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Abstract

Native state of proteins is better represented by an ensemble of conformers in equilibrium than by only one structure.
The extension of structural differences between conformers characterizes the conformational diversity of the protein. In
this study, we found a negative correlation between conformational diversity and protein evolutionary rate. Conforma-
tional diversity was expressed as the maximum root mean square deviation (RMSD) between the available conformers in
Conformational Diversity of Native State database. Evolutionary rate estimations were calculated using 16 different
species compared with human sharing at least 700 orthologous proteins with known conformational diversity extension.
The negative correlation found is independent of the protein expression level and comparable in magnitude and sign
with the correlation between gene expression level and evolutionary rate. Our findings suggest that the structural

constraints underlying protein dynamism, essential for protein function, could modulate protein divergence.
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The study of protein evolutionary rates is a central issue to
understand the mechanisms underlying protein molecular
evolution. Protein evolutionary rates are generally estimated
by the number of nonsynonymous nucleotide changes per
site (dN) in the coding genes of orthologous proteins. Several
factors have been associated to the modulation of the evo-
lutionary rate such as amino acid composition (Tourasse and
Li 2000), codon adaptation index (Rocha and Danchin 2004),
functional importance of the protein (Wilson et al. 1977),
expression level (Pal et al. 2006), number of protein interac-
tions (Fraser et al. 2002), protein stability (Zeldovich et al.
2007), and protein length (Marais and Duret 2001) (for a
review see Pal et al. [2006] and cites therein [Pal et al.
2006]). However, it was established that the gene expression
level, measured in mRNA transcripts per cell, is the property
showing one of the strongest, pervasive, and consistent cor-
relation between genomic data and evolutionary rate
(Drummond et al. 2005).

Most proteins require proper structural arrangement to be
biologically active. The conservation of protein fold during
evolution imposes constraints to sequence divergence mod-
ulating the site-specific substitution pattern of residues.
Several studies have correlated structural constraints with
evolutionary rates. One of the strongest signal found was
that solvent-exposed residues evolve faster than those
buried (Franzosa and Xia 2009) or that transmembrane re-
gions in membrane proteins evolve slower than their ex-
tramembrane regions (Oberai et al. 2009). Other studies
have found that neither secondary structure nor protein
fold have strong correlation with evolutionary rate, attribut-
ing to protein structural constraints as much as 10% of the

evolutionary rate in proteins (Bloom et al. 2006). Alternatively,
the results by Wilke and Drummond (2010) indicated that
structural constraints could play a major role modulating
evolutionary rates lessening the influence of the biological
function of the protein. The aforementioned studies were
performed considering a single structure to describe the
native state of proteins. However, it is well established that
native state of proteins is better represented by an ensemble
of different conformers in dynamical equilibrium (Tsai et al.
1999). The concept of conformational ensemble is a central
key to explain essential properties of proteins such as (Boehr
et al. 2006; del Sol et al. 2009; Hilser 2010; Ma and Nussinov
2010), enzyme and antibody promiscuity (James et al. 2003),
signal transduction (Smock and Gierasch 2009), and protein—
protein recognition (Yogurtcu et al. 2008). In this work, we
have studied the influence of conformational diversity on
protein evolutionary rate.

To study this relationship, we have used human proteins
contained in the Conformational Diversity of Native State
(CoDNaS) database (Monzon et al. submitted), which is a
collection of redundant protein structures that can be
taken as snapshots of protein dynamism (Zoete et al. 2002;
Best et al. 2006). Human orthologous sequences were used to
estimate evolutionary rates in 16 species as they share at least
700 orthologous proteins each (supplementary table S1,
Supplementary Material online).

We found that the maximum RMSD100 between confor-
mers shows a monotonic nonlinear correlation with dN with
a mean Spearman’s rank correlation coefficient (SCC) among
the 16 species of —0.135 and a standard error (SE) of 0.007
(table 1). A similar result is found using dN/dS (mean over the
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16 pairs of comparison —0.147 + 0.008, see supplementary
table S3, Supplementary Material online). All correlations
were significant at the 0.05 level after correction by false dis-
covery rate (FDR). This correlation is in the same order that
the one between dN and expression level in our data set
(mean SCC of —0.189, SE: 0.007) and the reported for
human (—0.163, P < 0.001) (Drummond and Wilke 2008)
(figs. 1and 2). Our results suggest that increasing of structural

Table 1. Total and Partial Spearman’s Rank Correlation Coefficients
in the 16 Pairs of Comparisons.

X dN

Y RMSD100 RMSD100 Expression
z Conformers Expression

Ailuropoda melanoleuca  —0.14*** —0.16*** —0.17*** —0.19**+*
Anolis carolinensis —0.14** —0.13*** —0.13* —0.15**
Bos taurus —0.13** —0.15™** —0.15** —0.21**
Callithrix jacchus —0.09** —0.10** —0.08** —0.21*
Canis familiaris —0.11%* —0.13** —0.12** —0.18***
Cavia porcellus —0.13** —0.13™** —0.14™** —0.17***
Gallus gallus —0.16"** —0.17%** —0.13*%(*) —0.18%**
Felis catus —0.17** —0.19*** —0.19**(*) —0.16**
Equus caballus —0.14*** —0.16"** —0.16**(*) —0.22%**
Loxodonta africana —0.14*** —0.16*** —0.15%*(*) —0.21%*
Macaca mulatta —0.11%* —0.11%(*) —0.14** —0.18***
Monodelphis domestica —0.11** —0.13** —0.12%(*) —0.17**
Mus musculus —0.13*% —0.14** —0.14** —0.25**
Pan troglodytes —0.20%** —0.20%** —0.24** —0.15%**
Pongo pygmaeus abelii —0.14%* —0.16*** —0.22%* —0.17%
Rattus norvegicus —0.12** —0.13%** —0.11* —0.24***

Note—RMSD100, the maximum normalized RMSD between conformers of a pro-
tein; expression, for expression level measured by the mRNA level of the protein.
Significance levels in parentheses disappear after FDR correction.

*P < 0.05.

**P <001.

**P < 0.001.
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differences between the conformers describing the native
state impose more constraints on the protein sequence di-
vergence reducing the evolutionary rate. This observation is
related with the finding that the presence of conformational
diversity modulates the sequence substitution pattern (Juritz
2013). We further demonstrated that this correlation does
not depend on protein expression level (partial SCC between
maximum RMSD100 and dN is —0.15 with SE: 0.01, for given
expression level). Furthermore, the partial correlation analysis
between dN and maximum RMSD100 for a given number of
conformers per protein yielded similar results to the raw cor-
relation (—0.147, SE: 0.007) showing no bias due to the
number of conformers per protein. Finally, as different struc-
tural similarity measurements have been developed, we also
found a similar correlation between dN, dN/dS, and TM score
(Zhang and Skolnick 2004) (0.118 + 0.007 and 0.133 + 0.008,
respectively).

We found a significant negative relationship between the
degree of conformational diversity of a protein and its evolu-
tionary rate. Unfortunately, at the moment, available data
allowed the study using only human proteins with enough
statistical confidence. Our results suggest a key role of struc-
tural constraints maintaining the conformational ensemble of
the native state of the protein. It is interesting to note that as
protein function is close related with protein dynamism, our
results could also suggest the indirect influence of protein
function on the rate of evolution.

Materials and Methods

Proteins with different degrees of conformational diversity
were obtained from CoDNa$ database (Monzon et al. sub-
mitted). CoDNaS is a redundant collection of crystallographic
structures for the same protein that could be taken as a col-
lection of different conformers. It includes a total of 70,467
PDB structures, representing a set of 9,398 monomeric pro-
teins of the PDB database. The degree of conformational

Correlations between dN and
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Fic. 1. Histograms for distribution of Spearman’s rank correlation coefficients between dN and RMSD100 maximum (dark gray) and expression level

(light gray) in the 16 species studied.
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Expression Level

0.100 =

0.001 =

0.1 1.0 10.0

dN estimated between H. sapiens and A. melanoleuca
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Maximum RMSD100 (right) and mRNA level (left) for proteins of H. sapiens

Fic. 2. Relationship between maximum RMSD100 (right) and mRNA level (left) with dN is linear in logarithmic (on base 10) scale. As an example,
representations correspond to the comparison between human and giant panda (950 and 515 proteins comparison for conformational diversity and
expression level, respectively). The linear correlation between conformational diversity and dN in logarithmic scale gives a Pearson correlation coefficient
of —0.143 with a P value of 9 x 107° and for expression level —0.172 and P value of 831 x 10>

diversity, measured as the maximum RMSD between avail-
able conformers was normalized to RMSD100 for all proteins
with more than 40 residues (Carugo and Pongor 2001). Each
protein entry was linked using its Uniprot Accessions with
OMA database to obtain the corresponding orthologs. Only
1:1 orthologs were selected (Altenhoff et al. 2011). We used
codeml from PAML 4.5 for pairwise dN and dN/dS estima-
tions using model 0 for codons (Yang 2007). Protein-aligned
sequences were taken as templates to get codon alignments
using the program pal2nal (v14) (Suyama et al. 2006). Because
of the low SCC between dN and RMSD100, we used those
proteins that share more than 700 orthologs to Homo Sapiens
proteins to achieve a statistical power close to 80% at 5% of
significance. Thus, SCCs were estimated for 14,301 and 7,706
pairs of orthologous proteins coming from 16 species for
RMSD100 and expression level, respectively (supplementary
table S1, Supplementary Material online). The data set in-
cludes 1,094 human proteins with 5592 PDB entries in
CoDNaS (supplementary table S2, Supplementary Material
online). We considered all the different structures for the
same protein as putative conformers except those with an-
notated mutations. Human mRNA levels were obtained from
U133A/GNF1H array signals from bioGPS (Su et al. 2004),
averaged as the geometric mean signal across all normal
adult tissues. All statistical analyses were performed with R
(http://www.R-project.org/), and the “ppcor package” was
used to calculate partial correlations. P values were corrected
by FDR in all cases (Benjamini and Hochberg 1995).

Supplementary Material

Supplementary tables S1-S3 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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