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Abstract

Recent publications have revealed that the evolution of phosphosites is influenced by the local protein structures and
whether the phosphosites have characterized functions or not. With knowledge of the wide functional range of
phosphorylation, we attempted to clarify whether the evolutionary conservation of phosphosites is different among distinct
functional modules. We grouped the phosphosites in the human genome into the modules according to the functional
categories of KEGG (Kyoto Encyclopedia of Genes and Genomes) and investigated their evolutionary conservation in
vertebrate genomes from mouse to zebrafish. We have found that the phosphosites in the vertebrate-specific functional
modules (VFMs), such as cellular signaling processes and responses to stimuli, are evolutionarily more conserved than those
in the basic functional modules (BFMs), such as metabolic and genetic processes. The phosphosites in the VFMs are also
significantly more conserved than their flanking regions, whereas those in the BFMs are not. These results hold for both
serine/threonine and tyrosine residues, although the fraction of phosphorylated tyrosine residues is increased in the VFMs.
Moreover, the difference in the evolutionary conservation of the phosphosites between the VFMs and BFMs could not be
explained by the difference in the local protein structures. There is also a higher fraction of phosphosites with known
functions in the VFMs than BFMs. Based on these findings, we have concluded that protein phosphorylation may play more
dominant roles for the VFMs than BFMs during the vertebrate evolution. As phosphorylation is a quite rapid biological
reaction, the VFMs that quickly respond to outer stimuli and inner signals might heavily depend on this regulatory
mechanism. Our results imply that phosphorylation may have an essential role in the evolution of vertebrates.
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now is to elucidate the underlying functional relevance
(Choudhary and Mann 2010).

Comparative genomics can reveal the evolutionary con-
servation and variation of homologous genes among spe-
cies, so it has been widely used to provide insights into their
functions (Miller et al. 2004). Recently, this strategy also has
been applied to phosphoproteomes. If phosphorylated
sites (phosphosites) are more conserved than nonphos-
phosites, we can infer that phosphorylation at the sites
may have some important functional implications. In spite

Introduction

Protein phosphorylation (phosphorylation hereafter) is one
of the most ubiquitous types of posttranslational modifi-
cations (PTMs) (Pawson and Scott 2005). Generally, phos-
phorylation usually occurs at serine (Ser), threonine (Thr),
and tyrosine (Tyr) residues, and the reaction is catalyzed by
a variety of kinases (Manning, Whyte, et al. 2002). Through
changing the structures and activities of the substrates,
phosphorylation can regulate a wide range of biological

processes in dynamical manners (Johnson and Barford
1993). With the recent development of high-throughput
proteomic techniques based on tandem mass spectrome-
try, the amount of data on phosphorylation has rapidly
been accumulated (Macek et al. 2009). The accumulation
of data opens the way for us to conduct research taking all
possible phosphorylation events in cellular processes
(phosphoproteome) into account and the rising challenge

of different data sets and strategies, many studies along this
line have found evidences for the evolutionary conserva-
tion of phosphosites (Boekhorst et al. 2008; Malik et al.
2008; Chen et al. 2010; Nguyen Ba and Moses 2010). In par-
ticular, protein structure analyses have revealed that most
phosphosites are enriched in disordered regions which, in
general, are less conserved than ordered regions (Gnad
et al. 2007; Jimenez et al. 2007). Nonetheless, if the
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structural propensity is corrected by comparing the phos-
phosites with their flanking regions, the phosphosites will
still show a higher conservation level than the nonphos-
phosites (Gnad et al. 2007; Nguyen Ba and Moses 2010).
Several studies further proposed that in the disordered re-
gions, the conservation of the precise positions of phospho-
sites might not be required for phosphorylation regulation
(Beltrao et al. 2009; Holt et al. 2009; Tan, Bodenmiller, et al.
2009). These results suggest that, although most phospho-
sites are located in fast-evolving disordered regions with
only weak structural constraints, they are still under strong
functional constraints. However, there is also a somewhat
neutral view on the evolution of phosphorylation. Consid-
ering only a small proportion of the phosphosites with
known functional effects, Lienhard (2008) proposed that
many phosphorylation events are actually nonfunctional
because of the nonspecificity of the kinase recognition.
Landry et al. (2009) supported this proposal by observing
that many phosphosites, especially those with no charac-
terized functions, evolved at a high rate that is comparable
with that of nonphosphosites.

Most of the previous studies took all phosphosites as
a whole or only focused on their structural propensity.
However, we note that as phosphorylation can be involved
in a wide range of biological functions, the functional dif-
ference might also influence the evolutionary conservation
of the phosphosites. Recently, we have publicized a data-
base for PTM research named SysPTM (Li et al. 2009),
where we integrated reliable PTM information from nu-
merous public databases and mass spectrometry literature.
The phosphorylation sites in the human genome are the
most abundant in SysPTM, which covers about 30% of cel-
lular proteins. In the present study, we first classified the
human phosphorylated proteins (phosphoproteins) into
the functional modules according to the KEGG pathway
category (Kanehisa et al. 2008). The category consists of
well-annotated pathways and represent our current knowl-
edge about biological functions. Then for each functional
module, we investigated the evolutionary conservation of
the phosphosites by aligning them with their orthologs in
other vertebrates such as mice, rats, chickens, and zebra-
fishes. As expected, our results suggest that phosphosites
in distinct functional modules evolved at different rates.

Materials and Methods

Data Collection and Preprocessing

First, human phosphorylated proteins and sites were re-
trieved from SysPTM v1.1 (Li et al. 2009). As the protein
sequences in SysPTM may come from different data resour-
ces, only those consistent with NCBI RefSeq (release 30)
(Sayers et al. 2009) were preserved. Next, the phosphopro-
teins were mapped to KEGG pathways and functional cat-
egories (release 50) (Kanehisa et al. 2008), and
a phosphoprotein may be assigned to multiple categories.
A total of 1,710 nonredundant phosphoproteins with 7,613
phosphosites were preserved for subsequent analysis. Fi-
nally, the orthologs of the phosphoproteins in mice, rats,
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chickens, and zebrafishes were downloaded from NCBI
HomoloGene (build 61) (Sayers et al. 2009). The program
ClustalW (Chenna et al. 2003) was used to align the se-
quences for every ortholog family, and the orthologous
sites of the human phosphosites were extracted from
the alignments (supplementary table S1, Supplementary
Material online). In addition, we also searched several non-
vertebrate genomes (Drosophila melanogaster, Caenorhab-
ditis elegans, Arabidopsis thaliana, and Saccharomyces
cerevisiae) for the orthologs of the human phosphoproteins
in HomoloGene (Sayers et al. 2009).

Estimating Evolutionary Distance of Phosphosites
All phosphosites belonging to the same functional category
were concatenated together. A fraction of the phosphosites
may be functionally dependent (Cohen 2000) but as they
were sampled from a lot of different proteins, they can be
treated as independent sites in evolution for simplification.
The evolutionary conservation of the phosphosites was
evaluated through pairwise comparison with their orthol-
ogous sites in the other four vertebrates. The Poisson dis-
tance was adopted to measure the degree of conservation,
which can correct multiple substitutions at a site and has
the linear relationship with time (Nei and Kumar 2000).
Specifically, supposing for a functional module i, the pro-
portion of different residues between the human phospho-
sites and their orthologous sites in a species s is p;. Then
the Poisson distance d,; can be estimated as

ds= — In(1 — ps),
and the estimate variance is given by
pis
var(dis) = —————,
)= = e

, where nj, is the total number of the phosphosites (excluding
indels) (Nei and Kumar 2000). When the conservation of
phosphosites between two functional modules are compared,
the larger the Poisson distance, the higher the evolutionary
rate and the lower the evolutionary conservation. To test
the difference in the Poisson distance between two functional
modules i and j statistically, we defined the z-score

_ dis — dj

VVvar(dis) + var(dy)’
which follows the standard normal distribution approximately
under the null hypothesis. This static is based on the compar-

ison with only one species s. To assess the difference across all
the species between the module i and j, we further defined

4
2 _ 2
z; = E zj,

s=1

Zij,s

which follows a chi-square distribution with the degree of free-
dom equal to 4 under the null hypothesis (as we considered
four vertebrates in this study).

Contrasting Phosphosites with Their Flanking Regions
Comparing the evolutionary conservation of phosphosites
only is not enough to infer the functional essentiality of
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phosphorylation because the sites might also be conserved
for many other reasons other than phosphorylation. These
potential biases were usually removed by contrasting the
conservation of phosphosites with that of their flanking re-
gions (Gnad et al. 2007; Nguyen Ba and Moses 2010). As in
previous studies (Nguyen Ba and Moses 2010), the flanking
region was defined as the ten residues centered on a phos-
phosite. All flanking regions in a functional module were
extracted and combined together, and the Poisson distance
of the flanking regions was estimated with the same
method as we did for the phosphosites (supplementary ta-
ble S2, Supplementary Material online). The z-score was
also used to assess whether the phosphosites and the flank-
ing regions evolved at the same rate, which is calculated as

di, — d.

IS

B V/var(dis) + var(di's),

where d;; and d';; are the Poisson distance for the phosphosites
and the flanking regions, respectively. Under the null hypoth-
esis, the z-score follows the standard normal distribution ap-
proximately. Also, to test the conservation of the
phosphosites over the flanking regions across all the species
for the module i, we calculated

Zjs

which follows a chi-square distribution with the degree of
freedom equal to 4.

Protein Structures and Known Functional
Phosphosites

In the following analysis, we classified the phosphosites ac-
cording to three criteria and investigated their distribution
and evolutionary conservation separately. The criteria in-
cluded: 1) the type of phosphorylated residues (Ser/Thr
or Tyr), 2) the local protein structures (disordered or or-
dered regions), and 3) whether the function of a phospho-
site was known or not. The protein structures were
predicted by the disEMBL program (v1.5) (Linding et al.
2003), and the disordered region was defined as either
loops/coils or hot loops as given by the result of the pro-
gram. The known functional phosphosites were predicted
by NetworKIN 2.0 (Linding et al. 2007). They were inferred
from high-confidence kinase—site interactions.

Results

Phosphoproteins in Distinct Functional Modules

We mapped 1,710 nonredundant phosphoproteins with
7,613 phosphosites in the human genome to the KEGG
pathways (Kanehisa et al. 2008). The pathways were further
grouped into larger functional categories. We focused on
the five major functional categories in KEGG, namely me-
tabolism, genetic information processing, environmental
information processing, cellular processes, and human dis-
eases (fig. 1A). The metabolism category contains meta-
bolic pathways of cellular molecules, and the genetic
information processing category contains pathways related
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Fic. 1. Human phosphoproteins in the KEGG functional categories.
(A) Number and overlap of human phosphoproteins among the
functional categories. The number of phosphosites is indicated in
brackets. (B) Proportion of phosphoproteins with orthologs in the
genomes of vertebrates (mouse, rat, chicken, and zebrafish) and
nonvertebrates (Drosophila melanogaster, Caenorhabditis elegans,
Arabidopsis thaliana, and Saccharomyces cerevisiae). (C) Poisson
distance of the phosphosites for the functional categories in
vertebrate genomes (SE, standard error; *P << 0.05; **P < 0.07;
B < 0,007).

to replication, transcription, and translation (supplemen-
tary table S1, Supplementary Material online). As we found
that more than 75% of the phosphoproteins in the two
categories have orthologs in nonvertebrate genomes
(fig. 1B), we defined them as the basic functional modules
(BFMs). The environmental information processing cate-
gory contains signal transduction pathways that respond
to environmental stimuli. The cellular processes category
also contains signaling pathways that underlie more com-
plex organic systems, such as developmental, immune, and
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Fic. 2. (A-E) Comparison of the Poisson distance between the phosphosites and their flanking regions (SE, standard error; *P << 0.05;
P < 0.01; **P < 0.001). (F) Ratio of the Poisson distance between the phosphosites and their flanking regions.

nervous systems (supplementary table S1, Supplementary
Material online). For the phosphoproteins in these two cat-
egories, we found less than 45% of them have orthologs in
nonvertebrate genomes (fig. 1B), which is significantly
lower than the percentage in the BFMs (P < 2.2 x 10~
16 chi-square test). Thus, we defined the two categories
as the vertebrate-specific functional modules (VFMs). Fig-
ure 1A shows that there are more phosphoproteins and
phosphosites in the VFMs than in the BFMs. Interestingly,
most phosphoproteins related to human diseases were
found in the VFMs (fig. 1A).

Next, we investigated the evolution of the phosphosites
for the five functional categories in the vertebrate genomes.
We pairwisely compared the human phosphosites with
their orthologous sites in mice, rats, chickens, and zebra-
fishes and computed the Poisson distance between each
pair of the comparison (see Materials and Methods).
The results show that the phosphosites involved in the
VFMs evolved at a slower rate than those in the BFMs
across all the vertebrates (fig. 1C). The phosphosites in hu-
man diseases also display a similar evolutionary rate to
those in the VFMs. To validate the results, we further per-
formed the z-score test to compare the Poisson distance of
the phosphosites between the VFMs and BFMs (see Mate-
rials and Methods). The small P values for all the species
demonstrated that the phosphosites in the VFMs evolved
significantly more slowly than those in the BFMs during the
evolution of vertebrates (fig. 1C).

Conservation of Phosphosites Versus Their Flanking
Regions

Although the phosphosites in the VFMs evolved more
slowly than those in the BFMs, we could not attribute it
to the difference in the functions of phosphorylation im-
mediately because of the possibility that the phosphosites
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can also be conserved for many other reasons rather than
phosphorylation alone. For example, the conservation of
the phosphosites may be influenced by protein dispensabil-
ity, expression abundance, and others (Pal et al. 2006).
More importantly because phosphosites occur preferen-
tially in disordered regions, the local structural constraints
also have a large impact on the conservation of phospho-
sites (Gnad et al. 2007; Jimenez et al. 2007). In fact, the high-
er conservation of phosphosites over nonphosphosites can
only be pronounced when the local protein structures are
taken into account (Gnad et al. 2007). Following Nguyen Ba
and Moses (2010), we selected the ten flanking residues
around a phosphosite as the background to correct the po-
tential biases (supplementary table S2, Supplementary
Material online). We computed the Poisson distance of
the flanking regions by the same method as we did for
the phosphosites and performed the z-score test to exam-
ine whether the phosphosites are more conserved than
their flanking regions. In addition to obtaining the P value
for each individual species, we also developed a method to
gain an overall P value to assess the statistical significance
across all the vertebrates (see Materials and Methods).
Figure 2 shows the results of the comparison between
the phosphosites and their flanking regions for the five ma-
jor functional categories mentioned above. The phospho-
sites in cellular processes, environmental information
processing, and human diseases were turned out to evolve
significantly more slowly than their flanking regions (overall
P < 1.85 x 10~ °). On the contrary, the phosphosites in
genetic information processing and metabolism were
shown to evolve at a rate comparable with their flanking
regions (overall P > 0.25). To make the contrast more clear,
we computed the ratio of the Poisson distance between the
phosphosites and their flanking regions (fig. 2F). It is shown
that the ratio for the VFMs is also lower than that for BFMs,
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Table 1. Subcategories with Phosphosites Significantly More Conserved Than Flanking Regions (FDR < 0.05).

Subcategory Major Category Overall P Value FDR

Behavior Cellular processes 828 x 10° 2 2,65 x 10"
Immune system Cellular processes 1.88 X 107%° 3.01 X 107%
Signal transduction Environmental information processing 1.42 X 107% 1.51 X 107"
Signaling molecules and interaction Environmental information processing 4,02 X 107 3.22 X 107
Cancers Human diseases 7.35 X 107% 470 X 107%
Transcription Genetic information processing 442 x 107% 236 X 107%
Immune disorders Human diseases 511 x 107 234 X 107
Endocrine system Cellular processes 7.37 X 107" 2.95 X 107
Metabolic disorders Human diseases 1.26 X 107 4.48 X 107

NoTe.—FDR, false discovery rate.

and the tendency is rather stable across all the species.
These results strongly suggest that the phosphosites in
the VFMs have been subject to stronger selective con-
straints than those in the BFMs.

Each of the five major functional categories in KEGG is
composed of several subcategories. In order to investigate
the functional modules in more detail, we also compared
the evolutionary conservation between the phosphosites
and their flanking regions for each subcategory (table 1).
Again, most subcategories in which the phosphosites are
significantly more conserved than their flanking regions
are within the VFMs and human diseases, such as immune
system, signal transduction, and cancers. The only excep-
tion is transcription, which belongs to the genetic informa-
tion processing category, but it contains more conserved
phosphosites than corresponding flanking regions.

Evolutionary Pattern of Phosphorylated Ser, Thr,
and Tyr

Next, we investigated the evolutionary pattern for the three
phosphorylated residues (Ser, Thr, and Tyr) separately. The
three residues differ in two main aspects. First, although Ser
and Thr are highly hydrophilic, Tyr contains a hydrophobic
ring (Jimenez et al. 2007). Second, although Ser and Thr
usually share the same group of kinases, Tyr can only be
catalyzed by more specific kinases (Ubersax and Ferrell
2007). In fact, although Ser/Thr kinases are present in all
eukaryotes, Tyr kinases can only be found in metazoans
(Manning, Plowman, et al. 2002). Moreover, a recent study
suggested that the specificity of Tyr phosphorylation is as-
sociated with the metazoan complexity (Tan, Pasculescu,
et al. 2009). In our data set, we also found that the propor-
tion of phosphorylated Tyr is larger in the VFMs than in the
BFMs (fig. 3A, P = 3.15 x 10~ ', chi-square test), implying
that Tyr phosphorylation plays more important roles in the
VFMs than BFMs.

We then computed the Poisson distance for the phos-
phorylated Ser/Thr and Tyr, respectively and compared
their evolutionary conservation between the BFMs and
VFMs. We found that both phosphorylated Ser/Thr (overall
P =262 x 10"°) and Tyr (overall P = 0.02) residues are
more conserved in the VFMs than in the BFMs (fig. 3B and
C). In addition, both types of the phosphorylated residues
show a higher conservation level than their flanking regions
only in the VFMs (fig. 3D-G), though this is more significant

for the phosphorylated Tyr (overall P = 9.37 x 10~ %) than
for the phosphorylated Ser/Thr (overall P = 2.38 x 107°).
Taken together, these results suggest that our finding that
the phosphosites involved in the VFMs are under stronger
selective constraints than those in the BFMs holds for both
phosphorylated Ser/Thr and Tyr residues.

Impact of Local Protein Structures

It has been demonstrated that most phosphosites are lo-
cated in disordered protein surfaces, which enable them to
be more accessible to kinases and other interaction part-
ners (lakoucheva et al. 2004; Gnad et al. 2007; Jimenez et al.
2007). Only a few proportion of phosphosites are buried in
ordered regions, and their phosphorylation often involves
conformational rearrangements (Pawson and Scott 2005;
Jimenez et al. 2007). As mentioned in Introduction, the re-
lationship between the local protein structures and the
evolution of phosphosites has widely been discussed. Gen-
erally, the disordered regions of a phosphoprotein diverged
at a higher rate than the ordered regions (Gnad et al. 2007;
Jimenez et al. 2007; Lin et al. 2007), but the phosphosites in
the disordered regions can remain conserved to keep their
functions intact (Gnad et al. 2007; Holt et al. 2009; Nguyen
Ba and Moses 2010). Although we found that the phospho-
sites in the VFMs are more conserved than those in the
BFMs, it may simply be because the phosphosites are more
enriched in the disordered regions in the BFMs than in
the VFMs. To rule out this possibility, we predicted the lo-
cal protein structures for the phosphosites by disEMBL
(Linding et al. 2003). Figure 4A indicates that the phosphor-
ylated Ser/Thr residues have little difference in the local
structures between the BFMs and VFMs (P = 0.73,
chi-square test), and there is even a higher fraction of phos-
phorylated Tyr residues enriched in the disordered regions
in the VFMs than in the BFMs (P = 0.02). Therefore, the
local protein structures cannot account for the difference
in the evolutionary conservation of the phosphosites
between the BFMs and VFM:s.

We next examined whether the phosphosites in the
VFMs are more conserved than those in BFMs when the
local protein structures are considered. In the disordered
regions, it is evident that the phosphosites in the VFMs
evolved more slowly than those in the BFMs (overall
P = 1.11 x 10" ', fig. 4B). The phosphosites in the disor-
dered regions also show a higher conservation level than
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Fic. 3. Evolutionary conservation of phosphorylated Ser/Thr and Tyr residues. (A) Distribution of the residues in the VFMs and BFMs. (B-C)
Poisson distance of the residues for the VFMs and BFMs. (D-G) Comparison of the Poisson distance between the residues and their flanking

regions (SE, standard error; *P < 0.05; **P < 0.01; ***P < 0.001).

their flaking regions in the VFMs (overall P = 7.12 x 10™ %)
but not in the BFMs (overall P = 0.96, fig. 4D and E). In the
ordered regions, however, the phosphosites in the BFMs
and VFMs evolved at a comparable rate (overall P =
0.55, fig. 4C). In addition, even the phosphosites in the
VFMs do not show a significantly higher conservation level
than their flanking regions in the ordered regions (overall
P = 0.08, fig. 4F and G). These results further suggest that,
at least for the phosphosites in the disordered regions,
the difference in the evolutionary rate between the BFMs
and VFMs should not be ascribed to the local protein
structures.

Distribution of Known Functional Phosphosites
Because the local protein structures cannot account for
the higher conservation of phosphosites in the VFMs than

1136

in the BFMs, it is more likely that the functional con-
straints on the phosphosites are different for the two
groups of modules. For the phosphosites with known
functions, it has been demonstrated that they are under
strong functional constraints (Landry et al. 2009; Nguyen
Ba and Moses 2010). However, the constraints are weak for
those with no characterized functions, which might be be-
cause a fraction of them have no function at all (Lienhard
2008; Landry et al. 2009). To investigate whether the func-
tional effects of the phosphosites are different between the
VFMs and BFMs, we retrieved known functional phospho-
sites from the NetworKIN repository (Linding et al. 2007),
which were predicted from high-confidence kinase—site
interactions. Figure 5A indicates that the proportion of
known functional phosphosites is always larger in the
VFMs than in the BFMs (P < 0.01, chi-square test),
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regardless of the phosphorylated residues and the local
protein structures.

We then computed the Poisson distance for the phos-
phosites with known and unknown functions separately
and found that in both the BFMs and VFMs, the known
functional phosphosites have lower evolutionary rates than

the unknown ones (overall P < 0.01, fig. 5B and C). The
known functional phosphosites are also more conserved
than their flanking regions either in the VFMs (overall
P = 211 x 10°%) or in the BFMs (overall P = 5.15 X
10~%, fig. 5D and E). These results are in agreement with
the strong functional constraints of the phosphosites with
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known functions. However, the unknown functional phos-
phosites show a higher conservation level than their flank-
ing regions only in the VFMs (overall P = 2.65 x 10~°) but
not in the BFMs (overall P = 0.84, fig. 5F and G). This result
implies that there is still a large fraction of phosphosites
with potential functions in the VFMs.

Discussion

In addition to the local protein structures (Gnad et al. 2007;
Jimenez et al. 2007; Holt et al. 2009) and whether the phos-
phosites have characterized functions or not (Landry et al.
2009; Nguyen Ba and Moses 2010), our study has revealed
that the evolution of phosphosites is also influenced by the
functional modules they are involved in. In the vertebrate
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genomes, the phosphorylated functional modules can be
divided into two broad groups. The first group contains
fundamental biological functions, such as metabolic and
genetic processes. These functions are shared by both ver-
tebrates and nonvertebrates, thus named the BFMs (fig.
1B). In contrast, the second group contains more VFM:s,
such as signal transductions and responses to inner and
outer stimuli (fig. 1B). These functions may improve the
complexity of vertebrates and make the vertebrates more
adaptive to diverse environments.

On the basis of the division, we have demonstrated that
the phosphosites are generally more conserved in the VFMs
than in the BFMs during the evolution of vertebrates. First,
the evolutionary rate of the phosphosites in the VFMs is
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significantly lower than that in the BFMs (fig. 1C). Secondly,
although the phosphosites in the VFMs show a significantly
higher conservation level than their flanking regions, those
in the BFMs do not (fig. 2). Thirdly, the phosphosites in the
disordered regions also evolved significantly more slowly in
the VFMs than in the BFMs, which cannot be explained by
the difference in the structural constraints (fig. 4). Finally,
there is a larger fraction of phosphosites with known func-
tions in the VFMs than in the BFMs (fig. 5). Taken together,
our findings suggest that the difference in the evolutionary
rate of the phosphosites for the functional modules is due
to the difference in the functional constraints of phosphor-
ylation. In other words, phosphorylation may play more
dominant roles for the VFMs than for the BFMs.

To rationalize our suggestion, we note that protein ac-
tivities are regulated at the transcriptional, posttranscrip-
tional, and posttranslational levels, to the last of which
phosphorylation belongs (Malbon et al. 1990). Among
the three levels of regulations, phosphorylation may be
the quickest regulatory mechanism. For example, the G
protein—coupled receptors can respond to new stimuli
within milliseconds to minutes via phosphorylation,
whereas the change in the expression of the receptors
may require several hours (Pitcher et al. 1998). In this sense,
the VFMs aiming to process quick signals and unexpected
stimuli may heavily rely on the phosphorylation regulation.
On the contrary, for the BFMs requiring routine and stable
reactions, the transcriptional regulation may be more dom-
inant than the phosphorylation regulation. Because verte-
brates are characterized by their improved organismal
complexity and adaptive capacity to diverse environments,
our findings imply that protein phosphorylation may play
an essential role in the evolution of vertebrates. It is inter-
esting that besides the large-scale genomic revolution,
such as whole-genome duplications (Wang et al. 2009),
the small-scale modifications, such as protein phosphor-
ylation might also make a great contribution to the
macroevolution events.

Although phosphorylation may be more dominant for
the VFMs than for the BFMs, our results do not imply that
phosphorylation is not important for the regulation of fun-
damental functions. In fact, there are many examples sug-
gesting that phosphorylation regulates metabolic and
genetic information processing pathways (Karin 1994).
For instance, the AMP-activated protein kinase (AMPK)
stimulates ATP-producing pathways and inhibits ATP-
consuming pathways (Hardie 2007). In this case, although
the metabolic enzymes are initially regulated via phosphor-
ylation, the longer term effects are still achieved via tran-
scriptional regulation (Hardie 2007). More importantly, the
targets of AMPK are also regulated by the insulin signaling
pathway in the whole map in KEGG, which seems specific
to vertebrates. In our data set, we have found that in the
BFMs, only the phosphosites involved in transcription
show a significantly higher conservation level than their
flanking regions (table 1). However, because many tran-
scription factors are actually located at the downstream
of signaling pathways (Karin 1994), our conclusion does

not contradict to the fact that phosphorylation partici-
pates in regulating the BFMs.

We have also found that most phosphosites related to
human disease pathways are in the VFMs and remain con-
served in vertebrates (figs. 1 and 2). This finding could be
explained by the association between the disturbance of sig-
naling systems and human diseases, such as cancers. This
result is also consistent with a recent report (Tan, Bodenmil-
ler, et al. 2009), though we used quite different approaches.

Although both phosphorylated Ser/Thr and Tyr residues
are more conserved in the VFMs than in the BFMs, a higher
fraction of phosphorylated Tyr residues is found in the
VFMs (fig. 3A). There is also a higher fraction of phosphor-
ylated Tyr residues located in the disordered regions in the
VFMs than BFMs (fig. 4A). These results are in agreement
with the study of kinase evolution, which suggests that Tyr
kinases are largely expanded during the evolution of com-
plex metazoans but not in unicellular organisms (Manning,
Plowman, et al. 2002). However, it remains a mystery about
the evolutionary advantage that the Tyr phosphorylation
brings to the organisms. Recently, Tan, Pasculescu, et al.
(2009) found that the total number of Tyr residues were
decreased with the increase in genome complexity. They
argued that the Tyr loss could eliminate deleterious phos-
phosites and potential noises in the signaling systems (Tan,
Pasculescu, et al. 2009). This finding might provide an ex-
planation for this issue in part.

Supplementary Material

Supplementary tables S1 and S2 are available at
Molecular Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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