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Support Vector Machine Prediction of N- and
O-glycosylation Sites Using Whole Sequence
Information and Subcellular Localization
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Background: Glycans, or sugar chains, are one of the three Lypes of ohiain
{OINA, protein and "ls-c\n- that constitute living crganisms: they are ofien
cadled ”tl'!'.' thivd ¢hudn of the living crganism”™. wl-um Im.H ab all protoius nee

cstitnabed to be glycosylated based o the SWESSC P RO datalbvese, Clyveosy -
fation is one of the st Bportant p-m transtaliooad imoditications, affocting
many eritieal Tunciions of groteins, including colindar communicalion, and theh

bevliary strncture, Inoorder Lo computabionaliy prodics Noglyeasylation amd Q-
'*l"'(n\‘.- falion sites, wo developod three kinds of an.lm-,.l vockor machine (MY M)
meded, which utiliz local information, geneeal protoin informadion and/or sulb-
colivdar localization in consideration of the biveding ,[.«(l..\lt, aof glycosy Hrans
forases aned the chugac teristic subeellular loaalivation of gly comnoteing, Resulbs:
[ o computationald vxl‘u-:'i!nw,m fhe model ntbegrad tng Lhree Kinds of infora-
tion achioved about l}(}l‘/; [acgaracy in }‘lk\{" Liens ol both l\*"l)\“") lation and
O-glycosyiation sites. Moreover, our model was appiicd Lo a protein whose gly-
=iy bdentitiod amd wo suceesdod o showih Y

s predicted by cuar meddlel wore structarally reasenable,

cosylation sites had ot boon provie
thal the glveosylation sit
C.‘om-lur»mun. [ the present study, we developed a comprehensive »_-,t.d effog-
bive cotnputational nwethod that deteets glycosylation sites. W comcluede that
v compilational prodiction method

o method is a compehensive waad effocti
that is applicable at a genone-wide Jevel.

1. Introduaction

Glyeans, or sugar chaing, ace one of the three kinds of chain (DNA, pro-
teiti and glycan) that constitute liviug otgatiisins, they are often ealled “the
thied chnin of the living organisna™. Within an organisii, glycans mainly

ist a8 glveolipid or glycoprotein.  Eificient chemical synthesis of sugar chains

U Departiment of Hiosciences and informaiios, Keio Uaivorsity
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has heon well studied v conbualorial chewistry Y Receutly, glycosy Hraus-

ferases that catalyze the transfer of monosaccharides to specitic vesidues in pro-
teinsg have been well studied in biology and pathology  “0 In some plyco-
proleius, elycosylation or attaclboest of earbohgdrate polyiers to an anico
acted residie has beenr studied in detail ™ ' However there have heen no geu-
etal approaches that can comprehiensively detect glycosylation sites and identify
proteit-bound glvean structures i hvg eells. Heoee, though there exist sev-
oral databases ou glveans including KEGG GLYCAN' apd Glyvean Database
(http:/ /www finctionalglycomicsotg /glvcotnios/molecy e /jsp/carbolivdrate/
earbMoleculeUome jsp),  there are currently no  comprehensive amd uselul
datahases on plycosylabion.

ln the preseut study, we focused on glycosylation. Glyeosylation is one of the
most inportant post-trauslational modifieations, atfecting ninny eritieal funetions
of proteins, including collular communicabion, and their tertiary structure ',
About halt of all proteins are estinated to be glycosylated based oo the Swiss-
Prot database ', There ave fowr ditforent types of glycosylation, nawmely, via N-
elveorylation, O-glycosyiation, C-uannosylation and glyeophosphal idlyinositol
(GP auchor attachmenis. T this study, we developed aethod that prediets
N-glycosylation, or glveosylation of Asu (N) rvesidues, and O-glveosylation, or
glvcosylation of Ser (8} and Thy {17 residues, siter. i proteins.

Several computational approackios to prodict O-glycosylation sites i proleins
have been developed in recent vears CO L9 Seatistical learning metliods, sueh
as artificial neural network (ANN) and support vector machine (SVM], have
boen widely ntilized for this porpose. In these studies, cach amino acid residue
was tepresented by a leature vector in which only loceal indorabion, or & win-
dow of fixed lengih surrounding the residue (Fig, 1), was cousidered. However,

elycosyllennsforases atbneh sugar chaing (o awuaino nctdd residues specifically by

ISPMERVRALERCIY:QTESVRFDSDVGASE

|
RVRALERCIY*QTESVRFDSD
Fig.1 ‘The soquenes witdow used to encode local iuformation of proteius. k£ npstrears and
dowisstream tesidies of the target residue (8 i italic) were extracted (A 10, in this
Heure), 'To encode ove residus in The sequence window, we ulitized BLOSUAME? protile
encoding (the corresponding row in the BLOSUMGZ ratiix).

(e 2006 Inforiation Processing Society of Japan
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recoguizing the stracture of the whole protein, tather thau the individual residue

This, in predicting glycosviation sibes, general protein information,

only 20 22
or whole-sequence information shiould be considerad. Moreover, the subeellitla
localization of glycoproteins is cliaractevistic 939050 Popr example, most mens-
brane proteins have glyeans outzide the coll metmbranes and can be repatded as
glyeoproteins. Henee, we need (o ntilize ol ouly local information, but also
general inforuntion awd subeelbdar localization, (o predict glycosylation sites,
he this study, we constrieied four Kinds of SVM modet to predict glycuosy-
lation sites. The window nodel was based o only loeal information.  The
whole-sequence and localization wodel wtitized, in addition te toceal information,
zeneral information about the proteing and subecllutar localization respectively.
Fhe wntegral wodel integrated loeal information, peneral protein information and
stitbeeltular loealization. In our computational exporiments, the whaole soquence,
tocodizetion and integral models showed beiter prediction performatces than the
wendow wodel. Moreover, we validated the effectiviness of oue wodel by pre-
dicting glyeosylation sites that were strueturally reasonable in a protein whiose

elveosylation sites wore unknown,
2. Results

2.1 Prediction Performance of the Proposed Method

Table 1 shows the prediction performanees whon our proposed foue kinds

Table 1 Prodiction petformanices of foar difforent models.

o ded Accuracy  Sonsitivity  Dreciston MO AU

N-grlycosylation sites

Window (N1} 0767 (1444 oAtz 0.8
Window | di-pep (N'2) (.88 7464 L2t 0412
Window | subecllular (N3) (1,822 (3.63410) (LGS .8u]

Window | o di-pep i subceellular (N LhRGE 0.808 0.752  0.952

O-glycosylation sites

Window () 0,784 (ERERY! (L7GE GATS sl
Window | di-pep (O2) 0.8 (770 (LRER (LT4R (1644
(ERNI (7 (L5653 0800

Window | subceollulas (033 .83 3
Window | di-pep i subcellular {O1) GLRGT 0.7090 0870 0.756  0.052

Window means beal information is used for predi
goencral information and subcollular means thai of subeellular focalization.

HPSU ransactions on Bloinformatios Volo@ 35 35 (Mar, 2000)



of SVM nwdel wore apphed to the Neglvcosylation and O-glycosylation site
datasets. Using only locsl information, the accuracy (described later in Meth-
ads) was 0.767 when the model was applied to the N-plycosylation site dataset
awd 0,780 whoen apphed Lo ihe O-glycosylation site dataset. Whea utiliving all
available information, the accuracy was 0.8396 when the model was applicd to
the Neglycosylation site datasel and 0.897 when applied to the O-plycosylation
site dataset. The predietion perfornances with several keroels were shown in
Supplementary Material 1

The whole-seguence model IN2 and O2 in Table ), usivg local infornation and
goeneral information, showed signifieautly better prediction performances than
the wndow model (N1 and O in ‘lablel). However! the localization model, in-
tegrating local information and subeethila localization, (N2 and O3 in Iablel)
showad simaller tnprovement in pocforiance than the whole-sequence model (N2
amd 2 i Tabiel), These resulis can be elueidated by hiologieal properties
ceproesented by both whole-sequence inforiation and subeathib loealization -
formadion. Subecothddar focalization is determined pactly by sorting signals, suel
as Lhe secretory signal peplide “Ser-Lys-Lea” #0 {n fact. the frequeney of apar-
trenlae peptide s used to predict subceellular localization by Wolllt PRORT %,
T, counting the frequeney of di-peptides e a protein sequence, which is used
Lo represent general infornation about proteins. parctly corresponds to connting
signal peptides aud cousideding subeclbudar localization wiormation.

2.2 Cowmparison of Featuwre Representation of Local luforuwation

with thie Previous Studius

Several approacties to encode leeal information have bheen proposed? BT We
cotpared these approaches nsing several lengths of the sequenee window (Fig. 2).
Ag shown in Fip. 2, arvong the BLOSUMG2 profile encoding, 0/ 1 encoding aund
physico-cheniical property encoding, the BLOSUMG2 profile encoding system,
which wag used in orr method, was, except when usiug the window of lenglh 4
bettor than the other two encodings in the N-glycosylation prediction. On the
other hand, w the O-glyeosylation prediction {Fig.2), the 071 encoding systen
was hetter than the other two encodings except when using the window of length
(0. However, the ditference between the performances of the O/ encoding system

and the BEOSUME2 protile encodiug systent was very siall. As for the window

(o 2004 nformation Processing Society of Japan
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(4) Nglycosylation site prediction
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Fig. 2 Comparison of cneoding systems, The lransition of prediction performances in N-

giycosylation sibes (A} and O-glycosylation sites (8) wore shown, The longths of see
ditencee window swore 4, 10, 20, 30 and 400 Boar oncodding systems, BLOSUMG2 protile
enccding syster, 071 encoding systeun, amine scid physico-c beanical propertivcs onced-
g system and integratod oncoding systom which was combined by theee cneoding

sy stems, woere appiiod.
lengih, the prediction performances almost genetally peaked when using Lhe se-
guence window of leageh 200 Thos we adopted the BLOSUM 62 protile cocoding
system, using the window of length 200 Here, we confivnn Lhe superiovity of our
feature representation tethod to those nsed e previous studies 'Y 170 These
studios considered only local nformation; hence thetr method perforunaee was
estitaated Lo be nearly the same as “Window” n ‘Pable 1 Therefore, as ow
iiethod, utilizing the whole sequence tuformation and subeellular loealization,

inproved the prediction acewracy of “Window™ by rore tian 10 pereent in both

PR Transactions o Bloinfonmatios Vol 2 205 35 (Mar, 2000)



Table 2 Geglycosylation site prodiction in three profcin sequenses.

wethod Sensitivity  Balanced accuracy

NetOQlye 1) (L5 (.728

FhrsonbicCly ! (0370 (hLa7e

Our et hod 1.000 (. 7G6
The BAP30, Kallikrein-t and Lg delta chain O rogion have sixieen experimentadly vadidated
Yeslycosylation sites, Provious methods {(NetOG l,yz- anct BnsembloOy) and our mothod,

Lion n.m! 1, were applied to these

which u aliiost the same positive dala to train e predic
the previous xn.-f"] wls showeal 0.06G3

sites, Cur tethod ackioveddD 008 {CLG/1G) s llxill\l y, while

(U/16) and D375 (67 16) sensitivity respoctively. fulanced neenracy was caleulated as follows
A TN
Balanced ACCHraey [ o e . )
21 8 BN Ui ey

N-plycosylation and O-glyeosylation site prediction {Fable 1), our method is con
petitive with and soneties surpass Uie previous methods.

2.3 Cowmparison of Prediction of Kuown O-glycosylation Sites

Our methiod and several previous methods 7749 were applied to the sixteen
expovimentally validated O-glycosylation sites of three protein sequences, which

&

are B8P-30, Kallikeewn-1 and Le delta clinin O cvegion (Table 23, Our wethod
and the previous methods wsed alimost the same positive data, which didun’t
conbain BRP30, Kallikeein- 1 and g delta chain € region, 1o traio the prodiction
model. As shown iu ‘Pable 2, our method achioved 1000 {16/ 16) sensitivily,
while the previous methods showed 1.375 (6/16) and 0.563 (9/16) sensitivity
respectively, Morcover, our et thod shiowed hetier balaneed accuracy than the
previous mebhods  Heuee we ean conchide that in predicting O-glycosylation sites
our method is competiiive with and sometimes superiot to the previous miethods.

2.4 Validation of Biological Application of the Proposad Model to

the N-glyvcosylation Site Prediction

Adthoueh the previous studies '™ ' focused on the O-glycosylatiou, our study
also produced the prediction model foc ihe N-glyeosylation. To coutivnn the
hiological applicability ol our prediction model, we predicted the N-glyeosylation
sites of a protein, envelope glycoprotein gpl20 precinsor, whose glycosylation
sites linve been identitied. Gp120 was not ineluded i the dataset.

Buvelope glycoprotein gpl20 precursor is a part of envelope glycoprotein from
ATDA virus 2 and has 17 consensus Neglycosylntion notifs (Asn-Xaa-Ser/ Phi).

Arsong thets, B sites are validaled {o be glyeosylated in the PDB database
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Fig. 3 3D structure of hotassesrobase | (POR RN BACK L s an oney e thal breaks
down proteins and regudaleos functions of wenibrane proleins, Fucrlhermore, i is kinown

b he sssociatod with Alzbeimer’s discase. BACE ! fonas o homosdine

(PDB 1D 1GON),

H cut of these FUsites were correctly prediched s elycosviation sites. More-
over, 2ol 3 non-glyveosvlation sites were successiudly identified. Thus we conchude
that our nodel can be applicd to glycoproteins with suffeiont velinhility.

2.5 Predictions for Uunkoown Glycosylation Sites

To validate the applieability of our predietion wodel al a genome-wide lovel,

we predicted the N-giveosylalion sites of bhetasseeretase | {BACETD) whose glyeo-
sylation sites have not beew identiied. BACE!L (Fig. 3) @« au cozvae ll-'a! broaks

down proteius, and which regulatos the funetion of membrane proboins®®, More-
over, it s known Lo be associated with Alzhetmer's digsense *™

The BACEL protein sequence has {one conscusus Neglycosy lation motifs {Asn-
Nan-Sev/ Thry. We predicted whether these {our sites would be elycosvinted or
not asing owr method {Tuble 3). Three sites were predicted to he glyeosylated
and the other oue was predicted to be non-glycosylated. The predietion for these
tour sites was finished within 003 seconds on a 2-CPU cluster (Opteron 275 2.2
GHz processors). 'This fast computaiion suggesis out wethod can he applied af
a gouowe- wide Jovel,

To contivm the validity of owr predictions, the focal structure around the pre-
dicted N-glycosylation sites in BACELD as well as kuown N-plycosylation sites

the training dataset were shown o Fig. 4. The wolecular mechanisiu of N-

IS ransactions on Bioinformatios Vol 2365 35 (Mar. 2000)



Table 3 N-glycosylation site proediction in BACH .

Roesidue number Heu"i_wnw uuuln o Prediction result ( 2
Ina THIVRIPHOP S VTVR ANTAAT Ty cosy Tad o site
i72 AlTEHSDK l TSNAW ECGHLOL Oy cosylation site 2042
P ESLY MOENY ),“-l RUPILEY  Noen-glycosyiation site .94
354 AITESDK I l-‘.' CRNWLEGILO lJ iy cosylation site 24,20
o BAUHKT has four consensis N-glycosylation molifs (Asu-Xaa-Ser/Uhe). Among these,
Phree sives (1R 17204 and 3R4R posidue) were prodicied Lo be glycosylalod and the other
{223"" vosidue) was prodictod to be nen-plyecosylated, SES arcoas of amide group of these 3

positive sites are clearly larger Lhan thai of the negative site.

glycosylation in that o glyean motely s attached (o an asparagine residue by
binding to the amido group in the targel residite. As glyean woieties are larger
than amino sctds with several monosnecharides that Liave o ring struciuie, some
space around the amido group of the asparagine is vecessary f{or glycosylation
Lo ocenr. In pariiealar, the amido group of the asparagine residue shown in
Fig. LB}, a knewa glycosylation site, has pleaty of space aronnd it and sticks
ol Similarly, the amido groap of the (53" asparagine residue predietod
be o glyeosylation site, shown in g LEAY is likely to bind to glycan muoiety
sinee Lhore is alot of space aronud it and the amido group is very exposed. Ou
the other hand, the amido group ol i.lw 2230 asparagine restdue predicted to be
not-glycosylated, shown in Big 1), I8 less likely to be glycosylated, hecanse
Lhe space surrounding i s as swall as o kuown non-glycosy lation site, shown iu
Fig. L {1)).

To nssess our prediciion quantitaiively, we caleulated the solvent-exetuded sur-
face (SBS) area by MSMS . MSMS is a software which bas beew shown o
be fast and velinble tn computing moleenbar surfaces. "The SUS is the topological
boundary of the uniou of all possible probes that do not ovetdap with the rolecule
(Fig. 5) aned is used Lo visualize and stady molecular propeciics ', The SES area
of cach amido group of the asparagine which we predicted as glycosylation sites,
(Hath Pttt qd 354 tesidues, s obvionsly larger than that of the atatdo group
of the nsparagine which we predicted as a vou-glycosylalion site, 2237 pesidue
(Table 2). Here, even if the moleenlar dynamices sinmlations were pertormed, the
SES area of the muido group of the asparagine residue didu’t Huetuate siguiti-
cantly (See Supplewcatary Material 3). The SES area of the glycosylated amido

V200G information Processing Society ol dapan
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{B)

amido group-

asparagine
residue

-asparagine .-
residue

Fig. 4  Local strecture around Neglyeosyiation sites and non-plyeosy lniion sites. Phe atoms
shown in green corvespond Lo asparagine residues and atoms shown v bl llustrades
The ocal struslure arcwnd the (R

svlation site, (13 The Jocal struciure

niamide grenp in the asparsgine vesidi:
residie it BACE ] which is proedicted Lo bea gl {
arownd a known glycosylation site in the training datasct. () The local siructure
aroind the 223 osidue in BACET, which i predicted to be a non-glycosylation site.

(£ The bead st

ture avcuied a known non-glycosylation site in the training datasot.

group was cobstaptly Lawgor than that of the nou-glycosylated awmido group.
We also appliod ‘w satne evaluation approach to the O-glyeosylation site pre-
diction. O-glycosylation sites of leplin precursor which is the enusal factor of

adipostias were prodicted *0 The molecudnr mechauisny of O-glycosylation is

PSS Transactions on Bioinfonnasies Vol 2 285 35 (Mar. 2000



Solvent Excluded Sutface (SES)
Fig. 5 The solvent-oxelinded surfase {SKS). SES is the topological boundary of the unionof alt
possilibe probos having no mieesection with aset of overlapping spheves AT his surface

i5 sl Lo not only desieribe bvdradion officts, but alse to visualize protoin surfaces and

Lo stady modectlay propertios.

that o glyean moiely is aliached to a serine or threonine residne by binding to
the hydroxyvi groap in the farget vesidue.

Leptin precursor has twentyv-two eandidate sites of O-glyeosylation. Amony
hise candidates, seven sites woere predicied Lo be glyeosylatod {Supplewmentary
NMaterial 1),

Woe analyzed the toeal structire around the predicted O-glycosylation sttes
w feptin precursor (Fig. 6). The hydroxyl group of the 380 sorine residdue,
predicted as a glycosyiation site, was shown in Fig. 6 {A). On the other hand,
the hydroxyl group of the 737 serine vesidie, predicted as a non-glycosylation
sibe, was shown in Fig. 6 (B). As shown io Fig. 6, the hydroxyl gronp of Lhe (38
sorine was spabially more suitable {for an approach ol glveosylvansferases than
et of Lhe 737 serine. SES areas of the hydroxyl group in the 7 predicted
plycosylation residues are sgnitieantly freger thao those the vnon-plycosylation
resichios (#-value | 0.02 by £ test) {See Supplementary Material 2)

Pherefore, we concelude that our wodet can predict stoaeturally reasonable both

N- and O- glycosylation sites in proteins,
3. Discussion

Our model, which pradicts glyeosylaton sites using, not only loeal bdormation,
hut abso gencral information and subeellular tocalization of proteins, showed het-
tor prediction petformances than previens models ' which only considered

focal infornation (Table 1), These tindings sugeest thal b tnportant 1o con-

oy 2004 inforgpiation Processing Socioly of Japan



Fig G fLocal structure around O-glycosylation sites amd nonsgiveosylaiion sites. The atons
showt i green correspons to sevine residues and atoans shown in purple uslrate a

Bydroxyl gronp in the sovine residuce. (A)Y Thoe toead structare arcwned the TIPSR resichue

i eptin prectisor s which is predicted to b aglyeosy bt bon sites (183 Phe loead stras tare
! S . . . . . .
aronnd Lhe 62" residue i loptin precursor, which is prodictod o be a non-glycosylation

Site,

sider whole-protein-seduence infornmtion and subeeliula locatization when pre-
dieting glyeosylation sites. Wartherwore, i our cotaptational expecanent, io
which our model was applicd Lo a protein whose glveosylation sites had nol been
Wentified. glycosylation sites predicted by our model were shown o be strue-
turally reascenable (g, U awd Fie. 68). Therelore, we conchide that our method

is A comprelicusive aud eoffective computational method that is applieable at a

pencine-wide level,
4. Couclusivus

B the present study, we developed o comprehensive and effective computationsl
method that deteets plycosylation sites, Idenditiention of the structure of glyenns
altached to glyeosylation sites is a challenge that (ollows the dentification of
slyeosylntion sites. 1o resolve this probleny it is necessary Lo constiuct ncolg-
preficasive database, which containg inforuntion about glycosylation sites and
glycan structires al each glveoaylation site. Ldentification of glycosylation sites
ad protein-bound glycan structures will contribute to further understanding of

the (noctious of glycosylation awl glycans thai have nol been (ully olucidatod.

)
S
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wix+b>1
positive o R

i T 21 wilimargin
(v=1) g5

. 1 1
I
.
. negative
wx +b<-1
I
Fig. T Schematio diagram of SVAT separating positives (circles) and negatives (squares) in s

higher dimensional fealwe space, Hy perplanes (doited Bnes) ave detormined so that
.

frif the Buchidean norm ot weighis for each dhmension or featuve, is minimized, cr Che
margin (27w is maximized.
Morcover, if woe enn overcane these probdems, the feld of glyeoinformatios will

bhe establishod next to biotnformatios and chemotnforuatios.
5. Mothods

5.1 Support Vector Machine

SVM is a new techuique for data classifieation that hes better performance
that ANN®2 . SVM hins been used Lo solve aovariety of biologieal elassifiealion
problews #4347
The concept of SVAL s based on the structural risk niinimization principle to
wininize both trawing aud generalization orrors ™ When used for classificns

veosylation sites) awd vegalive {{or

tion, SVM separates positive (for example, gl
exatuple, now-glycosylation sites) training samples in o trltidinmensional space
by constructivg a hyperplane optinwally postbioued betweon the positive and neg-
ative sauples (Fig. 7). A testing sample is then projected outo tis wabticdioen-
sional space Lo determine its class affiliation based on its relative position to the
by poerplane.

SVM prodices the elassifior shown in Equation (1)t SVML eacl feature
veebor cr; is projected into a higher ditnensional feature space using a ketnel

fnuction snch as the BBE kernel, or & (w;0ry) i B { L)

iey 200G fnformatiom Processing Socioly of dapan
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S \
F 4 IR
N o
o) i’“‘“(§> 'L"-,'i\:‘i\(:, )| /')A)
Y ! o
(1)
/ i
Wi m o o v )
TR 51‘»{’\ """ GoETTT )
\, g1 /

where AY s a Lagrange nudiiplier, 5* is o parameter whicls is dotermined by the
hyperplane and s a parnetor of RBE Ketcool,
e this paper, we nsed thie SVM soltware naned LIBS VA w6 perform the

prediction task. KBE kernel was selected as it showed the hest performances (See

Supplereent acy Material 1), Keryel fnuctions used were as {ollows,

Lincar koruol . Klgne;)  wfwg
wgi k3
: , . o
Polyuomial kernel - Ny (vl

‘- . oy \ g A \
Sigmeid kernet B P battle (0] ;)

5.2 Extraction of a Sequence Descriptor

5.2.1 Loceal Taformation

We cncoded loeal information of glycosylation sites hy exiracting a subsequence
vithin o witdow ol fixed size (Fig. 1), We oxtracted & upstream and down-
stream residues of Asw (N), See {8) or The (T residues that were predicted
to be plycosviated.  lu this paper, wo sei & H), constituting the seqence
window of 20 residues (Fig. 1) I case the full sequence window cannot be
extracted, we detine *77 as the 28 amino acid Lo Gill blanks {Fig. 8). ‘to cu-
code one residue i the sequence window, we utilized ihe BLOSUMG2 profite
cncoding {the corresponding row in the BLOSUMG2 wairix). For exauple, the

e ey

_ Blanks

MEASPAQGPRHLMD)
_______ 5 1
LLZZZZZMEASPAQGPRHLMD
Fig. 8 72" ws the 2170 awine acid. When the glycosyiadion site is vear the ends of prestoein

seguence, Lhe full sequence window cannot be extracted, In this sitaation, we define

A am Lhe 207 aming acid Lo ] blanks.
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BLOSUME2 profile for alanine is equal to the veetor (U L1 -1 013101
L1 1-1-20-2 22 22) and that for 9247, the 218 amiuo acid, is equal to the vector
(0.0.00,00000,0000000,0000). Therefore, a 20x20 ditnension veetor was
calerdnted for each sequence window. T the provions study ¥, BLOSUM cucod:
ing, where each row in BLOSUM matrix was utilized to encode each amino acid,
was used o predict T-cell elass |epitopes by nearval network. To this study, the
prediction parforninnee with this eocading was better thaw the other soethod.

5.2.2 General Information about Proteins

We counted the frequency of di-pepiides in a whole protein sequence to encode
goueral protein iformation. Glyeans ave attachod to proteins by glyeosyltrans
ferases. which interact with the targei proteins. 'The iuberaction witle the ob-
jeetive protein depends not only on the loeal =ite but also on the whole profein
stracture I order Lo consider the effects of elycosvitrans{orases, the struclures
of proteins shoukd be taken inlo account. lnoa previous study, it was shown
tlinl protewn stroctueal classes can be predicted by counting the frequeney of di-
peptides 1 Phas, we assume that connting the frequeney of di-peptides enables
consideration of protein stenctures. As there are 20 anine acids and 20x20 Kinds
of di-peptides, o 00-dbuension veetor was calenlated for cache provein.

5.9.3 Subcellidar Localization Tuformation about Proteius

We used the output of WolLll' PSORT ) Lo encode sttheellular localizaiion in-
foruaiion. Proteins nee sy ot hesized in the vibosowe and oditied with glycans o

the endoplasiiie retieuban or Golgi, The resulbanl glycoproteius ave distributed

Y
ER Y

fhroughout cells. L particular, most wembrange proteins e glycoproteins
For example, the subeelludar localizalion of glyecoproteing and now-glycoprofeins
in owr datasels is shown n Fig. 9. As shown in Fig 9, the subecltutar loealiza
tion of glycoproteins is specific, as about half of all glycoproteins localize extra-
cellularly, while only 15% vou-glycoprotetns localize extraceliulacdy. Ty Waol 1
PSORY, localization of the Larget sequenee is deterniited based on the loealiza
tion of training proteins that have sequence siipilatity with the target. To eucode
subeellidae loealization informmtion, we utiliwed the requeney of each subeellutar
localization in the vutpui of Wolt PSORT. The value for the subeellular localiza-
fion ¥ is enleulaied as the number of proteins localizing in x divided by the total

autber of proteing similar Lo the tatgel. As thore are 23 subeellnlar loealizations
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Fig. % The froquency of vach subecilular boendization. Distribution of subecliubsy Ia»r'r-li'/,-r--
tion plml.ciiwn cutpuls of Wolf PROR for glyeopnoteing and non-glycoproteing in ot
datiencts is iltustrated. [0 shoudd e notedt Lhat the poediction :_-ill-;:htv of Woll PROR l‘

is based on localization of prafeins shmifar Lo a query and Lhas zeveral localizadions

whaore N-tinked giveoproteins don’™t oxist, o example, are obsorved,

proteint 7% extic 28 yso 8 ules 2, nucl . ER

'Y

547 0.0,0,1722.5,2/32,0.0.0.0.0,0 0.3.0.0,6.0.0,0)

proteint =108 203

Fig. 14 Enceding the outpat o Wol Y PRGIVU. In this examiple, Wollld PSORT cxhibits Lhad,,
ationyg A scguences similar to proteind, there are 25 proteins that boealize extracelio-
larly {ectra ). Therefore, the 250 cloment of tee foalure voctor, which cortespords Lo
are aetra localization, s 20/32 for poteind. "Fhe valae for the subecllular loealization
s cadoniated as the nmebor of proteins focalizing in x dividod by the total nuinboer
ol proteins siimilav to the tarpet. oo, awfr stands lor oxtracetlilar, fyse fov bysosome,

plas for plasmaleminna, sl o vncleas, 000 Tor endopiasinic vetioabinn.

the output of Wolll" PSORT, « 23-dinension veetor was ealeulated for cach
target protewn (Fig. 10).

5.2.4 The Structure of the Feature Vector

To utilize all inforiaation ({oeal information, general infornwtion and sub-
cellolar localization informintion), the cach vector was combed respectively
(Fig. 11). Il & protein has more than oune glycosylation sites, vectors derived
frarn protein whole sequence and snbeellufar localization informmntion are identi-
cal for these sites. We nse the combined veetor as an input for LIBSVAL

5.3 Predictivnu Perforinance Asscssmont

The petformance of SVM has often been assessed using the five-fold cross val-

idation method 7. The datasel was raudomly divided into live subsets of ap-
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Fig. 11 'fhe steactore of the feature vociorn, The each veclor (vectors devived from locad intor-
malion, gonoval inlormation or sabecllndar inlormation) was combined respectively.

We nse the combined vector as an tnpul foe LIESVAL

proxitmately equal size. One of the five sithsels was used ag a test set, and the
reunining four subsels were wsed as tratoig sels. This process was repeated five
fines 2o Lhal every subset was used as a test sel onee, The performance of SVM
can be assessed o the basts of accuracy, sensitivity, precision, MO (Malthew’s
correlation coctieiout) and AU defined as follows:

T | 'I'N
TP UN L EP N

Acceuracy
Setsiivity s

P!'(‘-‘.‘i.‘iinil W
L PP % TN = BP % PN
o TP T ETD | PNYTNT PPYIN T FN)

Hore, TP, TN, FULFN stawd for true positive, trae negative, false positive
and {alse negative, respectively. MO ranges between =L and 1o thece s no
relatiouship between the predicted vatues and the real values. MUC should be
aronud 0. I contrast, there is strong relationship between the predicted values
andd the real values, MOC should be elose to 1 AUC represents the Avea Under
tie (ROCY Carve which draws the evolution of the trie positive rale versus the
fadse positive rate. The AUC of anidead classitier would he [ while for aeandons
classifior it wonld be 005,

5.4 Dataset Coustruction

5.4.1 N-glycousylation Site Datasct

From the glyeoscienees de database 9, we collected Neglyeosylation sites i

hutuan proteins that were validated in PDB database ' as positives. As pu-

fative uepative data, we randomly extractod 700 Asa residues attached no N-

(o 200G inforation Processing Socioly of dapan
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elvcosylation aunotaiion and with o conscosus motid w the fore of “Asie X
Ser/ The” (Xan vepresents all kinds of aniine acid exeept for proline) from the
glyeoproteins which have soine annotations about glycosylation {sach as “Doten-
Giad”, “Probable” nad “By siodlarity”) in UniProtkKB/Swiss-Prot. This exirae-
Lion significantly reduces the possibility to unexpeetedly pick up false negatives,
Becatse in the glycoproteins with plycosylation annotation, every Asu residne site
reisit have boeuw examined and Lthorelore Asne residue site with oo g,{\u»\la TN
antelabion = quite certainly true non-glycosvilation site. The N-glveosylation
dataset consisted of 308 positives {rore 125 hinoan proieins and 700 negatives
front 68 hrenian probetos

5.4.2 O-glycosylation Site Datasct

Prom the O-GLOBASE database ) we collected O-glveosylation sites inmane-
ninling proteins that were evideneed experimentally as positives. As pubative neg-
ative data, we picked up thie glycoproteins by choosing the proteins which hiave
sane annotations about glycosylation (such ns “Potentind™, “Probable” and “By
simtarite™ ) in UniProth B/Swiss-Prot as mentioned above, From these Haited
proteins, we tandotdy extracted 1200 Ser/ Tl vesidues in neanmalian segiences
with no annotation (such as “Cotential™. “Probable” and “By simitarity™ ) velated
Lo O-glyeosyiation in Unii"ml-l‘{H/’.‘s’\\-’is;&;-l’mi-. Since the mein protein sequence
hias repead sequences, several identical sui)m\qtu'uvsﬁs were generated within the
witidow. These ideutical subsequences were counted ns one p(:-s.;ii,iv-:\ Or DU HeE-
ative in the dataset. "The O-glycosylalion datasel was ((}!n;mwd of AhT posilives
from 2 £2 mammalian proteins and 1200 pegatives from 160 masnnmlw.u proteins.

Those Neglveosylation and O-olycosyintion sibe datasel are available jo eur web
site: (http://www.dua hio keio ae jp/elvena/)
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bioiwforuatios cescarch and development from the Japan Scicuee and Technology
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Supplementary Matoerials

(1) Comparison with the performances by using other kernels,
Tutepral twodel was utifized and different kernels (RBE, lnear, polyaomial

aticd sigmoid} were applied i SVM computation.
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2y O-plyeosylation site prediction iu feptic precuesoer.
Leptin precursor hias twenty two candidate sites of O-glycosylation.  Se-
quence windows around the candidate sites and the SES area of hydroxyl
eroup are shown as well as the prediction resolt.

2y Effecet of confornmtional chanpe o SKES area.

The averape SES area of both the glyeosylated and non-glycosvlated amido
eroup w several conformnation of the cudothiclial protein C receplar preewr-
sor (PDRB D 1L is shown, One nanosecomd nolecidar dynamiies simu-
lation was petformed with AMBER 8% and the SES aren was calenlated

every 200 pieoscconds,
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