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Abstract

Serotonin transport (SERT) is the key enzyme responsible for recycling
serotonin in neurons. It has been recently shown that the inhibition of
SERT has potential roles for the therapy of depression and psychiatric
disorders. The other two monoamine transporters, the norepinephrine
transporter (NET) and dopamine transporter (DAT), also exist in the
human brain and have high structural similarity to SERT,
resulting that isa major problem for designing novel and selective
inhibitors of SERT. Hence, in this study, the computer-aided drug design
approaches include molecular docking and interaction analysis protocols
were used to investigate the selectivity of drugs at the SERT, NET and
DAT. In addition, the structure-based pharmacophore model (SBPM)
was developed based on the critical interactions between drugs and
homology model of SERT, NET and DAT, respectively. Pharmacophore
models were then used as 3D-query for virtual screening to retrieve
potential hits that have high selectivity to SERT from National Cancer
Institute (NCI) database. The selected number of potential compounds
that can for future experimental studies in diseases associated SERT

inhibition.

Key words: serotonin transporter (SERT), norepinephrine transporter
(NET), dopamine transporter (DAT), computer-aided drug design,
molecular docking, structure-based pharmacophore (SBPM), virtual

screening
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Homology modeling of
SERT,NET and DAT

Model quality check by
DOPE socre and
PROCHECK software
v
3 monoamine
transporters
inhibitors Molecular docking
Molecular docking
$| by CDOCKER
program
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Rank docked poses by
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Generation of structure-based
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NClI database l
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Search Blast Align Retrieve 1D Mapping
Search in Query
Protein Knowledgebase (UniProtKB) |z| [ Search ] [Advanced Search » ] [ Clear]
WELCOME (3]
NEWS

The mission of UniProt is to provide the scientific community with a
comprehensive, high-quality and freely accessible resource of protein sequence

UniProt release 2013_06 - May 29, 2013
and functional information.

Back to the wild | Cross-references to SignaLink | Removal of

What we provide cross-references to HSSP
» Statistics for UniProtkKB:
UniProtkB Protein knowledgebase, consists of two sections: Swiss-Prot - TIEMBL

» Forthcoming changes
» News archives
W Follow @uniprot - 609 followers

1 Swiss-Prot, which is manually annotated and
reviewed.

TEMBL, which is automatically annotatad and is
not reviewed.

Includes complete and reference proteome sets. SITE TOUR
UniRef Sequence clusters. used to speed up sequence similarity

searches.
UniParc Sequence archive, used to keep track of sequences and

their identifiers.

Supporting data | Literature citations. taxonomy, keywords, subcellular
locations, cross-referenced databases and more.

Getting started

Bl= ~ UniProt website s =t 5 7 B -



=~ &E R IR
BN

Ze 2r 41 oy
st BX 4 BT

FPm#-3l ¢ DS 3.04c %8 p &
discrete optimized potential energy (DOPE) 4 #c & £2

W& FEH "PROCHECK” (7) % #ti-d] g % & =& - DOPEA #

pehend-g B
B MHPROCHEKZZ S ¥ B F iR ¢ 2 24 F R EF B ©
AR
et b ks
BB 2 it

137 e ’%*F’“E’v”li;’gﬁ)iiﬁ’i\x]ﬂi&—
ZHREEME RS DELTL A
= Eé;m]ﬁogg » AR H L A*,,

S A
v

& paroxetine - nisoxetine £
methylphenidate(B] = ) » 2\ i #-i%

=

2
oot

=B A FAEEN Y D
IC50 & (#r#]50% F-v Ef2 97 ] & & R R )FEILA 4 — o
T

. l}i‘j\‘:‘—l—él
% 11DS 3.0:CDOCKERH 2218 7 o i& (7 4 3 44 &
21§ N ’—H}‘%._ MTL P{:{

3l
i iR EE Nk, W%ﬁ e g

TR EME AL € LETNE

>~ CHARMM(8) & #ic k = =& Fv

% if 1 (energy minimization) ¥ #
p o
YRR OO R & S N E S

S e dT o & B E R R H
site spherek ZHEBXFTRETH - AF REFHREFTS
Aulg A2 4303 % E

T -2 2% binding

& A
Al > A g gl ¢ chpiecewise linear



potential L(PLP1)(10)3%4 i & {7 {3 P4 iE o » ficke B iﬂ” 2 He A A
£ AL # R] 2 (visual section)Feint H 3] LT S 2 prAp i X

Az EHEMHN A R TERRLE .

H
N

XL

paroxetine ’ nisoxetine methylphenidate

Bl = - Paroxetine ~ nisoxetinez methylphenidates= &4 + 547 &
]}5] °
# — ~ Paroxetine ~ nisoxetine¥? methylphenidate $+** = 7 #& & 44 $-v

2_IC50 (H = : nM)FF3m £ o

drug SERT NET DAT
paroxetine 0.25 312 n/a
nisoxetine 400 5.3 497
methylphenidate > 50,000 514 84

I ~E B AR T R
SEHnER L E REE LM T A G FEARIENE
AR A - AR E R ARA S EEOAS S W

g g R ) B R A )

[op]



eI T ST R AR S GEEAME G RURNE LAY i) GRT s
i i a3 s B Aple it B o A AT 1% DS 3.0
i erReceptor-Ligand Pharmacophore Generationficie & &4 * & B p
iy SR £ WS R FRE A BHEA - 50 & T
SRFE Rl A 4 0 AP € 0 dR TRk (T 4F e S (receiver operative
characteristic curve, ROC curve ) (11) ixBk 3% © 3 |cdk (T8 ded 57
WA N F AR GE (T i 0 TP E B3 (true positive rate, TPR)

¥ B 4 % (false positive rate, FPR) & o E B+ %

ETINS

R e
BAY B AERA B 4 o RIS L T Bk A e
FFOBBMETAGEN B BARNBEEEF AY s B
Xiph (0 42 e il 10 Pl 50373 21 HET) AR e 4 1o Ft o A
AW F k1401 o & EE R e A~ 100 & 72 ’”T‘c,% bORER |
BISH 5T R E R Ak AT R B L B R R

=%
FE ©

< R IE
ARG S TR SR RE R A S TR ANCH A g s S

BT R T BT B REFARER BE o F A AP



¢ 1 Lipinski’s rules of five (12):i& {7 &F:E > /x (kds I enit S 4 0 3 3

$ER R LT R e F

é&
=
=
o
&
&
i
Jm
=
e
W
T+
R

EAY -9 <P sequence identity % 20.8% - @ sequence similarity
411% : & F 1 Ak waE Mt O Rp g E W 75 7 0 sequence

identity 5 20.0% - sequence similarity 3 41.6% ; % = %% & 48 443



v
-

dentity §= sequence similarity 4 |

ersequence |

[

iy

3
12.1%% 31.7% - ¥

U

i

5

AN

jeizd )

TARRES (BP

“* L
T

Rl iRt o

3

*

4 2 pAp 5 8 (13) o AL B A0

o
g

v

’

T

3

3

fe i tdl e

2

B E RE -

2
|

ok v
NP Q!

7

METTPLNSQKQLSACEDGEDCQENG

55 vMa

--MLLAR

- -MSKSKCSVGL

=R 7|

(R

5

T 2

Build

1#d DS 30 ¢

=
v

=
2

BoA b

4

W B A

WA

QA

-
53

Homology Models #



WY 5 " g @Iy oh= g ¥ 5d DOPE # #ig (7351 »
DOPE /9&&%ﬁ.,ﬁ;,f@af R-EIAR S o o d = BEER
ot Y a kLR oo ¥ob, g 1 PROCHEK #ic 488 7 0
A sk TR % BT AR o Bl (A)dp TRk e i A

P alE 527 Brezipi® > 7 430 B & % & most favoured regions
(i6 92.9%) ; Bl- (B)dp i #r7E K ehr: T ’?f]l% EER R H
538 B r=fipe? >3 431 B & % & most favoured regions (- 91.3%) ;

G- (C)dn ek en s v i B Y 537 Brefkp o § 425 B

D

& 7= A most favoured regions (it 91.4%) - 2 F EREFELE K ip )

AR S R R R e e PR R R TR T

(&)

DOPE score: -76116.7 -76771.0

Bl > (A R g~ (B)r T ¢ sk i ag &

W H b RO 2 2 % Fl¥ DOPE 4 s -

10



Psi (degrees)

a8 135 90 s 0 s E s 0 s
Phi (degrees) Phi (degrees)

(A FREER S (B T R mERs

fH 5 FREA S d PROCHEK #: 4% (Ramachandran plot)

d o ATk R R SRR R
EWAR q‘,& & e {8 > ¥ - paroxetine ~ nisoxetine £ methylphenidate
fI* DS 3.0 p ¢ CDOCKER firie e 74 + 42 & 1 % > § % (s 5o

PLP1 ’J'—Av\mﬁit'LE'fgln\ﬁitﬁ»rg-ﬁﬁz—#“ NI R ER AN o B A

ﬁ’ifﬁf“é"iﬁ‘ﬁﬁé‘éq‘i@%i/ '%#ﬁ Y e R oA e %?%@rv
oA R AN B EFETL PR EEW S S LD

M Fp4)* DS 3.0 p = Analyze Ligand Poses fice k3-8 iz = B it
EFHW L T ARENR TR E R L LRIRAR T hE s

WA S ehsicp o &% BT o paroxetine &2 x F F E MR T

11



& %2 & & it Ala96~Tyrl75~Asnl77~Serd38~Thr439 & Thr497
255 6 B a4 2oedl i 11el72-Alal73~Asnl77~Ser438 ¥ Thr439
A= 12 B AL 4 &2 S nisoxeting B i R EERX TS E
%2 £ &R Tyrd5 27 Serd38 r A5 7 2 B i 4t iR
Ala96 ~ Asp98 ~ 11e172 ~ Tyrl75 ~ Tyrl76 ¥ Ser438 = ;= 9 B 4L

1 f 44 @ methylphenidate &2 i F 2 HEMIFHERLER

ﬂ

IR m A T g 40 T il At Asp98 -~ 1lel72 ¥ Ser438 £ A5
=3B AR A

(A)

B ~ ~ (A) paroxetine ~ (B) nisoxetine £2 (C) methylphenidate 4% & v

BRI TR LR B A

ol P BEER&R BEL T RARBEME R F
BRI LE L F G & f8 > I 11 paroxetine ~ nisoxetine £

methylphenidate i® % fe48 - 4] % DS 3.0 p 59 CDOCKER #i£ 2 i& {7 &

12



4y
L
Xt
™

F oo B 5D PLPLER S B 54 Hck § e aE o)
SEREMAL - BAHA 2B EFS BRBE I TIRER

FRY RS e %‘f%—@ TP oo AT RIE-H AT BIC LA
ERRAEEMag LS LR Apqr DS 3.0 p o Analyze
Ligand Poses i k3t 5 ix= @it &4 44301 51 ”ﬁ% TR H

BEFLERRAR AR T LS R 4 Sl - Bk

Rl

kg ot o paroxetine ¥ 22 3 AL Phe72~ Asp75-~ Alal45-~VIal48 -~ Tyrl52
Phe317 ~ Ser318 ~ Val325 ~ Ser419 & Gly423 £ 25 10 # “4g X f
4 4 nisoxetine & 1 ¥} Hﬁt‘% BEMILTSE w2 € R
Alald5 25 = 1 B & 421 #2 Alald5 ~ Vall48 ~ Phe317 ~ Gly320 ~ Ser419
¥ Gly520 25 15 B ~4% % f # 4£% ; @ methylphenidate & i %}
REBETWL TR R ERGAMEN S T &4 7R

Phe317 £2 Ser419 = 25 = 5 & 4

-

& w

B+ ~ (A) paroxetine ~ (B) nisoxetine ¥2 (C) methylphenidate +;

ERIRFREML TR LT LA BR A4

13



B BRSO B @A RS EL AL
e K8 > I 14 paroxetine ~ nisoxetine ¥ methylphenidate i 5 fe 48 ¥
f1* DS 3.0 p 77 CDOCKER #i-eigiz o+ g & F 5% » F S is 5o
PLPL ;#=4& S B o~ fcd § FRPE N T R AR - B+ 8
o 2B EFRA e P RBERE RO T RE

P oo vir. 4% DS 3.0 p e Analyze Ligand Poses #i-ie k3t 5 iz =

LT W TReE E R ORI TR A D
AR S P o 5% BT o paroxetine I & &2 § T vk iF Y
A iE e g 4> F B AL Ala77 ~ Vall52 ~ Phe320 & Alad23 £ =5
=7 I Y 4R nisoxetine &7 T RIEIEH L TR EFRLE

£ v2il e Phe76 75 & 1 1 & 4¢3 ¢ Serl49 &2 Gly4254; % 5 “4f X

4 4% 5 @ methylphenidate 22 % = s @482, 2 B4 41 20

Phe76 £ Val328 £ 252 4 fF g T i 4 43 -

14



PXN
q
i
o
(40
=
W
R
i
N
'_gn‘\
\.
‘39‘

5

2B xR e A -
WS 3@ L % % > B2 #X paroxetine ~ nisoxetine £
methylphenidate %4~ %ic 5 & F o R EEH ~ 1 TRk

B e R EM e TRER S > REA R B EEY 4 EF

B MUV SEZ B AL N PRI § A kD

w0 AR WY E

(s
\

FRAFRETR LBEBEWY BRBoh G4 & H
HH#-11* DS 3.0 p 1 Receptor-Ligand Pharmacophore Generation
W Ear A BT o Bl - (AR 7 iF % 4818 18 v paroxetine ciF
ERMBHAZ T T BCEAB 2 71 A B RE S
(hydrogen-bond acceptor) ~ - & ¥ #& (ring_aramotic) ~ — B &r -k |+
(hydrophobe) ~ fr— i & ¢ X ® (positive ion) ; B+ - (B)& 7+ & ¥
+ B;TL% 3 R {r nisoxetine shAf M B AL T BFAM ¢ 3
7oA i Er Kk _F % (hydrophobic_aramotic)fe= @ g -kt @ B+ - (C)

R or 5 vk i 4 fo methylphenidate <4 &t %A 2 7 = Bi-

et

B e 70 - Bak_FHRES Brokld o A MECA gk

BEREA O HRRDN] O FABIIN £ B PRE < T

15



A g TR N E A RN B Y D ORREE 0 o R e
Do R IR R R E R R e A o

(A) (B) (©)

a5 S VSl

(A i F #8422 paroxetine ~ (B) & § sk 8 4 22
nisoxetine &2 (C) % = s i@ 48 &2 methylphenidate 47 & %8 #7 %
w2 A A E A BT -

S b B E

P APREETRBMFETH - F L kg NCl A~
TR erit & 47 #-r4 Lipinski’s rules of five & {7 4= & » fx 45 41 chit
& § B4 o i i i Lipinski’s rules of five & i i i ehit
Erdrs b AT 2 B AR MY R T EE o R E S
iv i 1 F & E A2 paroxetine FiE o enZE A BHCA) T & 2
Wi Rt ’ﬁ'\% i iF B 27 nisoxetine ¥ % T i i 1F Y £
methylphenidate 4§ & #8778 3K chE>T A BBA| BAR 5 o - F HiE
Wi BEBRAENCEP cbfd o APHEENT BHLFEEHENL

7R RRIIEAIE S £ 0 & 5 NSCA8843 ~ NSC48427 ~

16



NSC46607 ~ NSC50865 £ NSC50865 > + & I A B+ = » &7 % 254
Y E P F A AR S g S enaE 2 B AL BIHCT o

(A) | (B) (©)

(D) | (E)

B+ = ~(A)NSC48843 ~ (B)NSC48427 ~ (C)NSC46607 ~ (D)NSC50865
21 (E)NSC50865 £ 5. i % i 18 48 £2 paroxetine #i& = 2_ %%
AEEA e %o

4 52

= ~iET

—~

_<_
é*‘i

‘4\1-

TE
1 OFE AT IEE A2 0 @if?”—,'i%‘r%ﬁ'l“i(ﬁ‘#‘r’#'lii%%ﬁ%@%ﬁ

ﬂ<

MY Rd) o A EHEE DT B & F &0 SciFinder

Scholar ¥2 PubChem structure search #-i:& 74+ & - L% kg

Ao B Al A I N R R A AP

% OTHPE dlenT B *iﬁ"i{,af—‘—% PR 2 T kA
a5

EALRIET R LT L F A A R L

17



APRARLE TRF P EFFRF R LI
BEAFIEIWeERFHE U L IESFL TRENT I FEH D
EHRARL BT PG 0 G - BOREEHNY B BT
TR o F o AR BRI eE 2 T w R I

DT ORFAMEM Y § T R E R P R - S

@
|4
A
W
iy
®
(A

Pk G h AR TI LT REFTHRZZMW T U= B o

Az ik gg > T2 ROC curve & 7 #3278 o W %3 (5 2 B3] 3V i
EHAIREMEETHRY o APENCI I ELF FHREGFEDNS B
@%94’j&%ﬁﬁ?ii%ﬁﬁ%“@%?ﬁ%ﬂ‘ﬁi%%

HER el o APYRARRT U AT E S S A p AT

‘m‘i-

sie

TR AP EER R FEREE A B o a AT -

e

) r‘ﬁn"‘gjﬁp!,%;}n;‘&‘r = % ul/T‘”, TEY AR AT PR %

5 ?u}fp}bmg\ux;ﬁ’* HhH r‘f?%é-;][' 2

18



CANEE AT 1

1.

Andersen J., Kristensen A. S., Bang-Andersen B. and Stremgaard K.
Chem Commun, 2009, 3677-3692

Simoni D., Rossi M., Bertolasi V., Roberti M., Pizzirani D.,
Rondanin R., Baruchello R., Invidiata F. P., Tolomeo M., Grimaudo
S., Merighi S., Varani K.,Gessi S., Borea P. A., Marino S., Cavallini
S., Bianchi C. and Siniscalchi, A. J Med Chem, 2005, 3347-3343

Middleton D. S., Andrews M., Glossop P., Gymer G., Jessiman A.,
Johnson P. S., Mackenny M., Pitcher M. J., Rooker T., Stobie A.,
Tang K. and Morgan P. Bioorg Med Chem Lett, 2006, 1434-1439

Deskus J. A., Epperson J. R., Sloan C. P., Cipollina J. A., Dextraze
P., Qian-Cutrone J., Gao Q., Ma B., Beno B. R., Mattson G. K.,
Molski T. F., Krause R. G., Taber M. T., Lodge N. J. and Mattson R.
J. Bioorg Med Chem Lett, 2007, 3099-3104

Mente S., Gallaschun R., Schmidt A., Lebel L., Vanase-Frawley M.
and Fliri A. Bioorg Med Chem Lett, 2008, 6088-6092

Denhart D. J., Deskus J. A., Ditta J. L., Gao Q., Dalton King H.,
Kozlowski E. S., Meng Z., LaPaglia M. A., Mattson G. K., Molski T,
F., Taber M. T., Lodge N. J., Mattson R. J. and Macor J. E. Bioorg
Med Chem Lett, 2009, 4031-4033

Marquis R. W., Lago A. M., Callahan J. F., Rahman A., Dong X,
Stroup G. B., Hoffman S., Gowen M., DelMar E. G., Van Wagenen
B. C,, Logan S., Shimizu S., Fox J., Nemeth E. F., Roethke T., Smith

19



B. R., Ward K. W. and
Bhatnagar P. J Med Chem, 2009, 6599-6605

8. Brooks B. R., Bruccoleri, R. E., Olafson B. D., Swaminathan S.,
Karplus M., States D. J., Swaminathan S. and M. Karplus. J Comput
Chem 1983, 4, 87-217.

9. Paczkowski, F. A., Sharpe, I. A., Dutertre, S. and Lewis R. J. J Biol
Chem, 2007, 282, 17837-17844.

10. Gehlhaar D. K., Verkhivker G. M., Rejto P. A., Sherman C. J., Fogel
D. B., Fogel L. J. and Freer S. T. Chem Biol, 1995, 2, 317-324.

11. Triballeau N., Acher F., Brabet I., Pin J. P. and Bertrand, H.O. J Med
Chem, 2005, 48, 2534-2547.

12. Lipinski C. A., Lombardo F., Dominy B. W. and Feeney, P. J. Adv
Drug Deliv Rev, 2001, 46, 3-26.

13. Ravna A. W., Sylte I. and Dahl S. G. J Mol Model 2009, 15,
1155-1164.

20



