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Moiety-based site-moiety map
student: Yen-Chao Hsu advisor: Dr. Jinn-Moon Yang
Institute of Bioinformatics and System Biology
National Chiao Tung University

Abstract

Understanding the mechanism of protein-ligand interaction is helpful for drug
design. Currently, the virtual screening technique is widely used to predict
protein-ligand interactions for reducing the cost and time of drug development. In
addition, the rapid increase in the number of protein structures has made the success
of virtual screening. However, the accuracy of virtual screening remained intensive.
One of the major reasons is our incomplete understanding of protein-ligand
interactions involved in biological functions and the imprecise scoring functions.

Scoring functions used in virtual screening often ignore key interactions between
moieties of compounds and pockets of protein-binding sites, leading a low hit rate. To
address this issue, our lab developed-a-new method, namely compound-based
site-moiety map (compound-based SiMMap), to understand the mechanism of
protein-ligand interactions and-identify the key interactions. A SiMMap utilizes
protein structures and numerous docked compounds to-describe the relationship
between the moiety preferences and the physico-chemical properties of binding site. A
SiMMap is composed of several anchors, and each anchor includes three elements: (1)
binding pockets (a part of the binding site), (2) moiety preference of the pockets, and
(3) pocket-moiety interaction types. SiMMap provides clues to understand key
interactions in protein-ligand binding site and their mechanism. However,
constructing a SiMMap requires at least 1,000 docked compounds, which is a
time-consuming procedure. In addition, the compound-based SiMMap may be biased
by moiety compositions of docked compounds.

To address these two issues, we propose a novel method namely moiety-based
site-moiety map. We firstly identified the 34 most common moieties in 1,382
FDA-approved drugs or 6,163 metabolites. Then, we replaced the compound docking
procedure by docking the 34 relevant moieties to save time. Furthermore, the anchors
of the moiety-based site-moiety map could be useful to drug discovery and lead
optimization because the moieties are the key features of drug actions and
metabolisms.

We initially tested moiety-based site-moiety map on five important disease target
proteins: (1) Thymidine kinase, (2) Estrogen receptor, (3) Shikimate kinase, (4)



Dihydrofolate reductase and (5) Rho-associated protein kinase 1. We then examined
the anchors of the moiety-based site-moiety maps derived by the docked moieties by
biological functions or binding mechanisms. Our results reveal that the anchors often
located in key interaction areas of protein-ligand binding sites. For example, in the
five target proteins, 82% of anchors are involved in the substrate binding or inhibitor
binding, and 98% of anchor residues are highly conserved. These suggest that the
anchors may play important roles in biological functions and drug design. In addition,
we found that the compounds matching more anchors often have better activities. We
believe the moiety-based site-moiety map is useful for drug development, drug
optimization, and understanding the mechanism of protein-ligand interaction.
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a. Crossover b. Mutation
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Step 1: Query a target protein
structure and its docked
(co-crystallized) compounds

R222 T
E225°
Y172 S
R163

Q125 T

E1l
N
NI
N
o

H58
was

v

Step 2: Generate
protein-compound interaction
profiles and identify compound

moieties
]

Step 3: Derive an anchor
candidate by identifying a
pocket with significant
interacting residues and
moieties with Z-score > 1.645

= R—SO,H
= R-COOH
R-PO,H,

=R_OH
.Il tﬂ‘

'

Step 4: Determine anchors by
grouping neighbor anchor
candidates with same type. For
each anchor, identify its binding
pocket, top-significant
interacting residues, moiety
preferences, and anchor type
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Others
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Step 5: Determine site-moiety
map with anchors and rescore
compounds
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A

Step 6: Output graphically
site-moiety map; anchors with
moiety structures and
compositions; and pocket-moiety
interactions.
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PR ARE B B AR RAORALE SREREY > RH RS
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Ho g AR AR ehiEE 4 1% ConSurf(http:/consurf.tau.ac.il/)?’
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i PDB 3r3e ¥ » 3 4R+ 35 A 7| {1% PSI-BLAST 3 & 8 » 3-
6 Fehke R 3 F A 7 & F 1% MUSCLE® & CLUSTAL-W? i 5 & A 71t 44
(MSA) » £ 1% MSA % & 2 iz il b JF A 7 e > £ i B 1 B
kizk J/\ Fv B E B AHEE Ao ConSurf T e & e s g 119
AUEAEEELI 3N AL ARG A F L REBRA S L MEGFE

A FABALT D 94 G A ARG LTI R S gk

EEFRARGHAAL G oRPAZRTR EALEFEY  PHRSEL 5
7 Ak o
I ALLEREY > £ BIE s A0 B 8% 25 Catalytic Site

Atlas(http://www.ebi.ac.uk/thornton-srv/databases/CSA/)™ e =k » b e 2k 8 — B F
s B 3D R fE A hip it B oLt K A AL CSA ¢ 7 A g al ik B
Fo WA R A IGLfRED AR KA TR B AR RED o A ¥ - 4
P 3% 3E PSI-BLAST 2 vb $9745 Bl efe Jh d-v B 4c 103EfE o d 03% T B 1 iads
2 F0 5 AR FRARRY FARE APV RET T A
UniProt(http://www.uniprot.org/) = + #13ige o Bt £ & g it H 12 £ & oD

7% Fh o

17


http://consurf.tau.ac.il/
http://www.ebi.ac.uk/thornton-srv/databases/CSA/
http://www.uniprot.org/

$z% B2
3.1 &%

311 F i

B o~ E53 1382 1 FDARREF 4 1 2 6163 B4 4 (a3 B A
d checkmol #r% & 2. 204 B F s AR MR en=t ¥ H P X A & i d
checkmol #7 2 & 1 e A5 oy AR EE 3T At AFTHEY
S EE A G B MR L chE FDARRBESF A TR @ d RMETR L en
PLEA 88 S B cha R

80.0% -
° —Drug %
%70.0% 1 —NMetabolite %
£60.0% -
()
©50.0% -
5 0
340.0% 1
%30.0% ]
£20.0% -
o
010.0%
0.0% -

B N v AR E R AV ATAB o X i checkmol #r 2 &2 F it kI oy i EF F i
Rehit L e FHREY S FA G FRL FDARBESF THES TR R 25 S
THE A TR

BFPR AR AV ETEOERIEAE R E Y TE <3 10%PF A
B33 148 EAIAE R4S T UAIFZ A A AT A OB
4748 7 50% > v 04 W E_ % 4 I & (4 £ 47 (aromatic compound) ~ feRkE T 4 F

(heterocyclic compound) 2 3 £ 3 % /= 4 4= (carboxylic acid deriv.) » #r ¢ 7 4 v T

}E’j fE‘J_-_AV\ F“"J :‘% 594% ~ 566%'1 % 512% °
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1 aromatic compound 75.4% 43.5% 59.4% ©
2 heterocyclic compound 66.0% 47.2% 56.6% O
3 carboxylic acid deriv. 52.2% 50.1% 51.2% )L
4 hydroxy compound 36.4% 61.0% 48.7% —oH
5 amine 51.0% 26.4% 38.7% |
Rz/ \Rl
6 carboxylic acid 20.2% 31.6% 25.9% )L
7 alkene 17.2% 27.8% 22.5% )\(
o *
8 carboxylic acid amide 25.3% 15.7% 20.5% Rl)LN/RQ
9 prim. amine 18.4% 20.2% 19.3% i
10 ether 21.7% 10.3% 16.0% o g
11 phenol 11.4% 16.5% 13.9% ©/
12 halogen deriv. 23.2% 3.9% 13.6% R
13 carboxylic acid ester 14.5% 9.0% 11.7% )L R
o
14 phosphoric acid deriv. 1.2% 19.7% 10.4% RQ*LH*F”
B4 FRABPERETACOEARE Wi 2T L RARE AL REFTR
Bl A AN a2 P RBFTHREY NI T AV T ARE AL B TIBEME T A
£ 15 ]

%00 s FDAGREER 2 AR A S BT AT BEALEY < 2
FRME A TRk i E G5k 0 S 5 20 BrRARK
PUE o R E A e AP RATHREY cPE TN ABT
7}"&@" g:‘:”gsbz,gpé\kb‘\%" O%mE E’g". (g»ﬁﬁ%}}?’;m
TR A E) 0 ¥ b 20 ﬁykéﬁ&u 3 gcpe e A P 11 (-2 S sl

BELRIBTT S TR AR b BT A A 2 6 B AR RS

)

B B AR PE T B BT R ARE FARTRELR LT
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312 PHIv F

W
poi]
5
! Bl
-
#=

ST AR &S T A5 B0 R R

3.1.2.1 Thymidine Kinase

i & Thymidine Kinase 5 & %38 ¢ > A BN 7 B4ye > HY 5 2@
BFRITH A B 2 B agte SR 4 Lk 2 B AT 4 gk B ]
Be@ R i 4 AR e B2 AR kA AEZ G ELNE2-
HV1~HV2-H1-H2 fv V1> 4@ -+ - #77 - 458 E1 % Bl A5 ARG-163 ~
LYS-62 fr ARG-222 ; 458 E2 % Flchs A5 ARG-176; 458 HVL % Bl A 5
GLU-225 ~ TYR-101 f= HIS-58 ; 45 8L HV2 ¥ Rz 783 GLN-125; 45 2- H1 %
Bl A5 ARG-163 - GLU-83 458k H2 % Bl 285 TYR-132 ~ ALA-168

fr ARG-163 ; 47 8- V1 % ek 3 ILE-97 ~ TYR-101 4 TYR-172 -

GLU-225 | TYR-101

72
~ GLN-125

TYR-132

Bl - 4gi=3% Bl—Thymidinekinase - & 7 B 42k 2 BT (T% 4 422 B4 4 ~F Y
fE% 4 4yBh> 2 g 4Eie® 4 grabii 2 1 ~F F% 4 4ok
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B P Hhds FRe2 Lt B hSEEE &G 2 SI0H - bof] -
= Wasrr fEE 10 B2 p 4R F-9 F Thymidine kinase 5 & <o 7 » B2 10
B b =g > T L IR 2 AR b & BEHVIS 37 6B
B o ARRA > HEEHV2 ¢ 51 29 QB ent M AMA  &BEHL 4
TR AT A ATA EEH2 S 5T H Y 6 B T i AINA 0 N E gy
BVLE G 5E FeaaAs W o WCE SRR ARE
BB W0k G TP R T b R E e LY S e
FEOTRANA ARG ARIAFTALILDR T AR TEFR Y
GrEEATE FenT AT AR SH AR o BRAFTEY 4 HREL N B2
R SR R RS ML HBE T B EL 2 B2 B
Hp g i R R T fo B BRI 10 B R AL s LT - R o

o A R B R TR e AR R P A S R A IR T A

R

A4 g i 4F o
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GLU-225

TYR-101

ARG-176

2
GLN-125

b

e ©o ®

le2k_TMC-17
le2m_HPT-14
le2n_RCA-19
le2p_CCV-15
1ki2_GA2-8
1ki3_PE2-15
1ki6_AHU-19
1ki7_ID2-17
1kim_THM-4
2ki5_AC2-1

B L - gmer £ F % Bl—Thymidine Kinase o 7  48k87 10 B5 J7 30— B3 & by gy

$ 5.

BEFRALFTC ORGP RRECL Gy FORAZ E2H AR

- % Thymidine kinase en% & %3 ® 7 B4rB% Fleos A7 4 0 2500 il 4
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& ConSurf e =k 973+ & ehconsurf %33 4 #ic 0 ¥ L BRLR T £ s B VLR 93
B AP e ILE-97 & #ic iz 6 &4 2 ¢ 5 H s 4k ] 4 /,,\39:‘]‘5'3*,}_7 394

Borigd Ak i g g H R Bl A AR PR L R iR

EREA

# ¥ - 4% FI2 A 7] % —Thymidine kinase

4 BL 7% # (consurf 4 #k)

El ARG-163(9), LYS-62(9), ARG-222(9)
E2 ARG-176(9)

HV1 GLU-225(9), TYR-101(7), HIS-58(9)
HV2 GLN-125(9)

H1 ARG-163(9), GLU-83(9)

H2 TYR-132(9), ALA-168(7), ARG-163(9)
V1 ILE-97(6), TYR-101(7), TYR-172(8)

% CSA £ UniProt % 8- Thymidine Kinase(PDB 75§ 1KIM)(UniProt * 75
PO3176)ic4end & 2% AL » BB K F 5 = 2 frgiu] D engr2hAp B A AL 5 B &

SO REHETAFHRZTUS NIRRT T EEAA -

3% - 4rEet Bl E & A 45 & —Thymidine kinase

P TR KRk iz (g

GLU-83 CSA ~ UniProt  Active site: Proton acceptor H1
(Potential)

TYR-101  UniProt Binding site: Substrate HV1 - V1

GLN-125  UniProt Binding site: Substrate HV2

ARG-163 CSA -- E1~H1-H2

ARG-222  CSA -~ UniProt  Binding site: Substrate El

24



3.1.2.2 Estrogen receptor

i B Estrogen receptor chig & R P o A Rw| N 4 BayEE HY 5 2B

\

o @ r A g B 2B @R IR 4 e R R 2

LISER > B S HVISHV2 V1 4o V2o 4ol -+ = #757 o 48R HVL ¥ F
7 43 GLU-353 ~ LEU-387 = ARG-394 ; 458 HV2 % Bl A GLY-420 -
GLY-521 fr HIS-524 : 48 V1 % Bl 4 LEU-387 ~ MET-388 4= LEU-391 :

LR GEEV2 % FlehR A LEU-384 4o LEU-525 -

MET-388 GLY-521§
ARG-394 LEU-391 "8

= LEU-384

GLY-420

HIS-524

LEU-387 .
V2 LEU-525
GLU-353
Bl L= 42 % B—Estrogenreceptor - ¥ 4 B4y g2 B3 48 “F R IT* 4 LUz 2B
ERRLEIEE S
B R FRAZ L Fb R KRBELEES b2 AT 4oF

= Blasrm ¢ EP 10 B p R 3-9 T Estrogen receptor i £ ehx o LZ T 10
B F e ayeafa bl =8 > VU E R Aol Sz A b &BHVLIS 77 10
ZHENT R ATA  &EEHV2 & 5 H P TS g AA > B VL &

F 10 B FF A > 1A EEV2 8§ 10 B FenF R AA > H
TeRICHEABEIFE AL E RIS Bl % BrEhg E Fenda ek B
2 RS LY S R R LR BRI A
A2 EGDRT AR CELIET S BT E § T AR 0 L R LR

SR ORET o L EBRI 10 BE AL R LT - RO KA
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d AP TR B F R R EREY F RIVFAT AL e

=T

a.

GLY-521

QYMO
tasti HIS-524

MET388

FUH

b.

Vil
ER_01 e O

® O
ER_02 ) ® O
ER_03 e © o o
ER_04 [ ® O
ER_05 ® o o o
ER_06 e © o o
ER_07 e O o o
ER_08 ® o o o
ER_09 e © o o
ER_10 [ e O

B L » 4B F =% Bl—Estrogen receptor - 4 4227 10 B X F ¢ I - B S chkrEL
14

BEFRALFTC ORGP RRECL Gy FORAZ E2H 0 AR
= % Estrogenreceptor & & %5 P 4 Bargb¥ Flem A5 4 0 FEELP e F 1.5

ConSurf 4 =3+ 5 daconsurf %75 4 #ic > ¥ U BELR TS 4R A A A Ho
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BT 2 9OA R TEd AP B Eoru i agrad s A A At R L

RGBT

# 1 = 4wE-% FIA 5| & —Estrogen receptor

Lret 7 2 (consurf 4 #k)

HV1 GLU-353(9), LEU-387(9), ARG-394(9)
HV2 GLY-420(8), GLY-521(8), HIS-524(8)
V1 LEU-387(9), MET-388(7), LEU-391(7)
V2 LEU-384(7), LEU-525(8)

3.1.2.3 Shikimate kinase

# i 4 Shikimate kinase enis & T3 ? o M E w6 Baygo HP 5 1B
FLIE* 4 4Bl 3 2B a4 BE 0T 1485 23 420F% 4 4yEho iR

1ip~@ L iEr 4 gk (T E L BN 2 LR R - =R 5 EL-

~=h

HV1~HV2 ~H1~H2 f V1o 4cB] (2T %55  4n BEEL % Bl A5 ARG-57 ;
48 HVL % [l cha A5 ASP-31 » ASP-33 - SER-15 ; 458 HV2 % A AL 5
SER-15 ~ GLY-11 §= LYS-14 ; 458 H1 % Rl s A 5 ASP-33 {- GLY-80 ; 45 2k
H2 % Rz A5 TYR-136 ~ ARG-132 v MET-10 5 2 % 458 V1 % A A 5

MET-10 ~ GLY-79 4= ASP-33 -
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LYS-14 TYR-136

SER-15 E R
s ARG-132
e SV 1 L

HV1 g vsh, (FE o

ASP-33 H 1

ARG-57

Bl L7 452~ % B—Shikimate kinase c = 6 B4y2L 1 BT (T 4 45802 B4 4 @Y
e 4 45BL 2 B4 4ETEY 4 4rebuz 1 “ET E" 4 5ok

FAP Ry FHE2 R s R RBHE oA 2 6121 4of) -
+ Bl a7 P 6 B p & F-u 5 Shikimate kinase % & ¢ B LB 6 B
£ F e el el 0 T ER L2 A b HBELS 0 4RE T

ATA > 4BEHVL ¢ 31 A B AN  BHV2E 3189 4

i}

B = ’F‘rmg i iRA o Ay BEHL S 7 4R ’F‘rmg LRI A 0 U E grEE V] @
$B6BRFAEAANAS B L CBIL 6 BEEET AR L R
Blof 0 GrBhs & Jenip o B 422 dho R IR 4 B §ent i ARA
AR B AR REGE CEL IR 4 R i AIA AR Bk
PAF T AL GEEDRT ARG TN S B P A A 0 AR BN

ORI AAL TEDRT > AR I LT S GET e FenT AR 0 AR

8

,J,*#{;% o BEIR @ 41T 4 4y ek H2 » ﬂ,; Lt 3 \%;FE_ Her) ?ﬁ‘?ﬁ%?ﬁ% ;uja

AT 4 BB H2 BRR o H RS B e R T v SR 4B 6
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BEF AL g T - ROBEA A R R D g B A F P

T

AR LR RIVEATA G Lo

TYR-136

NSC45174
NSC45547 0 o o 0
NSC45609 @ @ ®
NSC45611 ® ©o ©o ®
NSC45612 ® O ®
NSC162535 @ @ @ @ ®

B+ &g@ < F iz Fl—Shikimate kinase - 6 B4 B2 6 BX P 1 0 - BEE DB 3
S e

BEAAALFTC L PESERRBFSEALLS FaAdz 228 4
= % Shikimate kinase % £ %3¢ 6 Borat® Bl 74 » ) ilicE .5

ConSurf 4 =3+ 5 eaconsurf %75 4 #ic > ¥ U BELR TS 4rEh Y A A A %:*K
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A B8ANIL B TEd AR Z AR by BEE ¥ Bl A AT R

il ’ﬁ PLB kT o

% v 4&EE% FA A 5| £ —Shikimate kinase

4 BL 7% #& (consurf 4 i)

El ARG-57(9)

HV1 ASP-31(9), ASP-33(9), SER-15(8)
HV2 SER-15(8), GLY-11(9), LYS-14(9)

H1 ASP-33(9), GLY-80(9)

H2 TYR-136(9), ARG-132(9), MET-10(9)
V1 MET-10(9), GLY-79(9), ASP-33(9)

# CSA £ UniProt % 34 Shikimate kinase(PDB # #& 1ZUH)(UniProt i~ #5
P56073)ze4kend & 2% 3L » BEIREr A9 B2 2 e n] ek AR B A AL P B A

ER 2 FES ERERLN T REE = SR AR S TP
34 T 4rEp% B £ & 5 A5 4 —=Shikimate kinase

A TR KK iR &
SER-15 UniProt Metal binding: Magnesium (By HV2
similarity)
ASP-33 UniProt Binding site: Substrate HV1-H1-V1
ARG-57  UniProt Binding site: Substrate El
GLY-80 UniProt Binding site: Substrate; via amide H1
nitrogen

3.1.2.4 Dihydrofolate reductase

# v & Dihydrofolate reductase ehi & F 4 ¢ > S k] 6 BayEL o H ¢

N
ﬁ
sy
i
‘\.r

7 CEREY 4 R 2 B agEiTr gk Ry 2 FR TR A
GrBL o PRI Ay BN 2 A EE R > R A FE2Z F HVI-HV2-HL-H2-V1
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fe V2o 4Bl - = 47 o 45 B HVL % Rz 283 GLU-30 5 4588 HV2 % Flas
#A&7F SER-59; 452k H1 % Fleh#% A5 THR-136 ~ PHE-134 - VAL-8 ; 458 H2 %
Bl A5 VAL-115 - TYR-121 ; 452 V1 % Rl J8 3 PHE-34 {v PHE-31 ;

"3 ArBEV2 % Rl A5 PHE-34 ~ ILE-60 - VAL-115 -

VAL-115

o>~

TYR-121

N THR-136
GLU-30

Bl + - 4rgi= 3% Bl—Dihydrofolate reductase - & 6 B 452k : 2 B 7 (7% 4 458 2 B 4 42
R RN 4 B R 2 A 4T 4 4L o

FAP I FHELRT e R %R 8T 22 621 4o -
A~ Bl asrT iE P10 B 22 p % 3-v 7 Dihydrofolate reductase & & % 7 > L%
E10 R ol g o T L EIIR S A b &8 HVLE G006
B Heng L RINA > BEHV2 ¢ 70 B9 5B T il &304 0 & HL

N

3BT RATS  HEH2ZE 30 T RIFTOTAAIAS - LB
V9I¢ 71 7T BRFOp a AL 102 b8 V2 & 50 3L Feng it A3
W N Wes SBEIFTE AR DRt o't G E X i

BAREL oA G R LT B G A A R SRR
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FEAZGEDRF BRI LT S LR 7T AN 0 1 BN 2

A - SECHRTRET v GREBEE 10 B FTAL L - &Ko

X

BT ed AR AT Ny B N AR AR REY A RILF AT A

VAL-115

PHE-134

1boz_PRD-0 @ ®

1dir_MXA-1 ® ® ‘ ‘ ®
1dIs_MTX-0 o e O
1drf_FOL-1 o
1hfr_MOT-1 e O
1kms_LIH-2 @ () ® o o o
1kmv_LII-1 o e o o
Imvs_DTM-2 o
1ohj COP-0 @ ® 6 o
2dhf_DZF-2 ®
Bl -~ 4y Egr X =3 Bl—Dihydrofolate reductase- 6 45227 10 BX F @ 1 - B % mw
2EF 6B
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BEFAAALFTC I OE R RBECLEHEY Bk 24 LR
r % Dihydrofolate reductase & & % 3 ¢ 6 B4y 2L% Bl A7) 4 0 250 chlic
F Z_% ConSurf 4zt w12k B caconsurf B A Bc 0 T O LR B DL AL R [F] oA
i"“'\ﬂt?"ﬁt7i O A BE T S d AP B E erE ] gk B Flehsy A A E T

FRER R G ORE PEE

4 = 4rEk% FIA A 7] & —Dihydrofolate reductase

& 7 £ (consurf 4 #k)

HV1 GLU-30(9)

HV2 SER-59(9)

H1 THR-136(9), PHE-134(7), VAL-8(8)
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