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Summary
Each protein has a characteristic rate of evolution, and these 
rates vary dramatically. Studies of protein evolutionary rate 
typically take a very coarse view of protein function. Here we 
take a much finer view, using detailed mechanistic models to 
measure the influence of each constituent protein on its 
network’s dynamics.
	

 We show that a protein’s dynamical influence and its 
evolutionary rate are negatively correlated, implying 
purifying selection on network dynamics. Moreover, this 
correlation is independent of and stronger than the correlation 
between evolutionary rate and knock-out essentiality, the 
most common measure of protein functional importance. We 
have begun to further refine this analysis by measuring 
evolutionary rate at the protein domain level. 

Dynamical influence
χ2 is an inclusive measure of change in network dynamics due 
to change in parameters k. It sums and integrates over all 
dynamical species y in the network [Gutenkunst (2007)]:

The dynamical influence κi of 
parameter ki is

The dynamical influence D of a 
protein is the mean influence of 
parameters governing reactions the 
uncomplexed protein participates 
in:

For example, in the network 
shown in Figure 1, the influence 
of protein A incorporates the 
highlighted reactions.

Evolutionary rate
Maximum-likelihood estimates of the rate of nonsynonymous 
to synonymous substitution (dN/dS) were inferred with 
PAML, using alignments and sequences from Homologene 
and GenBank. The species tree used is shown in Figure 2.

F

Data

We tested all models in the BioModels database possessing 8 
or more species annotated with UniProt identifiers. Results 
are shown in Figure 3. For 10 out of 12 models we see a 
negative correlation between evolutionary rate dN/dS and 
dynamical influence D. Individual p-values (from one-sided 
permutation tests) are not dramatic, but the probability that 10 
of 12 systems would show a negative correlation by chance is 
less than 4%. As shown in Figure 4 below, we have analyzed 
four of these models at the protein domain level and find that 
the correlation between dynamical influence and evolutionary 
rate increases. Additionally, we find evidence suggesting that 
catalytic domains and protein-protein interaction domains 
may be subject to different selective constraints and evolve in 
different ways.

Protein structure
Proteins are organized into domains which comprise separate 
functional units, as we see in Figure 5. In many cases there 
are several domains serving both catalyitic and protein 
binding functions. In our analysis presented in Figure 3 we 
average all of the reactions in which the protein takes part to 
calculate its dynamical influence, and we use the evolutionary 
rate for the entire protein. This averaging causes us to lose 
information and gives us an opportunity to further refine our 
analysis.  Presently, we are combining bioinformatics with 
extensive biochemical literature review to identify the 
domains in each protein and attach each reaction in a 
biological model to the domain at which it occurs. We have 
developed a Python package called DynEvol which allows us 
to curate and analyze this data.

Correlation with essentiality
and expression

Figure 3 demonstrates that dynamical influence D shows no 
correlation with knock-out essentiality E. It is thus an 
independent (and stronger) functional correlate of 
evolutionary rate.
	

 Like many factors, dynamical influence is positively 
correlated with expression level. Tests of the partial 
correlations between dynamical influence and evolutionary 
rate, controlling for expression level, suggest that dynamical 
influence exerts an independent effect.
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Vertebrate proteins with larger influence on network dynamics evolve slower
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Introduction
Every protein has a characteristic rate of evolu-

tion (Zuckerkandl and Pauling 1965), and these rates vary
enormously from protein to protein. Understanding the fac-
tors that cause this variation is a central task for modern
biology. XXX: Why is it important?

A great many factors have examined for correlation
with protein evolutionary rate; among them expression
level (), are gene compactness (), essentiality (), and inter-
action degree (). Perhaps surprisingly, it is unclear whether
a protein’s functional importance impacts its rate of evolu-
tion. In particular, studies in both yeast () and mammals ()
have shown that the essentiality of a gene, whether or not
the organism can survive without it, shows little to no cor-
relation with its rate of evolution.

Most commonly, protein evolutionary rates are mea-
sured by the rate of amino acid substitutions, which will
typically introduce relatively fine-scale changes in protein
structure, and consequently relatively fine-scale changes in
the efficacy at which it carries out reactions in the cell.
It is not obvious a priori whether the rate of these fine-
scale changes will indeed correlate with the effect of a gene
knockout. Here we take a much finer view of a protein’s
functional role. We us computational models of specific
biomolecular systems, each of which summarizes many
biochemical experiments (), to probe the fine scale influ-
ence of variation in reaction rate constants on the dynamics
of the network (). We construct a measure of a protein’s in-
fluence on the dynamics of the network from the influence
of each reaction in which it is involved. We then correlate
this with evolutionary rate.

We find that the dynamical influence of a protein is
negatively correlated with its evolutionary rate. Moreover,
it definitely uncorrelated with the protein’s essentiality, as
measured by knock-out phenotype. Finally, we examine
correlation with other correlates of protein evolutionary
rate, finding.

In short, we have introduced a new measure of pro-
tein functional importance, which we find to be negatively
correlated with evolutionary rate.

Methods and Materials
Data

Models encoded in the Systems Biology Markup
Language (Hucka et al. 2003) were obtained from the
14th release of the BioModels database (Le Novere et al.
2006). We considered all deterministic models which in-
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volved 8 or more distinct proteins, as annotated by their
UniProt (Bairoch et al. 2005) identifiers. We obtained one
additional model (Borisov et al. 2009) from the Molecular
Systems Biology structured data archive.

Protein sequence alignments were obtained from the
Homologene database (Wheeler et al. 2007), after mapping
UniProt identifiers to UniGene identifiers. Corresponding
DNA sequences were obtained from GenBank.

PAML (Yang 2007) was used to obtain maximum-
likelihood estimates of dN/dS over the tree (((((Homo sapi-
ens, Pan troglodytes), (Mus musculus, Rattus norvegicus)),
(Bos taurus, Canis lupus familiaris)), Gallus gallus), Danio
rerio).

Following Liao et al. (2006), proteins were identi-
fied as essential or non-essential based on targeted dele-
tion experiments compiled in the Mouse Genome Database
(http://www.informatics.jax.org). A protein
was deemed essential if it resulted in a phenotype of
lethality-prenatal/perinatal or lethality-postnatal, including
more specific classifications.

Mouse mRNA expression and specifity data were ob-
tained from Liao et al. (2006). Gene compactness was de-
fined as the ratio of coding sequence length to transcript
length using Ensembl (Hubbard et al. 2006).
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BA*

B

C

L

R

C*

A

A*

k−2

k−3

k+
3k−4

k+
4

k+
2

k−1k+
1

(a) Example system

R

C*

A

A*

BA*

B

C

L

R

C*

A

A*

BA*

B

C

L

(b) Dynamical trajectories

FIG. 1.—(a) Reactions indicated with bold arrows in this example
network are considered when calculating the dynamical influence of pro-
tein A, so it is the geometric mean of the influence of reaction rate con-
stants k+

2 , k−2 , k+
3 , and k−3 . (b) Dynamical trajectories are shown for the

active forms of proteins A and C. The bold lines are trajectories given
the basal parameters, while the light and dark shaded regions indicate the
change in dynamics upon increasing k−4 or k+

1 , respectively. In this case
k+

1 has a larger effect than k−4 , so κ+
1 > κ−4 .

To quantify the change in network dynamics as the
parameter k varies from their published values k∗, we

c� The Author 2008. Published by Oxford University Press on behalf of
the Society for Molecular Biology and Evolution. All rights reserved.
For permissions, please e-mail: journals.permissions@oxfordjournals.org

Figure 3 - Correlation in real biochemical networks

Figure 4 - Correlation at the domain level - Preliminary Results

Figure 5- Son of Sevenless domain architecture
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