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Across the Tree of Life (ToL), the complexity of proteomes varies
widely. Our systematic analysis depicts that from the simplest
archaea to mammals, the total number of proteins per proteome
expanded ~200-fold. Individual proteins also became larger, and
multidomain proteins expanded ~50-fold. Apart from duplication
and divergence of existing proteins, completely new proteins were
born. Along the ToL, the number of different folds expanded ~5-
fold and fold combinations ~20-fold. Proteins prone to misfolding
and aggregation, such as repeat and beta-rich proteins, proliferated
~600-fold and, accordingly, proteins predicted as aggregation-
prone became 6-fold more frequent in mammalian compared with
bacterial proteomes. To control the quality of these expanding pro-
teomes, core chaperones, ranging from heat shock proteins 20
(HSP20s) that prevent aggregation to HSP60, HSP70, HSP90, and
HSP100 acting as adenosine triphosphate (ATP)-fueled unfolding
and refolding machines, also evolved. However, these core chaper-
ones were already available in prokaryotes, and they comprise
~0.3% of all genes from archaea to mammals. This challenge—
roughly the same number of core chaperones supporting a massive
expansion of proteomes—was met by 1) elevation of messenger
RNA (mRNA) and protein abundances of the ancient generalist core
chaperones in the cell, and 2) continuous emergence of new
substrate-binding and nucleotide-exchange factor cochaperones
that function cooperatively with core chaperones as a network.

Tree of Life | expansion of proteomes | core chaperones | cochaperones |
chaperone network

1l cellular life is thought to have stemmed from the last

universal common ancestor (LUCA) (1, 2), that emerged
more than 3.6 billion y ago. Two major kingdoms of life diverged
from LUCA: bacteria and archaea, which about 2 billion y later
merged into the eukaryotes (3). Since the beginning of biological
evolution, life’s volume has increased on a grand scale: The av-
erage size of individual cells has increased ~100-fold from pro-
karyotes to eukaryotes (4), the number of cell types has increased
~200-fold from unicellular eukaryotes to humans (5), and aver-
age body size has increased ~5,000-fold from the simplest
sponges to blue whales (6).

This expansion in organismal complexity and variability was
accompanied by an expansion in life’s molecular workforce, pro-
teomes in particular, which in turn presented a challenge of
reaching and maintaining properly folded and functional pro-
teomes. Most proteins must fold to their native structure in order
to function, and their folding is largely imprinted in their primary
amino acid sequence (7-9). However, many proteins, and espe-
cially large multidomain polypeptides, or certain protein types
such as all-beta or repeat proteins, tend to misfold and aggregate
into inactive species that may also be toxic (10). Life met this
challenge by evolving molecular chaperones that can minimize
protein misfolding and aggregation, even under stressful out-of-
equilibrium conditions favoring aggregation (11, 12). Chaperones
can be broadly divided into core and cochaperones. Core chap-
erones can function on their own, and include ATPases heat shock
protein 60 (HSP60), HSP70, HSP100, and HSP90 and the aden-
osine triphosphate (ATP)-independent HSP20. The basal protein
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holding, unfolding, and refolding activities of the core chaperones
are facilitated and modulated by a range of cochaperones such as
J-domain proteins (13-15).

Starting from LUCA, as proteomes expanded, so did the core
chaperones and their respective cochaperones. Indeed, chaper-
ones have been shown to facilitate the acquisition of destabilizing
mutations and thereby accelerate protein evolution (16-18). How-
ever, the coexpansion of proteomes and of chaperones, under-
scoring a critical balance between evolutionary innovation and
foldability, remains largely unexplored. We thus embarked on a
systematic bioinformatics analysis that explores the evolution of
both proteomes and chaperones, and of both core and their
auxiliary cochaperones, along the Tree of Life.

Results

A Tree of Life Analysis of the Expansion of Proteomes and Chaperones.
We aimed to explore, systematically, across the Tree of Life (ToL)
the expansion of proteomes and compare it with the chaperone
composition and level. To this end, we collected proteome se-
quences from representative organisms belonging to all the major
bacterial, archaeal, and eukaryotic clades and constructed a ToL
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(Dataset S1). The overall topology of our tree was borrowed from
TimeTree (19) and we also adhered to their order of divergence,
which is based on molecular dating and geological records.
TimeTree also provides putative dates of emergence and these are
provided as branch lengths, yet because our analysis is primarily
comparative, branch lengths were only used here as a graphical aid
(Fig. 14).

The Tree of Life begins with LUCA at the root (Fig. 14). The
edges of the ToL represent the extant three kingdoms—archaea,
plotted throughout in black; bacteria, plotted in blue; and eu-
karyotes. The latter emerged by endosymbiosis of an Alphapro-
teobacterium and an Asgard-like archaeon (20, 21). The
emergence of green algae and subsequently of plants occurred
with a secondary endosymbiosis of a Cyanobacterium into a
nonphotosynthetic eukaryote (22). The major eukaryotic clades
therefore comprised unicellular, early-diverging eukaryotes (in
orange), fungi (gray), plants (green), Metazoa (invertebrate an-
imals; red), and Chordata (vertebrate animals; wine). Overall,
our analysis was based on comparing the proteomes of 188 rep-
resentative organisms, covering 56 major clades of bacteria, ar-
chaea, and eukaryote (Dataset S1). The various proteome
parameters analyzed below were initially derived for each repre-
sentative organism in the core tree. The representative organisms
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Fig. 1.

of each clade were then pulled together to calculate the clade
average and the SD for this average. The clade average values
were subsequently plotted using the order of divergence for the x
axis. Accordingly, these plots also broadly divide into prokaryotes
(the left part) and eukaryotes (the right part), and the latter’s right
edge comprises Chordata including Mammalia (Fig. 1B and the
following figures).

The Expansion of Proteome Size. Initially, we scrutinized the ex-
pansion of proteome size by examining 1) the total number of
proteins per proteome in a given clade; 2) the median protein
length; and 3) the number of multidomain proteins in the pro-
teome. The clade average values of these three parameters are
plotted in Fig. 1 B—D, with colors of points matching the branch
colors in Fig. 1A4.

The total number of proteins per proteome expanded ~200-fold. Pro-
teomes that comprise a larger number of proteins unavoidably
present a greater challenge for their protein quality control chap-
erone machinery. To examine the expansion in the number of
proteins per proteome, proteome sequences of the 188 represen-
tative organisms were obtained. Across the ToL, the number of
proteins per proteome expanded roughly 200-fold (Fig. 1B) from
~700 proteins in the simplest free-living DPANN (23) archaea to

B 1°4 Proteome size s
@ ' .
£

Lo

2E

& o 10t Prokaryotes

5 L

el \

[T -

'E o « : Eukaryotes
3 103 . :

Order of divergence
C 6007 Protein Length

¥ =
o 500
o
@
= 4001
o
°
S 3001
c
]
=)
(0]
= 200
Order of divergence
D .. . . .
. 1074 Multi-domain proteins _'
c
.g E
G L
T Q2
=0
2 o
E £
5 £
= 'n .
3£ i t
EL e
S 2
Za |,
10'1— - .

Order of divergence

Expansion of proteome size across the Tree of Life. (A) The ToL used in this study. Leaves represent extant phylogenetic clades, while internal nodes

represent their presumed ancestors. Branch lengths are in million years, as available from TimeTree (19), and they refer to the relative order of divergence of
the corresponding clades rather than the absolute dates of their emergence. The major phylogenetic groups in the tree (Bacteria, Archaea, unicellular eu-
karyotes, plants, Fungi, Metazoa, and Chordata) are highlighted in different colors. Vertical arrows highlight the two major endosymbiosis events: the
Alphaproteobacterial origin of mitochondria and the cyanobacterial origin of plastids. LAA, last archaeal ancestor; LBA, last bacterial ancestor. (B-D) The
average per-clade values for various proteome size parameters (y axis, in log scale) are plotted against their order of divergence (along the x axis in linear
scale). These parameters include proteome size (B), median protein length (C), and multidomain proteins in the proteome (D). In these scatterplots, the colors
of data points represent their major phylogenetic group in the tree (A). Error bars represent the clade SD (no error bars relate to clades comprising only one
representative organism). The lines were derived by a fit to an exponential equation, and are provided merely as visual guides. Prokaryotic and eukaryotic
organisms are separated by a dashed line in B.
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~120,000 proteins in humans (Dataset S2). Proteome size is similar
across prokaryotes, on the order of 3,000 proteins, although the
smallest proteomes belong to the earliest-diverging free-living
DPANN archaea and Aquificae bacteria (23, 24) (not counting
parasites and symbionts). Eukaryote proteomes are substantially
larger and, considering free-living organisms only, the smallest
eukaryotic proteomes harboring ~10,000 proteins belong to
Amoebozoa, one of the earliest-diverging eukaryotes (25, 26). Land
plants and metazoans comprise hundreds of thousands of proteins
per proteome. However, as described later, this dramatic increase
in the number of proteins in eukaryotes occurred not only by du-
plication of preexisting proteins but also by the emergence of
completely new domains and folds.

The median protein length increased ~2-fold. The longer the poly-
peptides are the more prone they are to misfold and aggregate
instead of readily reaching their native functional state (27, 28).
Analyzing the lengths of all proteins in each representative pro-
teome (SI Appendix), we found that compared with ~250 residues
across prokaryotes, median protein length increased about 2-fold
in multicellular eukaryotes (Fig. 1C), with ~400 residues in plants
and ~500 residues in Chordata (Dataset S2). Longer proteins
were found primarily in multicellular eukaryotes (average lengths
of the top 10% largest proteins were roughly 1,300 residues in
plants, ~1,500 residues in metazoans, and ~2,150 residues in
mammals). The longest polypeptides in mammals are pre-
dominantly muscle proteins, including different variants of titin
(>34,000 residues) or adhesins (>5,000 residues).

There are different ways by which proteins can increase in size.

First, the domains themselves can grow larger by decorating an
ancestral core domain with additional segments. Second, the fu-
sion of multiple domains can result in a larger multidomain pro-
tein. Third, domain-flanking regions (C- and N-terminal segments,
and interdomain linkers), that are typically disordered, can ex-
pand. A systematic analysis of 38 distinct folds that are conserved
across the ToL (including parasites and symbionts) showed that
lengths of individual domains increased mildly, nearly 1.5-fold,
across the ToL (SI Appendix, Fig. S14). The expansion of domain-
flanking segments was also modest, nearly 3-fold, from prokary-
otes to multicellular eukaryotes (SI Appendix, Fig. S1B). Indeed,
as elaborated below, length expansion primarily stemmed from the
increase in the fraction of multidomain proteins.
Multidomain proteins expanded ~50-fold. Multidomain proteins are
inherently more prone to misfolding and aggregation than single-
domain proteins, and may therefore demand more chaperone
holding—unfolding-refolding action (29-31). To examine their
expansion, domain annotations of all proteins in the 188 repre-
sentative organisms were obtained from Pfam (32). Across the
ToL, multidomain proteins comprising >3 Pfam-annotated do-
mains have expanded ~50-fold (Fig. 1D), from ~100 proteins per
proteome in prokaryotes to ~5,000 in plants and animals (Dataset
S2). Further, multidomain proteins have expanded beyond the
expansion of proteome size, to become nearly 3-fold more fre-
quent in eukaryotic proteomes compared with prokaryotes (S7
Appendix, Fig. S1C) with the expected corresponding shrinkage of
proteins comprising one or two domains (SI Appendix, Fig. S1D).
As described later, this expansion occurred not only by duplication
of preexisting multidomain proteins but foremost by the emer-
gence of new domain combinations.

Proteome Expansion by Innovation. Most proteins emerge by du-
plication and divergence of a preexisting protein. The outcome is
paralogous proteins with the same overall fold and domain ar-
rangement (for multidomain proteins). Thus, duplication and
“local” divergence (point mutations and short insertions or de-
letions) certainly increase proteome size (the total number of
proteins) but do not dramatically change proteome composition
or complexity. The latter relates primarily to the birth of com-
pletely new proteins possessing new folds, and to the emergence
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of multidomain proteins with new fold combinations. Additions
of new folds and fold combinations likely impose an additional
burden on the chaperone machinery. We thus analyzed addi-
tional proteome parameters that represent expansion by inno-
vation, rather than by mere duplication and divergence, as
detailed below.

Fold types expanded ~5-fold. To assess the emergence of new folds,
we used evolutionary classification of domains (ECOD)—a hi-
erarchical classification of protein folds that uses both sequence
and structural similarities and clusters all domains with known
structures into independently evolved lineages, termed “X-groups”
(33). For each representative organism, the Pfam-annotated do-
mains were mapped to ECOD X-groups (SI Appendix). We found
that from prokaryotes to eukaryotes, the number of unique folds
(i.e., unique ECOD X-groups) per proteome expanded about
5-fold (Fig. 24), from ~150 in prokaryotes to ~450 in metazoans
(Dataset S3).

New fold combinations expanded ~20-fold. As shown above, multi-
domain proteins expanded nearly 3-fold (their fraction out to the
total number of proteins) alongside a parallel shrinkage of pro-
teins comprising one or two domains (SI Appendix, Fig. S1 C and
D). This expansion of multidomain proteins occurred not only by
duplication, namely by amplifying preexisting multidomain pro-
teins, but also via the emergence of new combinations. To assess
the latter, we examined the number of unique combinations of
domains per proteome, with domains being assigned by ECOD
X-groups. It appeared that new domain combinations arose
throughout evolution and, from prokaryotes to eukaryotes, the
number of unique combinations per proteome increased ~20-
fold (Fig. 2B), from ~100 combinations in bacteria to ~2,000
combinations in Chordata (Datasets S4 and S5).

All-beta and beta-rich folds expanded up to ~600-fold. Proteins that are
beta-rich are known to be prone to misfolding and aggregation
(34). In the simplest free-living bacteria and archaea, proteins
comprising the ancient all-alpha and alpha-beta architectures are
the most frequent. Remarkably, upon the emergence of eu-
karyotes, and in metazoans especially, all-beta or beta-rich ar-
chitectures (beta superfold) expanded massively, nearly 600-fold
(Fig. 2C). Beta-rich proteins, in proportion to the total number
of proteins, became nearly 6-fold more frequent in mammalian
proteomes, as compared with bacteria and archaea (SI Appendix,
Fig. S2 and Dataset S6). The immunoglobulin fold had a major
contribution to this expansion, owing to its diverse roles in im-
munity, multicellularity, and signaling (35).

Repeat sequences expanded ~700-fold. Proteins comprising tandem
repeats of nearly identical sequences emerge readily yet are
prone to misfolding and aggregation. We identified proteins with
repeated sequences of the size of a single “foldon” unit, ~20
amino acids (aa) (9), with >90% sequence similarity (Dataset
S7). Most of the early-diverging archaea and bacteria do not
possess repeat proteins. Indeed, repeat proteins appear in more
recently diverged prokaryotes and foremost in eukaryotes (a
similar trend was described in ref. 36). Indeed, metazoan pro-
teomes contain large proteins with long repeated segments, for
example, Drosophila Ank2p (21 Ankyrin repeats, in total 836
residues) or human Dmbtlp (11 cysteine-rich repeats of a total
1,419-residue length). The cumulative length of repeat sequences
in metazoan proteomes can be up to 100,000 residues. Overall,
from prokaryotes to eukaryotes, a 700-fold expansion (Fig. 2D) of
repeated sequences was observed along the ToL (SI Appendix, Fig.
S3). Repeated sequences also expanded beyond the expansion of
proteome size—the percentage of total proteome length that
comprises repeats increased nearly 7-fold from prokaryotes to
metazoans (Fig. 2D).

Proteins predicted as aggregation-prone became ~6-fold more frequent in
the proteome. To further examine the expansion of aggregation-
prone proteins, for each representative organism, we identified
how many proteins in the proteome are predicted to have an
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Expansion of proteomes by innovations. Figure features follow those of Fig. 1. (A) Shown on the y axis (log scale) is the average number of unique

folds [ECOD X-groups (33)] in each phylogenetic clade. The lines were derived by a fit to an exponential equation, and are provided merely as visual guides.
Prokaryotic (black and blue dots) and eukaryotic organisms (orange, gray, green, red, and wine dots) are largely separated by a dashed line in A. (B) Same as
A, for the count of unique fold combinations. (C) Same as A, for the percentage of proteins in the proteome comprising at least one beta-superfold domain
(note the linear scale). (D) Same as A, for the percentage of total proteome length that is repeated (also on a linear scale). (E) Same as A, for the percentage of
proteins in the proteome predicted to have >20 aggregation hotspots per proteome (also on a linear scale; see also Dataset S10). (F) Same as A, for the
percentage of proteome length that is intrinsically disordered (also on a linear scale).

unusually high number of “aggregation hotspots” (defined as a
poorly soluble protein segment of >5 aa in length, with solubility
predicted from the sequence). The threshold for comparison was
set at >20 hotspots per protein (at this threshold, <3% of pro-
teins are aggregation-prone; the same trend was observed with
lower thresholds; Dataset S8). We then calculated what per-
centage of the entire proteome these aggregation-prone proteins
represent. This prediction is restricted by the fact that some of
the predicted segments actually reside in the hydrophobic cores
of stably folded proteins and hence do not comprise aggregation
hotspots (37). However, such segments are likely to be as frequent
in prokaryote and eukaryote proteomes (or even less frequent in
the latter, where disordered proteins are abundant). Overall, our
results indicate that compared with prokaryotes, aggregation-
prone proteins have become nearly 6-fold more frequent in eu-
karyotes (Fig. 2E), with the highest frequency seen in Chordata
proteomes (Fig. 2F).

Intrinsically disordered regions became ~20-fold more frequent in the
proteome. From prokaryotes to eukaryotes, did all the changes
in proteome composition demand more chaperone action in the
latter? The expansion of intrinsically disordered regions, that in
principle would not demand increased chaperone action, could
be an exception. Though explored before (38, 39), to have this

40f 10 | PNAS
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expansion on the same scale and set of organisms used for an-
alyzing all other proteome factors, each protein of the repre-
sentative proteomes was scanned to infer disordered segments
>100 aa long (Dataset S9). As plotted in Fig. 2F, from pro-
karyotes to eukaryotes, the percentage of proteome length that is
disordered has expanded nearly 20-fold.

Overall, it appears that although gene and whole-genome du-
plications dominate, and in particular along with the evolution of
eukaryotes (40), dramatic changes in proteome composition have
occurred owing to bona fide innovations. Specifically, concerning
the burden on the chaperone machinery, proteome compositions
have changed massively with respect to new folds, beta superfolds,
repeat proteins, fold combinations, and aggregation propensity.

The Evolutionary History of Chaperones. In parallel to estimating
the expansion of proteome size and composition, we investigated
the evolutionary history of chaperones, aiming to date their emer-
gence and their expansion along the ToL. To that end, absence or
presence, and copy numbers, of the core chaperones (HSP20,
HSP60, HSP70, HSP100, and HSP90) was determined for the
representative proteomes. Subsequently, protein trees were gener-
ated and compared with the ToL, to account for gene loss and
horizontal transfer events. Protein sequences of all core-chaperone
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families were extracted from the representative proteomes (Dataset
S10). These sequences were aligned and used to generate
maximum-likelihood, midpoint-rooted protein trees which were
then compared with the ToL (SI Appendix, Table S1).

The core chaperones emerged in early-diverging prokaryotes. Our
analysis traced the origin of all five core-chaperone families in
early-diverging prokaryotes. The phylogenetic tree of a single pro-
tein, typically of a few hundred amino acids in length, often lacks
the resolution required to reliably date the emergence, especially
when horizontal transfer events are frequent. Dating emergence to
LUCA is particularly challenging. We followed the recommenda-
tions of Berkemer and McGlynn (41) and demanded that for a
chaperone family to be assigned to LUCA, there must be a single
split between bacterial and archaeal sequences at the root of the
protein tree, with strong bootstrap support for this split, and that
interkingdom branches would be longer than the intrakingdom
branches. These criteria assigned the emergence of only one core
chaperone, HSP60—a cage-like ATP-fueled unfoldase (11, 42), to
LUCA (Fig. 34). The protein tree of HSP60 further indicated an
ancient horizontal gene transfer (HGT) from archaea to Firmi-
cutes, as previously noted (43).

The protein tree of HSP20—an antiaggregation “holding”
chaperone—depicted a clear single split of bacterial and archaeal
domains at the root, albeit with weak bootstrap support, and
interkingdom branch lengths were shorter than intrakingdom
branch lengths (SI Appendix, Table S1). Similar uncertainties were
noted for the majority of protein families formerly assigned to
LUCA (41). Previous studies assigned HSP20 to LUCA (44, 45),
which, despite the above uncertainties, we concur with (Fig. 34),
although later emergence and HGT is an alternative. Indeed, in
accordance with a previous study (46), the HSP20 protein tree
suggests multiple HGT events, though given the weak bootstrap
support it was difficult to distinguish between phylogenetic un-
certainty and actual HGT events, let alone to assign donor and
acceptor clades.

The remaining core-chaperone families, HSP70, HSP90, and
HSP100, appear to have emerged in bacteria, though phylogenetic
uncertainties, and probably extensive horizontal transfer between
different bacterial clades and between bacteria and archaea, pre-
vent the reliable assignment of their points of origin (Fig. 34). The
ATP-dependent core chaperone HSP70—that controls protein
unfolding, disaggregation, and degradation (47, 48)—was detected
in the earliest-diverging bacterial clades Aquificae and Thermotogae.
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Fig. 3.

Order of divergence

Evolutionary history of core and cochaperones. (A) The de novo emergence of core- and cochaperone families is summarized on the ToL. The ToL is

the same as in Fig. 14; clade names are omitted for clarity. Ancestral nodes in which a chaperone family emerged are marked with red stars and the core- and
cochaperone families emerged in that node are listed. The dashed gray arrows reflect the endosymbiotic integration of archaeal and bacterial chaperone
systems in LECA and eukaryotic and cyanobacterial chaperone systems in photosynthetic algae. (B) The percentage of core-chaperone genes per proteome
(shown is the average percentage for each phylogenetic clade). Figure features follow Fig. 1. The line was derived by a fit to a linear equation and is provided
merely as a visual guide. Prokaryotic (black and blue dots) and eukaryotic organisms (orange, gray, green, red, and wine dots) are largely separated by a
dashed line. (C) Core- and cochaperone gene expression, relative to ribosomal proteins, in cells. Plotted are model organisms for which sufficient, processed,
and reliable expression data were available. The columns include core chaperones (colors represent the phylogenetic clades in Fig. 1A) and cochaperones
(light gray color). The error bars represent the SD among different nonredundant abundance datasets. (D) Same as C, for the relative basal abundance of core
and cochaperones in cells. (E) Same as B, for cochaperone genes per proteome. The line was derived by a fit to an exponential equation and is provided
merely as a visual guide.
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However, the protein tree clustered their HSP70 sequences with
those from the later-diverging bacterial lineages Deltaproteobacteria,
Clostridia, and Bacilli, with bootstrap values being too low to dis-
tinguish between phylogenetic uncertainty and true HGT events (S
Appendix, Table S1). Thus, HSP70 appears to have a bacterial or-
igin, around or after the emergence of terrestrial bacteria, that is,
around the divergence of Fusobacteria (49) (Fig. 34). Following its
emergence, HSP70 was likely horizontally transferred to archaea,
but the current analysis could not reliably assign donor and
acceptor clades.

The protein trees of both HSP90 and HSP100 depict a similar
scenario. Both seem to have emerged in bacteria around or after
terrestrial bacteria emerged (Fig. 34). Although a reliable point
of origin could not be assigned for either of these two chaper-
ones, biochemical assays show that whereas the activity of HSP90
or HSP100 strictly depends on the presence of HSP70, HSP70
itself can act independently. Further, across the ToL, every or-
ganism that harbors genes for HSP90 and/or HSP100 also har-
bors genes for HSP70, but not vice versa. Thus, it is likely that
HSP90 and HSP100 have both emerged after HSP70. Similar to
HSP70, HSP90 and HSP100 were likely horizontally transferred
to archaea. While our protein trees do indicate such trends, the
bootstrap values are low.

The archaeal and bacterial core chaperones were integrated
into the last eukaryotic common ancestor (LECA), and no new
core chaperones emerged with the birth of eukaryotes (Fig. 34).
Chaperones of archaeal origin mostly continued to function in
their original compartment, the cytosol. Although most Alphap-
roteobacterial endosymbiont genes were transferred to the nu-
cleus, most of the chaperones of bacterial origin evolved to
translocate back to the compartment from which they originated,
namely to the mitochondria (50-53). Chaperone evolution in
eukaryotes involved gene loss as well; for example, cytosolic and
mitochondrial HSP100s have been lost in metazoans (53).

The expansion of core chaperones. Whereas no new core-chaperone
family emerged in eukaryotes, gene copy numbers of the existing
families did increase via gene duplication, to support expanding
proteomes, for condition-specific expression, and also to cater
for the emergence of multiple subcellular compartments. Bac-
teria and archaea typically harbor the same five core-chaperone
families as eukaryotes. In any bacterial or archaeal genome, gene
copy numbers of individual chaperone families range between 1
and 4, summing up to an average of 8 core-chaperone genes per
proteome (Dataset S10). In comparison, the number of core-
chaperone genes in higher plants, which are among the most
complex eukaryotes, increased ~30-fold for HSP20, ~50-fold for
HSP60, ~40-fold for HSP70, ~20-fold for HSP90, and ~10-fold
for HSP100 (SI Appendix, Fig. S4). Parasitic microbes, such as
Mycoplasma pneumoniae, Plasmodium falciparum, and Ent-
amoeba histolytica, and photosynthetic bacteria, algae, and plants
often harbor unusually high chaperone gene copy numbers, likely
to counter the immune response of the host (54, 55) and the ox-
idative stress (56, 57). However, when proteome size is accounted
for, it is evident that the expansion of core chaperones largely
coincides with the overall expansion of proteome size. In fact, core
chaperones comprise ~0.3%, that is, 3 out of 1,000 proteins, in all
proteomes, from the simplest free-living prokaryotes to mammals
(Fig. 3B). Further, the expansion of core chaperones occurred by
gene duplication only, with no bona fide innovation, as all five
core-chaperone families seem to have preexisted in prokaryotes.

The cellular abundance of core chaperones increased ~6-fold. As de-
scribed above, the relative representation of core-chaperone genes
is roughly the same in the genomes of prokaryotes and eukaryotes.
However, gene expression levels could vary, and higher cellular
levels of chaperones could support the increasingly complex
eukaryotic proteomes. To assess expression levels, the messenger
RNA (mRNA) and protein abundance of core or cochaperones
was compared in prokaryotic and eukaryotic cells/tissues not
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subjected to stress or genetic modifications. Curated expression
data could be obtained for 30 free-living model organisms span-
ning 14 major clades along the ToL (Dataset S11). The mRNA
abundance of core-chaperone genes, relative to that of ribosomal
proteins (as a proxy for the overall level of protein synthesis), has
elevated ~6-fold in chordates compared with mesophilic bacteria
(Fig. 3C). Protein abundance data available for 11 model organ-
isms along the ToL (Dataset S12) indicate the very same trend
(Fig. 3D). Further, chaperone levels in eukaryotes are >3-fold
compared with extremophilic prokaryotes and pathogenic bacte-
ria that in turn show >2-fold higher levels than those of mesophilic
nonpathogenic bacteria.

Cochaperones expanded ~9-fold. In eukaryotes, as the gene copy
numbers of core chaperones expanded, and their protein abun-
dance also increased, what happened to their auxiliary work-
force, the cochaperones? The number of unique cochaperone
families per proteome expanded from ~3 in prokaryotes to ~20
in humans. Most cochaperones are eukaryote-specific (Dataset
S$10), and therefore have likely emerged relatively recently, and
only a few cochaperones are found in all three domains of life.
To date their emergence, protein trees were generated. These
suggest that, as expected, these cochaperones emerged after the
core chaperone they work with. HSP60 is assigned to LUCA,
while its bacterial cochaperone HSP10/GroES appears to have
emerged later along with the emergence of bacteria (Fig. 34).
HSP70’s cochaperones, the J-domain proteins (JDPs) and GrpE,
and HSP90’s cochaperone, Cyp40, appear to have emerged at
the same node as their respective core chaperones. Given the
phylogenetic uncertainties, possible extensive horizontal trans-
fers, and the resolution that protein trees allow, a more precise
dating could not be performed. It appears, however, that JDPs,
GrpE, and Cyp40 have all emerged after the emergence of ter-
restrial bacteria (Fig. 34), and therefore likely emerged after
their respective core chaperones. Several cochaperone families
emerged in eukaryotes (Fig. 34), including HSP110 that di-
verged by duplication of HSP70 (58), and Pih1, Ahal, and Chip
that harbor eukaryote-specific folds and hence likely emerged de
novo. Overall, it is evident that cochaperones tail core chaper-
ones, and not vice versa. With the birth of several cochaperones
in eukaryotes, the percentage of genes encoding for cochaper-
ones in the proteome expanded ~5-fold from prokaryotes to
eukaryotes (Fig. 3E). Notably, the JDPs, cochaperones of HSP70,
are the major contributor to this copy-number expansion (17).
Further, alongside the increase in copy numbers and the emergence
of new families, the protein expression levels of cochaperones also
increased across the ToL (cochaperone protein abundance is ~2-
fold higher in chordates compared with mesophilic bacteria and
mRNA abundance is ~4-fold higher; Fig. 3 C and D).

Our analysis, therefore, suggests that evolutionary innovation
occurred primarily at the level of cochaperones that facilitated
the basal core-chaperone activity, thus expanding the chaperone
network to meet the challenges of newly emerging protein folds
and increasingly complex proteomes.

Discussion

How did the proteomes expand across the ToL, and how did
chaperones evolve to support this expansion? To address this
question, we compiled data from multiple sources and analyzed
them under one roof, thus allowing a systematic, quantitative
comparison, as summarized in Fig. 4. From the simplest free-
living prokaryotes to plants and animals, proteomes have con-
tinuously expanded by both duplications and innovations. It is
primarily due to the latter that proteome “complexity” has con-
tinuously increased in various ways that demand increased chap-
erone action. Across the ToL and especially when comparing
prokaryotes with eukaryotes, we see a larger number of proteins
per proteome (Fig. 44) as well as larger proteins. The latter re-
lates to multidomain proteins being increasingly represented. The
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number of different folds increases as well as of unique combi-
nations of folds in multidomain proteins. Proteomes also contain a
larger fraction of protein types that are prone to misfolding, such
as repeat proteins and proteins comprising beta sheets, and those
that are predicted to be highly aggregation-prone. The birth of a
new fold, or of a new domain combination, likely results in poor
foldability. With time, mutation and selection would improve
foldability (59) and could ultimately render a newly born
chaperone-independent protein. Nonetheless, the cumulative im-
pact of newly evolved proteins, and of certain protein types (re-
peat or beta-rich proteins), likely demands increased chaperone
capacity.

This dramatic increase in proteome complexity, and hence the
demand for chaperone action, has not been met by the emer-
gence of new core chaperones. Eukaryotes possess the same five

core-chaperone families as prokaryotes, and metazoans and
chordates have in fact lost HSP100 (Fig. 4B). Further, the rela-
tive representation of core-chaperone genes does not vary be-
tween prokaryotes and eukaryotes. Rather, the need for increased
chaperone action was met in two ways: first, by an increased cel-
lular abundance of core chaperones, and second, though, by the
emergence of new cochaperones—while in bacteria ~4 cocha-
perone families are found, in eukaryotes their number increased
to 15 or even 20 in Mammalia.

Most of the expanding proteome features are likely the out-
come of adaptive evolution (e.g., the emergence of new folds and
domain combinations). However, expansion may also occur by
drift, that is, by fixation of genetic changes by chance, due to
population bottlenecks. Indeed, the effective population size (N.)
has dropped from prokaryotes (typically >10%) to unicellular
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eukaryotes (~107), invertebrates and land plants (~10°), and
chordates (~10%) (60). Consequently, neutral, or even mildly
deleterious mutations that would be purged in prokaryotes, might
readily fix in multicellular eukaryotes. For example, drift may have
driven the accumulation of hydrophobic residues on protein sur-
faces regardless of their protein—protein interaction potential, thus
leading to lower protein stability and oligomerization but also
increased aggregation propensity in eukaryotic proteins (61).
Similarly, insertions fixed by drift could elongate disordered seg-
ments (62) and repeat proteins. The higher chaperone levels in
eukaryotes (Fig. 3 C and D) may relate to the mitigation of the
deleterious effects of such accumulating mutations (63). Patho-
genic bacteria often experience severe population bottlenecks, and
their chaperone expression levels are comparable to those of
extremophiles (Fig. 3C and Dataset S11). Overall, the impact of
drift on proteome and chaperone evolution merits further
investigation.

The above trends highlight two features that comprise hall-
marks of the chaperone machinery: the generalist nature of core
chaperones, and their ability to act in a cooperative mode alongside
cochaperones as an integrated network. HSP60, HSP70, HSP90,
and HSP100 are core chaperones acting as generalist unfolding—
refolding machineries that work on a broad range of differently
misfolded and aggregated protein substrates, largely regardless of
size [except HSP60 (64)], structure, and function (11, 31). While
core chaperones can exert high-affinity binding to few specific
substrates at their native folded state, they generally tend to bind
misfolded and aggregated polypeptides that abnormally expose
hydrophobic surfaces (31, 65, 66). The main driving force for du-
plication and specialization is a functional tradeoff—optimization
of one function comes at the expense of other functions (67).
However, given a “generalist” mode of function, the quality control
of increasingly large and complex proteomes could be achieved by
an elevated abundance of existing core chaperones, rather than by
the emergence of new core-chaperone families. Indeed, although
gene copy numbers of core chaperones have indeed increased by
gene duplication, their relative representation compared with
proteome size remained constant (Fig. 3B) and the resulting
paralogous copies have mostly relocalized to different subcellular
compartments or are expressed under different stress conditions
(68). In parasitic microbes and photosynthetic organisms, dupli-
cates of HSP70 and HSP90 have subspecialized to resist host
immune responses and oxidative stress (54-57). However, con-
sistent with their generalist nature, the challenge of maintaining
large, complex proteomes (Fig. 44) has primarily been met by
increased abundances of preexisting core chaperones rather than
by the de novo emergence of new ones.

In healthy cells, an integrated chaperone network, comprising
both core and cochaperones, controls protein quality (69-71). In
this network (Fig. 4C), the highly abundant core chaperones
operate cooperatively, namely they not only share, and exchange
incompletely processed misfolded or unfolded protein substrates,
but also trigger the activities of one another. HSP70 plays a critical
role in this network by mediating cooperative communications
between the other core chaperones. For example, HSP70 triggers
the disaggregase activity of HSP100, and jointly they disaggregate
aggregated proteins and promote their subsequent refolding
(72-74). In another example, HSP20 can transfer misfolded sub-
strates to HSP70 for ATP-driven unfolding, from which they can
be further transferred to HSP60 for final refolding to the native
state (75). Likewise, HSP90 can promote the maturation of in-
completely processed HSP70 substrates (76, 77). Cooperativity
and substrate sharing between core chaperones are schematically
represented in Fig. 4C. Together, these generalist, cooperative
core chaperones constitute the core of an integrated chaperone
network that has emerged from a simple two-component system in
LUCA (Fig. 4C).
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Alongside the expansion of proteome complexity, the chap-
erone network has also expanded—primarily by the emergence
of cochaperones (Fig. 4C). This expanding array of cochaperones
augmented the ability of core chaperones to efficiently share sub-
strates and to function cooperatively. In contrast to the generalist
core chaperones, cochaperones are more diverse and accordingly
seem to subspecialize in specific roles, including cochaperones that
handle specific proteins. Examples include UNCA45, a cochaperone
that emerged in Fungi, and facilitates HSP90-mediated mainte-
nance of myosin in metazoan skeletal and cardiac muscles (78).
Another Fungi-born cochaperone, the Tscl/2 heteromer, special-
izes in recruiting kinase and some nonkinase substrates to HSP90
(79). Other cochaperones mediate protein transport; examples
include Tom70 and P23 that facilitate protein trafficking through
Golgi and mitochondrial membranes (80-82). The specialist mode
of function of cochaperones coincides with how they expanded,
namely by duplication and divergence of ancient prokaryote-born
cochaperones but also via bona fide innovations, namely by the
emergence of completely new specialized cochaperones in eu-
karyotes. As shown here, the emergence of new cochaperones
coincides with the emergence of new proteins (i.e., by de novo
emergence rather than by duplication of preexisting proteins).
However, co-occurrence does not mean coevolution—indeed, we
know very little about the latter. Did certain cochaperones emerge
to support the de novo emergence of a specific protein or protein
class? If so, does chaperone dependency persist, hence making
codependency a “selfish” irreversible trait? Alternatively, as some
newly emerged proteins evolved further, their foldability improved,
allowing them to become chaperone-independent.

Thus, across the Tree of Life, proteomes have massively ex-
panded, not just by duplication of preexisting proteins but also by
the emergence of completely new ones. Eukaryotic proteomes
became particularly large and specifically richer in repeat, beta-
rich, and aggregation-prone proteins whose folding is inherently
challenging. These changes in proteome size and composition
intensified the demand for chaperone action. Curiously, how-
ever, no new core chaperones emerged in response to this in-
creased demand. Instead, they increased in abundance relative to
all other proteins in the cell. Foremost, an entire network of
cochaperones had evolved that facilitate the basal core-chaperone
activity.

Materials and Methods
For details, see SI Appendix, Methods.

Proteome Size and Median Protein Length. A nonredundant set of 188 pro-
karyotic and eukaryotic organisms was collected from the TimeTree database
(19) (listed in Dataset S1) and their proteome sequences (sequences of all
proteins including splice variants, if relevant) were obtained from the Na-
tional Center for Biotechnology Information genome database (83). For each
organism, the total numbers of proteins in the respective proteome, and
their lengths, were computed.

Multidomain Proteins. For each protein, domain annotations were collected
from Pfam (32). The number of proteins comprising <3 and those compris-
ing >3 domains were then counted per each proteome.

Number of Unique Folds and Fold Combinations. Proteins were clustered into
independently evolved lineages using the ECOD database (which considers
both sequence and structural similarities) where independently evolved
lineages are termed X-groups (33). For each representative organism, the
Pfam-assigned domains were mapped to their corresponding ECOD X-groups.
The numbers of unique X-groups identified in a given proteome were con-
sidered as a measure of the number of unique folds. Similarly, we counted the
X-group combinations, considering also their order along the polypeptide
chain (AB # BA) present in each protein. The total number of X-group com-
binations identified in a given proteome was considered as a measure of the
total number of fold combinations.
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Beta Superfolds in the Proteome. We counted how many proteins in the
proteome contain at least one domain annotated as all-beta fold (annotated
in ECOD's top hierarchy groups: beta barrel, beta meander, beta sandwich,
beta duplicates or obligate multimers, and beta-complex topology). By
normalizing this number by the total number of proteins in the proteome,
we derived the fraction of beta-superfold proteins per proteome.

Repeated Sequences. Each protein in the representative proteomes was
scanned by the T-REKS repeat-identifier program (84) to detect repeats that
are >20 aa long and exhibit >90% sequence similarity. The percentage of
proteome length that is repeated was subsequently derived (the sum of the
number of residues of all repeated segments multiplied by 100, divided by
the total length of all proteins).

Aggregation-Prone Proteins. An aggregation hotspot was defined as a
“poorly soluble” protein segment of >5 aa in length, with solubility pre-
dicted from the protein’s sequence using CamSol v2.1 (85). For each repre-
sentative organism, we computed the percentage of proteins in the
proteome that contain >20 aggregation hotspots.

Intrinsically Disordered Regions. Intrinsically disordered segments were
identified by scanning all proteins in the representative proteomes by
luPred2A (86). Disordered segments >100 residues were considered. The
percentage of proteome length that is disordered was subsequently derived
(the total number of residues assigned to disordered segments multiplied by
100, divided by the sum of the length of all proteins).

Evolutionary History of Chaperones. To determine the evolutionary appear-
ance and expansion of the core-chaperone and cochaperone families, we
identified their occurrences in the 188 representative organisms, using two
complementary methods. The first method involved manual curation of
annotated chaperones in model organisms that were subsequently used as
queries to find orthologous sequences in the other organisms by protein—
protein BLAST (87). The second method involved identifying the Pfam-
assigned domain combinations of the various known chaperones in model
organisms. Subsequently, any protein in the representative proteomes
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