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C O M P U T A T I O N A L B I O L O G Y

Comparative Analysis Reveals Conserved Protein
Phosphorylation Networks Implicated in
Multiple Diseases

Chris Soon Heng Tan,1,2* Bernd Bodenmiller,3* Adrian Pasculescu,1 Marko Jovanovic,4

Michael O. Hengartner,4 Claus Jørgensen,1 Gary D. Bader,1,2 Ruedi Aebersold,3,5,6,7

Tony Pawson,1,2 Rune Linding8†

(Published 28 July 2009; Volume 2 Issue 81 ra39)

Protein kinases enable cellular information processing. Although numerous human phosphorylation sites
and their dynamicshavebeencharacterized, theevolutionaryhistory andphysiological importanceofmany
signaling events remain unknown. Using target phosphoproteomes determinedwith a similar experimental
and computational pipeline, we investigated the conservation of humanphosphorylation events in distantly
related model organisms (fly, worm, and yeast). With a sequence-alignment approach, we identified 479
phosphorylation events in 344 human proteins that appear to be positionally conserved over ∼600 million
years of evolution and hence are likely to be involved in fundamental cellular processes. This sequence-
alignment analysis suggested that many phosphorylation sites evolve rapidly and therefore do not display
strong evolutionary conservation in terms of sequence position in distantly related organisms. Thus, we
devised a network-alignment approach to reconstruct conserved kinase-substrate networks, which identi-
fied 778 phosphorylation events in 698 human proteins. Both methods identified proteins tightly regulated
by phosphorylation as well as signal integration hubs, and both types of phosphoproteins were enriched in
proteinsencodedbydisease-associatedgenes.Weanalyzed thecellular functionsandstructural relationships
for these conserved signaling events, noting the incomplete nature of current phosphoproteomes. Assessing
phosphorylation conservation at both site and network levels proved useful for exploring both fast-evolving
and ancient signaling events. We reveal that multiple complex diseases seem to converge within the con-
served networks, suggesting that disease development might rely on common molecular networks.

INTRODUCTION

Protein kinases recognize and phosphorylate linear motifs (1, 2) in proteins.

These molecular events can directly control the activities of other proteins

and the dynamic assembly of directional protein-protein interaction networks.

In combination with phosphatases, kinases regulate the phosphorylation-

dependent binding of linear motifs to modular protein domains, such as the

Src homology 2 (SH2) domain that recognizes phosphorylated tyrosine

motifs and the BRCA1 C-terminal (BRCT) domain that recognizes phos-

phorylated serine and threonine motifs, and thereby create logic gates (3, 4)

that enable the cell to swiftly and precisely respond to both internal and ex-

ternal perturbations (5, 6). Although interactionmaps (7–10) provide useful

information, it is the network dynamics and utilization that mediate cellular

processing of environmental cues (11, 12). Quantitative mass spectrometry

(MS) measurements of phosphorylation networks and their dynamics are

now rapidly unraveling thousands of cellular phosphorylation sites (13–18).

With the functional and phenotypic characterization of previously unknown

sites lagging behind their detection, a systematic way to highlight and pri-

oritize important phosphorylation events is needed to guide functional ex-

perimental studies.

In addition, the conservation and evolutionary trace of most sites remain

largely unknown. Unlike protein domains, which are conserved over long

evolutionary distances, phosphorylation motifs are short and often reside in

disordered fast-evolving regions (19–23). These properties render phospho-

rylation sites difficult to align and trace evolutionarily (24–27). Here, we

assembled human phosphorylation sites previously identified in both large-

scale MS [high throughput (HTP)] and low-throughput (LTP) targeted

experiments (28, 29) and explored their conservation with the phosphoryl-

ated proteins (phosphoproteomes) of three target model organisms (fly,

worm, and yeast) that were measured with a similar experimental and com-

putational pipeline. Through a combination of sequence-alignment and

reconstructive, network-alignment approaches, we investigated the con-

servation of protein phosphorylation events at two distinct levels: sites that

are conserved at similar positions (termed “positionally conserved”) in

orthologous proteins between human and at least one target species (termed

“core sites”) and those that are involved in conserved kinase-substrate reg-

ulatory networks but that are not necessarily constrained to the same loca-

tion within phosphoproteins from humans and the model organisms.

RESULTS

To identify human sites that are conserved in distantly related model orga-

nisms and thereby likely to be important for fundamental cellular activities,

we first identified positionally conserved sites with a full-length (global)

1Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, On-
tario, Canada M5G 1X5. 2Department of Molecular Genetics, University of To-
ronto, Toronto, Ontario, Canada M5S 1A8. 3Institute of Molecular Systems
Biology, Eidgenössische Technische Hochschule (ETH), 8093 Zurich, Switzer-
land. 4Institute of Molecular Biology, University of Zurich, 8057 Zurich, Switzer-
land. 5Institute for Systems Biology, Seattle, WA 98103, USA. 6Competence
Center for SystemsPhysiology andMetabolicDiseases, ETHZurich, 8093Zurich,
Switzerland. 7Faculty of Science, University of Zurich, 8057 Zurich, Switzer-
land. 8Cellular & Molecular Logic Team, Section of Cell and Molecular Biology,
The Institute of Cancer Research (ICR), London SW3 6JB, UK.
*These authors contributed equally to this work.
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sequence-alignment algorithm (30) to map the experimentally identified

phosphorylation sites from the target species (Drosophila melanogaster,

Caenorhabditis elegans, and Saccharomyces cerevisiae) to orthologous

human phosphoproteins (Fig. 1). This approach led to a conservative as-

sessment of conserved sites because it requires the position of a site to be

fixed within a multiple-sequence alignment. However, kinases can regulate

cellular activities in ways that do not require their sites to occur at precise

positions in protein sequences (21–23, 31), as is the case in the threshold-

dependent regulation of the Sic1 protein (32), for which phosphorylation at

each of several sites promotes binding to Cdc4. Similarly, the ultrasensitive

inactivation of Wee1 kinase is mediated by cyclin-dependent kinase 1

(Cdk1) decoy sites in both Wee1 and other proteins that “distract” CDK1

away from the causal sites in Wee1 (33). Therefore, we aimed to identify

conserved human phosphorylation events that are not necessarily conserved

at the same sites between orthologous kinases and substrates in the target

species by deploying the NetworKIN (34) algorithm in combination with

NetPhorest (2) to infer the relevant protein kinases for substrates identified

in the phosphosphoproteomes of human and each target species. The com-

putationally reconstructed human kinase-substrate network was sub-

sequently overlaid with that of the target species to identify conserved

kinase-substrate relationships. By taking two distinct approaches to assess

phosphorylation conservation, we provide insight into the evolution of

phosphorylation-based regulation with potential impact for our understand-

ing of normal biological processes and complex diseases.

Comparative phosphoproteomics reveal a conserved
human phosphorylation core that is implicated in
fundamental cellular processes
A total of 23,977 human phosphorylation sites found across 6456 phos-

phoproteins encoded by 6293 genes were assembled from the two primary

online databases PhosphoSite (release 2.0) (29) and Phospho.ELM (release

7.0) (28). ForD. melanogaster,C. elegans, and S. cerevisiae, we used phos-

phorylation site data that were generated with a similar experimental and

computational pipeline (see Methods and Supplementary Materials) and are

available via the PhosphoPep database (www.phosphopep.org) (15, 35).

Our study included 12,654, 4519, and 5071 phosphorylation sites for

D. melanogaster, C. elegans, and S. cerevisiae, respectively.

We observed an exceptionally high fraction of phosphotyrosine sites

in the assembled human phosphorylation data that can largely be attributed

to HTP phosphotyrosine antibody–based studies (17, 36). The portion of

phosphoserine, phosphothreonine, and phosphotyrosine is shown in Fig. 1A.
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Fig. 1. Human and target species phosphoproteomes. (A) A human phos-

phorylation data set was assembled by combining data from the Phospho.

ELM and PhosphoSite databases (28, 29), resulting in 6456 human phos-

phoproteins (encoded by 6293 genes) with 23,977 sites. The fractions of

phosphoserine, phosphothreonine, and phosphotyrosine are indicated. The

human data are biased by HTP phosphotyrosine antibody–based studies

(17, 36); thus, the phosphotyrosine portion is artificially high. For comparison,

we generated phosphoproteomes in three target species with a similar MS

and computational pipeline (15) (see Supplementary Methods). (B) Sche-

matic overview of core site detection. See Methods for further details.
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Fig. 2. Number of core sites. The number of human phosphorylation

sites left at different stages of the core site detection protocol.
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Of all the human sites assembled, 39.7% were in found in proteins ortholo-

gous to phosphoproteins detected in at least one target species (Fig. 2). De-

ploying a sequence-alignment protocol (Fig. 1B, see Methods) with the

MAFFTprogram (30) on the three target phosphoproteomes and the human

phosphorylation set (see Methods), we identified 479 sites (termed “core

sites”) that were conserved between human and at least one target species

in 344 proteins encoded by 337 human genes (termed “core site genes,”

Fig. 3A). Of these core sites, 73.7% are phosphoserines, 16.9% are phos-

A
Fly

YeastWorm

Node color code: Source of core sites

Node size: Number of core sites

1

2

3

4

5

7

C

(23.6%)
11353 313

(11.1%) (65.3%)

8

B

Fly

YeastWorm

73
(15.2%) 2

(0.4%)

24
(5.0%)

17
(3.5%)

30
(6.3%)

8
(1.7%)

(67.8%)
325

LTP HTP

Fig. 3. Protein association map of the human phosphorylation core. (A) The

comparative approach identified 479 phosphorylation sites in 344 proteins

(mapping to 337 human genes). The STRING resource (66) was used to

construct a functional association network of these proteins (using only high-

confidenceprobabilisticassociations).Nodes representgenesandarecolored

according to which target species contains the conserved phosphorylation

site(s) and node size indicates the number of core sites that the encoded

proteins have. Known cancer-associated genes are highlighted by red text

and diamond nodes (see table S6). The underlying data are provided in the

Supplementary Data. (B) Target species source of the 479 core sites. Overlap

analysis of the target species showed that these data are likely incomplete. (C)

Eighty-nine percent of the core sites were identified by recent HTP studies.
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phothreonines, and 9.4% phosphotyrosines (Fig. 2). These sites make up

10.8% of the 4448 human phosphoresidues that were aligned to phos-

phorylatable residues in at least one target species, and in most cases,

these numbers are significantly higher than expected by random chance

from observed alignments (tables S1 to S3).

Among the 479 sites, 139 (∼29%)were foundwithin 75 protein domain

families (compared to the global average of ∼20% for all 29,977 human

phosphorylation sites), 57 were conserved in at least two target species,

and 17 were conserved in all three target species (Fig. 3B). We observed

that core sites shared between humans andmore than one target species have

an increased tendency to be located within protein domains: 9 of the 17

omnipresent core sites occurred in domains from 6 families (dehydrogenase

E1, phosphoglucomutase-phosphomannomutase, glycogen synthase, PhoX

homologous, Cdc37 N-terminal kinase binding, 60S acidic ribosomal,

and serine-threonine protein kinase catalytic domain), suggesting that the

phosphorylation of these protein domains is of ancient origin. It should

be noted that not all core sites are phosphorylated by kinases; for example,

phosphorylation of the core site Ser175 in the phosphoglucomutase domain

of human glucose-1,6-bisphosphate synthase likely happens by self-catalysis.

To analyze the functional context of core site genes, we constructed a

functional association network among these genes with the STRING re-

source (Fig. 3A). This network revealed a tight cluster of functionally asso-

ciated core site genes that encode components of various protein complexes

and signaling networks, as well as singleton genes that were not confidently

associated to any other core site gene. The b-catenin destruction complex

and clathrin coat proteins of coated pits appear to be heavily regulated by

protein phosphorylation of ancient origin because they contain core sites in

four out of four and four out of five of their conserved protein components,

respectively (tables S4 and S5). Function enrichment analysis with Gene

Ontology (37) annotation revealed that core site genes are involved in fun-

damental cellular processes. For example, amino acid phosphorylation,

RNA splicing, cell division, and translation were statistically enriched over

the super set of human phosphoproteins that have orthologs in target species

(P < 0.05, hypergeometric test, Benjamini and Hochberg false discovery

rate correction; see the Supplementary Data). Thus, the observed enrich-

ment suggests that even processes not previously appreciated as regulated

by phosphorylation, such as the phosphorylation-mediated regulation of

many RNA splicing proteins observed in human cells, arose early during

evolution before the last common ancestor of fly and human.

Most core sites were only recently discovered by
large-scale phosphoproteomics
Tracing the experimental sources of the core sites, we found that 65.3%

of the core sites were detected in HTP experiments reported in the past

5 years (Fig. 3C) (13–18, 28, 29). Moreover, some of these newly dis-

covered and highly conserved sites appear in extensively studied pro-

teins. For example, Thr187 in human Wee1 (a major cell cycle regulator

kinase) and Ser502 in human EEF2 (an essential factor for protein syn-

thesis) with highly conserved flanking regions (defined as the −5 to +5

positions of a phosphorylated residue) of 80% and 100% identity, re-

spectively, were conserved from human to fly. These observations suggest

that our systematic and comparative approach reveals important clues for

deciphering the functional phosphoregulatory events that occur in funda-

mental cellular processes.

Matching kinases to the human core sites provides
insight into their regulation
The NetPhorest atlas, which currently consists of 179 probabilistic classi-

fiers trained from known relationships between kinases and phosphoryl-

ation sites and in vitro proteomics experiments (2), matches experimentally

validated phosphorylation sites to probabilistic sequence models of kinase

consensus (specificity) motifs. To gain further insight into the regulation of

core sites, we deployed the NetPhorest algorithm to delineate the kinases or

kinase families that are likely to target human core sites.Althoughmanyphos-

phorylation sites canbe targeted bymultiple kinases or kinase families (2,28),

here, we restricted our analysis to the top three predictions from NetPhorest

that exceeded previously calibrated thresholds (2) (see Supplementary Data).

We found that CDK2 and CDK3 kinase family and casein kinase 2

(CK2) were the most frequently predicted kinases, each matching ∼29%

of the human core sites. In comparison, only ∼8% and ∼6% of all human

phosphorylation sites were matched to CDK2 and CDK3 kinase family and

CK2, respectively. The high proportion of core sites predicted to be targeted

by CDK2 and CDK3 kinase family and CK2 is not unexpected, because

these kinases are functionally pleiotropic (34) and are involved in several

fundamental cell processes such as cell survival, proliferation, and differen-

tiation. In addition, we found that kinases involved in the cellular response

to stress, such as p38 and c-Jun N-terminal kinase (JNK) family members

were predicted to phosphorylate∼24% and 19%of the core sites (compared

to ∼7% and ∼5% for all human phosphorylation sites), respectively. Al-
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Fig. 4. Conservation of core sites. Proportion of conserved residues for dif-

ferent subsets of serine (S), threonine (T), and tyrosine (Y) in human core

site proteins across orthologous proteins in selected species (M. musculus,

G. gallus, X. tropicalis, and D. rerio) computed from MSAs (see Methods).

Only human phosphoresidues with at least 20% identity from sequence

position −5 to +5 of the residue (excluding position 0) to the orthologous

sequence in the target speciesare included in thestatistics. “Other residues”

refers to those instances of the specified amino acid that are not known to be

phosphorylated. Connectors linking two bars denote that the difference ob-

served is statistically significant. P < 0.05, Fisher’s exact test, one-tailed.
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though one might expect ancient kinase families to target the core sites, we

did not find strong evidence supporting this. Highly conserved core sites

(sites with at least 80% sequence similarity within the flanking region) were

predicted to be targeted by kinases of different evolutionary origin, such as

the insulin receptor (InsR), Eph familymembers EphA3 through 6, and the

nonreceptor tyrosine kinase Src (all of metazoan origin), and phosphoinosi-

tide kinase 1 (PDK1), serum- and glucocorticoid-inducible kinase (SGK),

and NEK3 [NIMA (never in mitosis gene a)–related kinase 3] through 5

and 11 (all of primordial origin) (39).

Core sites are under evolutionary constraint
Tracing the conservation of the 479 core sites across 19 eukaryotic species

spanning between human and the target species in evolution confirmed that

the core sites are highly conserved, implying that many core sites are under

negative selection and are likely important for fundamental cellular processes.

For example, we found that 92.3% of the human core site phosphoresidues

were preserved in the distantly related Xenopus tropicalis compared to

73.6% of other phosphorylatable residues between the same species. When

human and mouse (Mus musculus) were compared, these numbers were

97.8% and 90.4%, respectively (Fig. 4 shows the conservation for the re-

spective residue in selected species). Human tyrosine residues in general are

highly conserved probably because of their roles in maintaining protein

structure; thus, core site phosphotyrosines do not appear much more con-

served than other tyrosines (Fig. 4).

Although changes in the flanking regions could reveal diverged sequence

specificities of kinases that have evolved fromyeast to human, such an anal-

Fig. 5. Phosphorylation core net. Phosphoryl-

ation generates dynamic protein interaction

networks; therefore, we analyzed conserva-

tion of phosphorylation at the network level

rather than the positional (site) level. (A) First,

we applied the NetworKIN and NetPhorest

algorithms to the target species phospho-

proteomes to reconstruct kinase-substrate

networks. Second, interactions within these

networks were superimposed (or aligned)

with each other. Finally, for each substrate,

we defined a phosphorylation conservation

propensity k of the number of phosphorylation

events supported by orthologous kinase-

substrate phosphorylation in the target spe-

cies. (B) The initial and increasingly conserved

human phosphorylation networks. (C) In-

creasingly conserved human phosphoryl-

ation networks could be isolated on the

basis of increasing k. Here, we show a con-

served human phosphorylation network of

k > 6. The thickness of the edges corre-

sponds to the number of conserved interac-

tions between the kinase and substrate

across the target species. Diamond nodes

represent kinases predicted to target the

phosphoproteins. Proteins known to be im-

plicated in cancer and other diseases are

colored blue and green, respectively.
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Fig. 6. Disease gene analysis of human phos-

phorylation networks. (A) Genes encoding hu-

man signaling hub proteins are enriched in

disease genes. A directed kinase-substrate reg-

ulatory network is first inferred from assembled

human phosphorylation data by NetworKIN. A

phosphorylation propensity score n is computed

for each gene, which is the sum of weighted in-

coming edges of kinases phosphorylating the

gene’s products. The weight of an incoming

edge from each kinase to a gene is defined as

the number of sites in the gene’s products in-

ferred to be targeted by a kinase. Human genes

are then filtered by this score n to assess asso-

ciation with cancer-associated and disease

genes fromOMIM. n is computed from the entire

set of human phosphorylation, as well as its sub-

set from HTP studies. NF, not filtered. (B) Al-

though human phosphoproteins are enriched

in cancer-related genes, both core site genes

and core net genes (k > 0) are statistically more

enriched in cancer-associated genes than back-

ground phosphoproteins (top: hypergeometric

test, with the protein group of the arrow target

used as background). In addition, we observed

that core net genes with a higher k are more

enriched in cancer-associated genes. A similar

trend is observed for other disease-associated

genes (bottom). These results suggest that ab-

errant signaling through conserved phosphoryl-

ation networks contributes to disease.
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ysis is confounded by the possibility that phosphorylation sites can evolve

independently from their effector kinases. For example, the presence of

multiple sites on a single substrate targeted by a single kinase could create

functional redundancy that allows mutations to accumulate in the phospho-

rylation sites (31). Thus, using NetPhorest, we instead analyzed the conser-

vation of kinase (or kinase family) consensus motifs matching the core sites

between human and the target species. We estimated the proportion of

aligned core site pairswith sufficient conservationwithin the flanking region

for the kinase (or kinase family) predicted for each site of an aligned pair to

be identical. This revealed that 67.4% of the aligned site pairs had identical

kinases (or families) assigned, and 70% of these sites were predicted to be

targeted by the CDK2, CDK3, or CK2 kinases (see Supplementary Data).

Relaxing the analysis to include the top two or three best predictions

showed that 81.6% and 86.8% of the core site pairs shared the same kinases

or kinase families, respectively (see Supplementary Data). The kinases that

regulate the remaining (∼13 to 18%) core sites may have changed during

evolution. This potential rewiring of the core phosphorylation networks

could enable cells to utilize the same core sites to relay signals fromdifferent

kinases in response to new environmental cues or stimuli. However, we

cannot conclusively argue this point because we do not have consensus

motifs for all kinases and thus may miss pairs of aligned sites that match

conserved but hitherto unknown phosphorylation (kinase consensus)

motifs. To explore this further, we performed an orthogonal analysis by

clustering core sites on the basis of sequence similarity within their flanking

regions between human and target species to identify potential previously

unknown phosphorylation (kinase consensus) motifs. First, we grouped

aligned sites that shared similar conserved flanking residues (seeMethods).

Next, we visualized the grouped core sites as sequence motif logos (2) and

manually organized them into proline-based, arginine-based, and acidic-

based phosphoserine or phosphothreonine motifs (fig. S1). Most of the re-

vealedmotifs resembled known human kinase consensusmotifs (2), such as

that of PDK1, suggesting the possibility of exploiting comparative phospho-

proteomics to discover kinase consensus motifs.

Non–core sites are implicated in a conserved
regulatory network
Linear motifs, such as phosphorylation sites, often reside in disordered

regions that can change rapidly or undergo convergent evolution (19–23).

We observed that ∼50% of human phosphorylation sites in proteins with

orthologous phosphoproteins were not aligned to phosphorylatable resi-

dues in any of the target species (Fig. 2) and that ∼64% of the sites in

these proteins were located in intrinsically disordered regions, in agree-

ment with previous reports (40, 41). These observations suggest that many

phosphorylation sites are fast evolving and, therefore, do not exhibit strong

evolutionary conservation at the sequence position level in distantly related

organisms. Even within well-aligned regions (as assessed by the overall

sequence identity of residues flanking the phosphorylatable residues), we

noticed that phosphorylatable residues in disordered regions are less con-

served than phosphorylatable residues in ordered regions (fig. S2). These

properties render phosphorylation sites (linear motifs) located in disordered

regions difficult to align and trace during evolution (24–27), which is fur-

ther supported by the observation that core sites in disordered regions were

underrepresented (fig. S3).

A key role of kinases is to modulate cellular signaling networks (for

example, by creating binding sites for SH2 domains). Because these events

may not require phosphorylation events to occur at precise positions in pro-

tein sequences (21–23, 31), we investigated the evolutionary conservation

of phosphorylation at the level of protein networks rather than strictly

focusing on the positionally conserved sites in individual proteins. Specif-

ically, we sought to identify phosphorylation events on orthologous proteins

that are mediated by orthologous kinases between human and the target

species.

TheNetworKINalgorithmcan computationally reconstruct phosphoryl-

ation networks (34) by modeling kinase specificity from contextual infor-

mation for phosphoproteins and kinases in tandem with sequence models

of kinase consensus motifs. The kinome coverage of NetworKIN was ex-

tended by the NetPhorest atlas (2). A potential concern in using these tools

on nonhuman data relates to whether the orthologous kinases in yeast, worm,

and fly have similar consensus motifs. NetworKIN made reliable predictions

in yeast (34) and for several yeast kinases with known human orthologs, the

motifs appear identical (B. Turk, personal communication), which is in

agreement with the observations reported above for core sites. Furthermore,

this conservation of kinase consensus motifs is expected from evolutionary

principles: Consensus motifs of pleiotropic kinases (34) must be under

strong selective pressure because a motif change could potentially affect

the complete target and function space for that kinase. Finally, NetworKIN

filters predictions on the basis of context; thus, even if amotif falselymatches

a site in a target species, it is not likely that the context data would allow

inclusion of this prediction.

By deploying the NetworKIN (34) algorithm in combination with

NetPhorest (2), we predicted protein kinases for all phosphoproteins identi-

fied in human and the target species. We used the default parameters for

NetworKIN (see Methods), which allows a single site to be phosphorylated

by multiple kinases and then overlaid the human phosphorylation network

with those of the target species (Fig. 5A) to obtain a human phosphorylation

network limited to those phosphoproteins and kinases that were conserved

in at least one target species (core net). We further quantified phosphoryl-

ation conservation by defining a propensity (denoted as k) for each human

substrate, which represented the number of a human substrate’s phosphoryl-

ation events that were supported by orthologous kinase-substrate relation-

ships in target species (fig. S4). Thus, k captures the phosphorylation

events on a human protein that are supported by orthologous (conserved)

kinase-substrate relationships predicted in the target species. Due to gene

duplication that occurred along the lineages of human and target species,

multiple kinase-substrate relationships in human may be supported by

single kinase-substrate relationship in target species. Conversely, a single

kinase-substrate relationship in human may be supported by multiple

kinase-substrate relationships in target species.

The initial (k ≥ 0) human phosphorylation network contained 25,563

interactions between 113 kinases and 5515 substrates (Fig. 5B, top panel),

whereas the human phosphorylation network resulting from overlaying the

networks from the target species, for k > 0, had 1255 interactions between

27 human kinases and 778 substrates (encoded by 759 genes, termed “core

net genes”) (Fig. 5B, bottom panel), of which 1105 interactions (88%) and

698 substrates (encoded by 682 genes)were not attributed to core sites. Ran-

domized network analysis (see Methods) revealed that this overlap was un-

likely to occur by random chance (empirical P < 0.001; fig. S5).

Core site genes and core net genes are enriched in
genes associated with cancer
The twomethods yielded different but somewhat overlapping sets of genes.

The alignment-based approached identified the 337 core site genes and the

kinase-substrate, network-based approach identified the larger set of the 759

core net genes, which included 525 genes that were not part of the core site

gene set. We analyzed each of these gene sets to determine if they were

enriched in genes associated with cancer (Fig. 6).

First, humangenes encoding phosphoproteinswere statistically enriched

in cancer-associated genes (see Methods) over the entire protein set (4.5%

versus 1.8% background, P < 0.05, hypergeometric test; Fig. 6B, bottom).

However, the core site gene set was more enriched in cancer-associated (see
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Methods) genes over the entire set of genes encoding phosphoproteins (P =

0.05, hypergeometric test; Fig. 6B). The 22 cancer-associated genes include

FOXO1, 3, and 4,CREB1, SMAD2, andHSP90 (table S6). This enrichment

occurred despite the fact that the subset of human genes encoding phospho-

proteins with orthologous proteins in target species was not more enriched

in cancer-associated genes than the entire set of human phosphoproteins,

regardless of whether their orthologous proteins are phosphorylated

(4.1%versus 4.5%) or not (3.8%versus 4.5%).We speculate that some core

sites in the products of these genes may be aberrantly regulated in

transformed cells. For example, phosphorylation of the core site Ser315 in

FOXO3A by SGK1 prevents FOXO3A from inducing cell cycle arrest and

apoptosis (38), thereby promoting cell proliferation. Hence, it is plausible

that deregulated phosphorylation of Ser315 in FOXO3A could contribute

to neoplastic growth. That 15 core sites in these cancer-associated genes

were only recently detected in large-scale MS experiments (table S6)

suggests that investigation of these sites may provide clues to further un-

derstand the functional role of these proteins in normal and malignant

cells.

Similarly, core net geneswere statistically enriched for cancer-associated

genes (P = 1.5 × 10−2 when compared to all human genes encoding phos-

phoproteins and P = 6.2 × 10−4 when compared to human genes encoding

phosphoproteins with orthologous phosphoproteins in the target species,

hypergeometric test; Fig. 6B, top graph), identifying approximately one fold

more cancer-associated genes than did the alignment-based method (47

versus 22) with a slight drop in specificity (6.5% versus 6.2%; Fig. 6B,

top graph). This suggests that the network comparison approach can iden-

tify potentially important phosphorylation events occurring in less con-

served protein regions. Note that the predicted conserved effector kinases

of phosphoproteins from the 759 geneswere not included in the enrichment

analysis unless they were among the 759 genes. In total, 52 unique cancer-

associated geneswere identified in the combined set of core site and core net

genes (see Supplementary Data).

Highly connected regulatory hubs in the core net are
associated with multiple complex diseases
Analysis of the topological features of predicted human phosphorylation

networks revealed that the number of kinase-substrate relationships of human

phosphoproteins correlated positively with enrichment in cancer-associated

genes in the entire human phosphoproteome, as well as to a lesser degree

in its HTP subset (Fig. 6A, top graphs). Aweaker positive correlation was

observed for other diseases in general, as defined in Online Mendelian In-

heritance in Man (OMIM) (Fig. 6A, bottom graphs). Hence, a highly phos-

phorylated regulatory hub protein is more likely to be encoded by a gene

implicated in disease.Moreover, there seems to be a strong linear correlation

between this likelihood and the signal integration properties of the proteins.

A concern was that this observation could stem from ascertainment bias

because disease genes are extensively studied. We therefore interrogated

the human phosphoproteome with the conservation phosphorylation pro-

pensity (k) associated with each human protein, given that the measure is

computed with target phosphoproteomes from unbiased systematic studies.

We found that k correlated positively with cancer-associated genes and

OMIM genes (Fig. 6B). Thus, it appears that genes encoding proteins that

receive and integrate many signaling events have an increased tendency to

be implicated in disease,which agreeswith similar suggestions (42, 43), and

that their signal integration properties are conserved in the target species.

Another possibility is that these genes encode products that need to be

tightly regulated by protein phosphorylation in human and target species

and that are vulnerable to deregulation likely caused by mutations or changes

in protein abundance.

Accordingly, we identified in the core net proteins that are involved in

several complex diseases, which may be suitable for experimental and ther-

apeutic studies. A complete list is available in the Supplementary Data; sev-

eral examples of proteins that are predicted substrates for kinases involved

in various diseases are mentioned here. We identified proteins related to

Alzheimer’s disease, SEPT1 (k = 4) and DBN1 (k = 7), which are supported

by evidence that misregulation of phosphorylation is important in neurolog-

ical disorders (44). We identified proteins related to viral infection, the hu-

man immunodeficiency virus 1 (HIV-1) infection–related proteins SFRS2,

SFRS5, and SFRS7 (k = 13, 6, and 13, respectively). We identified proteins

associatedwith the cell polarity, TJP1 and TJP2 andMINK1 (k= 10, 17, and

7, respectively).We identified proteins implicated in controlling cell and organ

size, the Hippo-associated protein YAP1 (k = 12), and metabolism, the in-

sulin receptor substrate proteins IRS1 and IRS2 (k = 16 and 14, respective-

ly). All these proteins are predicted substrates for the following kinases that

are involved in the same set of diseases: CDK2 (cancer and HIV infection),

MAP4K4 (cancer and insulin resistance), ATM (cancer), PRKACA and

GSK3 (diabetes, cancer, Alzheimer’s disease, and HIV), MAPK8 (HIV in-

fection and Alzheimer’s disease), and RPS6KB1 (RNA splicing and HIV

infection).

Phosphorylation conservation patterns differ by
cellular function
Given the disease associations observed in both core site and core net gene

sets, we investigated the prevalence of phosphorylation conservation at both

the site and the network levels across different cellular functions. That is, we

aimed to identify cellular processes in which phosphorylation events are

preferentially positionally conserved across orthologs or preferentially

mediated by orthologous kinases (conserved kinase-substrate relationship).

Specifically, we compared functions of core site genes and core net genes

against the complete set of human phosphoproteins that are orthologous to

known phosphoproteins in the target species. There are a total of 337 core

site genes and 758 core net genes with 233 common genes between the two

gene sets. We find that core site genes are statistically enriched (hyper-

geometric test, Benjamini and Hochberg false discovery rate correction;

see SupplementaryData) in genes encoding proteins involved in amino acid

phosphorylation (P = 8.0 × 10−5) and RNA splicing (P = 1.9 × 10−3) and

encoding cytosolic ribosomal proteins (P = 2.0 × 10−2). Manual inspection

revealed that of the core sites present in protein kinases, 26 are locatedwith-

in activation loop regions, which are important for the regulation of kinase

activity (fig. S6). Hence, some core sites are structurally constrained for

allosteric regulation, suggesting why this particular subset is positionally

conserved.

In contrast, core net genes were enriched (hypergeometric test, Benjamini

and Hochberg false discovery rate correction; see Supplementary Data) in

genes associated with the cell cycle (P = 1.4 × 10−4), chromosome organi-

zation and biogenesis (P = 5.4 × 10−4), DNA-dependent regulation of

transcription (P = 3.3 × 10−3), macromolecular complex assembly (P =

2.4 × 10−3), and protein targeting (P = 1.6 × 10−2). In 403 out of 688 core

net genes with localization annotation, core net genes were strongly

enriched in genes encoding proteins that localize to the nucleus (P = 1.7 ×

10−15), which correlates with the finding that core net genes are strongly

associated with chromosome organization and biogenesis and DNA-

dependent regulation of transcription. Correspondingly, our results support

the notion that functional conservation of phosphorylation does not neces-

sitate positional conservation: For example, protein phosphorylation in cell

cycle–associated proteins in yeast can be conserved, yet dynamic as a result

of site relocation (23). Correspondingly, our analysis of the core net sites has

identified more cellular activities that may be subject to a similar mode of

evolution in phosphorylation regulation.
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DISCUSSION

To assess the evolutionary history of phosphorylation sites, it is essential to

appreciate that the lack of evidence for a phosphorylation event does not

infer a nonphosphorylated site. Rather, the site could be phosphorylated

but below the limits currently detectable; alternatively, phosphorylation

may depend on amissing environmental cue or the sitemay become dephos-

phosphorylated under the experimental conditions used. In addition, some

sites are only phosphorylated in specific cell types, rendering their detection

evenmore difficult. Thus, phosphorylation events are highly context depen-

dent (34, 45) and dynamic (46). Indeed, Gygi and co-workers derived a

phosphoproteome from fly embryos and compared it to the one used here

(derived from the Kc-167 cell line) (47) and found about 25% overlap de-

spite the fact that the same species was analyzed. Although this difference

can partly be explained by different experimental and computational pipe-

lines, it undoubtedly also reflects differences between the biological systems

studied (for example, complete embryos contain many specialized cells in

contrast to the definedKc-167 cell line). This highlights that a large number

of additional phosphorylation sites are likely to be discovered by continued

and improved phosphoproteomic analysis. In particular, studies of the utili-

zation, dynamics, and functional roles of the sites will be important (48, 49),

because these reflect cellular information processing much more directly

than the number of sites itself.

Althoughwe beganwith over 40,000 combined phosphorylation sites in

both human and the target species (yeast, worm, and fly), we only identified

479 positionally conserved phosphorylation events in human. About 45%

(10,969) of the non–core sites were found in human phosphoproteins with

no detectable orthologous proteins in any of the target species. Of the re-

maining 13,008 human phosphoresidues, only 4448 aligned to phospho-

rylatable residues in at least one target species, of which 479 are aligned to

phosphorylated residues (Fig. 2). This limited overlap is presumably due to

the large evolutionary distance and actual physiological differences between

human and the target species (more than ∼600 million years) and the in-

complete coverage of the phosphorylation mapping data sets due to mass

spectrometer limitations (for example, sensitivity) and the limited number of

experimental conditions or biological contexts analyzed (for example, de-

velopmental stages).

The incompleteness of the data is illustrated by the composition of the

phosphorylated residues of the human phosphoproteome analyzed here

(Fig. 1A), which is biased toward pY [39% observed versus an average

of about 4%observed in the target species phosphorylation data and in other

large-scale phosphoproteomic studies (18, 47)]. This overrepresentation of

pY can be attributed to the use of pYantibodies in several HTP studies [for

example, (17)] and to the notion that phosphotyrosine peptides are more

easily detected with MS than are phosphoserine- or phosphothreonine-

containing peptides (14). Therefore, this pYoverrepresentation can be used

to estimate a lower bound on the coverage of the human phosphorylation

data, by computing how many additional (pS and pT) sites are needed to

“dilute” the fraction of pY down to the large-scale average of 4% phospho-

tyrosine (which is likely an overestimate). Thus, we estimate that there are

at least 200,000 more pS and pT sites yet to be discovered in the human

phosphoproteome. This estimatewill risewith additional discovery of pY

sites. A caveat here is that many phosphorylation events are detected in

transformed cells, or cells exposed to growth factors or other stimuli (14, 18),

which is likely to change the relative amounts of pY, pT, and pS compared to

those of nonstimulated cells, as observed by Hunter and co-workers (50).

Nonetheless, this estimate illustrates the incompleteness of current phos-

phoproteomic data. In addition, 160 core sites were only found in one tar-

get species, although phosphorylatable (S, T, or Y) residues are present at

orthologous positions in at least one other target species.

Our analysis supports the notion that many phosphorylation sites evolve

quickly (41, 51, 52) and, therefore, lack strong conservation at the sequence

and position levels—65% of human phosphorylated residues in proteins

with orthologous proteins in target species were not aligned to phosphory-

latable residues. Some of the missed phosphorylation sites could be phos-

phorylation events that need not be positionally conserved (21–23, 32, 33).

To this end, we investigated the conservation of sites involved in regula-

tory networks by overlaying predicted kinase-substrate relationships. The

two complementary approaches (network versus site alignment) highlight

phosphorylation events that are conserved across species spanning long

evolutionary distances and, hence, are likely functionally important for fun-

damental cellular activities. The utility of these approaches is underlined by

the identification ofmultiple low-abundance signaling proteins and disease-

related genes. Consequently, we identify genes encoding products that need

to be tightly regulated by protein phosphorylation in human and target spe-

cies and that are vulnerable to deregulation likely caused by mutations or

changes in protein abundance. Surprisingly, we did not see any enrichment

in disease association in the subset of human phosphoproteins with orthologs

that are phosphorylated in our phosphoproteomes over the background set

of all human phosphoproteins. In contrast, both the network and the site-

alignment approaches identified a subset of genes encoding phosphopro-

teins that were significantly more enriched in disease-associated genes over

the entire set of humanphosphoproteins.We also noticed that core site genes

were not enriched in OMIM genes compared to the global set of genes en-

coding phosphoproteins with orthologous proteins in the target species, re-

gardless of whether the orthologous proteins are phosphorylated or not. On

the contrary, cross-species signaling hubs among the core net genes (those

with high k) had an increased tendency to be implicated in both cancer and

other diseases. This suggests that core site genes are implicated in a narrower

set of diseases than are core net genes.

Whereas earlier work (27) has studied the conservation of phosphoryl-

ation sites across diverse species where the data have come from diverse

experimental approaches, our work focused on querying human phospho-

rylation sites with phosphoproteomes from three model organisms gener-

ated on a similar experimental and computational platform. This resulted in

a higher coverage of conserved phosphorylation events, as exemplified by

the identification of substantially more positionally conserved phosphoryl-

ation sites identified between human and yeast than the previous study (51

versus 1) (27). Our comparison is still relatively rough as we, for example,

compare a full multicellular organism (worm), a single-cell organism (yeast),

and various cell lines (fly and human). Therefore, we expect the numbers of

conserved phosphorylation sites to increase as comparative phosphoproteo-

mics develops in the future. Reports on the investigation of the sequence

conservation of phosphorylation sites have reached conflicting conclusions:

Gnad et al. (53) andMalik et al. (25) reported that experimentally validated

phosphorylated residues were more conserved than other phosphorylatable

residues;whereas Jimenez et al. (24) suggested the opposite. Furthermore, it

has been suggested that sites identifiedwith large-scaleMS are less likely to

be functionally important unless they display conservation at the sequence

level (41, 53). However, we argue that such strategies will filter away many

biologically important phosphorylation sites that need not be positionally

conserved.Our network-alignment approach enables studies of phosphoryl-

ation events that are not necessarily positionally conserved and underlines

the importance of assessing phosphorylation conservation at both site and

network level.

In summary, we have systematically investigated the conservation of

phosphorylation sites in human regulatory networks by comparison to dis-

tantly related model organisms. We identified cross-species phosphoryl-

ation events that occur on proteins that have an increased tendency to be

implicated in diseases caused bymutations. This result suggests that a simi-
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lar approach could be taken to identify networks misregulated in cancer,

diabetes, or mental illnesses. We note that multiple diseases seem to con-

verge on the conserved regulatory network (core net). Therefore, we argue

that it is important to consider conserved kinase-substrate relationships

rather than just conservation of phosphoproteins when searching for disease-

related genes. Furthermore, these results suggest that multiple diseases might

be targeted using common therapeutic agents (54). This idea is supported by

a recent study in mice indicating that type 1 diabetes can be suppressed by

imatinib (55), a small-molecule tyrosine kinase inhibitor developed as a

cancer drug. Similar supportive evidence is emerging related to the role

of the kinase AMPK (adenosine monophosphate–activated protein kinase)

in cancer and diabetes. Therefore, we envisage human regulatory network

analysis similar to those used here may be useful for future network medi-

cine endeavors (56).

METHODS

Generation of phosphopeptide data
A detailed description of the generation of the phosphopeptide data is

provided in the Supplementary Material.

Assembly of nonredundant human phosphorylation site
data set
Human phosphorylation sites were collected from the two major online

databases PhosphoSite [release 2.0 (29)] and Phospho.ELM [release 7.0

(28)]. As the two databases use protein sequences from different releases

of SwissProt to track the positions of phosphorylation sites, all data were

mapped into a reference sequence set from Ensembl [release 46, 2007 (57)].

This helped to resolve caseswhere identical sites had different positions due to

revisions of the SwissProt sequence referenced and to identify and remove

redundant sites. The mapping between SwissProt primary accessions and its

corresponding Ensembl human protein identifiers (release 46) was obtained

fromEnsembl through its BioMart interface. Finally, the positions of the phos-

phorylation sites in the Ensembl protein sequences were identified by exact

stringmatching (using the peptide from −7 to +7 surrounding the phosphoryl-

ated central residue as defined in the Phospho.ELMor PhosphoSite database).

This procedure resulted in 23,977 nonredundant (at 100% identity level)

human phosphorylation sites for the comparative analysis.

Identification of phosphorylated orthologs for human
phosphoproteins in the three target species
Ortholog information of human phosphoproteins inferred by Ensembl

(release 46) ortholog detection pipeline was obtained from Ensembl’s

BioMart interface. Specifically, Ensembl identifiers of genes orthologous to

human genes together with identifiers of their translated protein products

were retrieved. The details of the ortholog detection pipeline are described at

http://aug2007.archive.ensembl.org/info/data/compara/homology_method.

html. Briefly, gene families are identified from all sequences in the database

byWU-Blastp andSmith–Waterman searches, followed by constructionof a

phylogenetic tree for each gene family to identify orthology and paralogy re-

lationships between gene pairs. Finally, we used this information to identify

human phosphoproteins with orthologs that were phosphorylated in at least

one of the target species (we termed these “phosphoorthologs”). Subsequently,

the sequences of these human phosphoproteins were aligned with those of

their target species phosphoorthologs to identify conserved core sites.

Identification of core sites
The phosphorylation core siteswere detected frommultiple sequence align-

ments (MSAs) of each humanphosphoproteinwith all its detected phospho-

orthologs (as described above). To improve each MSA, we included the

protein sequence of the longest splice variant (or an arbitrarily chosen lon-

gest if several exist with identical length) of one-to-one orthologous genes

from 19 eukaryotic species spanning the evolution between Homo sapiens

andD. melanogaster (Aedes aegypti, Anopheles gambiae, Bos taurus,Canis

familiaris, Ciona intestinalis, Ciona savignyi, Danio rerio, Gallus gallus,

Gasterosteus aculeatus, Macaca mulatta, Monodelphis domestica, Mus

musculus,Ornithorhynchusanatinus,Oryzias latipes,Pan troglodytes,Rattus

norvegicus, Takigufu rubripes, Tetraodon nigroviridis, and X. tropicalis). For

the sake of completeness, we also included the orthologous protein se-

quences for each target species that had no detected phosphorylation. Finally,

these sequences were aligned using the MAFFT (v6.240, E-INS-i option with

default parameters) algorithm on an IBM x366 running CentOS (LINUX).

The resultingMSAswere subsequently processed by a Perl script to identify

the human phosphoresidues that are aligned in the same columnwith a phos-

phoresidue observed in any target species (we termed these phosphorylation

sites “core sites”).We did not require the aligned phosphoresidues to be iden-

tical amino acids to allow detecting cases where one phosphoresidue is

converted to another during evolution (for example, pT to pS or pY).

Assessing local alignment quality of core sites with
shuffled phosphoortholog sequences
We repeated the MSAwith shuffled sequences of phosphoorthologs to identify

spurious core sites that could arise from poorly aligned regions in the sequence

alignment by random chance alone. First, we identified pairs of aligned phos-

phoresidues lying in potential poorly aligned regions, which we defined as

those having less than 50% identity between human and the target species

in the sequence region −5 to +5 (excluding position 0) relative to the human

phosphoresidue. For each of these pairs of aligned phosphoresidues, we then

computed the BLOSUM62 alignment score between human and target species

of sequence region −5 to +5 relative to the human phosphoresidue, and re-

peated the MSA, as outlined above, 500 times but with the sequence of the

phosphoortholog shuffled randomly each time. We then computed the empir-

ical P value for the BLOSUM62 computed alignment score of the aligned

phosphoresidues as the fraction of trials inwhich the shuffled phosphoortholog

sequence aligned to the same region in the human phosphoprotein to a

phosphorylatable residue (S, TorY)with equal or better BLOSUM62 score

than the actual phosphoortholog sequence. Finally, we used these values to

only consider core sites that have an empiricalP value<0.05 resulting in 479

core sites.

Assessing the statistical significance on the number of
observed aligned phosphoresidues
We adopted a simple probabilistic model to estimate the statistical signifi-

cance of the number of observed aligned phosphoserine, phosphothreonine,

and phosphotyrosine residues between human and each target species. First,

we computed the number of aligned phosphoresidues expected by random

chance between human and each target species in the nonshuffled MSA

(separate analyses were performed for phosphoserine, phosphothreonine,

and phosphotyrosine). Here, we illustrate, as an example, how the number

of aligned phosphotyrosines expected by random chance between human

and flywas derived: LetA be the set of human tyrosine-phosphorylated pro-

teins whose orthologs in fly are tyrosine phosphorylated. Correspondingly,

let B be the set of fly tyrosine-phosphorylated proteins that correspond to A.

Next, let PA and PB be the proportion of tyrosines in protein set A and B,

respectively, that are phosphorylated, and let NAB be the total number of

tyrosines in A that are aligned to tyrosines in B as observed in the MSA

(described above). It then follows that the number of human phosphotyro-

sines aligning to phosphotyrosines in fly expected by random chance, as-

suming joint probability of two independent events, is computed as PA ×
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PB × NAB. Finally, we assessed the statistical significance of the difference

between expected random occurrence and observed number of aligned

phosphotyrosines by a c2 test. Similar analyses were then performed be-

tween human and each target species for serine, threonine, and tyrosine

separately. The computed statistics are shown in tables S1 to S3.

Clustering analysis of flanking region conservation
of core site
For every pair of aligned phosphorylated residues, a consensus sequence

of the local alignment from −5 to 5 of the aligned phosphorylated resi-

dues is first defined. For example, ..RK.SP..D. is the consensus pattern of

GTRKGpSPLKDE aligned to NERKVpSPDEDM. Next, a consensus

pattern S encoded as a vector set V = (v
−5, v−4, …, v4, v5) is defined,

where vector vi is a vector of the 20 elements coding for number of

specific amino acids appearing at position i among the consensus se-

quences. The similarity between vector set Vx and Vy is computed as

the sum of cosine similarities of all corresponding vectors across the

two sets, as follows. First, a vector set is encoded for every consensus

sequence. Second, the similarity between pairs of vector sets are computed,

and the most similar pair is then merged into a new vector set by summing

up the corresponding vectors across the two old sets. The previous step is

iteratively performed, and if the twomost similar vector sets at each iteration

encode 10 or more core sites, they are output and removed from further

computation. Lastly, core sites in human and target species represented

by output vector sets are then visualized separately with sequence logo

for manual inspection and classification (fig. S1).

Prediction of intrinsic protein disorder
We used the DISOPRED2 predictor [http://bioinf.cs.ucl.ac.uk/disopred/

(58)] to predict disordered regions in human protein sequences by inputting

these to the predictor. The nonredundant (NR) protein sequence database

required for the predictor to run was obtained from the National Center

for Biotechnology Information in November 2007. The NR database was

filtered for transmembrane protein regions with the pfilt program provided

with DISOPRED2. Subsequently, we analyzed the output with custom Perl

scripts and SQL queries.

Gene Ontology analysis
Gene Ontology (GO) term enrichment analyses were performed with the

BiNGO [v2.00 (59)] plugin for Cytoscape [v2.5.2 (60)]. The GO annota-

tions of human genes were retrieved from Ensembl (release 48) and the sta-

tistical significance of overrepresented GO terms was determined with

hypergeometric distribution tests (corrected for multiple hypothesis testing

with false discovery rate). The statistical significance of GO terms asso-

ciated with core site genes was estimated by comparing the GO terms of

two sets of human genes encoding phosphoproteins: those that have

orthologs in at least one target species and its subset of genes that have

phosphoorthologs in the target species. The statistical significance of

GO terms associated with human core net genes (substrates with inferred

conserved kinase-substrate relationships in target species) was estimated

by comparing it to the entire set of human genes encoding phospho-

proteins that have phosphoorthologs in at least one target species, and

the phosphoorthologs that have kinase-substrate relationship predicted

by NetworKIN.

Assembly of disease-related gene data set
We obtained a list of cancer-associated genes annotated in four peer-

reviewed publications (61–64) from CancerGene [http://cbio.mskcc.org/

cancergenes (65)]. The first two publications reviewed genes important in

cancer development, maintenance, andmetastasis, and the last two reported

genes with mutations causally implicated in oncogenesis as observed in

primary neoplasms. As the cancer-associated genes reported in (64) form

the basis of cancer-associated genes in Cancer Gene Census (www.sanger.

ac.uk/genetics/ CGP/Census/), we obtained the latest list from the database.

Subsequently, the gene symbols and aliases obtainedweremapped to Ensembl

gene entries with the alias mapping file provided by the STRING database

[http://string.embl.de (66)], resulting in a final set of 413 cancer-related

genes. In addition we assembled a data set of genes involved in genetic dis-

eases from theOMIMdatabase [www.ncbi.nlm.nih.gov/omim/ (67)]. These

genes were obtained fromOMIM andmapped to gene identifiers in Ensembl

database (release 46). This resulted in a total set of 2174 human genes as-

sociated with disease.

Computational reconstruction of conserved human
kinase-substrate networks
We used the NetworKIN algorithm [v2.0b (34, 68)] to predict the kinases

that may phosphorylate the phosphorylation sites in the four species (H.

sapiens, D. melanogaster, S. cerevisiae, and C. elegans), resulting in four

directed and weighted kinase-substrate networks. We used default param-

eters for NetworKIN, setting the ranking score cutoff to 0.7 for human and

0.5 for target species. This setting was an empirical decision made on the

basis of the relatively weak association data in worm and fly compared to

yeast and human. In addition, we expected the conservation quantitation to

counteract spurious protein-protein associations. Many predictions from

NetworKIN are based on indirect probabilistic associations of proteins;

thus, a direct physical interaction is not an absolute prerequisite for the

algorithm to associate a substrate with a kinase. Because STRING utilizes

evidence transfer between the target species, our approachwill be somewhat

biased toward these associations. However, the systematic analysis of the

phosphoproteomes of the target species and the use of linear motif from

NetPhorest serve as unbiased starting material for the NetworKIN predic-

tion algorithm, minimizing this issue.

Each edge in the networks represents a predicted kinase-substrate rela-

tionship. The weight of the edge is proportional to the total number of sites

among spliced variants of the substrate gene product predicted to be phos-

phorylated by the kinase. The human kinase-substrate network is compared

across the three target species to infer a network of evolutionary conserved

kinase-substrate relationships in human. Each inferred evolutionary con-

served kinase-substrate relationship in human is further scored (see fig.

S4 for details). For each predicted human kinase-substrate relationship (a,b),

kinase a and substrate b are orthologous to kinase-encoding gene set Ax and

substrate-encoding gene set Bx in target species x (fly, worm, or yeast), where

Ax andBx can be an empty set. Let n be the edgeweight of (a,b) andmx be the

maximum edge weight among kinase-substrate pairs from Ax and Bx in x’s

weighted kinase-substrate network. The human kinase-substrate relationship

(a,b) is considered conserved in target species x if mx > 0 (kinase-substrate

relationship between members of Ax and Bx is predicted by NetworKIN

based on phosphorylation data in target species x). The conservation score

Cx of kinase-substrate relationship (a,b) across target species x is then

selected as the smaller number of n and mx. The final conservation score

Ctotal of kinase-substrate relationship (a,b) in human across the three target

species is the sum of Cfly, Cworm, and Cyeast. Finally, the conserved phos-

phorylation propensity k of a substrate b is calculated as the sum of Ctotal of

each conserved kinase-substrate relationship that b is implicated in (see fig.

S4 for a schematic illustration). Finally, we chose not to compress multiple

orthologous kinases into a single node, such as JNK1 and JNK2 into a JNK

group (2), because it is possible for functional divergence to occur after

duplication such that the initial set of substrates targeted by an ancient kinase

become uniquely targeted among the duplicated kinases.
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Assessing statistical significance of inferred conserved
kinase-substrate relationships
To assess the statistical significance of the human kinase-substrate rela-

tionships inferred to be conserved in the target species, we repeated the

procedure described above 2000 times, using randomized kinase-substrate

networks of the three target specieswith the predicted human kinase-substrate

network. Each time, randomized kinase-substrate networks in target species

are created by switching all originally predicted substrates of each kinase

with that of another randomly selected kinase within the same species.

The empirical P value is then computed as the fraction of trials that have

the same or more inferred conserved human kinase-substrate relation-

ships than the original analysis. The distribution of the number of observed

human kinase-substrate relationships from the trials is shown as a box plot

in fig. S5.
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