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The solvent accessibility of the Ser/ThywTontaining peptide stretches in the substrate proteins of various kinases are
likely to play a major role in substrate recognition by various kinases. Even though some of the computational tools make
use of the solvent accessibility probabilities for prediction of phosphosites, no systematic analysis has been carried to
investigate the solvent accessibilities of known phosphorylation sites. In thiswaibgve systematically analyzed the

solvent accessibilities of serine, threonine and tyrosine containing phosphorylation sites in known substrate proteins by
mapping them onto PDB structures, and compared with the accessibilities of sites which are not phosphiinglated.
average relative solvent accessible area of phosphorylation site residues was found to be significantly more than their non-
phosphorylated counterparfhe diference between phospho and non-phospho residues was statistically significant as
judged bywilcoxon test p-values of 2.20 x 16, 5.07 x 16%and 2.34 x 16 for serine, threonine and tyrosine containing

sites respectivel\Nonetheless, there are several known phosphorylation sites whose relative accessible surface areas are
lower than 104, thus these sites are not accessible on the surface of the substrate protein. MD simulations on representative
protein structures suggest that, thermal fluctuations at 300K can significantly enhance the accessibilities of such buried
Ser/Thr/ Tyr containing peptides, thus making them available for phosphoryldtis. our analysis highlights the fact

that, it would be in general diifult to set a deterministic criterion based on accessibility values for identifying potential
phosphorylation sites.
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Intr oduction regulation of functional state of a substrate protein is
Protein ki | . tant role | lavi tumour suppressor protein p53 which contains a
.ro en mgses p_ ay aq 'mportan rog N TE13YING 1\ mber of phosphorylation sites in its transactivation

signals during various signal transduction processes, . in (AD), DNA binding domain (DBD)

inthe cellglar mach.|.nery by carrqug out tetramerization and regulatory domains (Caspari,
phosphorylation of specific Ser/Thr ®yr residues 2000). Fig. 1 shows the structure of DBD of p53 in

on their cognate substrate proteins. Phosphorylatloncomplex with a DNA fragment based on the crystal

by klr?ases. alters the functlongl state of a sybstratestruc,[ure 1TUP (Chet al, 1994), where three chains
protein using a number of @&rent mechanisms

o : _ of DBD are bound to the double helical DNA and
which include conformational changes in the

bstrat e duci dockina/bindi i inset highlights known phosphorylation sit&s.can
substrate protein, pro gcmg a docking .m N9 S,' ©be seen replacement of nonpolar sidechains of Ser/
on the substrate protein for a modular interaction

. ) - . _ Thr by highly chaged phosphate moiety can
domain, or by altering the existing binding site on _. ... L
significantly alter the binding &hity of p53 DBD
the substrate in a manner which can inhibit binding 'gni y inding Hhity of p

, _ for DNA, thus providing a structural basis for
of an interaction partneWell known example of
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regulation of p53 activity by phosphorylation and substrate recruitment, is any mechanism, which brings
dephosphorylatiorThis example also highlights that, substrate and kinase in close proximity and thus
sites on substrate proteins where phosphorylation carincreases the chances of substrate-kinase complex
affect binding with interaction partners need to be formation. One of the mechanisms of substrate
present on the surface of the proteins and are likelyrecruitment involves the interaction between docking
to be solvent accessibl&herefore, computational motifs on the substrate and interaction domain of the
methods for prediction of phosphosites on putative kinase (Biondi and Nebreda, 200Bhese motifs are
substrate of kinases can take into account solventocated far apart from the phosphorylation site in the
accessibility of peptide stretches containing Ser/Thr/ substrate protein and increase thénéfy of the

Tyr residues. substrate for the kinase many fold. In some substrates,

Various available programs for prediction of Phosphorylation event increases thénéy of the

phosphorylation sites (@st and Kusalik, 2a) by a substrate for the next phosphorylation in the same
given kinase break the substrate proteins into allSubstrate; this is a recurring theme in the
possible Ser/Thr§fF containing peptides and then phophorylation by protein kinases. Localization of
evaluate the scores for the phosphorylation of eachProtein kinase in a specific sub cellular compartment
of these peptidedhe high scoring peptides above provides a further layer of specificitfometimes
certain cut dfvalue of the score are reported to be Kinases interact with the substrate through an

the most likely tagets for phosphorylation. In the [Ntermediary of scdéld protein, which acts as a
sequence based prediction methods (Bleral. platform for both interacting partners. Such factors

2004: Obenaueet al, 2003; Xue et al., 2008), the have been incorporated in the form of protein-protein
score is computed in a probabilistic manner as perinteraction information from STRING (Szklarczyk
the probability of occurrence of various amino acids €t &k, 2011) or other such databases has been
flanking the Ser/ThrAfr. On the other hand, structure incorporated for prediction of phosphorylation sites
based methods (Durek al, 2009; Ellis and Kobe, ©N @ given substrate protein (Linding et, @007;
2011; Kumar and Mohant2010) calculate the score Songet al, 201_2_). Similar_lyaccessibility of the Ser/
based on the bindingfafity of the each of the Ser / Thr/Tyr containing peptide stretch on a substrate
Thr/Tyr containing peptides in complex with the Protéin also plays a major role in the substrate
protein kinase in questioAll these programs assume  Fecognition by kinases. Some of the peptides, which
that, all the peptides containing the Ser/Tir/T otherwise fulfil the requirements of the higHiraity
residues are equally accessible to the protein kinasel® Protéin kinase, might be buried and hence not
for the phosphorylation reactiofhe selectivity of accessible for the protein km_ase for the transfer of
the kinase for a taet phosphorylation site is phosphate grouplherefore, in the absence of a

attributed exclusively to the residues flanking the €Onformation change in the substrate upon
phosphorylatable Ser/ThryT residues in the recrt_utment, only a subset of peptides, which is
substrate proteinThese residues, usually three on SPatially located on the surface of the substrate

each side of the phosphorylation site make favourable?fot€in, can potentially be phosphorylated
contacts with the specificity determining residues in (Eisenhaber and Eisenhali#007; lakouchevet al,

the protein kinase. 2004; Neubegeret al, 2007).

Although complementarities between the Thus, a number of factors help in maintaining
peptide residues and the kinase substrate bindinghe high level of substrate specificity that is observed
pockets play a crucial role in the phosphorylation in the cellular phosphorylation networks. However
event, experimental evidences suggest that it is noit is very difiicult to incorporate all thesefetts in
the only factor determining the substrate selectivity the prediction programs. In principle, solvent
Other factors such as the proximity of the substrateaccessibility of thegpeptides containing potential
to the protein kinase play an equally important role phosphorylation sitesan be calculated; hence,
(Ubersax and Ferrell, 2007)yhis process, called incorporation of the surface accessibility terms in the
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prediction algorithms might help in improving their In this studywe have attempted to investigate
prediction accuracyHowever none of the currently  whether inclusion of solvent accessibility
available computation programs for the substrate probabilities of putative substrate peptides can help
prediction with the exception c$CANSITE in improvement of prediction accurad¥e have
(Obenauetet al., 2003), make use of the surface calculated the solvent accessibilities of
accessibility of the peptides while making predictions. phosphorylation sites in the crystal structures or

L le hiah th hout ¢ " homology models of known substrate proteirtse
arge-scale high troughput mass SpECrometnic ; . .o ssipilities of the known phosphorylation sites
experiments have discovered a huge number

phosphorylated peptides which are substrates OThave been compared with the accessibilities of the
Ser/Thr/Wyr containing peptides, which are not
protein kinases (Olseet al, 2006). Conventional v g pep

hosphorylated. Based on this analysis, we have
kinase assays and peptide library experiments havg phory y

) _ . attempted to estimate if statistically significant
also co_ntrlbuted to the known phosphorylation sites correlation exists between solvent accessibility and
of 'Fhe kinases (Song.yaegal., 1994). Phpspho.ELM propensity for phosphorylation,

(Diella et al., 2004) is a database, which catalogues

these sitesAlthough substrate data stored in this Materials and Methods

database has been used for the development, or

benchmarking of a number of prediction programs, Dataset of Protein Kinase Substrates

no information about the accessibility of these
peptides in their substrate protein is availaiblgs

is in part because; the crystal structures for most of

the substrate proteins have not yet been SOIVed(http://wwvv.uniprot.og). Information about the

Phospho3D (Zanzost al, 2011) is a database, _Wh'Ch location of sites of phosphorylation on these proteins
catalogues and stores the substrate protein whose

fruct has b ved al ith the functi Iwa:s also extractedlhis version contains 13563
structure has been solved along with the Tune 'onasphosphorylation sites in 4422 protein sequences.
annotations at the phosphorylation site. It also store
the results of local structural alignment of substrates| dentification of Sructural Homologs

at the phosphorylation sitalthough it provides the
accessibility of phosphorylation sites, it is only for PDB (Berman et al 2000) database 2007 was used

those few substrates whose structures are availablér identifying the structural homologs of substrate
in PDB. In another stugyarge-scale calculation of ~Proteins.This PDB release consisted of 107691

predicted values of solvent accessible area of knowrPolypeptide chains from 45658 unique structures.
phosphorylation sites concluded that the Amino acid sequences of these ponp_epUde chains
phosphorylation sites are mostly accessible on theVeré downloaded from RCSB websitdl PDB
surface of the substrate protein, and are mostly foundF€duences were converted to a searchable database
in the loop and hinge regions of the proteins (GnadYSing the formatdb program of NCBI blast suite of

et al., 2007)Although these two studies have shed softwaresFor findingthe structural homologs of the
some light on the surface accessibility of the known substrate proteins of various kinases, blast search was
site of phosphorylation, one of these has information &'Tied out against sequences in PDB with an e-value

' o 2 :
about a very small number of substrates, while theCUtoff of 10 The most significant BLASTit for
prediction of accessibilities from sequence alone each substrate protein was selected as structural

becomes a limitation of the second stuihyerefore, template. If the aligpment between the template and
before inclusion of the solvent accessible area termdhe substrate protein showed a gap over the known

in the prediction algorithms, it is necessary to carry Phosphorylation site, the corresponding substrate
out an exhaustive analysis of the solvent Seduencewas removed from the data set. Fig. 1 shows

accessibilities of phosphorylation sites in the known & flowchart depicting the protocol for mapping of
substrate proteins. phosphorylation sites onto the PDB structufidse

Substrate proteins of protein kinases catalogued in
phospho.ELM (Diella et al., 2004) database (version
5.0) were downloaded from UNIPROT database
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extended (SPCE) water (Berendsen, 1987) in an
octahedron box with edges in all directions lying at
10A from the outer most atom of the protein.
Neighbour list was updated every 10 steps with a
short-range neighbour cutfabf 10A. Long range
electrostatics interactions were computed using
Particle Mesh Ewald (PME) summation method
(Darden, 1993; Essmann, 1995) applying ctiebf
10A. Van derWaal enegies were computed using
twin range cut-df of 10A/14A.The overall chaye
on the system was neutralized by replacing solvent
molecules with counter ions as necess#ly
Fig. 1: The structure of DBD of p53 in complex with a DNA  simulations were carried out using periodic boundary
frag‘ment based on the crystal structue 1TUB where three conditions in NPT ensemble. Constant temperature
chains of DBD ae bound to the double helical DNAThe ¢ 305 and constant pressure of 1 Bar were
inset inside the cicle highlights known phosphoylation sites
of p53 DBD maintained using velocity rescale thermostat and
Parinello-Rahman barostat (Parrinello, 1980he
isotropic pressure coupling was achieved through
PDB coordinate files corresponding to the structural time constant 0.5 ps and compressibility of 4.5%10
templates of the substrate proteins were downloadedar™. The bonds and angles in SPCE water were
from PDB website. constrained using LINCS algorithm (Hess, 1997).
MD simulations were performed using a time step of
Calculation of Solvent Accessible Area of 2 s The total system consisting of protein, solvent
Phosphorylation Sites molecules and counter ions were subjected to water

The fragments of the structural templates aligning €auilibration keeping the protein heavy atoms
with the heptameric sequences of the substratereStra'ned for 40ps. Production MD run was carried
proteins containing the phosphorylation sites were out for 15ns.

identified. The absolute and relative solvent Results

accessible surface areas of these heptameric peptide

fragments in the template structure were calculatedStructural Homologs of Substrate Proteins of
using the NACCESS (Hubbard afbdorntan, 1993)  Kinases

program.The solvent ag:c.essible surfage areas Qf a”Fig. 2 shows a flowchart depicting the protocol for
other Ser/Thr/§r containing heptapeptides, which mapping of phosphorylation sites onto the PDB

are not phosphorylated, were also calculatart o\ otyres. Out of 4422 substrate protein sequences
from the solvent accessible surface areas of the 51041 ed in the phospho.ELM database, structural
heptameric peptide fragments, the relative andy,,n6159ues could be identified for 1425 proteins
absolute accessible surface areas were also CaICUIat%ntaining 2860 phosphorylation sit&ke structural

for the central Ser/ThrfF residues. templates for these 1425 substrate proteins
corresponded to 990 PDB structurdscareful
examination of the sequence alignments of substrate
Explicit solvent molecular dynamics simulations proteins with the structures in PDB showed that, in
were carried out on the crystal structure (2C28%Y  some of the alignments, the region corresponding to
et al, 2006)) of human 14-3-3 beta protein using the phosphorylation site contained a gap in the
GROMACS4 (Hess, 2008) package and GROMOS96structure, or the Ser/Thyresidue was replaced by
43al force field (¢n Gunsteren, 1996)he structure  amino acids which cannot be phosphorylateduch

was initially solvated in explicit simple point clggr  cases, the sequence of the substrate protein was

MD Simulations



Getting Phosphorylated: Is it Necesgdo be SolverAccessible ? 497

Fig. S1.The distribution of length of sequence alignments between
kinase substrates and homologous pteins in PDB

Fig. 2: Flowchart depicting calculation of solvent accessibilities of
phosphorylation sites in the substrate poteins based on its
crystal structure or structural homolog in PDB

Fig. S2Distribution of the sequence identities of the substrate
proteins (of kinases) which showed significant alignment
removed from the data séffter applying this filter with proteins in PDB

the data set consisted of 1088 phosphorylation
instances from 719 substrate proteins, which could
be mapped on to 584 polypeptide chains from 571
PDB entries.These included 526, 202 and 360 Solvent accessible surface areas of the
instances containing serine, threonine and tyrosinephosphorylation sites on the substrate proteins were
as phosphorylation residues respectivelgs. S1and calculated from their crystal structures when
S2 show the distribution of the alignment length and available, or from their structural homologée use
percentage identity respective\s can be seenfrom of homologs for surface area calculation is
Fig. S1, 85.8% of all hits show an alignment over a appropriate as structures are known to be more
length of 100 or more amino acids. Similarie conserved than sequences and the homologues have
percentage identities of the hits were also significantbeen identified based on significant sequence
as about 44% of hits showed a percentage identity insimilarity. In addition, given the biological

the range of 90-100%, while 90% of the hits showedimportance of the phosphorylation event, the
identity above 30% (Fig. S2)Thus, the structural phosphorylation sites are also likely to be conserved.
templates have good homology with the substrateTherefore, the probability of the finding the
proteins over a significant length of alignment. phosphorylation site on a substrate protein in same
Hence, these 719 substrate proteins are likely to havetructural context as in the structural match is very
structures similar to those of the templates in PDB. high, and the surface areas calculated from it are likely
Therefore, the solvent accessibilities of the Ser/Thr/to be true representative of the surface area in the
Tyr containing peptide stretches in the substrateactual substrate proteins. Seven amino acids long
proteins can be estimated based on accessibility opeptide stretches with phosphorylation site as the
the corresponding structural fragments in the central residue were selected for the calculation of
identified PDB hits. solvent accessible surface areas by NACCESS

Solvent Accessibility of Phosphorylation Sites
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computer program (Hubbard afthorntan, 1993).

For each substrate protein, apart from the

phosphorylation site, the accessible surface areas of

the all other Ser/ThriF containing potential sites,

which are not phosphorylated, were also calculated.

In every case, absolute as well as relative surface areas

were calculatedThe relative surface area values

represent the surface accessibility in comparison to

the accessibility of a residue in extended

conformation when it is surrounded by alanine

residue on both sides. Fig. S3 shows an example of

the analysis of solvent accessibility of a representative

guery substrate protein 3-phosphoinisitide dependent

protein kinase-1 whose solvent accessible area of

phosphorylation site is calculated from the structural

homolog with PDB ID 2BCJ. Fig. 3 shows the average

solvent accessible surface areas for the central Ser/

Thr/Tyr residues as well as the heptameric peptide

fragment corresponding to sites, which are known to

be phosphorylated, as well as for those, which are

not phosphorylatedAs can be seen, in general the

average solvent accessible surface area of the

phosphorylation site residues is higher compared to

the accessibilities of Ser/Thyg/fcontaining peptides

that are not phosphorylated’.he statistical Fig. S3An examp-le of the .ar-‘lalysis of- solvent accessibili.ty of a

Significance of the dference between the heptapeptide c-ontalmng the site of phosphor)-/la-lt}on in
CT ) : ) substrate protein of a kinase. Solvent accessibility was

accessibilities of phosphorylation site residues and calculated by NACCESS pogram from the homologous

non-phosphory|ated residues was Judged by protein identified by BLAST seaich in PDB. (A) Sequence

Wilcoxon rank sum teswith Continuity correction. aIigan]enF of query substrate ?-phosphoinisidite dependent

The diference in average relative solvent accessible protein kinase-1 (015530) with the sequence of structural

) homologue guanine nucleotide binding prtein: GPCR
area between phospho and non-phospho residues was kinase 2 (PDB identifier: 2BCJ). The phosphorylation site

statistically Signiﬁcam as judged by p-values of 2.20 residue has been shown in gen and three esidues on each
16 6 side are shown in ed. (B) Cartoon representation of 2BCJ.
X X X
10 ! .07 %10 ar_ld 2'34 . 1@ for SerThr and Phosphorylation site and the residues surounding it are
Tyr residues respectivelysimilarly, p-values for the shown in green and ed respectively (C) Surface
difference between the average relative solvent representation of 2BCJThe peptide steetch corresponding

accessible area of phospho-peptide and non-phospho the phqsphmylation site and surrounding residues have been

. shown in the geen and ed.
peptides were 2.20 x 18, 2.05 x 1623 and 4.77 x
1012 for Ser Thr andTyr containing peptides
respectively Fig. 3 also shows that the fdifence
between the average solvent accessibility values forcontaining peptidewith their counterparts which are
the absolute area was significant as judged bynot phosphorylatedds can be seen from Figl, at
Wilcoxon test p-valuesThus, based on average high accessibility values (> 40P the percentage
accessibility values the phosphorylation site residues/of phosphorylated peptides are higher than the
peptides were found to be more exposed to thepercentage of peptides which are not phosphorylated,
solvent. Fig.4 shows a comparison of the distribution while the trend is reversed in the low accessibility
of absolute accessibilities of phosphorylation site range. Howevem surprising observation from this
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Table 1: The solvent accessible surface aas of phosphorylation sites*

A B C D E F G H | J
Catalase P04040 230 eavYckf 1QQW 169.6 145 6.8 30.2 Abl, Abl2
Phosphoglycerate mutase P18669 22 nrfSgwy 1YJX 1852 14.7 12.6 16.3PAK1
Proto-oncogene tyrosine P12931 215 gofYits 2H8H 253.4 440 20.7 31.3Src

Serine/threonine-protein kinase 6 014965 266 llgSage 2J4Z 2829 884 119 34.2 AuroraA
Serine/threonine-protein kinase 6 014965 278 fgwSvha 2J4Z 3055 412 6.2 34.2 AuroraA

Glucose-6-phosphate isomerase P06744 184 wyvSnid 1INUH 323.1 13.8 18 30.3 CK2 group

Casein kinase Il subunit alpha P68400 255 edlydyi 1JWH 3749 795 374 30.6Lyn, Fgr
Dihydropteridine reductase P09417 223 nrpSsgs 1HDR 381.3 86.0 75.9 27.5CaM-KIl group
E3 ubiquitin-protein ligase CBL P22681 371 vyelYcem 1FBV 393.7 13.2 40.9 29.4EGFR, InsR

Retinoic acid receptor RXR-alpha  P19793 249 tetYvea 1LBD 4025 329 34.9 41 5MAP2K4

Phosphoglycerate mutasel P18669 117 wrrSydv 1YJX 418.0 209 73.9 16.3PAK1

C-Rel proto-oncogene protein P16236 266 rrpSdge 1GJI 4194 86.0 73.8 30.6PKA group

14-3-3 protein eta Q04917 58 rrsSwrv - 2C74  445.7 47.6 40.7 31.2SDK1

Syntaxin-1A Q16623 188 ssiSkgqa 1DN1 487.4 13.6 11.7 38.0 DAPK group

Band 3 anion transport protein P02730 303 magSge 1HYN 492.8 485 416 29.3CK1 alpha

Retinoic acid receptor RXR-alpha  P19793 260 npsSpnd 1LBD 500.6 56.0 25.8 41.5MAPK1,
MAPK3, MAPK
group

Interferon regulatory factor 3 Q14653 385 ggaSsle 1QWT 507.4 46.9 59.2 39.0IKK-epsilon,
TBK1

Interferon regulatory factor 3 Q14653 386 gasSlen 1QWT 518.1 97.6 30.3 39.0IKK group

Serine/threonine-protein kinase 6 014965 391 skpSncq 2J4Z 5245 488 419 34.2AuroraA
Catalase P04040 385 wvanYgrd 1QQW 526.9 54.9 66 30.2 Abl, Abl2
Serine/threonine-protein kinase 6 014965 226 qkISkfd 2J4Z 574.7 69.0 48 34.2 AuroraA
Serine/threonine-protein kinase 6 014965 287  srrTtlc 2J4Z 5811 919 403 34.2AuroraA
Tyrosine-protein kinase BTK Q06187 550 ddeYtss 1K2P 6156 52.1 83.8 36.7Lyn, BTK
Proteasome subunit alpha type 3 P25788 242 akeSlke 1IRU 623.6 353 245 36.3CK2 group

Eukaryotic translation initiation P07260 15 envSvdd 1AP8 748.6 113.3 97.2 43.0CK2 group
factor 4E

*Solvent accessible surface areapiiatein kinase substrates, which show 100%, match over more than 200 alignment length with a
PDB structureThe absolute solvent accessible area of heptapeptide containing phosphorylation site and absolute and relative areas of
phosphorylation site Ser/Thg/residues are calculated by NACCESS. (A) Substrate protein containing the phosphorylation site for
protein kinase in column J. (B) Swisspra#mbl code for the substrate protein. (C) Residue number of phosphorylation site Ser/Thr/

Tyr in the protein sequence of substrate. (D) Heptapeptide sequence containing the phosphorylation site (Upper case). (E) PDB id of
structural match of substrate protein. fBsolute solvent accessible area of heptapeptide (in column D) as calculated by NACCESS
program. (G)Absolute solvent accessible area of phosphorylation site Seryfmedidue (Upper case in column D). (H) Relative

solvent accessible area of phosphorylation site SerAfiihméEidue. (IAverage relative solvent accessible area of all the Serffrhr/T
residues in the structural match. R¥ptein kinase responsible for phosphorylation of the substrate at the given site.
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analysis is the occurrence of a significant number ofthan the other potential siteShis suggests that
phosphorylated peptides even at accessibility valuesobservation of known phosphorylation sites at low
below 200 &. accessibility values is not an artefact arising from

. N _ structural homologs included in our analysis.
Since the results shown in Fig. 4 is based on g y

analysis of accessibility values in crystal structures A large number of phosphorylation sites
homologous to various kinase substrates, we decidedncluded in our dataset had been identified by high
to analyze separately the accessibilities of throughput mass spectroscopic experimeitse
phosphorylation sites in substrate proteins for which protein kinases that phosphorylate these sites are not
crystal structures were available. Some of the proteinknown and there is a possibility that some of these
kinase substrates in our data set had structural hitsites are false positives arising because of the
from PDB with 100% match over alignment length uncertainty in correctly assigning the sequence of the
of more than 200 amino acidgable 1 lists 25 such  phosphorylation site from the mass spectrometry data.
proteins that showed 100% match with PDB entries. For these reasons, we reanalyzed the average solvent
In 19 of these proteins, the peptides harbouring theaccessible surface area and the distribution of the
phosphorylation site had accessibility values higher solvent accessible surface area after removing the
than 350 & However for the remaining six proteins  phosphorylation sites identified by high throughput
the known phosphorylation sites were less accessiblestudies from the dataséfter removing such site,
we were left with 223, 90 andl® instances
containing SefThr andTyr residues respectivelyig.
5 shows the average relative and average absolute
solvent accessible surface area of phosphorylation
site residues and the 7mer peptide harboring
phosphorylation site as compared to their
nonphosporylated SemThr and Tyr containing

Fig. 5: The average solvent accessible surfacesarvalues of known
phospholylation sites, without including sites fom high
throughput mass spectwmetry experiments, as compard
to non-phosphorylation sites. (A) Relative solvent accessible
surface area of Ser/Thr/Tyr residues. (B) Relative solvent
accessible aea of heptapeptides containing SefThr /Tyr

Fig. 4: Distribution of solvent accessible surface aas of as the central esidue. (C)Absolute solvent accessible surface
phosphorylation site containing peptides as compad to area of Ser/Thr/Tyr residues. (DAbsolute solvent accessible
nonphospho-site containing peptides, when phosphorylation area of heptapeptides containing Ser/Thr/§ir as the central

site is serine (A), theonine (B) and tyiosine (C) residues
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counterparts when instances identified by mass2007) on structural analysis of protein
spectrometry were not considered. It can be seen thaphosphoryaltion sites had also reported human and
the average surface area values in every case remaimouse phosphorylation sites at low accessibility
more or less same as when such site were considered

(Fig. 3). Fig. 6shows the comparison of distribution
of absolute solvent accessible area values of
phosphorylation sites containing peptides with their
counterparts which are not phosphorylateden the
phosphorylation instances identified by mass

spectrometry were notincluded. It can be seen clearl ) ) . .
might require conformational shift in the protein,

from Fig. 6, at low accessibility value (<409Ahe
g y (<409 efore they can be accessed and phosphorylated by

percentage of phosphorylated peptides has reduceﬁ1 tein ki £ le. phosphorvlation sit
as compared to the values when sites by masé © Protein Kinases. ~or example, prosphiorylation Site

spectrometry were included in the analysis (Fig. 4). Eontalnlrlwg gegpttl)dt: W;]§E\t/)A n sflgna(Jllngbprogeln,d
It may be noted that, earlier study (Jimenez gt al o an -4-5-5 bela, has been found 1o be bured as

judged from its very low solvent accessible area
(0.8A2) from crystal structure 2C23 (Fig. 7). It would
be interesting to analyze the phosphorylation
mechanism of such proteins. It would also be
interesting to see if the binding of such substrates to
protein kinases lead to the unfolding and binding of
phosphorylation site, or interaction with other cellular
factors unfolds the proteins and makes the
phosphorylation site accessible to protein kinases.

We analyzed in detail the substrate proteins
having known phosphorylation sites at low
accessibility Table 2 lists substrate proteins with
phosphorylation sites whose relative surface areas are
less that 10 A Many of these sites are buried in the
>;espective proteins and phosphorylation of such sites

As different protein kinases are known to be
differentially regulated with each one having a unique
mechanism of regulation, we investigated if certain
specific kinase families are responsible for
phosphorylation of these sites, which are buried
largely. Out of 1088 phosphorylation sites mapped
to crystal structures, 628 sites did not have any
information about the kinase responsible for their
phosphorylationThe remaining 460 sites are
phosphorylated by 134 kinase types as reported in
phospho.ELM databasémong these mapped
phosphorylation sites in the crystal structure
templates, we calculated the average accessible
surface area for various kinase types. Howgever
sufficient number of phosphorylation instances was
not mapped for most of the protein kinagdwrefore,
we grouped together the phosphorylation instances
assigned to similar kinases belonging to a specific

Fig. 6: Distribution of solvent accessible surface aa of group (Fig. S4)We selected those groups, which
phosphorylation site containing peptides, without including contained more than five phosphorylation instances.
the sites identified from high throughput mass specometric For this studywe considered only Ser/Thr kinases.

experiments, ascompared to Ser/Thr/Tyr containing . . .
peptides which ae not phosphorylated 237 phosphorylation instances could be grouped into
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Table 2: The substrate piotein of protein kinases with elative surface accessible aa of phosphorylation site less than 1A

A B C D E F G H

P08575 1216 feqYqgfl 1YGU 603 93 0.0 Csk
P10275 791 rhiSqef 2PNU 250 98 0.0 PKB group
P16452 247 wigSvdi 2Q3Z 693 49 0.0 PKA group
P39748 187 tfgSpvl 1uL1l 355 98 0.0 CDK1
P51617 209 knvTnnf 20ID 326 48 0.0 IRAK1
Q63270 138 radSlgk 2B3Y 887 97 0.0 PKC group
Q9UEWS 373 plhTsrv 20ZA 360 42 0.0 Wnk1
P18031 153 ktyYtvr 1L8G 297 100 0.1 InsR
P68369 432 ekdYeev 1SA1 438 97 0.1 Syk
P17655 369 rgsTagg 1KFX 699 91 0.2 PKA group
P18031 66 dndYina 1L8G 297 100 0.3 EGFR, InsR
P3152 196 wyrSprl 216L 296 80 0.4 MAPK4
Q9P286 573 ksdsill 2F57 297 98 0.4 PAKS5
P22001 135 irfY elg 2R9R 389 83 0.5 Src

P04167 128 rrfSlat 2Q6N 464 89 0.6 PKA group
P35270 213 retSvdp 1767 257 97 0.6 CCDPK
P18206 1100 nlgSvke 1TR2 1129 85 0.8 PKC alpha
P31946 132 rylSeva 2C23 230 97 0.8 PKC zeta
P43403 474 nrhYaki 20Z0 605 88 0.8 Lck

P11799 1748 grisnys 1KOA 430 57 1.0 CaM-KII group
QouUQM7 286 rqeTvec 2V70 297 94 1.2 CaM-KlIl alpha
P29322 839 erpYwem 2Q0K 278 84 1.4 EphA8
Q63270 nm sygSrg 2B3Y 887 97 1.9 PKC group
P61763 158 sfySphk 1DN1 589 94 3.1 CDK group
043293 225 kqgeTltn 1YRP 276 99 3.5 DAPK3
P05532 934 revSfyy 1P40 380 45 3.8 Fyn
Q00169 164 kfkSikt 1UWS5 264 97 3.8 PKC alpha
Q29502 197 nveSlid 2H9V 326 47 3.8 PAK2
P18031 50 rdvSpfd 1L8G 297 100 3.9 PKB group CLK1
Q9UM73 1278 rdiYetd 1P40 295 63 3.9 ALK
P68104 432 mrgTvav 2B7C 439 89 4.0 PKC group

Contd ...
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Table 2 contd..

096017 516 IhtSrvl 20ZA 319 51 4.1 CHK2

P13569 660 rnSilt 1XMI 283 93 4.6 PKA group PKG/cGK group
P37173 424 trrYmap 2QLU 299 65 4.8 TGFbR2

P18031 152 iktYytv 1L8G 297 100 5.0 InsR

P22681 371 yelYcem 1FBV 388 100 6.2 EGFR, InsR

000571 322 IvaTpgr 2141 413 98 6.3 CDK1

P5521 153 dlavils 1IXQ 269 79 6.6 Abl

P04040 230 eavYckf 1QQW 499 100 6.8 Abl, Abl2

Q14934 676 rkrSgpq 2AS5 287 78 7.1 MAPK1, MAPKS, RSK-2
Q07497 601 IveYIkl 20zZ0 306 53 7.6 EphB5

P35241 564 kykTlre 211K 581 73 7.7 ROCK group

P35241 573 kgnTkrr 211K 581 73 7.9 ROCK group

Q13882 342 dneYtar 2H8H 445 61 8.0 Brk

P17655 368 rrgSag 1KFX 699 91 8.4 PKA group

P61763 574 hilTpgk 1DN1 589 94 8.8 CDK group

P48025 130 vrdYvrq 20zZ0 252 76 9.0 Lyn, Syk

P53355 289 rreSvvn 1IWMK 3n 90 9.4 RSK-2, RSK group
P22607 724 nelYmmm 2PSQ 299 91 9.8 FGFR3

P41743 271 driYamk 1ZRzZ 340 90 9.8 Src

*All these substrates show a significant alignment over 200 amino acids with the sequence of a match from the PDB database. (A)
Swissprot/TEmbl code for substrate protein containing the phophorylation site for protein kinase in column H. (B) Residue number of
phosphorylation site Ser/Th/in the protein sequence of substrate. (C) Heptapeptide sequence containing the phosphorylation site
(Upper case). (D) PDB id of structural match of substrate proteidlig@Ement length of the substrate with the structural match (F)

The percentage identity of substrate protein with structural match over the alignment length. (G) Relative solvent accessible area of
phosphorylation site Ser/Thy/fresidue (shown in Upper case in column C) as calculated by NACCESS program. (H) Protein kinase
responsible for phosphorylation of the substrate at the given site

13 Ser/Thr kinase groups containing 56 individual of some kinases like CK1, GSK and PLK show a
kinases. Fig. 8 shows the average accessibilities olery high average accessible area, suggesting that the
phosphorylation sites for these kinase groups. CDK1,substrates of these kinases can be easily accessed by
DAPK and PKB are three groups whose substratesthe protein kinase catalytic site.

have lowest average surface accessible areas among

all kinases in our studyBased on this, it is tempting
to speculate that, these kinase groups might emplo
a mechanism involving slight unfolding/
conformational shift in their substrate proteins, thus
favouring induced fit mechanism for phosphorylation.
On the other hand, phosphorylation sites in substrate

We also explored the possibility that the
fubstrates wherein the phosphorylation sites are
largely buried inside the protein core, could get
exposed to solvent and serve asgtts of
phosphorylation during thermal fluctuations to which
é:ellular proteins are constantly subjected to. For this
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protein. In this work, we have analyzed the solvent
accessible areas of known phosphorylation sites in
various substrate proteins of fifent kinases.
Calculations of solvent accessible surface areas of
phosphorylation sites have been carried out in the
crystal structures of the substrate protein or their
structural homologuedhe results of our analysis
indicate that, the phosphorylation site residues are
significantly more exposed to the solvent as compared
to the other sites containing Ser/ThwTesiduesOur
results are in agreement with earlier studies which
have also suggested that phosphorylation sites are
mostly found in regions of proteins that are likely to
adopt loop or coil secondary structural states and
prefer to be exposed to the solvent (Geizal, 2007).

Our current results based on the actual accessibility

. . values from crystal structures rah the same.
Fig. 7. An example of substrate potein human 14-3-3 beta

containing a phosphorylation site with very low solvent : : :
accessible aza (0.8%). The crystal structure of human 14- Although, n general, the phosphorylatlon sites

3-3 beta has been identified fom the PDB by blast are more exposed than their counterparts which are
alignments. (A)Alignment of human 14-3-3 beta (P31946)  not phosphorylated, our analysis has revealed few
with the sequence of PDB entry 2C23. (B) Cartoon  interesting examples of substrate proteins on which
representation of 2C23The Phosphorylation site has been the phosphorvlation sites have a verv low solvent
encircled. (C) Surface epresentation of 2C23 showing the p ; P y T y .
phosphorylation site encircled accessible surface area indicating that they are buried
inside. Such sites cannot be easily phosphorylated
by the protein kinases in the absence of a considerable
conformational change in the structure of the substrate
proteins. Molecular dynamics simulations on one of
the substrate proteins harbouring a buried

indicates that, the buried phosphorylation site y,5sphorylation site indicated that, such buried
mentioned above (FLSEWA) in fact gets exposed  yhosphorylation sites can be exposed intermittently

to golvent ir?termittently over a period of dynamigs. during thermal fluctuationsThus they might get
This could, in general, be true for many such buried yosphorylated by their cognate protein kinases. It
phosphorylation sites, which could only be studied yjj| pe interesting to analyze more number of such
by subjecting each one of the substrates to therma,yeins individually to find out mechanistic details

fluctuations. about how they are phosphorylated. Previous studies
(Jimenezt al., 2007) have also reported human and
mouse phosphosites at low accessibilities based on
Most phosphorylation site prediction methods take analysis of both high throughput as well as low
into consideration only the sequence or structure ofthroughput phosphorylation data and have
a short peptide stretch flankitfge Ser/Thr/yr amino individually analyzed several proteins containing
acid. However in reality the protein kinases such buried phosphosites. On the contrasy have
phosphorylate a folded and structurally intact systematically analysed low throughput
substrate protein in its functional formherefore, phosphorylation site data in Phospho.ELWhis
solvent accessibility of thehosphorylation sitand extensive analysis indicates that the actual number
its flanking residues is a major factavhich is of phosphorylation instances at such buried sites is
expected to &tct the phosphorylation of a substrate lower, when high throughput data is excluded.

purpose, we carried out explicit solvent molecular
dynamics simulations on 2C23 (human 14-3-3 beta
protein) for 15ns using GROMACS suite. Fig. 9

Discussion
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Fig. S4Distribution of r elative solvent accessible surface areas of phospylation sites of various potein kinases as calculated by NACCESS
program from the crystal structures of homologous pteins. On each panel, x-axis haslative accessible aa, and y-axis has the
number of substrates forthe protein kinase

Additionally we have also investigated if specific Prediction accuracy Howevey our observation of

kinase families preferentially phosphorylate these several phosphorylation sites at very low accessibility
largely buried sites. values suggests that it would befidiflt to fix a

_ . deterministic criteria based on accessibility value for
The results from analysis of accessibilities of jqentifying potential phosphorylation sites.

phosphorylation sites suggest that, the inclusion of zccessibility and structural flexibility of the potential
the solvent accessibility terms in the phosphorylation pnosphorylation sites can probably be combined with
site prediction programs might help inimproving their jyieractions between phosphorylation site and kinase
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to develop more powerful structure based methods
for prediction of substrates for kinases.
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