutant proteins is 
in their folding pathway rather than the final folded protein, and in-
creased levels of chaperonins are able to increase the proportion of 
proteins that partition to the active state (Van Dyk et al, 1989). It is 
worth recalling that both groES and groEL are essential for growth of 
E. coli at all temperatures (Fayet et al, 1989); thus, although some 
GroEL-mediated reactions can proceed without GroES in vitro, at least 
one and probably several essential proteins must require both to act 
in vivo. 
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11. AVOIDANCE OF DEAD ENDS 

It is worth introducing at this point the possible origins of yield en-
hancement in protein folding by considering the reaction scheme shown 
in Fig. 3. The pathway U ^^ I -^ N is productive, but the yield of folded 
protein is reduced by the nonproductive paths U -^ Mi and 1 ^ ' M2 (see 
Fig. 3A). There are three possible ways in which the chaperonin system 
can enhance the yield of N, the native protein. First, it could catalyze 
the steps U —» I and/or U ^^ N, so increasing the flux of molecules 
through the productive path at the expense of the unproductive. This 
mechanism would require, as in conventional catalysis, the stabilization 
of specific transition state structures and these will be different for each 
protein substrate. The lack of structural similarity in chaperonin sub-
strates and, in most reactions, the absence of rate enhancement preclude 
this as a general mechanism. Second, the steps leading to Mi and M2 
can be arrested. The blocking of off-pathway reactions has been widely 
discussed and, in essence, requires the binding and stabilization of on-

A B 

I c 4 c^\ 
T y u — • I — • N 

Ml M2 I I 

Fig. 3. Possible modes of cpn60 action. Shown in (A) is a simplified and general scheme 
for protein folding and misfolding. Schemes shown in (B), sequestration by binding; (C), 
encapsulation; and (D), recycling of misfolded forms; represent ways in which cpn60 can 
influence the process. For the model of sequestration by binding (B) and the model of 
encapsulation (C), the misfolded forms (Mi and M2) are aggregates since these mechanisms 
are based purely on the abihty of cpn60 to suppress the aggregation process. A full 
description of these schemes is given in Section II of the text. 
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pathway states, i.e., U or I (shown in Fig. 3B). This is a particularly 
attractive proposition if Mi and M2 are aggregated forms of the protein, 
since the binding of U or I to cpn60 will prevent their interacting with 
each other in free solution. However, this has the disadvantage of reduc-
ing the folding rate. The preferential stabilization of U and/or I will not 
only reduce the flux to the misfolded forms but also that to the native 
state (N). This aspect is described in more quantitative detail in Section 
VI. An alternative means of blocking off-pathway reactions that lead to 
aggregated forms is to isolate the folding, monomeric species from each 
other to prevent their collision (shown in Fig. 3C). This is different from 
the binding model (Fig. 3B) in that the protein is encapsulated in an 
''Anfinsen cage" without interaction with the sides (Saibil et al, 1992; 
Elhs, 1993; Martin et al, 1993a). In these circumstances aggregation can 
be prevented without an accompanying retardation of the folding rate, 
although an initial interaction of the protein substrate and the chaperonin 
must occur in order to locate the substrate in the cage in the first place. 

Third, Mi and M2 can be converted back to U and/or I (shown in Fig. 
3D). This is an attractive mechanism since it will not inhibit the flux 
through the folding pathway but will increase the yield of the native 
state. This outcome is close to the observed behavior of a majority of 
chaperonin-assisted reactions, and will require the input of energy to 
recycle the protein substrate from misfolded states back onto the produc-
tive pathway. It is also true that, in a spontaneous folding reaction where 
the majority of the protein molecules form misfolded states (Mi and 
M2), and their conversion to structures on the productive folding pathway 
(U or I) is slow, this third mechanism could account for chaperonins 
accelerating the measured rate of folding (as seen by Peralta et al, 1994, 
and Staniforth et al, 1994a) without acting as a catalyst of steps in the 
productive pathway. The structural nature of such misfolded states is 
not specified by this model; they may be "scrambled" monomers with 
an inappropriate tertiary fold or "low order" aggregates in which the 
association of a small number of chains blocks their progression to the 
native state. In either case, if the encounter between protein and cpn60 
randomly disrupts nonnative intra- or intermolecular interactions it will 
release the trapped state to allow folding to resume. 

At its most basic, the mechanistic argument reduces to whether the 
transient association of the protein substrate with the chaperonin surface 
is used, passively, to prevent aggregation (Fig. 3B or 3C) or, actively, 
to induce changes in the structure of misfolded forms so facilitating 
progression to the native state. It is the relationship between the process 
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of spontaneous folding, chaperonin-substrate interactions and the use 
of chemical energy that will concern the remainder of this chapter. 

III. SPONTANEOUS PROTEIN FOLDING 

The experimental model of assisted protein folding from which almost 
all physical data have been derived is based on unfolding the protein 
substrate by use of chaotropic denaturants, pH, or heat and introducing 
the denatured form into native solvent conditions in the presence of 
chaperonins. To gain an understanding of the influence of chaperonins 
in such conditions, it is essential to consider what is known of the sponta-
neous folding process. 

The least native-Hke states of proteins are adopted in high concentra-
tions of guanidinium chloride or urea, where the structure is described 
as a random coil. In this state the polymer has no noncovalent stabilizing 
contacts between residues and conformation is determined only by steric 
hindrance. In this form the protein volume is large and the side chains 
and backbone rotate freely. When the denaturant is diluted out, the chain 
instantaneously and probably randomly contracts due to nonspecific 
interactions (Karplus and Shakhnovich, 1992). This contraction occurs 
within the dead time of the most rapid mixing experiments. During the 
next 1-50 ms, depending on the protein, a high proportion of the native 
amide hydrogen bonds are formed to generate a framework of secondary 
structure, but contacts between side chains are weak or absent. This 
leaves even the core side chains relatively free to rotate and in a "liquid" 
state giving rise to the term "molten globule" to describe this state or 
collection of states (for review, see Pittsyn, 1992). The stability of the 
molten globule type of intermediate over the random coil is small com-
pared with that of the native over the intermediate (Mann and Matthews, 
1993). If such intermediates are formed rapidly and are only marginally 
stable, then they must be able to unfold quickly and sample new confor-
mations before undergoing the next step. 

The final phase in the folding of a small monomer is slow, occurring 
over a period of 50 ms and longer, depending on the protein, and is 
characterized by a solidification of the interior of the protein brought 
about by the precise docking of side chains which, in addition, stabilizes 
the existing secondary structure and promotes the formation of the 
remainder. In large, multidomain proteins the evidence suggests that 
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preformed, native-like domains then shuffle and pair, and in oUgomeric 
proteins weU-ordered subunits must colHde to bring interfaces together 
(Garel, 1992). 

With regard to the function of chaperonins, there are several aspects 
of the above process that deserve consideration; these stem from the 
central question of what goes wrong with the process and leads to the 
need for these specialized helper proteins. 

The first, reasonable possibility for folding errors is the aggregation 
of the long-lived molten globule states; these wiU be populated before 
earUer species can interact with one another. The colHsion of protein 
chains will occur at a diffusion controlled rate of 10^-10^ M'h"^, and 
the protein concentration in most refolding experiments is between 10"^ 
and 10"^ M (discussed in Section IB). It wiU thus take between 0.1 and 
100 s for the first steps in protein-protein aggregation to occur, whereas 
the first folding intermediates are formed on the millisecond time scale. 

It is widely, but not universally, beheved that the essence of chaperonin 
action hes in the ability to bind specifically to these molten globule states 
to prevent their aggregation. A consideration of the kinetics of such a 
mechanism is given in Section VI. For the present purposes, this model 
envisages a distinct and productive intermediate with a defined structure 
that is inherently insoluble, being prone to aggregation through the 
interaction of exposed hydrophobic side chains. Such an argument is 
not wholly convincing, since the best-characterized of these transient 
states has been found to have extensive intramolecular contact between 
such hydrophobic side chains in the core of the structure (Matouschek 
et al.y 1992b), making them unavailable for intermolecular contacts that 
cause aggregation. However, the intermediate states in folding that have 
been most extensively studied are those encountered in small, mono-
meric proteins that tend to fold rapidly and efficiently without detectable 
aggregation. In larger structures and, perhaps more particularly, those 
composed of multiple subunits, the tendency for folding intermediates 
to aggregate in a disordered manner is almost certainly greater. 

Moreover, it has been demonstrated that protein-cpn60 interactions 
occur by hydrophobic contacts and these are most available when the 
protein is extensively unfolded. Given that folding intermediates in gen-
eral are unstable, and in relatively rapid equilibrium with more unfolded 
states, it is likely that association with the chaperonin will predispose 
such structures to unfold to some extent (Zahn et aL, 1994). To say that 
chaperonins preferentially bind the molten globule is like saying enzymes 
preferentially bind the reactant state in a conventional enzymatic reac-
tion because this is the form most often encountered. 
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Another source of inefficiency in folding arises from the possibiUty 
of multiple pathways. Proteins, and perhaps particularly large ones, 
may collapse into a series of conformers; some are productive and 
fold easily to the native state, some must slowly rearrange in order 
to proceed to the native form (Sosnick et ai, 1994), and others are 
trapped in kinetic dead ends; they are misfolded, inactive, and unable 
to unfold to sample more productive routes (Peralta et ai, 1994). 
This more random mechanism of folding has recently been supported 
by experiments performed on lysozyme, which has been shown to 
fold through parallel rather than sequential pathways (Radford et ai, 
1992; Miranker et ai, 1993). Even in a protein as small as this, a 
single defined molten globule intermediate does not exist. Any two 
molecules may follow different paths and pass through different 
intermediate states. Bovine pancreatic trypsin inhibitor, the folding 
of which has been examined in great detail (Weissman and Kim, 
1991; Creighton, 1992), is seen to pass through a number of rapidly 
and slowly interconverting intermediates, some of which constitute 
kinetic bUnd alleys. Inevitably some of these types of intermediates 
with extensive, exposed hydrophobic surfaces will aggregate to form 
an insoluble mass, but this is not always the case; some stable and 
misfolded states remain perfectly soluble (Teschner et ai, 1987; Peralta 
et al, 1994; R. N. Sleigh, A. R. Clarke, and J. J. Holbrook, unpublished 
data, 1993), although they may still be multimeric. 

IV. ENERGY TRANSDUCTION: 
ROLE OF ATP IN CHAPERONIN ACTIVITY 

One of the most intriguing aspects of the chaperonins is their ability 
to capture chemical energy derived from the magnesium-dependent hy-
drolysis of ATP and use this to improve the yield of otherwise inefficient 
folding reactions. The requirement for an energy input is, at least at first 
sight, difficult to understand. 

In muscle the free energy of ATP hydrolysis is used in the contraction 
of fibers, and in membrane ion pumps it is used to drive the transloca-
tion of ionic species against concentration and charge gradients. In 
these processes the requirement for energy is self-evident. This is not 
so in the case of chaperonin-assisted protein folding because the 
folding of protein molecules is energetically favorable. In G proteins 
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nucleotide turnover is used to to initiate, and to control the duration 
of, hormone-dependent cellular activity through the modulation of 
protein-protein interactions. This role in the initiation and timing of 
biological events is also not apparent in chaperonin activity, unless 
the folding protein is captured in an isolated cavity and is periodically 
allowed to escape. It is tempting to speculate that any energy require-
ment in a process that is energetically favorable is required for the 
type of transient reversal required to unravel mistakes. In an attempt 
to identify the requirement for chemical energy we now examine 
what is known of the ATPase cycle and the properties conferred on 
the chaperonins in each component state. 

The diversity of chaperonin behavior, dependent on the protein sub-
strate, has already been described and it must be stressed that some 
proteins require only cpn60 and ATP to achieve an improved yield of 
the native state on a rapid time scale (Jackson et al, 1993; Mizobata et 
ai, 1992; Fisher, 1992). The coprotein cpnlO, albeit necessary for the 
refolding of some proteins, can therefore be said to amehorate the 
function of cpn60 rather than being an indispensable element of its action 
in all cases. As a consequence of this it is worth considering the hydrolytic 
reaction in the absence of cpnlO. 

A. Binding and Hydrolysis of ATP: Emergence of Positive and 
Negative Cooperativity in Chaperonin 60 

Steady-state kinetic experiments, in which the velocity of the ATPase 
activity of cpn60 is measured as a function of ATP concentration, reveal 
a sigmoidal dependence characteristic of positive cooperativity that is 
near-saturated above 0.1 mM (Gray and Fersht, 1991; Yifrach and Horo-
vitz, 1994). However, if a solution of 0.16 mM ATP is mixed with increas-
ing concentrations of cpn60 and the initial reaction velocity is measured, 
this does not reach a maximum until 0.32 mM cpn60 subunits are present. 
In other words, only half of the subunits are catalytically active at any 
time (Burston et al., 1995). These results imply that occupation of the 
first ring of cpn60 with ATP inhibits occupation of the second; i.e., there 
are two, distinct forms of homotropic communication in cpn60: positive 
cooperativity within a ring and negative cooperativity between them. 
The latter type of behavior is strikingly manifested by a mutant of cpn60 
(GroEL R196A) that shows a strongly biphasic ATP dependence in 
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Steady-State hydrolysis. In the first phase, at low [ATP], there is the 
expected increase in hydrolytic rate with increasing nucleotide concentra-
tion, whereas at higher concentrations the rate sharply declines (Yifrach 
and Horovitz, 1994). These observations show that ring: ring asymmetry 
in cpn60 is established by nucleotide interactions alone and does not 
require the one-sided association of cpnlO observed in structural studies. 

B. Asymmetric Behavior in ADP Binding 

Weak, cooperative binding of ADP to cpn60 alone can be followed 
by the response of an undisruptive pyrenylmaleimide probe, the fluores-
cence of which is sensitive to the conformation of the protein (Jackson 
et al, 1993). This binding process is half-saturated at an ADP concentra-
tion of 2.3 mM and induces a 12-15% enhancement in pyrene fluores-
cence. However, there is an initial, high-affinity binding process occurring 
in the micromolar range that can be detected either by a very small 
(0.20-0.25%) fluorescence decrease or by conventional Scatchard analy-
sis of free and bound ADP using ultrafiltration (Burston et al, 1995). 
This tight binding process accounts for only seven molecules of ADP 
per 14-mer. Thus, both ATP and ADP occupy the first ring with high 
affinity and the second with low. 

C. Rates of Individual Steps in ATPase Cycle of Chaperonin 60 

The rate of the steady-state cycle of ATP binding, hydrolysis, and 
product release in the absence of cpnlO is 0.04 mol of ATP consumed 
per mole cpn60 subunit per second. Given that only half of the cpn60 
subunits can bind and hydrolyze ATP at any time, the rate-limiting 
step occurs at 0.08 s"^ A true single-turnover reaction in this system is 
achieved by mixing seven equivalents of ATP with one cpn60 oligomer 
(14-mer). When such a reaction is performed under saturating conditions 
[0.2 mM ATP 0.03 mM (cpn60)i4] and the total (free and bound) ortho-
phosphate product is measured as a function of time, the progress of 
the reaction is described by a single exponential process with a rate 
constant of 0.08 s"^ These results show that the release of products does 
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not limit the rate of the steady-state reaction, otherwise single-turnover 
hydrolysis, which requires no product release, would be quicker. 

By use of the pyrene fluorescence probe and stopped-flow mixing 
methods, it has been estabHshed that ATP binding is highly cooperative 
and occurs in two stages. ATP first forms a weak coUision complex 
with a dissociation constant of 4 mM. This binding event then drives a 
rearrangement of the oligomer at a rate of 180 s"̂  (Jackson et al, 1993). 
We can therefore describe the ATPase cycle of a single ring as: (1) 
weak ATP binding; (2) fast cooperative rearrangement to produce a 
conformation in which ATP is bound tightly; (3) slow, rate-limiting 
hydrolysis; (4) product releae (see Fig. 4). 
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Fig. 4. The ATPase cycle of cpn60. The diagram summarizes the hydrolytic cycle of 
cpn60 and the coupling of the energy of ATP hydrolysis to structural rearrangements in 
the protein (Jackson et al, 1993). The steps are described in detail in Section IV of the 
text. A'd values are equilibrium dissociation constants, KQ_S is the concentration of ADP 
needed for half saturation of cpn60, and k values represent rate constants. Note that 
hydrolysis is the slowest step, making the weak protein binding conformer with associated 
ATP the steady-state (predominant) complex. The association of cpnlO dramatically 
reduces the rate of dissociation of ADP (Pi) from cpn60 subunits and so enhances its 
binding affinity. Protein binding affinities (A'd(protein)) are for the unfolded form of bacterial 
LDH (Staniforth et al, 1994b). 
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D. Conformational Rearrangement of Chaperonin 60 and Positive 
Cooperativity within Ring 

As described in Section I,B, the binding of ATP and analogs promotes 
the dissociation of bound protein substrates. Apo-cpn60 has the highest 
affinity for nonnative proteins; for the purposes of this discussion we 
call this conformation the P state, or protein-binding state. The re-
arrangement induced by the interaction with ATP weakens protein bind-
ing and produces a conformation, which we denote the A state, or ATP-
bound state. Note that the rate of rearrangement is several thousand 
times faster than the rate of hydrolysis so that the A state is rapidly 
populated. The structural changes that occur in the transition from the 
P to the A state are described in detail in Chapter 9. 

If the association of ATP is examined at equilibrium the binding 
curve is sigmoidal, showing positive cooperativity with a Hill constant 
of between 3 and 4. The binding of ATP is very tight with half-saturation 
occurring at a concentration of 10 fxM. This tight binding is in line with 
existence of the two conformers, with the P state binding ATP weakly, 
and the A state tightly. In a classical Monod-Wyman-Changeux (MWC) 
analysis, the P and A states constitute the T and R forms of the protein, 
respectively. The stopped-flow experiment gives the weak binding con-
stant to the T form (̂ d(ATP), 4 mM) and, with a cooperative unit of 
seven ATP sites, the binding constant to the R form (î d(ATP)) is 5 fiM, 
and L, the ratio of T to R forms in the unliganded state, is 860. With a 
cooperative unit of 14 ATP sites, the binding curve gives a poor fit to 
the MWC model. The cooperative mechanism is summarized in Fig. 5 
[data taken from Jackson et al (1993)]. The binding affinity for unfolded 
lactate dehydrogenase in the P state is very high, the dissociation constant 
(i^d) being 7 nM (Staniforth et al, 1994b). When converted to the A 
state by association with ATP, the binding affinity is reduced by at least 
17-fold (iCd, 120 nM), and on hydrolysis of the nucleotide to give the 
ADP (Pi) state the affinity is increased {K^, 30 nM). 

These findings are important for three reasons. First, they show that 
ATP binding energy is used to alter the structural properties of cpn60 
to allow it to release a bound protein. Hydrolysis and product dissociation 
serve to return the chaperonin to its original, tight protein-binding state. 
This conclusion is also borne out by the observation that AMP-PNP 
(an unhydrolyzable analog of ATP) is able to displace proteins more 
effectively than is ADP or a combination of ADP and Pi (Jackson et 
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Fig. 5. Cooperativity in cpn60. As shown in Fig. 4, cpn60 exists in at least two 

conformational states; here they are designated the P- and A-forms. ATP binds weakly 
to the P-form and tightly to the A-form, thus driving the conformational equilibrium 
toward the latter. Cooperativity is represented as an MWC model, with the T-state being 
the P-form and the R-state being the A-form. The relevant MWC parameters are given 
on the diagram and the model is discussed in detail in Section IV. In the presence of 
cpnlO the cooperativity of nucleotide binding is increased. The values are calculated from 
data presented in Jackson et al. (1993). 

al, 1993). Second, the rearrangement is highly cooperative, so that all 
subunits contributing to the toroid change structure in a concerted fash-
ion. Third, the equilibrium ratio of the P to the A state in the absence 
of ATP is only 860 (the L value in an MWC model), whereas the ratio 
of the binding affinity of ATP to these respective states is 7.5 X 10""̂  
(the c value). These values mean that the binding of a single ATP 
molecule to the 7-mer toroid of cpn60 is sufficient to tip the structural 
equilibrium so that the A and P states are energetically balanced (the 
P: A ratio then becomes Lc ^ 1.1). Binding seven ATP molecules to the 
cooperative unit gives a ratio of 4.1 X 10"̂ ^ (Lc^), i.e., massively in favor 
of the A state (see Fig. 5). If this ratio is compared to the binding of 
molecular oxygen to hemoglobin, where c = 0.01 and L = 300,000, three 
oxygen molecules must bind before the tetramer is tipped into the R 
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State, and even when fully saturated the T: R ratio is 3 X 10" .̂ This 
means that in the case of the chaperonin there is a large amount of 
"spare" energy in the conversion of the P to the A state when saturated 
with ATP: presumably this is used to eject bound protein substrates that 
associate preferentially with the P state and therefore increase the value 
of L. The effectiveness of nucleotides in displacing the protein substrate 
is in the order ATP > AMP-PNP > ADP (see Section I,B). This ability 
reflects the degree to which these nucleotides promote a cooperative 
transition to the A state, which has only a weak affinity for unfolded pro-
teins. 

E. Nucleotide Asymmetry in Chaperonin 60: Implications for 
Hydrolytic Cycle 

As described above, the binding of both ATP and ADP shows 
negative cooperativity with respect to the occupation of the two rings; 
i.e., the first ring is filled with high affinity, but this converts the 
second ring to a low-affinity state. Such behavior is unusual in biology 
and this prompts the somewhat teleological response that it is an 
indispensable element of the mechanism. The most compelling interpre-
tation of ATP/ADP asymmetry is that it provides a basis for a 
reciprocating mechanism; i.e., the instabihty of complexes containing 
either 14 ATPs or 14 ADPs is used as a device to switch the rings, 
in an alternating cycle, between the P state and the A state. Thus, 
at any time, one ring will be occupied by ATP and the other by 
ADP (Pi). Hydrolysis of ATP on the first ring will then lead to 
displacement of ADP(Pi) on the second to allow its occupation with 
ATP. This type of mechanism is described in Fig. 6. 

F. Behavior of Chaperonin 10 in ATPase Cycle 

Although some protein substrates do not need the assistance of 
cpnlO for folding yields to be enhanced (Mizobata et ai, 1992; Fisher, 
1992; Jackson et ai, 1993), others do. In some cases the cpnlO is essential 
to achieve any renaturation of the protein substrate (Goloubinoff et 
ai, 1989) and in others it has been clearly shown that the requirement 
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Fig. 6. Asymmetry in the binding and hydrolysis of nucleotides by cpn60. Even in the 
absence of cpnlO, both ATP (top, left) and ADP (top, right) bind much more tightly when 
occupying the first ring than the second. In the diagram each ring is represented as a single 
unit that can adopt one of the three conformations (middle, left). A proposed catalytic 
cycle is shown (center) in which the initial turnover of ATP on half of the sites produces 
tightly bound ADP on a single ring. This forces further ATP to bind and hydrolyze on 
the opposite ring to give an unstable, symmetrical ADP7: ADP7 complex. This instabihty 
then drives dissociation of ADP from one ring, so producing a more stable asymmetric 
form with seven free sites for ATP. The second half of the cycle then commences. We 
have assumed that dissociation of ADP occurs from the ring opposite to that on which 
ATP has just been hydrolyzed, so that the cycle alternates from side to side. The most 
highly populated states in the cycle are ADP7: ATP7 and ATP7: ADP7, meaning that each 
ring spends half its time in a tight protein-binding conformation and half in the weak. 

for cpnlO depends as much on the solvent conditions as on the species 
of protein substrate (Schmidt et al.y 1994a). The precise role of cpnlO 
remains one of the more enigmatic aspects of the mechanism, but 
the accepted properties of the extensively studied cpnlO from E. coli 
(GroES) are as follows. It is a heptameric toroid of identical subunits 
which, in the presence of ATP, AMP-PNP, or ADP, forms a high-
affinity complex with cpn60. In most conditions this complex is asym-
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metric with a single cpnlO ring associated with one end of the cpn60 
double toroid. However, with ATP, at a slightly elevated pH and at 
high concentrations of magnesium ions, a symmetrical complex is 
formed with two cpnlO rings (Schmidt et al, 1994b). From such 
observations it is tempting to suggest that this symmetrical structure 
may be an intermediate in an ATPase reaction cycle that involves 
the association and dissociation of cpnlO on alternating sides of 
cpn60. Support for a cycUc displacement mechanism comes from the 
observation that the normally very stable and asymmetric cpn60: 
ADP: CpnlO complex is induced to dissociate by the addition of ATP. 
This effect was noted in experiments that measured the exchange of radio-
actively labeled components (Lorimer and Viitanen, 1993), and further 
demonstrated by fluorescence measurements in which the migration of 
CpnlO from a labeled cpn60: ADP: cpnlO complex to unlabeled cpn60 
was seen to occur rapidly on addition of ATP (Burston et ai, 1995) but not 
unhydrolyzable analogs. 

These complications aside, a known effect of cpnlO in chaperonin 
complexes is to stabilize the binding of ADP (Jackson et ai, 1993) by 
reducing its rate of dissociation from the cpn60: ADP: cpnlO complex 
(Todd et ai, 1993). If this complex is challenged with alkaline phospha-
tase to destroy any free ADP, the rate of decay of this species is 0.004 
s"^ During steady-state hydrolysis in a cpn60/ATP mixture, the addition 
of CpnlO reduces the rate of turnover from about 0.08 s"̂  per active 
subunit to about 0.04 s"̂  (taking into account that only half the sites 
can undergo hydrolysis at a time). If a mixture of fluorescently labeled 
cpn60, CpnlO, and ATP is allowed to reach the steady state and the 
reaction is "flooded" with a 10-fold excess of unlabeled cpn60, the rate 
of migration of cpnlO to the unlabeled form is the same as the rate of 
ATP hydrolysis. These measurements demonstrate two characteristics 
of CpnlO in this compHcated catalytic cycle. First, it undergoes obligatory 
dissociation from the complex on each round of hydrolysis and, second, 
this step appears to hmit the turnover rate of ATP. As mentioned above, 
stable ATP analogs do not displace cpnlO from a cpn60: ADP: cpnlO 
complex, showing that it is the hydrolysis of ATP that triggers the dis-
placement of the coprotein. In addition to these observations, it is note-
worthy that exchange of cpnlO between cpn60 molecules can occur 
at substoichiometric ratios (e.g., 1 cpnl0:4 cpn60), implying that the 
formation of a symmetrical complex with two cpnlO oligomers per cpn60 
is not an obligatory intermediate in the exchange process (Burston et 
ai, 1995). 
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G. Effect of Chaperonin 10 on Cooperativity and Displacement of 
Protein Substrates 

The cooperativity of ATP and AMP-PNP binding to their sites on 
cpn60 is increased in the presence of cpnlO. The coprotein therefore 
enhances the "sharpness" of the transition between the P state and 
the A state (Jackson et al, 1993). This increased cooperativity is also 
manifested in the kinetics of ATP hydrolysis (Gray and Fersht, 1991; 
Todd et al, 1994; Yifrach and Horovitz, 1994). Chaperonin 10, in addi-
tion, reduces the binding affinity of cpn60 for its protein substrates 
(Martin et al, 1993a; Staniforth et al, 1994b). Such a combination of 
effects would produce a more concerted switch between the tight and 
weak protein-binding forms of cpn60 in the ATPase cycle and facilitate 
the release of the protein substrate. It has been proposed that this "all-
or-nothing" switch, coordinated by cpnlO, is important in expelling the 
substrate from all binding surfaces in a single step (Jackson et al, 1993; 
Todd et al, 1994). 

The underlying mechanism by which cpnlO achieves these effects is 
not entirely understood, but some insight into the process has been 
acquired through recent structural (Chen et al, 1994; Braig et al, 1994) 
and site-specific mutagenic studies (Fenton et al, 1994). The results of 
this work show that protein substrates and cpnlO bind to the same surface 
on cpn60; i.e., the site responsible for the binding of hydrophobic chains 
on protein substrates is the same as that which binds the hydrophobic 
and mobile loop on cpnlO identified by NMR spectroscopy (Landry et 
al, 1993). 

One possibility, therefore, is that cpnlO displaces the protein from its 
site on cpn60 by direct competition. In some models of cpnlO action, 
direct displacement of the protein substrate by the coprotein is thought 
to drive its translocation through the center of the cpn60 complex to 
interact with the other toroid, or simply to release the protein into an 
internal cage where folding can proceed (Martin et al, 1993a). Despite 
the attractive simplicity of this mechanism, direct visualization of a com-
plex containing cpn60, cpnlO, and mMDH, made in the presence of 
either ATP or ADP and rapidly vitrified, shows the protein substrate 
and the cpnlO coprotein bound at opposite ends of cpn60. It appears 
that the action of cpnlO in displacing bound proteins is communicated 
from one ring to the other. This mechanism is consistent with much of 
the unorthodox negative cooperativity shown in ring-to-ring communica-
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tions in cpn60. This behavior is exempHfied by the asymmetric binding 
of ATP, ADP, cpnlO, and the mMDH substrate itself (Chen et al, 1994). 
It follows from these properties that cpnlO and protein substrates would 
oppose each other's association with cpn60 from opposite ends; i.e., the 
binding of cpnlO to one ring would be expected to promote release of 
protein substrate from the other. In line with this idea it has been 
ingeniously shown in trapping experiments (Weissman et ai, 1994) that 
proteins are ejected from the cpn60 surface and rebind many times 
during folding. This may mirror, in a reciprocal process, the obligatory 
dissociation and reassociation of cpnlO that is driven by the hydrolytic 
cycle. From this point of view it is interesting to note that, from a 
combination of both spectroscopic and cryoelectron microscopy data, it 
can be shown that in active refolding conditions, where unfolded mMDH 
is being "chaperoned" to the native state—but well before the stage of 
commitment has been reached—the predominant form of cpn60 has 
a high occupancy of cpnlO (as expected from a system in which the 
displacement of cpnlO is rate-Umiting) but a low occupancy of the protein 
substrate on its binding surfaces (A. R. Clarke and H. R. Saibil, unpub-
lished data, 1994). This means that in the steady state of an assisted 
folding process much of the mMDH is free in solution. 

If it is true that cpnlO and protein substrates compete in their binding 
to cpn60, albeit from opposite ends via negative cooperativity, then it 
ought to be possible to find conditions in which the presence of a bound 
protein substrate interferes with the association of cpnlO. This expecta-
tion is fulfilled by the observation that unfolded proteins can, at least 
partially, displace cpnlO from an otherwise stable cpn60: ADP: cpnlO 
complex (Martin et al, 1993a; S. G. Burston and A. R. Clarke, unpub-
lished data, 1994). Additionally, if a stable complex between cpn60 and 
denatured mMDH is initially formed and then challenged with ADP 
and CpnlO, the association of the coprotein is very slow and incomplete 
(S. G. Burston and A. R. Clarke, unpubhshed data, 1994). These resuhs 
with mMDH gained from spectroscopic experiments are reinforced by 
cryoelectron microscopy, which shows the association of mMDH at the 
opposite end of the cpn60 oligomer to the one at which cpnlO is associ-
ated. The contact between cpn60 and cpnlO is only tenuous in these 
''three-protein" complexes and the conformation of cpn60 is very "open" 
and distorted. In other molecules in the field the cpnlO has dissoci-
ated and only mMDH is bound to cpn60. Conversely, in the presence 
of ATP, CpnlO is effective in displacing mMDH from a preformed 
cpn60: mMDH complex. 
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These experiments imply that during a reciprocating catalytic cycle 
the ATP state favors association of cpnlO and dissociation of the protein 
substrate, whereas hydrolysis and the consequent formation of the 
ADP(Pi) state favors association of the substrate and displacement of 
cpnlO. This hypothesis is strengthened by the data of Weissman et al 
(1994), which show that protein substrates (rhodanese and ornithine 
transcarbamoylase) are discharged from the cpn60: cpnlO complex at a 
rate (—0.03 s"^) similar to that of the hydrolytic cycle. A scheme summa-
rizing these events is shown in Fig. 7. 

As this discussion shows, the question of the molecular role of cpnlO 
is a compHcated one and the properties described are only beginning to 
be unified to give a full and coherent explanation. Chaperonin 10 has 
an effect on the cooperativity of cpn60, on the symmetry of chaperonin 
complexes, on the affinity of nucleotide interactions, and on facihtating 
the displacement of tightly bound proteins. These are challenging issues 
that are attracting much deserved attention. 

V. CONFORMATION OF BOUND PROTEIN SUBSTRATES 

A major goal of physical experiments on chaperonins is to understand 
what happens to the conformational properties of folding proteins during 
their encounters with the binding surface of cpn60. At the heart of this 
goal he the hnked questions of how protein and nucleotide binding 
energies are used, and which structural state of the protein is preferen-
tially bound, and thus stabilized, by cpn60. Such insights would be akin 
to the demonstration that orthodox enzymes accelerate reactions by 
forming preferential contacts with the transition states of chemical reac-
tions, although, as explained earher, the analogy between enzyme cataly-
sis and chaperonin-assisted folding may not be strong. 

Techniques for following the steps in spontaneous folding reactions 
are well developed. These techniques include continuous, time-resolved 
measurements of the acquisition of secondary structure by circular di-
chroism, the development of stable hydrogen bonds by amide protection 
NMR, the rate of formation and decay of intermediates by monitoring 
the transient association of fluorescent hydrophobic molecules, and the 
effect of mutations on the kinetics and energetics of the process (for 
reviews of these subjects, see Creighton, 1993). All of these techniques 
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Fig. 7. Dynamics of protein substrate and cpnlO binding in the hydrolytic cycle. In 
the initial turnover of a tight cpn60: protein binary complex, ATP and cpnlO bind to the 
ring opposite to the protein substrate (Chen et al, 1994) and the nucleotide is hydrolyzed 
to establish complex 1 in the cycle. Binding of ATP to the protein-bound ring releases 
the substrate from complex 2. Hydrolysis of ATP forces cpnlO and ADP to dissociate 
(Todd et al. 1994; Burston et al, 1995) from the opposite ring, producing complex 3. The 
binding of ATP to the vacant sites followed by rapid association of cpnlO [the coprotein 
binds only slowly to cpn60:ADP (Jackson et al, 1993)] leaves the open, ADP-ring in 
complex 4 free to bind the protein substrate tightly once more. Hydrolysis and ADP 
dissociation from the opposite ring then reset the cycle. The net result is a repetitive cycle 
in which both cpnlO (Todd et al, 1994; Burston et al, 1995) and the protein substrate 
(Weissman et al, 1994) are forced to associate and dissociate. Complexes 2 and 4 are 
long-lived; complexes 1 and 3 are transitory. 

become impossible, difficult, or merely awkward to interpret when chap-
eronins are introduced. 

The early assertion that cpn60 specifically binds the molten globule 
intermediate was drawn from the observation that the tryptophan fluo-
rescence properties of bound rhodanese when arrested in its folding are 
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intermediate between those of the native and the random coil states. In 
addition, cpn60-associated rhodanese is able to bind the fluorescent dye, 
anilino-naphthalene-sulphonate (ANS), so increasing its emission inten-
sity (Martin etai, 1991). This latter property is considered to be a diagnos-
tic for the formation of the molten globule in free solution. The problem 
with such optical probes is the notorious uncertainty in interpreting the 
signal. The fluorescence of tryptophan may be enhanced or shifted in 
wavelength by its interaction with hydrophobic sites on cpn60, and ANS 
binding sites may be formed by pockets in the cpn60: protein complex 
rather than those exclusively within the bound substrate. 

Contradictory evidence was initially provided by experiments on LDH 
in which the dimeric native state was unfolded in denaturant, first to the 
''native-Hke" monomer, then to a part-folded intermediate having the 
accepted properties of a molten globule, then to the fully unfolded, 
random coil state. Only when folding was initiated from the completely 
unfolded state did cpn60 interact tightly with LDH and so block the 
folding reaction. When folding was initiated from a productive molten 
globule, cpn60 had little affinity (Badcoe et al, 1991). This result can be 
rationalized if one takes into account the observation that unfolding 
only as far as the molten globule before renaturation gives a high yield 
of active enzyme, whereas the yield of refolding from the fully denatured 
state is low. In the first case, a productive molten globule state refolds 
with httle interaction with cpn60. In the second, the collapse of the 
random chain leads to states that are less well organized, fold less produc-
tively, and bind tightly to cpn60 with dissociation constants in the nano-
molar range (Badcoe et al, 1991; Staniforth et al, 1994a). Experiments 
using rapid mixing techniques on a mutant form of barnase show that 
cpn60 has a higher affinity for states more unfolded than the major, 
long-lived intermediate (Gray and Fersht, 1993); this latter state has 
little tendency to bind to cpn60. 

Work with a-lactalbumin has produced somewhat conflicting conclu-
sions (Hayer-Hartl et al, 1994; Okazaki et al, 1994). The protein can be 
trapped in various states of "foldedness" by the removal of the calcium 
ions or by breaking or scrambling the native disulfide bridges. The former 
condition produces a structure that is considered to be an orthodox 
molten globule, but this does not bind to cpn60. However, less organized 
states with scrambled disulfide bridges that still maintain some secondary 
structure do bind, as has been confirmed by studies utilizing electrospray 
ionization mass spectroscopy (Robinson et al, 1994). If the process of 
denaturation is taken to its extreme by carboxymethylating all the cys-
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teine residues in the protein, binding to cpn60 is abolished. Finally, NMR 
amide protection experiments show that cpn60 in its tight protein-binding 
form stabilizes cyclophilin in a conformation that has relatively freely 
exchangeable amide protons (Zahn et ai, 1994). This observation signi-
fies a weakening of backbone hydrogen bonds and is interpreted to mean 
that bound cyclophilin adopts a highly unfolded state. 

One of the problems with determining the state of protein substrates 
prior to their interaction with cpn60, and the change in state of the 
released material, arises from the complicated dynamics of assisted fold-
ing. This problem is illustrated by the fact that unfolded protein sub-
strates have to be diluted into a renaturing buffer containing the chaper-
onin components in order to initiate folding. In these circumstances it 
is probable that folding steps or aggregation processes will occur before 
interaction with cpn60. In addition, kinetic studies are limited to condi-
tions in which cpn60 is in excess of the concentration of protein substrate 
so that most of the substrate material is not irretrievably lost. In short, 
the condition of the substrate for assisted folding reactions, between its 
encounters with the chaperoin, is not static. These difficulties are partially 
alleviated by working with a substrate that can be maintained in an 
unfolded state in a solvent that does not denature chaperonins. The 
most promising substrate from this point of view is mMDH (Peralta et 
al, 1994), which can be trapped in an unfolded state by raising the 
temperature of the refolding reaction. It can then be released to com-
mence folding by the addition of chaperonins and ATP. 

If the mMDH refolding reaction is studied at a poised temperature 
(30°C) where some spontaneous folding occurs, but assisted refolding is 
highly efficient, the kinetic properties of the two processes can be com-
pared. Results from these experiments show that spontaneous folding 
proceeds through the slow folding of individual subunits followed by their 
association to produce active dimers. The formation of active mMDH is 
made inefficient by a misfolding process that occurs in two phases. The 
first is a rapid, colHsion-controlled formation of small aggregates that is 
only slowly reversible; the second is an irreversible phase of aggregation. 
In the presence of cpn60, cpnlO, and ATP, the first stage of the misfolding 
process is rapidly reversed. This has two effects. First, it increases (by 
a factor of 3-4) the observed rate constant for the productive folding 
of individual subunits by generating a higher concentration of viable 
monomers able to undergo this step (the scheme is summarized in Fig. 
8). Second, it increases (by a factor of 7) the yield of active mMDH. 
Experiments in which the final folding yield is measured as a function 
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Fig. 8. Chaperonin-assisted folding of mMDH. The productive folding of mMDH 
follows the pathway A -^ B ^ C but is subject to competition from a misfolding pathway 
(A -^ D ^ E), which consists of wrong associations between chains. Early aggregates (D) 
can only slowly dissociate in a spontaneous folding reaction but chaperonins induce rapid 
dissociation to maintain a pool of folding-competent monomers (A). The slowly formed, 
larger aggregates (E) cannot be salvaged by the action of chaperonins. The rate constants 
for each step have been defined and the process is described further in Sections V and 
VI of the text. 

of the number of turnovers of ATP allowed in the assisted reaction show 
that mMDH is not committed to progress to the native state until the 
monomers have folded to a state competent for correct dimerization. 

The fact that the second, irreversible phase of aggregation is slow 
means that mMDH can be ''rescued" from its early aggregated state 
for several minutes after spontaneous folding is initiated. A second 



200 Anthony R. Clarke and Peter A. Lund 

consequence is that cpn60 is effective at markedly substoichiometric 
ratios with respect to the substrate (1 cpn60:20 mMDH), there being 
sufficient time for a single cpn60 to undergo many binding and release 
cycles before the mMDH is lost to slow, irreversible aggregation. The 
conclusion of this study is that the chaperonin is able to bind to small 
aggregate structures and promote their dissociation to provide competent 
monomers for the folding reaction (A. R. Clarke, and H. R. Saibil, 
unpubhshed data, 1994). 

VI. GENERAL MODELS OF CHAPERONIN ACTION 

We have attempted to summarize a body of knowledge on the kinetics 
and energetics of protein folding, on the functional properties of the 
chaperonins, and on the interplay between the two. The information 
available is by no means complete, but it is sufficient to suggest models 
of the molecular mechanism by which this energy-dependent process 
leads to an enhancement of folding efficiency. The types of model cur-
rently envisaged fall into three categories. None requires specificity in 
the interaction between cpn60 and the folding protein; thus, all are 
able to account for the extraordinary diversity of substrates on which 
chaperonins act. 

A. Binding of Aggregation-Prone Intermediates 

One model proposes that the role of chaperonins is to sequester sticky 
protein folding intermediates from the bulk phase, thereby preventing 
their irreversible aggregation. The evidence that chaperonins prevent 
aggregation is undeniable (for examples, see Buchner et al, 1991; Martin 
et aiy 1991), but an inevitable consequence of this mechanism is that, 
although it will increase the yield, the interaction of chaperonins with 
folding intermediates will slow down the rate of formation of the native 
state in proportion to the decrease in the free concentration of these 
intermediates (Jackson et al, 1993); i.e., both the aggregation process 
and the folding process is inhibited. This conclusion is illustrated by the 
following scheme: 
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where U is unfolded protein; I is intermediate; N is folded protein; C is 
chaperonin; and I ag. is the aggregated form of I. 

In this system the rate of folding (Vf) is defined by 

Vt - k[ll 

and the rate of formation of the aggregate (Va) is given by 

K = K[iT^ 

The concentration of the intermediate is raised to the power n because 
aggregation is a multimolecular process. The value of n is typically 2.5 
(Zettlmeissl et al, 1979). When the processes of folding and aggregation 
compete, the pathways are partitioned according to their relative veloc-
ities, 

p = WVa = {ki\])l{K{\r) = (A:f/A:,)(l/[I]i-5), 

where p is the partition ratio describing the relative initial rates of the 
two pathways, thus reflecting the yield of native protein. This relationship 
shows that a decrease in the concentration of the free intermediate [I] 
by its binding to the chaperonin will increase the value of/? and so favor 
folding over aggregation. However, the velocity of the folding reaction 
(Vf) is directly proportional to the concentration of free intermediate, 
so this will be reduced. In this example a 10-fold increase in the value 
of p will result in a folding rate 4.6 times slower. 

If this model is correct, increases in the yield of native material in the 
presence of chaperonins will inevitably be accompanied by reductions 
in the rate of folding. In many cases this reciprocal relationship between 
folding efficency and folding rate is not observed. This fact is particularly 
well demonstrated by Buchner et al. (1991), who show that with citrate 
synthase, the kinetics of formation of the active enzyme are unaffected 
by the presence of chaperonins and Mg-ATP in experiments where the 
improvement of yield is 10-fold. This observation has also been made 
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in experiments with mMDH, where, under some conditions, the yield 
is improved threefold while the kinetics are unchanged (Miller et al, 
1993) and, more strikingly, in other conditions the observed folding rates 
are increased (Peralta et ai, 1994; Staniforth et al., 1994a). Therefore, 
the action of the chaperonins cannot solely be due to passive binding 
of unfolded protein states. 

B. Noninteractive Encapsulation: Anfinsen Cage 

A variation on this model, in which aggregation is suppressed, not by 
binding sticky intermediates, but by caging them in the central cavity 
(Saibil et al, 1993; Martin et al, 1993a; Ellis, 1993,1994), is more promis-
ing. For the reasons given above, folding would have to occur without 
significant interaction with the internal walls of the chaperonin toroids 
to avoid slowing the reaction down. This model must, nonetheless, in-
clude an initial binding of a nonnative protein substrate through hydro-
phobic interactions in order to locate them in the open cpn60 cavity. 
The association of cpnlO could then trap the protein in a closed cavity 
and simultaneously displace it from the walls of cpn60 to allow folding 
to proceed. The hydrolytic cycle must then include a step in which cpnlO 
is displaced from the complex to allow the folded protein to escape and 
another substrate to enter. 

As yet there is httle direct evidence for this model, but the architecture 
of cpn60 makes it seductive. It is also unclear whether the cavity is 
sufficiently voluminous to encapsulate the larger proteins that undergo 
chaperonin-assisted folding. The size of the cpn60 cavity, in terms of the 
molecular weight of a protein it could accommodate, then becomes a 
critical mechanistic feature. The best estimates of the shape and dimen-
sions of the cavity in the 7-subunit toroid (Chen et al, 1994; Braig et al, 
1994) are that it is a roughly cylindrical space with a height of 4.7 nm 
and a diameter of about 5 nm. The electron density corresponding to 
the last 24 residues is not visible in the crystal structure, but is clearly 
seen in cryoelectron microscopy images (Chen et al, 1994) to form an 
equatorial partition dividing the central cavity into two spaces, one in 
each toroid. Condensed folding intermediates, described as molten glob-
ules, have radii of gyration 15% larger than the native structure (calcu-
lated as an average of the properties summarized in Ptitsyn, 1992). Taking 
this increase into account the cavity could accommodate an intermediate 
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that had native dimensions of 4.10-nm height and 4.35-nm diameter. 
These values set an upper Hmit for a protein substrate capable of being 
completely engulfed in the cpn60 cavity. Taking the density of an average 
native protein to be 0.0023 nm^ Da"^ (derived from crystallographic 
analysis) gives a molecular weight of 26,500 for a perfectly fitting, dehy-
drated, and cylindrical folding intermediate. A spherical folding interme-
diate with a molecular diameter of 5 nm (native state 4.35 nm) would 
have a molecular weight of 19,000. The existence of tight bound hydration 
shells would reduce these values still further. It should be noted that 
the mass of 90 kDa quoted widely in the literature derives from a calcula-
tion that assumes the bound substrate to be native, perfectly cylindrical, 
and dehydrated, an unlikely trio of properties. 

The possibility of folding, or at least critical steps in the process, 
occurring in a chaperonin cage looks more promising in cpn60: cpnlO 
complexes. Here the cavity is widened owing to a ''petal-Hke" opening 
of the apical domains so that cpnlO can be neatly accommodated on the 
protein-binding surfaces of cpn60 (Chen et al, 1994). The size of the 
cavity in the cpnlO-capped structure is larger and could accommodate 
a globular folding intermediate with a diameter of 6.5 nm (native state 
5.65 nm) and a molecular weight of 41,000 (see Chapter 9). 

If the size limit for encapsulation were 41,000, this value would account 
for many cases of cpn60: cpnlO-dependent protein folding. Recent work 
in which three physiologically relevant proteins are taken as case studies 
shows convincingly that cpnlO is required in solvent conditions where 
aggregation/misfolding predominates in the spontaneous folding process 
(Schmidt et al, 1994c). The authors argue that cpnlO allows discharge 
of the protein in a state committed to folding. Prior to this study, experi-
ments by Hartl and colleagues (Martin et ai, 1991) showed that casein 
does not interfere with chaperonin-assisted folding in the presence of 
CpnlO. Both of these observations may be considered consistent with 
folding occurring in a protected, encapsulated environment when cpnlO 
is present. 

C. Dynamic Properties of Chaperonin 60: Protein Interactions 

There are several reasons why this "cpnlO encapsulation" model does 
not provide a consistent explanation for the behavioral properties of the 
chaperonins. First, for some proteins cpnlO is not required to achieve 



204 Anthony R. Clarke and Peter A. Lund 

large enhancements of the folding yield; in the refolding of these sub-
strates it merely serves to promote a more rapid release of active protein 
(Fisher, 1992; Jackson et al, 1993; Mizobata et al, 1992). Second, some 
substrates appear too large to be caged during the folding process—for 
example, citrate synthase, a well-studied model substrate, has a molecular 
weight of 50,000. Third, if the folding process occurs within a chaperonin 
cage, then it is difficult to see how radioactively labeled Rubisco can be 
exchanged for unlabeled at times much shorter than those required for 
the unimolecular folding steps (Todd et al., 1994). Fourth, when mMDH 
is added to a solution of cpn60, cpnlO, and ATP that has already estab-
hshed steady-state hydrolysis, the enzyme folds with high efficiency. In 
this reaction the half-time for folding and for commitment to the native 
pathway is 700 s. Yet, when the chaperonin complex is imaged by cyro-
electron microscopy, there is little electron density for bound mMDH 
at times when the folding reaction is less than 5% complete (A. R. Clarke 
and H. R. Saibil, unpublished data, 1994). Further, when the binary 
cpn60: mMDH complex is made first and then challenged with cpnlO 
and ATP, the immediately formed complex has mMDH bound in the 
"jaws" of the apical domains on the opposite ring to that which cpnlO 
is associated. Last, experiments in which release-deficient forms of cpn60 
are used as "traps" for chaperonin-assisted substrates show that func-
tional cpn60 must bind and release its substrates around 10 times during 
the refolding reaction; i.e., the rate of dissociation is about 10 times the 
folding rate (Weissman etaL, 1994). These last three observations suggest 
that interactions between the protein substrate and the chaperonin com-
plex, which must be occurring in assisted folding, are of a transient nature 
and that the substrate is "bouncing" on and off during the process. 

D. Active Recycling of Unproductive States 

A second, general model for the activity of chaperonins proposes that 
cpn60 has the abiUty to unfold misfolded states and thus allow them 
another chance to refold to the native structure. These misfolded states 
may be conformationally trapped monomers or wrongly associated multi-
mers, for example, partially folded but inactive protomers that have 
formed a dimer through the interaction of external hydrophobic patches. 
(In this context, it is interesting to note that even proteins that are active 
as monomers can form inactive dimers when refolded from the fully 
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denatured state.) Here the energy of Mg-ATP hydrolysis is used to 
cycle the chaperonin between states that have alternatively high and low 
affinities for an unfolded substrate and so produce a mechanism that 
entails binding, unfolding/dissociation, and then release (Jackson et al., 
1993; Weissman et ai, 1994; Staniforth et al, 1994b). This mechanism 
(illustrated in Fig. 7) essentially allows the protein substrate to jump out 
of false minima in the folding reaction and prevent the formation of 
stable, misfolded structures (Hubbard and Sander, 1991; Weissman and 
Kim, 1992). 

The crucial question is whether a "suppression-of-aggregation" or an 
active "recycling" model best explains the behavior of chaperonins. We 
suggest that the properties of chaperonins make it inevitable that both of 
these activities are integral parts of the mechanism of enhanced folding, 
rather than being mutually exclusive. 

The argument begins by accepting that proteins, by and large, do not 
fold through a single pathway. The immediate collapse of a random coil 
leads to a range of folding intermediates, some of which are productive 
and easily isomerize to either the native state (see upper sequence of 
reactions in Fig. 8) or to a monomer competent for quaternary associa-
tion. Some molecules, however, form less productive intermediates (de-
scribed as "misfolded" in Fig. 8) that have a high energy barrier standing 
in the way of their progression to the native state. The situation is best 
illustrated by the experiments of Peralta et al. (1994), which show that 
a stable and misfolded state can be reactivated by chaperonins to allow 
folding to recommence. This observation is underlined by the ability 
of chaperonins to accelerate the folding of mMDH and to work at 
substoichiometric levels in this reaction. Thus each encounter can unlock 
an unproductive state and there is no need for each folding molecule to 
be held in its own cage. 

The most straightforward means of reactivating a trapped structure, 
be it an incorrectly folded monomer or a wrongly associated multimer, 
is to break contacts within the existing structure to allow it the chance 
to explore a more productive pathway. To facilitate the breaking of 
hydrophobic contacts, the interaction with cpn60 must be tightest with 
the more unfolded or the more dissociated state in which hydrophobic 
exposure is greater. This is achieved by cpn60 providing alternative 
hydrophobic surfaces for these nonnative tertiary or quaternary contacts. 
Thus encounters between trapped states and the tight protein-binding 
form of cpn60 will drive unfolding and/or dissociation processes but will 
produce an overstable protein-protein complex. Chaperonin 60 then 



206 Anthony R. Clarke and Peter A. Lund 

has to be returned to its weak protein-binding state to allow dissociation 
of an untrapped state that can resume folding. 

The postulated steps in such a process are illustrated in Fig. 9, which 
represents events occurring on one ring of cpn60 during a catalytic cycle 
(the accompanying ring will be in the opposite conformation). In the 
presence of cpn60: Mg-ADP, a spontaneously misfolded protein can 
bind tightly to the apical domains of cpn60 (step 1 in Fig. 9). In this 
tight protein-binding state, the high affinity for hydrophobic regions 
normally buried in folded states will then promote unfolding to a less 
compact conformation (step 2 in Fig. 9). The degree and nature of 
unfolding at this stage have not been clearly defined; it is not certain 
whether a large proportion of the secondary structure is lost (Zahn et 
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Fig. 9. A general model for the chaperonin mechanism; the binding/unfolding/release 
cycle. An unfolded protein can either fold to a productive intermediate, committed to 
fold to the native state, or to an unproductive misfolded state that may be a wrongly 
associated multimer (as in the case of mMDH, see Fig. 8) or a conformationally trapped 
monomer. Misfolded states bind to cpn60 (step 1) and are taken through the chaperonin 
cycle (clockwise) to be expelled in an untrapped state (step 4) in which inappropriate 
contacts within the substrate have been broken by the encounter with the hydrophobic 
surfaces of cpn60. The protein substrate is then allowed a further chance to fold correctly. 
The details are described in Section VI of the text. 
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al, 1994), whether inappropriate tertiary contacts between secondary 
structures are disengaged, or whether quaternary contacts between 
wrongly associated chains are broken. Although the diagram shows the 
misfolded state to be monomeric, in the case of mMDH it is a multimer 
(A. R. Clarke and H. R. Saibil, unpublished data, 1994). 

In any case, the breaking of contacts, at least at the tertiary level, is 
facilitated by the fact that the hole is lined by hydrophobic binding sites 
acting in concert, so acting as a denaturing environment (Jackson et aL, 
1993). The problem with the resultant complex is that the protein sub-
strate may be so tightly bound that a large barrier to folding is produced. 
However, dissociation of ADP and association of ATP (step 3) weakens 
the protein-binding affinity to release the more unfolded or dissociated 
structure (step 4), which can then resume folding. Hydrolysis of ATP 
(step 5) reestablishes the tight protein-binding state of the ring. 

As demonstrated experimentally, this cyclic mechanism is energetically 
costly and requires many molecules of ATP to be hydrolyzed (typically 
50-200) per protein molecule folded (for examples see Martin et al, 
1991; Jackson et aL, 1993). With such a "catch-all" apparatus this is not 
entirely surprising and an explanation arises naturally from this model. 
When the protein substrate is discharged to allow folding to continue, 
it may again spontaneously misfold (to generate complex 2), so requiring 
further cycles. This mechanism is akin to a selective denaturation process. 
If a protein is allowed to fold spontaneously and a proportion (P) sponta-
neously misfolds, this material can then be bound, unfolded, and released 
to undergo a second folding process in which the same proportion (P) 
will misfold. The relationship between the efficiency (E) of folding 
(where £ = 1 for a completely efficient process) and the number of 
cycles (n) can be described: 

E = l - P"". 

Proteins that fold efficiently will preferentially populate productive states 
and have a low value for P; those that do not will predominantly populate 
misfolded states and have a high value. Thus the demand for ATP, 
reflected by the number of cycles required to reach high efficiency in 
the folding reaction, is dependent on the partition ratio. 

The cycle depicted in Fig. 9 does not, explicitly, include the role of 
cpnlO. It is likely that the coprotein exerts its effect most strongly in step 
4 by promoting a more effective (Staniforth et aL, 1994b) or obligatory 
(Weissman et aL, 1994) displacement of the bound protein. A strong. 
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concerted release of the protein from all seven binding surfaces on a 
cpn60 toroid would allow it to form, unhindered, the network of coopera-
tive intramolecular interactions necessary for the formation of a produc-
tive folding intermediate. 

Although there remain difficult and unresolved elements in the mecha-
nism of chaperonins, this tentative model proposes that they use the 
energy of Mg-ATP hydrolysis to drive the formation of productive inter-
mediates by disrupting poorly folded, kinetically trapped conformers 
and early aggregates formed in folding pathways. With regard to the 
difference in molecular properties between productive intermediates and 
misfolded states, it is reasonable to suppose that the latter have a greater 
exposure of hydrophobic surface and so will be preferentially bound 
and disrupted by the chaperonins. Such effects, which are intrinsic to 
chaperonin behavior, may provide a general explanation for the coupling 
of Mg-ATP hydrolysis to improved protein folding in the cell. 
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I. INTRODUCTION 

A. Development of Molecular Chaperone Concept 

The important role molecular chaperones play in mediating cellular 
protein folding and assembly has only recently come to hght. This is 
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remarkable given the fundamental biological significance of protein fold-
ing. However, the long-held view that both in vitro and in vivo protein 
folding are spontaneous processes provided an elegantly simple explana-
tion of a very complex problem. Indeed it is astonishing that the Esche-
richia coli protein GroEL, which has been studied for over two decades 
(Georgopoulos et al, 1973; Sternberg, 1973), has only in the past few 
years been demonstrated to mediate the folding of a large fraction of 
cytosoHc proteins. Our current understanding of protein folding and 
oligomeric assembly has been primarily derived from three lines of inves-
tigation: (1) the analysis of the assembly of the enzyme ribulose-bisphos-
phate carboxylase-oxygenase (Rubisco, EC 4.1.1.39) in chloroplasts (see 
Chapters 1 and 3), (2) the analysis of protein folding in mitochondria, 
and (3) the in vitro reconstitution of a pathway of chaperone-mediated 
protein folding, which appears to occur generally in the cytosol of bacte-
ria and eukaryotic cells. 

A search for yeast mutants defective in mitochondrial protein import 
led Cheng et al (1989) to the discovery of a temperature-sensitive lethal 
mutant allele with an unexpected phenotype. The test protein ornithine 
transcarbamoylase was imported normally into the mutant organelles; 
however, it was unable to form the enzymatically active trimer. Further-
more, the assembly of a number of other imported proteins was similarly 
affected. Analysis of the mutant strain pinpointed the mutation to the 
mitochondrial stress protein hsp60. Cloning and sequencing of the HSP60 
gene (Reading et al, 1989) revealed that hsp60 is homologous to the 
bacterial stress protein GroEL and the Rubisco subunit binding protein, 
both of which had been classified as "chaperonins" in the previous 
year (Hemmingsen et al, 1988). Thus, mitochondria, chloroplasts, and 
bacteria were all shown to contain highly related forms of chaperonins 
that were thought to be required for the oligomeric assembly of proteins 
in vivo (Barraclough and ElUs, 1980; Ellis, 1987; Ellis and Hemming-
sen, 1989). 

Based on the ability of denatured proteins to spontaneously refold in 
vitro (Anfinsen, 1973), there was little doubt at the time that the folding 
in vivo of monomeric polypeptides or subunits of oligomeric proteins 
could occur without the assistance of other cellular components. Protein 
import into mitochondria provided an excellent experimental system to 
test whether this view was correct. It had become clear that proteins had 
to be unfolded (Eilers and Schatz, 1986), probably even fully extended 
(Rassow et al, 1990), in order to cross the mitochondrial membranes. 
Initially, however, the folding reaction in the mitochondrial matrix was 
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believed to occur spontaneously, tightly coupled with translocation. This 
behef appeared to be consistent with the results of early studies on 
the folding of the cytosolic protein dihydrofolate reductase (DHFR) 
imported into mitochondria as a fusion protein with a cleavable N-
terminal targeting sequence (Eilers and Schatz, 1988). A simple assay 
to measure the folding of imported DHFR was developed using the 
intrinsic protease resistance of DHFR as a marker. Surprisingly, folding 
in the mitochondrial matrix could be completely uncoupled from mem-
brane translocation (Ostermann et al, 1989). The dissociation of the two 
processes was most striking when the isolated organelles, prior to import, 
were partially depleted of ATP. Unfolded, protease-sensitive DHFR 
then accumulated in the matrix as a soluble complex with the 800-kDa 
hsp60 from which it could be chased into the folded monomer upon 
readdition of ATP. These findings demonstrated that the folding of a 
monomeric polypeptide chain in the cell is mediated by the chaperonin 
in an ATP-dependent reaction, despite the fact that DHFR can efficiently 
and spontaneously refold in vitro. Following the in vitro reconstitution 
of the GroEL/ES-dependent assembly of dimeric Rubisco (Goloubinoff 
et al., 1989a), several studies using purified proteins established that 
the primary function of the chaperonins is indeed to fold monomeric 
polypeptide chains (Laminet et al., 1990; Martin et al., 1991; Viitanen et 
al., 1991; Zheng et al., 1993). 

The use of the mitochondrial system also stimulated the development 
of an integrated view of the functions of the hsp70 and hsp60 (chaper-
onin) classes of molecular chaperones in protein folding. Work by Kang 
et al. (1990) showed that hspVO is required for the process of membrane 
translocation by binding to polypeptide chains as they emerge from the 
inner surface of the inner mitochondrial membrane. Mitochondrial hspVO 
is necessary, but not sufficient, for the folding of imported DHFR (see 
Chapter 4). These studies also support the notion that cytosolic hsp70 
might interact with nascent polypeptide chains emerging from ribosomes, 
as demonstrated by Beckman et al. (1990). Subsequently, in vitro recon-
stitution of cellular protein folding, representative of both folding in the 
mitochondrial matrix after translocation and folding in the cytosol after 
translation, demonstrated the successive action of hsp70 and the chaper-
onins (Langer et al., 1992a). Using the homologous chaperones of E. 
coli, DnaK (hsp70), DnaJ, GrpE, and GroEL/GroES (hsp60/hspl0), it 
was shown that DnaK and DnaJ are able to stabilize the mitochondrial 
monomeric protein rhodanese in an unfolded but folding-competent 
conformation. In the presence of the nucleotide-exchange factor GrpE 
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and ATP, the folding intermediate is transferred to GroEL and folded 
to the native state. These observations led to a proposed pathway of in 
vivo protein folding in which nascent polypeptide chains are bound by 
DnaK and DnaJ early during translation or membrane translocation, 
and subsequently can be transferred to a double-ring chaperonin for 
folding. The sequence of interactions of the various chaperones with the 
substrate polypeptide is proposed to be governed by their differential 
specificity for structural elements exposed by the polypeptide chain at 
different stages of the folding pathway. In support of the generality of 
ths concept, DnaJ homologs have been discovered in every cellular 
compartment that contains hsp70 (Caplan et al, 1993), and very recently 
the first eukaryotic homolog of GrpE has been identified in mitochondria 
(for review, see Hohfeld and Hartl, 1994). The eukaryotic cytosol also 
contains a chaperonin, the ^complex polypeptide 1 (TCP-1) ring complex 
(see Chapter 5). In the mammaUan cytosol, this chaperonin is indeed 
able to function in the domain-wise folding of nascent polypeptide chains 
in a coupled folding pathway together with hsp70, the DnaJ-homolog 
Hsp40, and perhaps other factors (Frydman et al, 1994). 

B. Requirement for Molecular Chaperones 
in Cellular Protein Folding 

An unfolded polypeptide chain emerging from the ribosome is thrown 
into an environment that provides unfavorable conditions for folding: 
the concentration of total protein in the cytosol is of the order of 25-30%, 
resulting in excluded volume effects (Zimmerman and Trach, 1991). 
More importantly perhaps, the concentration of unfolded polypeptide 
chains is high, reaching 30-50 /xM in an actively growing E. coli cell. 
Unfolded or partially folded polypeptides are intrinsically insoluble. 
They expose hydrophobic surfaces that make them prone to aggregation 
in a concentration-dependent manner. The tendency to engage in such 
unproductive interactions becomes more pronounced with increasing 
temperature, a critical factor considering the need of many cell types to 
fold proteins with high efficiency over a range of temperatures. Further-
more, the acquisition of stable tertiary structure requires the presence 
of at least a complete, independently folding, protein domain (usually 
100-200 amino acid residues in length). It follows that during translation 
and translocation a nascent polypeptide must remain exposed in an 
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unfolded or partially folded state until such a polypeptide segment (or 
the complete chain in the case of single-domain proteins) has become 
available for folding. 

In vitro many small proteins are capable of folding spontaneously. 
This led Anfinsen to propose that the amino acid sequence of a protein 
alone is sufficient to specify its final native structure (Anfinsen, 1973). 
However, an attempt to simulate cellular folding conditions in an in 
vitro folding experiment, starting with an unfolded protein diluted from 
denaturant, would almost inevitably lead to misfolding and aggregation. 
Not surprisingly therefore, in vitro refolding is usually performed at low 
concentrations of a single protein and at an individually optimized pH, 
salt concentration, and temperature. 

Although Anfinsen's proposal still holds true today, it can only in part 
explain how proteins are able to fold so efficiently in vivo (Ellis and 
Hemmingsen, 1989). Molecular chaperones are probably present in all 
the cellular compartments in which proteins fold. The major role of 
these versatile helper proteins seems to be in the prevention of unproduc-
tive intra- and intermolecular interactions that can occur during folding. 
Molecular chaperone proteins come in different shapes and sizes (Ellis 
and van der Vies, 1991; Gething and Sambrook, 1992; Hendrick and 
Hartl, 1993; Ellis, 1994a; Hartl et al, 1994). Most of them have the ability 
to interact with many different unfolded proteins. Some chaperones, for 
example, the members of the hsp70 family or the bacterial chaperone 
SecB, primarily stabilize polypeptide chains in an unfolded state, whereas 
other mediate ATP-dependent folding to the native conformation. This 
latter group of components, represented in E. coli by GroEL/GroES, 
are termed chaperonins. On the following pages we will describe the 
current view of the mechanisms involved in chaperone-mediated protein 
folding in bacteria with emphasis on the role of the chaperonins. We 
will also discuss the functions of molecular chaperones in a variety of 
cellular processes that are critically dependent on protein conformation, 
such as the proteolytic degradation of proteins. 

II. PATHWAY OF CHAPERONE-ASSISTED PROTEIN FOLDING 

During translation and folding, a nascent polypeptide in the bacterial 
cytosol first makes contact with the hsp70 homolog DnaK and its regula-
tor, DnaJ (Hendrick et al, 1993; Gaitanaris et al, 1994; KudHcki et al., 
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1994). These two heat shock proteins are cotranscribed from a single 
operon and cooperate functionally as a chaperone team by directly inter-
acting with each other (Georgopoulos, 1992). The hsp70s are known to 
recognize short, extended peptides enriched in hydrophobic amino acid 
residues (Flynn et al, 1989, 1991; Landry et aL, 1992; Blond-Elguindi et 
aL, 1993; Gragerov et aL, 1994). The binding specificity of the 40-kDa 
chaperone DnaJ is not yet understood, but a recent study has shown 
that DnaJ is able to interact with a nascent polypeptide once 40 amino 
acid residues have emerged from the ribosome (Hendrick et aL, 1993). 
Both DnaK and DnaJ are specifically associated with translating polyri-
bosomes (Gaitanaris et aL, 1994). The sequence in which DnaK and DnaJ 
interact with nascent chains may depend on the structural properties of 
the N-terminal segment of the growing polypeptide chain. Studies in 
vitro have shown that DnaK and DnaJ do not interact independently 
with their substrate (Schroder et aL, 1993; Szabo et aL, 1994). With 
unfolded firefly luciferase or rhodanese as substrate proteins, DnaJ has 
been shown to bind first, subsequently targeting the substrate proteins 
to DnaK. These observations were based on the ability of DnaJ to 
stimulate the hydrolysis of DnaK-bound ATP (Liberek et aL, 1991), 
thus relatively stabilizing the ADP-state of DnaK which has a high 
polypeptide binding affinity (Palleros et aL, 1993). As a result, a stable 
substrate protein/DnaJ/DnaK complex is formed in the presence of hy-
drolyzable ATP (Langer et aL, 1992a; Szabo et aL, 1994) (Fig. 1). A 
protein bound in this complex has certain conformational properties 
of a compact folding intermediate and is effectively prevented from 
aggregating (Langer et aL, 1992a). To induce dissociation of the substrate 
protein, a 24-kDa heat shock protein, GrpE, must interact with the 
complex, thereby stimulating the exchange of ADP for ATP. Subsequent 
ATP binding by DnaK results in the release of a protein folding interme-
diate, which may proceed along the folding pathway to the native state, 
or be transferred to GroEL/GroES, or rebind to DnaJ and DnaK in 
another round of ATP hydrolysis (Langer et aL, 1992a; Szabo et aL, 
1994). Whether DnaK, DnaJ, and GrpE alone are sufficient to mediate 
protein folding in vivo is not yet known. It seems possible that some small, 
single-domain proteins with a strong propensity to fold spontaneously in 
vitro may be able to fold without further assistance after their release 
from DnaK/DnaJ. Many proteins, however, may have to be transferred 
to GroEL/GroES to achieve their native conformation (Fig. 1). The 
function of DnaK and DnaJ may therefore be the stabilization of nascent 
proteins in a nonaggregated, folding-competent conformation until the 
chaperonin is available. 
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Fig. 1. Model for the pathway of protein folding in the bacterial cytosol. As the 
polypeptide chain emerges from the ribosome, it is bound by DnaJ and DnaK (hsp70) 
(Hendrick et aL, 1993; Gaitanaris et al, 1994). The direct interaction between DnaK and 
DnaJ in the presence of ATP leads to the formation of a ternary complex between nascent 
chain, DnaK and DnaJ in which DnaK is in the ADP state. This complex is resolved upon 
the GrpE-dependent dissociation of ADP and the binding (not hydrolysis) of ATP (Szabo 
et al, 1994). The protein may then fold to the native state by multiple rounds of interaction 
with the DnaK, DnaJ, GrpE system or is transferred for final folding to GroEL/GroES 
(Langer et al, 1992a). We assume that a large fraction of cytosolic proteins have to interact 
with one or both chaperone systems to reach the native state. 
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In contrast to DnaK/DnaJ, GroEL not only is able to prevent the 
aggregation of a partially folded protein, but also allows productive 
folding to occur. The abiUty of GroEL to promote folding arises from its 
peculiar homooligomeric structure consisting of two stacked heptameric 
rings forming a large central cavity, which apparently accommodates the 
substrate polypeptide (Langer et al, 1992b; Braig et al, 1993; Saibil et 
al, 1993; Ishii et al, 1994) (see following). On the basis of the localization 
of the polypeptide binding site inside the cavity and its low affinity for 
short, extended peptides (Landry et al, 1993), one would predict that 
GroEL could not interact with nascent polypeptide chains until at least 
a significant segment were synthesized or the complete chain released 
from the ribosome. Indeed, GroEL does not cosediment with translating 
polyribosomes (Gaitanaris et al, 1994). Only the full-length precursor 
form of j8-lactamase has been crossUnked to GroEL when synthesized in 
a bacterial S30 translation system (Bochkareva et al, 1988). For another 
protein, bovine rhodanese, it has been demonstrated that its folding in 
a bacterial translation system is strictly dependent on GroEL/ES (J. 
Hendrick and F.-U. Hartl, unpubHshed). The interaction of GroEL with 
rhodanese may occur shortly before the protein is released from the 
ribosome (Kudlicki et al, 1994). Immunodepletion of GroEL from the 
translation extract inhibits folding and addition of purified GroEL/ 
GroES increases the yield of active enzyme (Tsalkova et al, 1993). Due 
to the unavoidable dilution of cytosol during cell lysis, these translation 
extracts are relatively depleted of chaperones. As expected, addition of 
DnaK and DnaJ without GrpE inhibits the interaction of newly synthe-
sized rhodanese with GroEL, consistent with the sequence of chaperone 
interactions outlined above (J. Hendrick and F.-U. Hartl, unpublished). 

A directed pathway of protein folding from DnaK/DnaJ to GroEL 
has been demonstrated most directly in vitro with purified chaperone 
components and the substrate protein rhodanese (Langer et al, 1992a). 
The chaperones DnaK and DnaJ cooperate in preventing the aggregation 
of the unfolded rhodanese when it is diluted from denaturant; however, 
they are unable to mediate its efficient folding even in the presence of 
GrpE and Mg-ATP. The protein cycles in a partially folded state between 
chaperone-bound and -free forms but does not proceed to the native 
state. Only after addition of GroEL and GroES does efficient folding 
occur. Transfer of partially folded rhodanese from DnaK/DnaJ to the 
chaperonin is dependent on GrpE. We envision that, in the context of 
translation, the folding process may be initiated cotranslationally, as-
sisted by DnaK and DnaJ, and that the completion of folding to the 
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native state occurs posttranslationally in association with GroEL (Fig. 
1). A careful analysis of the folding of translating polypeptide chains 
will be necessary to test this hypothesis. 

The hierarchy and the sequence of chaperone interactions may be 
largely determined by the different structural specificities of DnaK/DnaJ 
and GroEL for extended polypeptide chains and collapsed folding inter-
mediates, respectively. It appears likely that DnaK and DnaJ would 
normally be in contact with a nascent chain before GroEL, and Httle if 
any bypass should occur. Surprisingly, however, deletion mutants in 
dnaK and dnaJ are viable within a limited temperature range, although 
the cells grow slowly and rapidly acquire extragenic suppressors (Bukau 
and Walker, 1989). At heat shock temperatures, these strains stop grow-
ing. In contrast, GroEL is an essential protein under all growth conditions 
(Fayet et ai, 1989). The recent identification of a second DnaK-related 
hsp70 in E. coli, and of additional DnaJ homologs, may explain why 
cells can grow without DnaK and DnaJ at normal growth temperatures 
(Ueguchi et aL, 1994; Seaton and Vickery, 1994). 

III. MECHANISM OF CHAPERONIN-MEDIATED 
PROTEIN FOLDING 

The structure and function of the E. coli chaperonin GroEL are inti-
mately related (see Chapter 9). Two heptameric rings of identical 
58-kDa subunits are symmetrically stacked to form a hollow cyhnder of 
-800 kDa (Hendrix, 1979; Hohn et al, 1979; Langer et al, 1992b; Saibil 
et al, 1993; Martin et al, 1994) that is able to bind one or two molecules 
of unfolded substrate protein (Martin et al, 1991; Bochkareva et al, 
1992). The physiologically relevant stoichiometry is likely to be one 
substrate protein bound per GroEL 14-mer. Several electron microscopy 
studies have presented evidence that substrate binding occurs within the 
central cavity of GroEL (Langer et al, 1992b; Braig et al, 1993; Ishii et 
al, 1994), apparently at the level of the outer domains of the GroEL 
subunits (Chen etal, 1994). GroEL has 14 ATP binding sites and exhibits 
a weak Mg^^- and K^-dependent ATPase activity (Viitanen et al, 1990; 
Bochkareva et al, 1992). The kinetic aspects of the GroEL ATPase are 
discussed in detail in Chapter 7). A second essential component of 
the chaperonin system is the chaperonin GroES, a heptameric ring of 
identical 10-kDa subunits (Chandrasekhar etal, 1986), which is encoded 
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together with GroEL in one operon. GroES has been shown to interact 
with GroEL in the presence of nucleotides and to inhibit the basal 
ATPase activity of GroEL by 50-100%, dependent on the concentration 
of K+ and the ratio of ATP to AD? concentrations (Chandrasekhar et 
aL, 1986; Viitanen et al, 1990; Martin et al, 1991; Jackson et al, 1993; 
Todd et aly 1993). Thus, a complete understanding of chaperonin func-
tion will require information about the structural and kinetic aspects 
of all the interactions between the participating components, GroEL, 
GroES, ATP, ADP, and substrate protein. 

Our knowledge of the mechanism of GroEL/GroES-mediated protein 
folding is mainly derived from in vitro studies using purified components. 
Substrate binding to GroEL is usually achieved by unfolding a complete 
polypeptide chain in denaturant and diluting it into GroEL-containing 
buffer solutions (Goloubinoff et al, 1989a; Laminet et al, 1990; Badcoe 
et al, 1991; Buchner et al, 1991). GroES and nucleotide are added 
subsequently to initiate folding. These experiments bypass the translation 
of the proteins on ribosomes and the interaction of the elongating chain 
with DnaK and DnaJ. Furthermore, they do not reflect the in vivo 
situation where GroEL, GroES, and nucleotides are always present 
simultaneously. 

Preferred substrate proteins, such as rhodanese or citrate synthase, 
tend to aggregate when diluted from denaturant into buffer solution 
alone, and only Uttle spontaneous reactivation is achieved (Goloubinoff 
et al, 1989a; Laminet et al, 1990; Badcoe et al, 1991; Buchner et al, 
1991; Martin et al, 1991; Mendoza et al, 1991). It was observed in 
early studies that binding of these substrate proteins to GroEL prevents 
aggregation, and that the addition of nucleotides and GroES leads to 
their release and refolding (Buchner et al, 1991; Martin et al, 1991; 
Mendoza et al, 1991). It was concluded that unfolded proteins bind to 
GroEL in the absence of nucleotides and that ATP hydrolysis and GroES 
are required for their release. Soon it became clear, however, that certain 
proteins, such as DHFR and j8-lactamase can be released from GroEL 
by the addition of ATP or even nonhydrolyzable ATP analogs, in the 
absence of GroES (Laminet et al, 1990; Martin et al, 1991; Viitanen et 
al, 1991). In some cases, even addition of ADP is able to cause the 
release of bound substrates (Kawata etal, 1994). In contrast to rhodanese 
or citrate synthase, these proteins have a strong tendency to fold sponta-
neously in vitro. Whether the folding of these proteins is also GroES-
independent in vivo remains to be seen. It has to be stressed that, so 
far, there is no evidence that the chaperonin system directs the pathway 
of protein folding, or that it affects the outcome of the folding reaction. 
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A. Role of GroES 

GroES is critically required to regulate the ATPase-dependent func-
tion of GroEL in binding and releasing the substrate protein. GroES is 
not necessary for ATP-dependent protein release from GroEL per se; 
however, it is needed to coordinate the release of many proteins from 
GroEL to achieve productive folding. This requirement can be illustrated 
by comparing the chaperonin-mediated folding of DHFR and rhodanese, 
both monomeric proteins but with fundamentally different folding prop-
erties: DHFR, a 20-kDa protein, spontaneously refolds with high effi-
ciency upon dilution from denaturant, but can be trapped as a folding 
intermediate on GroEL in the absence of nucleotides (Martin et al, 
1991; Viitanen et al, 1991). Addition of Mg-ATP (or nonhydrolyzable 
ATP analog) results in the release of the substrate protein and productive 
folding. GroES is not required for this reaction, although it accelerates 
its kinetics. In contrast, the 33-kDa protein rhodanese has a strong 
tendency to aggregate and does not refold spontaneously under most 
refolding conditions in vitro. Again, a folding intermediate can be 
trapped on GroEL, but ATP hydrolysis alone does not lead to productive 
refolding. Only in the presence of GroES does the efficient reactivation 
of rhodanese occur (Martin et al, 1991; Mendoza et al, 1991). However, 
the function of GroES is not simply to enhance the release of "more 
difficult" substrate proteins such as rhodanese (Martin etal, 1991). When 
a preformed GroEL-rhodanese complex is incubated with Mg-ATP and 
casein, a soluble protein that exposes hydrophobic surfaces and binds 
to GroEL, the rhodanese folding intermediate is displaced from GroEL 
and subsequently aggregates. Interestingly, casein has no such effect 
when the same experiment is performed in the presence of GroES. It 
was concluded that in the presence of GroES rhodanese is released from 
GroEL in a conformation that is partially or completely protected against 
aggregation (Martin et al, 1991, see also Schmidt et al, 1994a). GroES 
apparently allows the bound polypeptide to undergo a critical folding 
step(s) before it is released from GroEL. Taking into account that sub-
strate proteins bind to the interior of the chaperonin cylinder, it seems 
possible that in the presence of GroES the substrate protein might 
initially be released into the cavity, where it would be transiently seques-
tered from other folding proteins (Fig. 2). This should also be the case 
for proteins such as DHFR. Addition of casein to a DHFR-GroEL 
complex in the presence of Mg-ATP accelerates the rate of DHFR 
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7+7 Pi 
7+7 Pi 
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Fig. 2. Model for the ATP-dependent interaction between GroEL, GroES, and folding 
polypeptide. ADP (bold), the high-affinity ADP state in the seven subunits of GroEL 
that are bound to GroES; ADP (not bold), the lower ADP affinity of the subunits in the 
opposite toroid that may hydrolyze ATP; ATP, the subunits in a GroEL toroid in the 
ATP-bound state; I, polypeptide substrate as compact folding intermediate; F, folding 
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folding (Martin et al, 1991). This observation indicates that DHFR is 
released from GroEL and can be prevented from rebinding to the chaper-
onin by the competitor casein, resulting in rapid spontaneous folding. 
Apparently, the conformation of the released DHFR is not yet native, 
thereby allowing it to rebind to GroEL. As expected, this effect is more 
pronounced at concentrations of GroEL in molar excess over DHFR. 
However, in the presence of GroES no competition by casein is observed. 
DHFR folds rapidly, and independently of the GroEL concentration, 
consistent to a certain degree with GroES-dependent folding on GroEL. 
The extent to which a substrate protein folds prior to its release from 
the chaperonin remains to be determined. For example, the small protein 
barnase has been shown to fold while closely associated with GroEL 
(Gray and Fersht, 1993; Gray et ai, 1993). Proteins with rapid folding 
kinetics may leave GroEL in their native state, whereas others that 
fold more slowly may emerge as partially folded intermediates. These 
intermediates are then able to rebind to the same or any other available 
GroEL molecule (Todd et ai, 1994; Weissman et ai, 1994). We assume, 
however, that these proteins may also undergo a critical folding step(s) 
within GroEL that strongly reduces their tendency to aggregate. 

B. Reaction Cycle of GroEL and GroES 

Several studies have shed light on the mechanism of GroES action 
(Jackson et ai, 1993; Martin et ai, 1993a,b; Todd et ai, 1993, 1994). 
GroEL and GroES exist predominantly as a 1 : 1 complex, the so-called 
holochaperonin. This complex dissociates upon isolation in the absence 
of nucleotide. It remains stable, however, in case of the chaperonin 
purified from Thermus thermophilus (Taguchi et al, 1991). Typically one 

intermediate part way advanced toward the native state; N, native protein. 1, Binding of 
polypeptide substrate facilitates the dissociation of GroES by accelerating ATP hydrolysis 
in the substrate-bound ring of GroEL and by lowering the affinity of ADP in the opposite 
ring. 2, Polypeptide is bound stably in the nucleotide-free state of GroEL. 3, ATP and 
GroES rebind. GroES may associate either with the free GroEL ring (3a) or with the 
polypeptide-containing ring (3b). 4a, ATP hydrolysis leads to polypeptide release and 
incompletely folded polypeptide rebinds in (1). In 3b, polypeptide is transiently enclosed 
in the central cavity and is free to fold. ATP hydrolysis in the GroES-bound toroid then 
generates the tight ADP state (not shown). ADP dissociates upon ATP hydrolysis in the 
opposite ring, causing dissociation of GroES and allowing polypeptide release. 
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GroES heptamer binds to one end of the GroEL tetradecamer, giving 
rise to an asymmetrical structure (Saibil et al, 1991, 1993; Ishii et ai, 
1992; Langer et ai, 1992b). This complex forms in the presence of Mg-
ATP or Mg-ADP but is most stable in the presence of the latter (Fig. 2). 
Electron microscopy analysis of the asymmetrical particles demonstrates 
that GroES binding induces a conformational change at the opposite 
end of GroEL, which presumably reduces the affinity for a second GroES 
heptamer. Recently, conditions have been established that allow the 
electron microscopic visualization of apparantly symmetrical particles 
composed of two GroES heptamers bound to one GroEL tetradecamer 
(Schmidt et ai, 1994b; Llorca et ai, 1994). These complexes are not 
isolatable as stable entities. It has been postulated that symmetrical 
complexes play a key role in the GroEL/GroES reaction cycle; however, 
direct evidence for this remains elusive (Todd etal, 1994). Interestingly, 
in the presence of unfolded polypeptide, symmetrical particles are not 
observed by electron microscopy (J. Flanagan, personal communica-
tion). Under physiological conditions, therefore, a substrate protein will 
most likely encounter a 1:1 GroEL-GroES complex in the presence 
of nucleotide. Consistent with recent electron microscopy studies, this 
conclusion then also suggests that, at least initially, substrate protein 
and GroES associate at opposite ends of the GroEL tetradecamer (Ishii 
et ai, 1994; Chen et ai, 1994) (Fig. 2). 

It has been demonstrated that substrate protein and GroES have 
opposite effects on the GroEL ATPase activity. Binding substrate pro-
tein to the GroEL-GroES complex stimulates the ATP hydrolysis of 
GroEL, whereas GroES, while being essential for productive folding, 
has an inhibitory effect on the GroEL ATPase (Martin et al, 1991; 
Jackson et al, 1993). As demonstrated recently, GroES inhibits the 
ATPase activity of GroEL by stabilizing the holochaperonin complex 
in the ADP-bound state (Jackson et al, 1993; Martin et al, 1993b; 
Todd et al, 1993). GroES binding strongly increases the ADP and ATP 
affinities of GroEL (from mM to nM) (Jackson et al, 1993; Martin et 
al, 1993b). Specifically, the seven ADP molecules in the GroEL toroid 
that is in direct contact with GroES are tightly bound and exchange 
slowly (Martin et al, 1993b). The opposite toroid of GroEL is able to 
hydrolyze ATP (Martin et al, 1993b; Todd et al, 1994), resulting in a 
50% inhibition of the observed ATPase activity. Thus, the asymmetrical 
binding of GroES confers half-of-the-sites reactivity to the GroEL 
double-ring. Stable binding of GroES requires the hydrolysis of seven 
molecules of ATP to ADP in the interacting toroid of GroEL. Further-
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more, in the presence of GroES, nucleotide binding and ATP hydrolysis 
by the subunits of GroEL become more cooperative within the heptam-
eric rings (Gray and Fersht, 1991; Bochkareva et ai, 1992; Jackson et 
al., 1993; Martin et ai, 1993a). These effects are the result of significant 
conformational rearrangements in GroEL upon GroES binding. A mo-
bile loop region within GroES is thought to play an important role in 
the interaction with GroEL (Landry et ai, 1993). Furthermore, the ability 
of GroES to bind, but not hydrolyze, ATP could also be important in 
the interplay between the two components (Martin et ai, 1993a). 

In the absence of substrate protein, when the GroEL ATPase activity 
is 50% inhibited (i.e., at a high ratio of [ATP]/[ADP] and 100 mM K+), 
GroES cycles between bound and free states, interacting with either side 
of the GroEL double-ring (Martin et ai, 1993b). Release of GroES is 
apparently coupled to ATP hydrolysis in the opposite, noninhibited 
ring. Substrate protein plays an active role in the cycle. The binding of 
unfolded polypeptide to GroEL weakens the GroES-induced ATPase 
inhibition by facilitating the release of tightly bound ADP from the 
GroEL-GroES complex (Martin etai, 1993b) and by directly stimulating 
ATP hydrolysis itself (Martin et al, 1991; Jackson et al, 1993), this being 
the rate-limiting step of the reaction cycle (Fig. 2). As a consequence, 
the cycling of GroES between bound and free states is accelerated. This 
effect is most pronounced when cycling is initiated from a tight GroEL-
GroES complex in which the GroEL ATPase activity is almost com-
pletely inhibited, despite the presence of free ATP (Martin et al, 1991). 
The addition of substrate protein to this complex induces the dissociation 
of ADP and GroES, thereby allowing ATP to occupy the free nucleotide 
binding sites. Adenosine triphosphate binding is followed by the reassoci-
ation of GroES to either ring of GroEL, resulting in the highly coopera-
tive hydrolysis of the bound ATP. This hydrolysis allows the release of 
substrate protein from its multiple attachment sites to the individual 
GroEL subunits (Fig. 2). The cross-linking of GroES to unfolded sub-
strate protein during the folding cycle is consistent with the possibility 
that GroES transiently covers the GroEL ring where the substrate is 
bound (Bochkareva and Girshovich, 1992). This binding of GroES could 
result in polypeptide release into the cavity (see following). Alterna-
tively, binding of GroEs to the empty toroid of GroEL may induce 
allosteric changes in the opposite ring that cause polypeptide release. 
Both mechanisms of substrate dissociation may coexist (Fig. 2). 

During the short, nucleotide-free phase of the reaction cycle the sub-
strate protein is bound by GroEL with highest affinity. The stability of 
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this interaction is subsequently lowered by ATP binding (in the absence 
of GroES, GroEL has a lower affinity for ADP than for ATP). Adenosine 
triphosphate hydrolysis, not just binding, seems to be required for the 
release and folding of tightly bound proteins. It is possible that during 
ATP hydrolysis, GroEL undergoes a conformational change that hides 
its binding sites for substrate protein. Rebinding of incompletely folded 
polypeptide would then occur in the ADP- and GroES-bound state, 
inducing another round of the reaction cycle. Approximately 130 mole-
cules of ATP were found to be hydrolyzed by GroEL per molecule of 
rhodanese folded (Martin et al, 1991). Assuming that 14 molecules of 
ATP are hydrolyzed in one cycle, the folding of a rhodanese molecule 
might require 8-9 cycles of GroEL binding and release. This number 
may vary considerably with different proteins, depending on their pro-
pensity to fold. Dihydrofolate reductase, for example, is expected to 
require less folding cycles than rhodanese or citrate synthase. 

Cryoelectron microscopy of GroEL-GroES complexes has shown that 
binding of GroES causes a major conformational rearrangement in the 
interacting GroEL toroid, resulting in a significant increase in the size 
of its internal cavity (Chen et al, 1994). The binding sites for GroES 
are at the outer domains of the GroEL subunits and seem to overlap 
partially with those for the substrate polypeptide. These observations 
suggest an attractive mechanism for the GroES-mediated release of 
polypeptide into the internal cavity. The central cavity of a single GroEL 
toroid is in principle large enough to accommodate substrate proteins 
up to ~50 kDa, taking into account that compact folding intermediates 
are about 15% larger in radius than the native state. Currently it is not 
known whether the central cavities of each GroEL toroid are connected, 
and, if so, whether substrate proteins are able to move between toroids 
within the GroEL cylinder. If such a movement were not possible (Saibil 
et al, 1993), then the substrate polypeptide would be confined within 
the GroEL toroid to which it initially bound, until ATP hydrolysis in 
the opposite ring of GroEL triggers the release of GroES (Fig. 2). 

A central feature of the GroEL/GroES reaction cycle is the high 
degree of functional coordination at the level of the individual GroEL 
rings achieved by GroES. Upon release of GroES from one GroEL 
toroid, all seven subunits of this toroid are allowed to bind ATP simulta-
neously, and subsequently hydrolyze it. This simultaneous hydrolysis 
may ensure that all substrate binding sites release their bound polypep-
tide segments in a coordinated fashion. Likewise, all subunits in a GroEL 
heptamer reach the ADP state synchronously. The time window between 
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polypeptide release and rebinding would therefore be of a specific magni-
tude, whereas in the absence of GroES, individual subunits of the same 
toroid might be in high- or low-affinity states for substrate binding, 
reducing the efficiency of complete polypeptide release and the time 
available for efficient folding. 

IV. CONFORMATIONAL PROPERTIES 
OF CHAPERONIN-BOUND PROTEINS 

Molecular chaperones have the ability to discriminate between un-
folded and folded proteins. This remarkable capacity is based on the 
recognition of relatively unspecific structural features that are common 
to most unfolded or partially folded polypeptides but are typically absent 
from native protein conformations. One of the most obvious parameters 
that distinguishes folded and unfolded polypeptides is the exposure of 
hydrophobic amino acid residues in the unfolded state. Pelham proposed 
that the hsp70s could shield these hydrophobic residues, thereby prevent-
ing the aggregation of unfolded polypeptides (Pelham, 1986). More re-
cent findings confirm this proposal. Various members of the hsp70 family 
have a high affinity for extended 7- to 9-residue-long peptides that are 
enriched in hydrophobic amino acids (Flynn et ai, 1989, 1991). These 
peptides might bind into a cleft similar to the one found in the MHC 
class I histocompatibility glycoprotein (Blond-Elguindi etai, 1993; Grag-
erov et al, 1994). 

Comparatively less is known about the (poly)peptide binding specific-
ity of the chaperonins. The spectrum of cytosolic proteins that contain 
potential GroEL binding sites is very broad. About 50% of the soluble 
proteins of E. coli are able to bind to GroEL upon dilution from denatur-
ant (Viitanen et al, 1992), and the folding of about 30% of cytosohc 
proteins was found to be affected in a temperature-sensitive groEL 
mutant strain (Horwich et al, 1993). Similar results were obtained by 
analyzing the binding of heat-denatured proteins to hsp60 in mitochon-
dria. A large number of different polypeptides associate with the chaper-
onin when the organelles are exposed to elevated temperatures up to 
46°C (Martin et al, 1992). In all these studies the chaperonin-bound 
proteins range in size between 10 and 90 kDa. It seems realistic to 
assume, based on the dimensions of the GroEL cylinder, that proteins 
up to 40-50 kDa can be accommodated in the ring cavity of the chaper-
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onin. This is based on the consideration that proteins bind to the chaper-
onin as compact folding intermediates (see following). Larger proteins 
may protrude from the opening of the cylinder when bound by the 
chaperonin. The largest protein that has been shown to form a complex 
with GroEL in vitro is the 124-kDa phytochrome photoreceptor (Grimm 
et al,, 1993). Significantly, it is released by binding of a nonhydrolyzable 
ATP analog. Neither ATP hydrolysis nor GroES is required for phyto-
chrome release, which suggests that the protein is already folded to a 
large extent and binds only weakly to GroEL, perhaps via an incom-
pletely folded domain. Simply reducing the concentration of free-folding 
intermediate may, in this case, be sufficient to prevent aggregation and 
allow the completion of folding. Such a rudimentary interaction would 
be mechanistically distinct from the binding by GroEL of an unfolded 
substrate protein that has to undergo GroES and ATP hydrolysis-
dependent folding. 

Systematic binding studies with a wide spectrum of different peptides 
have not been performed with GroEL, due to the fact that short peptides 
display only a relatively low binding affinity for the chaperonin. However, 
using nuclear magnetic resonance techniques, it is possible to derive 
information about the conformation of peptide in the chaperonin-bound 
state. It has been demonstrated that a peptide derived from the N-
terminus of rhodanese is bound by GroEL in an a-heUcal conformation 
(Landry and Gierasch, 1991; Landry et al., 1992). The same peptide 
assumes an extended conformation when bound to DnaK, indicating 
that GroEL either induces the formation of secondary structure in these 
shorter peptides or, when presented with a peptide able to assume differ-
ent conformations, preferentially stabilizes those with a-heUcal structure. 
On the other hand, not all peptides studied are stabilized in an a-helical 
conformation by GroEL. The strength of binding seems to correlate 
with the overall hydrophobicity of the peptide substrate (Landry and 
Gierasch, 1994). Nevertheless, the potential to form an a-heUcal structure 
could favor tight association, since the binding of an all /3-protein to the 
chaperonin does not result in a very stable complex (Schmidt and Buch-
ner, 1992). These and other data (Rosenberg et al, 1993; Dessauer and 
Bartlett, 1994) are consistent with the chaperonin recognizing certain 
hydrophobic amino acid side chains, presumably in the form of hydro-
phobic patches or clusters. Negative charges are found to be largely 
absent from peptides that display chaperonin affinity. The dissociation 
constants of several substrate proteins have been measured recently and 
are found to be in the nanomolar range (Gray and Fersht, 1993; Dessauer 
and Bartlett, 1994; Staniforth et al, 1994). 
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Despite the promiscuity in substrate binding there appear to be signifi-
cant differences among chaperonin proteins. In this context it is interest-
ing to note that several bacterial species express more than one form of 
the GroEL and GroES proteins. Bradyrhizobium japonicum, for exam-
ple, expresses as many as five different GroEL and also different GroES 
genes that are regulated in a complex manner (Fischer et ai, 1993). 

With E. coli GroEL it is not possible to refold firefly luciferase, al-
though a tight binary complex can be formed. In contrast, efficient refold-
ing of luciferase is obtained with the eukaryotic cytosolic chaperonin 
TRiC (Frydman et ai, 1992). One can speculate that chaperones and 
their substrate proteins have coevolved, thereby ensuring the efficient 
binding and release of compact folding intermediates while preventing 
the binding of native proteins. 

A. Stabilization of Molten Globule State 

A number of studies have attempted to define the conformation of 
the substrate protein while bound by the chaperonin. The binding of 
substrate protein to GroEL is usually performed by rapidly diluting 
the protein from denaturant into a buffer solution containing purified 
chaperonin. Upon dilution from denaturant it is known that proteins 
form secondary structural elements on a micro- or milUsecond time scale. 
However, the binding of substrate protein to GroEL upon manual mixing 
occurs on a much slower time scale (seconds), suggesting that the protein 
conformation recognized by the chaperonin is likely to contain secondary 
structure. This conclusion is also consistent with the efficient interaction 
of GroEL with acid-denatured Rubisco, which is known to retain a 
considerable amount of secondary structure (van der Vies et al, 1992). 
Substrate proteins for which various conformational parameters have 
been analyzed while bound to GroEL include rhodanese (Martin et al, 
1991), DHFR (Martin et al, 1991), Rubisco (van der Vies et al, 1992), 
a-glucosidase (Holl-Neugebauer etal, 1991), pre-j8-lactamase (Zahn and 
Pltickthun, 1991), anda-lactalbumin (Hayer-Hartletal, 1994). Common 
features of these chaperonin-bound proteins are high protease sensitivity, 
a tryptophan fluorescence emission maximum between that of the folded 
and unfolded states, partial exposure of tryptophan residues to solvent, 
and significant adsorption of the hydrophobic fluorescent dye anilino-
naphthalene sulfonate (ANS). On the basis of these observations it has 
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been proposed that the conformation of a chaperonin-bound polypeptide 
resembles that of the so-called molten globule (Creighton, 1991; Martin 
et aL, 1991), a compact folding intermediate that contains secondary 
structure but lacks stable tertiary interactions (Bychkova and Ptitsyn, 
1993). Significantly, the molten globule is an early folding intermediate 
that exposes hydrophobic surfaces, making it prone to aggregation. The 
radius of gyration of a partially folded, molten globule-Hke protein is 
thought to be 15-20% more expanded than that of the native protein 
(Bychkova and Ptitsyn, 1993). 

A recent analysis of the interaction between GroEL and various con-
formers of a-lactalbumin (a-LA) further supports the conclusion that 
substrate proteins bind to GroEL as molten globule-like intermediates 
(Hayer-Hartl et aL, 1994). a-Lactalbumin is a 15-kDa protein that is 
stabilized in the native state by a calcium ion and four disulfide bonds. 
Selective reduction of a single disulfide bond and removal of calcium 
allows the remaining disulfide bonds to rearrange spontaneously, giving 
rise to a large number of folding intermediates (rearranged [3SS]) that 
possess all the properties of a molten globule (Ewbank and Creighton, 
1991,1993a, b). a-Lactalbumin binds most efficiently to GroEL when it 
is in this molten globule-like state. The rearranged [3SS] forms display 
a tryptophan fluorescence emission between that of mature and unfolded 
a-lactalbumin, and bind ANS. These properties do not change signifi-
cantly upon binding to GroEL, although the chaperonin interacts only 
with a subset of the large number of possible [3SS] forms (Hayer-Hartl 
et aL, 1994). Interestingly, recent deuterium exchange experiments cou-
pled to mass spectrometry have demonstrated that GroEL-bound a-LA 
contains most of the secondary structure present in the free molten 
globule (Robinson etaL, 1994). It has to be considered that the secondary 
structure in the molten globule state is intrinsically unstable, so that 
sensitive methods have to be apphed to detect it. This instabihty would 
explain why a similar study of the conformation of GroEL-bound 
cyclophilin protein failed to detect protection of backbone amide hydro-
gens against exchange (Zahn et aL, 1994). 

B. Interaction of GroEL with Different Conformational States 

Most of the studies described above have analyzed the conformation 
of a protein that is stably bound by the chaperonin in the absence of 
nucleotide. To understand the dynamics of the ATP-dependent folding 
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reaction mediated by GroEL and GroES, it is important to bear in mind 
that the chaperonin has the capacity to interact with different folded 
states of the same polypeptide substrate. Initially, evidence for this arose 
from analysis of changes in the tryptophan fluorescence of GroEL-bound 
DHFR during folding (Martin et al, 1991). On addition of Mg-ATP to the 
stable DHFR-GroEL complex, the intensity of tryptophan fluorescence 
drops within about 15 s, followed by a much slower blue-shift of the 
emission maximum, eventually approaching the value of the native pro-
tein at a rate corresponding to that of DHFR reactivation. Interruption 
of the folding process at an early time point by inhibition of ATP hydroly-
sis (by adding Mg^^ chelator), and rapidly cooling the reaction mixture, 
gives rise to a folding intermediate that has partially progressed toward 
the native state. In contrast to the initially bound form of DHFR, which 
is exquisitely sensitive to protease, this intermediate form of DHFR, 
although stiU bound to GroEL, is more resistant to protease digestion. 
Interestingly, when this intermediate GroEL-DHFR complex is re-
turned to room temperature, a large fraction of the DHFR unfolds back 
into the initially bound conformation (Martin et al, 1991). This obser-
vation indicates that the chaperonin has the capacity to reverse partial 
folding in the absence of nucleotide and may thus be able to retrieve ki-
netically trapped folding intermediates (Badcoe et al, 1991; Peralta et al, 
1994). This unfolding could occur within the functional reaction cycle at 
the stage of nucleotide exchange (ADP to ATP), where the transient nucle-
otide free state has the highest affinity for the substrate protein (Fig. 2). 

The binding of GroEL to a series of a-lactalbumin conformers demon-
strates that GroEL is indeed able to interact with a range of conforma-
tional states of a single protein (Hayer-Hartl et al, 1994). Although 
neither the fully unfolded nor the native state of a-LA interacts with 
the chaperonin, folding intermediates with two or three native disulfide 
bonds bind to GroEL, albeit with lower affinities than the more flexible 
molten globule intermediate containing nonnative disulfides. These data 
indicate that the chaperonin is in principle able to accompany a polypep-
tide along the folding pathway toward the native state. 

V. ROLE OF CHAPERONINS IN OLIGOMERIC 
PROTEIN ASSEMBLY 

The chaperonins were initially suggested to be proteins assisting in 
the assembly of oligomeric protein complexes. Examples include the 
interaction of the chloroplast chaperonin with nonassembled subunits 
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of Rubisco (Barraclough and Ellis, 1980), the GroEL/ES-dependent 
formation of active dimeric cyanobacterial Rubisco both in E. coli and in 
vitro (Goloubinoff et al, 1989a, b), and the requirement of mitochondrial 
hsp60 for the assembly of various proteins imported into the organelles 
(Cheng etalj 1989). Retrospectively, it is clear that the early identification 
of the groE genes was also based on the participation of the chaperonin 
system in a complex protein assembly reaction (Georgopoulos et al, 
1973; Sternberg, 1973). Temperature-sensitive mutations in groEL block 
the growth of phages X, T4 and T5 (see Chapter 6). Similar defects are 
observed in groES mutants, with one interesting exception: phage T4 
head assembly is not affected. A mutation in gene 31 of bacteriophage 
T4 allows the block imposed by the mutation in groES to be bypassed, 
raising the possibility that the gene 31 product may interact with GroEL 
in a GroES-like manner. This hypothesis has recently been substantiated 
by the demonstration that the T4-encoded gp31 is indeed a specialized 
cofactor, not closely related in sequence to GroES but having a very 
similar oligomeric structure (van der Vies et al, 1994; see Chapter 6). 
gp31 may alter the substrate specificity of GroEL, thus increasing the 
efficiency of phage head assembly (EUis, 1994b). 

Are the chaperonins directly involved in the assembly of ohgomeric 
proteins? Our present understanding suggests that the chaperonins assist 
primarily in the folding of monomeric polypeptide chains, with the subse-
quent assembly steps occurring largely spontaneously. The functions of 
GroEL in phage X assembly, for example, can be attributed to the assisted 
folding of the XB protein rather than to the subsequent oligomerization 
steps (Georgopoulos etal, 1994). The reason for this seems clear, consid-
ering the space constraints imposed by the chaperonin cavity. As demon-
strated most convincingly for the assembly of trimeric ornithine transcar-
bamoylase, monomeric subunits leave the chaperonin cylinder to find 
their partner(s) for oligomerization (Zheng et al, 1993). The nonassem-
bled subunits are probably more or less folded and have a rather low 
binding affinity for the chaperonin. A weaker, transient interaction with 
the chaperonin or with other molecular chaperones may stabilize the 
monomeric subunits in a nonaggregated form until assembly is complete. 

VI. CHAPERONIN FUNCTION UNDER CELLULAR 
STRESS CONDITIONS 

Proteins may have to be chaperoned even after the polypeptide chain 
has emerged from the de novo folding pathway as a native protein. The 
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Structure of a folded protein can be perturbed by various forms of 
cellular stress, including heat shock and exposure to heavy metals, oxygen 
radicals, ethanol, and UV light (Parsell and Lindquist, 1993). Not surpris-
ingly, many molecular chaperones are stress proteins and their concentra-
tions are increased under these conditions. Cells may respond to a partic-
ular form of stress by increasing the synthesis of a specific subset of 
stress proteins. Chaperone components with a general function in protein 
folding, such as DnaK, DnaJ, and GrpE or GroEL and GroES, are often 
among the induced stress proteins. As during de novo folding, these 
chaperones may interact with proteins that have partially unfolded un-
der stress, preventing their aggregation and mediating their subsequent 
refolding. Proteins of relatively low structural stability may thus be main-
tained in an active form or in a soluble state competent for refolding, 
once more favorable conditions have been reestablished. 

The prevention of protein denaturation by chaperonins under heat 
stress in vivo has been demonstrated for the mitochondrial hsp60 (Martin 
et al.y 1992). Since most mitochondrial proteins are imported from the 
cytosol (see Chapter 4), this experimental system can easily distinguish 
between effects of a chaperonin either on preexistent or on newly im-
ported proteins. In the absence of protein import, hsp60 was shown to 
bind a large number of preexistent organellar proteins at temperatures 
between 39 and 46°C, and to prevent the thermal inactivation of DHFR 
at 40°C that had been imported as a fusion precursor at 25°C. In contrast, 
the specific function of the chaperonins under stress conditions in the 
cytosol is more difficult to estabUsh. The overexpression of GroEL/ 
GroES was shown to suppress many, though not all, temperature-sensi-
tive mutants in various E. coli and Salmonella typhimurium genes (Fayet 
et aly 1986; Jenkins et ai, 1986; VanDyk et al, 1989). The temperature-
sensitive phenotype of the mutant strains tested may have been due 
either to the structural instabiUty of a given protein at the elevated 
temperature or to its inabihty to fold correctly. Similarly, overexpression 
of GroEL and GroES significantly increases the functional expression 
of the dimeric luciferase of Vibrio harveyi (Escher and Szalay, 1993). 
This effect occurs at 42°C but not at 37°C and is apparently due to the 
stabilization of the labile j8 subunit of luciferase. Another important 
example of a protein that is stabilized (and folded) by GroEL in vivo 
is the short-lived UmuC protein. UmuC is a key factor in repair after 
UV mutagenesis, explaining why groE mutants are particularly sensitive 
to this type of stress (Donnelly and Walker, 1989, 1992). 

The mechanism by which the chaperonins stabilize proteins under heat 
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Stress has emerged from in vitro studies with purified components. The 
protective effect of mitochondrial hsp60 on DHFR in intact mitochondria 
can be reproduced in vitro using purified GroEL and GroES. In the 
absence of nucleotide and GroES and at elevated temperatures, GroEL 
interacts preferentially with DHFR, thereby shifting the folding equilib-
rium toward the unfolded state and lowering the temperature for the 
inactivation of the enzyme significantly (Martin et al, 1992). Addition 
of Mg-ATP after temperature downshift restores the activity of DHFR 
but does not allow renaturation at 40°C. Interestingly, in the presence 
of GroES and ATP, DHFR can be maintained in active state even at 
40°C. Notably, at 25°C DHFR is able to refold from the GroEL-bound 
state in the absence of GroES. The requirement of GroES for folding 
at high temperature is consistent with the view that GroES allows partial 
folding to occur within the protected environment of the GroEL cavity. 
Heat-induced binding to the chaperonin in vitro has been demonstrated 
also for a number of different substrate proteins (Ziemienowicz et al, 
1993; Holl-Neugebauer et al, 1991; Mendoza et al, 1992; Taguchi and 
Yoshida, 1993; Hartman et al, 1993). As shown with malate dehydroge-
nase and DHFR (Hartman et al, 1993; Martin et al, 1992) even sub-
stoichiometric amounts of chaperonin are able to exert a significant 
stabilizing effect. However, GroEL can only stabilize a protein if it is 
present during the denaturation process and cannot resolve preformed 
protein aggregates. 

The pathway of chaperone-mediated protein folding and stabilization 
must be intimately related to the process of protein degradation. Proteins 
that are no longer able to pursue a productive folding pathway due to 
a mutation or chemical modification are normally degraded. A well-
known exception are the so-called inclusion bodies that frequently form 
in bacteria upon rapid expression of large amounts of a single type of 
polypeptide. At least in certain cases, the high level of protein expression 
may simply exceed the capacity of the chaperone machinery. These 
protein aggregates are protected from proteolysis, whereas substrate 
proteins bound to chaperones, but unable to fold, are accessible to 
proteases. Preliminary results indicate that a functional cooperation be-
tween chaperones and cellular proteases can be reproduced in vitro, in the 
course of which a substrate protein is transferred backward from GroEL 
to DnaK and DnaJ and is subsequently degraded by the large E. coli 
proteases La or Clp (J. Martin and F.U. Hartl, unpublished; Sherman 
and Goldberg, 1992). This finding is consistent with defects in proteolysis 
occurring in temperature-sensitive groE mutants (Straus et al, 1988). 
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VII. CONCLUDING REMARKS 

The past five years have seen enormous progress in understanding the 
mechanistic details of how the chaperonins mediate the folding of a 
large number of different polypeptides. Detailed models for the GroEL/ 
GroES reaction cycle have been proposed and are now being tested 
experimentally. The three-dimensional structure of GroEL, solved by the 
Sigler and Horwich laboratories (see Chapter 9) will enable knowledge-
based mutagenesis to be carried out, providing us with more specific 
information on the structure-function relationships within GroEL. Im-
portant questions to be addressed in the future are whether and to what 
extent the chaperonins can influence the pathways or even the final 
outcome of a folding reaction. Has the coevolution of proteins and 
chaperones perhaps favored certain folding pathways over others? How 
far does the protein proceed along the folding pathway before it leaves 
the chaperonin? Another interesting direction will be the analysis of the 
role of the chaperonins in the cellular pathway of protein folding that 
involves interplay with members of other chaperone families. When does 
GroEL first interact with newly synthesized polypeptide chain and how 
do the physical conditions of the cellular environment influence the 
chaperonin mechanism? Given the breathtaking speed at which progress 
is made in the chaperonin field, the answers to at least some of these 
questions should be available in the near future. 
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I. INTRODUCTION: METHODS FOR STRUCTURAL STUDIES 
OF CHAPERONINS 

The large size and sevenfold symmetry of the GroE chaperonins pres-
ent special challenges for structural work. For X-ray crystallography, it 
is a major achievement to crystallize and solve a structure of this size; 
this has been achieved by Braig et al (1994). On the other hand, low-
resolution studies by electron microscopy (EM) are facihtated by the 
high and odd-numbered symmetry, as well as the large size and distinctive 
features of the chaperonin 60 (cpn60) structure. The two approaches 
can provide complementary information, since there are large conforma-
tional changes and transient complexes that can be captured by cryoelec-
tron microscopy (Saibil, 1994), which provides low-resolution density 
envelopes into which atomic structure data can be fitted and manipulated. 
This combination of X-ray and cryo-EM data has been very effective in 
other areas, notably for actomyosin and virus-receptor complexes, and 
it has great potential for cpn60. Figure 1 shows a diagram of the cpn60 
14-mer, with the subunits shown in outline, based on the crystal structure. 

Fig. 1. The cpn60 14-mer. Subunit outlines based on the X-ray crystal structure of 
GroEL. Diagram adapted from Braig et al (1994). 
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A. Electron Microscopy 

The EM methods for sample preparation and imaging will be briefly 
explained in the following sections. Very small amounts of protein are 
needed for EM study. Unlike the situation in optical microscopy, the 
depth of focus in transmission EM is much greater than the specimen 
thickness, so that the observed image is a projection through the whole 
structure. In order to get three-dimensional (3D) information, images 
must be obtained of the specimen in different orientations so that the 
different views can be combined into a 3D density map. This is done by 
recording images with different tilt angles, and/or by taking advantage 
of molecular symmetry to generate other views. Transmission EM images 
are two-dimensional (2D) projections of 3D structures, and 3D recon-
struction can be done by computed tomography, if enough views at 
different angles are available. 

1. Negative Staining 

In routine transmission EM, samples are imaged under high vacuum 
and therefore must be dehydrated. Protein structures can be imaged by 
allowing them to dry in a thin film of heavy metal stain, effectively 
encasing them in an electron-dense medium. The image is formed by 
the stain, which reveals the surface shape of the protein by its exclusion. 
Although crude and simple to apply, negative staining often gives quite 
a good idea of the shape and symmetry of a protein structure to about 
20 A resolution. Its main drawbacks are variable distortion due to dehy-
dration and lack of internal structure. Drying usually causes flattening 
of the 3D structure, which poses particular problems for 3D reconstruc-
tion from negative stain images. 

2. Cryoelectron Microscopy and Three-Dimensional Reconstruction 

A technique increasingly used by structural biologists is cryo-EM. The 
aqueous protein sample is appHed to an EM grid, but instead of staining 
and dehydration, a thin layer of suspension is very rapidly cooled by 
plunging into a cold hquid (typically ethane, cooled to hquid nitrogen 
temperature). This cooling traps the protein in the native, hydrated state, 
embedded in vitrified water. Rapid cooling prevents the formation of 
ice crystals, which would otherwise damage the protein by removing 
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water from its surface, and the protein is preserved in the native state 
as long as the grid is kept below about -150°C (Dubochet et al, 1988). 
There are very significant advantages to this approach, mainly that the 
native protein electron density is imaged, and is directly comparable to 
that determined by X-ray crystallography, even though the resolution 
is normally much lower, of the order of 20-30 A in single molecule work 
(as opposed to 2D crystal data which can go to atomic resolution). A 
disadvantage of cryo-EM of unstained, frozen-hydrated proteins is the 
extremely low image contrast. This, combined with the need to hmit the 
electron dose because of radiation damage, means that the signal-to-
noise ratio is very low. In order to extract reUable information, it is 
necessary to average many copies of the protein image, by computer 
processing. This is essential in any case for 3D reconstruction, which 
requires the combination of many different views. 

B. X-Ray Crystallography 

Crystallization and structure determination for a large protein with 
sevenfold symmetry are enormous tasks. Highly purified protein must 
be available in large quantities to find good crystallization conditions and 
grow suitable crystals for data collection. Wild-type GroEL is difficult 
to crystallize, but Braig et al (1994) found that a double mutant, 
Argl3 -> Gly, Alal26 -> Val formed good crystals. The C222i crystal 
form contained one-half molecule per asymmetric unit; a molecular two-
fold corresponded to a lattice twofold, reducing the problem of finding 
the molecule to that of positioning the sevenfold axis, known to be 
perpendicular to the twofold. Three heavy atoms per subunit were lo-
cated in the heptameric ring to yield a 6-A map by single isomorphous 
replacement; then sevenfold averaging was exploited to extend the 
phases from 6 to 2.8 A. Because sevenfold symmetry does not fit into 
a crystal lattice, the seven subunits make different packing interactions 
with neighboring rings, and the more deformable parts of the structure 
deviate from exact sevenfold symmetry. Such regions are not resolved 
by methods that rely on sevenfold averaging. Most of the structure, with 
the notable exception of the termini and a region near the middle of 
the sequence, was clearly resolved by this procedure. Considerable work 
Ues ahead in the refinement of the structure and in the analysis of GroEL 
in complex with nucleotides, GroES, and the various possible substrate 
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combinations. All of these structures should illuminate the molecular 
mechanism of chaperonin-assisted protein folding. 

II. ARRANGEMENT OF SUBUNIT DOMAINS 
IN CHAPERONIN 60 OLIGOMER 

A. Low-Resolution Studies of Chaperonins by Electron Microscopy 

The distinctive structure of cpn60 was observed in the 1970s by negative 
stain EM. Two views, a round one with sevenfold symmetry and a 
rectangular or square one with four stripes of density, were reported by 
Hendrix (1979) and by Hohn et al (1979), when GroEL was described 
as a factor required for bacteriophage X assembly. Chloroplast cpn60 
was shown to have similar structure (Pushkin et al, 1982), and a 3D 
model was proposed, but the relationship between side and end views 
was not understood until the work of Hutchinson et al (1989). By record-
ing highly tilted views, these authors were able to show that the sevenfold 
axis seen in the (round) end view was perpendicular to the stripes in 
the side view. This established the basic layout of cpn60: in order to 
explain the four stripes, the 14-mer had to be a cylinder formed of two 
rings of seven subunits, in which each subunit was divided into two major 
domains, so that each ring contributed two stripes, or layers of density. 
The chloroplast protein, unUke GroEL, is formed of two distinct subunit 
types (see Chapter 3). Figures 2a and 2b show averaged cryo-EM views 
of GroEL. The negative stain appearance of these views is very similar. 
Despite the variable flattening of the structure in negative stain, a 3D 
reconstruction correctly showed the two major subunit domains to be 
connected by a thin bridge of density on the outside of the cylindrical 
oligomer, forming a cage-like structure with side openings (Saibil et 
al, 1993). 

/ . Comparison of GroE and t-Complex Polypeptide 1 Chaperonins 

Figure 2 shows averaged, cryo-EM end and side views of GroEL 
(Figs. 2a and 2b, respectively). Comparison with preUminary data 
from human chaperonin-containing ^complex polypeptide 1 (CCT, 
see Chapter 5) indicates that although they are both double-ring 
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Fig. 2. Cryo-EM averaged end and side views of GroEL (a,b), from Chen et al (1994). 

complexes with four layers of density perpendicular to the symmetry 
axis, there are seven subunits forming the rings in the eubacterial 
chaperonin and eight in the eukaryotic cytosoUc protein (A. Liou, S. 
Chen, H. R. Saibil, and K. R. Willison, unpublished observations). 
In archaebacterial members of the r-complex polypeptide 1 (TCP-1) 
subfamily of chaperonins, there are eight or nine subunits in the ring 
(Phipps et al, 1991; Marco et al, 1994b). GroEL has 14 identical 
subunits, whereas there are up to 9 different gene products in CCT 
preparations (Kubota et al, 1994). These different gene products are 
all related in sequence, and they are likely to have very similar 
structures. An apparent structural difference between GroEL and 
CCT is the difference in relative masses of the two subunit domains, 
with the apical domains appearing relatively smaller than the equatorial 
domains in the latter case. Also, the CCT oligomer appears to have 
a much larger central channel. These structural features were shown 
by negative stain EM of the archaebacterial protein (Phipps et al, 1991). 

2. Three-Dimensional Reconstructions from Cryoelectron 
Microscopy Images 

Cryo-electron microscopy has proved more reliable than negative 
stain in defining the dimensions and particularly the domain reorienta-
tions in the various cpn60 complexes. Figure 3 shows 3D reconstructions 
of GroEL, GroEL-ATP, and GroEL-GroES-ATP from cryo-EM. 
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GroEL GroEL-ATP GroEL-GroES-ATP 

Fig. 3. Surface-rendered views of 3D reconstructions of GroEL, GroEL-ATP and 
GroEL-GroES-ATP from cryo-EM. The GroES ring is seen as a disk above the GroEL. 
Reprinted with permission from Nature (Chen et ai, 1994). Copyright 1994 Macmillan 
Magazines Limited. 

The GroEL cylinder (a) is progressively elongated, with a small but 
distinct increase in length with ATP binding (b), and a very substantial 
elongation, particularly visible in the upper ring of GroEL in the 
complex with GroES (c). At the same time, the end cavities are 
widened. GroES is seen as a flat, disk-like object above the GroEL. 
With this surface contour display, the contacts between GroEL and 
GroES are not seen. 

III. CRYSTAL STRUCTURES OF GroEL AND GroES 

A. Subunit Structure and Oligomeric Contacts in GroEL 

Each subunit is divided into three distinct domains (Fig. 4, color plate): 
the N terminus begins in the equatorial domain, and continues up through 
the intermediate domain (Braig et al, 1994). The central part of the se-
quence forms the apical domain, after which the chain returns down 
through the intermediate domain and the crystallographically visible den-
sity terminates near the N terminus in the equatorial domain. Both N and 
C termini (a total of 30 residues in total are not seen at the termini. 
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presumably due to disorder) face the central channel, which is continuous 
through the 14-mer in the crystal structure. However, the missing 30 
residues per subunit appear to form a central constriction to the channel 
as seen in cryo-EM images (Chen et ai, 1994). Mutation of Lys4 -^ Glu 
(sequence begining at Met-1) completely blocks oligomer assembly (Hor-
ovitz et ai, 1993), suggesting an important structural role for this appar-
ently disordered region. The equatorial domain, containing N and C 
terminal parts of the chain, forms the backbone of the ohgomeric struc-
ture. It provides most of the contacts holding the rings together (including 
a parallel j8-strand interaction between adjacent subunits), and also the 
only contacts between the two rings in the 14-mer, an important route 
of allosteric communication. This domain is a well-defined bundle of 
seven a-helices. 

At the top of the equatorial domain, there is a well-defined junction 
with the intermediate domain, a small, antiparallel domain connecting 
the top and bottom large domains. It comprises a pair of crossed helices 
and a small /3-strand region that contacts the neighboring apical domain. 
This is followed by another junction leading to the large apical domain, 
which contains a and P structures and has poorly defined density in 
regions lining the channel, the site of residues involved in substrate and 
GroES binding (see Section III,C). A conspicuous feature is that much 
of the apical domain surface is not in close contact with neighboring 
domains, and that there is little barrier to its movement, both locally in 
some parts and in overall orientation of the domain. It is this part of 
the structure that deviates most from sevenfold symmetry in the crystal. 

Very interesting potential hinge sites are found at the upper and lower 
domain junctions. These provide the possibility of large hinge movements 
allowing rigid body rotations (Gerstein et al, 1994) of the apical and 
equatorial domains. In the four regions of exposed antiparallel chain, 
three of the four sequences contain conserved glycine residues. Figure 
6a shows a schematic diagram representing the subunit domain arrange-
ment in the oUgomer, in which the potential hinge sites are marked with 
black dots. 

B. Structure of GroES 

GroES was isolated and characterized as a ring structure with approxi-
mately seven 10-kDa subunits that formed a complex with GroEL, by 
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Chandrasekhar et al (1986) in their study of bacteriophage X assembly. 
Crystallographic analysis of GroES has been completed (Hunt et al, in 
press; Fig. 5). Each subunit consists of a /3-barrel region that forms most 
of the contacts around the ring, and a /3-hairpin pointing slightly upward 
and toward the center of the ring. The j8-hairpin region is loosely packed, 
with little intersubunit contact, and forms the roof of the dome-like 
structure of the oligomer. Earlier NMR work showed that a mobile 

Fig. 5. Ribbon diagrams of the GroES structure viewed (a) from above and (b) from 
the side, shovŝ ing the j8-barrel structure of the subunit with a j8-hairpin forming the roof 
of the dome-hke heptamer. The N and C termini are labeled and point radially outward. 
In (a), the positions of two glutamic acid residues in the j8-hairpin are indicated as negative 
charges. The broken ends of the disordered mobile loop, which is not seen in this map, 
are indicated by dashed arrows in (b). Images kindly provided by Dr John Hunt. 
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Fig. 5. Continued 

domain in GroES became ordered upon binding to GroEL (Landry et 
al, 1993). This region (residues 17-32) is not seen on the X-ray structure 
for most subunits of GroES, but is expected to form at least part of the 
binding contact. The visible ends of the mobile loop point downward 
and radially outward from the bottom of the j8-barrel domain (dashed 
arrows, Fig. 5b). Electron microscopic reconstruction of the GroEL-
GroES complex shows that the dome caps the opened apical domains 
of GroEL (Figs. 3 and 6). In the complex, the mobile loop is expected 
to be in contact with GroEL, because its accessibility to trypsin is reduced 
in the complex and a synthetic peptide with the loop sequence binds to 
GroEL (Landry et al, 1993). Furthermore, all the GroES mutations 
originally isolated by their inability to support bacteriophage X growth 
map to the mobile loop region of the sequence (Georgopoulos et al, 
1973). 

C. Functional Sites in GroEL Defined by Mutagenesis 

An extensive mutational study (Fenton et al, 1994) has enabled the 
mapping of several important functional sites onto the atomic structure, 
including nucleotide, substrate, and GroES binding sites. Results from 
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Fig. 6. Schematic diagram of the subunit arrangement in a hypothetical sUce through 
the oUgomer, showing the major functional sites, (a) GroEL, based on the crystal structure 
with bound substrate (shaded light to dark) as imaged by cryo-EM. A, apical domain; 
I, intermediate domain; E, equatorial domain. The apical domains form a ring of hand-
like structures with the substrate binding sites on the fingers protruding into the central 
channel. Sites of potential hinge rotations are indicated by black dots. The notch in the 
equatorial domain represents the ATP-binding cleft. The interaction across the equatorial 
plane is shown as pairs of wavy surfaces, (b) The folding complex GroEL-MDH-
GroES-ATP, rotating the subunit domains and adding the GroES (dark gray) and substrate 
(shaded) densities according to cryo EM observations. 

Other mutant studies (e.g., Baneyx and Gatenby, 1992; Yifrach and Horo-
vitz, 1994) can now also be interpreted in terms of the 3D structure. 

/. Nucleotide Binding Pocket 

The heUx bundle in the equatorial domain contains the ATP binding 
pocket, which is bordered by a highly conserved sequence motif 
containing Asp-87 and GDGTT, and lined by other stretches of highly 
conserved residues (Fenton et al, 1994). The structure with nucleotide 
bound has been solved by D. C. Boisvert, J. Wang, Z. Otwinowski, 
A. L. Horwich, and P. B. Sigler (unpubUshed) and confirms that 
nucleotide occupies this pocket. Mutations in Asp-87 completely abolish 
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ATPase activity, although ATP analog binding is relatively unaffected. 
The ATP-binding pocket is adjacent to the lower hinge region, and 
mutations in the intermediate domain just beyond this hinge region 
also abolish ATPase activity (residues 150, 151, 152, 405, and 406), 
as does mutation of residue 383, near the upper hinge region. These 
strategic locations of key residues around the hinge regions strongly 
suggest that hinge movements are involved in the hydrolysis mech-
anism. 

2. Polypeptide Substrate Binding Surface 

The mutagenesis study defines a set of hydrophobic residues on 
the apical domain, lining the channel, that provide the binding surface 
for substrates, a region that is flexible in the GroEL structure. The 
binding surface is shown as a wavy profile on the apical domains in 
the diagram (Fig. 6a). Single amino acid substitutions, in some cases 
severe changes, of these residues (including residues 199, 203, 204, 
234, 237, 259, 263, and 264) abolish binding of the substrates ornithine 
transcarbamylase and dihydrofolate reductase. By cryo-EM, density 
of the substrate malate dehydrogenase (MDH) is found in exactly 
the same region, held between the ends of the claw-like domains and 
protruding outward (Chen et al, 1994). The ring of seven binding 
sites is easily accessible from outside, being very near the surface of 
the cylinder, but the inward-facing orientation may protect GroEL 
from self-aggregation. Mutation of residue 152, near the lower hinge 
region, also has a strong effect on substrate binding. The abiUty of 
monomeric cpn60, missing 78 N-terminal residues, to bind substrates 
and partially promote their folding is consistent with the apical location 
of substrate binding sites (Taguchi et al, 1994). 

3. GroES Binding Surface 

Many of the same mutations to the apical channel-lining surface also 
interfere with GroES binding, suggesting that the binding sites for GroES 
and substrate overlap. In addition, the GroES binding surface appears 
to extend further over the top surface of the apical domain. Looking at 
the GroEL crystal structure, it would appear impossible to fit the GroES 
heptamer (diameter —75 A, Hunt et al, in press) into the cavity to 
contact most of these binding sites. However, an explanation for this is 
found in the low-resolution structure of the GroEL-GroES complex 
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from cryo-EM (Figs. 6b, 7a, and 7c). A large rotation of at least the 
upper hinge region in the GroEL subunits is clearly evident, to give a 
50-60° reorientation of the apical domains, placing the substrate binding 
surfaces adjacent to the bases of the j8-barrel domains of the GroES 
subunits (Fig. 5b). 

Fig. 7. (a) Side view of the GroEL-GroES complex averaged from 200 cryo EM images 
(Chen et al, 1994). (b) Side view average of "football" complexes from cryo EM (S. 
Chen, A. Roseman, and H. Saibil, unpublished observations), (c) Section through a 3D 
reconstruction of the complex in (a) showing the large reorientation of the apical domains 
in contact with GroES, forming the contact with the same region as the substrate binding 
site. The GroEL cylinder is greatly elongated, (d) Section of a 3D reconstruction of the 
folding complex GroEL-MDH-GroES-ATP trapped by vitrification after 12 s of folding 
from cryo EM (Chen et al, 1994). The MDH substrate density is found in the opposite 
ring to GroES. 
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IV. CONFORMATIONAL CHANGES IN GroEL AND ITS 
COMPLEXES STUDIED BY CRYOELECTRON MICROSCOPY 

A. Effects of Nucleotides 

Binding and hydrolysis of ATP drive the key functional cycle of cpn60: 
in the ADP-bound form, or without nucleotide, cpn60 has a high affinity 
for unfolded substrate, and in the ATP-bound form, it has lower affinity 
for substrate (Staniforth et ai, 1994). Alternation between these states 
has been proposed as the basis of the assisted folding mechanism (Jack-
son et ai, 1993). These two states have different conformations in cryo 
EM images, with a 5-10° opening of the apical domains in the presence 
of ATP. The superposed outlines of sections through the 3D reconstruc-
tions of GroEL and GroEL-ATP are shown in Fig. 8. The apical domains 
are seen to open out slightly, elongating the cylinder and widening the 
binding cavity. A structural change induced by ATP binding was origi-
nally observed by negative stain EM, and it appeared to cause an inward 
rotation of the subunits (Saibil et ai, 1993). The discrepancy can be 
partly explained by the collapse of the oligomer in negative stain, which 
is most evident in molecules that are noticeably flattened (larger in 
diameter relative to equivalent cryo-EM views). This behavior suggests 
that ATP binding makes the hinge regions more flexible. Nonhydrolyz-

Fig. 8. Superposed outlines of sections through GroEL and GroEL-ATP (shaded) 
from cryo EM (Chen et ai, 1994), showing the sUght but distinct outward rotation of the 
apical domains in the ATP form. These displacements have the effect of lengthening the 
cylinder and widening the binding cavity. 
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able analogs of ATP appear to cause the same type of cavity opening 
as ATP (A. S. Hunter, A. M. Roseman, S. P. Wood, and H. R. Saibil, 
unpublished observations), but ADP causes a more subtle change 
(Langer et al, 1992). Recent work shows that ATP induces asymmetry 
of the GroEL 14-mer (Bochkareva and Girshovich, 1994). 

B. GroEL-GroES Complexes: Hinge Rotations in GroEL 

In the presence of nucleotide, a complex is formed between GroEL 
and GroES (Chandrasekhar et al, 1986). GroES binds tightly to one 
ring of GroEL after ATP hydrolysis, trapping ADP in the seven sites 
on that ring (Todd et al, 1994). Adenosine triphosphate binding by 
GroEL is cooperative, and this positive cooperativity is increased by 
GroES, suggesting that all seven sites in the opposite ring of GroEL act 
together. With each round of ATP hydrolysis, the GroES is released 
and rebinds. The biggest structural change in GroEL is seen in its com-
plex with GroES. From negative stain EM studies of the complex it was 
immediately apparent that GroES binding was asymmetric and that it 
appeared to cause a significant expansion in GroEL (Saibil et al, 1991; 
Ishii et al, 1992; Langer et al, 1992). At that time, the asymmetry was 
surprising, since the two rings of GroEL are originally identical. It is 
now known that the nucleotides required for GroES binding create 
asymmetry between the two rings of GroEL (Bochkareva and Girsho-
vich, 1994; Burston et al, 1995). It imphes strong negative cooperativity 
of GroES binding, and accords well with the observation that the rate 
of chaperonin-assisted refolding of Rubisco in vitro as a function of 
GroES/GroEL molar ratio saturates as the GroES 7-mer concentration 
approaches that of the GroEL 14-mer (Azem et al, 1994), although not 
with the interpretation of those authors. However, it was also shown 
that double-ended GroES binding could take place (Harris et al, 1994; 
Azem et al, 1994; Schmidt et al, 1994; Todd et al, 1994), and that the 
"football" form was favored under certain ionic conditions (high pH 
and Mĝ ^ seem to be important). The second GroES binds more weakly 
(Todd et al, 1994). 

Averaged side views and sections through the GroEL-GroES complex 
show large displacements of the apical domains, consistent with a large 
rotation of the apical domains in contact with GroES about the upper 
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hinge region (Figs. 7a and 7c). This dramatic rotation occurs at both 
ends of GroEL in the case of the football structures (Fig. 7b). 

C. Ligand Complexes: Binary and Ternary 

Substrates bound to GroEL are thought to be in a partially folded 
form, with native secondary structure, but with expanded and incomplete 
tertiary structure (the "molten globule") (Goloubinoff et al, 1989; Mar-
tin et al, 1991; van der Vies et al, 1992). The position of substrate binding 
in the central channel in end projection was first suggested by negative 
stain EM of GroEL complexes with rhodanese and alcohol oxidase 
(Langer et al, 1992), and by scanning transmission EM of complexes 
with dihydrofolate reductase labeled with colloidal gold particles (Braig 
et aly 1993). More recently, a central location for actin binding in TCP-
1 has been demonstrated by negative stain EM (Marco et al, 1994a). Ishii 
et al (1994) used antibody labeling of the substrate 3-isopropylmalate 
dehydrogenase to show that it could be found at the opposite end of 
cpn60 from the cpn 10 in the asymmetric complex from a thermophilic 
eubacterium. However, the substrate density is not seen in negative stain 
side views of GroEL complexes. 

By cryo-EM, the substrate malate dehydrogenase was directly ob-
served as additional density at one end of GroEL, held between the 
apical domains, in the mouth of the central channel (Chen et al, 1994; 
diagrammed in Fig. 6a). One-sided binding was observed even in the 
presence of greater than a twofold molar excess of MDH, implying a 
negative cooperativity of substrate binding. Because the vitrification 
procedure traps the sample rapidly from the native state, it is possible 
to capture transient complexes whose lifetime is longer than the mixing, 
blotting, and freezing time (about 10 s with normal procedures). The 
transient complex GroEL-GroES-ATP-MDH was captured and im-
aged within 12 s of starting the folding reaction. It showed extra density, 
compared to the "empty" GroEL-GroES-ATP complex, in the apical 
cavity remote from the bound GroES (Chen et al, 1994; Figs. 6b, 7c, and 
7d). Samples vitrified after longer periods of folding show a progressive 
emptying of the binding site (A. M. Roseman, S. Chen, S. G. Burston, 
A. R. Clarke, and H. R. Saibil, unpublished). 
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V. MOLECULAR BASIS OF CHAPERONIN FUNCTION 

A. Hypotheses about Mechanism of Chaperonin Action 

There is general agreement that GroEL binds folding intermediates 
with exposed hydrophobic surfaces and suppresses aggregation, and that 
different substrates have varying requirements for release from cpn60-
cpnlO complexes into a form committed to folding to the native state. 
(Gatenby and Viitanen, 1994; Hartl and Martin, 1995). It is also generally 
held that cycles of ATP binding and hydrolysis are central to the binding 
and release mechanisms (Jackson et al, 1993; Todd et ai, 1994). The 
main arguments about the precise function of cpn60 and the role of 
cpnlO center around the conformational state of the bound polypeptide 
substrate and the sequence of events during folding. In particular, does 
the substrate fold while bound to, or trapped inside, cpn60; is it unfolded 
as a result of the binding interaction; and does folding take place in free 
solution? The requirement for cpnlO depends on the substrate and the 
folding conditions; ATP alone is often sufficient to induce substrate 
release but results in aggregation under nonpermissive folding conditions 
if cpn 10 is absent (Martin et ai, 1991; Schmidt et ai, 1994). Studies with 
the E. coli proteins show that cpnlO is bound and released with each 
round of ATP hydrolysis (Martin et ai, 1993; Todd et ai, 1994), and 
there is strong evidence that the substrate also goes through cycles of 
binding and release, since it can be trapped in a nonnative state by mutant 
cpn60, added after the start of the reaction, that binds it irreversibly 
(Weissman et ai, 1994). But the temporal and spatial relationships be-
tween CpnlO and substrate binding are still unclear. For example, does 
the substrate get enclosed in the cavity formed by cpnlO binding, or is 
does it only bind on the opposite ring of cpn60? The volume of the 
enclosed cavity is only large enough to accommodate a somewhat ex-
panded folding intermediate of up to —40 kDa. The requirements for 
folding vary greatly among different substrates, which makes it difficult 
to arrive at a single interpretation of the results. Broadly speaking, one 
school of thought holds that chaperonins are essential for preventing 
aggregation and that substrates fold in the protected environment (Mar-
tin et ai, 1991, 1993), whereas another proposes that binding is only 
transient and that the interaction with chaperonins serves to unfold 
misfolded structures (Jackson et ai, 1993; Zahn et ai, 1994), which are 
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then released to a fresh start to fold, in free solution, to a productive 
form (Todd et ai, 1994; Weissman et ai, 1994). In the latter model, they 
would continue to be released and rebound until a form committed to 
folding is reached. The time course of commitment to folding has been 
measured for rhodanese and glutamine synthetase by removing the 
GroEL by immunoprecipitation at different times during refolding 
(Fisher and Yuan, 1994). These experiments show that the GroE system 
is needed for subunit folding, but is not required during oligomeric 
assembly of folded monomers to produce the active, multimeric protein 
(Fisher, 1994). For rhodanese, the GroE system is needed throughout 
the folding period, until full regain of enzyme activity. 

B. Mutational Probes of AUosteric Interactions 

A very striking property of cpn60 is the negative cooperativity between 
the rings. Adenosine triphosphate, ADP, cpnlO, and protein substrates 
all bind asymmetrically: once a ligand is bound, the two rings are in 
some way different. 

In the crystal structure, Arg-197 in the apical domain is shown to 
be involved in a contact with Glu-386 in the neighboring intermediate 
domain. Mutation of Argl97 -> Ala reduces both the positive coopera-
tivity of the ATPase within rings and its negative cooperativity between 
rings, leading to the proposal, now backed up by the crystal structure, 
that it is involved in both intra- and intersubunit allosteric interactions 
(Yifrach and Horovitz, 1994). These residues are near the upper (apical) 
hinge, whereas the ATP binding site is next to the lower hinge. 

Other mutations, around the hinge regions, and at a site at the equato-
rial plane that forms a contact between the two rings, influence GroES 
binding. Glu-461, which forms a charge pair contact between the two 
rings with Arg-452, is particularly remote from the apical domain, and 
likely to be important in negative cooperativity. 

A set of particularly interesting mutations points to allosteric sites 
affecting GroES binding and ATP hydrolysis. In addition to the sites 
that are Ukely to be in direct contact with these Hgands, mutations 
of residues throughout the intermediate domain interfere with GroES 
binding and ATPase activity. The intermediate domain with its two 
potential hinges is thus heavily implicated in the allosteric interactions 
at all stages of the reaction cycle. Not surprisingly, mutations that affect 
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GroES binding and ATP hydrolysis also affect polypeptide release and 
folding. Another line of communication, via a direct contact between 
apical and equatorial domains, is suggested by the effect of mutating 
Gly-45, a residue in the equatorial domain that comes quite close to the 
apical domain. Mutating Gly45 -^ Glu causes defective release without 
reducing ATPase or GroES binding. Intriguingly, other mutations with 
these effects are also found near the top of the apical domain (Glu-238), 
and toward the bottom of the equatorial domain (Asp-25). It appears 
that binding and release are blocked by very different mutations. Binding 
may be relatively straightforward to understand but release is complex, 
involving ATPase and GroES mechanisms. The wide distribution of sites 
affecting substrate release suggests that global rearrangements accom-
pany the release step. A fascinating feature of the GroEL-GroES system 
is the high degree of coordinated structural rearrangement that occurs 
during the functional cycle; this network of cooperative interactions will 
certainly complicate the interpretation of site-directed mutagenesis ex-
periments. 
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Chaperonins protect cellular structures and functions and so ensure 
cell survival (Langer and Neupert, 1991; Martin et al, 1992). The role 
of chaperonins does not end here. In higher animals they probably 
protect the whole body by stimulation of the immune system. In fact 
chaperonins are one of the most potent stimulators of the immune system 
known (reviewed in Young, 1990; Kaufmann, 1994). The immune de-
fenses in mammals are called "innate" and "adaptive." Those defense 
mechanisms that are already in place are innate; examples of these are 
phagocytes, natural killer cells, and complement. If these systems are 
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overwhelmed by an invading microorganism, adaptive immunity is acti-
vated in the form of antibody and T lymphocytes. Although the adaptive 
system takes some time to reach its peak, it improves the efficiency of 
the innate response and has specific memory of prior infection with the 
same microbe. This memory means that the second time a particular 
infectious agent invades an animal the adaptive immune response will 
respond much faster than after the first exposure. 

Chaperonins act directly on the innate defense mechanisms, particu-
larly on phagocytes. Chaperonins also stimulate a powerful adaptive 
immune response, namely antibody and T lymphocytes. A description 
of these responses is given in the following sections of this chapter and 
includes chaperonin (cpn) stimulation of subsets of T cells such as a^ 
and 78 T cells. A critical analysis of the significance of the immune 
response to chaperonins then follows, and this analysis is divided into, 
first, protection against infection and cancer after immunization with 
chaperonins and, second, a discussion of a possible role of chaperonins in 
autoimmune disease. It is concluded that current ideas such as molecular 
mimicry do not accommodate all the available evidence. It is proposed 
that chaperonins operate as multiplex antigens, which means that they 
trigger signals from many different types of cells simultaneously. 

I. INNATE IMMUNITY: DIRECT EFFECT OF CHAPERONINS 
ON PHAGOCYTES 

Surprisingly, not only are chaperonins important immunogens for the 
adaptive immune system, but they also act directly on innate phagocytes 
(see Fig. 1). For example, the Mycobacterium leprae cpn60.2 (also called 
65-kDa antigen) induces cytokine secretion from a human monocyte 
line, according to the findings of Friedland et al (1993). These workers 
carefully excluded bacterial lipopolysaccharide from the cpn60.2 prep-
aration, which is important because lipopolysaccharide can activate 
monocytes. In another laboratory Peetermans et al (1994) incubated 
mycobacterial cpn60.2 with human monocytes and monocyte-derived 
macrophages; this treatment also induces cytokine secretion. It seems 
that cpn60.2 is a much more powerful stimulant of cytokines than, for 
example, bacterial lipopolysaccharide. However, major histocompatibil-
ity complex (MHC) class II proteins are not increased on the surface of 
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these cells and there is no enhancement of reactive oxygen intermediates, 
so the monocytes are not classically "activated." 

Do chaperonins contribute toward innate host defenses? Chaperonin-
treated monocytes secrete cytokines, namely tumor necrosis factor 
(TNF) and interleukin-1 (Friedland etal, 1993; Peetermans etai, 1994), 
which are thought to be important for host defenses. Tumor necrosis 
factor is released from the cpn60.2-treated monocytes with kinetics simi-
lar to that of whole live mycobacteria (Friedland et al, 1992). Tumor 
necrosis factor is thought to be involved in localization of mycobacteria 
by the immune system into granulomas (Kindler et al, 1989) and has 
antimycobacterial action in vitro (Flesch and Kaufmann, 1990). Another 
cytokine, interleukin-1 j8, which is released from cpn60.2-treated mono-
cytes, is important for lymphocyte-triggering differentiation and func-
tion. These observations suggest that chaperonin-treated monocytes send 
signals simultaneously to lymphocytes and to macrophages. So the chap-
eronin-phagocyte interaction may trigger an important early warning 
system for the adaptive immune system, as well as inducing a line of 
defense in the innate system. It is quite possible that in certain situations, 
rather than exerting a protective effect, chaperonins may damage the 
host. For example, TNF, which is secreted by cpn60-stimulated phago-
cytes, can contribute to tissue damage in infectious and noninfectious 
lesions (Langermans et al, 1992; Cerami and Beutler, 1988). Similarly, 
bacterial endotoxins and other functionally related molecules such as 
lipopolysaccharide of gram-negative bacteria cause cytokine-related dis-
ease (Mims et al, 1993) and stimulate macrophages to secrete TNF and, 
in the case of lipopolysaccharide, interleukin-1 as well. 

However, there are a number of problems that need to be addressed, 
before the chaperonin-phagocyte relationship is assigned the label of 
biological significance: (i) Chaperonins are usually regarded as intracellu-
lar molecules, so it could be argued that it is rather artificial to add them 
to the outside of phagocytes. Nevertheless M. tuberculosis cpnlO clearly 
can exist extracellularly, because it is recovered from the conditioned 
medium of bacterial cultures (Verbon et al, 1990; Orme et al, 1992). 
Presumably this cpnlO either leaks from dead cells, or is secreted by live 
bacteria. Mycobacterium tuberculosis is found extracellularly in infected 
tissue (Lucas, 1988), so it is likely that, in tuberculosis, bacterial cpnlO 
comes into contact with the surface of mammahan cells. Are human 
chaperonins found on the surface of cells or outside cells? There is 
evidence that cpn60-related molecules are present on the surface of 
bone marrow-derived macrophages (Wand-Wurttenberger et al, 1991), 
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Innate defenses 

Phagocyte 
Natural killer cells 
Complement etc. 

Antibody 

Adaptive defenses 
Cell mediated 
immunity 

Fig. 1. A single bacterium shown at the top is engulfed by a phagocyte, which is one 
of the innate defenses of the immune system. If the organism survives, it proliferates 
locally, either intracellularly (shown here) or outside the cell. Extracellular growth of the 
organisms and/or release of toxins results in the production of specific antibodies by B 
lymphocytes. Intracellular proliferation leads to cell-mediated immunity. In most infections 
both antibody and cell-mediated immunity are stimulated. In the case of cell-mediated 
immunity, the microbe is digested within the phagocyte (in this case a macrophage), the 
chaperonins are fragmented into short peptides (•) and these are bound to the major 
histocompatibiUty complex (MHC) in the post-Golgi vesicle. The MHC-peptide complex 
moves toward the outside and decorates the surface of the cell. An aj8 T lymphocyte 
recognizes the peptide-MHC complex via its T cell receptor (TCR) and becomes activated. 
The activated T cell improves the defense against pathogens in a wide variety of ways 
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monocytic cells lines (Ferm et aL, 1992), and Daudi cells, but not in Raji 
or Epstein-Barr virus (EBV)-transformed B cells (Kaur et aL, 1993). 
Are these surface chaperonins recognized by other cells? There is no 
evidence for chaperonin receptors on the surface of monocytes, which 
may be required if extracellular chaperonins are to trigger phagocytes 
to release proinflammatory cytokines. On the other hand yd T lympho-
cytes do recognize cpn60 on the surface of human cells (Kaur et aL, 1993). 
The idea that chaperonins may have extracellular activity is important 
because it suggests a new biological role for these proteins. Chaperonin 
10 has been located in human platelets but more importantly it may also 
be present in human maternal serum (Morton et aL, 1974; Cavanagh 
and Morton, 1994). If this report is confirmed in other laboratories, it 
is evidence for circulating chaperonin, which is clearly extracellular. 
Cavanagh and Morton (1994) claim that human cpnlO is identical with 
early pregnancy factor, which is involved in control over cell growth and 
development. This identification suggests that cpnlO may act rather like 
a hormone in stressful situations such as pregnancy. The idea that intra-
cellular proteins may transfer between animal cells is not new. For in-
stance, about 20% of radiolabeled ghal cell proteins are transferred into 
the squid giant axon (Lasek et aL, 1974; Tytell, 1987). The relative 
molecular masses of these molecules range from 10,000 to more than 
200,000. Intriguingly, at least two of these are heat shock proteins of 70 
and 95 kDa (Tytell et aL, 1986; Tytell, 1987). Although chaperonins are 
also heat shock proteins, it is not yet known whether they are among these 
transferred ghal proteins. It is thought that these transferred proteins are 
not taken into the axon by endocytosis or microphagocytosis, but are 
transferred by an unconventional process. 

These data strongly suggest that bacterial chaperonins may come into 
contact with the surface of mammalian cells during an infection in vivo, 
but evidence for animal chaperonins on the surface of cells or in extracel-
lular fluid or transferring between cells is less sure. 

including secretion of interferons, which stimulate phagocytes to kill microbes, stimulate 
natural killer cells, and prevent viral replication. T lymphocytes also help cytotoxic T cells 
to inhibit replication of viruses and help B lymphocytes to produce antibody. Fragments 
of chaperonin also appear at the cell surface not bound to MHC and stimulate yd T cells. 
In addition, chaperonins stimulate the phagocyte to release cytokines (IL-1, IL-6, IL-8, 
and TNF), which stimulate the immune system by triggering activation, recruitment, and 
differentiation of T lymphocytes. The cytokines help cells to kill the bacterium but 
overstimulation in the process may result in damage to innocent tissues. 
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(ii) Most of the available evidence for phagocyte stimulation is cen-
tered on mycobacterial cpn60.2 molecules. Are both mycobacterial 
cpn60.2 and mycobacterial cpnlO involved? Work from the author's 
laboratory (F. MareUi, P. Mascagni, and A.R.M. Coates, unpublished 
observations, 1995) indicates that M. tuberculosis cpnlO stimulates inter-
leukin-1 secretion from human synovial fibroblast-like cells. This obser-
vation suggests that mycobacterial cpnlO as well as cpn60.2 can stimulate 
nonlymphocyte cells directly (Table I). Clearly, if this is a general biologi-
cal phenomenon, it should also apply to other bacterial chaperonins and 
even to mammalian chaperonins. 

(iii) Is the chaperonin-phagocyte interaction a laboratory artifact due 
to contaminants? For example, might small amounts of antibody against 
chaperonin in the blood attach to the cell surface receptors for type 
1 crystallizable fragment (Fc) of immunoglobulin and so activate the 
phagocyte by binding exogenous chaperonin? The phagocytes that were 
used by Friedland et al (1993), and by Peetermans et al (1994) were 
derived from the THP-1 human monocyte cell Une and from heparinized 
peripheral venous blood of volunteers. Clearly, the monocytes from the 
volunteers might have come into contact with antichaperonin antibody, 
but it is much less likely that the THP-1 cell line was exposed to antichap-
eronin antibody, although it is possible that these type of antibodies 
might be present in the fetal calf serum that was used to grow the cells. 
Nevertheless, even if antichaperonin antibodies were absorbed to the 
Fc receptor, this would provide a mechanism for the action of chaperon-
ins and would not contradict the proposed chaperonin-phagocyte inter-
action. 

TABLE I 

Cell Types Targeted by Chaperonins 

Cell type Refs. 

Monocytes Friedland et al. (1993); Peetermans et al (1994) 
Synovial fibroblast-like cells MareUi, F., Mascagni, P., and Coates, A. R. M., 

unpublished data (1995) 
a/3 T lymphocytes Kaufmann et al (1987); Mehra et al (1992); Kaufmann 

MHC restricted (1994); Silva et al (1993) 
MHC unrestricted 

yb T lymphocytes O'Brien et al (1992); Born et al (1990); Kaur et al 
(1993) 
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An important and well-known contaminant of recombinant proteins is 
bacterial lipopolysaccharide, which probably derives from the commonly 
used bacterial expression systems. This contaminant can activate phago-
cytes. Friedland et al (1993), Peetermans et al (1994), and the author's 
group (F. MareUi, P. Mascagni, and A. R. M. Coates, unpubUshed data, 
1995) took extraordinary steps to eliminate contaminating lipopolysac-
charide from their chaperonin preparations. These steps included the 
removal of lipopolysaccharide by three passages through a Detoxigel 
column or polymyxin-coated beads. Measurement of lipopolysaccharide 
in these preparations reveals levels of the contaminant that are far too 
low to activate phagocytes. The level of lipopolysaccharide in the chaper-
onin preparations is less than 1 ng/ml, yet the chaperonin induces a 
similar TNF mRNA response as lO/̂ g/ml of lipopolysaccharide. Heating 
the preparation to 65°C (which destroys chaperonin protein but not the 
more heat-stable lipopolysaccharide) removes TNF mRNA induction 
by chaperonin but not by lipopolysaccharide. 

Another possible contaminant might be peptides from the bacterial 
expression systems which, perhaps bind to the chaperonins and act on 
cells in this form. This problem was addressed by the chemical synthesis 
of the cpnlO that had no contact with any recombinant expression cells 
and contains negligible levels of bacterial lipopolysaccharide, yet stimu-
lates fibroblast-like synovial cells (F. Marelh, P. Mascagni, and A. R. M. 
Coates, unpubhshed work, 1995). These data indicate that contaminants 
are unlikely to be the cause of the chaperonin-phagocyte interactions. 
Rather, the cpnlO itself stimulates the phagocyte. 

II. ADAPTIVE IMMUNITY: NATURE OF IMMUNE RESPONSE 
TO CHAPERONINS 

A. Antibodies 

If an experimental animal is immunized with bacteria, a powerful 
immune response against chaperonins occurs. This response is character-
ized by, first, anti-chaperonin antibodies produced from B lymphocytes 
and, second, the appearance of anti-chaperonin T lymphocytes. Anti-
chaperonin antibodies were observed many years ago in sera of rabbits 
that were injected with Escherichia coli and Pseudomonas aeruginosa, 
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although at the time the workers called the cross-reactive protein "com-
mon antigen" (Kaiser, 1975; Hoiby, 1975; Sompolinsky et ai, 1980). 
Numerous monoclonal antibodies were produced against mycobacterial 
chaperonins by immunization of mice with whole bacteria, sonicates, or 
lysates (Engers et al, 1985, 1986). The first set of these monoclonal 
antibodies contained the TB78 antibody (Coates et al, 1981), which was 
used by Young and Davies (1983) to clone the well-known mycobacterial 
65-kDa antigen (Shinnick, 1987), now called cpn60.2 (Coates etal, 1993). 
Interestingly, some bacterial species contain two or more homologous 
cpn60 genes (Mazodier et al, 1991; Rinke de Wit et ai, 1992; Kong et 
aly 1993) and so, for convenience, these are called cpn60-l or -2 and so 
on (Coates et al, 1993). Anti-chaperonin 10 polyclonal antibodies and 
monoclonal antibody are also found in the serum of animals immunized 
with mycobacteria (Minden et al, 1984). Humans who suffer from a 
wide variety of bacterial diseases also produce antibodies against bacte-
rial cpn60s [reviewed by Young (1990)] and cpnlO (Coates et al, 1989; 
Verbon et al, 1990). 

What is the significance of antibodies against chaperonins? Are they 
protective against invading microorganisms? Are they of no importance 
or are they harmful to the host? In vivo, antibodies are unable to bind 
effectively to antigens, such as chaperonins, which are located within 
the cell away from the cell surface. Nevertheless antichaperonin antibod-
ies do not protect animals against infection with, for example, E. coli 
(Kaiser, 1975), or patients with lepromatous leprosy (Ilangumaran et al, 
1994). The most likely scenario is that antichaperonin antibodies are 
incidental to protective immune processes. As far as the potential host-
damaging effect of antichaperonin antibodies are concerned, they are 
produced in a wide range of autoimmune disease (de Graeff-Meeder et 
al, 1993; Xu et al, 1993; Yokota et al, 1993; Rambukkana et al, 1993). 
These antibodies can bind to chaperonins that are located on the surface 
of mammaUan cells (Wand-Wurttenberger et al, 1991; Xu et al, 1993), 
but they are not likely to be directly involved in harming the host because 
they are found in healthy people (Xu et al, 1993; Coates et al, 1989). 

B. T Lymphocytes 

A remarkable feature of the T lymphocyte response against chaperon-
ins is its dominance over the response to other antigens. In bacterial 
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infection the immune system picks out chaperonins from hundreds of 
other proteins and mounts a major response to chaperonins but not to 
most of the other proteins. For example, in a leprosy patient one in 
three T lymphocytes that react to M. leprae respond to mycobacterial 
cpnlO (Mehra et al.y 1992). In M. tuberculosis immunized mice, one in 
five of the bacteria-reactive T lymphocytes respond to mycobacterial 
cpn60 (Kaufmann et ai, 1987). No doubt this observation explains why 
antichaperonin antibodies are also found with such regularity in infec-
tions, because helper T lymphocytes assist B lymphocytes to produce 
antibody. But why does the adaptive immune system choose chaperonins 
rather than other antigens? After all, bacterial chaperonins have a close 
sequence similarity to mammalian chaperonins, and so it might be dan-
gerous for a host to invest a high proportion of its immune energy into 
sets of T cells that may cross-react with self-chaperonin. This response 
might lead to autoimmune disease, which could damage the host. Despite 
these dangers, the immune system operates a strong preference for chap-
eronins. 

/. Multiplex Hypothesis 

It is quite possible that immune preference for chaperonins reflects 
the influence of the innate immune system upon the adaptive immune 
system, in addition to a direct effect on T ceUs (see later in this chapter). 
This is the multiplex hypothesis, which focuses on the involvement of 
chaperonins in triggering simultaneous transmission of several messages 
(e.g., cytokines) along a channel of communication (the immune system). 
Chaperonins, in the absence of T lymphocytes, induce mononuclear 
cells and macrophages to secrete cytokines, in particular, interleukin-1 
(Peetermans et ai, 1994). Interleukin-1, when administered simultane-
ously with antigen, will enhance the consequent immune response (Mims 
et ai, 1993); this is an adjuvant effect. The classical adjuvant is Freund's 
complete adjuvant, in which killed M. tuberculosis is emulsified with 
water in an oil vehicle. It is thought that adjuvants, such as Freund's 
complete adjuvant, act in part by inducing cytokines such as interleukin-
1, which, in turn, trigger lymphocyte differentiation and function. Al-
though chaperonins do not seem to have classical adjuvant activity, they 
can act as powerful carrier molecules, which means that they trigger B 
cells into a response, usually because they stimulate T helper ceUs. Lus-
sow et al (1991) demonstrated this stimulatory effect. Mycobacterium 
bovis cpn60 was Unked to the repetitive malaria synthetic peptide 



276 Anthony R. M. Coates 

(NANP) 40 and injected into M. bovis BCG preimmunized mice. This 
treatment led to the production of anti-NANP immunoglobulin G (IgG) 
antibodies in the absence of adjuvant. So, chaperonins can act as carriers 
that can replace adjuvant in vivo. 

The multiplex hypothesis is designed to embrace, as well as the well-
known MHC-restricted chaperonin actions, all non-MHC-restricted ef-
fects of chaperonins that are beginning to emerge. These include (see 
Table I) MHC-unrestricted (Silva et al, 1993) a^ T lymphocyte targets, 
78 T cells (O'Brien et al, 1992; Born et al, 1990; Kaur et al, 1993), 
monocytes (Friedland et al, 1993; Peetermans et al, 1994), and synovial 
fibroblast-like cells (F. Marelh, P. Mascagni, and A. R. M. Coates, unpub-
Ushed data, 1995). In addition chaperonins may be involved in the growth 
and development of other cells if cpnlO is indeed early pregnancy factor 
(Cavanagh and Morton, 1994). For example, chaperonins may be in-
volved in the induction of apoptosis, or programmed cell death. Work 
by Galli et al (G. GaUi, P. Ghezzi, P. Mascagni, F. Marcucci, and M. 
FrateUi, unpubUshed data, 1995) suggests that M. tuberculosis cpnlO 
induces apoptosis of human T lymphocytes. This interesting finding may 
herald other, so far unsuspected, roles for chaperonins. 

2. Molecular Mimicry Hypothesis 

There is another hypothesis to explain the immune preference for 
chaperonins. As far as this chapter is concerned, it is called the "molecu-
lar mimicry" hypothesis. It suggests that there is an inherent bias in 
the immune repertoire that favors recognition of conserved "self-like" 
proteins (Cohen and Young, 1992). This bias is introduced during devel-
opment, and so is "hard-wired" into the immune system. If this were 
true, there should be a high frequency of responses to chaperonins in 
naive, unexposed lymphocyte populations. Fischer et al (1992) have 
shown that there is indeed a high frequency of responses to mycobacterial 
cpn60 in human cord blood from newborn infants. Responses to other 
mycobacterial antigens are not elevated until later exposure. Similarly, 
O'Brien et al (1992) demonstrated that a large subset of 78 T lymphocyte 
cells that recognize cpn60 are present in the thymus. These reports 
support the molecular mimicry hypothesis. However, in inflammatory 
arthritis, T cells that react with mycobacterial cpn60 do not recognize 
human cpn60 (Life et al, 1993). This observation is evidence, although 
not proof, against the molecular mimicry hypothesis. Chaperonins di-
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rectly stimulate mononuclear cells that have no T cell receptor (Peeter-
mans et al, 1994) and this observation also does not fit the molecular 
mimicry hypothesis. Rather it suggests that chaperonins stimulate the 
immune system at multiple levels simultaneously, including monocytes, 
macrophages, fibroblast-like cells, perhaps other types of cells, and T 
cells. 

3. Other Hypotheses 

It is possible that the immune preference for chaperonins is due to 
exposure early in life to environmental bacteria that share epitopes with 
mycobacterial chaperonins. It is difficult to see how this can be true, 
because there is a high frequency of responses to mycobacterial cpn60 
in the cord blood of newborn infants who have not been exposed to 
environmental bacteria. Another possibiUty is that bacteria synthesize 
large amounts of chaperonins, particularly when they are stressed, and 
this accounts for the dominance of chaperonins over other antigens. 
Although it is well known that stressed bacteria synthesize chaperonins 
in culture, the relative proportions of bacterial chaperonin versus other 
proteins produced during infection, for example, in active tuberculosis, 
still requires further investigation. 

a. 78 Cells. T lymphocytes bear the T cell antigen receptor (TCR; 
see Fig. 1). The majority of T cells recognize antigen through TCR 
which consists of two chains called a and j8. These cells require peptide 
fragments to be presented to them bound to the MHC, which resides 
on the surface of antigen-presenting cells such as macrophages. A further, 
smaller subset of T cells (1.5% of the total T cell population) recognizes 
antigen via a TCR that has y and 8 chains (Brenner et al, 1988). Interest-
ingly, 10-20% of 78 T cells in the adult mouse react to cpn60 (O'Brien 
et al, 1992) and to the 17 amino acid synthetic peptide corresponding 
to amino acids 180-196 of the M. leprae cpn60 sequence. A synthetic 
peptide representing the equivalent region of murine cpn60 also induces 
responses of 78 T cell hybridomas, although most react weakly when 
compared to responses to the mycobacterial peptide (Born et al, 1990). 
Furthermore, human peripheral 78 T cells recognize cpn60 on the surface 
of human cells, and this recognition can be blocked by a monoclonal 
antibody against cpn60 (Kaur et al, 1993). Do changes in the expression 
of self-cpn60 act as a signal for the detection and elimination of abnormal 
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cells such as those that are infected or malignant (Young and Elliott, 
1989)? Although self-cpn60-related protein is constitutively expressed 
on the surface of human cells (Jarjour et aly 1990), interferon-y stimu-
lates the expression of a surface-localized form of cpn60 on murine bone 
marrow macrophages (Kaufmann et ai, 1990). In areas of inflammation, 
such as multiple sclerosis brain lesions, there is colocalization of yS T 
cells and cpn60-expressing oligodendrocytes (Selmaj et ai, 1991). In 
addition, heat shock proteins and heat shock can regulate the expression 
of the murine class lb molecules that may be the antigen-presenting 
molecules for yd T cells (Imani and Soloski, 1991). This evidence supports 
the idea that chaperonins are upregulated in stressful situations such as 
inflammation. The possibility that y8 T cells eliminate cpn60-expressing 
cells is supported by the finding that cpn60-related surface protein is 
recognized by T cell clones that specifically lyse cpn60-expressing Daudi 
ceUs (Fisch et ai, 1990). 

However, the role of yd T ceUs remains controversial. Despite the use 
of monoclonal antibodies that are highly specific for mammahan cpn60 
(Kaufmann, 1994) and that immunoprecipitate surface molecules of the 
expected size, extensive microsequencing of these proteins is required 
to be certain that they are expressed as the full-length polypeptides. 
Further issues that need attention are the regulation of cpn60 expression 
in intact animals and whether it is the self or the microbial peptide that 
is recognized. On a wider front, the relative importance of chaperonins 
in relation to other molecules such as protease-resistant ligands, which 
also stimulate yd T cells (Pfeffer et al, 1990), needs further study. Finally, 
there is the question of the mechanism of action of the cpn60 peptide 
that stimulates yd T cells. It is tempting to compare its action with that 
of superantigen on a/3 cells, but there are several differences between 
superantigen and cpn60. For instance, aj8 superantigen responses require 
MHC class Il-presenting cells, whereas the cpn60 peptide does not re-
quire class II molecules for its action on yd T cells. It is also a short 
peptide of cpn60 that is active, whereas superantigen needs to be in its 
native, globular form. In addition, the cpn60 peptide requires Vy 
and V8 chains, but superantigen does not operate by binding to these 
chains. 

b. a(J T Lymphocytes, This type of lymphocyte forms the majority 
of the T lymphocyte population. These lymphocytes recognize antigens 
bound to MHC on the surface of antigen-presenting cells (see Fig. 1). 
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There are two types of af^ T cell, the helper T cell and the cytotoxic T 
lymphocyte. Helper T cell stimulation by antigen bound to class I IMHC 
leads to activation of B lymphocytes to produce antibody, and priming 
of macrophages for microbicidal action. Cytotoxic T cells lyse cells that 
present antigen usually bound to class I MHC. Cytotoxic T cells are 
involved in the elimination of malignant or infected cells. 

In animals that have been immunized with Mycobacterium spp. both 
cpn60 (Kaufmann et al, 1987; Lamb et al, 1988) and cpnlO (Minden et 
ai, 1984) are recognized by af3 T cells. Healthy humans and patients 
with mycobacterial disease also react to cpn60 (Ilangumaran et al, 1994; 
Emmrich et al, 1986; Oftung et al, 1987; Adams et al, 1990) and to 
cpnlO (Mehra et al, 1992) with antigen-specific helper and cytotoxic T 
cell responses. In the author's laboratory, healthy human peripheral 
blood mononuclear cells are found to respond, quite weakly, to M. 
tuberculosis cpnlO peptides (Fig. 2). These responses are MHC restricted 
(data not shown). This and previous work, cited above, suggest that 
there are low numbers of antichaperonin-specific lymphocytes circulating 
in the blood, even in healthy people. 

Do human T cells recognize human chaperonins? The answer is un-
equivocally affirmative (reviewed in Kaufmann, 1994). For example, T 
cells can react with epitopes of chaperonin that are shared between self 
and non-self. Importantly, anti-self-chaperonin-specific responses occur 
in healthy adult individuals, as well as those with disease. This observa-
tion means that self-chaperonin-reactive T cells are not deleted in the 
thymus but are a normal component of the immune system. This rather 
uncomfortable idea raises the question of the function of these cells. 
Are they poised to defend the body against microbial invaders? There 
is some evidence to suggest that they are, and this evidence is discussed 
in Section III,A). Do they have an immune self-surveillance role whereby 
they recognize and lyse stressed host cells, for example, cells that are 
infected, mahgnant, or senescent? There is evidence to support the con-
cept of immune surveillance. Murine cytotoxic T cells specific for M. 
tuberculosis cpn60 lyse stressed murine macrophages. Stress may be 
induced by interferon treatment or infection with cytomegalovirus (Koga 
et al, 1989). Antisense oligonucleotide treatment of stressed macro-
phages interferes with chaperonin synthesis and prevents lysis by the 
chaperonin-specific T cells (Steinhoff et al, 1994). These data show that 
host cpn60 is processed in stressed cells and that cpn60 epitopes are 
presented to T cells bound to MHC class I. Furthermore, the amino acid 
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Fig. 2. Healthy human peripheral blood mononuclear cells respond to M. 
tuberculosis peptides (MareUi, F. M., Mascagni, P., Leoni, F., Pirovano, P., Al-Ghusein, 
H., Wilson, S. E., Gromo, G., JoUiffe, V. A., Blake, D. R., and Coates, A. R. M. (1994). 
Human T cell reactivity to Mycobacterium tuberculosis lOkDa antigen in healthy controls. 
UnpubUshed data). Peripheral blood mononuclear cells (200,000/well) were stimulated 
with the cpnlO peptides and cultured in 96-well round-bottom plates (Nunc, Roskilde, 
Denmark) at 37°C in humidified atmosphere with 5% CO2. Culture medium consisted of 
RPMI 1640 (Gibco, Uxbridge, UK) supplemented with 2% human AB serum (South 
West Blood Transfusion Service, London, UK), 1% Nutri-Doma (Boeringher-Mannheim, 
Mannheim, DDR), 100 U/ml penicillin, 100 fjug/ml streptomycin and 2 mM glutamine. All 
cultures were carried out in five rephcates. After 6 days, cells were pulsed with 1 fxCi tritiated 
thymidine (Amersham International, Amersham, UK) for 6 h, and finally harvested onto 
glass fiber paper. Beta emission was assessed with a multidetector direct beta counter 
(Packard, Downer's Grove, IL). Results are expressed as stimulation index (cpm in 
presence of antigen:cpm in absence), which appears in the vertical columns with the 
peptide number at the top of each column. The proliferative responses were considered 
positive when the stimulation index was higher than 2. A A, amino acid; 1-99 (top Une), 
cpnlO amino acid sequence number; seq. sequence of cpnlO, which is shown in single-
letter amino acid code; pept., peptides of cpnlO numbered 1 (AKV-VQA), 2 (KIL-TAS), 
9 (GEE-LAV), 10 (RDV-VSK) (the overlapping sequences of the peptides are shown 
in the boxes); Donor, healthy donors (AH, JR, MO, FH, TMH). The optimal stimulating 
dose of peptide is shown in micrograms per milliliter in brackets. The stimulation index(ices) 
of each healthy donor is shown on the same horizontal Une as the donor's initials. 

sequence of these epitopes must be shared by host and bacterial cpn60s. 
This observation suggests that T lymphocytes recognize stressed cells by 
the MHC presentation of peptides that are derived from self-chaperonin. 
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What peptides reside in the MHC? Amino acid sequencing of peptides 
that are processed by MHC have revealed that a high proportion are 
derived from endogenous heat shock proteins (Rammensee et al, 1993; 
Jardetzky et al, 1991; Newcomb and Cresswell, 1993; Chicz et al, 1993). 
Most of these peptides contain amino acid sequences that are located 
in highly conserved regions of heat shock proteins that are also present in 
microbial agents and in dietary protein (Kaufmann, 1994). Interestingly, 
peptides derived from hsp70, hsp83, and hsp90 were detected, but none 
from cpn60 or cpnlO. Does this mean that chaperonins are not part of 
the immune surveillance mechanism or is their absence due to a technical 
anomaly? Most of the 200 or more sequenced peptides were derived from 
the MHCs of EBV-transformed B lymphocyte cells. It is conceivable that 
these B cell lines were not in a stressed state and so chaperonin was not 
upregulated or carried to the surface by MHC. However, it is rather 
odd that chaperonin sequences were not detected because if chaperonins 
have a major role in immune surveillance at least a small proportion of 
the peptides might be expected to be chaperonin fragments. Neverthe-
less, the general conclusion that can be drawn from these data is that 
conserved peptides either from self or from infectious agents or dietary 
protein are processed in normal healthy cells in MHC class I and class 
II pathways for presentation to T lymphocytes. This appears to be a 
very common, if not universal, phenomenon that ought to be regarded 
as physiological. What if the host is invaded by a microbial agent? 
Presumably, there is fast activation of the immune effector response and 
this is, perhaps, where chaperonins enter the picture. In other words 
infection stresses cells, which upregulate chaperonin expression, which 
is followed by chaperonin processing, presentation of chaperonin frag-
ments by MHC, and lysis of these cells by antichaperonin T cells. 
Whether this increases the risk of the classical autoimmune diseases is 
unknown, but the likelihood must be very small because infectious dis-
ease is extremely common, whereas autoimmune disease is rather un-
common. Classical autoimmune diseases include rheumatoid arthritis, 
systemic lupus erythematosus, and Grave's disease. These diseases 
should be distinguished from the tissue destruction that can accompany 
persistent infection such as tuberculosis, which may have an autoimmune 
component and is commonplace. Conversely, it is possible that food-
derived heat shock proteins, which enter the body through the gastroin-
testinal system, may cause tolerance. 
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III. SIGNIFICANCE OF IMMUNE RESPONSE 

A. Protection against Invasion 

A very important function of adaptive immunity is to improve resis-
tance to infection. Doing so generates a specific memory of prior infection 
with the same microbe. Do chaperonins protect mammals against inva-
sion with microorganisms? Although evidence is beginning to accumulate 
that immunization with chaperonins does induce protective adaptive 
immunity, the data are relatively limited and protection is not complete 
for every organism. For example, Noll et al (1994) showed that cpn60 
immunization protects mice against Yersinia enterocolitica infection, 
which causes food-associated gastroenteritis. These workers cloned and 
expressed the Y. enterocolitica cpn60. They isolated cpn60-specific a^ 
T lymphocyte clones {CD4^) from both Yersinia-mitoXQd and Yersinia 
cpn60-immunized mice. After injection of these T cell clones into mice, 
significant protection was conferred against a lethal infection with Y. 
enterocolitica. Antibody does not protect against infection in organisms 
such as y. enterocolitica that can survive inside cells, because the antibody 
cannot readily enter the cell. 

Other attempts to induce protection in vivo with chaperonins have not 
been so successful. For example, recombinant vaccinia virus, although 
capable of stimulating the expression of M. tuberculosis chaperonin 
in infected cells, fails to protect mice against M. tuberculosis challenge 
(A. R. M. Coates and P. Chesters, unpublished data, 1993). Using a 
different strategy, Silva and Lowrie (1994) recorded protection against 
M. tuberculosis challenge. They inserted the mycobacterial cpn60.2 gene 
into a retroviral vector and showed cpn60.2 expression in murine mono-
cyte-like cells. Then mice were injected with the cpn60.2-expressing 
macrophages; these mice were protected against subsequent M. tubercu-
losis challenge. These experiments demonstrate that, for mycobacterial 
infections, the method of presentation of the chaperonin is crucial if 
protection is to be achieved. In fact the presentation of chaperonin in 
the retroviral vector system is unusual; although the chaperonin recogni-
tion is T-cell receptor specific, it is, surprisingly, MHC nonrestricted 
(Silva et ai, 1993). The significance and mechanism of this interaction 
awaits further study. 

In another intriguing set of experiments murine tumors were transfec-
ted with a retroviral vector expressing mycobacterial cpn60.2 (Lukacs 
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et ai, 1993). The first, important finding was that the cpn60.2-expressing 
tumor cells lose their ability to form tumors in syngeneic mice; this 
effect is not T cell-dependent because no tumors are produced in 
mice that lack T cells. This observation suggests that cpn60.2 has a 
direct effect on the tumor cells, and the authors think that this might 
involve the protein p53 whose expression is raised in the transfected 
tumor cells (p53 is a protein encoded by the p53 tumor suppressor 
gene). The second, major finding, was that mice that had been 
immunized with the chaperonin-transfected cells are protected from 
tumors by a subsequent challenge with nontransfected tumor cells. 
The protective effect is mediated by cytotoxic T cells, which suggests 
that the presence of mycobacterial cpn60 enhances the immunological 
recognition of tumor antigens. Exactly how this works is not known, 
but it is possible that upregulation of chaperonins might play a role 
in enhancing antigen processing or presentation of other mitoantigens. 
Alternatively, peptides of other proteins may bind to chaperonins and 
it is these associated peptides, not chaperonins, that provide protection. 
It is interesting that vaccination of mice with three other heat shock 
proteins, gp96, hsp90, and hsp70, also protects the animals from the 
tumor from which the heat shock protein was obtained (Blachere et 
ai, 1993). If low-molecular-weight peptides are removed from the 
heat shock protein with ATP, the protein remains intact but no longer 
induces protection against tumor challenge (Udono and Srivastava, 
1993). This effect suggests that the antigenicity of the heat shock 
proteins derives from the associated peptides, rather than from the 
heat shock protein itself. It is not known whether cpn60 protects 
against cancer in the same way as other heat shock proteins, but it 
is one possibility because chaperonins bind to other cellular pro-
teins. 

Work from another laboratory (Burns et ai, 1991) with the causative 
agent of whooping cough, Bordetella pertussis^ shows that in this case 
cpn60 provides only Hmited protection. Bordetella pertussis cpn60 was 
purified and mice were vaccinated with the cpn60; this treatment con-
ferred slight protection against an aerosol challenge with B. pertussis. 

There is some evidence that yb T cells may also contribute toward 
protection against bacterial infection. In particular, 78 T cells that react 
with mycobacterial cpn60.2 gather at the site of Listeria sp. infection in 
mice, and the bacteria multiply after depletion of 78 T lymphocytes with 
monoclonal antibodies (Hiromatsu et al, 1992). 

The available evidence suggests that chaperonins induce protective 
adaptive immunity against bacterial infections and cancer. However, the 
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data are limited to only a few reports and it is too early to predict whether 
this protection applies to all infections and cancers. Furthermore, the 
relative importance of chaperonins in innate and adaptive protective 
immunity needs further study. In particular, the importance of the direct 
effects of chaperonins on cells other than via classical MHC-restricted 
presentation to T cells is a potentially interesting new area of research. 

B. Autoimmune Disease 

The role of chaperonins in autoimmune disease is controversial. At 
one end of the spectrum is the argument that although infection/immuni-
zation with chaperonin-containing organisms is universal, and healthy 
people have T cell responses to self-chaperonins, classical autoimmune 
disease is quite uncommon. So the presence of immune reactions to 
chaperonins may be incidental and unimportant. At the other end of 
the spectrum is the idea of molecular mimicry (Cohen and Young, 1991). 
The theory is based upon the observation that there is a high level of 
amino acid sequence conservation between chaperonins of microbial 
and mammahan origin. It proposes that during infection with a wide 
range of microbes chaperonin epitopes that are shared between microbes 
and mammals stimulate T lymphocytes. A high level of chaperonin 
presentation of shared chaperonin epitopes breaks tolerance to self-
chaperonins and autoimmune disease develops (Kaufmann, 1990). A 
refinement of this idea (Cohen, 1991; Cohen and Young, 1991) suggests 
that lymphocyte recognition of molecular chaperones is "hard-wired" 
in the immune system early in its development. Chaperonins and a 
limited number of other self-antigens are controlled by anti-idiotype 
networks that constitute the hard wiring. These autoimmune lymphocyte 
networks are referred to as the immunological homunculus. This is a 
term that is borrowed from neurology and means an individual who is 
a dwarf but is perfectly proportioned; the term is used here with reference 
to the neural networks concerned with self that appear as a httle person 
in somatotopical representation on the human cerebral cortex. 

/ . Animal Studies 

The most convincing evidence for involvement of chaperonins in auto-
immune disease is a series of experiments in animals, namely experimen-
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tal insulin-dependent diabetes mellitus (IDDM) of nonobese diabetic 
(NOD) mice (Elias et ai, 1990), and adjuvant arthritis of rats (van Eden 
et ai, 1988). Chaperonin 60.2-reactive T cells either cause or suppress 
these model autoimmune diseases. The T cells recognize amino acids 
180-188 of mycobacterial cpn60 in the case of adjuvant arthritis. Intraar-
ticular injection of mycobacterial cpn60.2 itself induces joint inflamma-
tion in M. tuberculosis-sensitizQd rats (Winrow et ai, 1994b). Interest-
ingly, immunization with mycobacterial cpn60.2 induces atherosclerosis 
in rabbits (Xu et ai, 1992) and this may turn out to be another important 
model of chaperonin-induced disease, although atherosclerosis is not a 
classical autoimmune disease. 

Preimmunization of rats with mycobacterial cpn60.2 protects against 
adjuvant and other forms of arthritis. Immunization with cpn60.2 leads 
to T cell recognition of a single chaperonin epitope (256-265) that is 
shared by mycobacterial and rat cpn60, but this epitope is poorly recog-
nized after immunization with adjuvant alone despite the heat-killed M. 
tuberculosis in the adjuvant (Anderton etai, 1994). This epitope or others 
may be associated with the protection conferred by cpn60. Although a 
central pivotal role for cpn60 in adjuvant arthritis is possible, it is unlikely 
that a simple relationship between adjuvant arthritis and cpn60 exists. 
For example, although adjuvant arthritis in rats is induced by M. tubercu-
losis in mineral oil (the adjuvant), arthritis in DBA/1 mice can be trig-
gered by intraperitoneal injection of the mineral oil pristane that contains 
no M. tuberculosis. Yet both types of arthritis can be modulated by 
preimmunization with recombinant mycobacterial cpn60 via a lympho-
cyte mechanism (Thompson et ai, 1991; Anderton et ai, 1994). This 
observation suggests that inflammation itself may be associated with an 
anti-cpn60 T cell response. This seems to be the case because injection 
of incomplete Freund's adjuvant (without M. tuberculosis) into the foot-
pads of BALB/c mice induces acute inflammation and MHC class II-
restricted mycobacterial cpn60 a/3 T cells (Anderton et ai, 1993). A high 
proportion of these T cells also responds to mouse and human cpn60. 
This result shows that T cells specific for microbial and mammahan 
cpn60s are activated during inflammatory responses, and are induced in 
the absence of exogenous cpn60. It seems that anti-self autoimmune 
lymphocyte responses are an integral part of the immune system. 

2. Human Studies 

a. T Cells with Specificity for Chaperonins. Antichaperonin T cells 
are found in a number of autoimmune diseases. In particular, T cells 
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that are specific for shared epitopes of bacterial and human chaperonins 
have been reported in reactive and juvenile arthritis (de Graeff-Meeder 
et al, 1991; Hermann et ai, 1991). It is interesting that two CD4+ T cell 
clones from a patient with juvenile arthritis recognize cross-reactive 
epitopes in the 243-265 amino acid region, which is highly conserved 
between mycobacteria and mammals (Quayle et ai, 1992). This region 
is also recognized by T cells in adjuvant arthritis in rats (Anderton et 
al.y 1994). However, there is some doubt about whether T cells in the 
synovial fluid of juvenile arthritis cross-react with human cpn60. In this 
type of arthritis, bacterial cpn60-specific T cells do not respond to heat-
shocked human cells that might be expected to express human cpn60 
(Life et ai, 1993), although they do react to E. coli cpn60, which contami-
nates many recombinant cpn60 preparations. This observation provides 
evidence against the molecular mimicry hypothesis. Simple cross-reac-
tion of T cells specific for human chaperonins and microbial chaperonins 
as an important cause of autoimmunity does not seem to apply to the 
autoimmune disease of the thyroid. Grave's disease, in which T cell 
clones are specific for either chaperonin or thyroid epithelial cells but 
not both (Trieb et al, 1993). In rheumatoid arthritis, a disease character-
ized by destruction of the cartilage of the joint, the link between simple 
molecular mimicry at the T lymphocyte level and pathogenesis seems 
even less likely. Wilbrink et al., (1993) cocultured human cartilage in 
vitro with mycobacterial cpn60-activated human synovial fluid mononu-
clear cells from patients with rheumatoid arthritis. Proteoglycan synthesis 
was measured as a marker of cartilage damage. They found that the 
mononuclear cells suppress cartilage proteoglycan synthesis, and that 
this effect is dependent on the production of interleukin-1 and TNF. They 
concluded that mycobacterial cpn60 can activate rheumatoid synovial 
mononuclear cells to suppress human cartilage synthesis and so, presum-
ably, damage the cartilage. Recent work from the author's laboratory 
with rheumatoid arthritis patients (F. M. MarelU, P. Mascagni, and 
A. R. M. Coates, unpublished data, 1995) suggests that not only mycobac-
terial cpn60 activates human synovial membrane mononuclear cells, but 
cpn60s from other bacteria and even cpnlO also do so. Importantly, 
synovial fibroblast-like ceUs are induced to produce the proinflammatory 
cytokine interleukin-1 by chaperonin in the absence of synovial mononu-
clear ceUs. These data widen the cellular targets of chaperonins to include 
non-T cells in autoimmune disease. 

b. Antibodies Specific for Chaperonins in Autoimmune Disease. 
These antibodies are found in a wide range of autoimmune diseases and 
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in healthy controls (reviewed in Winfield and Jarjour, 1991). Anti-human 
chaperonin antibodies have been described in children with juvenile 
chronic arthritis, systemic lupus erythematosus, and cystic fibrosis (de 
Graeff-Meeder et al, 1993), in patients with Kawasaki disease (Yokota 
et al, 1993), and in patients with atherosclerosis (Xu et al, 1993), polymy-
ositis, dermatomyositis, psoriatic arthritis, inflammatory bowel disease, 
epidermolysis bullosa aquisita, and bullous pemphigoid (Winfield and 
Jarjour, 1991). However, anti-human chaperonin autoantibodies were 
not found by other workers in the rheumatoid arthritis, Sjogren's syn-
drome, or Reiter's disease (Worthington et al, 1993; Winfield and Jar-
jour, 1991). In addition, there are numerous reports of anti-bacterial 
chaperonin antibodies in many autoimmune diseases (reviewed in Win-
field and Jarjour, 1991; Kaufmann, 1994). 

There is no evidence from animal models that antibodies to chaperon-
ins induce autoimmune disease, and in any case chaperonin-specific anti-
bodies are found in healthy individuals. Furthermore, in some autoim-
mune diseases there are conflicting reports regarding these antibodies. 
Anti-chaperonin antibodies do not seem to be directly involved in the 
pathogenesis of these autoimmune diseases, but provide useful indica-
tions of the extent of antichaperonin activation in autoimmune disease. 

c. Chaperonins Detected in Autoimmune Lesions. Increased levels 
of cpn60 have been recorded in rheumatoid arthritis (Winrow et al, 
1990; Karlsson-Parrs et al, 1990), juvenile chronic arthritis (Boog et al, 
1992), atherosclerosis (Xu et al, 1993), multiple sclerosis (Selmaj et al, 
1991), and ulcerative colitis (Winrow et al, 1994a). However, Sharif et 
al (1992) could find only minor differences in the distribution of cpn60 
in rheumatoid arthritis synovia, and so was unable to confirm increased 
expression of cpn60 in rheumatoid arthritis. Interestingly, these latter 
workers recorded that cpn60 is expressed in normal synovium. Other 
reports have shown that there is no increase in cpn60 expression in 
systemic lupus erythematosus patients (Dhillon et al, 1993) and those 
with Crohn's disease (Baca-Estrada et al, 1994). Is increased cpn60 
expression associated with colocalization of T cells? In the chronic 
plaques of multiple sclerosis (Selmaj et al, 1991) and in chronic gastritis 
(Engstrand et al, 1991), cells that express chaperonins are colocalized 
with 78 T cells. These data suggest that chaperonins are present in normal 
tissues as well as in diseased tissue, but there is conflicting evidence 
about upregulation of chaperonin expression in disease. What if the 
opposite happens; in other words, there is too httle heat shock protein? 
Agsteribbe et al (1993) has reported an association between reduced 
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cpn60 in tissues (one-fifth of controls) and a fatal, systemic mitochondrial 
disease in a baby girl. This report suggests that insufficient cpn60 may 
have serious systemic consequences. 

IV. CONCLUSION 

The original hypothesis (Cohen, 1991; Cohen and Young, 1991) that 
the immune response to dominant self-antigens, such as chaperonins, is 
controlled by an idiotype network of lymphocytes as the immunological 
homunculus has resulted in a broad range of studies aimed at elucidating 
the role of molecular mimicry in autoimmune disease. Rather surprising 
results have emerged, (i) It seems that healthy people have antichapero-
nin lymphocyte immune responses. This observation suggests that self-
reactive antichaperonin lymphocytes are physiological constituents of 
the immune system. Clearly, these lymphocytes, although autoreactive, 
do not cause autoimmune disease in healthy people, (ii) In inflammatory 
arthritis synovial T lymphocytes react with bacterial cpn60 but do not 
recognize human cpn60 (Life et al, 1993). This is evidence against the 
molecular mimicry hypothesis, (iii) It has been assumed that chaperonin 
self-reactive T lymphocytes cause autoimmune disease. If this were the 
case, this population of anti-human chaperonin lymphocytes should be 
a major feature in a wide range of autoimmune disease, which is not 
observed, (iv) It is difficult to understand how a broad tissue distribution 
of chaperonins can lead to autoimmune tissue-specific disease, (v) An-
other puzzling finding is that out of over 200 peptides derived from the 
MHC cleft of antigen-presenting cells, none have been identified as cpns. 
This suggests that chaperonin presentation via the MHC cleft to aj8 T 
lymphocytes is an uncommon event, although chaperonin fragments 
could, perhaps, appear in the MHC cleft in stressed cells, (vi) The 
lymphocyte-based hypothesis of chaperonin action is hkely to be too 
narrow, because chaperonins stimulate nonlymphocyte cells such as 
monocytes and fibroblast-like synovial cells. These observations suggest 
that chaperonins act at multiple levels in the immune system, namely 
on aj8 T cells, yb T cells, monocytes, macrophages, fibroblast-like cells, 
and probably others. 

It is proposed here that chaperonins are multiplex antigens. Multiplex 
means a process that involves simultaneous transmission of several mes-
sages along a channel of communication (Fowler and Fowler, 1976). In 
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Other words, chaperonins act simultaneously on lymphocytes, macro-
phages, fibroblasts, and other cells in response to stress, and this results 
in simultaneous transmission of immune messages such as cytokines to 
immune effector cells, which adapt to cope with the stress. This process 
is likely to be a very common physiological event, and may well be 
imphcated, rather like steroids, in the maintenance of health. Whether 
any naturally occurring diseases are caused by the expression of too 
much or too little chaperonin is debatable. However, experimentally, it 
is possible to manipulate the chaperonin immune response to the benefit 
or disbenefit of the host, and so, again like steroids, it may be possible 
to use such an approach to benefit patients with disease. 
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CpnlO sequence similarity to, 36-39 
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Cpn60 chaperonin (continued) 
phylogenetic analysis, 41-47 
proteins sequence similarity to, other, 

39-41 
TCP-1 sequence similarity to, 27, 

47-49 
immune system and 

in autoimmune disease, 286, 287-288 
cytokine secretion stimulation by, 17, 

268 
preference for 

molecular mimicry hypothesis, 
276-277 

multiplex hypothesis, 275-276 
a/3 T cells, 278-282 
yd T cells, 277-278 

yd T lymphocyte recognition of, 271 
intermediate encapsulation in central 

cavity of, 202-203 
kinetics and energetics 

of protein interactions with, 203-204 
of release of proteins bound to, 

171-176 
molten globules, disputed affinity for, 

196-197 
parasitic bacteria and other intracellular 

survivors, 156-157 
in photosynthetic prokaryotic 

organisms, 81-83 
proteins able to interact with, 71 
release of proteins bound to, kinetics/ 

energetics of, 171-176 
Rubisco subunit binding protein, origin 

as, 3-5, 66 
secondary structure stabilization in 

folding by, 169 
structure, 66, 249-251 
TCP-1, evolutionary relationship with, 

52-57 
yield enhancement in folding assisted 

by,177-179 
Cryoelectron microscopy 

complementing X-ray crystallography, 
246 

conformational changes in GroEL 
hinge rotations, 259-260 
ligand complexes, binary and ternary, 

260-261 
nucleotides, effects of, 257-259 

cpn60 images, 251 
three-dimensional reconstruction using, 

247-248 
Crystal structures, GroEL and GroES, 

252-257 
Crystallization of GroEL sevenfold 

stucture, 248-249 
Cyanobacteria 

copies of two groEL genes in, 82-83 
cpn60 and 10 sequence accession 

numbers, 29-30 
cpn60 in Anabaena FCC 7120 strain, 81 
cpn60 homologues and gene dupUcation 

in ancestry, 45 
endosymbiotic origin of chloroplasts 

from, 46, 57 
IR sequences in, 154 

Cyt cpn60, see Cpn60 chaperonin; 
Cytosolic chaperonin 60; T-complex 
polypeptide 1 

Cytochrome Z?2, sorting of, 99-100 
Cytokines 

cpn60.2 stimulation of secretion of, 17, 
268 

immune response enhancement by 
interleukin-1, 275 

Cytosol 
chaperones versus stress proteins in 

eukaryotic, 10 
chaperonins found in eukaryotic, see 

also Cytosolic chaperonin 60 
evolutionary origin of, 52-57 
hsp70 and, 216 
TCP-1 versus cpn60, 28 

folding pathway in bacterial, 216-219 
Cytosol malate dehydrogenase, 177-179 
Cytosolic chaperonin 60, see also Cpn60 

chaperonin; T-complex polypeptide 1 
alternate nomenclature, 12r 
ATP-dependent release/folding from, 

123-124 
cofactors required for tubulin folding 

mediated by, 124-125 
composition of, 113-115 
dihydrofolate reductase folding, 7 
evolutionary origin of 

description, 127-129 
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factors driving, possible, 130 
postulated, 112 

versus GroEL in luciferase refolding, 
231 

polypeptide binding sites, 120-123 
substrate recognition in folding 

mediated by, 115-120 
in yeast, analysis of, 125-126 

D 

Denatured proteins 
aggregation under stress 

GroEL and GroES prevention of, 16 
mt cpn60 prevention of, 96, 235 

spontaneous folding versus, 182 
DNA 

binding activity in heat shock, IR 
elements, 155 

encoding transit peptide targeting 
sequence fused to chaperonin 
genes, 78-79 

nucleosome core assembly from, 
nucleoplasmin, 2-3 

DHFR, see Dihydrofolate reductase 
Diabetes melUitus, insulin-dependent, 285; 

see also Autoimmune disease 
Dihydrofolate reductase 

ATP-dependent folding 
conformational changes in, 233 
discovery of, 215 

cpn60 in folding of, 7 
GroEL stabilization of 

in heat shock, 236 
in molten globule state, 231-232 

mt cpn60 in folding of 
experimental results, 95-96 
mt cpn 10 and, 99 
mt hsp70 and, 100 
prevention of aggregation of 

denatured, 96-97, 235 
release from GroEL 

in absence of GroES, 222 
casein prevention of rebinding after, 

225 
GroES acceleration of kinetics of, 

223 

Dissociation 
of chloroplast 29S cpn60, 69-70 
of cpnlO in ATPase cycle, 192 
of cpn60 target protein complex 

by cpnlO and MgATP, 71 
folding energy barrier in, 171-172 

of GroEL:GroES complex 
of AD? from, 227 
in nucleotide absence, 225 

Disulfide isomerase, 9 
DnaA replication protein, 146-147 
DnaJ gene 

deletion mutants of, 221 
IR element in Lactococcus lactis, 154, 

155-156 
with other stress-induced genes in 

operons, 143 
DnaJ heat shock protein, 102, see also 

DnalC/DnaJ/GrpE chaperone 
machine 

DnaK chaperone family, see also DnaK/ 
DnaJ/GrpE chaperone machine; heat 
shock 70 chaperone family 

in chaperone-assisted folding pathway, 

216-221 
sequences, differences among 

species, 32 
DnaK gene 

deletion mutants of, 221 
IR element suppression of transcription 

of, 154 
with other stress-induced genes in 

operons, 143 
DnaK/DnaJ/GrpE chaperone machine 

autoregulation of a^^ heat shock 
response by, 149-150 

in stabihty of cr'^ polypeptide, 149 
in transferring folding intermediates for 

folding, 215-216 
Domain 

CCT versus GroEL, 121-123, 250-251 
chloroplast cpn21 fused double, 71-76 
cpn60, 249 
evolutionary relationships of ATP 

binding, 129 
GroEL subunit 

crystal structure, 252-253 
nucleotides, effects of, 257-259 
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Domain (continued) 
GroES, 253 
in spontaneous folding, 182-183 

E 

Ea^^ holoenzyme 
prevention of formation of, 149 
promoter sequences, 144 

ECT^^ polymerase 
inhibition by DnaK chaperone 

machine, 149 
promoter sequences recognized by, 144 

ECT^^ holoenzyme 
groESL operon transcription, 144 
rpoH gene transcription, 146 

Ehrlichia chaffeensis 
mt cpn60 homologues and Rickettsia 

tsutsugamushi, 46 
origin of mitochondrion and, 57 

Electron microscopy, 247, see also 
Cryoelectron microscopy 

Endosymbiosis 
in eukaryotic cell origin, 55 
in groEL/hsp60/RBP chaperonin origin, 

108 
Endosymbiotic bacteria, regulation of 

chaperonin gene expression in, 
156-158 

Energetics 
of ATP and energy transduction, 

184-195 
of blocking off-pathway reactions, 

180-182 
of bound substrate conformations, 

195-200 
of chaperonin in vivo behavior, 179 
energy transduction and ATP, 184-185 
models for folding efficiency 

Anfinsen cage, 202-203 
binding aggregation-prone 

intermediates, 200-202 
cpn60:protein interactions, 203-204 
recycling of unproductive states, 

204-208 
of release of bound proteins, 171-176 
of spontaneous protein folding, 

182-184 

of yield enhancement in folding 
reactions, 176-179 

Entropy, domain fusion and reduction 
of, 76 

Enzymes, TF55 interaction with 
thermophilic. 111 

Eocytes, 53, see also Archaebacteria 
Escherichia coli, see also Eubacterial 

chaperonin 60; GroEL chaperonin; 
GroES chaperonin; groESL operon 

chaperonin gene organization in, 
138-139 

cpn21 coding sequences expressed in, 
72-74 

cpn60 and cpnlO protein encoding, 14 
mt cpn60 and hsp70 folding reaction in, 

101-102 
stress proteins acting as chaperones, 10 
stress-induced genes in operons, 143 

Eubacteria in origin of eukaryotic species, 
52-57 

Eubacterial chaperonin 10, 12r, see also 
CpnlO chaperonin; GroE subclass; 
GroES chaperonin 

Eubacterial chaperonin 60, see also Cpn60 
chaperonin; GroE subclass; GroEL 
chaperonin 

alternate nomenclature, 12t 
truncation of GGM repeat motif, 28-31 

Eukaryotes, see also Organelle, 
eukaryotic 

evolutionary relationship between 
TCP-1 and Cpn60 in origin of, 
52-57 

photosynthetic, 72 
Eukaryotic species 

evolutionary relationships with other 
species, 53-57 

TCP-1 sequences, divergence of, 52 
Evolution 

of cytosoUc chaperonin 60 
description, 129-130 
factors driving, possible, 130 
T. acidophilum thermosome and, 112 

domain fusion and duplication in, 76 
of organisms having plastids, 81 

Evolutionary clock concept, 41 



Index 307 

Evolutionary relationships 
of actins and tubulins with CCT, 

129-130 
archaebacterial and eukaryotic lineages, 

127, 128r 
cpn60 and cpnlO gene family sequences 

characteristics of, 28-36 
phylogenetic analysis of, 41-47 
similarity between, 36-39 

of TCP-1 and cpn60 in eukaryotic cell 
origin, 52-57 

TCP-1 gene family sequences 
cpn60 similarities, 47-49 
GroE subclass identities with, 12-14 
of two subfamilies, 49-52 

TF 55 and TCP-1 subunits, 108 
Experiments 

macromolecular crowding versus in 
vitro, 19-22 

validity of in vitro, 15 

Families, protein 
chaperone, chaperonins as subfamily 

of, 9 
chaperonin subclass nomenclature and 

definitions, 12-14 
Ferredoxin-NADP+ reductase, 77 
Folding energy versus binding energy, 

171-176 
Folding intermediates, see Intermediates, 

folding 
Folding pathways 

alteration by related proteins, 11 
avoidance of nonproductive, 180-182 
of chaperone-assisted folding, 217-221 
of hsp70 and mt cpn60, 102 
inefficiency of multiple, 184 
release of misfolded proteins from 

unproductive, 204-208 
Folding, protein, see also Refolding, 

protein; Yield of folded proteins 
after membrane translocation, 92, 

214-215 
assisted versus spontaneity of, 7-8 
CCT-mediated 

ATP-dependent, 123-124 

substrate recognition in, 115-120 
of tubulin, 124-125 

cpn60 
binding of imported proteins to 

chloroplast, 77 
cpn 10 teamwork with, 36 
kinetics of, 171-160 

domain fusion enhancement of, 76 
Gp23 protein in, 158-159 
in vivo 

exception to requirement for cpn60/ 
10, 158-159 

number of proteins using GroEL for, 
17-19 

kinetics of 
bound substrate conformations, 

195-200 
cpnlO and repeated, 193-195 
in presence of cpn60, 171-176 

mechanism of chaperonin-mediated 
description, 221-223 
GroEL/ES reaction cycle, 225-229 
GroES in, 223-225 
hypotheses, 261-262 
questions for future study of, 237 

mediation by mt cpn60 
of DHFR, 95-96 
with hsp70, 100-102 

models for efficiency of 
Anfinsen cage, 202-203 
binding of aggregation-prone 

intermediates, 200-202 
binding aggregation-prone 

intermediates, 200-202 
cpn60:protein interactions, 203-204 
recycling of unproductive states, 

204-208 
as primary function of chaperonins, 215 
protein self-assembly principle, 4-6, 

7-8 
requirement for chaperonins in vivo, 

216-217 
in Rubisco L8S8 from higher plants, 84 
spontaneous, 182-184 
stabilization of folding intermediates, 71 
substrate specificity and 

GroEL substrates, 229-231 
kinetics and energetics of, 168-170 
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Folding (continued) 
TCP-1 complex, cytoskeletal substrates, 

108-110 
TF55-mediated, 111 
thermodynamic cycle, 170/ 

Freund's complete adjuvant, 275 

Gene, see also Sequence; Transcription 
assembly failure in yeast mif4 mutant 

with disrupted HSP60, 94 
CCT 

in evolution of, 127-129 
versus GroEL, 250 
in yeast, 125-126 

dupUcation of 
in chloroplast cpn60 homologues, 47 
in cpn60 homologues, 45 
in joined cpnlO sequences, 13, 36, see 

also Chloroplast chaperonin 21 
TCP-11, 55-56 

Escherichia coli chaperonin, see 
GroESL operon 

encoding 
chloroplast cpn60 subunits, 70 
cpn60 and cpnlO chaperonins, 14 

essentiality of chaperonin, for cell 
viability, 179 

in eukaryotic species, bacterial origin 
of, 55 

organization of chaperonin, 138-143 
protein subunit correspondence to 

CCT, 1 1 6 - i m 
regulation of chaperonin 

in bacteria other than Escherichia 
coli, 150-158 

in Escherichia coli, 144-150 
requirement for GroEL, 18 
transgenic plant chaperonin alteration, 

78-79 
Gene expression 

heat shock response suppression in 
overexpression of groESL, 179, 235 

regulation of chaperonin 
bacteria other than Escherichia coli, 

150-158 
Escherichia coli genes, 144-150 

gene organization, 138-143 
Gp31 protein, 158-159 
synthesis in response to stress, 143; 

see also Stress 
GGM repeat motif, truncation of cpn60, 

28-31 
Global aUgnment 

CpnlO sequences 
cpn60 partners, 36 
similarities to cpn60 segment, 36-39 

cpn60 
accession numbers versus species, 

29-30 
distinctive features of, 32 
signature sequences, evolution and, 

32-36 
Glutamine synthetase, 77 
Gp23 protein, 138-139 
Gp31 protein, see also Bacteriophage 

as chaperonin cofactor, 234 
CpnlO and, 67 

modulation of chaperonin activity by, 
158-159 

Gram-negative bacteria 
CpnlO sequence accession numbers, 29t 
cpn60 sequences 

accession numbers for, 29^ 
of mitochondrial homologues, 45-46 
Rhizobiaceae, homologues in, 31 
shared with other species, 32 

in eukaryotic species evolution 
chimeric model of cell nucleus, 55 
hsp70 sequences and, 53 

regulation of chaperonin gene 
expression in, 157 

Gram-positive bacteria 
CpnlO sequence accession numbers, 29^ 
cpn60 and 10 sequence phylogenetic 

analysis, 42-45 
cpn60 sequences 

accession numbers, 29r 
missing amino acid distinguishing, 32 

in eukaryotic species evolution, 

archaebacteria and, 53 
regulation of chaperonin genes in, 

150-158 
universal ancestral protein and, 55 
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GroE subclass, see also GroEL:GroES 
complex; GroEL chaperonin; GroES 
chaperonin; GroESL operon 

in C vinosum, isolation of, 83 
in chaperone-assisted folding pathway, 

218 
chaperonins in, specific, 12-13 
operon for 

in Escherichia coli, 138 
genetic arrangement in 

cyanobacteria, 81-82 
stress inducing expression of 

activities indicating, 16 
description, 144-146 

GroEL:GroES complex 
conformational changes in, 257-259 
formed in presence of, 226 
GroEL hinge rotations, 259-260 
hinge rotations in GroEL, 259-260 
as holochaperonin, 225-226 
replacement of ADP with ATP, 227 
subunit catalysis of hydrolysis, 13 

GroEL chaperonin, see also DnaK/DnaJ/ 
GrpE chaperone machine 

binding and folding specifity of, 

229-231 
CCT structure versus, 120-123 
challenge of X-ray crystallography of, 

246 
chloroplast binding protein subunit 

identities with, 6-7 
in chloroplasts of transgenic plants, 

78-79 
definition and nomenclature, 13 
genetic studies using temperature-

sensitive mutant of, 179 
GroES regulation of ATPase-dependent 

function of, 223-225 
hsp60 homology to, discovery of, 214 
interaction with different 

conformational states, 232-233 
kinetics of binding versus CCT, 119 
models for abihty to correctly refold 

proteins, 21-22 
molten globule stabilization by, 

231-232 
mt cpnlO activity in folding assays 

with, 98 

proteins using for in vivo folding, 17-19 
reaction cycle of, 225-229 
sequence similarity with mRNA ams^ 

gene, 39-41 
as stress protein, 144-146 
structure of 

electron microscopy studies, 249-251 
functional sites defined by 

mutagenesis, 253-257 
hinge rotations in, 259-260 

temperature versus percentage of, 143 
TF55/TCP-1 chaperonins versus, 

108-110,111 
TRiC versus, in luciferase folding, 231 
two copies in Synechococcus PCC 6803, 

82-83 
in vitro versus in vivo 

concentration in E. coli cytoplasm, 20 
prevention of aggregation by, 16 

X-ray crystallography of, 248-249 
yeast CCT and mutant, 126 

GroES chaperonin, see also CpnlO 
chaperonin 

in ATPase cycle 
behavior in, 190-192 
in GroEL-mediated folding, 223-225 

in bovine rhodanese folding, 220 
cpn21 domains encoded in genes of, 

71-72 
definition and nomenclature, 13 
Gp31 protein as functional analog of, 

159 
GroEL binding surface for, 257 
models for ability to correctly refold 

proteins, 21-22 
mt CpnlO similarity to, yeast, 97 
mutations and allosteric interactions, 

262-263 
prevention of aggregation by, 16 
reaction cycle of, 225-229 
in refolding of bacterial Rubisco, 70, 73 
as stress protein, 144-146 
structure 

crystal, 253 
in GroELiATP complex, cryo-EM 

images of, 251 
and symmetry of, 67-68, 221-222 
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GroES chaperonin (continued) 
in vitro GroEL-mediated reactions 

without, 179, 221 
GroESL operon 

in assembly reactions, 234 
Bradyrhizobium japonicum 

multiple genes in, 231 
regulation in, 150-153 

in chaperonin gene organization, 
139-143 

increased transcription under heat 
shock, 82 

regulation, in endosymbiotic bacteria, 
157-158 

regulation in heat shock response 
Escherichia coli chaperonins as stress 

proteins, 144 
inverted repeat elements, 153-156 
a^^ transcription factor, 146-150 

in Synechococcus strains, 81-82 
Group I chaperonins, see GroE subclass 
Group II chaperonins, see T-complex 

polypeptide 1 
GrpE heat shock protein 

in dissociation of substrate from 
DnaJ:DnaK complex, 218 

hsp70 ATP-dependent interactions with 
polypeptide chains, 102 

H 

Heat shock, see also Stress 
chaperonin synthesis and 

increased groESL operon 
transcription, 82, 144-146 

as model for gene expression, 143 
TF55, 110-111 

gene expression 
in Escherichia coli under, 144-150 
in other bacteria under, 150-158 

groESL family and 
in Bradyrhizobium japonicum, 151 
overexpression of, 179 

stabilization mechanism for proteins 
under, 235-236 

Heat-shock activator factor, yeast, 155 
Heat shock 60 protein 

chaperonins versus, 14 

protection of proteins within 
mitochondrial matrix against 
thermal deactivation, H I , 235 

yeast CCT and mutant, 126 
Heat shock 70 chaperone family, see also 

DnaK chaperone family 
as central component in protein 

folding, 92 
in discovery of chaperones, 6, 215 
folding pathway with mt cpn 60, 102 
interaction with imported proteins, 77 
mt cpn60 cooperation with, 100-102 
peptide binding to CCT after 

interaction with, 115-118 
sequences 

differences among species, 32 
evolution from gram-negative 

eubacterium, 53 
identity among members, 13 
phylogenetic analysis of 

mitochondrial cpn60, 46 
Heat shock 90 protein, 6 
Heat shock proteins 

DnaK chaperone machine increasing 
gene transcription of, 149-150 

evolutionary relationships with actins 
and tubulins, 129-130 

protection against tumor by vaccination 
with, 283 

Helix, cpn60 and amphipathic a, 169 
Heterocysts, cpn60 in Anabaena, 81 
Hexokinase, 129 
Hin gene, see RpoH gene 
Hinge site 

GroEL 
GroES binding surface and, 257 
hydrolysis and, 255-256 
structure of, 252-253 

rotations in GroEL:GroES:nucleotide 
complex, 259-260 

Histone, 2-3 
Holochaperonin, GroEL:GroES complex 

as, 225-226 
HSF, see Heat-shock activator factor, 

yeast 
Hsp60, see Heat shock 60 protein; 

mitochondrial chaperonin 60 
HtpR gene, see RpoH gene 
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HtrC gene product, 147 
Hydrolysis, ATP, see Adenosine 

triphosphate hydrolysis 
Hydrophobic surface 

binding of cpn60 to 
GroEL binding sites, 16, 255-256 
predisposition toward, 183 
release of misfolded proteins from, 

205-207 
binding of, lack of negative charges 

and, 230 
in chaperonin binding mechanism, 

169-170 
greater exposure of, in misfolded 

proteins, 208 
incorrect interactions in in vitro 

refolding, probability of, 10-11 
of molten globule intermediates, 232 
prevention of aggregation by 

chaperones, 91-92 

I 

Imaging protein structures, 247-248 
Immune system, see also Antigens; 

Autoimmune disease; Immunity 
autoimmune disease, 284-288 
cytokine stimulation by cp60 

chaperonins, 17 
GroE chaperonins as stimulators of, 16 
preference for chaperonins 

molecular mimicry hypothesis, 
276-277 

multiplex hypothesis, 275-276 
other hypotheses, 276-282 

protection against invasion, 282-284 
Immunity 

adaptive 
antibodies, 273-274 
improving efficiency of innate 

response, 267-268 
T lymphocytes, 274-275 

innate 
chaperonin direct action on, 267-268 
phagocytes, 268-273 

Import pathway, protein, 77-78 
Imported proteins 

chloroplast chaperone interaction with, 
76-78 

into mitochondria, 92 
into pea chloroplasts of )3-lactamase, 78 

Infection, see also Immune system; 
Immunity 

antichaperonin antibodies and, 274 
extracellular contact with bacterial 

chaperonins in, 269-271 
GroE chaperonins as immunogens in 

bacterial, 16 
groESL regulation in plant root cells 

in, 150-153 
inducing protection with chaperonins 

against, 282-284 
Innate immunity 

in multiplex hypothesis, 275-276 
phagocytes, 268-273 

Interactive surface, see also Hydrophobic 
surface 

exposure during synthesis and 
folding, 92 

incorrect interactions, potential for, 
10-11 

Interleukin-1 
cpn60.2-treated monocyte release of, 

269 
enhancement of immune response by, 

275 
in rheumatoid arthritis, 286 

Intermediates, folding 
binary and ternary complexes, 260-261 
chaperonin stabilization of, 71 
cpn60 concentrations under stress 

and, 82 
GroEL binding of sticky 

a-lactalbumin, 232 
partial folding within GroEL, 225 
versus sequestration of, 22 

kinetically-trapped, see 
Kinetically-trapped protein 

molten globule state 
aggregation of, 183 
cpn60 affinity for, disputed, 196-197 
versus random coil structure, 182 

off-pathway reactions and misfolded, 
180-182 

prevention of aggregation of 
Anfinsen cage model, 202-203 
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Intermediates (continued) 
binding model, 200-202 
rhodanese by GroES, 223 

recycling of misfolded, 204-208 
transfer by DnaJ and DnaK to 

chaperonins for folding, 215-216 
Inverted repeat element 

as alternative regulatory mechanism, 
153-156 

groESL family 
bacteria compared, 152^ 
in Bradyrhizobium japonicum, 151 
in parasitic/endosymbiotic bacteria, 

157-158 

Kinetic partitioning 
between aggregated and correctly 

folded proteins, 71, 201 
in CCT-mediated release/folding, 124 

Kinetically-trapped protein 
GroEL retrieval of, possible, 233 
mMDH, chaperonin-assisted refolding 

of, 178-179 
multiple folding pathways and, 184 
reactivation of, 204-208 
in vivo, 11 

Kinetics 
of ATP and energy transduction, 

184-195 
of binding to CCT versus GroEL, 19 
of blocking off-pathway reactions, 

180-182 
of bound substrate conformations, 

195-200 
of chaperonin in vivo behavior, 179 
GroES acceleration of folding, 223 
models for folding efficiency 

Anfinsen cage, 202-203 
binding aggregation-prone 

intermediates, 200-202 
cpn60:protein interactions, 203-204 
recycling of unproductive states, 

204-208 
of release of bound proteins, 171-176 
of Rubisco subunit interaction with 

cpn60, 76-77 

of specificity and affinity for substrates, 
168-170 

of spontaneous protein folding, 
182-184 

of yield enhancement in folding 
reactions, 176-179 

a-Lactalbumin 
conformations in presence of cpn60, 

197-198 
GroEL stabilization of molten globule 

state of, 231-232 
Lactamase 

)8 
importation into pea chloroplasts, 78 
release from GroEL, 222 

pre-)8 
association with chloroplast cpn60, 77 
stabilization of molten globule state, 

231-232 
Lactate dehydrogenase. Bacillus 

stearothermophilus 
binding affinity of unfolded, 188 
folding/binding energy in presence of 

cpn60, 171 
Lactococcus lactis, 154 
LacZ gene 

IR element in B. subtilis and, 154 
rpoH regulatory regions and, 147-148 

Large subunit binding protein, 66, see also 
Cpn60 chaperonin 

Legionella pneumophila, 156-158 
Ligand complexes, binary and ternary, 

260-261 
Light-harvesting chlorophyll a/b binding 

protein, 77 
Lipopolysaccharide 

contamination of chaperonin 
preparations by bacterial, 273 

cpn60.2 as cytokine stimulant versus, 
268 

cytokine-related disease caused by, 269 
Luciferase 

binding to CCT, 115, 119 
DnaJ/DnaK binding to, 218 
hsp70 and CCT immunodepletion in 

folding of, 118-119 
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overexpression of GroEL/S in Vibrio 
harveyi dimeric, 235 

TRiC versus GroEL in refolding of, 
231 

Lymphocytes, see also T lymphocytes 
in adaptive immune response to 

chaperonins, 274-282 
antichaperonin antibody production by, 

273-274 
hard-wiring of chaperonin recognition 

by, 284 
Lysozyme 

parallel versus sequential folding 
pathways, 184 

rate of binding/dissociation from cpn60, 
175 

M 

Macromolecular crowding, 19-22 
Macrophage 

cpn60-related molecules on surface of, 
269-271 

stimulation by chaperonin-treated 
monocytes, 269 

Maize mitochondrial cpn60, 79-80 
Major histocompatibility complex proteins 

cpn60.2 stimulation of cytokines and, 
268-269 

T cell reaction against self-chaperonins 
and, 279-281 

Malignancy 
changes in expression of self-cpn60 

signaling, 277-278 
transfection with mycobacterial cpn60.2, 

283 
Membrane translocation 

hsp70 in, 215 
polypeptide chain conformation 

during, 92 
Messenger RNA 

cpn60 sequence similarity to urns'" gene, 
39-41 

folding cofactor factor A, 124-125 
heat shock and 

groESLl/2 and groES synthesis, 
154-155 

level of dnaK-specific, 144-146 
IR element and groEL regulation, 158 

rpoH gene 
arrest of translation of, 149 
regulatory regions, 147-148 

MgATP, see Adenosine triphosphate, Mg 
MHC, see Major histocompatibility 

complex proteins 
Mif4 mutant, yeast 

intramitochondrial protein sorting and, 
99-100 

mt cpn60 characterization and, 94 
Misfolded protein 

cpn60 unfolding of, 204-208 
GroEL unfolding of, 233 
off-pathway reactions and, 180-182 

Mitochondria, see also Organelle, 
eukaryotic 

cpn60 and cpnlO in angiosperm, 79-81 
cpn60 occuring outside of, in animal 

cells, 17 
GroEl immunological similarity with 

heat shock protein of, 7 
hsp60 protection of proteins from 

thermal inactivation in. 111 
monophyletic origin of, 45-46 
post-translational import of proteins 

into 
requirement for unfolding before, 

214-215 
in vitro versusm vivo, 92 

Mitochondrial chaperonin 10, see also 
CpnlO chaperonin; GroE subclass; 
Heat shock 60 protein 

alternate nomenclature, 12t 
in angiosperms, 80-81 
early pregnancy factor and, 17 
regulation of mt cpn60 function by, 

97-99 
in sorting proteins, 99 
species versus sequence accession 

numbers, 30 
structure and symmetry, 67-68 
in yeast, genes for, 139 

Mitochondrial chaperonin 60, see also 
Cpn60 chaperonin; GroE subclass 

alternate nomenclature, 12t 
in angiosperms, 79-80 
as central component in protein 

folding, 92 
cooperation with mt hsp70, 100-102 
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Mitochondrial chaperonin 60 (continued) 
description, 93 
folding pathway with hsp70, 102 
in intramitochondrial protein sorting, 

99-100 
mediation of 

oHgomeric protein complex assembly, 
93-95 

polypeptide folding, 95-96 
phylogenetic analysis of homologues of, 

45-46 
regulation by mt cpnlO, 97-99 
species versus sequence accession 

numbers, 30 
as stress protein, 96-97 
in yeast, genes for, 139 

Mitochondrial malate dehydrogenase 
cpnlO dissociation/reassociation cycle, 

194 
folding efficiency in steady-state 

hydrolysis, 204 
folding/binding energy in presence of 

cpn60, 171 
in kinetic studies of cpn60 interactions, 

198-200 
yield enhancement in folding of, 

177-179 
MMDH, see Mitochondrial malate 

dehydrogenase 
Molecular chaperone 

confusion of chaperonins with, 14 
definitions of, 8-10 
dependence of organellar proteins on, 

91-92 
development of concept of, 213-214 
origins 

chaperonins, discovery of, 3-8 
nucleoplasmin and, 2-3 

purpose of, 10-11 
requirement for, in protein folding, 

216-217 
specialization of function within 

cytoplasmic compartments, 115 
Molecular clock concept, 41 
Molecular mimicry hypothesis 

results of studies, 288 
T lymphocytes and, 276-277 

Molecule, crowding of cellular, 19-22 

Molten globule state 
aggregation in, 183 
Anfinsen cage model and, 202-203 
conformation of bound proteins in, 

231-232 
cpn60 affinity for, disputed, 196-197 
versus random coil structure, 182 

Monoclonal antibody 
against mycobacterial chaperonins, 274 
blocking yd T cell recognition of cpn60, 

277-278 
Monocyte, cpn60.2 stimulation of 

cytokine secretion by, 268-269 
Mouse TCP-1 sequence, 49 
mRNA, see Messenger RNA 
Mt cpn60, see Cpn60 chaperonin; 

GroE subclass; Mitochondrial 
chaperonin 60 

Mt cpn 10, see CpnlO chaperonin; GroE 
subclass; heat shock 60 protein; 
Mitochondrial chaperonin 10 

Multiplex hypothesis, 275-276 
Mutants 

CCT 
subunits and temperature-sensitive, 

122r 
yeast, 125-126 

dnaJ and dnaK deletion, 221 
GroEL functional site mapping using, 

253-257 
mif4 yeast 

intramitochondrial protein sorting 
and, 99-100 

mt cpn60 characterization and, 94 
in vivo genetic studies using 

temperature-sensitive, 179 
Mutation 

allosteric interactions and, 262-263 
of GroES mapping to mobile loop 

sequence, 253 
of groESL in bacteriophages, 138, 234 
rpoH gene mRNA regulatory regions, 

148 
Mycobacteria, see also Gram-positive 

bacteria 
cpn60.2 

cytokine secretion induced by, 268 
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gene duplication in ancestor of, 45 
mycobacterial cpnlO and, 272 

IR sequences in, 154 
Mycobacterial chaperonins 

attempts to induce protection against 
infection using, 282-284 

in autoimmune disease 
animal studies, 285 
in rheumatoid arthritis studies, 

286 
cytokine secretion stimulation by, 

268 
in molecular mimicry hypothesis, 

276-277 
in multiplex hypothesis, 275-276 
recognition by aj8 T cells, 279 

Mycobacterium bovis cpn60, 275-276 
Mycobacterium leprae, 275 
Mycobacterium tuberculosis 

cpnlO, extracellular existence of, 
269-271 

experimental attempts using 
chaperonins as protection against 
infection by, 282 

Freund's complete adjuvant killing, 
275 

regulation of chaperonin gene 
expression in, 157-158 

T lymphocyte response to 
mycobacterial cpn60 and, 275 

N 

N-terminal domain 
CCT and GroEL similarity of, 121 
cpn21, 72-73 
cpn60 sequence characteristics, 31 
DnaK/DnaJ and structure of nascent 

chain, 218 
GroEL subunit, 252 

ND7/23 cells, 114-115 
Negative staining transmission EM 

technique, 247 
Neighbor-joining matrix tree 

CpnlO and 60 sequence phylogenetic 
analysis, 41-47 

TCP-1 sequences, 49-52 
Neo-Anfinsen experiments, 7 

Neurospora crassa, 95-96 
NifA protein, 151-153 
Nitrogen fixation 

cpn60 homologues involved in, 
31-32, 45 

NifA protein in gene transcription for, 
151-153 

Nitrogenase complex, 151-153 
Nomenclature, chaperonin subclass, 

12-14 
Noncovalent assembly, 8-9 
Nucleic acid in protein self-assembly 

theory, 5 
Nucleoplasmin, 2-3, see also Molecular 

chaperone 
Nucleotide binding pocket, GroEL, 

254-255 
Nucleus, chimeric origin of eukaryotic, 

53-57 

O 

Oligomer 
assembly of 

chaperonins in, 233-234 
definition, 8-9 
mt cpn60-mediated, 93-95 

Operon, see GroESL operon 
Organelle, eukaryotic, see also 

Chloroplast; Mitochondria 
chaperonins present in, 27-28 
cpn60 and 10 sequences, phylogenetic 

analysis, 41-47 
Organisms, chaperonins versus types of, 

109r 
Ornithine transcarbamylase 

hsp60 homology to GroEL in, 
discovery of, 214 

hydrolytic cycle and cpnlO association/ 
dissociation with, 195 

trimeric 
assembly of, 2234 
GroE requirement in yeast CCT 

folding of trimeric, 126 
mt cpn60 and folding of, 96, 98 

OTC, see Ornithine transcarbamylase, 
trimeric 
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Pi (ADP) state, 188 
P (protein-binding) state 

Apo-cpn60 affinity for nonnative 
proteins in, 188-190 

asymmetry of cpn60 affinity for ATP/ 
ADP in switching to, 190, 191/ 

cpnlO in transition to A state from, 
193-195 

Parasitic bacteria, 156-158 
Partitioning, kinetic 

between aggregated and correctly 
folded proteins, 71, 201 

in CCT-mediated release/folding, 124 
Pathogenic bacteria, regulation of 

chaperonin gene expression in, 
156-158; see also Infection 

Pathway 
folding 

alteration by related proteins, 11 
avoidance of nonproductive, 180-182 
of chaperone-assisted, 217-221 
of hsp70 and mt cpn60, 102 
inefficiency of multiple, 184 
release of misfolded proteins from 

unproductive, 204-208 
import, chloroplast chaperones in, 

77-78 
Peptides 

binding affinity for GroEL versus 
length of, 230 

binding mechanism hypothesis, 169-170 
derived from self-chaperonin, MHC 

presentation of, 281, 288 
side chains 

binding of hydrophobic, 169, 230 
in spontaneous folding, 182-184 

transit 
foreign cpn60 in chloroplasts and, 78 
plant mitochondrial cpn60 sequences, 

79-80 
Phagocyte 

chaperonin effect on, 268-273 
as innate immune mechanism, 267 

Photosynthetic organisms, chaperonins of, 
65-85 

Phylogenetic analysis 
cpn60 and cpnlO sequences, 

description, 41-45 
division of organisms into 

urkingdoms, 53 
TCP-1 sequences, 49-52 

Plants, see also Photosynthetic organisms, 
chaperonins of 

failure to fold Rubisco L8S8 subunit in 
higher, 84 

groESL regulation in root cell 
infections of, 150-153 

transgenic, 78-79 
Plastid 

chloroplast cpn60 and development 
of, 70 

evolution of organisms having, 81 
Polypeptide chain, see also Folding, 

protein; Peptides 
nascent 

concentration of, in vivo versus in 
vitro, 11 

DnaK/DnaJ and, 216-219 
during membrane translocation, 92, 

156-157 
hsp70 interaction with, 115-118, 215 
spontaneous versus assisted folding 

of, 216-217 
partially folded, see also Misfolded 

protein 
GroEL/ES functions and, 16 
macromolecular crowding and, 21-22 
mt cpn60 stabilization of, 95 

Prokaryotic species 
CpnlO homologues, 67 
cpn60 and cpnlO in photosynthetic, 

81-83 
eukaryotic cell evolution from, model 

for, 53 
Promoter in rpoH gene transcription, 

146-147, see also or'^ promoter; a^^ 
promoter 

Protease 
accessibility of bound substrates to, 236 
mt cpn60:DHFR complex folding 

and, 95 
Proteins 

concentrations in vivo versus in vitro 
refolding, 11 
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conformational properties 
of bound substrates, 195-200 
of cpn60 and positive cooperativity, 

188-190 
mt cpn60 stabilization of 

intermediates of differing, 95 
correspondences between eukaryotic 

and prokaryotic species, 57 
cytoskeletal families, see Actin; Tubulin 
cytoslic versus organellar forms, 92 
denatured, prevention of aggregation 

under stress, 16 
dependence on chaperones of 

organellar, 91-92 
discrimination between folded and 

unfolded by chaperonins, 229-231 
evolutionary implications of highly 

conserved, 53 
folding, see folding, protein; Refolding, 

protein 
imaging structures of 

electron microscopy, 247-248 
X-ray crystallography, 248-249 

intramitochondrial sorting of, 99-100 
number using GroEL to fold in vivo, 

17-19 
stress 

chaperones as, 9-10 
mt cpn60 as, 96-97 

yield of folded, see Yield of folded 
proteins 

Protein self-assembly principle 
chaperones and, 7-8 
description, 4-6 
in vivo situations and, 10-11 

Proteobacteria, see Gram-negative 
bacteria; a-Purple gram-negative 
bacteria 

Proteolysis of degraded proteins, 236 
a-Purple gram-negative bacteria, see also 

Gram-negative bacteria 
mitochondria as originating from, 

45-46, 57 
signature cpn60 sequences shared with 

other species, 32 
Purple sulfur bacteria, IR sequences in, 

154 
Pyrodictium brockii, 112 

Pyrodictium occultum 
structural characterization of 

thermosomes from, 112 
TF55 synthesis under heat shock, 

110-111 
thermosome subunits indentified in, 112 

RecycUng of unproductive states, 204-208 
Refolding, protein 

cpn21 and bacterial Rubisco in, 73 
of misfolded proteins, cpn60 and, 

204-208 
in vitro 

of bacterial Rubisco by chloroplast 
cpn60, 70 

initiated inside GroEL cavity, 22 
in vivo 

GroEL activity, 19 
versus in vitro, success in, 10-11 

Regulation 
of chaperonin gene expression 

bacteria other than E.coli, 150-158 
Escherichia coli genes, 144-150 
gene organization, 138-143 
by Gp31 protein, 158-159 
synthesis in response to stress, 143, 

see also Stress 
of mt cpn60 by mt cpnlO, 97-99 
of rpoH gene 

transcriptional, 146-147 
translational, 147-148 

stress and potential lack of chaperonin, 
278 

of TCP-la/CCTa transcript level in 
axotl, 114 

Release of bound proteins, see also 
Adenosine triphosphate hydrolysis 

in ATPase cycle of cpn60 
cpnlO effect on, 193-195, 196/ 
rate of, 186-187 
structural alteration enabling, 

188-189 
cpn60 substrate, 175-176 
from GroEL 

DHFR versus rhodanese, 223-225 
of GroES in ATP hydrolysis, 227 
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Release of bound proteins (continued) 
GroES presence versus absence, 222, 

223-225 
of substrate, 227 

kinetics and energetics of, 171-176 
Reticulocyte lysate 

binding to CCT, 115-118 
proteins associating with CCT in, 119 

Rhizobiaceae bacteria, cpn60 
homologues in 

gene duplication in common 
ancestor, 45 

gene locations, 31 
Rhizobium 

groESL-\\\iQ operons in, 139 
regulation of groESL operons in, 

150-153 
Rhizobium meliloti 

chaperonin gene organization in, 139 
cpn60 homologues in, 31-32 

Rhizobium sphaeroides, 83 
Rhodanese 

chaperonins stabilizing unfolded, 
215-216 

conformation of bound, 230 
cpn60 association in molten globule 

state of, 196-197 
dependency on GroEL/ES for 

translation of bovine, 220 
DnaJ/DnaK binding to, 218 
GroEL stabilization of molten globule 

state of, 231-232 
GroES releasing trapped intermediates 

of, 223 
hydrolytic cycle and cpnlO association/ 

dissociation with, 195 
spontaneously folding in vivo, 222 

Ribosomes, see also Polypeptide chain, 
nascent 

mt cpn60 and assembly of, 95 
SSB protein association with 

translating, 118 
Ribulose-bisphosphate carboxylase-

oxygenase 
Anabaena PCC 7120 vegetative cell 

sites for, 81 
chaperonin discovery and, 3-4, 66, 

83-84 
cpn21 ability to refold bacterial, 73 

GroEL stabilization of molten globule 
state of, 231-232 

subunits, see also Chloroplast 
chaperonin 60 

chloroplast cpn60 assembly of L, 
68-70 

failure to fold L8S8 in plants, 84 
fusion of transit peptide targeting 

sequence to groEL, 78-79 
kinetics of assembly of, 76-78 

Rickettsia tsutsugamushi, 46, 57 
Rieske iron-sulfur protein 

in characterization of mt cpn60, 94 
interaction with cpn60,11-lS 
sorting of, 99 

Ring structure, chaperonin oligomeric, see 
also Structure 

chaperonin types versus number of 
subunits on, 13 

cpn21 similarity to cpnlO from, 73-74 
cpn60 

asymmetry of ATP and ADP binding 
to, 186, 190, 191/ 

conformational rearragement of, 
188-190 

postitive/negative cooperativity in, 
185-186 

GroES, crystallographic analysis of, 253 
mechanistic significance of, 66 
rate of steps in ATPase cycle of cpn60, 

186-187 
TCP-1 complexes, 113-114 
of thermosome subunit species, 112 

Rotational symmetry of chaperonins, 109r 
rpoH gene, see also a^^ promoter 

arrest of mRNA translation, 149 
expression of chaperonin operon in 

mutated, 144 
transcriptional regulation of, 146-147 
translational regulation of, 147-148 

RpoN protein, 151-153 
Rubisco, see Ribulose-bisphosphate 

carboxylase-oxygenase 
Rubisco subunit binding protein, see 

Chloroplast chaperonin 60 

Saccharomyces cerevisiae yeast 
CCT in, analysis of, 125-126 
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mt cpnlO function in, 98 
mt cpn 60 and, 94-95 

Salmonella typhimurium 
overexpression of GroEL/S in, 235 
survival in macrophages, 156-157 

Schizosaccharomyces pombe, TCP-la 
levels in, 114 

Sequence 
actin and tubulin similarities, 129 
CCT 

mouse cDNA, 127 
versus GroEL, 121-123 

cpn21, similarity to cpnlO, 71-72 
cpn60 and 10 gene family 

characteristics of, 28-36 
plant mitochondrial, 79-80, 81 
similarities, 36-39 
species versus accession numbers of, 

29-30 
evolutionary relationship between 

cpn60 and TCP-1, 52-57 
on GroEL subunit domain hinge site, 

253 
groESL operon 

GroEL2/3 amino acid, 153 
heat shock promoter, 145^ 

inverted repeat elements 
as alternative regulatory mechanism, 

153-156 
groESL family, 151, 152t 

predisposing proteins to interact with 
cpn60, 178 

subunit, TCP-1 versus GroE, 13-14 
TCP-1 gene family 

identification of two subfamily, 49-52 
similarity to cpn60/GroEL, 47-49, 

139 
/3-Sheet element, 169 
(T^^ promoter 

autoregulation by DnaK/DnaJ/GrpE 
chaperone machine, 149-150 

groESL operon transcription and, 
144-146 

stability of mature polypeptide, 
148-149 

in transcriptional regulation of rpoH 
gene, 146-147 

in translational regulation of rpoH 
gene, 147-148 

a"̂ ^ vegetative transcription factor, 153 
a^° promoter, 144-146 
Signature Sequence, species sharing 

cpn60, 32-36 
Size, molecular 

chaperonin nomenclature and, 13 
GroEL cavity versus proteins bound to, 

229-230 
substrate encapsulation in chaperonin 

cavity and, 202-203 
Sorting, intramitochondrial protein 

elucidating mechanisms of chaperone 
function, 92 

mt cpn60 in, 99-100 
Species 

accession numbers of sequences versus, 
29-30 

bacterial, chaperonin homologues in, 
27-28 

conservation of cpn60 sequence 
positions among, 32 

TCP-1 sequences compared, 49-52 
TCP-1 subunit levels among animal and 

yeast, 113 
Species domain, evidence against 

monophyletic nature of, 53 
Sperm chromatin, 3 
Spinach cpn21, 72-74 
Spirochete bacteria cpn60 and 10 

sequence accession numbers, 29^ 
SSB-class hsp70 proteins, 115-118 
Sscl-2 mitochondria, 100 
StabiHty 

of chloroplast cpn60, ATP and, 69-70 
of folded state and yield enhancement, 

178 
of GroEL:GroES complex purified 

from Thermus thermophilus, 225 
of (j^^ mature polypeptide, 149-150 

Stabilization 
of folding intermediates 

in blocking off-pathway reactions, 
180-181 

of bound molten globules, 231-232 
by chaperones, 71 
by heat-inducible proteins, 111 
by mt cpn60, 95, 97, 100, 102 
substrate specificity and, 168-170 
unfolded rhodanese, 215-216 
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Stabilization (continued) 
of nascent chains by DnaK/DnaJ, 218 
of proteins under stress, 234-236 

Steric information 
chaperones providing, possibility 

of, 11 
nucleoplasmin and, 2-3 

Streptomyces bacteria, see also Gram-
positive bacteria 

cpn60 gene duplication in ancestor 
of, 45 

IR elements in albus and coelicolor, 
identical, 154-155 

Stress, see also Heat shock; Infection; 
Temperature 

aggregation of denatured proteins 
under, see Aggregate; Aggregation 

amplification of chaperone function in 
response to, 9-10, 159 

chaperonin function under cellular, 
234-236 

groESL operons in bacteria and 
response to, 140-141 

lack of chaperonin regulation under, 
possible, 278 

multiple messages sent by chaperonins 
in response to, 289 

regulation of chaperonin gene 
expression, in parasitic bacteria, 
156-158 

synthesis of chaperonin in response to, 
143 

T cell recognition and lysis of cells 
under, 279-281 

TCP-1 complex and, 110 
Stress proteins 

chaperones as, 9-10 
GroEL and GroES as, 144-146 
mt cpn60 as, 96-97 

Structure, see also Conformational 
properties, protein; Ring structure, 
chaperonin oligomeric; Subunit, 
protein 

CCT 
in S. cerevisiae, 125 
versus GroEL, 120-123, 249-251 

chloroplast cpn21, 71-72 

cpnlO 
in complex formed with cpn60, 

191-192 
description, 66-68 

cpn60 
conformational rearrangement of, 

188-190 
description, 66 
subunit domains, 249-251 

DnaK/DnaJ and nascent chain, 218 
GroEL:GroES complex, 226 
GroEL 

central cavity of, 220 
crystallizing sevenfold symmetry of, 

248-249 
function and, 221 
GroES binding surface, 257 
mutational study defining, 253-254 
nucleotide binding pocket, 254-255 
substrate binding surface, 255-256 
subunits and oligomeric contacts, 

252-253 
GroES, 221-222 

crystalline, 253 
methods for studies of chaperonin 

compared, 246 
electron microscopy, 247-248 
X-ray crystallography, 248-249 

mt cpnlO, 97 
plant mitochondrial chaperonins 

compared to other species, 79 
rotational symmetry versus chaperonin 

type, 109^ 
stress altering folded protein, 234-235 
TCP-1 chaperonins, 110 
TF55 chaperonins, 108, 111 

Substrate 
in CCT-mediated folding 

localization of, 120-121 
recognition of, 115-120 

conformation of bound, 195-200 
cpnlO in displacement of, 193-195, 196/ 
encapsulation in chaperonin cavity 

GroEL, 228 
model of, 202-203 

GroEL binding surfaces for 
polypeptide, 255-256 
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Specificity and affinity for 
in chaperonin behavior, 168-170 
folding pathway stages and 

differential, 216 
gp31 alteration of GroEL, 234 
by GroEL, 229-231 
nucleotide reduction of cpn60, 

175-176 
transience of chaperonin interaction 

with, 204 
Subunit, protein, see also Ring structure, 

chaperonin oligomeric; Structure 
ATPase activity and cpn60, 185-186 
CCT 

binding sites, 120-123, 130 
cofactors in tubulin folding and, 125 
correspondence to genes for, 

116-117^ 
cryo-EM studies of, 249-251 
versus GroEL, 120 
in yeast, 125 

of chaperonins versus substrate 
specificity, 168 

cpn60, electron microscopy studies of, 
249-251 

GroEL 
cryo-EM studies of, 249-251 
structure and oHgomeric contacts, 

252-253 
synchronous ATP hydrolysis by, 

228-229 
GroES, crystallographic analysis of, 253 
in oligomeric ring structure, 13 
Rubisco, in discovery of cpn60, 3-5, 66 
species versus type of chaperonin, 109r 
in spontaneous folding, 182-183 
TCP-1 complex 

abundance among species, 113 
heterogenity of, 110 
TCp-la/CCTa, abundance of, 114 

thermosome, 112 
Subunit sequences, TCP-1 versus GroE, 

13-14 
Sulfolobus shibatae bacteria 

TF55 subunit species identified in, 112 
TF55 synthesis under heat shock, 

110-111 

Sulfolobus solfataricus 
TF55 subunit species identified in, 112 
TF55 synthesis under heat shock, 

110-111 
Surface, see Hydrophobic surface; 

Interactive surface 
Synechococcus, 81-82 
Synechocystis PCC 6803 

cyanobacterium, 82 
Synthesis, protein 

of chaperonins in response to stress, 
143, 159 

of cpn60 under heat-shock 
conditions, 82 

Rubisco L subunit, 68-69 

T cell antigen receptor, 277 
T lymphocytes 

aA 278-282 
yb 

in immune preference for 
chaperonins, 277-278 

protection against bacterial infection 
by, 283 

recognition of cpn60 on cell surface, 
271 

in adaptive immune response to 
chaperonins, 274-282 

in autoimmune disease 
animal studies of, 284-285 
human studies of, 285-286 

cpnlO chaperonins inducing apoptosis 
in human, 17 

in molecular mimicry hypothesis, 
276-277 

in multiplex hypothesis, 275-276 
T-complex polypeptide 1, see also 

Cytosolic chaperonin 60; 
ThermophiUc factor 55 

as CCT in eukaryotic cytosol 
ATP-dependent release/folding from, 

123-124 
cofactors required for tubiUn folding, 

124-125 
composition of, 113-115 
polypeptide binding sites, 120-123 




