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Sequence space and the ongoing expansion of the
protein universe
Inna S. Povolotskaya1 & Fyodor A. Kondrashov1

The need to maintain the structural and functional integrity of an
evolving protein severely restricts the repertoire of acceptable
amino-acid substitutions1–4. However, it is not known whether
these restrictions impose a global limit on how far homologous
protein sequences can diverge from each other. Here we explore
the limits of protein evolution using sequence divergence data. We
formulate a computational approach to study the rate of diver-
gence of distant protein sequences and measure this rate for
ancient proteins, those that were present in the last universal
common ancestor. We show that ancient proteins are still diver-
ging from each other, indicating an ongoing expansion of the
protein sequence universe. The slow rate of this divergence is
imposed by the sparseness of functional protein sequences in
sequence space and the ruggedness of the protein fitness land-
scape: 98 per cent of sites cannot accept an amino-acid substi-
tution at any given moment but a vast majority of all sites may
eventually be permitted to evolve when other, compensatory,
changes occur. Thus, 3.5 3 109 yr has not been enough to reach
the limit of divergent evolution of proteins, and for most proteins
the limit of sequence similarity imposed by common function may
not exceed that of random sequences.

Proteins evolve slowly because amino-acid substitutions are often
deleterious owing to their effects on protein structure, expression or
function1–4. The selective constraint imposed on evolving proteins by
these factors can be very strong, as evidenced by conservative proteins
from distant organisms that retain substantial similarity after
,3.5 3 109 yr of evolution5–7. From the perspective of fitness land-
scapes, this constraint applies because an evolving protein must navi-
gate ridges of high fitness in an enormous imaginary sequence space
that encompasses all possible amino-acid sequences8–14. However,
only a fraction of the sequence space can conform to the specific
structural and functional characteristics of a particular protein or
protein family9,15–20.

Selection within sequence space on a small scale has been studied by
characterizing negative selection against individual amino-acid sub-
stitutions11,20,21. However, the global constraint on evolution that a
specific structure and function impose by establishing some territory
within the total sequence space has not been explored. The constraint
on the evolution of conservative ancient proteins is particularly strong.
For example, orthologous L14 ribosomal proteins show a remarkable
40% sequence identity between the bacterium Escherichia coli and the
archaeon Metallosphaera sedula, possibly indicating that the broadly
defined function of these L14 ribosomal proteins can be performed
only by a tiny fraction of all possible sequences and that these proteins
have reached the functional limit of their divergence. Proteins that
have been structurally and functionally conserved since the last uni-
versal common ancestor (LUCA) are the most likely candidates to have
already reached the limit of their possible divergence by fully exploring
the sequence territory that is available to them. Here we address this

issue by comparing ancient homologous proteins from both similar
and distant species.

Studies of protein evolution usually involve reconstruction of ances-
tral sequences. However, such reconstructions are unreliable for all but
closely related proteins, and alternative approaches must be sought to
study whether or not ancient proteins are still diverging from their
common ancestral sequence. The divergence of homologous proteins
from a common ancestor bears a strong similarity to the recession of
galaxies in the physical universe15,22–24. Edwin Hubble interpreted a
positive correlation between the distance to a galaxy and the rate of
its recession from the Earth25 as evidence of expansion of stellar bodies
from a single point of origin: galaxies are moving away from each other
and a thought experiment in which time is reversed suggests that
they must have originated from the same point. We copy Hubble’s
approach by investigating the divergence of protein sequences from
each other, which allows us to investigate the limits of protein diver-
gence unaffected by the biases of deep ancestral state reconstructions.
We relate the rate of divergence of distant homologues, which is ana-
logous to speed in Hubble’s analysis, to the protein distance (one
minus the sequence identity) between them, which is analogous to
physical distance (Fig. 1). In analogy with Hubble’s work, a correlation
between the rate of divergence of modern sequences from each other
and the protein distance between them reflects the rate of their diver-
gence from a common ancestor.

The rate of divergence of sequences, whether similar or distant,
from each other can be determined by using ancestral state recon-
struction of protein sequences in closely related species and relating
this reconstruction to another, reference, sequence from a more dis-
tant species. The directionality of a substitution (polarization) can be
determined from a multiple alignment of sequences from two sister
species and one or more outgroup species, assuming that the out-
group sequences reflect the ancestral state of the sister species. When
such a cluster of similar sequences is related to a reference sequence of
a more distant orthologue, two types of informative site can be iden-
tified in the resulting cluster-reference alignment: (1) those where the
ancestral amino acids for the two sister species are identical to the
corresponding amino acid in the reference sequence, and (2) those
where one or both of these two amino acids is different from the
reference amino acid. A substitution that occurred in either of the
sister species can lead away from (if it occurred at a site of type 1),
towards or neither away from nor towards the reference sequence (at
some sites of type 2) (Fig. 2a). Thus, from a cluster-reference align-
ment we can obtain the numbers of substitutions in the sister
sequences that moved the sequence away from (Na) and towards
(Nt) the reference sequence.

If Nt/Na , 1 then the sister sequences are evolving away from the
reference in sequence space, and, conversely, if Nt/Na . 1 then the
sister sequences are evolving towards the reference. If Nt/Na 5 1 then
the distance in sequence space between them is at an evolutionary
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equilibrium. To investigate the dynamics and the limits of protein
divergence, we relate Nt/Na to D, the protein distance between the
ancestral state of the sister sequences and the reference sequence.

We applied this approach to alignments obtained from 572 clus-
ters of orthologous groups26 (COGs) that have been previously
inferred to have been present in the LUCA5 encompassing a total
of 836 different bacterial and archaeal genomes. These COGs
included 28 quadruplets of closely related genomes yielding a total
of 13,589,431 cluster-reference alignments (Methods). We obtained
Nt, Na and D (Supplementary Fig. 1) for each alignment and plotted
the average Na/Nt value across different COGs as a function of D.
Figure 3 shows that, regardless of their similarity, ancient proteins are
still diverging from each other and therefore have not yet reached the
limit of their sequence divergence.

A large fraction of substitutions at type-2 sites are ignored by this
approach because they neither make a sister sequence identical to the
reference nor move it away from it, but instead replace one difference
with another. To deal with such cases, we used BLOSUM62, an

amino-acid similarity matrix. If the similarity of the reference and
the derived amino acids was greater than that of the reference and the
ancestral amino acids, then the substitution was counted as leading
towards the reference sequence. Conversely, if the reverse was true
then the substitution was counted as leading away from the reference
sequence (Fig. 2b). This approach uses a great majority of substitu-
tions at type-2 sites of the cluster-reference alignment, and the Nt/Na

ratio that includes such substitutions shows the same dynamics
(Fig. 3).

Our use of outgroups as a proxy for the ancestral state, or our
assumption that the evolution of the reference sequence on the time-
scale of sister species divergence is negligible, may lead to a systematic
underestimation of Nt/Na. We explore this possibility by measuring
Nt/Na for nucleotide substitutions at fourfold-synonymous sites
(Fig. 3). Divergence at fourfold-synonymous sites rapidly reaches an
equilibrium, ruling out the possibility of the continuing divergence of
protein sequences being an artefact of our method. Another potential
source of bias is the accumulation of slightly deleterious amino-acid
substitutions and polymorphisms in the terminal branches of the
phylogenetic trees leading up to the sister species27. However, the
exclusion of substitutions from terminal branches does not affect
our results (Supplementary Figs 2 and 3).

Our data reveal an ongoing expansion of the protein universe, such
that most extant protein sequences are still diverging from each other
and from the ancestral LUCA sequence, and have not yet reached the
structural and functional limits in sequence space. The linear rela-
tionship between Nt/Na and D suggests that, in contrast to the accel-
erating expansion of physical space28, the expansion of proteins in
sequence space is relatively constant (Fig. 3). However, 3.5 3 109 yr of
constant evolution was not enough for ancient proteins to reach the
limits of functional sequence divergence, and the ongoing divergence
must therefore be extremely slow.
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Figure 1 | Expansion of the physical and the protein universes. Physical
space continues to expand after the Big Bang, whereas sequence space is a
pre-defined abstract entity a limited subspace of which corresponds to
sequences with a specific function. In both cases, the correlation between
distance from one point of observation (green) to reference points in space
(blue) and the relative rates of divergence (blue arrows) reveals whether or
not these objects (proteins or galaxies) recede from a common point of
origin (middle diagram) or have reached the limit of their divergence (shown
only for proteins in the bottom-right diagram).
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Figure 2 | Measuring the rate of divergence of distant protein sequences.
We infer the directionality of a substitution by the use of closely related
outgroups (solid lines) and then relate them to an arbitrarily distant
reference sequence (broken line). a, A substitution leads ‘away’ from the
reference sequence (red) when the ancestral amino acid is identical to that at
the orthologous site of the reference sequence, and leads ‘towards’ the
reference sequence (blue) when the derived amino acid is identical to the
amino acid in the reference sequence. b, Use of amino-acid similarity to infer
the directionality of substitutions where neither the derived nor the ancestral
amino acid is identical to the reference amino acid. The substitution shown
in purple leads the evolving sequence away from the reference sequence
(His–Asp and Glu–Asp BLOSUM62 similarity scores are 21 and 2,
respectively), whereas the orange one leads the evolving sequence towards
the reference sequence (Trp–Tyr score, 2; Gly–Tyr score, 23). Directionality
cannot be determined when the BLOSUM62 scores of the ancestral and the
derived amino acids are equal to the score of the reference amino acid
(brown). c, Divergent sites (red brackets) and convergent sites (blue
brackets).
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The rate of evolution may be inhibited by two factors: non-
epistatic negative selection, where the fitness impact of every allele
is independent of genetic context and environmental factors; or a
high prevalence of sign epistasis. Sign epistasis is a property of fitness
landscapes such that an amino acid at a specific site confers high
fitness in one genetic background and low fitness in another12. If such
situations are common, the fitness landscape can be described as
rugged8 and the order in which substitutions accumulate is
restricted10, with the result that only a small fraction of the substitu-
tions that are possible in at least one genetic background can occur at
any given moment10–14. Also, the rate of evolution will be slow10,14

because fitness ridges will consist of fewer and longer evolutionarily
accessible paths in sequence space (Fig. 4), and evolving proteins may
meander through sequence space on such a rugged fitness landscape
for a long time before reaching the limit of their divergence.

Two sequences diverging under non-epistatic selection are
expected to reach their asymptotic level of divergence sooner or on
the same timescale as selectively neutral diverging sequences29. In the
absence of epistasis, the relative fitnesses of alleles at all sites are
independent of each other, selection against specific alleles is present
in all genetic contexts and entire regions of the sequence space confer
low fitness (Fig. 4c). As a result, the limit of sequence divergence for
proteins under non-epistatic negative selection is much closer, in
terms of protein distance, than that for neutrally evolving protein
sequences, and such selection reduces the time to reach this limit29.
Since LUCA, $100 of substitutions have occurred per synonymous
site30 and sequences under non-epistatic selection must already have
reached the limit of divergence. Thus, the ongoing divergence of
ancient proteins (Fig. 3) is inconsistent with non-epistatic negative
selection being the main factor responsible for their slow evolution.

To determine the extent of epistasis in ancient proteins, we com-
pared their divergence across different types of site. In the cluster-
reference alignments, we identified ‘divergent’ sites, those of type 1,
and ‘convergent’ sites, those of type 2 where the ancestral amino acid
could be changed to the reference amino acid with a single nucleotide
substitution. At divergent sites any substitution moves a sister species
away from the reference, whereas at convergent sites a fraction of
substitutions move a sister species towards the reference. For diver-
gent sites we recorded the total rate of non-synonymous evolution
(Kd), and for convergent sites we recorded the rate of those substitu-
tions that moved a sister species towards the reference (Kc), disre-
garding other substitutions (Fig. 2c). These measures are analogous
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Figure 4 | Sequence space of two nucleotide sites. Fitness landscapes as
modified from fig. 1 of ref. 9 as graphs in which vertices correspond to
unique sequences and edges correspond to mutational steps. a, When all
sequences confer high fitness (green vertices), there are two shortest paths
(purple arrows), two steps long, that connect two arbitrary points in
sequence space (AT and GC). b, When half of all sequences confer low fitness
(black vertices), the number of evolutionarily accessible paths is reduced and
their lengths are increased. c, When alleles G and A in the second site are
deleterious independently of the alleles in the first site, the fitness landscape
is a simple subset of the total sequence space and the availability of short
paths between vertices of high fitness is unaffected. The numbers of vertices
conferring high fitness are the same in the fitness landscapes shown in b and
c; however, b represents a highly rugged fitness ridge whereas c shows a
fitness ridge without any epistatic interactions.
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Figure 3 | The rate of expansion of the protein sequence universe. Nt/Na

values for sites where the derived or the ancestral amino acid was identical to
the reference amino acid (blue) and for all type-1 and type-2 sites (green),
including those where the directionality of the substitution was determined
from the BLOSUM62 matrix. The Nt/Na ratio for fourfold-synonymous sites
is shown in orange. Least-squares regression with correlation coefficient R is
shown for the Nt/Na values calculated without the BLOSUM62 correction
(blue). Error bars, s.e.m.
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to Ka, the rate of non-synonymous evolution, and differ from it only
by the types of site that are considered, such that Kd and Kc are
different components of Ka. We related Kd and Kc to the rate of
fourfold-synonymous divergence (K4) between the sister species
and plotted Kd/K4 and Kc/K4 as functions of D (Fig. 5).

Non-epistatic and epistatic selection lead to different predictions
for the relationships between Kd/K4 and D and Kc/K4 and D. If evolu-
tion proceeds on a non-epistatic fitness landscape (Fig. 4c), Kd/K4

should decrease as D increases, owing to the rapid initial accumula-
tion of nearly neutral changes, whereas Kc/K4 should remain roughly
constant in D. In contrast, for proteins evolving on an epistatic fitness
landscape (Fig. 4b), Kd/K4 should remain approximately constant
but Kc/K4 should decrease as D increases, starting from Kc/K4 < 1
when D 5 0, because relative fitnesses at orthologous sites become
progressively less similar in diverging proteins. Our data clearly
favour an epistatic fitness landscape of ancient proteins (Fig. 5).

As first recognized by John Maynard Smith,9 ‘‘functional proteins
must form a continuous network which can be traversed by unit
mutational steps without passing through nonfunctional intermedi-
ates’’. This network can be represented by a graph in which vertices
represent unique sequences connected by edges representing single
mutational steps (Fig. 4a). Although some aspects of the protein fit-
ness landscape (that is, the network) have been probed, we remain
largely ignorant of its global structure spanning sequence space. Our
data indicate high incidence of sign epistasis, such that selection asso-
ciated with a substitution at one site depends on other sites, and only a
small fraction of all possible sequences confer high fitness, leading to
slow divergence of ancient proteins. In principle, gradual environ-
mental changes, or evolution of the function itself, can also contribute
to the slow and continuous divergence of ancient proteins. However,
the functions of ancient proteins assigned to the same COG are
similar5–7,26 and the functional changes are therefore unlikely to be a
major cause of their continuing divergence. In contrast, compensatory
interactions between different sites in the protein structure are a well-
documented phenomenon11–14,16–21 that is expected to result in com-
plex, multidimensional sign epistasis and to contribute substantially
to the ruggedness of protein fitness landscapes11–13.

As a protein evolves along a rugged fitness ridge, some previously
forbidden amino-acid substitutions at a site become acceptable and
some previously acceptable substitutions become forbidden, owing to
compensatory substitutions at other sites of the same protein or its
interaction partners. Thus, the ruggedness of the fitness landscape in
sequence space can be roughly described by the change in the probability
that a particular amino acid is tolerated at a site as the entire protein
sequence evolves. A general estimate of this probability can be obtained

from the dependence of Kd/K4 and Kc/K4 on D. We find that Kd/
K4 < 0.02 and is approximately independent of D, showing that in
ancient proteins only ,2% of amino-acid substitutions are tolerated
at any given moment. Thus, for a specific ancient protein an orthologue
of any similarity has the same power to predict the fitness impacts of
substitutions at identical sites.

The dependence of Kc/K4 on D reflects the rate at which a substi-
tution that was previously tolerated becomes forbidden as the proteins
evolve. The Kc/K4 ratio is a monotonically decreasing function of D
that indicates a rapid loss of reversibility of substitutions, with half of
the reversals becoming forbidden after ,10% protein divergence
(Fig. 5). As D increases, Kc/K4 approaches an asymptotic value, such
that in only 10% of cases can amino acids at non-matching sites in two
sequences be interchanged without a substantial loss in fitness, regard-
less of whether the sequences have diverged by 40% or 80% (Fig. 5).
Thus, only similar orthologues are strong predictors of which amino
acids can be tolerated in another protein, and all orthologues with
divergence above 40% perform equally poorly. Taken together, these
data indicate that very few substitutions can be accepted at any time
and that amino acids which have been accepted at a site in the past
quickly become deleterious as the rest of the protein keeps evolving.

The following picture of the protein sequence space emerges from
our analysis. Ridges of high fitness corresponding to specific ancient
proteins occupy a tiny fraction of the entire volume of the sequence
space. However, these ridges are long and thin and can be more
accurately visualized as a wide-mesh net spanning a large part of
sequence space, rather than as a small volume within the space.
Such fitness ridges imply that sign epistasis and compensatory evolu-
tion in ancient proteins must be common. Our data show that .90%
of the sites in any protein can eventually accept a substitution given
the right combination of amino acids at other sites, although it is not
clear whether such substitutions are predominantly neutral or bene-
ficial. Regardless of the importance of positive selection in protein
divergence, it seems that many sites are conserved because there has
not been enough time to create the right combination of amino acids
at other sites to allow them to evolve, which may take billions of years.

Many biological phenomena, such as the evolution of sex10 and
compensatory evolution11–14, depend on the degree and nature of
epistasis. Our data indicate that protein fitness landscapes cannot
be described outside the framework of multidimensional epistasis10,
which can reflect non-trivial compensatory interactions, and that
simple forms of epistasis, such as synergistic or antagonistic epistasis,
do not provide an adequate theoretical framework for understanding
protein evolution9–14.

Sequence similarity between functionally related proteins in the
Eukaryota, Archaea and Bacteria is one of the strongest arguments
supporting the common ancestry of all of life and is used to identify
proteins likely to have been present in LUCA6,7,23. Our analysis shows
that it is conceivable that many more proteins were present in LUCA
but have since diverged beyond our ability to detect their homology,
and that given enough time some of the currently identifiable ortho-
logues among the major kingdoms of life will diverge beyond recog-
nition. Finally, our observation of receding protein sequences
provides novel evidence of the common ancestry of life.

METHODS SUMMARY

All available completely sequenced prokaryote genomes from GenBank were

combined with the COG database26, with 572 COGs that where predicted to

have been present in LUCA5 being used in the final analysis. We obtained 28

quadruplets of closely related species that were previously assigned to COGs such

that the sister species showed an average synonymous distance of between 0.1

and 0.8 and the average protein divergence between the closest outgroup and the

sister species was ,0.15. Orthologues from the 28 quadruplets species were

constructed using the two-directional best-BLAST-hit approach. The cluster-

reference alignments were selected from the 572 COGs present in LUCA and

consisted of orthologue quadruplets with other homologous reference sequences

from species that were phylogenetically more distant from the sister species than

the most distant outgroup.
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Figure 5 | Divergent and convergent evolution. The relative rates of
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Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
We obtained 836 completely sequenced prokaryote genomes from GenBank and

used a two-directional best-BLAST-hit approach26 to assign protein orthologues

for those genomes not already included in the COG database. Individual cluster-

reference alignments for each COGs were then aligned using the MUSCLE 3.6

program31. For our analyses, we used only the 572 COGs that were predicted to

have been present in LUCA5. We obtained quadruplets of orthologous genes

from 28 quadruplets of closely related genomes from among those we assigned to

COGs using data from the ATGC database32. The quadruplets were selected such

that the average synonymous distance (Ks) between the sister species was .0.1

and ,0.8 and the average protein divergence between the closest outgroup and

the sister species was ,0.15. As one of the tests to eliminate the possibility of

unknown biases in our ancestral reconstruction, we selected a subset of 15

quadruplets in which the non-synonymous divergence between the sister species

was Ka , 0.03 and that between both sister species and the outgroup was

Ka , 0.07, such that these distances minimize the possibility of potential bias
in the ancestral reconstruction affecting our results33. These data yielded the

same results as the data obtained using all 28 quadruplets (Supplementary Fig. 4).

Of these quadruplets, five were selected to measure the rate of divergence of

synonymous sites with Ks , 0.3 between any of the sister species and the outgroup.

Quintuplets with four sister species (Supplementary Fig. 2) with Ks , 0.1 within

one pair and Ks , 0.5 between the pair and the outgroup were selected to test the

possibility that substitutions on the terminal branches are the main contributors to

protein divergence. A list of species and accession numbers for all sequences used

in our study is available in Supplementary Tables 1 and 2. The cluster-reference

alignments were selected from the 572 COGs present in LUCA and represented

combinations of 28 quadruplets with other orthologous reference sequences from

species that were phylogenetically more distant from the sister species than from

the outgroup. We reconstructed the ancestral state between the two sister species

using three different methods. The data reported in the main text were obtained by

a Bayesian approach implemented in version 3.1.2 of MRBAYES34. With the

Bayesian approach, for each substitution we used the distribution of posterior

probabilities of all ancestral states, with Nt and Na representing the sum of all

substitutions multiplied by their posterior probabilities. When taking an average

Nt/Na ratio across different COGs, we discounted all ratios for which the sum of Nt

or Na values for one COG was less than two. Data obtained by a maximum-

likelihood approach using the PAML 4.1 program package35 and a simple

parsimony reconstruction using a single closest outgroup yielded the same results

as a Bayesian approach (Supplementary Fig. 4).

To eliminate the possibility of horizontal gene transfer from a sister species into a

reference genome, we eliminated from consideration individual orthologues that

were on average closer to the sister species than the outgroup orthologue. We

tested the impact of paralogues on our data by calculating Nt/Na as a function of D

using four methods of selecting different homologues from each COG as a ref-

erence sequence: choosing the closest reference homologue, the most distant

homologue, the average of all homologues and all homologues from each COG.

All four approaches revealed identical relationships between Nt/Na and D (data

not shown), and the data reported in the main text was obtained from 5,824,167

alignments using only the closest homologue from each COG. To test the effects of

multiple alignment biases, we replicated all of our data by obtaining Nt, Na and D

from large alignments of all sequences in each COG that were aligned using version

3.6 of the MUSCLE31 program. We also repeated our analyses with quality-

trimmed alignments using the TRIMAL 1.2 program36. The different alignment

approaches all yielded the same results, demonstrating a high degree of robustness

of our results to alignment noise (Supplementary Fig. 5).
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