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1 Abstract

Molecular chaperones support protein folding and unfolding along with assembly
and translocation of protein complexes. Chaperones have been recognized as
important mediators between organismal genotype and phenotype as well as
important maintainers of cellular fitness under environmental conditions that induce
high mutational loads. This thesis presents recent studies revealing that the folding
assistance supplied by chaperones is evident in genomic sequences, thus implicating
chaperone-mediated folding as an influential factor during protein evolution.
Furthermore the evolution and the symbiogenic origin of the eukaryotic chaperone
repertoire are elucidated. Protein interaction with chaperones ensures a proper
folding and function, yet an adaptation to obligatory dependence on such assistance
may be irreversible, representing an evolutionary trap. Correlation between
chaperone requirement and protein expression level indicate that the evolution of
substrate-chaperone interaction is bounded by the required substrate abundance
within the cell. Accumulating evidence suggests 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 the one hand, and the slower rate of protein

maturation and the energetic cost of chaperone synthesis on the other.



2 Zusammenfassung

Chaperone unterstitzen sowohl die Proteinfaltung und Entfaltung als auch die
Translokation von Proteinkomplexen. Sie spielen eine wichtige Rolle als Mittler
zwischen Genotyp und Phanotyp, indem sie zur Aufrechterhaltung der ,fitness” nach
dem Darwin’schen Evolutionsmodell bei hoher Mutationsbelastung beitragen. Diese
Dissertation zeigt anhand kurzlich veroéffentlichter Studien, dass die Auswirkungen
der Chaperon-unterstitzten Proteinfaltung in genomischen Sequenzen messbar
sind und die Chaperon-unterstitze Proteinfaltung daher einen Einfluss auf die
Proteinevolution hat. Des Weiteren wird die evolutionare Entwicklung des
eukaryotischen Chaperon-Repertoires im Hinblick auf die Endosymbiontentheorie
naher untersucht. Obwohl die Interaktion von Proteinen mit Chaperonen eine
korrekte Faltung und somit auch die Funktion der Proteine sicherstellt, kdnnte eine
zwingende Anpassung an diese Unterstitzung irreversibel sein, was eine
evolutionare Sackgasse darstellt. Korrelationen zwischen Chaperonabhangigkeit und
dem Expressionslevel von Proteinen sprechen dafur, dass die Evolution der
Chaperon-Substrat Interaktionen mallgeblich von der bendtigten Substratmenge
begrenzt wird. Der positive Effekt der Chaperon-unterstutzten Proteinfaltung auf die
organismische ,fitness“ im Sinne des Darwin’schen Evolutionsmodells wird von
einem empfindlichen Gleichgewicht zwischen der Abschwachung der negativen
Folgen von Fehlfaltungen auf der Einen und einem hdheren Energieaufwand sowie

einer langsameren Proteinreifung auf der anderen Seite bestimmt.



3 Introduction

Molecular chaperones were first described as proteins that assist in the
assembly of other proteins into their functional conformation’. Besides the assembly
of protein complexes and de novo folding of nascent polypeptides, chaperones play a
role in protein translocation across membranes®, stabilization 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.

3.1 Chaperone-mediated protein folding in the 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),
DnaJd (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 in order to keep
it soluble” (Figure 1). Members of the DnaK and DnaJ chaperone families assist
protein folding by forming a complex with their substrate proteins. Substrate binding
specificity of the ATPase-like DnaK chaperone is determined by the DnaJd co-
chaperone*®*?. Experimental data shows that DnaJ in E. coli binds to hydrophobic
protein surfaces and initiates the functional cycle of 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 and ADP.
Chaperonin systems comprise barrel-like structures that assists 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

consisting of two heptameric rings (Figure 1) and GroES, also a heptameric ring, that



functions as a lid for the GroEL barrel.

Archaeal species utilize chaperones of the Hsp70°?, Hsp40°®, GrpE**, and
TriC/CCT™ families. Interestingly, almost all thermophilic species are lacking DnaK
and its co-chaperone DnaJ®®. It is yet unclear if archaea rely on other proteins than
DnaK-DnaJd 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 homolog®’. 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 homologs of eubacterial GroEL and HtpG (Hsp90),
which were acquired via a horizontal gene transfer®. The substrate set of the two
chaperonin systems in M. mazei largely overlap, yet the GroE substrates are biased
towards proteins with complex o/ domains while the substrates of the thermosome
includes a wider range of different domain folds®®. On the other hand, several
eubacterial species, including Clostridial and Cyanobacterial representatives, encode
a CCT-like chaperonine®'. This chaperonine forms a structure 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 leads to the interesting finding that Hsp90 and Hsp100 are absent in

nearly all species®.

The eukaryotic chaperone repertoire reflects the hybrid origin of the eukaryotic
cell. According to the symbiogenic model, eukaryotes evolved from endosymbiosis of
two distantly related prokaryotes®®’. Later it was substantiated to be the result of an

event where a eubacterium, most likely an a- proteobacterium®7°

, was engulfed
within an archaebacterial 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, a process that eventually led to the evolution of a
mitochondrial protein import apparatus as well as drastic miniaturization of the
mitochondrial genome’"®. Following this genome reorganization, the complexity of
the nuclear genome dramatically increased’’. Plastids of photosynthetic eukaryotes

originated via a similar evolutionary event in which a cyanobacterial endosymbiont



was engulfed within a eukaryotic host (see’® for review). Eukaryotic proteomes are
thus mosaics of archaebacterial and eubacterial homologues representing the

contribution of the host and organellar ancestors to eukaryotic evolution”.

Chaperones comprising the eukaryotic protein folding pathway are no exception
to that rule and they include homologs to both eubacterial and archaeal
chaperones®?®°. The ribosome-associated complex (RAC) is the first chaperone-
complex that interacts with most newly synthesized proteins in S. cerevisieae'’. It
consists of the HSP40-chaperone Zuo1 and the HSP70 partner Ssz1%'®. 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 co-chaperones®. Prefoldin operates mainly on cytoskeleton associated
substrate proteins, and assists in their targeting to TRIC/CCT for folding®. The
TRIC/CCT is a chaperonin system consisting of two rings, but differently from 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 Il chaperonins
as opposed to the group | chaperonins GroEL in eubacteria or the mitochondrial
Hsp60 (see® for review). The eukaryotic TriC/CCT consist of eight different
subunits®®, whereas the archaeal thermosome is composed of only two types, the a
and f type subunits®®. Another difference between TRIC/CCT and GroE is that CCT
is found to interact with nascent peptide chains more frequently87 and does not utilize
a capping cofactor for the ATP-dependent, GroE-like enclosure and folding process®®.
Nevertheless both chaperonin types are assumed 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 — mitochondria and chloroplast — utilize Hsp60 and Hsp10 chaperones.
These are homologs of the eubacterial GroEL and GroES chaperones®. The
eukaryotic Hsp60 has a “double doughnut” structure similar to GroEL and its
expression in the mitochondrion is increased under heat-stress conditions®°. Hsp60
chaperone interacts with Hsp10 which serves as a capping protein similarly to

eubacterial GroES®



a)

Trigger Factor Hsp40 Hsp70 Hsp60 CCT Prefoldin Hsp90 Hsp100 Hsp26 Hsp31

[XI Eubacteria Monomer
97 kDa
[1 Archaea PDB: 1W26

[0 Eukaryotes

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: DnaJ)
X Eubacteria Dimer
2x19kDa
D Archaca PDB: 1C3G

X 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)
X Eubacteria Monomer
78 kDa
[X Archaea PDB: 3QFP

X Eukaryotes

Hsp70 is a cytoplasmic ATPase (15). 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).



Hsp60 (synonyms: GroEL, GroE, Cpn60, mtHsp60)

X Eubacteria Tetradecamer
14x 57 kDa
D 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 Eukaryotes, 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)

2 [0 Eubacteria Hexadecamer
16 x 57..64 kDa
D Archaca PDB: 3P9D

X 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: PFD)

. [J Eubacteria Heterohexamer
A 3 6x14.23kDa
X Archaea PDB: IFXK

[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

2x71kDa (E. coli)
[ Archaea 2 x 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).



Hsp100 (synonym: Clp)

X Eubacteria Hexamer
6x96 kDa
[1 Archaea PDB: 3PXG

X Eukaryotes

Hsp100 is a heat shock protein that refolds and reactivates previously denatured aggregated proteins (35). It cooperates with Ydj1p
(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)

S

[0 Eubacteria 24mer
24x16.5kDa (Archaea)
X Archaea 24x23.7 kDa (Yeast)

E EUkaryotes PDB 1 SHS

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).

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

Eukaryotes

Hsp31 is a dimeric chaperone and cysteine protease in eukaryotes and bacteria (42-44). It is a member of the DJ-1/Thi] /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. Chaperone structural properties. a) Relative complex size of chaperones.
b) Chaperone structures are shown in upright orientation (left), in 90° rotation along
the Y- (middle) and 90° rotation along X-axis (right). Complexes having a radial
symmetry are rotated in 90° along the Y-axis to show the top (middle) and bottom
(right) of the molecule. Chaperone plots were generated using PyMOL Molecular

Graphics System, Version 1.5.0.4 Schrddinger, LLC.



3.2 Chaperone-mediated protein unfolding

Molecular chaperones are functional also in unfolding and refolding of
previously misfolded proteins®. Protein synthesis is energetically the most expensive
process within living cells. In bacteria it was estimated that about 60% of the ATP
molecules required for the formation of a whole cell are consumed by protein
translation®’. A recent study aiming at quantifying gene expression control in
mammalian cells suggested that protein synthesis consumes about 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/refolding compensates for the fithess
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

molecules are required in this process®.

Achieving the same outcome by hydrolysis and resynthesis of the hydrogen
bonds in Luciferase (550 residues; Swiss-Prot: P08659.1;*) is estimated in about
3,000 ATP molecules, hence the rescue of this protein by the chaperones is three

orders of magnitude energetically cheaper than its recycling®.

3.3 Chaperone-mediated protein translocation

In addition to providing co-translational folding mechanisms, molecular
chaperones are also involved in protein translocation across membranes, by

assisting in stabilizing transported proteins. For example the HSC70 (Hsp70)



chaperone in mammals maintains 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 mitochondria and induce the import process by binding to
Tom70 themselves®. Mitochondrial Hsp70 forms a motor complex with Tim44 and
Mge1 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®. A similar
protein import mechanism was observed in chloroplasts of plant cells involving
Hsp70%, Tic40%" and chloroplast Hsp60. Chaperones play an important role also in
protein trafficking between neighboring cells. For example, in Arabidopsis thaliana
the chaperonin TriC-Cct8 was found to be involved in the translocation of
KNOTTED1 (KN1) protein through the plasmodesmata channels®. The KN1 is an

essential transcription factor for the establishment and maintenance of stem cells'®.

3.4 Protein misfolding and fithess

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 small proteins (60-100
residues) folding dynamics, which convert from their unfolded to their native
(functional) state without the complication of highly populated intermediate states,
suggest 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 due to the formation of protein
aggregates. Misfolded proteins tend to cluster in the cell and form long unbranched,
and often twisted, fibers of a few nanometers in diameter. A prominent example are
amyloid fibrils'®. 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 p-sheets

whose strands run perpendicular to the fibril axis'®. The formation of misfolded
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protein aggregates is known to hinder the cell viability. For example, both Alzheimer
and Parkinson syndromes are founded in the deposition of protein aggregates in

neuronal tissues'%1%7,

A recent study'®®

quantified the impact of misfolded proteins on the organism
fithess by expressing different variants of structurally destabilized yellow-florescent
protein (YFP) in yeast cells and measuring their growth rate. The results revealed
that an induction of a small amount of YFP aggregates leads to a significant
reduction in growth rate. Since the YFP is a gratuitous protein — i.e., 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 selective cost, could it be that the effects of this
selective pressure are imprinted in genomes? It has been long known that protein
expression level, codon usage, and evolutionary rate are correlated (see Box 1 for an
explanation of terms). For almost every sequenced genome tested so far, the
proportion of optimal codons within a protein-coding gene is negatively correlated
with amino acid substitution rate’®"'"®. An analysis of protein abundance in model
organisms revealed a significant positive correlation between protein expression level

116

and codon adaptation both in E. coli'*® and yeast'"

(Figure 2). The consistency of
this expression-codon adaptation-conservation (ECC for short) covarion structure led
to the suggestion that there exists a single factor underlying these correlations'™. It
120 play a

key role as determinants of the ECC covarion. However, none of these factors

has been suggested that protein network properties'" or protein essentiality

provides a plausible explanation for the correlation between protein expression level
and the selection against synonymous nucleotide substitutions. Based on the
comparison of yeast paralogs having similar protein sequence but different
expression levels Drummond et al."*® 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 in order to minimize protein
misfolding. According to their model, the selection against synonymous nucleotide
substitutions maintains protein translation accuracy while the selection against non-
synonymous nucleotide substitutions maintains the translation robustness'™. Thus in

a model where the fithess is determined by protein translation efficiency, the ECC

11



covarion is determined by selection against mis-translation induced protein

misfolding™"®.

A strong impact of protein mis-translation on protein folding robustness is
extremely important in in vitro systems (e.g. Bloom et al.'"). In living cells, however,
misfolding of mis-translated proteins can be compensated for by chaperones.
Molecular chaperones lower the energetic barrier for a stable conformation, thus
enabling polypeptides that contain destabilizing residues to fold into a functional
protein. 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.'® which observed an elevation of chaperones 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 the 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 fithess decrease caused by stress induced protein

misfolding.
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Box 1: Molecular Evolution terms

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

Protein expression: The translation of an mRNA into a protein. Protein expression levels
are measured with such technologies as antibody arrays that target specific known proteins
or liquid chromatography associated to tandem mass spectrometry. The units of
measurement are usually number of protein molecules per cell.

Preferred codon: The most frequently used codon for a particular amino acid.

Codon usage bias: The degree with which codon usage in a protein-coding gene deviates
from equal frequencies of occurrence of synonymous codons.

Codon adaptation index (CAl): A measure quantifying the deviation of actual codon usage
from the optimal codon usage. An optimal codon is the one, among several that encode for
the same amino acid, having the highest concentration of corresponding t-RNA in the cell.
CAl is calculated assuming that due to selection the most abundant codon for each amino
acid is the optimal one'®.

Protein conservation: The degree of similarity between homologous proteins.

Amino-acid replacement rate: The 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: The number of links that a protein node has to other nodes in the
protein-protein interaction network.

Synonymous substitution: A substitution of a nucleotide in the reading frame of a protein-
coding 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 to study phenotypic and genotypic changes over time (for review see'®).
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Figure 2. The 3-way correlation between expression level, codon adaptation index

(CAI), and evolutionary rate calculated for yeast (data from (''")).

3.5 Chaperone-mediated protein folding and fithess

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 Arabidopsis
thaliana seedlings revealed 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'®'?8. The Hsp90 chaperone inhibition in these experiments revealed

14



phenotypic variation that was encoded in the genome but masked by the chaperone
activity. This leads to the conclusion that chaperones have a significant impact on the

organism’s fitness as buffers of phenotypic variation'?812°

. In other words, some
genetic variation in protein coding genes has a negligible effect on the phenotype
(i.e., it is neutral) as long as the protein conformation — and consequently its function

— is maintained constant by the crucial assistance of chaperones'?®'?°.

Populations facing high mutational loads are prone to suffer from reduced
fithess due to 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 in such conditions'**"%

. Indeed,
experimental studies of Escherichia coli and Salmonella typhimurium populations that
have been exposed to random mutagenesis revealed that an overexpression of the
GroE-chaperonin complex restored™' or improved'? their fitness. Fares et al.'®
demonstrated the buffering effect of GroE chaperonin by using a mutator E. coli
strain'® that accumulates mutations 3.3-fold faster in comparison to the wild type.
After 3,240 generations of random mutation accumulation the fitness (measured by
growth rate) of the mutated strains decreased in 50% compared to 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 fithess that was only 20%
lower in comparison to the ancestral strain. The improved fithess was however
conditioned by supplementing the growth media with ample amino acids that were
probably required for the GroE translation in massive quantities™'. This result
demonstrates that chaperone overexpression is useful in overcoming high mutational
loads, yet there exists a tradeoff between the beneficial impact of the chaperones

and the resources required for their production.

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 thaccumulation of random mutations led to a decreased fithess. Samples
under high mutational load showed increased expression of the DnaK and GroEL
chaperones at a level 2-3 fold higher in comparison to the ancestral strain. The
chaperones were probably up-regulated due to the presence of misfolded proteins

resulting from the accumulation of destabilizing mutations. Furthermore, an artificial
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induction of GroEL expression by a factor of ~1.5 improved the fitness
substantially132. These results supply further evidence that chaperones contribute to
antagonistic epistasis where the cumulative effect of mutations in the genome is

mitigated 2.

Natural populations evolving under high mutational loads supply further
evidence for the buffering effect of chaperones. Microbial endosymbionts are
characterized by small population size and effectively no recombination, leading to
an increased rate of fixation of deleterious mutations in their genes'**. Measurements
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 in
comparison to an E. coli under normal conditions’®. This naturally induced
overexpression of the chaperonin probably evolved as a compensatory mechanism

in order to maintain protein stability under high mutational loads '3,

An analysis of the chaperone repertoire in eukaryotic endosymbionts supplies
further evidence for 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 1,997 in Encephalitozoon cuniculi’® and 2,633 ORFs in
Trachipleistophora hominis™®. A comparison of the microsporida chaperone
repertoire to that of yeast reveals an extreme reduction of the Hsp40 and Hsp70
protein families, while all eight genes encoding for 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 evolution™®.
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3.6 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 protein interaction
with chaperones enlarges the spectrum of neutral mutations and consequently

increases protein evolvability >4

. Using an experimental evolution approach,
Tokuriki and Tawfik'*' examined the impact of GroE mediated folding on protein
evolution. Various enzymes whose folding (i.e., function) depends upon the GroE
chaperonin were exposed to random mutagenesis using an error-prone PCR, 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 protein

interaction with the chaperones indeed promotes enzyme evolution.

The finding that GroE increases protein evolvability has been evaluated in an
experimental setting. If chaperone-mediate protein evolution occurs also in nature,
we might be able to find evidence for it in sequenced genomes. In order to test this
hypothesis, one has to compare the evolutionary dynamics of proteins whose folding
is assisted by chaperones with proteins that fold independently 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 1)
fold spontaneously in standard conditions (37°C) and attain on average 55% of their
activity independent of chaperones, GroE or otherwise. GroE partially dependent
proteins (Class Il) require GroEL assistance, in addition to other chaperons, at 37°C
but do not require GroES at 25°C, where spontaneous folding is observed. GroE
obligatory proteins (Class Ill) fail to fold spontaneously at 37°C and have an obligate
requirement for GroE in order to attain activity'*?'**. A comparison of E. coli proteins
to their orthologs in 446 proteobacterial genomes revealed that obligatory substrates
of GroE (Class Ill) evolve 35% faster than GroE-independent substrates (Class

)'#41%5 The significant difference in amino acids substitution rate among the three
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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**1%°.

A comparison of codon usage across the three GroE-dependency classes
revealed that casual GroE-substrates (Class |) exhibit a higher level of codon- and
tRNA adaptation than obligate GroE-substrates (Class I11)*4'%®'%7 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 mistranslation-induced misfolding’*®, which fits well with their reduced
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 classes means that casual GroE-substrates are predicted to be more
highly expressed in comparison to obligatory substrates'*®. A comparison of protein

14
58

expression levels measured in E. coli strain K12 MG165 among the GroE-

dependency classes revealed that this is indeed the case '*.

However, proteins that depend on chaperones for folding have also 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 in positively charged amino acids and in 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 experiments 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 |) have more protein interactions'** and are more central in

the E. coli metabolic network'® in comparison to obligatory substrates. Hence,
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proteins that depend upon GroE for folding are found in the periphery of the protein-
protein interaction network and the metabolic network'**'°. These observations led
to the suggestion that protein interaction with GroE facilitates the expansion of the
metabolic network by enabling substrate proteins to explore their conformation space

and evolve novel functions'#*149.

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
Saccharomyces cerevisiae using TAP-tag approach revealed that about 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 Ssa1®

. On the other hand, some
chaperones, especially those of the Hsp70 family, can interact with a multitude of
substrate proteins, with Sse1 (Hsp70) having the highest number of interacting
proteins (2,705 of the 5,880 proteins encoded in yeast)®. The global chaperone-
protein interaction pattern revealed a positive correlation between the number of
interacting chaperones per substrate-protein 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 significant substrate overlap with the eubacterial GroE
complex®®®. This raises the question whether TriC/CCT influences protein evolution
in a similar way to GroE. Warnecke and Hurst™*® searched for detectable evidence
for 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'*®. 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.
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A recent examination of the yeast chaperone-substrate interaction patterns
using tools from the field of networks science revealed a remarkable order in the
complex chaperone interactions network''”. An application of modularity function*°
that seeks to divide the network into the most connected components (termed also
communities) revealed ten communities of proteins and their dedicated chaperones.
Five Hsp70 chaperones were not grouped into any community; those interact with
more than 1,000 proteins each, and 3,275 proteins in total®5, indicating a low
substrate specificity in their interaction. Substrate proteins in the ten 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 alpha-helix and coiled-coil secondary structures'"’. Proteins with more
chaperone interactions in yeast are longer, heavier and enriched in Aspartate,
Glutamate and Lysine amino acids®. Proteins with fewer chaperone interactions
were found to exhibit higher aromaticity and hydrophobicity and were enriched in
Cysteine and Phenylalanine®™. However the number of hydrophobic stretches of
length between one and five was increasing with the number of chaperone
interactions. Substrates of the chaperonin TRIC/CCT are enriched in beta-sheets®.
Proteins with high beta-sheet content were found to be slow folding and 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 biochemical properties but also
in the usage of many single amino acids. Aspartate, Glutamate, Glycine, Isoleucine,
Leucine, Phenylalanine, Proline and Valine usage was significantly different among

the ten modules after a false discovery rate test for multiple comparisons'"’.

Using networks approach to analyze the yeast chaperone-substrate
interactions network revealed that proteins that interact with different sets of
chaperones, are significantly different in their expression level, codon adaptation and
sequence conservation. Ranking the chaperone-substrate communities by these
three properties shows that they are inter-correlated similarly to the ECC covarion
observed in whole genomes'"”. Communities of proteins that are highly expressed
are also the communities that evolve with the slowest substitution rates and are
encoded by high proportion of preferred codons. Conversely, communities of proteins
that have the lowest expression level also evolve in the highest substitution rate and

show decreased codon adaptation. Much of the variability in protein substitution rates
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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 Hsp40 members'' and Hsp90 system'®?,
are. The exact mechanism of substrate recognition by the chaperones is not yet fully
understood’®"'®2, This is a difficult question to tackle because proteins whose
functional folding depends upon the chaperones are probably recognized by
characteristics of their intermediate, relatively unstable, structure that is difficult to
document using the existing techniques for protein structure determination.
Nevertheless, the biased amino acid usage and overrepresentation of particular
secondary structure elements in substrates of several chaperone families (e.g., 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 protein interaction with chaperones as a major force that

shapes the genomic landscape during evolution.

3.7 The evolution of protein interaction with chaperones

The impact of chaperone mediated folding on genomic architecture should be
placed in an evolutionary context. How can we make sense of protein interaction 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 advantage from

their intermediate stages'*.

Spontaneous protein folding into a stable structure most probably preceded the

origin of chaperones. Thus, chaperones evolved in the presence of spontaneously
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folding proteins to prevent the aggregation of misfolded polypeptides™ and
functioned at their origin more as “holders” than “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 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 fixation during evolution. Chaperones and their interacting
proteins co-evolved and some proteins became obligatory dependent on that
interaction. Protein adaptation 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

structural 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 the 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, that can also fold into their functional structure spontaneously, are encoded
by a higher proportion of preferred codons in comparison to obligatory substrates and

144146 \which fits well with the ECC covarion. We

are also more abundant in the cel
suggest that this bias stems from the requirement for synchronization between
protein translation 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, it is possible that in order to gain
a stable conformation, the whole nascent polypeptide should be available before
folding. However, with increasing translation speed the fithess cost of misfolding also
increases drastically. Consequently accuracy becomes more important so that

proteins that are translated at high speed should also be more conserved'"®.

The evolution of protein interaction with chaperones should be inspected also
from the systemic point of view. A recent survey for GroEL interactors in E. coli

revealed that 794 proteins (~18% of the E. coli proteome) interact with the
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chaperonin®. Out of the 5,880 proteins in yeast, 595 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 7 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 in itself should be highly expressed. Moreover, if
it is required for the production of highly expressed proteins then it should be
produced in even higher quantities. The GroE production costs amount to translation
of seven GroES subunits (7x97 amino acids) and 14 GroEL subunits (14x548 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 about 10 seconds'®

, which may slow down protein production
considerably. 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 interaction data supports that notion. A
comparison of expression level between GroE-dependence groups showed that
casual substrates are more highly expressed in comparison to obligatory

144-146

interactors Similarly, yeast proteins that interact only with one of the

promiscuous HSP70 chaperones are more highly expressed in comparison to

proteins that interact with additional chaperones’"”.

Studies of hemoglobin polymerization in vitro showed that polymer formation
rate depends on the concentration of soluble monomers'®. Existing polymers serve
as a basis for the formation of heterogeneous polymers. Thus hemoglobin
polymerization is an autocatalytic process whose rate is log-linear proportional to the
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 depend on the abundance of misfolded proteins.
This could act as an additional negative selection pressure that keeps highly

expressed proteins from developing dependency upon the chaperones for folding
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because failure in the folding stage will lead to a massive amount of misfolded

proteins in a very short time.

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

adaptation and innovation.

3.8 Thematic content

This thesis, dealing with the impact of chaperone-mediated protein-folding

during evolution, consists of three published research articles.

The first publication deals with the impact of chaperonin-dependent folding on
prokaryotic genome evolution. Proteins that are obligatory folded with the assistance
of the GroEL/GroES chaperonin complex show increased substitution rates
compared to proteins that do not share this strict dependency. Stabilizing protein
folding enables chaperones to mitigate the negative outcome of deleterious

mutations and thus provide certain proteins with an increased evolvability.

The second part of the thesis describes the community structure in the
chaperone interaction network of S. cerevisiae. Chaperone interactions define groups
of proteins that are characterized by similar expression levels and evolutionary rates.
The results indicate that the evolution of chaperone-substrate interactions is bounded

by the requirement for protein abundance in the cell.

The third part elucidates the evolutionary history of eukaryotic chaperones in
light of the endosymbiosis theory for the origin of eukaryotes. The origin of
chaperones in the model organism Saccharomyces cerevisiae was traced to one of

the two prokaryotic domains, eubacteria and archaebacteria, that were involved in
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eukaryogenesis. Remarkably S. cerevisiae contains nearly the whole chaperone
repertoires of eubacteria and archaebacteria. The protein folding machinery of
current eukaryotes is a fully integrated system and protein interactions with the

chaperones do no longer harbor the signal of its mosaic origin.

This introductory chapter is itself published as a review article: Bogumil D., and
Dagan, T. (2012) Cumulative Impact of Chaperone-Mediated Folding on Genome
Evolution. Biochemistry 51, 9941-9953.
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Abstract

Many proteins require the assistance of molecular chaperones in order to fold efficiently. Chaperones are known to mask the
effects of mutations that induce misfolding because they can compensate for the deficiency in spontaneous folding. One of
the best studied chaperones is the eubacterial GroEL/GroES system. In Escherichia coli, three classes of proteins have been
distinguished based on their degree of dependency on GroEL for folding: 1) those that do not require GroEL, 2) those that
require GroEL in a temperature-dependent manner, and 3) those that obligately require GroEL for proper folding. The
buffering effects of GroEL have so far been observed in experimental regimens, but their effect on genomes during evolution
has not been examined. Using 446 sequenced proteobacterial genomes, we have compared the frequency of amino acid
replacements among orthologs of 236 proteins corresponding to the three categories of GroEL dependency determined for
E. coli. Evolutionary rates are significantly correlated with GroEL dependency upon folding with GroEL dependency class
accounting for up to 84% of the variation in amino acid substitution rates. Greater GroEL dependency entails increased
evolutionary rates with GroEL obligatory proteins (Class Ill) evolving on average up to 15% faster than GroEL partially
dependent proteins (Class Il) and 35% faster than GroEL-independent proteins (Class I). Moreover, GroEL dependency class
correlations are strictly conserved throughout all proteobacteria surveyed, as is a significant correlation between folding class
and codon bias. The results suggest that during evolution, GroEL-dependent folding increases evolutionary rate by buffering
the deleterious effects of misfolding-related mutations.

Key words: genome evolution, misfolding, GroEL, codon usage.

Maisnier-Patin et al. 2005; Tokuriki and Tawfik 2009). Is this
property widespread in nature and does it affect prokaryote
genome evolution?

The chaperone pathway in eubacteria includes a ribo-
some-bound trigger factor that meets polypeptides as they
emerge from the ribosome. The DnaK (Hsp70) and its co-
chaperone DnaJ may bind alternatively to nascent polypep-
tides. Subsequently, the GroEL/GroES (Hsp60) chaperonine
system operates on a subset of the proteins whose folding
requires further energy investment (Young et al. 2004). In E.
coli, GroEL/GroES is found to interact with about 10% of all

Introduction

Chaperones (Ellis 1987), also called heat-shock proteins
(HSPs), are essential in both prokaryotes and eukaryotes
as they assist protein folding, prevent protein aggregation,
and play a crucial role in survival under stress conditions
(Young et al. 2004). Moreover, chaperones have been
shown to buffer mutational effects both in eukaryotes
and in prokaryotes (Rutherford 2003). In Arabidopsis thali-
ana, the reduction of Hsp90 expression level exposes geno-
type-independent phenotypic variation (Queitsch et al.

2002). In prokaryotes, Hsp60 (GroEL) is essential to organ-
ismal fitness under high mutational loads in Escherichia coli
(Fares et al. 2002; Maisnier-Patin et al. 2005) and in Buch-
nera aphidicola (Moran 1996). Hence in individual organ-
isms, chaperones exert a buffering effect on slightly
deleterious mutations, presumably by compensating for de-
creased folding stability of mutated proteins (Moran 1996;
Todd et al. 1996; Fares et al. 2002; Queitsch et al. 2002;

soluble proteins (Kerner et al. 2005) and is the only chaper-
one essential to the bacterium under all tested conditions
(Horwich et al. 1993). The GroEL/GroES chaperones are
found in all eubacteria except a few highly reduced endo-
symbionts (Lund et al. 2003). Proteins found in interaction
with GroEL in E. coli can be classified into three dependency
classes (Kerner et al. 2005): GroEL-independent proteins
(Class 1) fold spontaneously in standard conditions (37 °C)

© The Author(s) 2010. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fic. 1.—Evolutionary rates of proteins in the three GroEL dependency classes within 445 Proteobacteria compared with their Escherichia coli strain
O157H7 EDL933 ortholog. Each dot in the figure represents the mean distance of all proteins in the same class within the same species from their

ortholog in E. coli O157H7 EDL933.

and attain on average 55% of their activity independent of
chaperones, GroEL, or otherwise. GroEL partially dependent
proteins (Class Il) require GroEL/GroES assistance, in addition
to other chaperons, at 37 °C but do not require GroES at 25
°C, where spontaneous folding is observed. GroEL obliga-
tory proteins (Class Ill) fail to fold spontaneously at 37 °C
and have an obligate requirement for GroEL/GroES in order
to attain activity (Kerner et al. 2005). GroEL is known to be
a capacitor for slightly deleterious mutations in vitro (Fares
etal. 2002; Queitsch et al. 2002; Maisnier-Patin et al. 2005;
Tokuriki and Tawfik 2009). If this is also true in nature, Class
Il proteins should exhibit increased numbers of nonsynon-
ymous substitutions in comparison to Classes | and II.

Materials and Methods

GroEL dependency classes were obtained from Kerner et al.
(2005). The Kerner et al. (2005) list contains 249 SWISSPROT
accession numbers from various E. coli strains. Four proteins
that are classified into more than one class were removed.
Completely sequenced genomes of 446 Proteobacteria
were downloaded from NCBI (http:/Awvww.ncbi.nlm.nih
.gov/; July 2009 version). Non-proteobacterial taxa were

not included in the analysis because we cannot assume that
protein interaction with GroEL is conserved in all prokar-
yotes. In order to use a single reference genome in our anal-
ysis, the Kerner et al. (2005) proteins were Blasted (Altschul
etal. 1990) on E. coliO157H7 EDL933. Proteins that had hits
below 98% identical amino acids were curated manually
and nine proteins were removed. The remaining proteins
distribute as follows: 37 Class I, 120 Class Il, and 79 Class
Il proteins.

Orthologs to E. coli strain 0157H7 EDL933 proteins in all
completely sequenced Proteobacteria were inferred using
a reciprocal best Blast hit procedure (Tatusov et al. 1997)
with an e value <1 x 107'° cutoff. All orthologous protein
pairs were aligned using ClustalW (Thompson et al. 1994).
Pairwise alignment reliability was tested using HoT (Landan
and Graur 2007), and alignments having column score
<90% were excluded. Protein alignments were translated
into nucleotide alignments using PALZNAL (Suyama et al.
2006). Rates of nonsynonymous nucleotide substitutions were
calculated by an approximation to maximum likelihood method
using yn00 (Yang 2007). Protein distances were calculated by
PROTDIST (Felsenstein 2005) using Jones, Taylor, and Thorton
(JTT) substitution matrix (Jones et al. 1992). Preferred codons
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Table 1

Statistical Tests for Homogeneity of Medians among the GroEL Dependency Classes

Variable Taxonomic Group Homogeneity of Medians (P value)? Post hoc Comparisons®
dy Genus: Escherichia 7.5 x 107" 1<l lltand Il = 1€
Order: Enterobacteriales
Class: Gammaproteobacteria <22 x 107'¢" <<
Phylum: Proteobacteria
Protein distance Genus: Escherichia 1.1 x 107'¢" I <1, Mand il =1
Order: Enterobacteriales
Class: Gammaproteobacteria
Phylum: Proteobacteria <22 x 107" <<
CAl Genus: Escherichia <22 x107'% 1>, litand Il =i
Order: Enterobacteriales
Class: Gammaproteobacteria I>1>1
Phylum: Proteobacteria 1> 1I, llland Il = Il

@ Using Friedman test.
b5 = 0.05, using Tukey's test.

€ Roman numbers denote the classes. The notation | < Il means that the values of the tested variable are significantly smaller in Class | proteins than in Class Il proteins.

*Pvalue << 0.01.

for each genome and codon adaptation index (CAl) (Sharp
and Li 1987) for all genes were calculated using the EMBOSS
package (Rice et al. 2000). Amino acid usage and GC content
were calculated using an in-house PERL script. Statistical anal-
ysis was performed using MatLab statistical toolbox.

To test our hypothesis in different phylogenetic ,we
grouped the species in the genome sample into four groups
according to their relatedness with E. coli strain O157H7
EDL933: 1) Genus: Escherichia, 2) Order: Enterobacterialles,
3) Class: Gammaproteobacteria, and 4) Phylum: Proteobac-
teria. In order to keep the groups independent, each genome
isincluded in a single group. The genomes are sorted into the
groups by their phylogenetic relations with E. coli.

Results

To compare nonsynonymous substitution rates among or-
thologs of the E. coli GroEL Class | (37 members), Class Il
(120 members), and Class lll (79 members) proteins, we

Table 2

identified and aligned (Thompson et al. 1994) their ortho-
logs from 446 sequenced proteobacterial genomes. Num-
bers of nonsynonymous nucleotide substitutions (dy)
(Nei and Gojobori 1986) and amino acid replacements were
calculated in pairwise genome comparisons (Yang 2007).
For a given genome comparison, the three class-specific
mean dy values were plotted against the mean of all com-
parisons for the genome pair; this compensates for genome-
and lineage-specific differences in substitution rate and
nucleotide bias.

Plotting these values at different phylogenetic depths re-
vealed strong and distinct differences in evolutionary rate
for the three protein classes, differences which become in-
creasingly apparent with increasing sequence divergence
(fig. 1). For intraspecific comparisons within E. coli (fig. 1a),
the differences among the three GroEL dependency classes
are not readily visible because of stochastic variation for small
d values, but they are significant (P = 7.55 x 10~"°, using
the Friedman test; Zar 1999), with Class | proteins having

Explained Variability and Mean Ratios of Class-Specific Values for All Tested Samples

Genus: Escherichia

Order: Enterobacteriales

Class: Gammaproteobacteria Phylum: Proteobacteria

dn

Explained variability® 0.36 0.4
Class 1/ 0.92 1.06
Class 1l 1.1° 1.4
Protein distance

Explained variability 0.6 0.3
Class 1 0.87 1.06
Class IIl/I 1.17° 1.36
CAl

Explained variability 0.96 0.57
Class 1/ 0.99 1
Class 1l 0.95 0.98

0.87 0.8
1.14 1.1
1.31 1.18
0.84 0.76
1.15 1.1
1.35 1.2
0.48 0.53
0.99 1
0.97 0.97

2@ Explained variability was calculated by partial #° = n?= —mea with Friedman test.

SStreatment +SSerror

® Escherichia coli K12 MG1655 and E. coli O157H7 comparisons resulted in zero distance for Class | proteins and were omitted from the calculation.
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significantly lower rates than Class Il and Class Il proteins (o =
0.05, using Tukey's post hoc test; Zar 1999). The same test on
a larger and ~100-fold more divergent orthologs set from 60
enterics (but excluding E. coli) shows a more significant differ-
ence in dy among the GroEL dependency classes (P < 2.2 x
1078, using Friedman test; fig. 1b), with Class | proteins hav-
ing significantly lower dy than Class Il proteins, and the latter
having significantly lower dy than Class Il proteins (o = 0.05,
using Tukey's post hoc test).

Comparisons within the Gammaproteobacteria (135 ge-
nomes; excluding enterics) yielded even more significant
correlations (table 1) and furthermore a striking distinction
of the three classes (fig. 1c). Differences between the GroEL
dependency classes account for 87% of the variation be-
tween class-specific mean dy values (table 2). Extending
the sample to include 227 Proteobacteria (excluding Gam-
maproteobacteria) entailed comparisons of greater diver-
gence, with most dy values exceeding 0.5 substitutions
per site (fig. 1d), but the significance and the trends re-
mained (table 1), with GroEL dependency class accounting
for 80% of the observed differences in class-specific mean
dy (table 2). These correlations held up for GroEL depen-
dency class in amino acid sequence comparisons for the
same phylogenetic samples (fig. 1e—h). At the level of amino
acid replacements estimated by JTT (Jones et al. 1992) pro-
tein distances for Gammaproteobacteria, Class Ill proteins
evolve on average 15% faster than Class Il and 35% faster
than Class | proteins (table 2). GroEL folding dependency
thus appears to be a major and hitherto undetected deter-
minant of sequence divergence in prokaryotes.

But is the correlation causal? Protein conservation and ex-
pression level are known to be correlated (Krylov et al. 2003
; Drummond et al. 2006; Pal et al. 2006). If chaperon depen-
dency is related to expression level, then it is possible that
expression level is the determinant of evolutionary rate dif-
ferences among the GroEL dependency classes (Warnecke
and Hurst 2010). A comparison of protein expression levels
measured for E. coli strain K12 MG1655 (Lu et al. 2007)
shows that these are not equal among the three classes
(P= 2.1 x 107>, using Kruskal-Wallis) with Class | proteins
having significantly higher expression levels than Classes Il
and Il proteins, whereas Classes Il and Ill do not differ sig-
nificantly from each other in their expression levels (o =
0.05, using Tukey's post hoc test; fig. 2). To test if protein
expression level has any effect on our results, we compared
the evolutionary rates among the three GroEL dependency
classes while adjusting for the variability in protein expres-
sion levels using analysis of covariance (ANCOVA). For the
comparison within the genus level and order level, we found
significant differences between the three GroEL depen-
dency classes also when protein expression level is consid-
ered as the covariate variable (table 3). The ANCOVA was
not applicable for the class and phylum levels because
the underlying assumptions for that test were not met.

Class | Class Il Class Il
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A
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FiG. 2.—Distribution of protein expression levels (Lu et al. 2007)
(top) and number of protein-protein interactions (Hu et al. 2009)
(bottom) in the three GroEL dependency classes.

Protein expression level has been shown to be positively
correlated with the connectivity of a protein within the cel-
lular protein—protein interaction (PPI) network in yeast (von
Mering et al. 2002). However, the correlation strength is
highly dependent upon the method used to detect interact-
ing proteins (von Mering et al. 2002). Here we tested for
difference in PPl frequency among the three dependency
classes by using PPl from Hu et al. (2009). We find that
the three dependency classes are statistically different in
their PPI frequency (P = 0.049, using Kruskal-Wallis test)
with Class | proteins having a slightly higher frequency of
PPIs (median PPI per protein—Class I: 64, Class II: 50; Class
lll: 52; fig. 2).

We also compared the CAI (Sharp and Li 1987), which is
positively correlated, and strongly so, with expression level
(Sharp and Li 1987), among orthologs in the three depen-
dency classes at different phylogenetic depths. Class |
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Table 3

Statistical Tests for Differences in Evolutionary Rates among the Three GroEL Dependency Classes with a Covariate

Response Pooled Homogeneity of Homogeneity of
Variable (y) Covariate (x) Taxonomic Group Regression® Slopes among Groups®  Intercepts among Groups®
dy Protein expression level  Genus: Escherichia 0.026" 0.074 0.0049"
Order: Enterobacteriales 6.5 x 10°°"" 0.52 <22 x 107"
Class: Gammaproteobacteria  <2.2 x 107'6™" <22 x107'%” na.
Phylum: Proteobacteria <22 x 107" <22 x 107" n.a.
Protein distance  Protein expression level ~ Genus: Escherichia 0.0044" 0.15 6.5x 1074
Order: Enterobacteriales 1.6 x 1074 0.49 <22 x107'®
Class: Gammaproteobacteria  <2.2 x 107'¢"" 1.1 x 107'¢7" n.a.
Phylum: Proteobacteria <22 x 107" <22 x 107" n.a.
dy CAl Genus: Escherichia 13 x107°7 5.5 x 1074 n.a.
Order: Enterobacteriales <22 x 107" <22 x 107" n.a.
Class: Gammaproteobacteria  <2.2 x 107'¢"" 6.1 x 107°%" n.a.
Phylum: Proteobacteria <22 x 107'%"" 0.74 <22 x 107'%""
Protein distance  CAl Genus: Escherichia 7.7 x 1073 <22 x 107" n.a.
Order: Enterobacteriales <22 x 1071 5.1 x 10797 n.a.
Class: Gammaproteobacteria  <2.2 x 107'¢"" 1.9 x 107137 n.a.
Phylum: Proteobacteria <2.2 x 107" 0.42 <2.2 x 1071

Note.—Results of the ANCOVA test and its underlying assumptions (Sokal and Rohlf 1995) are presented. To adjust for overall differences among species, the response variable

was divided by the genomic average.

7 Using F-test for linear relation between the response and covariate y = ax + b testing the null hypothesis Ho: @ = 0.
b Using F-test for equality of slopes among the groups. Each group is fitted with a linear regression ycjass = aclassXclass + Delass followed by testing the null hypothesis Ho: acjass | =

Aclass Il = Aclass I+

€ Using F-test for equality of intercepts among the groups. This is equivalent to a test for equality of means with the null hypothesis Ho: Meass | = Helass 11 = Helass 1i-

*P value < 0.05.
**P value << 0.01.

proteins have significantly higher CAl than Classes Il and Il
proteins, whereas CAl values of Class Il proteins are either
similar (in the order and phylum sets) or slightly increased in
comparison to Class Ill proteins (table 1 and fig. 3). This trend
is true not only for £. coli (Warnecke and Hurst 2010) but
throughout the proteobacteria. Thus, although high expres-
sion levels can explain the decreased evolutionary rates for
Class | proteins, it cannot explain the increased evolutionary
rates in Class lll proteins in comparison to Class Il proteins.
Hence, the difference in evolutionary rates among the three
GroEL dependency groups does indeed appear to be attrib-
utable to GroEL buffering effects.

Proteins in the three dependency classes are highly dis-
similar in their amino acid composition. A comparison of
E. coli O157H7 EDL933 proteins shows that Class Il and
Class Il proteins comprise significantly more positively
charged amino acids (Fujiwara et al. 2010) and less nega-
tively charged amino acids than Class | proteins. No signif-
icant difference is found in hydrophobic amino acids or polar
uncharged amino acids composition (supplementary table
S1, Supplementary Material online). Cysteine and proline
usage is significantly higher in Class Il and Class Ill proteins
in comparison to Class | proteins. No significant difference in
glycine usage among the classes was found (supplementary
table S1 and supplementary fig. S1, Supplementary Material
online). Genes encoding for Class Il proteins are significantly
GC richer than Class | proteins (supplementary table ST,
Supplementary Material online). This result is attributable

to the amino acid usage of Class lll proteins, most of them
are encoded by GC-rich codons. Repeating this analysis for
all orthologs in all phylogenetic depths reveals that the same
trends in amino acid usage are general for all tested proteo-
bacteria (supplementary table S2 and supplementary figs.
S2-S5, Supplementary Material online). No correlation was
found between any of the amino acid usage measures
and evolutionary rates (supplementary table S1, Supplemen-
tary Material online); hence, the difference in amino acid us-
age among the GroEL dependency classes may be attributed
to the interaction with GroEL (Fujiwara et al. 2010).

Discussion

GroEL can buffer slightly deleterious mutations in experi-
mental setups. In nature this same capacity leads to in-
creased evolutionary rates for GroEL-dependent proteins.
It has recently been suggested that protein misfolding has
a key role in determining evolutionary rates (Drummond
et al. 2005; Drummond and Wilke 2008; Lobkovsky et al.
2010; Warnecke and Hurst 2010). Our results indicate that
GroEL-dependent folding is a biological mechanism that
can manifest such effects. However, the correlation of GroEL
dependency classes with evolutionary rates, protein expres-
sion levels, and CAIl implies that the promiscuous amino
acid substitution regime allowed by the GroEL buffering
might not be uniformly distributed within the cellular pro-
tein network. The Class | proteins comprise a group of highly
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Fic. 3.—CAl of proteins in the three GroEL dependency classes.

conserved, highly expressed proteins having higher CAls. In
contrast, the Class lll proteins evolve with an increased evo-
lutionary rate (fig. 1), are expressed at lower levels (fig. 2),
and are encoded by less preferred codons (Warnecke and
Hurst 2010) (fig. 3). Protein expression level is positively cor-
related with the number of protein interactions and nega-
tively correlated with dispensability (Pal et al. 2006),
whereas CAl is correlated with translation accuracy and ef-
ficiency (Drummond and Wilke 2008; Tuller et al. 2010).
Hence, proteins that are essential to the cell and that are
highly connected in the E. coli protein network are not only
more conserved but also translated with higher accuracy
and tend to fold spontaneously. Conversely, proteins that
have a more peripheral role within the cell are more tolerant
to increased evolutionary rates and are protected from
slightly deleterious mutations by the buffering effect of
the GroEL/GroES chaperone.

Supplementary Material

Supplementary figures S1-S6 and tables S1 and S2 are avail-
able at Genome Biology and Evolution online (http://
www.oxfordjournals.org/our_journals/gbe/).
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Abstract

It has long been known that many proteins require folding via molecular chaperones for their function. Although it has
become apparent that folding imposes constraints on protein sequence evolution, the effects exerted by different chaperone
classes are so far unknown. We have analyzed data of protein interaction with the chaperones in Saccharomyces cerevisiae
using network methods. The results reveal a distinct community structure within the network that was hitherto undetectable
with standard statistical tools. Sixty-four yeast chaperones comprise ten distinct modules that are defined by interaction
specificity for their 2,691 interacting proteins. The classes of interacting proteins that are in turn defined by their dedicated
chaperone modules are distinguished by various physiochemical protein properties and are characterized by significantly
different protein expression levels, codon usage, and amino acid substitution rates. Correlations between substitution rate,
codon bias, and gene expression level that have long been known for yeast are apparent at the level of the chaperone-
defined modules. This indicates that correlated expression, conservation, and codon bias levels for yeast genes are
attributable to previously unrecognized effects of protein folding. Proteome-wide categories of chaperone-substrate
specificity uncover novel hubs of functional constraint in protein evolution that are conserved across 20 fungal genomes.

Key words: codon usage, community structure, networks, protein folding.

Introduction

Chaperones (Ellis 1987), also called heat shock proteins
(HSPs), are essential in all living cells as they assist protein fold-
ing, prevent protein aggregation, and play a crucial role in
survival under stress conditions (Young et al. 2004). Manip-
ulation of chaperone expression has revealed that chaperones
have an additional role as capacitors of phenotypic variation
(Fares et al. 2002; Queitsch et al. 2002; Rutherford 2003).
Inhibition of Hsp90 chaperone function in Arabidopsis thali-
ana exposes genotype-independent phenotypic variation in
a similar manner to growth under heat stress conditions
(Queitsch et al. 2002). Increasing the expression level of
the GroEL (Hsp60) chaperone confers improved fitness in
Escherichia coli under high mutational loads (Fares et al.
2002). Chaperones can thus buffer the effects of slightly
deleterious mutations, presumably by compensating for
decreased protein structure stability of mutated proteins
(Fares et al. 2002; Queitsch et al. 2002; Rutherford 2003).
Protein interaction with the chaperones for folding im-
pacts the evolvability of substrate proteins (Rutherford

2003; Tokuriki and Tawfik 2009). Overexpression of
GroEL/GroES can double the number of accumulating
mutations in GroEL substrates in vitro (Tokuriki and Tawfik
2009). Furthermore, the amino acid substitution rate of
proteins that depend upon the GroEL for folding in E. coli
is higher than that of GroEL-independent proteins (Bogumil
and Dagan 2010). Here, we study the impact of protein
interaction with chaperones on whole-genome evolutionary
dynamics. To address this question, we used a network
approach to analyze an extensive data set of chaperone—
protein interactions assembled by screening for chaperone-
associated protein complexes in yeast (Gong et al. 2009).
The chaperone repertoire in the Saccharomyces cerevisiae
proteome consists of 69 molecular chaperones and their
co-chaperones, most of which are known to assist the fold-
ing or unfolding of proteins in the cell; other chaperones
assume diverse cellular functions including translocation
across membranes and stabilizing protein—protein interac-
tions (Voos and Rottgers 2003; Young et al. 2004,
Kampinga and Craig 2010). The majority of nascent

© The Author(s) 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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polypeptides in the yeast protein-folding pathway interact
with the ribosome-associated complex (RAC) that includes
a member of the Hsp70 family and a co-chaperone from the
Hsp40 family (J-proteins) (Young et al. 2004; Kampinga and
Craig 2010). Some proteins also interact with one or more
of the following chaperone classes: prefoldin (PFD), TriC
(CCT), and Hsp90 (Young et al. 2004). Most of the proteins
encoded in the yeast genome (3,595 of 5,880) interact with
at least one chaperone, many of them (2,952) with two or
more chaperones (Gong et al. 2009). The present networks
uncover hitherto unrecognized modular interactions
between chaperone families and their interacting proteins.

Materials and Methods

Data

Data of chaperone interaction repertoire in S. cerevisiae were
downloaded from Gong et al. (2009). Amino acid usage data,
functional assignment, chromosomal location, frequencies of
optimal codons, codon adaptation index (CAl), gravy scores
(hydropathy index), and aromaticity scores were obtained
from the Saccharomyces Genome Database (Cherry et al.
1997). Protein cellular localization was obtained from Huh
et al. (2003) and the Gene Ontology database (Ashburner
et al. 2000). Secondary structure of all proteins was inferred
using PsiPred (Jones 1999). For the calculation of secondary
structure usage, a threshold of probability >0.7 was used.
Protein expression data were obtained from Ghaemmaghami
et al. (2003). For the statistical analysis, the natural log of
protein expression was used. Proteins with no expression level
information (107) or with zero expression level (1,665) were
omitted from the analysis. All statistical analyses were
performed using MatLab Statistics toolbox.

Network Modularity Structure

A division of the nodes in the network into modules was
obtained by defining a modularity function of each bipartition
of the network, as the number of edges within a module
minus the expected number of edges in the module.
Maximizing this function over all possible divisions using
eigenspectrum analysis yields the optimal division of the
network into modules (Newman 2006).

Evolutionary Rate

Positional orthology assignments within 20 fungal
proteomes were obtained from Wapinski et al. (2007). Open
reading frames lacking orthologs (282 in total) were omitted
from the analysis. Multiple alignments of all yeast open
reading frames with orthologous sequences were
reconstructed with MAFFT (Katoh et al. 2005). Phylogenetic
trees were reconstructed with PhyML (Guindon and Gascuel
2003) using the best-fit model as inferred by ProtTest 3
(Darriba et al. 2011) using the Akaike information criterion

(Akaike 1974) measure. Distances from the S. cerevisiae
proteins to their orthologs were calculated as the sum of
branch lengths. To calculate the relative amino acid substi-
tution rates of substrates, we first Z-transformed the distan-
ces to the 20 proteomes separately and then averaged the
standardized distances over all orthologs.

Results

Modules in the Chaperone-Substrate Interaction
Network

In an extensive screening for proteins that interact with each
of the 63 chaperones encoded in yeast, Gong et al. (2009)
documented a total of 21,687 interactions. The network
reconstructed from Gong et al. (2009) data contains 3,595
entities, 3,526 of which are chaperone-interacting proteins
(for simplicity termed “substrates” here, yet making no state-
ment about specificity). The remaining 69 entities are chap-
erones. We designate this as the chaperone-substrate
interaction (CSI) network. The network can be fully defined
by a matrix, A = [a;]69 x 3,595, with a; = 1 if chaperone i
and protein j interact and a; = 0 otherwise. The chaperones
and substrates form two disjoint sets of nodes where interac-
tions between substrate nodes are not allowed because the
data reflect the interactions of chaperones with substrate
proteins but not other possible interactions among the
substrate proteins. The network is thus semi-multipartite,
with 9,194 edges of CSIs and 332 edges of chaperone—
chaperone interactions (fig. 1). Co-chaperones in our network
were found to interact almost exclusively with chaperones.

The CSI network includes five highly connected Hsp70
chaperones that are linked to almost all substrates in the
network (Gong et al. 2009). The remaining 64 chaperones
interact with fewer proteins, ranging between 2 and 732
substrates per chaperone. Some chaperones interact with
a similar set of substrates, thereby forming communities
within the network. We examined the community structure
in the network by partitioning it into modules using the
modularity optimization method (Newman 2006). For each
possible bipartition of the network, a modularity function is
defined as the observed number of edges within a commu-
nity minus the expected number. Maximizing this modular-
ity function using its leading eigenvector yields the modules
within the network (Newman 2006). Each module is a com-
munity of nodes (chaperones and substrates), and each
node is assigned to only one community allowing no mul-
tiple assignment of a protein to multiple modules.

The result uncovered ten modules that include a total of
64 chaperones and 2,691 substrates, along with 843 lesser
(residual) modules that contain a single protein each. The
network groups co-chaperones into modules based on their
experimental interaction data with the chaperones (Gong
etal. 2009). The modules furthermore group together chap-
erones that interact frequently with common substrates as
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Fic. 1.—The network of CSIs. A graphic representation of the
network with chaperones on the x axis (i = 1 ... 69) and substrates on
the y axis (j = 1 ... 3,595). Cells in the matrix represent a protein—
protein interaction between chaperone i and substrate j. The cells are
colored by the module color if both substrate and chaperone are
included in the module, and in gray otherwise. Cells of noninteracting
proteins are colored in black. Hsp70 group includes the five ungrouped
chaperones: Ssb1, Ssal, Ssel, Ssa2, and Ssb2.

well as those substrates. Five Hsp70 chaperones were not
grouped into the ten main modules, forming five
single-chaperone modules (Ssal, Ssa2, Ssb1, Ssb2, and
Ssel) (fig. 1). These chaperones are characterized by a
promiscuous substrate binding and have many substrates
in common (Gong et al. 2009). The remaining 838 singleton
modules include proteins that interact solely with the five
promiscuous chaperones. We designate the ten main
modules by their most connected chaperone. The modules
contain between 1 (Hsp70-Ssa3) and 14 (Small-Hsp42)

chaperones. The number of substrates folded by each mod-
ule ranges from 65 (CCT-Cct8) to 485 (AAA+-Hsp78) (sup-
plementary table 1, Supplementary Material online).

The RAC-induced association of Hsp70 family chaper-
ones and J-proteins (Hsp40 family) is clearly evident in
the CSI network. For example, the Hsp70-Ssb1 chaperone
interacts with 1,044 substrates in total. Of those, 585
(56%) are shared with Hsp40-Ydj1, 483 (46%) with
Hsp70-Ssz1, 281 (27%) substrates are shared with
Hsp40-Sis1, and 92 (9%) are shared with Hsp40-Zuo1
(Gong et al. 2009). Chaperones Ssb1, Zuo1, and Ssz1 are
members of the yeast ribosomal chaperones triad that is an-
chored to the ribosome and interacts with nascent polypep-
tides (Gautschi et al. 2001; Conz et al. 2007). No in vivo
interactions between Ssb1 and the Hsp40 chaperones
Ydj1 or Sis1 have been verified experimentally. Nevertheless,
in vitro studies showed that both Ydj1 or Sis1 interact with
Ssb1 to determine its specificity for substrate polypeptides
(Shorter and Lindquist 2008). The high frequency of com-
mon substrates among these chaperones in the Gong
et al. (2009) data might indicate that they are associated
also in vivo. Three modules (Small-Hsp42, Hsp90-Hsp82,
and CCT-Cct8) contain only an Hsp40 chaperone lacking
the obligatory partner from Hsp70 family. However, all sub-
strates in these modules also interact with one or more of
the five ungrouped promiscuous Hsp70 chaperones. Two
modules, Hsp70-Ssa3 and Hsp70-Ssa4, include only an
Hsp70 chaperone lacking an Hsp40 partner. Substrates in
those two modules interact with various Hsp40 chaperones
and with the Ydj1, which has no substrate specificity
(Kampinga and Craig 2010), as the most common interac-
tor. Two modules include members of both TriC and PFD
chaperone families, whereas three modules include only
a TriC chaperone and one module only a PFD chaperone
(supplementary table 1, Supplementary Material online).

Members within the modules are not restricted to a cer-
tain cellular localization (supplementary fig. 1, Supplemen-
tary Material online). This result conforms with the high
abundance of interactions between chaperones and sub-
strates that are localized in different cell compartments as
reported in various protein—protein interaction databases
(70% in Gong et al. (2009) data used here, 66% in BioGrid
[ver. 3.1.77], Stark et al. 2006, and 67% in Strings [ver. 8.3],
Szklarczyk et al. 2011). This indicates that protein folding
and function do not always occur in the same compartment.
Module Hsp90-Hsc82 is, however, enriched with chaper-
ones localized in the mitochondrion (5 of 9; supplementary
table 1, Supplementary Material online). The module
includes Hsp60 and Hsp10 that interact to fold proteins
in the mitochondrion (Rospert et al. 1993). These two
chaperones are homologous to the eubacterial GroEL/GroES
chaperonin system (Gupta 1995). Furthermore, the Hsp70
(Ssc1) and Hsp40 (Mdj2) chaperones in this module are
known to be localized in the mitochondrion (supplementary
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Table 1

Comparison of Substrate Properties among the Modules

Correlation with

Variable As Is? Random Expression Level in the Network®
Expression Expression level 222 x 107 16x=* 0.62 —
CAl 238 x 10700+ 0.37 0.54%*
Optimal codons 1.18 x 1079 0.76 0.53%*
Secondary structure Alpha helix 0.0067** 0.08 0.02
Coiled coils 0.0256** 0.4 0.21**
Beta sheets 0.0833 0.53 0.21**
Physiochemical properties Protein length 4.13 x 10709** 0.94 —0.17**
Hydrophobic amino acids 0.2177 0.23 0.18**
Negative amino acids 0.0008** 0.56 0.08**
Positive amino acids 0.5682 0.72 —0.06**
Polar amino acids 0.0081** 0.83 —0.31**
Aromaticity index 0.0017** 0.43 —0.04**
Gravy 0.171 0.58 0.14**
Amino acid frequencies Alanine 6.60 x 10797** 0.89 0.36**
Arginine 0.3581 0.8 —0.09**
Asparagine 0.0384* 0.58 —0.27**
Aspartate 4.71 x 10795 0.08 0.03
Cysteine 0.5354 0.23 —0.09**
Glutamine 0.0064** 0.87 —0.08**
Glutamate 0.2669 0.97 0.09**
Glycine 0.0172** 0.24 0.25**
Histidine 0.4528 0.07 —0.10**
Isoleucine 0.0027** 0.11 —0.06**
Leucine 0.0031** 0.47 —0.08**
Lysine 0.4807 0.75 0.03**
Methionine 0.3369 0.61 —0.08**
Phenyl-alanine 0.0012** 0.48 —0.04**
Proline 0.0074** 0.43 —0.07**
Serine 0.0417* 0.07 —0.29**
Threonine 0.4651 0.72 —0.05%*
Tryptophan 0.0612 0.48 0.03
Tyrosine 0.0586 0.31 0.02
Valine 0.0185** 0.27 0.27**
Evolutionary rate Substitution rate 2.15 x 10796** 0.36 —0.42**
% ldentical amino acids 1.35 x 1097** 0.81 0.47**
Substitutions per site 2.58 x 10797%* 0.75 —0.46**

@ Using Kruskal-Wallis test for equality of median ranks with the null hypothesis, Ho: Hmodue1 = Mmodulez =

b Using Spearman rank correlation coefficient.

" Pvalue < 0.05.

™" Pvalue < 0.05 using false discovery rate test for multiple comparisons.

table 1, Supplementary Material online) (Huh et al. 2003).
Notably, the Hsp90-Hsc82 module is lacking both PFD
and TriC chaperones, which are homologous to archaeal
chaperones (Hartl and Hayer-Hartl 2009). The chaperone
repertoire of this module suggests that it is of mitochondrial
origin, reflecting a functional eubacterial unit within the
yeast proteome (Esser et al. 2004).

Module Expression and Biochemical Properties

Substrate expression level as measured by protein molecules
per cell (Ghaemmaghami et al. 2003) is significantly differ-
ent among the ten modules (table 1). Substrates in modules

-+ = Hmodule10-

Hsp70-Ssa4, Hsp90-Hsp2, and Hsp70-Ssz1 are expressed in
the lowest level. Substrates in modules AAA+-Hsp78 and
CCT-Cct8 are highly abundant in the cell (fig. 2). Substrates
that interact only with the promiscuous Hsp70 chaperones
have a higher expression level than substrates within the
modules (P = 1.35 x 1078, using one-sided Kolmogorov—
Smirnov). Yeast proteins that are missing from the CSI net-
work have a significantly lower expression level than
connected proteins (P = 2.8 x 1079, using one-sided
Kolmogorov-Smirnov). This suggests that those proteins
might interact with chaperones but were so far not detected
in surveys for chaperone interactors, possibly due to their low
expression level. Chaperone expression level shows no
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Hsp70-Ssa3 Hsp70-Ssa3 Hsp70-Ssa3
Small-Hsp42 Small-Hsp42 Small-Hsp42
Hsp70-Ssz1 Hsp70-Ssz1 Hsp70-Ssz1
Hsp90-Hsp82 Hsp90-Hsp82 Hsp90-Hsp82
Hsp70-Ssa4 Hsp70-Ssa4 Hsp70-Ssad
N DR N DD
Qe @"ﬁ i S A P & QP
‘?\c}"o_,e Q"‘ o »2*“’6 rg\ Q@ ~?~ a";) ¢ ,:Q/ \\;?\f,Q/ ‘?‘éi’c' c?’ eoe ,3:‘5' Qf-’ \gﬁ o)
“ x

\\
%@zsﬁ LR »5: R fd

<, Sz
Q@Q Q\S’Qe@ g@ Q‘Qu YYY. &

Fic. 2.—Comparison of expression level (a), codon adaptation index (b), and relative amino acid substitution rates (c) among the modules. A
matrix representation of post hoc multiple comparison results (a« = 0.05, using Tukey test). Cell a; in the matrix is colored red if the corresponding
variable module i > module j, blue if module / < module j, and white if no significant difference between the modules was found.

significant differences across the ten modules (P = 0.051, us-
ing Kruskal-Wallis).

Protein expression and encoding by preferred codons are
known to be positively correlated (Sharp and Li 1987). This
correlation is apparent also in the CSI network, where
substrate expression level is positively correlated with CAl
(table 1). A comparison of codon usage among the
modules—measured by the CAl (Sharp and Li 1987)—reveals
significant difference across the modules (table 1), with
modules Hsp70-Ssa4, Hsp90-Hsp82, and Hsp70-Ssz1 having
the lowest CAl values and modules AAA+-Hsp78 and CCT-
Cct8 having the highest CAls (fig. 2). A randomization of
protein module classification eliminates the significant CAl
differences across the modules (table 1). A pairwise compar-
ison of substrate expression level and CAl between the mod-
ules reveals that the correlation between these two properties
is apparent at the modules level with highly expressed
modules having high CAl values and vice versa (fig. 2).

Substrates in the ten modules vary substantially in their
physiochemical properties. The secondary structure of
substrates—measured by the proportion of alpha helixes
and coiled coils—differs significantly among the modules
(table 1). Substrates in module Hsp70-Ssz1 are enriched
with coiled coil, whereas substrates in module Small-
Hsp31 are enriched with alpha helixes (supplementary fig.
1, Supplementary Material online). No significant difference
in the proportion of beta-sheet structures was found among
the modules (table 1). The amino acid usage of most hydro-
phobic amino acids differs significantly between the
modules (including Ala, lle, Leu, Phe, and Val) as well as
the usage of the negatively charged amino acid Asp (table 1;
supplementary fig. 2, Supplementary Material online). Of
the polar amino acids, only GIn usage is significantly differ-
ent across the modules, with substrates in module Hsp70-
Ssz1 encoding the highest GIn content. Phe is the only
aromatic amino acid whose content varies across the mod-

ules (table 1). Substrates in the modules are significantly
different in their aromaticity index with substrates in Small-
Hsp31 encoding the lowest content of aromatic amino acids
(table 1; supplementary fig. 2, Supplementary Material
online). Substrate protein length is significantly different
among the modules (table 1). The shortest substrates are
found in modules AAA+-Hsp78, Small-Hsp31, and Hsp70-
Ssa3 and the longest substrates in module Small-Hsp42
(supplementary fig. 2, Supplementary Material online). Ran-
domizing the module classification of substrates eliminated
the significant differences among the modules for all of the
substrate properties mentioned above (table 1). Furthermore,
none of these protein biochemical properties is correlated with
protein expression level within the network (table 1).

No clear enrichment for substrate functional category,
cellular localization, chromosomal location (supplementary
fig. 1, Supplementary Material online), protein domain (sup-
plementary table 2, Supplementary Material online), or se-
quence motif (supplementary table 3, Supplementary
Material online) was found among the modules.

Module Evolutionary Dynamics

To test the impact of protein interaction with the chaperones
on protein evolution, we compared substrate amino acid
substitution rate among the modules. Phylogenetic trees
were reconstructed from a multiple sequence alignment
of S. cerevisiae substrate proteins with their positional
ortholog from among 20 sequenced fungal genomes
(Wapinski et al. 2007). A comparison of relative amino acid
substitution rates among substrates in the ten modules
revealed significant differences across the modules (table 1).
Randomizing the module classification of substrates eliminates
the differences in evolutionary rate among the modules (table
1). Ranking the modules from slow to fast by their relative sub-
strate amino acid substitution rates shows that modules
AAA+-Hsp78, CCT-Cct8, and Small-Hsp31 evolve with the
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Fic. 3.—Evolutionary distances of yeast substrates in the ten modules compared with their positional ortholog in 20 fungal species. The x axis
shows the variation of amino acid substitution rates within different fungal genomes in comparison with yeast. The y axis shows the rate variation
among proteins in the different modules within the same genome. Module colors correspond to the ranking by substrate expression levels with highly
expressed modules in red shades and lowly expressed modules in blue shades. Hsp70 group includes five ungrouped chaperones: Ssb1, Ssal, Sset,
Ssa2, and Ssb2. Arabic numerals correspond to fungal species: 1) Saccharomyces paradoxus, 2) Saccharomyces mikatae, 3) Saccharomyces bayanus, 4)
Saccharomyces castellii, 5) Kluyveromyces Lactis, 6) Ashbya gossypii, 7) Kluyveromyces waltii, 8) Lachancea kluyveri, 9) Candida glabrata, 10) Candida
guilliermondii, 11) Candida albicans, 12) Candida tropicalis, 13) Lodderomyces elongosporus, 14) Yarrowia lipolytica, 15) Asperqgillus nidulans, 16)
Neurospora crassa, 17) Schizosaccharomyces pompe, 18) Schizosaccharomyces japonicus, 19) Debaryomyces hansenii, and 20) Candida parapsilosis.

slowest rates, whereas modules Hsp40-Sis1, Hsp70-Ssa3, and
Hsp70-Ssa4 evolve with the highest rates. Substrates in the
fastest module (Hsp70-Ssa3) evolve on average 15.6% faster
than substrates in the slowest module (CCT-Cct8). Chaperones
in the ten modules evolve in similar evolutionary rates (P =
0.12, using Kruskal-Wallis).

A comparison of module ranking at the species level reveals
that module ranking is conserved during evolution (fig. 3). Sub-
strates in the slowest and fastest modules maintain a similar
ranking in almost all compared genomes. The conservation
of intermediate module ranking varies to a larger extent. Mod-
ule ranking is mostly diverged in species that are distantly re-
lated to yeast such as Debaryomyces hansenii and Candida
parapsilosis. The intra-Saccharomyces comparison shows that
substrates interacting exclusively with the five ungrouped
Hsp70 chaperones evolve at the fastest rates; in more distantly
related fungi, these proteins evolve at rates that are compara-
ble to the fastest modules. Species where the module ranking
is conserved (e.g., S. paradoxus and S. mikatae) are expected
to have a CSI network that is similar to that of yeast (fig. 3).

Amino acid substitution rate and protein expression level
are known to be inversely correlated at the genome level
(Grantham et al. 1981; Pal et al. 2001, 2006; Krylov

et al. 2003; Drummond et al. 2005). This correlation is
observed also in the CSI network, where substrate expres-
sion level is negatively correlated with evolutionary rate
(table 1). A comparison between module ranking by evolu-
tionary rate with that of expression level shows that modules
that are highly expressed are also the modules that evolve
with the slowest substitution rates. Conversely, substrates in
modules have the lowest expression levels and evolve in the
highest substitution rates (fig. 2). A comparison of the
relative amino acid substitution rates among the ten mod-
ules while adjusting for the variability in protein expression
level reveals that the effect of expression level could not be
rejected (P = 0.56, using analysis of covariance; Pinearity =
2.48 x 107104; Pslopes homogeneity = 0.27).

Discussion

Chaperones are major hubs within the eukaryotic protein—
protein interaction network (Gong et al. 2009). The multi-
plicity of interacting partners imposes a strong functional
constraint on the evolution of hub proteins (Fraser et al.
2002). Moreover, multiple substrates of a certain chaperone
evolve under the constraint to interact with that single
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chaperone. This can explain the similarity in biochemical
properties and secondary structure elements among pro-
teins that interact with common chaperones. The differen-
ces in substrate physiochemical properties across the
modules are probably due to the different structures
required for the interaction with the different chaperones.

Notably, the two Hsp70 paralogs Ssb1 and Ssb2 that dif-
fer in only two adjacent amino acids (C434V and A435S)
were not grouped into the same module, rather each has
its independent module. Interaction data of Gong et al.
(2009) reveal that they have a different substrate repertoire.
Ssb1 interacts with 2,756 (49%) of the substrates in our net-
work; Ssb2 is associated with 1,064 (19%) substrates, and
899 (87%) of them are common with Ssb1 (Gong et al.
2009). The difference in the interaction regime of these
two paralogs may be due to the difference in their expres-
sion level. Under standard conditions (Ghaemmaghami et al.
2003), Ssb1 is expressed in 170,000 copies in the cell, and
Ssb2 is expressed in 104,000 copies. Hence by chance alone,
it is more likely that potential Hsp70 substrates will interact
more frequently with Ssb1 rather than Ssb2. Substrate spec-
ificity in Ssb2 interactions, if exists, is probably determined by
chaperone and substrate coexpression or by their specificity
to multiprotein complexes (e.g., the RAC complex).

Our analysis reveals that highly and lowly expressed pro-
teins interact with different chaperones. Protein amino acid
composition and secondary structure are known to impact
the rate of protein folding and structural stability (Dobson
2003; Yang et al. 2010). Protein interaction with the chap-
erones lowers the energetic barrier for protein folding into
the functional conformation (Hartl and Hayer-Hartl 2009).
Thus, the evolution of protein—chaperone interaction is
expected to depend upon the protein propensity to fold
spontaneously. Chaperone-mediated folding ensures
proper functional conformation, but it costs both time
and energy. For example, protein folding by the GroEl/
GroES chaperonin system in E. coli takes about 10 s and con-
sumes seven adenosine triphosphate molecules (Horwich
et al. 2009). It is therefore probably advantageous to have
a subset of proteins that are less dependent upon chaper-
ones for folding. If energetic efficiency is a selective con-
straint, this subset is likely to be defined by high
expression levels and short response time. The spectrum
of chaperone interaction with protein substrates can vary.
For example, the GroEL/GroES chaperonin system in E. coli
interacts with both casual and obligatory substrates. Casual
interactors bind to GroEL in vivo but can also gain functional
activity independent of GroEL in vitro (Kerner et al. 2005).
Casual GroEL substrates have significantly higher expression
level than obligatory substrates (Bogumil and Dagan 2010),
consistent with the results presented here, which suggest
that protein abundance within the cell largely determines
the kind and mode of interaction with the chaperones
for folding.

Protein expression level is known to be positively corre-
lated with the usage of preferred codons (Sharp and Li
1987) and negatively correlated with evolutionary rate
(Grantham et al. 1981; Pal et al. 2001, 2006; Krylov
et al. 2003; Drummond et al. 2005). Current theories to
explain these correlations evoke either poorly specified net-
work properties of proteins (Fraser et al. 2002) or the
specific effects of amino acid misincorporation during pro-
tein translation (Drummond et al. 2005; Drummond and
Wilke 2008; Warnecke and Hurst 2010). Our results show
that dividing the yeast proteins into modules by their chap-
erone interactions also captures the above correlations. The
ten modules are significantly different in terms of each of
these three properties, yet the 3-fold correlation prevents
naming any one of the three measures as the leading causal
effect of substrate—chaperon interactions. The question that
remains is how protein interaction with the chaperones is
related to protein expression level and codon adaptation.
Considering the function of yeast chaperones, the majority
of interactions in the CSI network correspond to chaperone-
mediated protein folding. We suggest that the correlation
between expression level and codon usage stems from
the requirement for synchronization between protein trans-
lation and folding. Recently, it was shown that codon usage
distribution along the protein sequence plays a role in pro-
tein translation speed (Cannarozzi et al. 2010; Tuller et al.
2010). Proteins that require chaperones have to be trans-
lated at a speed that fits the time required for chaperone
recruitment (i.e., chaperone abundance and turnover rate),
otherwise the protein will fold spontaneously into the wrong
conformation, thereby forming aggregates that hinder the
cell viability (Geiler-Samerotte et al. 2011). Proteins that can
fold spontaneously into their functional conformation are
free from that constraint and can be translated at a higher
speed. However, with increasing translation speed, accuracy
becomes more important, so that proteins that are trans-
lated at high speed should be more conserved (Drummond
and Wilke 2008). The involvement of chaperones and fold-
ing in the yeast correlations between rates, codon bias, and
expression introduces new perspectives on the issue.

Supplementary Material

Supplementary figures 1 and 2 and tables 1-3 are available
at Genome Biology and Evolution online (http://
www.gbe.oxfordjournals.org/).
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Abstract

Eukaryotic genomes are mosaics of genes acquired from their prokaryotic ancestors,
the eubacterial endosymbiont that gave rise to the mitochondrion and its
archaebacterial host. Genomic footprints of the prokaryotic merger at the origin of
eukaryotes are still discernable in eukaryotic genomes, where gene expression and
function correlate with their prokaryotic ancestry. Molecular chaperones are essential
in all domains of life as they assist the functional folding of their substrate proteins
and protect the cell against the cytotoxic effects of protein misfolding. Eubacteria and
archaebacteria code for slightly different chaperones, comprising distinct protein
folding pathways. Here we study the evolution of the eukaryotic protein folding
pathways following the endosymbiosis event. A phylogenetic analysis of all 69
chaperones encoded in the Saccharomyces cerevisiae genome revealed 26
chaperones of eubacterial ancestry, 11 of archaebacterial ancestry, 10 of ambiguous

prokaryotic ancestry and 22 that may represent eukaryotic innovations. Several
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chaperone families (e.g., Hsp90 and Prefoldin) trace their ancestry to only one
prokaryote group, while others, such as Hsp40 and Hsp70, are of mixed ancestry,
with members contributed from both prokaryotic ancestors. Analysis of the yeast
chaperone—substrate interaction network revealed no preference for interaction
between chaperones and substrates of the same origin. Our results suggest that the
archaebacterial and eubacterial protein folding pathways have been reorganized and
integrated into the present eukaryotic pathway. The highly integrated chaperone
system of yeast is a manifestation of the central role of chaperone-mediated folding
in maintaining cellular fithess. Most likely, both archaebacterial and eubacterial
chaperone systems were essential at the very early stages of eukaryogenesis, and
the retention of both may have offered new opportunities for expanding the scope of

chaperone-mediated folding.

Introduction

The symbiogenic model for the origin of eukaryotes posits that eukaryotes arose via
a symbiotic association of two distantly related prokaryotes (Sagan 1967; Rivera and
Lake 2004; Embley and Martin 2006; Pisani et al. 2007; Lane 2009; Alvarez-Ponce et
al. 2013). Opinions about the precise taxonomic classification and metabolic
capacities of the prokaryote involved are still divided, however there is a wide
agreement among scientists that the host was an archaebacterium (Martin and
Maller 1998; Cox et al. 2008; Williams et al. 2012) and the endosymbiont was an
alpha-proteobacterium (Gray et al. 1999; Gabaldén and Huynen 2003; Esser et al.
2004). The eubacterial endosymbiont subsequently evolved into the mitochondrion
organelle, a process that was accompanied by a massive DNA transfer from the
symbiont into the host genome, the evolution of a mitochondrial protein import
apparatus, a drastic miniaturization of the mitochondrial genome, and an increased
complexity of the nuclear genome (Martin and Herrmann 1998; Martin 2003; Timmis
et al. 2004). Phylogenomic studies show, accordingly, that eukaryotic genomes are a
mosaic of genes of eubacterial and archaebacterial ancestry (Esser et al. 2004;
Pisani et al. 2007; Thiergart et al. 2012; Alvarez-Ponce et al. 2013).
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Evolutionary analysis of genes in the model eukaryote Saccharomyces
cerevisiae reveals that about 37% of the genes can be traced back to either an
archaebacterial or a eubacterial ancestor (Cotton and Mclnerney 2010). Thus,
eukaryotic innovations probably account for a sizeable fraction of eukaryotic
genomes. Yet, the proportion of eukaryotic genes of demonstrable prokaryotic origin
is quite substantial considering the complications involved in this kind of analysis.
The long divergence time elapsed since the symbiotic event limits our ability to detect
prokaryotic homologs to some prokaryote-derived proteins and reduces the accuracy
of phylogenetic inference for others. Furthermore, lateral gene transfer events
between the eubacterial and archaebacterial lineages (e.g., Deppenmeier et al. 2002;
Large and Lund 2009; Williams et al. 2010; Nelson-Sathi et al. 2012) may have
obscured the genetic record of the symbiosis event, leading to an ambiguous

classification of eukaryotic genes.

The chimerical origin of eukaryotic genomes is imprinted in the functional role
of proteins within the cell. Many proteins that perform an informational function (e.g.,
replication, transcription and translation) are of archaebacterial origin while many
genes of eubacterial origin perform operational functions (e.g., metabolism, amino
acid synthesis, and regulatory genes) (Rivera et al. 1998; Esser et al. 2004; Cox et al.
2008; Cotton and Mclnerney 2010; Alvarez-Ponce and Mclnerney 2011; Alvarez-
Ponce et al. 2013). Eukaryotic genes of archaebacterial origin are more essential
regardless of the bias towards informational functions (Cotton and Mclnerney 2010;
Alvarez-Ponce and Mclnerney 2011). Furthermore, the eukaryotic protein-protein
interaction network still bears the markings of a chimerical ancestry, with proteins
from the same origin — archaebacterial or eubacterial — being interconnected at a
frequency that is significantly above the expected by chance (Alvarez-Ponce and
Mclnerney 2011). Thus, when considered as a whole, the eukaryotic proteome can

be described as a partially integrated version of two ancestral ingredients.

In this study we have set forth to examine the evolution of the eukaryotic
protein folding pathway in light of the symbiogenic model. Molecular chaperones are
proteins that assist the folding and unfolding of other proteins, as well as the complex
assembly and stabilization of protein and nucleic acids interactions (Hartl and Hayer-
Hartl 2009; Large et al. 2009). Chaperones often function in assembly-line-like

pathways where various chaperones interact consecutively with the same substrate
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driving the transition of the newly synthetized peptide into a functional protein (Young
et al. 2004). Chaperones are essential in all living organisms and have been shown
to play a role as capacitors of phenotypic variation (Rutherford and Lindquist 1998;
Queitsch et al. 2002) and drivers of increased fitness within organisms facing a high
mutational load (Fares et al. 2002; Maisnier-Patin et al. 2005). Furthermore, their
function as biochemical mediators of protein assembly played an important role in
shaping genomic landscapes (Bogumil and Dagan 2010; Williams and Fares 2010;
Bogumil et al. 2012). The utility of molecular chaperones is thought to be constrained
by a delicate balance between their help in mitigating the effects of protein misfolding
and the slower rate of protein production and maturation of their substrate (Bogumil
and Dagan 2012). Archaebacteria and eubacteria harbor slightly different repertoires
of chaperone families. The Hsp40 and Hsp70 chaperone families are present in both
domains (Macario et al. 1991; Macario et al. 1993) whereas other chaperone

systems, such as chaperonins, differ in their composition and assembly.

Here we study the extent to which the chimeric origin of eukaryotes is still
detectable in the eukaryotic protein folding pathway of contemporary genomes. We
infer the ancestry of yeast chaperones and their substrates, examine the yeast
chaperone repertoire and use a network approach to study the relationship between

chaperones and their substrates in light of their origin.

Results
Prokaryotic ancestry of S. cerevisiae proteins

To determine the prokaryotic origin of yeast proteins we searched for their
prokaryotic homologs among 82 archaebacterial and 1,074 eubacterial genomes. A
total of 1,230 yeast proteins had detectable homologs in one or more prokaryotic
genomes. The remaining proteins did not manifest detectable homology with
prokaryotic proteins and we therefore consider them to be eukaryotic innovations. A
total of 686 phylogenetic trees were reconstructed for yeast proteins having more
than three homologs belonging to both archaebacteria and eubacteria. Yeast
proteins were classified according to the prokaryotic domain within which they branch.
Our analysis revealed 289 proteins of archaebacterial ancestry, 803 of eubacterial

ancestry and 138 of an unresolved prokaryotic ancestry.
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The mosaic structure of the S. cerevisiae chaperone repertoire

Of the 69 known yeast molecular chaperones, 47 had homologs in prokaryotic
genomes. These were classified based on their tree topology into 11 chaperones of
archaebacterial ancestry and 26 chaperones of a eubacterial ancestry. The ancestry
of the remaining ten chaperones could not be resolved from the data (Figure 1). The
Hsp90 family in yeast includes two paralogs whose sequences are highly similar
(96% identity at the amino acid level). Both paralogs are homologous to eubacterial
htpG sequences exclusively, and hence the yeast Hsp90 is clearly of eubacterial
origin. The prefoldin (PFD) chaperones transfer target proteins to the CCT system for
further folding (Vainberg et al. 1998). The yeast genome encodes six PFD paralogs
whose protein sequences are 15.2+3.8% identical. Three of the six PFDs have
homologs in prokaryotic genomes, all of which are archaebacterial. The remaining
three paralogs had no detectable homologs in prokaryotic genomes applying the
sequence similarity threshold used in this study (>25% identical amino acids). This
indicates that prefoldin is an archaebacterial contribution to eukaryotic genomes and
the family further diversified within eukaryotes. All five small heat shock proteins
(sHsp) were inferred to be of eubacterial ancestry. Hsp26 is homologous to
eubacterial sequences only and the four paralogous genes Hsp31, Hsp32, Hsp33
and Sno4 clearly branch within the eubacterial clade, although homologs in halophilic
and methanogenic archaebacteria were found as well. Members of the Hsp100
chaperone family (Clp) play a role in protein disaggregation (Parsell et al. 1994). Of
the three Hsp100 proteins in yeast, one is localized in the mitochondria and two are
cytosolic (van Dyck et al. 1998). The mitochondrial Clp protein Mcx1 was inferred to
be of eubacterial origin. The cytosolic Hsp104 was inferred to have been derived
from an archaebacterial AAA+ ATPase, while the second cytosolic Hsp78 is of
ambiguous ancestry. The Hsp40 and Hsp70 families include chaperones with
eubacterial as well as archaebacterial ancestry, although the majority of chaperones

from these particular families are of eubacterial descent.

Eukaryotic genomes typically encode two chaperonin systems: the type |
mitochondrial Hsp60/Hsp10 system (GroEL/ES-like) and the type Il chaperonin
(CCT-like). The type | chaperonin system is usually viewed as a eubacterial set of

chaperones, however, it is also encoded in the genomes of several methanogenic
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and halophilic archaebacteria (e.g. Deppenmeier et al. 2002). The yeast Hsp60
branched in between a purely archaebacterial clade and a purely eubacterial clade.
Consequently it was classified as of ambiguous prokaryotic ancestry. The co-
chaperone Hsp10 is clearly of eubacterial origin. This classification fits well with its
localization in the mitochondrion. The type Il eukaryotic chaperonins comprise eight
different protein subunits (Archibald et al. 1999; Valpuesta et al. 2002). These
chaperones are usually viewed as archaebacterial, however, several Clostridia
species encode type Il chaperonins as well (Techtmann and Robb 2010; Williams et
al., 2010). An archaebacterial ancestry was inferred for Tcp1 and a eubacterial origin
was inferred for Cct4 and Cct8. The other five CCT genes were classified as

ambiguous as they branch between clostridial and archaebacterial homologs.

Connectivity in the chaperone interaction network and protein ancestry

The chaperone—substrate interaction (CSl) network is based on a large-scale
screening for proteins that interact with 63 of the 69 chaperones encoded in S.
cerevisae (Gong et al. 2009). The CSI network contains 3,595 substrate proteins that
interact with at least one chaperone and a total of 21,687 chaperones-substrate
interactions. Interactions in the CSI network are unweighted and do not reflect their
relative prevalence. We reduced the dataset to include only those chaperones and
substrates for which prokaryotic ancestry could be determined. This network
contained 37 chaperones and 1055 substrates. A total of 2691 interactions included
in the network were classified into four classes based on the ancestry of both the

chaperones and substrates (inset in Figure 2).

Substrates of archaebacterial ancestry interact with significantly more
chaperones than eubacterial substrates (Wilcoxon-ranksum test, p = 3.3x107%%). The
network connectivity pattern is not biased towards a higher number of interactions
between chaperones and substrates of the same ancestry (x? test; p = 0.32, inset in
Fig. 2). This conclusion still holds when considering only substrates that interact with
at least two chaperones or more (y? test; p = 1.0). To further test for possible biases
in the network connectivity pattern we examined the ratio of eubacterial to
archaebacterial interaction partners for each chaperone and substrate, and tested for

differences in the distributions of ratios in the two ancestry groups. We found no
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significant difference in the distributions of the chaperone ancestry ratio between
archaeal and eubacterial substrates (Wilcoxon-ranksum test, p = 0.99), and no
significant difference in the distributions of the substrate ancestry ratio between
archaeal and eubacterial chaperones (Wilcoxon-ranksum test, p = 0.081). We further
tested if any of the four chaperone—substrate ancestry combinations is enriched in
the network by conducting a network randomization test with 10,000 randomization
replicates (Figure 2). This analysis shows that none of the four interaction types is
found at a frequency that is significantly different from the random expectation (at a
false discovery rate (FDR) of 0.01).

Protein ancestry and protein function

Substrates in the network were further classified into two major functional categories
according to their annotation in the Gene Ontology database (GO, Ashburner et al.

M

2000). Substrates whose annotation includes the terms “translation,” “transcription,”
“‘DNA-dependent DNA replication”, or their subterms, were classified as proteins
performing an informational function. The remaining substrates were classified as
operational proteins (Rivera et al. 1998; Cotton and Mclnerney 2010). Combining the
functional classification with prokaryotic ancestry reconstruction revealed that 69% of
the 274 archaebacterial substrates and 14% of the 705 eubacterial substrates found
in GO perform informational functions. Hence, substrates of archaebacterial origin
are enriched for informational functions (p<107"°, using % test), confirming the known
correlations between prokaryotic ancestry and protein function (Esser et al. 2004,
Cotton and Mclnerney 2010; Alvarez-Ponce and Mclnerney 2011; Alvarez-Ponce et
al. 2013). As expected from the congruence between the ancestral and functional
classifications, we found that informational substrates, like archaebacterial substrates,
interact with a larger number of different chaperones than operational substrates

(Wilcoxon-ranksum test, p < 107'°).
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Prokaryotic ancestry and protein physicochemical properties

A comparison of substrate physicochemical properties between the two ancestry
groups revealed several significant differences. Eubacterial substrates were found to
be longer on average, in agreement with previous studies (Alvarez-Ponce and
Mclnerney 2011). In addition, eubacterial substrates are also enriched in
hydrophobic and aromatic amino acids in comparison to archaebacterial substrates.
Archaebacterial substrates are more conserved, more highly expressed and are
encoded by higher proportions of preferred codons than eubacterial substrates
(Figure 3). Biases in the three latter properties fit well with the known correlation
among evolutionary rates, expression level and codon usage bias (Grantham et al.
1981; Sharp and Li 1987; Pal et al. 2001; Drummond et al. 2005; Pal et al. 2006). In
addition, substrates of archaebacterial origin were enriched for positively charged
amino acids as well as alanine, arginine, glutamate, lysine and valine. On the other
hand, substrates of eubacterial origin are significantly enriched in cysteine, histidine,
isoleucine, leucine, phenyl-alanine, proline, serine threonine, tryptophane and
tyrosine (Figure 3). Most of the above differences in substrate physicochemical
properties are observed also when contrasting informational and operational proteins,
as expected from the congruence between the ancestral and functional

classifications.

Discussion

Our evolutionary reconstruction of the ancestry of chaperones involved in the yeast
protein folding pathway reveals that chaperones of different descent are utilized in a
coordinated fashion to fold common substrates. For example, the Hsp40/Hsp70
system in yeast comprises a total of 21 Hsp40 and 14 Hsp70 genes from diverse
origins including archaebacterial, eubacterial, and eukaryotic-specific proteins (ESPs).
Interestingly, the Hsp40 family, with eleven ESPs, has diversified within eukaryotes
to a larger extent in comparison to the Hsp70 family that includes only one ESP. The
difference between the two families can be explained by their mode of function.
Chaperones of the Hsp40 family are the drivers of Hsp70 substrate activity and

specificity (Cyr and Douglas 1994, Kampinga and Craig 2010). Thus, the
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diversification of Hsp40 family within eukaryotes probably enabled the whole Hsp40-
Hsp70 system to increase its operational potential. A mosaic of ancestries is
observed in all chaperone families that are present in both archaebacteria and
eubacteria. It is noteworthy that in contrast to cytosolic chaperones, yeast
chaperones that are localized in the mitochondria are an exception. All mitochondrial
chaperones that could be classified by their tree topology are inferred to be of
eubacterial ancestry, underlining the role of the mitochondrion as a functional

eubacterial unit within the eukaryotic cell (Esser et al. 2004).

Previous studies showed that there is a significant preference for proteins to
interact with partners of the same ancestry rather than across the archaebacterial-
eubacterial divide (Alvarez-Ponce and Mclnerney 2011). Such preference can be
expected if the proteins participating in specific cellular pathways are usually of a
single ancestry. Since protein connectivity is higher within pathways than across
pathways, common ancestry of pathway proteins will result in an overall trend for
same ancestry interactions. Thus, same ancestry preference, while demonstrable on
average, may still be violated when considering specific systems. Our results suggest
that the general trend does not hold for the chaperone—substrate interactions network,
where no preference for interaction of chaperones and substrates of the same
ancestry could be observed. This indicates that the protein folding pathways have
been reorganized and integrated to a larger extent in comparison to the overall
protein-protein interactions within the cell. The only difference correlated with
ancestry in the chaperone—substrate interaction network is to be found in the
tendency of archaebacterial substrates to have a larger number of chaperone
interactions than eubacterial substrates , in agreement with the general trend

observed before (Cotton and Mclnerney 2010; Alvarez-Ponce and Mclnerney 2011).

What makes molecular chaperones a class of proteins that is more amenable
to integration? Chaperones are highly versatile proteins that increase the probability
of their substrates to attain a functional conformation and by that can contribute
significantly to the organismal fitness. Chaperones are essential in both prokaryotic
domains (Hartl and Hayer-Hartl 2002; Calloni et al. 2012); hence, at the very origin of
the eukaryotic cytosol, there was an absolute need for chaperones of both ancestries
to assist in the folding of their respective substrates. Yet, similar chaperones may

have similar substrate specificity and interact with a similar set of proteins, so
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eubacterial and archaeal chaperones might have had overlapping substrate sets
already at the beginning, though not in a regulatory coordinated context. A non-
specific interaction pattern allows chaperones to acquire new clients without the need
for intensive sequence modification or adaptation, and the evolution of a completely
integrated system is expected to have included also the co-expression of substrates
and their chaperones as well as optimizing the competitive binding of substrates and
their dedicated chaperones. The effects of combining two ancestral chaperone
systems may have conferred an even larger fitness benefit than was possible by
either of the ancestral systems on its own. Nonetheless, retaining two chaperone
systems would have entailed an additional energetic cost for the cell as chaperone-
mediated folding is expensive in terms of ATP usage. In the context of
eukaryogenesis, this would not have posed an insurmountable problem, since the
formation of mitochondria as an intracellular organelle resulted in a dramatic increase
in the available energy for all cellular processes (Lane and Martin 2010).
Nevertheless, energetic considerations might still play a role in the evolution of

chaperone—substrate interactions (Bogumil and Dagan 2012).

In summary, in contrast with other proteins that still show a tendency to form
network communities reflecting their ancestries, molecular chaperones have been
able to cross the divide between the ancestral prokaryotic domains. The central role
of chaperone-assisted folding in maintaining cellular fitness is reflected in the high
degree of integration of an archaebacterial and a eubacterial chaperone systems into

one at the origin of Eukaryotes.

Methods

Data

Yeast protein sequences, amino acid usage data, functional assignments,
chromosomal locations, frequencies of optimal codons, codon adaptation indexex
(CAl), gravy scores (hydropathy index), and aromaticity scores were downloaded
from the Saccharomyces Genome Database (SGD) (Cherry et al. 1998). Chaperone-

protein interaction data were obtained from Gong et al. (2009). The secondary
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structure of all proteins was inferred using PsiPred (Jones 1999), applying a
threshold of 70% for the calculation of secondary structure probability. Quantitative
protein expression data were obtained from Ghaemmaghami et al. (2003). The
MRNA levels data were obtained from Wang et al. (2002). For the statistical analysis
of protein expression levels, natural log-transformation was applied. Proteins for
which expression levels were not available (107 in total) or with zero expression level
(1,665 proteins) were excluded from the analysis. All statistical analyses were

performed using the MatLab®© Statistics toolbox.

Evolutionary Rate

Positional orthology assignments among 20 fungal genomes were obtained from
Wapinski et al. (2007). Proteins lacking orthologs in any genome (282 in total) were
excluded from the analysis. Multiple sequence alignments of all yeast open reading
frames with orthologous sequences were generated with MAFFT (Katoh et al. 2005).
Phylogenetic trees were reconstructed with PhyML v3.0_360-500M (Guindon and
Gascuel 2003) using the best-fit model as inferred by ProtTest 3 (Darriba et al. 2011)
according to the Akaike information criterion measure (Akaike 1974). Distances from
the S. cerevisiae proteins to their orthologs were calculated as the sum of branch
lengths. To calculate the relative amino acid substitution rates of substrates, the
distances to the 20 proteomes were first Z-transformed separately and then

averaged over all orthologs (Bogumil and Dagan 2010).

Reconstruction of prokaryotic ancestries

We classified each of the 5880 yeast protein-coding genes into archaebacterial,
eubacterial, ambiguous prokaryotic ancestry, or eukaryote-specific, based on its
phylogenetic affinities. Each yeast protein sequence was used as query in a
homology search against a database containing the proteomes of 82 archaebacteria
and 1074 eubacteria (3,792,506 proteins in total). Homology searches were carried
out using PSI-BLAST (Altschul et al. 1997) without filtering. Global pairwise
alignments of BLAST-hits were calculated using the EMBOSS package (Needleman
and Wunsch 1970, Rice et al. 2000). Prokaryotic sequences with less than 25%
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identity were considered as having no significant similarity to the particular yeast
query. Of the yeast genes, 161 had significant similarity to archaebacterial
sequences exclusively (and were thus classified as being of archaebacterial
ancestry), 383 had significant similarity to eubacterial sequences only (and were thus
deemed as eubacterium-derived), and 686 had homologs in both prokaryotic
domains. The remaining genes had no detectable prokaryotic homologs at the

specified thresholds, and were thus considered eukaryote-specific.

In order to ascertain the ancestry of the 686 yeast genes with both
archaebacterial and eubacterial homologs, we conducted a phylogenetic analysis.
For each of these genes, a multiple sequence alignment including the 15 best BLAST
hits from each prokaryotic domain was generated using MAFFT v6.843b (Katoh and
Toh 2008) and the quality of the alignment was tested with Guidance (Penn et al.
2010). In order to be conservative in our analysis, columns with a confidence score <
0.93 were removed. Phylogenetic trees were reconstructed with PhyML v3.0_360-
500M (Guindon and Gascuel 2003) using the best-fit model as inferred by ProtTest 3
(Darriba et al. 2011) according to the Akaike information criterion (Akaike 1974).

We next rooted each tree on the branch that maximized the separation of
archaebacterial and eubacterial sequences. The internal branch vyielding the
maximum ratio of archaebacteria to eubacteria content in the resulting clades was
determined with the MRP function implemented in CLANN 3.2.2 (Creevey and
Mclnerney 2005) using Spearman’s rank correlation coefficient. The yeast gene was
classified as of eubacterial or archaebacterial ancestry depending on the clade within
which it branched. Yeast genes were considered of ambiguous ancestry if no branch
yielded a clear separation into an archaebacterial and eubacterial clades, if multiple
branches separated the archaebacterial and eubacterial sequences equally well and
resulted in conflicting ancestry assignments, or if the yeast gene branched between
the archaebacterial and eubacterial clades. In such ambiguous cases, we repeated
the analysis with a larger sample of homologous sequences, first with the 30 best
BLAST hits from each domain, and if still ambiguous, with the 45 best BLAST hits
from each domain. This analysis shifted 125 genes from the ambiguous to the
unambiguous class. Of the 686 yeast genes with both archaebacterial and
eubacterial homologs, 128 were classified as of archaebacterial ancestry, 420 as of

eubacterial ancestry and 138 as ambiguous.
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In total, we inferred 289 proteins to be of archaebacterial ancestry, 803 of
eubacterial ancestry and 138 proteins with an unresolvable prokaryotic ancestry. The
remaining yeast proteins did not show significant similarity with any prokaryotic

protein.
Network randomization

Randomization of the CSI network was carried out using the switching methodology
(Stone and Roberts 1990; Artzy-Randrup and Stone 2005), implemented in an in-

house MatLab script.
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Figure Legends

Figure 1. An illustration of reconstructed ancestries for yeast major chaperone
families. Archaebacterial ancestry is shown in red, and eubacterial ancestry in
blue. Chaperones with ambiguous ancestry or no homology to prokaryotic
proteins are colored in purple and grey, respectively. Here we use the same
model for all members of the same family. We note however that paralogs may
deviate in their protein structures. Molecule plots were generated using the
PyMOL Molecular Graphics System, version 1.5.0.4 (Schrodinger, LLC).
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Figure 2. Prokaryotic origin and connectivity distribution. Asterisks indicate the
observed percentage of edges in the network while the bars show the mean
expected frequency from randomization simulations. The lines indicate the 1-99
percentile range. Abbreviations: A-Archaebacterial, B-Eubacterial; upper-case

indicate chaperones and lower-case indicate substrates.

Figure 3. Differences in protein physicochemical properties between substrates of
eubacterial and archaebacterial origin. Bars indicate a significantly higher value
for the corresponding group of the particular property. The bar length
corresponds to a logq transformation of the p-value in a two-tailed Kolmogorov-

Smirnov test.
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Figure 2
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