
The determination of the amino acid sequences of sev-
eral homologous proteins in the late 1950s and early 
1960s was quickly followed by studies that estimated the 
rate of protein sequence evolution in different species1–3. 
The rate of protein sequence evolution has remained a 
central subject in evolutionary and molecular biology 
for half a century and is critical to the reconstruction 
of evolutionary history and mechanisms4,5. Early studies 
found that different proteins from the same species can 
evolve at vastly different rates2. According to the well-
accepted explanation by the neutral theory6, the rate of 
protein sequence evolution (k) equals the rate of muta-
tion (μ) multiplied by the proportion (p) of mutations 
that are neutral, as beneficial mutations are considered 
too rare to affect the rate of protein evolution. In theory, 
p is determined by the functional constraint on the pro-
tein: the stronger the functional constraint, the lower 
the value of p. Although the role of μ in determining k 
has been clearly demonstrated7, what constitutes func-
tional constraint has not been clearly defined. As a result, 
studies have only indirectly estimated the level of func-
tional constraint through the protein evolutionary rate. 
This circularity hampers mechanistic understanding 
of protein evolution. In the past 15 years, the increased 
availability of genomic data for species across the tree of 
life prompted an extensive search for the major deter-
minants of the protein evolutionary rate. Surprisingly, 
the functional importance of a protein, widely thought to 
approximate the level of functional constraint, has only 
a minor role8, whereas protein expression level is found 
to be a major determinant9. Subsequent theoretical and 

empirical studies identified multiple reasons behind 
the impact of expression level on the rate of protein 
sequence evolution10–17. These discoveries identified an 
unexpected role in protein evolution of natural selection 
against errors in molecular and cellular processes.

We review here the main discoveries made in this 
journey to characterize the rate of protein evolution. 
We detail several primary hypotheses and models that 
have been proposed to explain protein evolution rate and 
mechanism. We synthesize the new mechanistic under-
standing of protein evolution made possible by recent 
studies based on analyses of large genomic data sets, and 
offer our views on the substantial biological and medical 
implications of the progress made in this area. We focus 
on the evolutionary rate variation among proteins rather 
than that among sites within a protein, which is reviewed 
in REF. 18. We also do not discuss the rate variation of a 
given protein among different species7.

Foundations of the field
Early studies examining the rate of protein evolution 
resulted in two major discoveries that formed the foun-
dations of the fields of molecular evolution and com-
parative genomics. First, Zuckerkandl and Pauling2 
proposed the molecular clock hypothesis based on find-
ings of an approximately constant rate of evolution for 
a given protein across different evolutionary lineages. 
This discovery enabled molecular dating of evolution-
ary events that could not or did not leave adequate fossil 
records and now has as important a role as paleontology 
in providing a temporal scale of biological evolution19. 
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Neutral theory
A theory of molecular evolution 
asserting that most variations 
of DNA and protein sequences 
within and between species are 
selectively neutral rather than 
adaptive.

Functional constraint
The extent to which random 
mutations are purged by 
natural selection owing to  
their deleterious effects on 
protein function.

Functional importance
The fitness advantage to an 
organism conferred by the 
function of a protein.

Molecular clock hypothesis
The hypothesis that the same 
protein evolves with an 
approximately constant rate 
over time and across different 
organisms.
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Abstract | The rate and mechanism of protein sequence evolution have been central 
questions in evolutionary biology since the 1960s. Although the rate of protein sequence 
evolution depends primarily on the level of functional constraint, exactly what 
determines functional constraint has remained unclear. The increasing availability  
of genomic data has enabled much needed empirical examinations on the nature of 
functional constraint. These studies found that the evolutionary rate of a protein is 
predominantly influenced by its expression level rather than functional importance.  
A combination of theoretical and empirical analyses has identified multiple mechanisms 
behind these observations and demonstrated a prominent role in protein evolution of 
selection against errors in molecular and cellular processes.

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 16 | JULY 2015 | 409

© 2015 Macmillan Publishers Limited. All rights reserved

mailto:jianzhi@umich.edu


Dispensability
The degree to which an 
organism can survive and 
reproduce when a given  
gene is removed.

Orthologous gene
A gene from a different species 
that originated by vertical 
descent from a single gene of 
the last common ancestor  
of these species.

Second, by calculating the evolutionary rates of three 
proteins, Kimura3 noticed that the molecular evolu-
tionary rate is too high to have been driven by positive 
Darwinian selection, which, in conjunction with other 
observations in molecular biology20 and population 
genetic theories, led to the development of the neutral 
theory6, the only paradigm-changing conceptual revolu-
tion in evolutionary biology since the maturation of neo- 
Darwinism in the 1950s21. The neutral theory asserts 
that the vast majority of intraspecific polymorphisms 
and interspecific differences in protein sequence are 
selectively neutral rather than adaptive, contrasting the 
view of neo-Darwinists that most intraspecific and inter-
specific variations are adaptive. Commonly used meth-
ods for estimating the rate of protein sequence evolution 
are explained in BOX 1.

Functional importance
Historical development. The functional importance of 
a protein refers to the fitness advantage to an organism 
provided by the function of the protein. It is generally 
thought that the functional importance of a protein is 
a major determinant of its evolutionary rate; the more 
important a protein is, the slower it evolves22. This widely 
accepted belief is probably attributable to an influential 
article by Kimura and Ohta23 more than 40 years ago 
that summarized five principles governing molecular 
evolution. The second of the five principles reads “func-
tionally less important molecules or parts of a molecule 
evolve faster than more important ones”. At that time, 
the evolutionary rates of more than 20 proteins had been 
estimated. The highest evolutionary rate for a protein 
was observed in fibrinopeptides and was >1,000 times 
greater than the lowest rate, which was found for his-
tone IV. This comparison supported the notion that 
more important proteins evolve more slowly because 
Kimura and Ohta noted that fibrinopeptides have lit-
tle known function after they become separated from 
fibrinogen in the blood clot, whereas histones have 
crucial roles in gene regulation. Nonetheless, they also 

explained that fibrinopeptides evolve rapidly because 
nearly every amino acid is acceptable at each position of 
fibrino peptides as long as it does not interfere with the 
cleavage of the peptides, whereas in histones most amino 
acids at many sites are probably ‘unacceptable’ because 
they would affect histone function23. Interestingly, this 
latter explanation was actually referring to a higher func-
tional constraint on histones than fibrinopeptides rather 
than greater functional importance for the former than 
the latter. These authors were apparently using the terms 
functional importance and functional constraint inter-
changeably despite key differences in these concepts. In 
comparison to functional importance defined above, 
functional constraint of a protein refers to the extent to 
which random mutations are purged by natural selec-
tion owing to their deleterious effects on the protein 
function. In 2009, one of us (J.Z.) asked Ohta in per-
son whether functional importance or functional con-
straint was in her mind at the time of writing the paper 
published in 1974. She did not answer immediately but 
replied 10 days later in an e-mail that it was functional 
constraint.

Wilson et al.24 made one of the first clear distinc-
tions between functional constraint and functional 
importance. They suggested that the evolutionary rate 
of a protein is a mathematical function of dispensability  
— the probability that an organism can survive and 
reproduce without the given protein — and functional 
constraint. They predicted that, given the same func-
tional constraint, proteins with higher dispensability (or 
lower importance) should evolve faster.

Empirical findings. By Wilson et al.’s definition24, the 
functional importance of a protein can be measured by 
the fitness reduction caused by deleting the gene encod-
ing the protein. Thus, one could experimentally test 
whether the protein evolutionary rate decreases as func-
tional importance increases. However, this test was not 
feasible until the end of the twentieth century when gene 
deletion became a routine experiment in several model 
organisms. The first test performed on a large genetic 
data set was conducted by Hurst and Smith25, who clas-
sified 175 mouse genes into two groups: essential and 
non-essential. Essential genes were defined as those that 
resulted in lethality or infertility when deleted from the 
mouse genome, whereas deletion of non-essential genes 
did not. They also measured the nonsynonymous-to-
synonymous substitution rate ratio (dN/dS) (BOX 1) for 
each mouse gene by comparing with its rat orthologous 
gene. After removing immunity genes, which are likely 
to be subject to positive selection, the authors observed 
no significant difference in dN/dS between essential 
and non-essential genes, and they concluded that the 
functional importance of a protein does not affect its 
evolutionary rate25.

By the turn of the century, thousands of genes had 
been individually deleted from the budding yeast 
Saccharomyces cerevisiae genome. Further studies quan-
tified the growth rates of ~500 of these gene-deletion 
S. cerevisiae strains relative to the wild-type strain26. 
Hirsh and Fraser27 found, among non-essential genes, 

Box 1 | Measuring the rate of protein sequence evolution

The rate of protein sequence evolution (k) is commonly estimated by the number of 
amino acid substitutions per site between a pair of orthologous proteins (d), divided by 
twice the time since the divergence between the two species from which the proteins 
are found (t). The simplest method to estimate d is to align the orthologous proteins and 
compute the fraction of aligned amino acid positions that differ between the two 
sequences. Because not all amino acid substitutions that have occurred in the 
divergence of the orthologous proteins are observable, elaborated methods of 
estimating d by correcting for unobserved substitutions have been developed and are 
widely used90. The time since divergence (t) is commonly inferred from fossil records or 
estimated from molecular dating. When different proteins from the same species pair 
are compared, d may be directly compared because t is the same for all the proteins 
under consideration. If the interprotein variation in evolutionary rate caused by 
mutation rate heterogeneity is not of interest and needs to be excluded, one may use 
dN/dS as a measure of protein evolutionary rate, where dN is the number of 
nonsynonymous nucleotide substitutions per nonsynonymous site, and dS is the 
number of synonymous nucleotide substitutions per synonymous site90. Because dS is 
primarily determined by mutation rate, whereas dN is determined jointly by mutation 
rate and selection, dN/dS is determined by selection only.
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a significant but weak negative correlation between the 
fitness reduction caused by the deletion of a yeast gene 
and the protein evolutionary rate of the gene.

In the late 1990s, studies were reporting the first 
genome-wide measurements of gene expression levels 
using microarray technology28. Based on an analysis of 
these gene expression data, Pal et al.9 reported a strong 
negative correlation between the expression level of a 
gene and the evolutionary rate of its protein sequence. 
They subsequently demonstrated that the correlation 
reported by Hirsh and Fraser disappeared after control-
ling for gene expression level29, suggesting that Hirsh 
and Fraser’s finding was due to covariations between 
gene expression level with both functional importance 
and evolutionary rate instead of a causal relationship 
between functional importance and evolutionary rate.

Zhang and He30 revisited this hypothesis after 
additional genomic data from yeast species became 
available. They found a weak but significant negative 
correlation between protein evolutionary rate and gene 
importance defined by the fitness reduction upon gene 
deletion, with or without controlling for gene expres-
sion level. Nonetheless, the partial rank correlation, 
which is the correlation in rank between two variables 
after controlling for confounding factors, indicates 
that only ~1% of the variance in protein evolutionary 
rate can be explained by the variance in the functional 
importance of the gene. By contrast, ~25% of the vari-
ance in protein evolutionary rate is explainable by the 
variance in gene expression level. Similar findings were 
made by Wall et al.31. Liao et al.32 repeated Hurst and 
Smith’s study25 with expanded mouse data, reporting 
a significant negative correlation between gene essen-
tiality and protein evolutionary rate, with or without 
controlling for gene expression level, although the cor-
relation is again weak. In bacteria, protein functional 
importance has a statistically significant impact on 
protein evolutionary rate33, but the influence of expres-
sion level is much greater34. In summary, experimental 
studies in bacteria and eukaryotes demonstrated that 
the functional importance of a protein only has a weak 
impact on its evolutionary rate.

Why is the correlation between protein functional 
importance and evolutionary rate so weak? Wang and 
Zhang8 addressed this question from a theoretical per-
spective, finding that the correlation depends on the dis-
tribution of the fitness effects of deleterious mutations 
(BOX 2). Unfortunately, the lack of empirical data for this 
distribution prohibited a definitive theoretical prediction 
on the expected magnitude of the correlation, and this 
situation has not changed since their study.

Laboratory and natural environments. A caveat of all 
of the experimental studies of the correlation between 
protein evolutionary rate and functional importance is 
that, although evolution occurs in natural environments, 
functional importance is measured in laboratory condi-
tions. This mismatch is expected to reduce the correla-
tion because it is the functional importance in nature 
rather than in the laboratory that is predicted to affect 
the evolutionary rate. Wang and Zhang8 studied whether 

the correlation between functional importance and evo-
lutionary rate would be strengthened should functional 
importance be measured in natural environments. They 
could not find a strong correlation between evolutionary 
rate and functional importance measured in any of the 
418 laboratory conditions or predicted (for metabolic 
enzymes) in any of the 10,000 simulated nutritional con-
ditions. Even combinations of the above conditions did 
not enhance the correlation much. Furthermore, they 
found no significant difference in evolutionary rates 
between enzymes that are essential under any nutri-
tional condition and those that are non-essential under 
any nutritional condition. Taken together, these results 
strongly suggest that, at least in yeast, the weakness of the 
correlation is not due to differences in the environment.

Predictive power. Even though these empirical stud-
ies found only a weak correlation between functional 
importance and evolutionary rate, many researchers 
continue to use sequence conservation to predict func-
tional importance35 and conclude that the prediction 
is useful36. Wang and Zhang8 noted that if two yeast 
proteins were picked at random, there would be a 54% 
probability that the more slowly evolving protein is 
functionally more important than the other protein, 
where functional importance is measured by the fit-
ness effect of gene deletion. This is consistent with the 
weak correlation reported between these two properties. 
However, when they ranked all proteins by evolutionary 
rate and compared two proteins that are separated in 
rank by more than 95% of all proteins, the probability 
that the more slowly evolving one is more functionally 
important than the other becomes 81%. Apparently, the 
predictive power of the correlation is evident only when 
proteins with a large difference in evolutionary rate are 
compared. This also provides an explanation as to why 
the rate–importance correlation has been successfully 
used in predicting the functionality of non-coding DNA 
sequences because most of the reported experimental 
validations were comparing highly conserved sequences 
— for example, sequences of at least 200 nucleotides that 
are identical among humans, mice and rats36 — with 
completely unconstrained sequences.

Gene expression level
Gene expression level is a major rate determinant. As 
mentioned above, Pal et al.9 first reported the unex-
pected finding that, in yeast, the evolutionary rate of a 
protein is strongly negatively correlated with its micro-
array-based mRNA concentration. This negative cor-
relation is often referred to as the E–R anticorrelation, 
where E stands for gene expression level and R repre-
sents evolutionary rate. The E–R anticorrelation exists 
in all three domains of life14,34,37, especially when gene 
expression levels are measured by the more accurate 
RNA sequencing method instead of the earlier microar-
ray method (FIG. 1). In unicellular organisms, the mRNA 
concentration of a gene varies across cell cycle stages 
and environments, but most studies used data collected 
from the mid-log phase of growth under rich media, 
which presumably reflect average concentrations across 
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Effective population size
(Denoted as Ne). A measure of 
the strength of random genetic 
drift in a population. The lower 
the Ne, the stronger the genetic 
drift. Ne is influenced by  
the census population size, 
breeding system and sex ratio, 
among other factors.

cell cycle stages. In multicellular organisms, mRNA 
concentration data used are typically from the whole 
organism or are averaged from several examined tissues. 
Although the E–R anticorrelation tends to be present 
regardless of the tissue in which gene expressions are 
measured, the magnitude of the anticorrelation does 
vary among tissues14.

Because of the strong correlation between mRNA 
and protein concentrations38,39, the negative correla-
tion between protein concentration and evolutionary 
rate is also strong40. Drummond et al.10 showed that 
the E–R anticorrelation is weaker when E represents 
protein concentration than when it stands for mRNA 
concentration. However, it is unclear whether this dis-
parity is genuine or whether it simply reflects different 
qualities of proteomic and transcriptomic data. Because 
proteomic data are available in much fewer species than 

are transcriptomic data, most studies have used mRNA 
concentrations in the study of E–R anticorrelation. In 
this Review, E refers to mRNA concentrations. It is inter-
esting to note that the E–R anticorrelation has also been 
observed among RNA genes41,42 (see Supplementary 
information S1 (box)), and the impact of the expres-
sion level of a gene on its evolution extends beyond the 
sequence level (BOX 3).

The protein misfolding avoidance hypothesis. What is 
the mechanism underlying the E–R anticorrelation? 
This anticorrelation cannot be a by-product of the 
covariations of protein functional importance with 
both E and R because the E–R anticorrelation remains 
strong after controlling for protein functional impor-
tance30,31. Drummond et al.10 proposed the translational 
robustness hypothesis to explain the origin of the E–R 

Box 2 | Theoretical prediction of the impact of the functional importance of a protein on its evolutionary rate
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In qualitative terms, the functional importance of a protein should influence 
its evolutionary rate, but their quantitative relationship is complex and 
depends on the effect sizes of mutations. Consider the simplest scenario in 
which only two kinds of mutations exist: they either completely abolish the 
function of a gene (with probability α) or do not affect the gene function at 
all. Let μ be the mutation rate, β be the functional importance (defined as 
the probability that an organism cannot survive or reproduce without the 
gene), N be the population size of the organism and N

e
 be the effective 

population size. The protein substitution rate (k) in diploid organisms is 
represented as k = (1 – α)μ + α(2Nμ)f = μ[1 – α(1 – 2Nf)], where the fixation 
probability (f) of a new null mutation6 is as follows.

1 – e Ne/Nβ
f =

1 – e2 Neβ

It can be shown8 that k is a monotonically decreasing function of β. 
However, f and k are relatively insensitive to β, unless β is on the order of 1/N

e
. 

Thus, when mutations are null or have no functional effect, a strong 

negative correlation between functional importance and evolutionary rate 
is not expected8. A hypothetical scenario with α = 0.8 is shown in the upper 
part of the figure, where the left panel depicts the cumulative probability 
distribution of deleterious functional effects of random mutations, the 
middle panel shows the theoretical relationship between the functional 
importance of a gene and the protein evolutionary rate measured by dN/dS 
(see BOX 1), and the right panel depicts the same relationship for 1,000 
genes simulated using functional importance and population size data from 
the budding yeast when estimation errors were taken into account. 
Nonetheless, under a different model with the presence of a sizable fraction 
of deleterious mutations that have functional effects between 1/N

e
 and 

100/N
e
, a substantial correlation between functional importance  

and protein evolutionary rate becomes possible8. A hypothetical scenario 
is shown in the lower part of the figure; in this scenario, 20% of  
null mutations, 20% of neutral mutations and 60% of slightl y deleterious 
mutations have functional effects that follow the beta distribution of β(1, 106). 
ρ, Spearman’s rank correlation coefficient. Figure adapted from REF. 8.
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anti correlation. The key assumption of the hypothesis is 
that protein misfolding is cytotoxic and reduces fitness43. 
As protein translation is not error-free44 and translational 
errors may reduce protein stability and induce protein 
misfolding, highly expressed genes are under stronger 
selective pressures than lowly expressed genes to evolve 

translational robustness that reduces translational error 
and/or increases protein stability. This requirement for 
translational robustness constrains sequence evolution. 
Consequently, more highly expressed proteins evolve 
more slowly (FIG. 2). A molecular-level simulation con-
firmed that, under the assumptions of the model, natural 

Figure 1 | The negative correlation between gene expression level 
and protein evolutionary rate (E–R anticorrelation) exists in all three 
domains of life. Protein evolutionary rate is measured by the percentage 
sequence difference between proteins from a focal species and their 
orthologous proteins from a closely related species. Each grey dot 

represents one gene, and the red–light blue gradient represents the density 
(high to low) of dots such that overplotting is avoided. For each species, the 
line shows the linear regression, whereas ρ is Spearman’s rank correlation 
coefficient. See Supplementary information S2 (box) for the sources of the 
data used in making the figure.
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Protein misfolding
The process by which a protein 
structure assumes a non-native 
shape or conformation, which 
not only diminishes the 
physiological function of the 
protein but may also create 
cytotoxicity.

Preferred codon
A codon that is used more 
frequently than its synonymous 
codons in a genome sequence.

Mistranslated proteins
Nascent proteins in which 
incorrect amino acids have 
been incorporated during 
synthesis, which may be 
caused by incorrect charging  
of tRNAs by aminoacyl tRNA 
synthetases or incorrect 
acceptance of tRNAs by 
ribosomes.

Protein misinteraction
A non-native interaction 
between protein molecules 
that not only reduces the 
concentrations of freely 
available protein molecules  
but may also be toxic.

selection will result in more-stable protein structures, 
lower translational errors and lower evolutionary rates 
for more highly expressed proteins14. Among various 
synonymous codons of an amino acid, the preferred 
codon is believed to be decoded more accurately, and 
it tends to occupy evolutionarily conserved residues 
within a gene45. In support of the translational robust-
ness hypothesis, Drummond and Wilke14 found that the 
favourable use of preferred codons at conserved sites is 
stronger for the 10% most highly expressed genes than 
for average genes.

Although Drummond et al.’s model encompasses 
misfolding of correctly translated and mistranslated  
proteins14, their studies focused on mistranslation-
induced misfolding10,14. Yang et al.13 estimated that, 
depending on the folding stability of a protein, 5–20% 
of misfolded protein molecules are correctly translated. 
Their simulation confirmed that the E–R anticorrela-
tion can arise from selection against both translational 
error-induced misfolding and error-free misfolding, 
prompting the renaming of the translational robust-
ness hypothesis to the protein misfolding avoidance 
hypothesis13 (FIG. 2). The misfolding avoidance hypoth-
esis makes three predictions, each of which has been 
empirically supported13. First, highly expressed proteins 
were found to have higher folding stabilities than lowly 
expressed ones13. Furthermore, highly expressed and 
slowly evolving proteins share compositional proper-
ties with thermo philic proteins, which are known to be 
particularly stable46. Second, amino acids and codons 
that increase protein stability were reported to be more 
prevalent in highly expressed genes than lowly expressed 
ones13. Third, amino acid positions where random muta-
tions would destabilize the protein structure were found 
to be evolutionarily more conserved than other positions 
of the same protein13.

The protein misinteraction avoidance hypothesis. It is 
well known that amino acid residues located inside a pro-
tein structure (that is, core residues) have more central 
roles than surface residues in protein folding stability47. 
However, surface residues show an E–R anticorrelation 

as strong as that of core residues, suggesting that selec-
tive pressures other than misfolding avoidance might 
also be present, especially on surface residues11. Yang 
et al.11 showed that the E–R anticorrelation is only mod-
erately weakened by the removal of amino acids that sta-
bilize protein folding and that the impact of this removal 
on the E–R anticorrelation is smaller when amino acids 
are removed from protein surfaces than from protein 
cores. Considering the importance of surface residues 
in protein–protein interactions, these authors proposed 
the protein misinteraction avoidance hypothesis11. This 
hypothesis is based on the notion that, even under physi-
ological conditions, proteins may by chance engage in 
deleterious protein–protein interactions with no physi-
ological function48–50. Because the number of misinter-
acting molecules increases with protein concentration, 
highly expressed proteins are under a stronger pressure 
to avoid misinteraction, which constrains their evolu-
tion and creates an E–R anticorrelation (FIG. 2). Using 
computer simulation of a three-dimensional lattice 
protein model, Yang et al.11 confirmed that selection 
against deleterious misinteraction results in an E–R 
anticorrelation. The misinteraction avoidance hypoth-
esis predicts that, compared with lowly expressed pro-
teins, highly expressed proteins disfavour residues that 
promote misinteraction, exhibit a lower misinteraction 
probability per molecule and have higher conservation 
for misinteraction-avoiding residues. These predictions 
were tested and supported by experimental studies in 
yeast11, Escherichia coli 51 and humans51. Yang et al.11 
further predicted that selection against misinteraction 
should result in translational robustness manifested 
by reduced mistranslation and reduced misinteraction 
upon mistranslation, but these predictions have yet to 
be experimentally tested. As expected, the misinterac-
tion avoidance hypothesis outperforms the misfolding 
avoidance hypothesis in explaining the E–R anticorrela-
tion for amino acids on protein surfaces11. Nevertheless, 
even together, the two hypotheses seem to be insufficient 
in providing a full explanation for the anticorrelation 
because each of them explains only a moderate fraction 
of the anticorrelation11.

Box 3 | Impact of gene expression level on other aspects of molecular evolution

In addition to affecting the rate of protein sequence evolution, the expression level of a gene also influences the rates 
of many other molecular evolutionary events. First, gene expression level affects the mutation rate via two processes: 
transcription-associated mutagenesis (TAM) and transcription-coupled repair (TCR), which increase and decrease the 
mutation rate, respectively91,92. Recent genomic studies of bacteria, yeast and the human germ line showed that  
the effect of TAM exceeds that of TCR such that highly expressed genes tend to have high mutation rates93–96. In most 
studies of the E–R anticorrelation, R is estimated by protein divergence, including the effects of both mutation and 
selection. Because the mutational and selective effects of high expression levels are opposite, the selective effect is 
expected to be stronger than what the current E–R anticorrelation reveals93. Second, transcription is known to induce 
recombination97. Third, high gene expression levels are correlated with a low rate of intertissue expression profile 
evolution in mammals, although the mechanism remains unclear98. Fourth, highly expressed genes are more resistant 
than lowly expressed genes to gene dosage changes16. Fifth, highly expressed genes are less likely than lowly 
expressed genes to be horizontally transferred in bacteria, probably because the fitness cost of a transfer to the 
recipient — arising from the energy expenditure in transcription and translation, cytotoxic protein misfolding, 
reduction in cellular translational efficiency, detrimental protein misinteraction and/or disturbance of the optimal 
protein concentration or cell physiology — increases with the expression level of the transferred gene, whereas the 
benefit of the transfer does not increase with the expression level99.
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mRNA folding strength
A measure of the reduction in 
free energy of a folded mRNA 
molecule compared to its 
unfolded form.

The mRNA folding requirement hypothesis. Park et al.12 
proposed the mRNA folding requirement hypoth-
esis to explain the E–R anticorrelation. It had been 
reported that the mRNAs of highly expressed genes 
have stronger folding (that is, with more negative free 
energies or higher fractions of paired bases) than those 
of lowly expressed genes52. Park et al.12 showed that this 
disparity is not a by-product of nucleotide, codon or 
amino acid compositional differences among genes of 
different expression levels but results from intensified 
selection for strong mRNA folding in highly expressed 

genes. If high-concentration mRNAs have been selected 
for strong folding, then a random mutation is more 
likely to reduce mRNA folding and be harmful when 
occurring in a highly expressed gene than in a lowly 
expressed gene. Consequently, the higher the gene 
expression level, the lower the substitution rate, creat-
ing an E–R anti correlation (FIG. 2). In support of this 
hypothesis, Park et al.12 detected a strong negative cor-
relation between mRNA folding strength and protein evo-
lutionary rate both before and after controlling for gene  
expression level.
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Figure 2 | Natural selection against errors in protein translation, folding 
and interaction can explain the E–R anticorrelation. The upper part of 
the figure shows key molecular processes in the production and functioning 
of proteins, as well as the types of error generated in these processes.  
The lower part of the figure shows expected relationships between the 

expression level of a protein and the properties of the protein in relation to 
the various errors mentioned, providing rationales for the hypotheses that 
natural selection against molecular errors generates the E–R anticorrelation. 
The orange and dark blue ovals show relationships between expression  
level and various gene properties before and after selection, respectively. 
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However, why would more highly expressed genes 
be under selection for stronger mRNA folding? It was 
recently discovered that strong mRNA folding at the 
leading edge of an elongating ribosome slows decoding 
at the ribosome A site and increases translational accu-
racy due to a trade-off 15. Fast elongation is beneficial in 
alleviating ribosome sequestration when ribosomes are 
in shortage during rapid cell growth, but fast elongation 
is also costly because it compromises translational fidel-
ity, which would waste material and energy for protein 
synthesis and induce toxic protein misfolding and mis-
interaction. One theoretical study modelled the cost and 
benefit of fast elongation and found that the optimal ribo-
somal elongation speed decreases as the expression level 
of the protein increases15. In short, the requirement for 
stronger mRNA folding of more highly expressed genes is 
thought to be attributable to the demand for translational 
accuracy, but whether this is the sole reason is unknown.

The expression cost hypothesis. Gout et al.16 and Cherry17 
independently proposed the expression cost hypothesis 
to explain the E–R anticorrelation (FIG. 3). This hypoth-
esis is based on two assumptions. First, protein synthe-
sis has associated cost (C) and benefit (B) that are both 
increasing functions of protein abundance. Second, the 
optimal protein abundance (ε) is reached when the rate 
of increase in C with protein abundance equals that of 
B; that is, if one more protein molecule is synthesized 
at the optimal expression level measured by protein 
abundance, the extra benefit should equal the extra 
cost: Bʹ(ε) = Cʹ(ε), where the prime symbol denotes the 
derivative. Hence, a mutation that decreases the protein 
activity by a small fraction q, having a functional effect 
equivalent to the loss of qε molecules, will reduce the 
fitness by qεBʹ(ε) = qεCʹ(ε). Thus, if Cʹ(ε) is constant 
among genes, the higher the value of ε, the stronger the 
selection against the deleterious mutation with a given q, 
leading to an E–R anticorrelation. Under the expression 
cost hypothesis, the E–R anticorrelation results from 
selection against mutations disrupting protein physi-
ological functions, unlike all other hypotheses propos-
ing that the anticorrelation arises from selection against 
mutations enhancing protein toxicity. Nonetheless, the 
functional importance of a protein, measured in this 
model by B(ε) – C(ε), may be different for two proteins 
with the same expression level, whereas proteins with the 
same functional importance may have different expres-
sion levels. The expression cost hypothesis predicts that 
the strength of selection against deleterious mutations 
is determined by the expression level rather than by  
functional importance.

However, the validity of the elegant expression cost 
hypothesis in explaining the E–R anticorrelation has not 
been extensively investigated empirically. One piece of 
evidence used to support this hypothesis is that delet-
ing an allele of a highly expressed gene from a diploid 
yeast tends to cause more harm than deleting an allele 
of a lowly expressed gene16, but it is unclear whether this 
phenomenon results from the expression cost hypoth-
esis or simply a by-product of the correlation between 
functional importance and expression level that is unre-
lated to the expression cost hypothesis. Furthermore, 
it is not a precise test of the expression cost hypothesis 
because the test is conducted for mutations with q = 0.5,  
whereas the hypothesis requires q << 1.

What constituents are included in the cost of pro-
tein expression is another crucial question. It certainly 
should include the material and energy costs (that is, 
synthetic costs) of transcription and translation, which 
are proportional to the product of protein length and 
expression level. Intriguingly, if the expression cost 
is entirely due to the synthetic cost, proteins of differ-
ent lengths should have different expression costs per 
molecule, and the expression cost hypothesis would 
no longer predict slower evolution of more highly 
expressed proteins. What it would predict is slower evo-
lution of more highly expressed proteins upon control-
ling for protein length and slower evolution of longer 
proteins upon controlling for expression level. Based 
on our analysis of yeast data, the former prediction is 
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Figure 3 | The expression cost hypothesis of the E–R anticorrelation. a | The 
functional benefit of the expression of a gene and the cost of expression for each gene 
are plotted. The graph shows that the functional benefit and the cost of expressing an 
extra molecule at the optimal expression level are equal. A mutation that reduces 
protein activity by a fraction q imposes a bigger loss of benefit for the highly expressed 
gene (dy

1
) than the lowly expressed gene (dy

2
). b | The expected trends of various gene 

properties as the optimal expression level (shown by the top bar) decreases. The height 
of a symbol represents the quantity concerned. ε represents the optimal protein 
abundance, B and C denote the benefit and cost of the expression, respectively, and c 
represents expression cost per molecule. 
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Pleiotropic
Pertaining to pleiotropy:  
the phenomenon whereby  
one gene or one mutation 
affects multiple traits.

supported but the latter is not, suggesting that the syn-
thetic cost is at most a minor component of the protein 
expression cost. Presumably, the expression cost also 
includes the deleterious effects of protein mistransla-
tion, misfolding and misinteraction. Several studies 
showed reduced per-molecule cost of mistranslation, 
misfolding and misinteraction for highly expressed pro-
teins compared with lowly expressed ones11,13–15. There 
is also evidence that highly expressed proteins tend to 
use amino acids with relatively low synthetic costs53. In  
other words, Cʹ(ε) becomes smaller as ε increases.  
In the extreme case, εCʹ(ε) may become similar among 
genes with different ε. Consequently, larger ε no longer 
results in stronger purifying selection, leading to the col-
lapse of the hypothesis. The expression cost hypothesis 
is probably correct to some extent, but its importance, 
relative to the other hypotheses, in explaining the E–R  
anticorrelation requires further investigation.

Correlates of protein evolutionary rate
In addition to the factors discussed above, numerous 
other correlates of the protein evolutionary rate have been 
reported (TABLE 1). Of particular interest is the effect of 
the fusion of a pair of domains in multidomain proteins 
on the domain-specific evolutionary rates54. Wolf et al.54 
discovered that domains with substantially different evo-
lutionary rates in separate proteins retain these domain-
specific rates to some extent even within the context of 
multidomain proteins. This suggests the importance  
of domain-specific features in determining the protein 
evolutionary rate, but it is unclear what these features are. 
They could be constraints arising from domain-specific 
functions but could also be domain-specific probabilities 
of protein misfolding and/or misinteraction.

Many reported rate determinants in TABLE 1 have 
small effects, although a few seem to show moderate 
impacts. Nevertheless, the mechanisms behind their 
direct or indirect impacts are often unknown. For 
instance, the number of types of microRNA targeting 
a mammalian gene is the best predictor of the protein 
evolutionary rate of the gene55, and its impact goes 
beyond those of gene expression level55 and 3ʹ untrans-
lated region length56. One suggested mechanism is that 
the number of microRNA type reflects the pleiotropic 
level of the target gene55, which is known to constrain 
protein evolution57. However, it is unclear why this num-
ber measures the pleiotropic level, which by definition 
is the number of functions of the gene, and exactly how 
pleio tropy constrains protein evolution. Furthermore, 
if pleio tropy is a primary rate determinant, it is puz-
zling why the number of protein interaction partners 
of a protein, which is presumably a reliable measure of 
pleio tropy, has only a minor effect on protein evolution-
ary rate58,59. Understanding why these and other factors 
do or do not affect protein evolutionary rates will be an 
important task for the future.

All of the factors discussed so far affect the inten-
sity of purifying selection, which prevents the fixation 
of deleterious mutations. In theory, the rate of protein 
evolution is also affected by positive selection, which 
promotes the fixation of beneficial mutations. However, 

because the vast majority of mutations are deleterious, 
the impact of purifying selection far exceeds that of 
positive selection in the evolution of almost all proteins. 
The prominent impact of positive selection on the rate 
of protein evolution is evident in only a small fraction 
of proteins, mainly those subject to recurrent posi-
tive selection that is typically related to host–pathogen 
interactions60 or intersexual interactions61. For this rea-
son, factors pertaining to positive selection are usually 
ignored in the search for correlates of protein evolution-
ary rate, but whether this negligence affects our under-
standing of the rate determinants remains to be studied.

Implications for biology and medicine
As reviewed here, the functional importance of a pro-
tein is not a major contributor to functional constraint 
in the evolution of the protein. Based on our current 
understanding of the major correlates of the rate of 
protein sequence evolution and their underlying causes, 
important components of the functional constraint 
include propensities for several types of molecular and  
cellular errors, such as mistranslation, misfolding  
and misinteraction. As a result, the word ‘functional’ 
in ‘functional constraint’ should not be interpreted 
exclusively or even primarily as relating to physiologi-
cal function but should also include toxicity (or negative 
function). In other words, mutations can be unaccep-
table owing to the disruption of a physiological func-
tion or the creation of toxicity. This is a substantially 
expanded understanding of protein evolution from the 
standard explanation that has dominated evolutionary 
biology for nearly 50 years.

There are several important biological implications 
of this new understanding of protein evolution. First, 
the evolutionary rate of a protein only reflects to a very 
small extent the importance of the protein’s physiological 
function. Inference of the relative importance of proteins 
from their evolutionary rates is expected to be unreli-
able, unless there is a large difference in their evolution-
ary rates. Second, a lower-than-neutral rate of sequence 
evolution suggests that the sequence is constrained, but 
the reason could be the existence of a physiological func-
tion or a propensity for one or more toxic cellular and 
molecular errors. For instance, translational stop codon 
readthrough has been reported for hundreds of fruitfly 
genes, and the average evolutionary rate of the translated 
regions downstream of the stop codons is slightly lower 
than that of neutral sequences62. This observation is not 
a proof that the post-stop-codon regions have physi-
ological functions because the observation could be due 
to toxicity avoidance constraints. Third, studies in the 
past decade have revealed many stochastic errors and 
noises in cellular and molecular processes such as gene 
expression63 and pre-mRNA splicing64. This is hardly 
surprising because these processes require biochemical 
reactions, which are stochastic in nature. The biological 
importance of these errors and noises is only starting to 
be understood65–69, and the discovery of their dominant 
roles in shaping protein evolution points to a potential of 
their involvement in all aspects of cellular and molecular 
biology as well as evolution.
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Designability
The number of protein 
sequences that adopt a  
protein structure.

Protein conformational 
diversity
The degree of structural 
variations of various native 
states of a protein.

The new understanding of protein evolution also has 
medical implications. First, the notion that a large frac-
tion of unacceptable mutations are not loss-of-function 
mutations but gain-of-toxicity mutations provides new 
insights into the mechanistic basis of certain genetic 
diseases. For example, misfolding of proteins is known 
to cause various diseases70. Computational analysis has 
suggested that up to 80% of disease-causing missense 
mutations reduce protein structural stability, which 
would increase the misfolding probability71. Similarly, 
hydrophilic-to-hydrophobic mutations on the surface 
of a highly expressed protein could induce deleterious 
protein misinteraction, as seen in some mutants of the 
tumour suppressor gene TP53 (REF. 72). Furthermore, 
overexpression of a promiscuous protein that has low 
expression levels under normal conditions could induce 
disease-causing protein misinteraction, as demonstrated 
in cancers49. Second, the prediction of disease-causing 
mutations is of substantial medical importance and is 
a rapidly growing field73,74. The new understanding of 
critical factors constraining protein evolution allows 

better predictions of potentially harmful mutations and 
the associated mechanisms. Third, although natural 
selection has reduced the rates of several molecular and 
cellular errors discussed in this Review, somatic muta-
tions could bring them back to high levels. Whether 
increased error rates caused by somatic mutations are 
partially responsible for ageing75,76, cancer77 and other 
diseases78 is worth systematic investigation.

Conclusions and future studies
Studies of the rate of protein evolution began with the 
field of molecular evolution in the 1960s and have been 
recently renewed by the wide availability of genomic 
data. Although these recent studies have uncovered 
unsuspected forces in protein evolution, several ques-
tions remain for future studies. First, although the 
expression cost hypothesis of the E–R anticorrela-
tion is theoretically attractive, it still lacks definitive 
empirical evidence, and the main components of the 
expression cost have not been specified. Second, the 
interdependency, relative contributions and combined 

Table 1 | Correlates of the protein evolutionary rate

Correlates Properties of faster evolving proteins Organisms Refs

Gene expression level Lower expressions Bacteria, archaea and 
eukaryotes

9,14,34, 
37

Functional importance Lower importance and higher 
dispensability

Yeast and mammals 27,30–32

Expression breadth among tissues Lower expression breadth and higher 
tissue specificity

Mammals 32,100

Expression timing in development Expression in late embryogenesis and 
adulthood

Zebrafish 101

Promoter and gene body 
methylation

Higher levels of promoter methylation 
but lower gene body methylation levels

Mammals 102

Chaperone targeting Higher levels of chaperone targeting Bacteria and eukaryotes 103,104

Protein subcellular localization Higher tendency to be extracellular Yeast and mammals 105

Codon usage bias Weaker codon usage bias Bacteria and eukaryotes 14

Distance from the origin of 
replication

Larger distance Bacteria and archaea 106, 
107,108

Pleiotropy Lower pleiotropy Eukaryotes 57

Protein–protein interaction 
network properties

Lower connectivity, closeness and 
betweenness

Eukaryotes 58,109 
,110

Metabolic network property Lower flux and connectivity Yeast 111

Regulatory network properties Higher centrality Yeast 112

Targeting by microRNAs Fewer types of targeting microRNA Mammals 55

Gene compactness Shorter introns and untranslated regions Mammals 32

Protein length Longer proteins Yeast and mammals 113,114

mRNA folding Weaker mRNA folding Bacteria and eukaryotes 12

GC content Lower GC content Mammals 113

Domain structure Lower density of domains Animals and plants 54

Protein disordered regions More-disordered regions Bacteria and eukaryotes 115

Protein structural designability Higher inter-residue contact density and 
higher fraction of buried sites

Yeast 114

Protein conformational diversity Lower conformational diversity Mammals 116
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explanatory power of the multiple identified causes of 
the E–R anticorrelation are unclear, and it is unknown 
whether additional causes exist. Third, apart from mis-
translation, protein misfolding and protein misinter-
action, other cellular and molecular errors — such as 
transcriptional error, splicing error, RNA editing error, 
translation initiation from upstream start codons and 
translational stop codon readthrough — have not been 
investigated for their potential effects on the protein 
evolutionary rate. Fourth, the distribution of the fit-
ness effects of mutations in a gene plays an important 
part in determining the rate of protein sequence evo-
lution (BOX 1), but the details of this distribution have 
not been elucidated empirically. Recent studies using 
high-throughput next-generation DNA sequencing 
methods are making progress in characterizing this 
distribution79,80. Nevertheless, the functional basis of 
the fitness distribution is more difficult to identify and 
may, for example, involve weakening of the physiologi-
cal function of a protein and enhancement of its cyto-
toxicity. Fifth, because cellular errors may by chance 
create new protein variants, it would be interesting to 

study whether these errors have important roles in the 
origin of new protein functions and adaptation81. Sixth,  
the mechanisms underlying the correlations between the  
protein evolutionary rate and many of the factors listed 
in TABLE 1 are unknown, and an integrative approach 
is required for understanding the interdependencies 
among these factors82–84. Seventh, how much of what 
we have learned about the evolutionary rate of proteins 
apply to the evolutionary rate of non-coding RNAs is 
a largely unexplored area (see Supplementary infor-
mation S1 (box)). Eighth, the evolutionary rate of a 
particular protein can change during the course of 
evolution, but major factors underlying such changes 
remain largely unknown85. Last, this Review is focused 
on the variation of evolutionary rate among differ-
ent proteins rather than among different regions of a 
protein. Although the latter has been extensively stud-
ied86,87, the connection between the two variations is not 
well understood88,89. By answering these major unsolved 
questions, the study of protein evolutionary rate holds 
promise to offer further insights into the mechanisms 
of evolution and disease.
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