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ABSTRACT: Molecular chaperones support protein folding and unfolding
along with assembly and translocation of protein complexes. Chaperones
have been recognized as important mediators between an organismal genotype
and phenotype as well as important maintainers of cellular fitness under
environmental conditions that induce high mutational loads. Here we review
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recent studies revealing that the folding assistance supplied by chaperones is

evident in genomic sequences implicating chaperone-mediated folding as an
influential factor during protein evolution. Interaction of protein with chaperones
ensures a proper folding and function, yet an adaptation to obligatory depen-
dence on such assistance may be irreversible, representing an evolutionary : o
trap. A correlation between the requirement for a chaperone and protein
expression level indicates that the evolution of substrate—chaperone interac-
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tion is bounded by the required substrate abundance within the cell. Accumulating

evidence suggets that the utility of chaperones is governed by a delicate balance

between their help in mitigating the risks of protein misfolding and aggregate formation on one hand and the slower rate of protein
maturation and the energetic cost of chaperone synthesis on the other.

M olecular chaperones were first described as proteins that
assist in the assembly of other proteins into their func-
tional conformation."” Besides the assembly of protein com-
plexes and de novo folding of nascent polypeptides, chaperones
play a role in protein translocation across membranes,” stabi-
lization of protein—protein interactions,” and ribosome biogenesis,”
but regardless of their exact function, different chaperones provide
assistance in the same assignment: proteins have to maintain
their designated function in the right place at the right time.

B CHAPERONE-MEDIATED PROTEIN FOLDING IN
THREE DOMAINS OF LIFE

Species in the three domains of life (eubacteria, archaebacteria,
and eukaryotes) utilize slightly different chaperones that assemble
into diverse protein folding pathways. The major chaperone
families in eubacteria are Trigger Factor (TF), DnaJ (Hsp40),
DnaK (Hsp70), GrpE (nucleotide exchange factor), and GroEL/
GroES (Hsp60/Hsp10). Trigger Factor is the first chaperone that
binds to the nascent polypeptide chain emerging from the
ribosome, and its function is to shield hydrophobic (especially
aromatic) stretches of the translated protein to keep it soluble’
(Figure 1). Members of the DnaK and DnaJ chaperone families
assist in protein folding by forming a complex with their sub-
strate proteins. The substrate binding specificity of the ATPase-
like DnaK chaperone is determined by the DnaJ cochaperone.**’
Experimental data show that Dna] in Escherichia coli binds to
hydrophobic protein surfaces and initiates the functional cycle of
the DnaK system by targeting the DnaK to hydrophobic patches
within the substrate.’® DnaK then stabilizes the intermediate
conformational state of the substrate using ATP. The nucleotide
exchange factor GrpE is involved in binding and release of ATP
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and ADP. Chaperonin systems comprise barrel-like structures that
assist in protein folding by providing an isolated environment
for the protein to fold.>" GroE is a eubacterial chaperonin complex
composed of two proteins: GroEL, a barrel-like structure con-
sisting of two heptameric rings (Figure 1), and GroES, also a
heptameric ring, which functions as a lid for the GroEL barrel.

Archaeal species utilize chaperones of the Hsp70,>> Hsp40,>
GrpE,54 and TriC/CCT>® families. Interestingly, almost all
thermophilic species lack DnaK and its cochaperone, DnaJ.* It
is unclear if archaea rely on proteins other than DnaK and DnaJ
to remove the cellular debris caused by heat shock or if they
rely on proteases instead.*® The existence of a nascent chain-
associated complex in archaebacteria has been experimentally
confirmed, and it was found to be associated with a ribosome-
like eukaryotic NAC homologue.”” The archaeal chaperonin
system is termed thermosomes. It forms an octameric double-
ring structure with an apical loop instead of a capping cofactor
like GroES.>® Methanosarcina mazei is an exception among
archaea as it also encodes homologues of eubacterial GroEL
and HtpG (Hsp90), which were acquired via a horizontal gene
transfer.”” The substrate sets of the two chaperonin systems in
M. mazei largely overlap; however, the GroE substrates are
biased toward proteins with complex @/ domains, while the
substrates of the thermosome include a wider range of different
domain folds.®® On the other hand, several eubacterial species,
including clostridial and c?ranobacterial representatives, encode
a CCT-like chaperonine.®’ This chaperonine forms a structure
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The eubacterial trigger factor (TF) is associated to nascent polypeptides emerging from the ribosome (8). It projects the extended
domains over the exit of the ribosomal tunnel, creating a protected folding space where nascent polypeptides may be shielded from
proteases and aggregation (9).

Hsp40 (synonym: Dna])
< , X Eubacteria Dimer
2x19kDa
i K Archaea PDB: 1C3G

Eukaryotes

Hsp40 is a U-shaped Dimer (10). It functions as a Co-chaperone that stimulates the ATPase activity of the HSP70 chaperone (11).
It is involved in protein translocation and the proteolysis of misfolded proteins (12-14).

Hsp70 (synonym: DnaK)
Eubacteria Monomer
78 kDa

Archaea PDB: 3QFP

X Eukaryotes

Hsp70 is a cytoplasmic ATPase (13). It is a ribosome-associated molecular chaperone that is involved in folding of newly made

polypeptide chains (16). It functions with a J-protein (Hsp40) partner in the ribosome-associated complex (RAC), which is involved
in translocation of proteins into mitochondria as well (17).

Figure 1. continued
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Hsp60 (synonyms: GroEL, GroE, Cpn60, mtHsp60)

E Eubacteria Tetradecamer
14x 57 kDa
DJ Archaea PDB: 1AON

X Eukaryotes

GroEL is a eubacterial chaperonin that prevents aggregation after heat shock and is required for ATP-dependent folding of precursor
polypeptides and complex assembly (18). It has a barrel like structure consisting of 2 heptameric rings composed of 14 identical
subunits (19). In Bukaryotes, Hsp60 is localized in the mitochondria and is involved in both protein import (20) and mtDNA
transmission (21). GroEL/Hsp60 functions with a capping cofactor termed GroES/Hsp10, which is a ring consisting of seven
identical subunits (22) and encapsulates the substrate inside the GroEL molecule (23).

CCT (Synonyms: TriC, Tcp-1, Thermosome)

PSS sl [] Eubacteria Hexadecamer

_ 16 x 57..64 kDa
Archaea PDB: 3P9D

XI Eukaryotes

CCT is the archaeal chaperonin type and is present also in the eukaryotic cytosol. It consists of 2 octameric rings, with 8 or 9 subunits
encoded by different genes (24). Unlike GroEL, CCT functions without a cofactor, using a loop in the apical domain to encapsulate
substrate proteins (25). CCT is involved in the folding of actin (26) and tubulin (27).

Prefoldin (Synonym: PED)

- i [0 Eubacteria Heterohexamer
{ 6x14.23kDa
D Archaca PDB: 1FXK

X Eukaryotes

Prefoldin (PFD) is a heterohexameric chaperone. The archaeal homolog is composed of two subunits, while the eukaryotic PFD is
composed of six subunits (28). Prefoldin is present in eukaryotes and archaea, where it binds specifically to cytosolic chaperonin
(CCT) and transfers target proteins to it (28).

Hsp90 (synonym: HtpG)
: , X Eubacteria Dimer

2x 71 kDa (E. coli)

[ Archaea 2x 82 kDa (Yeast)

X Eukaryotes PDB: 210Q

Hsp90 is a dimer that binds its substrates like a molecular clamp (29). It is present in eukaryotes and eubacteria where it is termed
htpG (30). Hsp90 is essential in yeast (31). Besides protein folding, it is required for pheromone signaling (32) and preprotein
delivery to Tom70p and subsequent translocation into mitochondria (33). Hsp90 also promotes telomerase DNA binding and
nucleotide addition (34).

Figure 1. continued
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Hsp100 (synonym: Clp)

Eubacteria Hexamer
6x96 kDa
[] Archaca PDB: 3PXG

X Eukaryotes

Hsp100 is a heat shock protein that refolds and reactivates previously denatured aggregated proteins (35). It cooperates with Ydjlp
(Hsp40) and Ssalp (Hsp70) (36). Homologs of Hsp100 are present in eubacteria, eukaryotes and Mitochondria (37-39). Structur-

ally it is a two-tiered hexamer (40).

Hsp26 (synonym: Hsp16.5)

LY

[] Eubacteria 24mer
24 x 16.5 kDa (Archaea)
X Archaea 24 x23.7 kDa (Yeast)
PDB: 1SHS

[ Eukaryotes

Hsp26 forms hollow oligomers that suppress unfolded protein aggregation. The oligomer activation requires heat induced confor-
mational change. Hsp26 oligomers dissociate into dimers under heat stress. Each dimer binds a substrate monomer. After the
substrate binding the dimers are newly assembled forming an Hsp-substrate complex. Hsp26 also has mRNA binding activity. The

archaeal homolog is hsp16.5 (41).

4 Eubacteria Dimer
2x26.5kDa
X Archaea PDB: IR7W

4 Eukaryotes

Hsp31 is a dimeric chaperone and cysteine protease in eukaryotes and bacteria (42-44). It is a member of the DJ-1/ThiJ /Pfpl
superfamily (45), which includes the human DJ-1 protein that is involved in Parkinson'’s disease (46). The archaeal homolog is Pfpl

(47).

Figure 1. Structural properties of chaperones. (a) Relative complex sizes of chaperones. (b) Chaperone structures are shown in an upright
orientation (left), with a 90° rotation along the X-axis (middle), and with a 90° rotation along the Y-axis (right). Complexes having a radial symmetry
are rotated by 90° along the X-axis to show the top (middle) and bottom (right) of the molecule. Chaperone plots were generated using the PyMOL

Molecular Graphics System, version 1.5.0.4 (Schrédinger, LLC).

that is similar to that of the archaeal CCT, and it is thought to
be acquired by an ancient horizontal gene transfer during Firmicute
evolution.”” A survey for chaperones in archaeal genome sequences
led to the interesting finding that Hsp90 and Hsp100 are absent
from nearly all species.™

The eukaryotic chaperone repertoire reflects the hybrid origin
of the eukaryotic cell. Eukaryotes evolved from endosymbiosis of a
eubacterium engulfed within an archaebecterial host.®*™% The
eubacterium gave rise to the mitochondrion organelle, and the
holobiont became what we know today as eukaryotic cells.®®
Subsequently, most of the endosymbiont genomic material
was either lost or transferred to the host nucleus. Plastids of
photosynthetic eukaryotes originated via a similar evolutionary
event in which a cyanobacterial endosymbiont was engulfed
within a eukaryotic host (see ref 67 for a review). Eukaryotic
proteomes are thus mosaics of archaebacterial and eubacterial
homologues representing the contribution of the host and
organellar ancestors to eukaryotic evolution.” Chaperones com-
prising the eukaryotic protein folding pathway are no exception to
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that rule, and they include homologues of both eubacterial and
archaeal chaperones.”®® The ribosome-associated complex
(RAC) is the first chaperone complex that interacts with most
newly synthesized proteins in Saccharomyces cerevisiae."” It
consists of the Hsp40 chaperone Zuol and the Hsp70 partner
Ssz1.7°77? Further folding of completely translated peptides can
be assisted by other Hsp40—Hsp70 complexes, as well as the
Hsp90 system and TriC/CCT class chaperones and their
prefoldin cochaperones.”® Prefoldin operates mainly on
cytoskeleton-associated substrate proteins and assists in their
targeting to TriC/CCT for folding.28 The TriC/CCT is a
chaperonin system consisting of two rings, but in a manner dif-
ferent from that of GroE, each ring is formed by eight subunits.”
This hexadecameric barrel structure is the same as in the archaeal
thermosomes, comprising the group of type II chaperonins as
opposed to the group I chaperonins GroEL in eubacteria or the
mitochondrial Hsp60 (see ref 74 for a review). The eukaryotic
TriC/CCT consist of eight different subunits,”> whereas the
archaeal thermosome is composed of only two types, the
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a- and fB-type subunits.”> Another difference between TriC/CCT
and GroE is that CCT is found to interact with nascent peptide
chains more frequently’® and does not utilize a capping cofactor
for the ATP-dependent, GroE-like enclosure and folding process.”®
Nevertheless, both chaperonin types are thought to share similar
substrate recognition: GroE- and TriC-type chaperonins have a
substrate overlap of 80% when presented with denatured protein
extract of human fibroblasts.”” The eukaryotic organelles, mito-
chondria and chloroplasts, utilize Hsp60 and Hspl0 chaper-
ones. These are homologues of the eubacterial GroEL and
GroES chaperones.”® The eukaryotic Hsp60 has a “double-
doughnut” structure similar to that of GroEL, and its level of
expression in the mitochondrion is increased under heat stress
conditions.”® The Hsp60 chaperone interacts with Hsp10 which
serves as a capping protein similar to eubacterial GroES.”

B CHAPERONE-MEDIATED PROTEIN UNFOLDING

Molecular chaperones are functional also in unfolding and re-
folding of previously misfolded proteins.*® Protein synthesis is
energetically the most expensive process within living cells. In
bacteria, it has been estimated that ~60% of the ATP molecules
required for the formation of a whole cell are consumed by
protein translation.*® A recent study that aimed to quantify
gene expression control in mammalian cells suggested that protein
synthesis consumes ~90% of the energy that is needed to
maintain the cellular protein levels and determined that protein
translation is the limiting factor in protein production.”" Proteins
that fail to fold into their native (functional) state represent an
energetic burden of wasted “translation energy”. The ability to
unfold previously misfolded proteins and reinsert them into the
folding pathway is an important process considering the energetic
balance of protein production. Protein unfolding and refolding
compensate for the fitness cost impaired by the toxicity of protein
aggregates in the cell, but maybe even more importantly, the
refolding of misfolded proteins means that the energy invested
in the synthesis of a misfolded protein will not be wasted. For
example, an in vitro measurement of the energetic investment
in unfolding a luciferase protein by a DnaK—DnaJ—GrpE complex
into its intermediate state revealed that only five ATP mole-
cules are required in this process.*> Achieving the same outcome
by hydrolysis and resynthesis of the hydrogen bonds in luciferase
(550 residues, Swiss-Prot entry P08659.1*) is estimated to require
~3000 ATP molecules; hence, the rescue of this protein by the
chaperones is 3 orders of magnitude energetically cheaper than its
recycling.**

B CHAPERONE-MEDIATED PROTEIN
TRANSLOCATION

In addition to providing cotranslational folding mechanisms,
molecular chaperones are also involved in the translocation of
protein across membranes, by assiting in stabilizing transported
proteins. For example, the Hsc70 (Hsp70) chaperone in mammals
keeps unfolded mitochondrial proteins soluble on their way to the
mitochondrial import receptor Tom70."* Cytosolic chaperones
of the Hsp70 and Hsp90 families can guide preproteins to the
Tom70 import receptors in the outer membrane of mito-
chondria and induce the import process by binding to Tom?70
themselves.”> Mitochondrial Hsp70 forms a motor complex
with Tim44 and Mgel on the inner membrane to facilitate the
movement and unfolding of preprotein domains. Together with
Mdj1 (Hsp40), Hsp60 and Hsp10 chaperones are also involved
in the refolding of already imported proteins in the mitochondria.**
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A similar protein import mechanism was observed in chloroplasts
of plant cells involving Hsp70,85 Tic40,% and chloroplast Hsp60.87
Chaperones play an important role also in the trafficking of protein
between neighboring cells. For example, in Arabidopsis thaliana,
the chaperonin TriC-Cct8 was found to be involved in the tran-
slocation of KNOTTEDI1 (KN1) protein through the plasmo-
desmata channels.*® KN1 is an essential transcr;ption factor for the
establishment and maintenance of stem cells.®

B PROTEIN MISFOLDING AND FITNESS

The folding of translated polypeptides into a functional protein
is thought to be determined by intrinsic features of the primary
sequence as well as environmental factors within the cell.’ In
most cases, the native structure of a protein is the one that is
also the most stable thermodynamically.”" Studies of the folding
dynamics of small proteins (60—100 residues), which convert
from their unfolded to their native (functional) state without
the complication of highly populated intermediate states, sug-
gest that a few residue interactions within the sequence form a
stable folding nucleus around which the rest of the polypeptide
rapidly condenses.”> Misfolding of proteins or protein structure
instability is disadvantageous to the cell not only because the
protein function is lacking but also because of the formation of
protein aggregates. Misfolded proteins tend to cluster in the cell
and form long unbranched, and often twisted, fibers that are a
few nanometers in diameter. A prominent example is the amyloid
fibril.”> The structural characteristics of proteins involved in the
formation of amyloid fibers vary from intact globular proteins
to large unstructured polypetides, but they all share the same
common organization with a core structure of f-sheets whose strands
run perpendicular to the fibril axis.”* The formation of misfolded
protein aggregates is known to hinder cell viability. For example,
both Alzheimer's disease and Parkinson's disease are founded in
the deposition of Erotein aggregates in neuronal tissues.”>”°

A recent study”’ quantified the impact of misfolded proteins
on organism fitness by expressing different variants of structurally
destabilized yellow fluorescent protein (YFP) in yeast cells and
measuring their growth rates. The results revealed that an
induction of a small amount of YFP aggregates leads to a sig-
nificant reduction in growth rate. Because the YFP is a gratuitous
protein, ie., its function is not essential in yeast, this result
indicates that the presence of protein aggregates alone, regardless
of the protein function, imposes a selective cost on the organism.

If protein misfolding imposes a selective cost, could it be that
the effects of this selective pressure are imprinted in genomes?
It has been long known that the protein expression level, codon
usage, and evolutionary rate are correlated (see the Glossary for
an explanation of terms). For almost every sequenced genome
tested so far, the proportion of optimal codons within a protein-
codin§ gene is negatively correlated with amino acid substitution
rate.”*"** An analysis of protein abundance in model organisms
revealed a significant positive correlation between protein expres-
sion level and codon adaptation both in E. coli'® and in yeast'®
(Figure 2). The consistency of this expression—codon adapta-
tion—conservation (ECC for short) covarion structure led to the
suggestion that a single factor underlies these correlations.'* It has
been suggested that protein network properties'®” or protein
essentiality’®® plays a key role as a determinant of the ECC
covarion. However, none of these factors provides a plausible
explanation for the correlation between protein expression level
and the selection against synonymous nucleotide substitutions.
On the basis of the comparison of yeast paralogs having similar
protein sequence but different expression levels, Drummond et al.'”>
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Figure 2. Three-way correlation among expression level, codon adaptation
index (CAI), and evolutionary rate calculated for yeast (data from ref 138).

concluded that protein expression level is the major determinant
of the ECC covarion and suggested that the selection at the
DNA level acts against ribosome infidelity during translation to
minimize protein misfolding. According to their model, the
selection against synonymous nucleotide substitutions main-
tains protein translation accuracy while the selection against
nonsynonymous nucleotide substitutions maintains translation
robustness.'® Thus, in a model in which the fitness is determined
by protein translation efficiency, the ECC covarion is determined
by selection against mistranlation-induced protein misfolding.'**

A strong impact of protein mistranslation on protein folding
robustness is extremely important in in vitro systems (e.g, ref 109).
In living cells, however, misfolding of mistranslated proteins
can be compensated by chaperones. Molecular chaperones lower
the energetic barrier for a stable conformation, thus allowing
polypeptides that contain destabilizing residues to fold into a
functional protein. The chaperone expression level is increased
in the presence of unfolded polypeptides, regardless of the tyPe
of intracellular and/or environmental stress condition."' %!
This mechanism of action was exemplified in the recent work
by Geiler-Samerotte et al,”” who observed an elevation of
chaperone expression level, including members of the Hsp70,
Hsp40, and Hsp90 families, in the presence of misfolded YFP
aggregates. The transcription of many of these chaperones in
yeast is activated by heat shock transcription factor 1 (HSF1)
whose availability is conditioned by the presence of misfolded
proteins in a negative feedback loop.''> The role of molecular
chaperones in the stress response (especially to heat stress) has
long been studied."® By providing proper folding of translated
proteins, chaperones mitigate the decrease in fitness caused by
stress-induced protein misfolding.

B CHAPERONE-MEDIATED PROTEIN FOLDING AND
FITNESS

Experiments in which chaperone activity in whole organisms
was repressed highlighted the extent to which living cells depend
upon chaperone-mediated protein folding under normal conditions.
A decrease in Hsp90 activity in Drosophila by crossing over
with a weak Hsp90 allele (Hsp83) or by feeding the flies with
an inhibitor of Hsp90 revealed phenotypic deformities that were
much more abundant than expected by chance.'"® Applying an
inhibitor of Hsp90 activity to A. thaliana seedlings revealed
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Glossary

Gene expression: Process by which the information from a
protein-coding or an RNA-specifying gene is used in the syn-
thesis of a gene product. Gene expression is usually measured
on a genome-wide scale by using DNA microarrays, which mea-
sure the relative amounts of RNA transcripts from thousands of]
genes at once.

Protein expression: Translation of an mRNA into a
protein. Protein expression levels are measured with techno-
logies such as antibody arrays that target specific known proteins
or liquid chromatography associated with tandem mass
spectrometry. The units of measure are usually the number
of protein molecules per cell.

Preferred codon: Most frequently used codon for a parti-
cular amino acid.

Codon usage bias: Degree with which codon usage in a
protein-encoding gene deviates from equal frequencies of|
occurrence of synonymous codons.

Codon adaptation index (CAI): Measure quantifying the
deviation of actual codon usage from optimal codon usage. An
optimal codon is the one, among several that encode the same
amino acid, having the highest concentration of corresponding
tRNA in the cell. CAI is calculated assuming that because of]
selection the most abundant codon for each amino acid is the
optimal one.”®

Protein conservation: Degree of similarity between
homologous proteins.

Amino acid replacement rate: Number of amino acid
replacements per site per unit time. In comparative studies, the
unit time is the divergence time between the two sequences.

Protein connectivity: Number of links that a protein node
has to other nodes in the protein—protein interaction network.

Synonymous substitution: Substitutions of a nucleotide in
the reading frame of a protein-encoding gene that results in a
change from one codon to a synonymous one. A synonymous
substitution does not alter the amino acid encoded by the
codon, unless the substitution affects a splicing site or an RNA
editing site.

Experimental evolution: Propagating organisms under
controlled conditions with the objective of studying phenotypic
and genotypic changes over time (for a review, see ref 114).

phenotypes similar to those observed under heat stress conditions.'*®
The resulting phenotypic deformities in these experiments are
attributed to the misfolding of Hsp90 clients; many of them are
involved in signal transduction."">''® The Hsp90 chaperone
inhibition in these experiments revealed phenotypic variation
that was encoded in the genome but masked by chaperone activity.
This leads to the conclusion that chaperones have a signifi-
cant impact on the organism’s fitness as buffers of phenotypic
variation."'*''7 In other words, some genetic variation in protein-
encoding genes has a negligible effect on the phenotype (i.e, it
is neutral) as long as the protein conformation, and conse-
quently its function, is kept constant by the crucial assistance of
chaperones."'*

Populations facing high mutational loads are prone to suffer
from reduced fitness caused by destabilizing mutations in protein
folding genes leading to protein misfolding. The implication of
chaperones as mediators of phenotypic stability suggests that
they might be useful for survival under such conditions.""” "
Indeed, experimental studies of E. coli and Salmonella typhimurium
populations that have been exposed to random mutagenesis
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revealed that an overexpression of the GroE—chaperonin complex
restored'"” or improved'?° their fitness. Fares et al."'® demon-
strated the buffering effect of GroE chaperonin by using a mutator
E. coli strain'*" that accumulates mutations 3.3-fold faster than the
wild type. After 3240 generations of random mutation
accumulation, the fitness (measured by growth rate) of the
mutated strains decreased by 50% compared to that of the
ancestral line. Cloning a constitutive GroE operon into the
mutated strain resulted on average in 86-fold higher levels of
the chaperonin and led to a restored fitness that was only 20%
lower than that of the ancestral strain. The improved fitness was,
however, conditioned by supplementing the growth media with
ample amino acids that were probably required for the translation
of GroE in massive quantities.'’” This result demon-
strates that chaperone overexpression is useful for overcoming
high mutational loads, yet a trade-off between the beneficial impact
of the chaperones and the resources required for their production
exists.

A later study by Maisnier-Patin et al.'””® showed that a
modest increase in the GroEL expression level is sufficient to
improve the fitness. Mutagenesis in S. typhimurium was induced
by expressing an error-prone DNA polymerase at different
levels, and the accumulation of random mutations led to decreased
fitness. Samples under high mutational loads showed increased
levels of expression of the DnaK and GroEL chaperones at a level
2—3-fold higher than that of the ancestral strain. The chaperones
were probably upregulated because of the presence of misfolded
proteins resulting from the accumulation of destabilizing mutations.
Furthermore, an artificial induction of GroEL expression by a factor
of ~1.5 improved the fitness substantially.'** These results
supply further evidence that chaperones contribute to antagonistic
epistasis where the cumulative effect of mutations in the genome is
mitigated."*

Natural populations evolving under high mutational loads
supply further evidence of the buffering effect of chaperones.
Microbial endosymbionts are characterized by small popula-
tions and effectively no recombination, leading to an increased
rate of fixation of deleterious mutations in their genes.'*> Mea-
surements of GroEL concentrations in the bacterium Buchnera
aphidicola, an intracellular endosymbiont of aphids, showed
that it is expressed at a level 7.5-fold higher than that of E. coli
under normal conditions.'>* This naturally induced overexpression
of the chaperonin probably evolved as a compensatory mechanism
to maintain protein stability under high mutational loads.''*'**

An analysis of the chaperone repertoire in eukaryotic endo-
symbionts supplies further evidence of the importance of chaperones
during reductive evolution. Microsporidia are unicellular eukaryotes,
a sister group of fungi, that evolved into obligate intracellular
parasites infecting most eukaryotic phyla.'** Members of the
group are characterized by highly reduced genomes encoding
very few genes. The number of open reading frames (ORFs) in
currently sequenced microsporidal genomes ranges between
1997 in Encephalitozoon cuniculi'®® and 2633 in Trachipleisto-
phora hominis."*® A comparison of the microsporida chaperone
repertoire to that of yeast reveals an extreme reduction in the
populations of the Hsp40 and Hsp70 protein families, while all
eight genes encoding the TriC/CCT subunits have been
retained. This may suggest that the CCT/TriC chaperones
have an essential role in maintaining eukaryotic protein stability
under high mutational loads that are typical in reductive genome

. 127
evolution.
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B CHAPERONE-MEDIATED FOLDING AND PROTEIN
EVOLUTION

The observations that chaperone expression under high
mutational loads can restore or improve the organism’s fitness
led to the suggestion that interaction of protein with chaperones
enlarges the spectrum of neutral mutations and consequently
increases protein evolvability.''”'*® Using an experimental evolu-
tion approach, Tokuriki and Tawfik'”’ examined the impact of
GroE-mediated folding on protein evolution. Various enzymes
whose folding (ie, function) depends upon the GroE chaperonin
were exposed to random mutagenesis using an error-prone poly-
merase chain reaction, and the resulting variants were selected for
a further mutagenesis round according to their enzymatic
activity. The experiment was performed both under normal
conditions and in the presence of overexpressed GroE. The
results revealed that overexpression of GroE facilitated the
accumulation of significantly more mutations in comparison to
the normal mutational drift and led to the conclusion that
interaction of protein with the chaperones indeed promotes
enzyme evolution.

The finding that GroE increases protein evolvability has been
evaluated in an experimental setting. If chaperone-mediated
protein evolution also occurs in nature, we might be able to find
evidence of it in sequenced genomes. To test this hypothesis,
one has to compare the evolutionary dynamics of proteins
whose folding is assisted by chaperones with those of pro-
teins that fold in a manner independent of the chaperones. Proteins
that interact with GroE in E. coli can be divided into three
classes based on their dependency upon the GroE for folding."*’
GroE-independent proteins (class I) fold spontaneously under
standard conditions (37 °C) and attain on average 55% of their
activity in a manner independent of chaperones, GroE or
otherwise. GroE partially dependent proteins (class II) require
GroEL assistance, in addition to other chaperones, at 37 °C but
do not require GroES at 25 °C, where spontaneous folding is
observed. GroE obligatory proteins (class III) fail to fold
spontaneously at 37 °C and have an obligate requirement for
GroE to attain activity.mo’131 A comparison of E. coli proteins to
their orthologs in 446 proteobacterial genomes revealed that
obligatory substrates of GroE (class III) evolve 35% faster than
GroE-independent substrates (class 1).1313% The significant
difference in amino acid substitution rate among the three
GroE dependency classes could not be explained by other
correlates of protein evolutionary rates such as expression level,
protein essentiality, or the number of interactions with other
proteins (protein centrality).">* These results suggest that during
evolution, GroE-mediated folding increases the evolutionary
rate of substrate proteins by buffering the deleterious effects of
misfolding-related mutations."*>"*

A comparison of codon usage across the three GroE dependency
classes revealed that casual GroE substrates (class I) exhibit a
higher level of codon and tRNA adaptation than obligate GroE
substrates (class III).'3>13%13% Constraining the comparison of
codon usage to buried sites only, which are considered to be
structurally sensitive, revealed that the enrichment in optimal codon
usage within casual GroE substrates is even more pronounced."**
The optimal codon enrichment within the coding sequences of
casual GroE substrates indicates that they are less prone to
mitranslation-induced misfolding,134 which fits well with their
weakened dependency upon the GroE for folding. Because
codon usage and protein expression level are positively correlated,
the difference in codon adaptation among the GroE dependency
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classes means that casual GroE substrates are predicted to be
more strongly expressed than obligatory substrates."** A com-
parison of protein expression levels measured in E. coli strain
K12 MG1655" among the GroE dependency classes revealed
that this is indeed the case.'*

However, proteins that depend on chaperones for folding
also have different physiochemical properties according to the
chaperones with which they interact and the degree of their
dependency. In an analysis of the impact of chaperone buffering
capacity on genome evolution in E. coli, strictly dependent
substrates of GroE were found to be enriched with positively
charged amino acids and with cysteine and proline, and their
genes were found to have higher GC content. In addition, the
number of protein—protein interactions decreased with the
dependency upon GroE."*> Similarly, protein solubility experi-
ments revealed enriched levels of glycine and alanine in
proteins that belong to the most strictly GroE dependent
substrate class in E. coli.">" These proteins are also characterized
by inherent aggregation propensities that were significantly higher
than those of proteins less dependent on GroE for folding.

GroE dependence also correlates with patterns of protein
interactions. Casual GroE interactors (class I) have more protein
interactions'>* and are more central in the E. coli metabolic
network'®” than obligatory substrates. Hence, proteins that
depend upon GroE for folding are found in the periphery of the
protein—protein interaction network and the metabolic net-
work."**'%” These observations led to the suggestion that
interaction of protein with GroE facilitates the expansion of the
metabolic network by allowing substrate proteins to explore
their conformational space and evolve novel functions.'*>'*’

Studying the correlation between chaperone-mediated
folding and protein evolution in eukaryotes is complicated by
the wealth of chaperones encoded in eukaryotic genomes and
the many different folding pathways in which they interact with
substrate proteins. A recent large-scale survey of chaperone
interactors in S. cerevisiae using the TAP-tag approach revealed
that ~60% of the yeast proteome interacts with one or more
chaperones.”” The number of chaperones interacting with a
single protein can reach a total of 25 as in the example of Hca4,
a putative nucleolar DEAD box RNA helicase. Many chaperones
overlap in their subsets of interacting proteins. For example, 63%
of the proteins that interact with Ssb1 (Hsp70) interact also with
its paralog, Ssal.”” On the other hand, some chaperones, especially
those of the Hsp70 family, can interact with a multitude of
substrate proteins, with Ssel (Hsp70) having the largest num-
ber of interacting proteins (2705 of the 5880 proteins encoded
in yeast).”” The global chaperone—protein interaction pattern
revealed a positive correlation between the number of inter-
acting chaperones per substrate—protein pair and the number
of hydrophobic stretches in the protein sequence, suggesting
the frequency of hydrophobic regions as the phenotypic signal
of structurally vulnerable proteins.”

Within the cytosolic chaperone repertoire, the TriC/CCT
chaperonin complex was found to have a si§niﬁcant substrate
overlap with the eubacterial GroE complex.®””” This raises the
question of whether TriC/CCT influences protein evolution
in a manner similar to that of GroE. Warnecke and Hurst"**
searched for detectable evidence of the evolutionary impact of
TriC/CCT in substrate protein sequences. They found proteins
that interact with TriC/CCT to be longer than proteins that do
not interact with that chaperone,"** yet no correlation between
protein expression level and CCT interaction could be observed,
despite the fact that longer genes encode less abundant proteins.'**
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However, the large substrate overlap and complex interaction
patterns in the eukaryotic chaperone interactions network are
likely to mask the effect of any single chaperone.

A recent examination of the yeast chaperone—substrate inter-
action patterns using tools from the field of network science
revealed a remarkable order in the complex chaperone interac-
tion network."*® An application of modularity function'*® that
seeks to divide the network into the most connected components
(termed also communities) revealed 10 communities of proteins
and their dedicated chaperones. Five Hsp70 chaperones were
not grouped into any community; those interact with more
than 1000 proteins each, and 3275 proteins in total,” indicating a
low substrate specificity in their interaction. Substrate proteins in
the 10 communities were found to be significantly different in
their physiochemical properties such as protein length, the
proportion of negative and polar amino acids, aromaticity, and
the proportion of a-helical and coiled-coil secondary structures.'*®
Proteins with more chaperone interactions in yeast are longer,
heavier, and enriched with aspartate, glutamate, and lysine amino
acids.” Proteins with fewer chaperone interactions were found to
exhibit higher aromaticity and hydr(;phobicity and were enriched
with cysteine and phenylalanine.”” However, the number of
hydrophobic stretches between one and five residues in length
was increasing with the number of chaperone interactions.
Substrates of the chaperonin TriC/CCT are enriched with f-
sheets.”” Proteins with high -sheet content were found to fold
slowly and to be vulnerable to misfolding and aggregation.”” In
the network analysis of chaperone—protein interactions in yeast,
the substrate proteins in the modules were found to be
significantly different not only in the above-mentioned bio-
chemical properties but also in the usage of many single amino
acids. The usage of aspartate, glutamate, glycine, isoleucine, leucine,
phenylalanine, proline, and valine was significantly different
among the 1?3g1odules after a false discovery rate test for multiple
comparisons.

Using a network approach to analyze the yeast chaperone—
substrate interaction network revealed that proteins that inter-
act with different sets of chaperones are significantly different in
their levels of expression, codon adaptations, and levels of
sequence conservation. Ranking the chaperone—substrate com-
munities by these three properties shows that they are inter-
correlated like the ECC covarion observed in whole genomes.'*®
Communities of proteins that are strongly expressed are also the
communities that evolve with the slowest substitution rates and
are encoded by a high proportion of preferred codons. Conversely,
communities of proteins that have the lowest expression level also
evolve with the highest substitution rate and show a decreased
level of codon adaptation. Much of the variability in protein
substitution rates among the communities is explained by protein
expression level, signifying protein abundance within the cell as a
major determinant in the ECC covarion.

Chaperones from the Hsp70 family are mostly unspecific in
their interaction, but many other chaperones, such as the
members of the Hsp40 family'*’ and the Hsp90 system,'*" are.
The exact mechanism of recognition of the substrate by the
chaperones is not yet fully understood."*>'*" This is a difficult
question to tackle because proteins whose functional folding
depends upon the chaperones are probably recognized by the
characteristics of their intermediate, relatively unstable, struc-
ture that is difficult to document using the existing techniques
for the determination of protein structure. Nevertheless, the biased
amino acid usage and overrepresentation of particular secondary
structure elements in substrates of several chaperone families
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(eg, GroE and CCT/TriC) suggest that the information underlying
substrate recognition is encoded within the protein sequence.
Consequently, proteins that interact with similar chaperones
are expected to have common features within their primary and
secondary structures. Comparative genomics of proteins classified by
their interaction with chaperones revealed that those are significantly
different not only in their physiochemical properties’””*"!
but also in their evolutionary properties."*>'** These studies implicate
interaction of protein with chaperones as a major force that
shapes the genomic landscape during evolution.

B EVOLUTION OF INTERACTION OF PROTEIN WITH
CHAPERONES

The impact of chaperone-mediated folding on genomic architecture
should be placed in an evolutionary context. How can we make
sense of interaction of protein with chaperones in light of
evolution? We suggest that the origin of molecular chaperones
and the evolution of their interaction with substrate proteins
can be explained by the constructive neutral evolution model,"**
which supplies a possible explanation for the origin of complex
biological systems while accounting for the lack of an advantage
from their intermediate stages.'*

Spontaneous folding of protein into a stable structure most
probably preceded the origin of chaperones. Thus, chaperones
evolved in the presence of spontaneously folding proteins to
prevent the aggregation of misfolded polypeptides' ** and func-
tioned at their origin more as “holders” than as “folders”. At this
stage, the novel function supplied by the chaperones was either
beneficial or neutral, imposing only the production costs of the
chaperones themselves. The folding assistance provided by
chaperones doubtless became beneficial under stress conditions
leading to protein structural destabilization (e.g., heat shock).
Prokaryotes have been shown to evolve with increased mutation
rates under stress conditions;'*'* the buffering supplied by
the chaperones could be an essential molecular mechanism in
this case. Thus, environmental instability must have played an
important role in the emergence of chaperones and their fixa-
tion during evolution. Chaperones and their interacting proteins
coevolved, and some proteins became obligatorily dependent on
that interaction. The adaptation of protein to the folding assistance
of distinct chaperones represents an evolutionary trap that is not
easily escaped by random mutational process and drift."*” Hence,
chaperone-mediated folding allowed for an increased struc-
tural complexity at the cost of an obligatory requirement for the
chaperones.

The translation of proteins that require the assistance of
molecular chaperones for folding has to be coordinated with
chaperone interaction. Recent studies revealed an important
role of codon usage and codon usage distribution along the
gene in controlling protein translation speed dynamics."**'*’
Casual GroE substrates in E. coli, which can also fold into their
functional structure spontaneously, are encoded by a higher
proportion of preferred codons in comparison to obligatory
substrates and are also more abundant in the cell,"**"** which
fits well with the ECC covarion. We suggest that this bias stems
from the requirement for synchronization between protein tran-
slation and cotranslational folding."*® Nascent polypeptides that
are able to fold spontaneously into their functional conformation
are free from that constraint and can be translated at a higher
speed. Moreover, is it possible that to gain a stable conformation,
the whole nascent polypeptide should be available before folding,
However, with increasing translation speed, the fitness cost
of misfolding also increases drastically. Consequently, accuracy
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becomes more important so that proteins that are translated at
high speed should also be more conserved.'**

The evolution of interaction of protein with chaperones
should be inspected also from the systemic point of view.
A recent survey of GroEL interactors in E. coli revealed that 794
proteins (~18% of the E. coli proteome) interact with the
chaperonin.'*" Of the 5880 proteins in yeast, 395 where found
to interact with the CCT/TriC chaperone.”” We propose that
the required protein abundance in the cell largely determines
the kind and mode of interaction of that protein with molecular
chaperones for folding. The first reason is the energetic investment
in chaperone-mediated folding. Chaperone-mediated folding by
itself does not require much ATP in comparison to the translation
process. For example, the GroE chaperonin consumes seven ATP
molecules in each round of substrate turnover,'>* while translation
of a single amino acid costs four ATP molecules.** The average
protein sequence length in E. coli is 316; hence, one round within
the chaperonin will add only 0.5% to the ATP consumption of the
protein production. However, if GroE is required for the folding of
many proteins, then GroE by itself should be strongly expressed.
Moreover, if it is required for the production of strongly expressed
proteins, then it should be produced in even larger quantities. The
GroE production costs amount to translation of seven GroES
subunits (7 X 97 amino acids) and 14 GroEL subunits (14 X 548
amino acids). Apparently, the constitutive production of GroE
creates an overload of the translation system and an arrest of
cell growth.""” Furthermore, each round of folding by GroE takes
~10 s,"5* which may considerably slow protein production. This
indicates that chaperone attention should be limited according to
the available energetic resources and temporal dynamics of protein
synthesis within the cell. Large-scale analysis of chaperone inter-
action data supports that notion. A comparison of levels of expres-
sion between GroE dependence groups showed that casual sub-
strates are more strongly expressed than obligatory inter-
actors."**™"3* Similarly, yeast proteins that interact only with
one of the promiscuous Hsp70 chaperones are more strongly
expressed than proteins that interact with additional chaperones.'*®

Studies of hemoglobin polymerization in vitro showed that
the polymer formation rate depends on the concentration of
soluble monomers."** Existing polymers serve as a basis for the
formation of heterogeneous polymers. Thus, hemoglobin poly-
merization is an autocatalytic process whose rate is log-linear
proportional to monomer concentration.'>® This idea was
recently adopted for the formation of amyloid fibrils.">* Taken
together, these studies indicate that the formation of protein
aggregates within the cell largely depends on the abundance of
misfolded proteins. This could act as an additional negative
selection pressure that keeps highly expressed proteins from
developing a dependency upon the chaperones for folding because
failure in the folding stage will lead to a massive amount of mis-
folded proteins in a very short time.

In summary, chaperones are crucial in allowing many nascent
polypeptides to attain their functional conformation and in
providing an energetically efficient mechanism for the recycling
of misfolded proteins. Genomic data reveal that chaperones
have an important role in shaping genomic landscapes, stemming
from the part they play in the intricate correlation among
expression level, translation rate, codon usage, and sequence
conservation. In a broader evolutionary context, molecular
chaperones mitigate the deleterious effects of protein misfolding,
thus allowing a wider range of genetic variability, the raw material
for positive selection, adaptation, and innovation.
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