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Comparison of X-ray Crystallographic Structures and Docking Models of
Dihydrofolate Reductase-Inhibitor Complexes

Mi Hyun Ahn, Inhee Choi and Choonmi Kim*
College of Pharmacy, Ewha Womans University, Seoul 120-750, Korea

Abstract — A comparative study to validate the reliability of a fully automated docking program, FlexiDock, was carried
out to predict the binding modes of DHFR-inhibitor complex. The inhibitors were extracted from the crystallographically
determined DHFR-NADP*(H)-inhibitor ternary complexes of human, Escherichia coli and Candida albicans and then
docked back into the remaining DHFR-NADP* (H) binary complexes using FlexiDock. The resulting conformations and ori-
entations were compared to the original crystal complex structures for reproducibility. Then, folate, the substrate, and
known inhibitors such as methotrexate, piritrexim and trimethoprim were docked into the wild-type human DHFR and their
binding modes were compared with X-ray crystallographic or other modeling data. The root mean square deviations
(RMSDs) for ligands ranged from 1.14 to 1.57A, and the protein backbone RMSDs from 0.94 to 1.26A. FlexiDock repro-
duced the orientations and binding modes of all seven ligands in good agreement with the crystal structures. It proved to
be a reliable and efficient program in studying binding modes of DHFR-inhibitor complexes of different species, and the
information obtained from this work may provide additional insight into the design of new agents with improved activity.
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Selection of DHFR complex structures
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wild-typec]™ 186 717+ BF ¥EFHE o] Q3= 1HFRE Ae)s)
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ternary complex “"ZiEi= 159 7|7} 5 AEgwe] 9= wild-
typedl 1RA2%: MEd8)9i s, W#F A= NADPY, “18]37 ligand
= N-[4-[(2-amino-4-hydroxypteridine-6-ylmethyhamino]-benzoyl]
-l—glutamate(FOL)O]E]r.lg) C. albicans DHFR(caDHFR) ternary
complex 2% A% IAOE:= homodimer® 192 777} &
F 3239 A9} B chain F A chain® ARESIIUE B3t o]
Q= B2 F A NADPHOIW, ligandi= 1,3-diamino-7-(1-
ethylpropyl)-7H-pyrrolo-[3,2flquinazoline(GW3)° 1 th?? o] ligands
o] 33+ Table Iofl AIAI=lo] Ak,
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Docking Ligands into DHFR-NADP”*(H) Complex
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2 Ausigrt. 244 729 A2 ligandsE docking S wi=
Y ligand g3} Alele] YXIE H|TBIZAT, TFE ligandsS- docking
L wj= o] flexible F715 7+ conformation HEHE ]
T3} root mean square deviationRMSD)E Axtslg o 2 &
A2} AFIdE ISt
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Reproducibility

Human DHFR-MOT Complex - MOTE 7]2 2] folate 2}
AR F2Z 71 classical ABAR, docking A3 -2 53
Atz APA 725 FARS " ligand IHS] RMSDE 140

A©°]2121 orientation?} conformationo] #¢] &L, & FF
9] AFAE JeJith(Fig. 14). 2% 5L lojA
(Fig. 2A) ARA 729 Y3, BE DHFROIA S1E% W
£5o] 0= Glu302] carboxyl 08} furopyrimidine-2-NH,2] H,
AX 1EE HEY 9E Arg709 guanidinium group3}
glutamate-a-carboxyl O, 1212 GIn35-NH,2} H9} glutamate-
y-carboxyl O, Asn64-NH,°] H¢} para-aminobenzoic acid(PABA)-
€02 O, Valll5-main chain(mc) O¢} furopyrimidine-4-NH, 2}
H, Val8-mc2] 0%} furopyrimidine-2-NH, 2] H % Ile7-mc®] O
9} furopyrimidine-4-NH,2] He}] 23] A=A T, 474
A F29 22 Thr1362t] F4dgo] FA4=%] 2 dial 1
29 & Bx19 A3 0, Ala9, Leu22, Vallls ¥ Tyrl2l
o] FaZso] FAFUTY o] DHFRS| 2§74 &
L3 AgS 1= active site F71EFL] FAAT 0] FE3] A
NS FAA

AA71A Ae A2 739l glutamate-o-carboxylate ionT
Arg70-guanidinium ionAto)el N FU3A Vehem B gy
ArEARS T Ala9, Leu22, Phe3l, Phe34, Thr56, Leu60, Pro6l,
Leu67 2 Vall15912] Alojellx] FhaHA] Dok, o] £lef Tle7
I} Va8l 7120wkt

E. coli DHFR-Folate Complex — Folatet= DHFR9] 7}&
2 docking A¥ ligand 7FS] RMSDE 157A0]3lov
orientation®} conformationS ZStoL} AAMAHCZ ligand7} 2
A FZHct NADPY £02 ] ZAl docking HITHFig. 1B).

Fig. 1 - Superimposition of the crystal and docked DHFR complexes for reproducibility.
Three different ligands, MOT(A), FOL(B) and GW3(C), were extracted from human, E. coli and C. albicans DHFR ternary complexes,
respectively, and docked back into each of their DHFR-NADP+(H) binary complexes and superimposed with each other.
magenta: ligands before docking atom, color: ligands after docking, brown: NADP*(H), green: residues of DHFRs
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Fig. 2 - Hydrogen bonding interactions of MOT(A), FOL(B) and GW3(C) in the active sites of hDHFR, ecDHFR and caDHFR, respectively,
after docking. Hydrogen bonding was viewed with WebLab Viewer and only those with the distances below 2.5 Awere depicted.
thick black: ligands, thin black: NADP*(H), gray: residues of DHFRs
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C. albicans DHFR-GW3 Complex — Docking Z 7} ligand
7re RMSDi= 1.14A 0% UEhd, AR 29k A7) vl ¢
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Table I-Names and structures of ligands in X-ray crystal structures of human, E. coli, and C. albicans DHFR ternary complexes

PDB Resolution : Ligand
cod Species  (Released)
ode year Full name Structure
7
NH h ¢°
2.10 N-[4-[(2,4-Diaminofuro[2,3d]pyrimidin-5-ylm- 2 H, C.
IHFR  Human — jg9g)  MOT i ethylaminol-benzoyl]-l-glutamate N)\/K_/]/C\N/Q/ N o
/”\ = ! CIIH3 ﬁ
HNT N7 o o]
[e]
I
c-0
1RA2 E.coli

(1996)

o
1.60 FOL N-[4-[(2-Amino-4-hydroxypteridin-6-ylme- oH H, /@/U\
thyl)amino]-benzoyl]-I-glutamate N N\j/C\'I‘ N 0
A A
HNT NN

1
e}

1.60

(g9y)  GW3

1AOE C. albicans [3.2F]quinazoline

1,3-Diamino-7-(1-ethylpropyl)-7 H-pyrrolo-

NH, - CH,
N\<
NZ
N
NH, "N CH,

Table II - Names and structures of other inhibitors of DHFR used

for docking
Name Structure
?
o g
H
Folate N _C WN
N™ YR N H o
M : T
- Pz H Il
HN" N7 N 0
2
Q  c-o
NH, H
2
Methotrexate N _C_ N
N N H o
PR : i
7 Pz CH, I
HNT N7 N 0
NH, CH, 0—CH,
.. . N7 X7
Piritrexim 1
o 2
HN N
O—CH,
Trimethoprim

NH, H, O—CH,
C
N \<i},o—cH3
L~
HN" N O—CH,

] hDHFR-NADP* binary complexZ %3 &42 7|29l FOL
2k o R A 7FA] A3l A)(Table 2] docking S A =3}
binding modesZ T3l 11 A7E £ 729} vlusiict.

Folate - Human DHFR-NADP™ binary complexll FOLS
dockingstxl A= 28} H2 - flexible 715 7] RMSD
& Alkst A3 094A 0%, A3 A7F A3k hydrophobic
pocket®] B-sheet conformatione ZAA| 739 A2 FU3IK

th(Fig. 3A). 71491 FOL- pteridine ring? PABA2] benzene
ring®] A2 ‘L-shape™2 ©}1584] glutamate group®] WH-2 &
3= orientation® 2 2381 o0, o] Axk= A 129 A
# ligand?! MOTS] orientation®} AX|&}ich1? B3 zkg-o 2
H B H(Fig. 4A), Glu30-carboxyl 0%} pteridine-2-NH, 2] H,
Asn64-B-amide group¥} benzoyl group-carbonyl O, Asn64-
NH,2| H$} glutamate-o-carboxyl Ol #3103} Fgh 424
Agto] FAEN0H, E coli®) -] x7 FOLe] NADP*
%02 & t] 27 docking ¥]°] Arg70-guanidinium-NH,°] H
9} glutamate-carboxyl 02} A]7} 5.62A .2 HolA o] Alo]
o] FaAge] A7)A] &2 thal Ala9 9! NADP*9}e] =44
o] Al HA %2t ecDHFR-FOL?| docking A} H]wdh o
hDHFReIXM & a2 9ke] 7} st 23 i 7|% o
27 Jehdon o= ecDHFRY active site 737} flexibledt
b hDHFRE rigidslx, hDHFRS Glu30©] ecDHFRo|A=
o 22 Asp27E vHo] A Z7)7F gkl 5o
%2 xjolo] 7|18k} T AzbEr 10

Glu30-carboxylate ion< pteridine-2-NH, %}, 78] Asn64-
NH2: glutamate-o-carboxylate ion?} Y714 AF52-8-5 &)
™, Phe313} Phe349] & A AH=3 Valg, Ala9, Leu22, Leu60,
Pro6l @ Vall158] FAK: 922 FOL} 47 BES 8l
t}(Table III).

Methotrexate - MTX:= 7]2Q] FOLY 24 fAMdo] &
classical ANAZ ¢+ X5 ] AREEH T s 45 AsA
o)™, docking 2} flexible backbone A}0]2] RMSD= 0.96A
©2, FOLS] 759 vixb7HA &2 %49 B-sheetE o] %+ B-
strands-2] conformation> AR A -2} A FYLsIATHFig.
3B). MTX= FOL?} Z-& orientation® 2 A0, Glu30-

J. Pharm. Soc. Kovea



DHFR- #3419} X-4 4 docking model & B 421

Fig. 3 - Docking of four different ligands into human DHFR-NADP™* binary complexes.
FOL(A), MTX(B), PTX(C) and TMP(D) shown in dark pink are docked into the hydrophobic binding pockets of active site area, of
which secondary structures are presented in blue (B-strands) and red (c-helix). The black lines represent NADP* molecules.

carbox s 0%} pteridine-2-NH,2] H, Arg70-NH,2} He} glutamate-
o-carboxyl O, Arg70-NH,9 H$} glutamate-y-carboxyl O,
glutarrate-oi-carboxyl O} Water3®] H, Asn64-NH,°| H¢}
PABAY} O Atolell =4A%te] F/d=Uct. 14kl GIn3s, Ala9,
Phe34 2 NADP*9}9] 5-243% #l1E 4= Q9 ?(Fig. 4B)

Glui0-carboxylate ion¥} pteridine-2-NH,, GIn352] NH, %}
glutar ate-o-carboxylate jon, X+ Arg70-NH,$} glutamate-y-
carboxylate ion Alololl A A7 8 4524-S 3Tt 53],
Arg70-guanidinium ion¥} glutamate®] carboxylate ion Ale] 2]
salt bridge= glutamateE 2t 3= classical antifolate®] 2
A% 2403 non-classical I*|A4] antifolatec] A= WA R
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oi= Hkgo|th® MTX 2& A8iAl= pteridine ring?] NADP*
¢} w53} Al H 3L hydrophobic pocketS ©lF& EE 7|
Valg, Leu22, Phe34, 12]3 Ala9, Phe3l, Ile60, Pro6l %
Leu67% &4 HES 31v(Table 1D, ©] 2= MTXS
pteridine ring®] furopyrimidine ring®. % ¥} hDHFR =%+
2] 9% ligand Q) MOTS] £33 43283 72 A3l
Piritrexim — Docking 23 RMSD:= 1.04A0]30t} PTX= 7|
Ael FOLY 123 z}o0]7} £ non-classical I1#|3AA As)|o]
v E53 conformationS Zt1 o} DHFR¥ ZAgshd 5-
deazapteridine ring®] binding pocket®] B-strands %07 35}
2] B-sheet®] conformations FOLoJY} MTXS] 73¢9 ot
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Fig. 4 — Hydrogen bonding interactions of FOL(A), MTX(B), PTX(C) and TMP(D) in the active site of hDHFR after docking.
Hydrogen bonding was viewed with WebLab Viewer and only those with the distances below 2.5 A were depicted. thick black: ligands,

thin black: NADP*, gray: residues of DHFRs

2 nokog WH3AZIT X dimethoxy benzene group<
NADP* Z0 2 s}l glutamate groupe] UH2 &61= FOL
ot} MTX9l= Wit W9l orentationd 24 ¥t} 5-
Deazapteridine ringS 71291 %l AHlE docking ™ ©l& &
323} x5 Aro|thFig. 3C). $2AT) A, Glu302)
carboxyl group®] pyrimidine ring®l N1 ¥ 2-NH, group 7%
o gt Barh Qo B 3 Aulelafs Gludos
PTXe] o] Fate] A7t 42 e 7Fs 718 vl 3o of
Al pyrimidine-2-NH, &} % H& 1e7-CO2) O ¥ Tyr121-OH2)
09} F4A%HS o] FTHFig. 4C). PTXE F 2719 =424%
S 3lo] o] F27TE She classical AdAETE TRE 2
oS eIt PTXSH hDHFR Alolold A #73 As

o o=

=

Zrg-2 WA R] gkgkon o] Aah= E3HPeA 2| e 21A]
2 Arg702] guanidinium ioni B3 carboxylate ions 7H
glutamate”} ¢17] wEolch A A3 242 Valg, Leu22,
Phe31, Phe34, 1le60, Pro61 % NADP*}2] Aloleld =S
o}, PTXQ| AP35} & A PTX &AHle 724 54 )
U Aoz gtdn),

Trimethoprim — TMP ¥e]2]o} DHFRe A=]42] &8
2 EEou} AlEe] DHFRel:= Aggo] ofst Qo=
vl 9lth 2 hDHFR-NADP'-TMP E3%)2] ZAA| 73 o}4
B Zlo] glew, Pan 52Y0] o2 AsliAlgle] ARA T2
of AsfAE v ¥ W o2 8% modelling A7} B
% up 9lth, B AFo)| A= TMPS hDHFR-NADP' binary

it 2

3l
o}x]
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Table III — Hydrophobic interactions between the residues of human DHFR and moieties of other ligands

Hydrophobic Moieties
residues of human
DHFR FOL MTX PTX TMP
o Val8 Diaminopteridine Diaminopteridine Pyridopyrimidinediamine
Ala9 Diaminopteridine Diaminopteridine
Leu22 Diaminopteridine Diaminopteridine Dimethoxybenzyl Pyrimidinediamine
Para amino benzoic acid  Para amino benzoic acid Trimethoxybenzyl
Diaminopteridine Diaminopteridine Dimethoxybenzyl Trimethoxybenzyl
Phe31 Para amino benzoic acid  Para amino benzoic acid  (Pyrimidinyl)-methyl
Glutamate Pyridopyrimidinediamine
.. s .. s (Pyrimidinyl)-methyl
Phe34 Diaminopteridine Diaminopteridine Pyridopyrimidinediamine
160 Para amino benzoic acid  (Amino)-methy! Dimethoxybenzyl Trimethoxybenzyl
Para amino benzoic acid  Pyridopyrimidinediamine
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