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Sequence alignment method based on k-Nearest Neighbor for
improving homology modeling
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B1 7xV) (#) BLOTVvTL—b2 Vv RoEE, ZhTh
1QG3A BL U IVAIA &k L7z & EDMEEMER, fHDETIL
IIHEET 714 AV b (TM-align) 2S4EKIH, FOETIL
I3 HHsearch D#FEHR M & A K TN T3, HHsearch & #i&
74 AV b®D TM-score I, ZHZH 0.801 & 0.881. (4
1277« v 2 A& UCSF Chimera[l] Xy 7 —Y%{fio T
LTz

Fig. 1 Model differences. Query (yellow) and template pro-

teins are 1QG3A and 1VA9A, respectively. The green
model is generated from structural alignment (TM-
align), and the blue model is from HHsearch. TM-scores
of HHsearch and structural alignment are 0.801 and
0.881, respectively. (Molecular graphics was performed
with the UCSF Chimera[l] package.)
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Label = 0)

L+ [(#Ez7rz0m (NN) |

B 2 220 Smith-Waterman 7V 3V XL ZFHLTTY IS4 AV FEh, 2ok
ACHHAINZEBAITIIFEETNVIZE>TEESZONS., XHETIVIIEEY
FTARAYRNEFBRDT T4 AV MeHAT X512 T VWS,

Fig. 2 Overview of the proposed method. Two sequences are aligned using the Smith—

Waterman algorithm, and substitution scores used in the process are estimated

by a prediction model. The prediction model is trained to output an alignment

similar to the structural alignment.
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BIEHREHLEL U, K% T SCOP (Structural Classi-
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T4 Ay N EMERT 5. SCOP 1%, HERE W& kI
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F—X & LTERS NI,

FM—=vZF =Xty bTIE, TM-align[22] Z{#HH L
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T, AIUSFADTRTDORAS VRTOMGET 714 A2 b
ZER U7z, TM-align D237 (TM-score[23]) 7% 0.5 &
WTHD R AL U RTIIREEFEBEMELNRT & U TR,
ZNSEFRINU T2 [24]. £7z, SFITRAAS U1 DR
WEBERTIAXT IARAY FRERTEVWZOHEET
5. ZOBIEIZED 141422 HDRT 71 XKEET T 1 A
VENDBEFI N, Z ORI > 72 PSSM 1%, UniRef90
F—=RZR—=Z21zx L, PSI-BLAST # 3 [AKESEZZ &
THEB L. ML=V F =Xty M BEHEN AR R
FIPRIZHEE T B2 RETEL LD 272720, HEA
BHUZ K > TEOYIAY 1 XD 1/10 IZJE#E L 7=.

2.2 FENRNI MLETRI
MWEEE2EH Ly F 7 Aa7 2 FHIT 51213,
BEATICHET 2B MEBUERS FIVRETZ Y a— g
LRERDD.

(Q,T) ZZxhFhs T VRS L 2—7 v MiFIE L, Q
RS Q D i FEHDFEKHEL T 5. KR MLV, &,
TSI R—=7y NESIOREARZ MLOEKETH B.
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K1 TAMF—KLLTSCOP40 75 14 HD KA1 & FRL
7. FRINTWD KA VID & SCOP @ SID 5.
Table 1 We selected 14 domains from SCOP40 as test data.

Domain IDs shown are the SCOP sid numbers.

Class Domains

a: All alpha proteins dlwlgc_, d2axtul

b: All beta proteins d2zgnal, digg3al

c: Alpha and beta proteins (a/b) dilwzcal, d2dstal

d: Alpha and beta proteins (a+b) d1ly5ha3, d2pzzal

e: Multidomain proteins dini9a_, d3cw9al

f: Membrane and cell surface proteins  d2axtdl, d2axtol

g: Small proteins d2vy4al, d3d9tal

PSSM OERIZ 20x N TH 5. ZIZT20 k7 I/
DB, NZRVNIBOEXTH5. Pl PSSM 470D
FET, MOEIIZTERERINS.

Ditz), (2)

ZIZTwiEv 4 Y RUDIE, p; i&PSSM @ i &HDAT
THY, i A TIZE>THIEETNTWS.

Pi=(pi—u,...,pis...

\/\
\/\

: 3)
(4)

x— z+
+

\/\
\/\

Y= )

(CIRSE SIS
M\Sw\g

i <OTEHRIND ONT 4 VI FHBIZDOWTI, Q| > i
ET| >, pi 2 0IZEID B TS,
TRV Ly % Qp T, IZHIDBTTO LRI LTS,

1, if Q. matches T,
Lw,y = Y (5)

0, otherwise.

3IFZORBRZ MIVAEROHEZRLTWS.

2.3 TIAAYNER

KL TIE, X774 XBFT 74 A 2 i Smith-
Waterman 7V T XL 25) #fH LU CEHEI LD, Z
DTNTY ZLTIFFRFERT OEBRZA AT VHBETH 5.
Bhiid v E & LRI CER L REAR 2 PV EMHL
T, ZOAaAT7EFUTSH. BAERMITIE, SBEET LD
DTH 5 k-BulifE (ENN) 7V 3) Zuz2MH L. Zh
&, FHZIKHBIZR ML —=V 7 F—X ¥y b TR TR
J172728TH 5 [26]. ENNII AL F VI~V (0 £721% 1)
EYHTEN, NAF)IRNDOFRENET T4 A2 MERK
TITRIEDHLT E S 728, kNN 7L TV X LD HEEHHA
AT % Q, & T, DEHAIT L UTHATS.
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CAVAFVNNTASQKKLSTPQGDCSGLASEVGGYFDKVTAALS

Window
—

QNLVDRKHAPAGAVAAVEAILDEPVGMEKLTA

Label =1

Label =0 \

3 RHARI PRSI AROME. X BXOY #ld7 3/ B
FlaRT. Bofd X il Y il EORFIMOREET Z 1 A
VNERL, OEABIET 1 VR ERLTWS. KR
My MEZOY 4 Y RYNTEHEIND. KR T ML
7«4 v RURNESIO PSSM FIDHEETH 5. HEHZIENT 7
AAVEPT=HTBHEICTIE L &L, Thllogs
X029 5.

Fig. 3 Overview of a feature vector encoding scheme. The
X and Y axes show an amino acid sequence. The
green line shows the structural alignment between the
sequences on the X and Y axes, with the green rect-
angle indicating the window. The feature vector set is
calculated within this window. The feature vector is
the concatenation of the PSSM columns of the window
subsequence. If the current column is on the line, the

label is 1; otherwise, it is 0.
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Ba DHFEIZIFWLSDODRDNSR=RITRA=ZXWBH D,
FTN5IE 4 NEIRAEMEEIZ & o TR L 72, REMRE
IZOWTH, 210 DA—N—T 7 IV —DE5TF AT —X
(10D RAL Y 2ELSF) LA UHMETEINU 72, R
RZ MVOFFEARDOY 1+ > R UIEIE 5 (U725 > TR
RZ MVDOIRTTIE 200), kNN OEEOEIL 1000, F ¥ v
TA_RFIVT 1 1 gap-open (5 LT —0.1, gap-extend (2%
LT —0.01 %407, BEFEOFEIEMRZ 27 I3IEHIC
INSWMEE B2, TH5DX vy TRFILT 1 3o
METHFHAINTVWE—ENLF vy TRF LT 1 LDk
BTN KRB,

3. ®BR

FxDHETIE2 OOERED —HAITIXENNIZX >
THEIH, INSIF 2 EMEE UTRS 22 TE 3.
UL72h - T, ®#IZ ROC & AUCIZ& BT XL il 7o
L ADOWEREZFHMEL, ZOMRER 51TmY. BEINK
JiEl, d2axtol ZFRWT, TN EEMIZTHITS Z &
MWTETW3
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REF&

Smith-Waterman BET7SAAV B

4 REINLHES L OBE LD TM-score. EFIFRMEEZRL, iR
WA E KT, fUEE TM-score (B2 T — REEE/RT.
Fig. 4 Sequence-independent T'M-score of the proposed and competitor methods. The

solid line shows medians and the slashed line shows means. Dots indicate the

data density at each TM-score.

JEETFNDOREERLEEL T, ZRI N/ T 51 A
Y NERFMLZ. 2L, TARALTHIE TV OIERME S
DB NHBEBI R R WA BEVEA D 2 72D I M ET H
D, 7z, MOFETEEIRT S Z 2idTEw. M
FIZIE, ST S A Y MZESWTTHIINZZ V82
BETNVOREEX, B—F V7L —rR=—2DFHIZE
WTHBERRAKDEEZRLTWS, 4k, 72XV
NIBWET S SFIZHEINTWVWS SCOP40 K A A1 v
M, 7)) EREEMIZELLIZ RV RIBTHELEHRL
T, MEFEZBEMA L. ETIVOEMSIZ, EBREIZHR
EINHEE PRI NG L OB OB ZEET S
oIk o TiHlidT 2 Z &N TE BN, 5EIEZ DI
TM-score[23] A L7z, ZNIETETNVDOIEHEI % 0.0 5
5 1.0 DHEPEIZATITV VI TRILIZE>TETNVDIE
fife ik % A3 5 .

9, JTVXVRIENETS SFHOETDRNAA
VETFVYTU—=RNRUNRIBEE UTHEHAL, ThoDRT
TAAXEET TAAY NEERLZ. ZORET 71 A
¥ b OAERIZIE TM-align[22] Z A L7z, iz, BETF
HOKEE % PSI-BLAST, DELTA-BLAST, HHsearch[27],
BLOSUMG62 % f\ 7= Smith-Waterman 7L 3V XA, B
FOMET A4 AV NOEELIIEL-. WAl Tr 7 7
AN%E 7T & LU TRIFTELS PSI-BLAST 2 2W\W T,
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UniRef90 7 — & X — 2T 3 [0]® PSI-BLAST # 5% 47
LT7a 7740V %EERLZ. DELTA-BLAST 1%, M%
DHTZ Conserved Domain Database[28] 225 717 7 1 )b
RIRET H7-0, fidy|E2 ) & UTHHL~. HHsearch
TIE, 2V 707 7 A )V EAERKT 572912 Uniclust20[29]
ZHMALEZ. €5V 22— & LTMODELLER[30] %
R L 7=.

B 43z N EEFHOREEZRLTWS., PR
N=EH1Z, BET7 710 A2 MImd EfxmET L (B
TO0.551) 2L TH D, BEINHGEITIZIERUIE
X (0.499) %Z3ERK L 7-. HffiZe Smith-Waterman 7 )V
Y Xk HHsearch 28 2 HHIZKHEER L, ThoHDFE
BAIT7EZNTN0432 £ 0472 o7, T—RBEED
RS, BETFEEZELTRTOHET, MERIXZEME
ThoTz. TRTOAETOR LALE T IVIZFAKOKEE %2
AU, BEINEZFEEFEAT S MVEEDET IV
FERE M3 A B U 72

ERINZETLVDO1D20HE UTHE 6 2ZEIFTW5.
REFEVETIVOREE, BIUOEBROTI1 AV 2K
ETEDLTVWAHEILERLTWVWS, TIA4 AV MDENVE
RIE 7S, ik DHIEIZ#46 & #55 DREID B> — b
R—V%BBTHIENTETEY, ZOMWMHIET IV
Eom EIZEHBL T W5,
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dlwlgc_(0.60)
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d1qg3al (0.81)

T T
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T T
0 05 1.0
d3cw9al (0.82)

T
0.0

—— | 1.0 —

= =

T T T T T
0 0.5 1.0
d3dotal (0.94)

y=

5 FULFHIO ROC. XA MIVIEER 1 ITRINT WS TS
RA A% T, ¥ AUC ZZDBRICRINT VS,

Fig. 5 ROC of label prediction. The title is target name shown

in table & 1, and average AUC is shown next to the

name.

4. ER

FxDHIEFHERIZT IAAY I NRAT 2500,
ZFDTIAAVINAAT#Y = T B LIZL->THHE
MREICHEHATLZERTES. ZOHEOHREMRE
BEhE, TOMBERBEORLEMT T4 AY F2HVWEE
T OREE % PR, FZE U 72 1575 O FME M RE
PSI/DELTA-BLAST & & f HHsearch OM#E & IR L 7=.
SRR DD, Pb—=v I F—Zky M
1/10 TiE72< 1/100 IZEME L 726 D & H W2, T O
T, 7V EREUA=NRN=T773IV—DRKXAA VEKRHE
U256 %E, TUTHBERRSLESFORAL Y EREL
HeE UTE#HLE. ME%E2FR 212RLE. ROC, &
nBHHETOBEEOREROAEEZREL, AUROC, 134
Bt ey v A7 niZ ko TEFEIN/ETH 5.
PSI/DELTA-BLAST & & O HHsearch & ML T, $2% L
7= L OMHREE 138h - 72. HHsearch O AUROCs,
1% 0.690 725 7208, BEINZ HIEIRED AT 0.326
ZRUZZ. Zhik, BEFEFEBREEZZ R, POE
X2k D 2 a7 ZEHLLU 7z E-value 2 R ERHA L T
WiRWhEEZ NS,

ZDESIT, B DHEEMEFAMEMRICHERT S Z 13T
ERVD, ZOMEBRERD LA 10T LTT L — b
R=ADETV VT %ITWV, SIRILETIVEMER L2, €T
WVOREEIFR 2 D 2THTR U, BEI N AIETRS
DYz TM-score0.476 % 2% U7-. F7-, DELTA-BLAST
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Template I STEEAAPDCGPPMDVTLQPVTSQSIQVTWKAPKKELQNGVIRGYQIGYRE 50
HHsearch - - - - - - - DLGAPQNPNAKAAGSRKIHFNWLPPS - - - - - KPMGYRVKYWI! 38
Structural - - - - - - DL-GAPQNPNAKAAGSRKIHFNWLPP-8--G--KPMGYRVKYWI 38
Proposed - - - - - - - DLGAPQNPNAKAAGSRKIHFNWLPPS - - - - - KPMGYRVKYWI 38

Template NSPCSNCQYS | VEMKATGCDSEVYTLDNLKKFAQYGVVVQAFNRAGTGPSS 100

HHsearchQGIDSESE-A-- - -HLLDSKVFSVELTNLYPYCDYEMKVCAYGAQGEGPYS 83
Structural 0 GID - SESEAHLLDSKV - - - -PISVELTNLYPYCDYEMKVCAYGAQGEGPYS 83
Proposed Q GIDSES - EAHLLDS - - - -KVPSVELTNLYPYCDYEMKVCAYGAQGEGPYS 83

Template SE INATTLE 109
HHsearchSLVSCRTHQ 92
StructuralSLVSCRTHQ 92
Proposed SLVSCRTHQ 92

6 TFNVOHEK. HOETIVFERMIIIEI NMEE &L
TWa. FOETFTIVIIREINZFHEC L > TERI N, H
£ 5 )VIi% HHsearch 2 54 ME N7z ET IV THS. HHsearch
& Fox DFTED TM-score (ZZ N1 0.801 & 0.861 2o 7=.

Fig. 6 Model comparison. The yellow model represents the

native structure. The red model is generated the by
proposed method, and the blue model is from HH-
search. The TM-scores of HHsearch and our method

are 0.801 and 0.861, respectively.

K2 REFEEHEHAFIEDOFEY) AUROCs & ETFIVEE (TM-
score)
Table 2 Average AUROC50 and model accuracy (TM-score)

of the proposed and competitor methods

PSI- DELTA- HHsearch  Proposed

BLAST  BLAST
AUROCso 0.435 0.491 0.690 0.326
TM-score 0.390 0.417 0.321 0.476

OFRIT2F/BHIZEL, 0417 F otz BETFENSEK
INFZETNVIIMDFIENSERINZET N LD EEE
NEWIZ e bhrolz. TNODFERLS, RETFIEET
VTV — M MREBDOTF VTV — M R=ZAEF)VITDT S
AAVMNER T 2 —RXIZEHATHDEHEZS.

5. f5im

AR TIIEMEE 2 HNT R N EORE 2 FIEIZT
BT BHUNWEST 51 Ay MEREZERLEZ. BEX
N7 I BEBTHORD D IZ, BETFEIZRBEREGIZ
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86 - Structural alignment
84 - —— Proposed
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-0.10

26 - .I

24 - -0.05
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M7 Z23a7b—bxvTETIA AV IRZO—B. X BLUVY
ixr o) (1QG3A) &7 v 7L — b (1VAIA) DBEEES
ZRLUTWA. HHsearch (JiARZ w > a) 13446 L #455 O
MTHET7 71 AY N (Byva) LIRAERETIA AV NE
FRLUTWBD, RBEINTE (ER) BIWEET 71 A0 b
EHBRDT 744 AV P ERERLTWS.

Fig. 7 Excerpt of score heatmap and alignment paths. X
and Y axes shows query (1QG3A) and template
(1VA9A) residue numbers, repeatedly. HHsearch (dot-
ted dash) generated different alignment between #46
and #55 from structural alignment (dash) while pro-
posed method (solid) could generate similar alignment

to structural alignment.
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FINEERT DI b oz,
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