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Abstract

Project Code : DBG5180022

Project Title: Investigation of inhibitor-enzyme interaction between isoniazid and its
derivatives as a highly selective anti-Tuberculosis agent and Mycobacterium tuberculosis
InhA, based on computer-aided molecular design and quantum chemical calculations
Investigator : Asst.Prof.Dr.Pornpan Pungpo, Department of Chemistry, Faculty of
Science, Ubonratchathani University

E-mail address : pornpan_ubu@yahoo.com

Project Period: 1 June 2008 - 31 May 2010

Abstract

The tuberculosis treatment still remains the worldwide medical problem because
of the drug resistance. The enoyl-ACP reductase (InhA) from M. tuberculosis is an
attractive target for developing new antibiotic agents and has been identified as the
target of isoniazid (INH), a first-line antibiotic for tuberculosis treatment. As the prodrug,
INH must be activated by katG enzyme to generate the bioactive form of INH-NAD
adduct. The major problems of tuberculosis treatment with INH are resulted from the
mutations in InhA and katG enzymes. To overcome the drug-resistant problem of INH
associated with katG mutation, arylamides as the direct InhA inhibitor have been
identified. In this study, molecular modeling approaches were employed to elucidate
inhibitor-enzyme interactions and structural basis for improving the affinity and potency
of anti-tuberculosis agents in class of isoniazid derivatives and arylamide derivatives.
Molecular docking calculations and QSAR methods were applied on series of isoniazid
and arylamide derivatives to gain an insight into the structural basis for improving anti-
tuberculosis activity. The integrated results from this study provide coincident
information about the inhibitor-enzyme interaction and structural requirement thus
offering guidelines for the synthesis of novel anti-tuberculosis agent with highly antibiotic

activity.

KEYWORDS: QSAR, CoMFA, CoMSIA, anti-tb agents, isoniazid, arylamide
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= a Qs L £ ] J v v d 13
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rifampin rifapentine ethambutal L8 pyrazinamide LLﬂzmluﬂﬁiuﬁaadﬁa mmjw second
line 'laun ethionamide cycloserine capreomycin WaZ para-aminosalicylic acid Wazn13
T lsamlIavin e laun 1Tl T1RaN eI wIBIINAK Weatnd bsna1unsl T lwn1Isne
lsaimlsageiifynuiosaniiamstesmasswinaaslsnioelsn (multidrug resistant,
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nIfefifiadnuussfan1hasuuy extensively drug-resistant (XRD) [1-2] lalalu
m%@gnlﬁﬂum%’nmI‘m’S’mI‘maamﬂ%omwLtazﬁﬂizaw%mwga AI%WNA bN1TaaN
£ Ly o & ¥ . . %
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m%@"fia"lﬁ%umwau‘lﬁlga @l enoyl-ACP  reductase  (InhA) VL@TQﬂﬁTuwudﬂLflu
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= 6 = o U A AD a = a 1 =
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v v Q o v { &
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WU’i’]Lauvlsﬁﬁﬁ’ﬂzﬁ’mﬁf’lﬁLidﬂﬁﬁ%ﬂ’] beta-nicotinamide adenine dinucleotide (NADH)-
specific reduction Suidutuaaunsaylwnmsvenasslovainsaludnu ihasanalsnte
A A en & 2 £ o o o &
Iﬁ'ﬁ"l,umsqumawmﬂu prodrug mlumiaam']"nﬁ@]aammmimz@;uﬁnﬂLau"Lmu

mycobacterial catalaseperoxidase (KatG) [7-8] WALINNMIANEN LBIANRBUITNLINMTA.
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envadlalaluardainortasiunmnaoiuivedianlad katG uaz InhA protein [9-10] T
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Aa a [ aa [ 6 A a
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% = ) A e A A a [ & v wR U =3
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% =3 6 A dydluz > > A & A a & a a
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molecular design) ¥adia% ki siaidnals lull 2002 Pantano uasame [14] la@nsns
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hydrazide-NADH lag/l435 ab initio molecular dynamics 91nANITAIWI AN INBUATAIEN
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& & a . v A A o o o =2 & A o &
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wazluil 2005 Schroeder wazane [15] AnwUIauiay affinity vas NADH lunmsaunu
tawlad InhA sllaaudnuazsiianansiusuuy 121V uaz 1167 laglfinadia molecular
dynamics simulation Lilaifisunaunasiutusas NADH fduatnuiewlssl InhA oiia
auduuazzilana1uwus wodinaunesiuduuas NADH lugdau pyrophosphate Miuat)
% 6 a v A = A o v a > ana = a
nutewlss InhA sfanaoiuiinadouudasll Seildmafieduasisonnuniaesd
lunagdansouanny SInald affinity 289 NADHIuN3duAvawled InhA sllananawug
o AN o Ao v o K & = a & . o A
aaad 1ndayaf ldinadvldidrfanalnndesdasilslosidenmssonuuudisd
denonugilunsinmliaialiaieiamddusaliiidsiniawuasiianuduni:
) & oA = v o ¢ . v o o o &
gatanlasl InhA 1AM IAN®1ANURNARTTERINIlATIRIALANTBANINANTE L IV
{ qu/ g; U a
fsNeangndtusdtanbod InhA lasluil2004 Pasqualoto wazanue [16] lEinadia 4D-
QSAR lumifinmenuduiutsznilassasiiuiuduaniwasanslunga hydrazides
o 1 gd QG’ A r a
F1wau 37 luiana lasaslunduiiiinalnniseengninileunulalaluarfa a1n
= ' AA . Adn ad : . o @
mydnswudlaanavasssniingununf lidoaludinuas acyl moiety azvilddims
fusIaasd wananinmsdsuasuluanazasssludiu NAD moiety lidngununfla
sz ulauti@idu hydrogen bond donor and acceptor 9:318UTUUTI8UATIIE VDS

fIgugInuNInazilule active site va9tawloy INhA  #aNINNMITANEIANNIFNNUT
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wwinlansiunuiuiuanmwssisslunguiudgildins@nslunduvasasaywus
benzoxazines WLz phenylquinazoline LLaza’lﬂuﬂ@:&l isonicotinic acid hydrazides [18] 138
= & A = @ o \ 'Y A v = A a A [
Ls’ml,waLﬂumswwmmm&lunqumimgwuﬁa‘[ﬂumm@ ledn1sdne I NNLENLA8INL
anudunuininlassuiuiuenwsasssayiutlalaluerda [19-20]

& | Al Py ’~ A A P o o ¢

AILATNNITLNWIIAa e Lo lar lwanda finpufesnuMINMERUTVe4

& o vl o & . VA Lo & & o
by KatG m&lmmsmmemmsﬂqﬂmwmmmaaﬂqmﬂuml,auvl,ém InhA 1@
lasass laglidasandunianszguanienlad KatG [21-26] ssdudslunguanvaynus
a oo = Ao & XA o & &
s lud ldhanansluwwddsh  sslunduitlienusmunsagilunsdussenlsd
InhA [26] ssfididszanTnwgegalunmsdudaanlsd InhA 15d0 IC5 ity 0.09 pM
udadnslsfanussayiufiatae luddalidmadusinmauaiydulaveussduua iy
¢ Tagls¥dn minimum inhibitory concentrations (MIC) 8177 125 pM G9%N1TANTA
o~ v o s & o v & a & Ao Vo o &
el lafisdiugiumslanaiovesmnseuiusieiaelud  Adududadnmsguginig

a a & AAa =& A o & A
Lﬁ]ifyL@lUI@]maﬂLsﬁaaLLUﬂV]L'ﬁﬂ VAN W98
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~ AadaAa v
ICLUHULLASIDIVE

1. aunvaiilzlunsinive
11 1A384MauRAIAas PCs (Intel Quad Core)
1.2 1@309RUN (Laser Printer)
1.3 1@389RUN (Color Printer)
1.4 ldsunsumsdiwimniaaiinlaudy (Gaussian 03)
15 ldsunsumadiwimnmsluadianiluiaaids (Discovery studio, Gausview
ez ChemDraw )

1.6 lusunsudsdaya (winscp, putty)

1 %] L% %] a‘: 4 Y
2. ﬁaﬂaﬂﬁﬁrﬂidﬁ%’]dltﬁxﬂ']ﬂ&l&l%@lﬂ']ﬂﬂ’]iﬂﬂEl\‘lLﬂ%lTiN InhA maamsa%wutﬂa

Tﬂﬁlum%ﬂLLazm‘smgﬁ'%ﬁ‘La%mﬂNﬁ

U
1 (-] %) (- %] (-] 6 %)
21 lassaduazarnuauamnnisdusaanlya InhA 2asanvennusle
Tnluada
sammﬁagamﬂmm%aLLaz@hﬁ'&lifu@]mwmaomiamgﬁuﬂaiﬂum%@ T
36 139890 ILEaI L a9 1 Lﬁaamné’hm"l,aiﬁn"l,um%@LLa:m‘saLMuEﬁQmauﬁ'aLflu
o & Ao K v A £ o AL 2
prodrug  adnnluinuidpdsltlassainenesngnilavesznsmantlunsdne lag
v { Ag v 1 ¥ 1 { v ™ %
lavsadafieangnildvasannnaiazagluzUnasrsnuszlaraudio NADH  launn
1@ Aa R-NADH I@ﬂnﬂiﬂioai”ﬁomaomsamgﬁuﬁaumﬂ@mﬁuﬁﬂg R aduaadlu

A
@1379N 1



M195197 1. laT9RT LA AR NI ANTNNNTEL El'waamim#ﬁ'uﬂaiéﬁvlum%@

ﬁ

R

N

H

NH,

ANNNBANINNITHUEY

a3 lassasuvansunui R
(log 1/MIC)
INH N/_\>-§'- 7.70
1 4 O\Lé‘ 7.22
2 a 6.82
3 { ) Lg_ 6.52
F
4 VA 5. 6.40
5 @-fg‘- 6.22
6 om@% 6.10
N
7 </_ =>§- 5.82
8 ! He- 5.70
* . O
9 )¢ 5.70
10 [N s 5.52
(@)
11 a—@—%‘- 5.562
12 QE' 5.52
HN
S
13 4\&% 5.52
N
14 |Oé— 5.22
15 HZNOE— 5.22
16 HzNilg_ 5.22
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18
19
20
21
22

23

24

25

26

27

28

29
30

31

32

33

34

35

5.10

5.10

5.10

4.92

4.92

4.92

4.82

4.70

4.52

4.52

4.40

410

4.00

4.00

3.65

3.52

3.22

3.22

3.22

* Test set compound
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%) [ (¥ ¥ %) qq: ' [ 6

22 Tawauuazanuaduamwnisdudaenlasd InhA vasarsaunns
a 3
o5atalua

TayaniilaseaiuazAriuiuaninaasansaynusiadaelud §1uau 28

Tas9a31909uaas a9 2

A19197 2. TaTIRF1ILA AN AN NN BANTWNITE L El'waamsagﬁ'uﬁa%ma"l,uﬁ
0

X N/\ =
Rir A c B4R

> K/x X
n

k7
AMNNNWANTNNIIB U

d13 X n R, R,
log (1/1C,))

atl* N 0 H H 4.41
a2 N 0 4-CH,4 H 4.78
a3 N 0 4-CH,4 3-CF4 5.20
a4 N 0 4-CH, 3-Cl 5.51
a5 N 0 3-CH;, 3-Cl 5.03
a6 N 0 3-CH;, 4-NO, 4.81
a7 N 0 3,4-Me, 3-Cl 6.00
a8 N 0 3,4-Me, 3-CF, 5.73
a9 N 0 4-i-Pr 3-Cl <4.00
a10 N 0 4-t-Bu 3-Cl <4.00
a1l N 0 4-t-Bu 3-CF4 <4.00
a12 N 0 4-t-Bu 4-CH,, 3-Cl <4.00
a13 N 0 2-F 3-Cl 4.86
a14* N 0 4-F 3-Cl 5.01
a15 N 0 3-ClI 3-Cl 517
a16 N 0 3,4-Cl, 3-Cl 5.22
al7 N 0 3,4-Cl, H 4.75
a18 N 1 H H 4.50
b1 C 1 3-ClI H 5.11
b2 C 1 2-F H 4.85
b3* C 1 4-CH;, H 5.29
b4 Cc 1 3-CH,4 H 5.13

—~
p /©)L\_/ :
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w2 @AQ -

C@AC 590

os QAC 572
O

5.69
Q2

p4

p6

-

"The test set compound for QSAR studies

3. myaTwuazAwImlassaivzaslaananidud
Imaa%’wL‘%’;J@Tumaamsamgﬁuﬂa%"lum%@"lﬁmﬂﬁaQa‘mo x-ray crystallography
v { tf v Q a Q a
pailavsaivneangntldvasdenleloluanda (INH-NAD) uazansaunusiadaialudiu
Iwssmsduvesianledl InhA (21DZ, 2NSD) nntulasiaisvasasaynuslaleluande
F1%I% 36 1ATIET9 LLazmimi,ﬁ'ubfLa%aLa"l,u@ﬁiﬂmu 28 lavea gﬂaﬁ?ﬂﬂ@ﬂ"ﬁ
Tdsuntuluta@ianslutaads Gausview  laaldlasigisadsduainlasdzsisuadsaasn
a d‘ v 3; n:? o [ gt v dl = dl
lala'luwanda Sﬁaiﬂiam’mm'ﬂmmzmmsmmmﬂiﬂmam’m‘nLanm"nqm (full
geometrical  optimization) a18352 08U BuaudiTla (HF/3-21G) Lavinnsduimlu
& g = o v A a ' < Y . A
WA ULESILAD aﬂsﬂmmmwLanmLmazINLaqa N lasIrI9taath bl g L
nIdwrsditnisluiaganideniv nsdwimniiafiateudy uazn13@ns

ANUFUNWTTENI TR nUN NI AN IWINNTEULEILUL 3D-QSAR

4. MIANBIAMNTNNHE5LUI9LATIFAT LA NN WANIN
¥insdnsanusunsiseninslassaenuiuuanwlunsiusslaes s
Quantitative structure activity relationship (QSAR) é’dﬁy
41 mienmenuduRuEszninlesseeiunusuanwlsmstussuuuaa

16 (Three Dimensional Quantitative structure activity relationship, 3D-QSAR)
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mMIAnEIANNFNRBS TR laTsa e nuANIuaN Wk UEILUY 3D-QSAR

lulassaiafadlfiTnsliensAdudisufisuswinvesluiana (Comparative Molecular

Fields Analysis, CoMFA) uaziTiamziilToufinudsiianumiawdsluans
. T . o Al v X

(Comparative Similarity Index Analysis, CoMSIA) T IwITE % Computer-Aided
Molecular Design Tuaandanlunmidianzdinigasitnuataudlaile 3 Tuaaude

1. m39laLana (Alignment rule)
ad a 531 % 1 é a d'
witmadanzinuaznalaanann 9 lawsiumolundesdaiizmai

R 2
o

fnua ﬁ'&ﬁmmauf:éT@dﬂLﬂm‘?u@]auﬁf%ﬂﬁtyﬁq@ iflaannuamsiinTziaasis CoMFA
arldannisiSsnifisuauivvesluianasesuuufo auasisoraiaain (steric
interaction) UazduAIN3ENBIENIATFUARAN (electrostatic  interaction) lwumAEAINANS
Aa72#p0433 CoMSIA azldnnmudisuifisuawnedluanaiiuuude suasnim
qLA03N (steric  interaction)  BWAINIHNBLANLATAUAGN (electrostatic  interaction)
suasnselalaslWdn (hydrophobic interaction) n3lAlUsAau (H donor) WazAITL
lUsaau (H acceptor) 1a Uluﬂﬁsﬁﬂmﬁﬁ]z%ﬁ%mimﬂmLaqa@T’s pATn1Iengdununs
aTmJaamiamgﬁuﬂaimvlum%@ﬁvlﬁmﬂmsﬁﬂmmI;JLaﬂm%ﬁaﬂﬁa

2. MAAeNzAlasitaeNruazAauldy (COMFA  and  CoMSIA
Analysis)

luanafldreivldluduasun 1 wazazgnaonTiimlu 3 56 seu 9

« 2 e o Y o . . o A
luanaidulwasndngnunai@sazyinlildanda (grid point) sauluanasiwiuuin o
Q Q 1 ¥ & a o Q aa

adaainaataziulninazaan (probe atom) FInTAaNzRzdmIMEUaIATE
szijﬂwsuamauﬁ'ﬂmaqamad@ﬁﬂ'uﬂ'aaamuuﬁa AUAINILIFLADIN AWAINILIBLAN
lasauadn M3kilusaaw (H donor) wazm3sulusaan (H acceptor) INUUA18UATAIEN
% ] @ R di ) a = ad . .
aananazgniuiinliluaims e lfiesedlasszidsyis cross-validation  uazn13

n@ﬂaUWﬂ‘QmLLUUWTﬁ%ﬂa (Partial Least Squares)

3. mM3uUsia (Interpretation)

LUUINRINIATAAIFAIN LE1NTTILATIZHNIRAILU U 22 LURINID
Laad L uaunInald uan1vdsziiniainnuusiaadlanlwnanisvinugaInuiwanIw

P e . \ L . 2

aﬁq@umzmﬂﬁmmwmmmlumimmU (Predictive ability, q) ‘Julnaaniluny
a 1 2 A ] o €
N lasd q AINANFINIY 0.6 LLazmSLLﬂmafﬂzLLa@alugﬂmaamwaaumwao
I a £ - & g o ¢ a A A
FWUTLANT (coefficient contour map) 199 AEUNITULLRLAEINALEAI LA FLD N
(positive) LazRLARDY (negative) S'i?mmnm’]mfﬂﬂ’mﬂw%im:nz‘luimaa%ﬁﬂmaqmﬁa

LN A WAIATLILUURLAINUS N MNLRAIasRITL) AUNITLUUBLANIATRLAGNIZULRA
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a oy ad a . A A ' A [
lan&uas (positive) uaz&ii1i3u (negative) lasanununsAaainiangunuilulassaing
AaA A & L A A o Aaa A & A a A a
luananfdszadidnaseugsuiiaiinduasiseuuudidnlassuadnuinmiuaaslasd

° v o ¢ a A e A .

uas dmiuaauisuuulalasiWinazuaaslasdoumy (positive)  uaz&1717 (negative)
wingaNyaRNRgununndanumansnlunsszaslutulyduinefiuduasiien
wwulalaslWdnlusinmiusasdouy lunsfasandniwasaimuianuszlalasan
289028 U8IuazLan i lagRansananaaunisuasmsiilysaan (H donor) lasazuaad
A o " a . =2 A ' Ada o
87 (positive) uaz&a9 (negative) nanwiivAITANRYUNUNNTANUIIIRIUNTTH
ldsnanluuSiaiuaasdin waznaunisuasmssulusaewu (H acceptor) lasazuaaadn

a8 o . a i = A | Ada @
§du (positive) uazd111 (negative) wuofismnangununNianuauiInluniiy

11300 klNaL NN UATATIITERINILI I WNLEAIFUII T

=4 [ a 6 ' £ > s o L% g; ad
42 MIANANVFUAUTITRINIaTIaTenunNtuaawlunssugslasds 2D-
QSAR
TumsAnwianugunusszninglassasnunuiuanwlunisdugsuuy 2D-
QSAR lali3 Hologram QSAR é’aa%mmaﬂmaqa fia molecular hologram F9ldan
) A & Y ® @ o = :
MIUUNN gfragment °nLﬂuaaﬂﬂszﬂaumaaiwLaqaLLmu,aJmLﬂummmmmumulaaﬂu
wnadayn deuuudazluianaazd molecular  hologram  LaW1Td? INUUIINIIN
ANMNFUNUTIZAIN9 molecular  hologram  waz ANaRaAWlwnssugdlaslsyadouy
ININAnasWHAMULUUNWTLTLA (Partial Least Squares) M1IUUIHAT@ILLUINRDY
HQSAR  TlélAuiisasddsznaundayadluanalunisuaasnuduaniwlunisduss
1AHLHWATNABUNITTTBI-LRRITIAAUIN fragment wnFINaviIARNIUaN WlUAT
s g; J t:!l o ea £ lﬂq, v & 1 g; 1 o v o
Fuigeln lunsmsfiununiwaaurniauad-§u TlWiAwd fragment tusinarinliiudue

AWMU LIG1R

= v ~ aa 6 6V ny
5. madnsiazszisuislaaaaisdanis

la39a39man (X-ray crystallography) 2848 laloluardafiduagiuianlssl inhA
W& 2IDZ LLazIﬂioaﬁ”ﬁowﬁﬂmaoﬁW§ﬂ'uﬂ'aLa%aLaVLmTﬁ%'ua%iﬁ'mauvlénﬁ InhA 3% & 2NSD
Vlﬁﬁmﬂ‘*ﬂuﬂﬁﬁmamﬁamuﬁw%ﬂmagm%ﬁaﬂﬁo ARWLINAINIINARDUAINY
1 dll A all o 6 v Ay éi’ U U
mLﬁana°11aﬂﬂmniwlﬁ’lumsmmmiwLaﬂmmaﬂm laodasduarnlassasng X-ray
HMIuenlasIasI9u89a 808NN NLE W LT mﬂﬁfuﬁﬂmmgﬂLmumsmaé’waaé’am%
Trluardalulwssnsauvasianlasd InhA laaldisnisd i uimlulafiansaanig aqe

v

113Ny AutoDock3.05 wazlisunsy Glide ﬁﬁmiLﬂ%suLﬁﬂmzmwgmmumﬁuﬁ%

v

N X-ray LAy gﬂLLuums'{Tuﬁ"L@Tmﬂmiﬁwmméﬁ g3 sdmrmlautadiansdenis

@1 RMSD #ieasnin 1 a98asayl LLa@a‘lﬁl,ﬁu'jﬂﬂmmuﬁlﬂumiﬁ’]mmeLaﬂaw§ﬁ
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anfisfianuiigetia wazausnihanldlumsd i agtuuunsdiveiasaynus le
Isﬁ"l,uaﬁmLLazmiamgﬁqua%aLavlw@“LuIWiaﬂﬂs%'umaal,au"l,enﬁ InhA 'l

6. NIIATWIBNAIIIWBNIIAAIBATNIUITLHINNIADEA LWINIINITIVVDILD W Lafa]
InhA uaza1sanins lalaluarBanianmsdwisadinlawes
ﬁ,ﬂmqai”ﬂwa\‘lmiamgﬁuﬂun@uvlaifﬁ"l,um%@ﬁmaé’aluiwsamﬁwaaLauvl,snﬁ
InhA Al@anmsansnaasszd yu?ﬁmaqm%ﬁaﬂﬁo VAW AR TN RIITHO WA TN IEN
TERINNFTIU E?aﬁ'unmazmmwiazﬁaﬁagiluiwnms%’uéﬁ gyl JaudTnisdwi el

AI8UAY MP2/6-31G(d) lasfnadinulunsiiaduasnsendiuwin laasgunis

IE = Ecomplex - (Eamino + Einhibitor)

e IE = dnasnulumsifasuasisonswinanieasdluuasan o
E complex = WA IUTEAINEST U LAzuAazNTAaz Dl
Eamino = WRINUVBILARENTABLH L1
Einhibitor = WAIWIRIAN T

NAaNIIAN®E
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1. wamsdnsalesznisuisawimvasarsounus lalnlwearda

= %} %) ) Aa 'Y}
1.1 ns@np3dununisdnialzasansaunius lalalwaidalulnisnisduaas
¢ ¥ Ao o ¢ a
ol InhA Ar3Smisawimlataaaishanis
a o nql’ o =S a o e a
\‘nmf-awmmsﬂnmgﬂLLuumi'«Jmnmmaamiagwuﬂaiﬂummlﬂwmm‘s
JuasenlmiithminedisdTnsdwinluiagaridenia annsAnswuinUuuuns
é’f@’mé’maavlaisnvlum%@luiwsoﬂﬁﬁwadLau"ls]jﬁl,ﬂmmﬂﬁvlﬁmﬂmsﬁwmmimag}m%
Gannsfianuugane laulidr RMSD tvinnu 0.4 a9aasaw gﬂﬁ 1 LRAINTT
= a ' o A AN o o = &
LﬂiﬂlfuLY]EJURVVJ’]GE}JLL‘]J?Jﬂ’]TJ’N@]’J‘IJEIGVLEJI‘UIHQ’]GIT@YIVL@H]’]T]I@N’ﬁi’]{‘l“n’]\‘lLﬂﬂL‘Ii?JLLE\]Z
Tassasanlaannisdiwio
ﬁ]'mmﬁmezﬁgﬂLmumifméffmaamsamgﬁuﬂaiﬂum%mﬁmnm'sﬁm’;m
6 Aq' o v =3 s aa dl o s 1 c‘lp U 1
lutaganidannainldnauiisduasfisonddysesasnguitld lasdiusas NAD
TR IINUse lalasiaununiaasiili Asp148, Thr196, lle21, Ser20 Lay Aspd8 @4
wradlugun 2 Jeiustlalasauibiduduasizondrdglunsiviviewlsdvadlalsly
01da uananingunui R gaanNnTnLnaawasnso Uy lw-1w waz lalasian- Iw nu
nInaziili Phel149 uas Phe149 audnau

U 1. wWlsuifisszwiagduuumynedivedlaloenda (INH-NAD) lulwssmsduzes

u

wulod InhA Nldanlassaiemadnesd Fwaes) wazlassainenldanmsdiwin (&
=1
\en)
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i 2. sduuumsredivesielaan@a (INH-NAD) lulwsamsduvesieulssd InhA 71ld

@ v o ° A o aa {o o o o &
ilﬂﬂiﬂi@ﬁi']x‘]ﬁi@ﬁﬂﬂﬂ'ﬁﬂ']%'lm GIT\‘]LL'ﬁ(ﬂx‘]a@liﬂ‘iﬂﬁﬁﬁ']ﬂﬁyl%ﬂ'ﬁ‘ﬂﬂ“lla{‘lﬁ'ﬁﬂﬂﬂd

1.2 MIANBIANVFTNNHE 521 I ATIATIUALANN NARANIN ML BIT R
(3D-QSAR)

WA lennsAnENaNUFNABTTER I laTIRuasAn NI wa N W LT IR
1@ (3D-QsAR) zasasaynutlolalueda dosndovitnmyliensfidagioudioy
aurnza9luians (CoMFA) wazAtianziilSouifisuarfianunlauidaluians
(CoMSIA) I@ﬂ%mmn%auﬁ'uﬁ'maﬂuLaqaﬁ"lﬁmﬂ'i%'miﬁ']mmImagm%ﬁanﬁa N
miﬁﬂmwudwme‘imaaﬁﬁﬁq@mﬁmn%ﬁ COoMFA Uz CoMSIA &13N30¥wENNILa
mwlumsﬂ'uE?waaawsagﬁuﬂaisﬁvluaws?jﬂvlﬁaa@ﬂé’aoﬁ'umﬁvlﬁmnmsmaao laal#
danusunsnlunsrinme () Wity 0.67 uaz 0.74 ANEIGU WENINALHKAW
AaU3A1d1N35 CoMFA uaz CoMSIA s1unTaTunsisnnudasnminslasiained
adgassaniutlalaluodald dsusasluziil 3 uaz 4 mnurmnmaauininail
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mmzmﬁm}aamimﬂmméﬁwamgLmuﬁ R a9l v\%iLmuﬁ R mmﬂu%@muﬁmm@
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’L'myLL@amﬂsnmmmmaom&mmu dnrsivwalnauinawinly wazuananning
aaaiﬁwawgl,muﬁ R miﬁ'ﬂgﬁflm']ummsnlumﬂﬁalﬁﬂmaugo CoMSIA 999
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311 3. LNBNINADWNATA LAAINAT CoMFA LEAIRWINFLADIN LaRWINBLANINTRLAGN
A A A A ' A A o Y a o @ a a3 a
(R IoauazFwdastivanuInmidadnsuas i@ aIzaasn MUY, FuadlazFiEn

HivanuSaidasmiuas lidasnsdianasan audan)

511 4. LLN%ﬂWWﬂ@%ﬁ?%ﬁiﬁﬁﬂﬂ%% CoMSIA LEAIRWIUALADIN LLE]Z&%"INSL%T’IIVI?EILL@]

[

a

aa a A ' A Py Y a o @ a a
fn (ﬁlﬂ]ﬁnLLaZE‘TLWaaUUUUaﬂUfLQMT’]@]aﬂﬂ’]iLLa:vLﬂJ@]aﬂaL@]asﬂ AINRNIAU, FLULAILLNSTRUW

ButiuanuSmnaasnsuas lidasn1iBianasen auE1aw)

1.3 NIIAIHIBNAIIWBNTNADRAINITBITENIINIA LA TWINIIN1IIVVaILaw l7al
InhA Ltazmsawﬁuﬂa@ﬂum%ﬂﬁmm‘sﬁ'lmmmﬁmauﬁu
Tunsdwrmnasnulunsinsuasison larinisaalassaisvesanssuss
sonillugindny 9 asit azdfiu (adenine) ax@fiwlsTus (adenine ribose) TwlsWaswa
(pyrophosphate) filadulud lslug (nicotinamide ribose) Hiladunlug waz %%iLmu‘ﬁ R
(R substituent) wasswlumItiasuasnsenlaamnmiswimpedlaloluarda (INH)
LLazmiﬁuﬂgaﬁﬁﬁﬁﬁ'uﬁu@mwﬁwq@ (Cpd.35) uaasasluaed 3 dmsuleloluandad
Awasulunaiiaduasisenaglugig -33.01 to 13.20 keal/mol I@yﬁ%gl,muﬁ R (4-
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pyridyl ring) Tamasnuvasnaifiaduasisenuuufiganuesiily Phe149 uaz Tyr158
. @ o = v ' ¥ [ o o Aaa
WiNNU 1.21 1az 2.09 kcal/mol SNNAIGL TINRIINBRE1HRAAATDINLWATNTEN IN- 1w
WAz auaINsEN balasiau-tw nuaslilu Phe149 uwas Tyr158 LaRasandladurludls
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Substituent Predicted activity (log 1/IC,))
Compound
R, R, R, R, R, R, CoMFA CoMSIA HQSAR

p2 H H H H H H H 6.96 6.77 6.68
PD31 NH, H NH, H H H H 6.95 6.78 6.99
PD33 tran C=CNH, H NH, H H H H 6.91 6.85 7.10
PD35 H H H CHs; H H H 6.77 7.02 6.75
PD39 H H H OCH;3 H H H 7.04 6.58 6.82
PD73 H H H H NH, H F 6.71 6.89 6.80
PD74 tran C=CNH, H H CHj; H H H 6.76 6.83 6.96
PD75 tran C=CNH, H H H NH, H H 7.00 6.98 7.01
PD76 tran C=CNH, H H H H H F 6.74 6.88 6.90
PD77 tran C=CNH, H NH, CHj H H H 7.00 7.02 7.16
PD78 tran C=CNH, H NH, H NH, H H 6.83 6.86 7.21
PD79 tran C=CNH, H NH, H H H F 6.70 6.91 7.10




R @ N/\:/\N @
R

Ry Rg Rg
Substituent Predicted activity (log 1/IC )
Compound
R, R, R, R, R R, CoMFA CoMSIA HQSAR

AD42 H H H CN H Cl H 6.87 9.14 5.51
AD79 COH NH, H CN H CN H 6.18 10.18 5.21
ADB80 CH,CONH, NH, H CN H CN H 6.19 10.43 5.38
AD81 CH,3 NH, H CN H Cl H 6.63 8.99 5.24
AD82 CH,3 NH, H CN H CN H 6.75 10.54 5.20
AD84 CH,CONH, CH; H CN H CN H 6.45 10.65 5.57
AD85 H H H CN H H H 6.28 9.00 4.92
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Abstract The enoyl ACP reductase enzyme (InhA)
involved in the type II fatty acid biosynthesis pathway of
Mycobacterium tuberculosis is an attractive target enzyme
for antitubercular drug development. Arylamide derivatives
are a novel class of InhA inhibitors used to overcome
the drug-resistance problem of isoniazid, the frontline drug
for tuberculosis treatment. Their remarkable property of
inhibiting the InhA enzyme directly without requiring any
coenzyme, makes them especially appropriate for the
design of new antibacterials. In order to find a sound
binding conformation for the different arylamide analogs,
molecular docking experiments were performed with sub-
sequent QSAR investigations. The X-ray conformation of
one arylamide within its cocrystallized complex with InhA
was used as a starting conformation for the docking
experiments. The results thus obtained are perfectly con-
sistent (rmsd = 0.73 1&) with the results from X-ray
analysis. A thorough investigation of the arylamide binding
modes with InhA provided ample information about struc-
tural requirements for appropriate inhibitor—enzyme
interactions. Three different QSAR models were estab-
lished using two three-dimensional (CoMFA and CoMSIA)
and one two-dimensional (HQSAR) techniques. With sta-
tistically ensured models, the QSAR results obtained had
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high correlation coefficients between molecular structure
properties of 28 arylamide derivatives and their biological
activity. Molecular fragment contributions to the biological
activity of arylamides could be obtained from the HQSAR
model. Finally, a graphic interpretation designed in differ-
ent contour maps provided coincident information about the
ligand-receptor interaction thus offering guidelines for
syntheses of novel analogs with enhanced biological
activity.

Keywords Molecular modeling - Molecular docking -
CoMFA - CoMSIA - HQSAR

Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis
(M. tuberculosis) remains a serious public health problem.
Globally, there were estimated 9.27 million incident cases
of TB in 2007. This is an increase from 9.24 million cases
in 2006, compared with 8.3 million cases in 2000 and 6.6
million cases in 1990 [1]. Multidrug resistant tuberculosis
(MDR-TB), widespread extensive drug-resistance TB
(XDR-TB), and co-infection between M. tuberculosis and
HIV (TB/HIV) are rendering tuberculosis treatment
complicated, and cause severe financial strain [2-11].
Accordingly, to address these problems the design of novel
and more potent antitubercular agents has to be regarded as
highly important.

The enzymes involved in the bacterial fatty acid bio-
synthetic pathway, the type II fatty acid synthase (FAS II)
system, are attractive targets for designing novel antibac-
terial agents and improving existing antibacterial agents
[12-17]. Bacterial FAS-II organization is distinct from its
mammalian counterpart; thus, the FAS-II pathway offers
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several targets for potential selective interactions with
antibacterial agents [15]. One of these targets in the FAS-II
pathway is enoyl-acyl ACP reductase (InhA). This enzyme,
involved in mycolic acid biosynthesis, catalyzes the
NADH-specific reduction of 2-frans-enoyl-ACP, which is
essential for fatty acid elongation [18]. Subsequently, InhA
has been identified as the primary target of isoniazid (INH),
the frontline drug for tuberculosis chemotherapy [19-27].
Being a prodrug, INH does not inhibit InhA enzyme
directly. It must first be activated by catalase-peroxidase
(KatG) to generate the reactive acyl radical [28-34].
Thereupon, the reactive species binds covalently to nico-
tinamide adenine dinucleotide (NAD+) to form the active
adduct (INH-NAD adduct) that functions as a highly potent
inhibitor of InhA [18-20, 23, 30, 35, 36]. However, the
high potency of INH for tuberculosis treatment is dimin-
ished by drug resistance. High levels of resistance to INH
are caused by mutations in KatG, commonly found in
M. tuberculosis clinical isolates [37]. The predominant
mutation of INH-resistant strains, KatG[S315G], has been
found and examined in detail [38]. These results reveal that
catalase and peroxidase activities of KatG were moderately
reduced (50 and 35%, respectively). The INH binding
affinity for the residuary enzyme was unchanged, whereas
INH activation was reduced by 30% compared with WT
KatG, which would be expected to correlate with a mod-
erate increase of the minimum inhibitory concentrations
(MIC) of INH. In order to reduce the resistance against
INH associated with mutations in the KatG enzyme,
compounds which directly inhibit the InhA enzyme
without requiring activation by KatG are seen as very
promising new agents against tuberculosis [39-43].
A series of arylamides have already been identified as a
novel class of potent InhA inhibitors [44]. In addition some
crystal structures of InhA-arylamide inhibitor complexes
incubated with NADH are already available [44]. On the
other hand it must be taken into account that most aryla-
mides have high MIC values only against M. tuberculosis
strain H37Rv. However, it can be reasonably assumed that
these compounds are extruded from the bacterial cell by
efflux pumps.

This information, especially the remarkable property of
arylamides which directly inhibit the InhA enzyme—pos-
sibly the crucial point for new therapy—justifies more
detailed examination of their structural requirements for
suitable therapeutic activity against tuberculosis.

Molecular modeling and computer-aided molecular
design approaches are powerful tools for developing new
and more potent InhA inhibitors. Recently, structure-based
and ligand-based approaches to drug design have been used
to identify important features of InhA inhibitors [45—48]. In
this study, molecular docking calculations were used to
investigate the important drug—enzyme interactions of

@ Springer

arylamides in the InhA binding pocket. Additionally, the
relationship between the structure and activity of these
compounds was elucidated by the CoMFA, CoMSIA, and
HQSAR methods [49-52] giving us new and more detailed
information for the design of highly active antibacterials.

Results and discussion

Structural comparison of ligand-bound and ligand-free
InhA

The X-ray structures of arylamide-bound (pdb code 2NSD)
and arylamide-free (pdb code 1ENY) InhA were used for
comparison. Because of this binding, the two structures are
different within the region of residues Leul97-Arg225
including two o-helixes and one loop labeled in red in
Fig. 1. NADH in two complexes was held at the same
position implying that ligand binding in these cases has no
effect on the binding of NADH cofactor. The effect of
arylamide binding on the surrounding residues is shown in
Fig. 2. The positions of residues near the NADH binding
site including Gly96, Phe97, Phel49, and Prol93 are
insignificantly changed whereas the sidechain of Tyr158
flips away from the reference position to form a hydrogen
bond with the amide carbonyl oxygen of the inhibitor. The
altered position of the Tyr158 sidechain, in turn, also
induces a sidechain shift of Met155 and Met161. Likewise

Fig. 1 Superimposition of InhA of pdb code 1ENY (green) and
2NSD (grey and red); arylamide is labeled in yellow
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Fig. 2 Arylamide (blue) in the InhA binding site (yellow) and ligand-
unbound InhA (colored by atom type). Red arrows show position
shifts of residues

the hydrophobic residues of Met199, I1e202, Ile215,
Leu218, and Trp222 shift their position. In another aryla-
mide—InhA complex (pdb code IP44), the corresponding
shifts of these hydrophobic residues are also observed.
These results suggest that the hydrophobic pocket is a
highly flexible region capable of binding arylamides most
favorably. On the other hand, NADH, Gly96, Phe97,
Phe149, and Pro193 are not involved in ligand binding.

Validation of the molecular docking calculations

As already mentioned, the potential binding modes of
arylamide derivatives in the InhA binding pocket were
carried out by molecular docking calculations with the
software Glide (see the section “Data sets and calculation
methods”). To assess the reliability of the binding modes
obtained from molecular docking calculations, compound
b3 in the InhA X-ray crystal structure was extracted and
docked back into the binding pocket. The root mean-square
deviation (rmsd) between the docked and crystallographic
conformation of compound b3 is 0.73 A, indicating that
molecular docking calculations with the software Glide
enable highly reliable reproduction of the binding mode of
compound b3 in the InhA binding pocket.

Molecular docking analysis of arylamide derivatives

All the arylamide derivatives in the data set have structural
differences in ring moiety B. Accordingly, the arylamide
derivatives were classified into three series, a, b, and p
which are given in Table 1. The top ranking poses pro-
duced by Glide docking were selected as potential
interaction modes of arylamide derivatives in the InhA
binding pocket. All predicted binding modes of these
compounds are consistent with the crystallographic con-
formation of compound b3 as shown in Fig. 3.

Table 1 Chemical structures and experimental biological activities
for InhA inhibition of arylamide derivatives

o]

X =
" @H@ "
= S

n

Compound X n R R? log(1/ICsp)
al® N 0 H H 4.41
a2 N 0 4-CH, H 478
a3 N 0 4-CH, 3-CF; 5.20
ad N 0 4CH; 3-Cl 5.51
as N 0 3-CH; 3-Cl 5.03
a6 N 0 3-CH; 4-NO, 481
a7 N 0 34Me, 3-Cl 6.00
a8 N 0 34Me 3-CFs 5.73
a9 N 0 4-iPr 3-Cl <4.00
al0 N 0 4+Bu 3-Cl <4.00
all N 0 4+Bu 3-CF; <4.00
al2 N 0 4rBu 4-CHj, 3-Cl  <4.00
al3 N 0 2F 3-Cl 4.86
al4? N 0 4F 3-Cl 5.01
al5s N 0 3« 3-Cl 5.17
al6 N 0 34ChL 3-Cl 5.22
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Table 1 continued

Compound X n R! R? log(1/1Csg)

F

«
p6 ©)L NN 5.69

E

* The test set compound for QSAR studies

Fig. 3 Docked conformations of arylamide derivatives (yellow) and
the crystallographic conformation of compound b3 (colored by atom
type) in the InhA binding pocket obtained from Glide docking

Molecular docking analysis of arylamide derivatives
in the series a

Compound a7 has the highest InhA inhibitory activity
among compounds in the series a (log(1/ICsp) = 6.00).
The binding mode of this compound predicted by molec-
ular docking calculations is shown in Fig. 4. The aryl ring
B forms hydrophobic interactions with Phel49, Pro193,
Val203, Leu218, and Ile215. The 3-Cl substituent on B
forces the aliphatic sidechain of Ile215 and Leu218 to
undergo hydrophobic interactions and the nearby located
Glu219 forms van der Waals interactions. The ring C of
this compound participates in van der Waals interactions
with Phel49, Met199, Tyrl158, 1le202, and the nicotin-
amide part of NADH. The amide carbonyl oxygen present
in all arylamide derivatives has two hydrogen bond inter-
actions with the hydroxyl groups of the nicotinamide ribose
and Tyr158. The aryl ring A and its substituents can form
van der Waals interactions with Gly96, Phe97, Metl03,
Tyr158, Metl61, Thr196, Alal98, Metl199, and I1e202.
Additionally, hydrogen atoms at the ortho and meta posi-
tions of the aryl ring A are located near the pyrophosphate
oxygen and the oxygen linker of NADH with short

@ Springer

Fig. 4 The docked conformation of compound a7 in the InhA
binding pocket obtained from Glide docking

distances of 3.03 and 2.72 A, respectively. Accordingly,
hydrogen bond interactions may occur among them.

The replacement of both 3,4-Me, groups on ring A of
compound a7 by two chlorine atoms (3,4-Cl,) results in
complete loss of activity, as shown for compound al6.
Because of the smaller chlorine substituents, the aryl ring A
of compound al6 forms less strong van der Waals interac-
tions with Gly96, Phe97, Met103, Tyr158, Met161, Thr196,
Alal98, Met199, and I1e202 than that in compound a7.
Substituting the para position of the ring A with the bulkier
4-t-butyl group (compounds al0, all, and al2) brings about
severe loss of activity (log(1/ICsp) < 4). The docking
analysis reveals that these lowest activity compounds have
very different binding modes compared with that of com-
pound a7 as presented in Fig. 5. Because of steric hindrance
of the 4-t-butyl substituent, ring A of compounds al0, all,
and al2 cannot occupy the same pocket region as occupied
by ring A of compound a7. This result is in accordance with
experimental data. Ring A surrounding residues, including
Phe97, Gly96, and NADH, prove to be insufficiently flexi-
ble for ligand binding as described above. The 4-z-butyl
groups of these compounds are placed at the same position
as aryl moiety B of compound a7, because these sites are big
enough to accommodate the ring A and its sterically
demanding substituents. Even though these compounds can
adapt their binding modes in the InhA binding pocket, the
important hydrogen-bonding interactions with NADH and
Tyrl58 are not maintained at the same level as those of
compound a7. Moreover, the 4-z-butyl group loses hydro-
phobic contact with the hydrophobic residues of Met199,
Pro193, and Ile215 comparable with the aryl ring moiety B
of compound a7. Accordingly, compounds al0, all, and
al2 have the lowest activity.

The size of a substituent on B is to some extent related to
the size of the substituent on ring A. If A contains a small
substituent, a bulky group on B exerts its inhibitory activity
without restriction, because of the hydrophobic interactions
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Fig. 5 The docked conformations of compound a7 (carbon atoms
colored orange) and compound al0 (carbon atoms colored blue) in
the InhA binding pocket

of B, as in compounds al6 and al7. If, on the other hand, A
bears a bulky substituent, the inhibitory activity of a bulky
group on B is diminished, because of alteration of its
alignment; this is shown for compounds a7 and a8. The
docking analysis reveals that the position of compound a8 is
slightly shifted compared with compound a7, because of the
3-CF; group on ring B. As mentioned above, both 3-CI and
3-CF; substituents on ring B situated near Pro193 are not
responsible for ligand binding. If compound a8 lays in the
same position as compound a7, a steric clash of the 3-CF;
group with this residue may occur. The altered position of
compound a8 leads to a change of the hydrogen bond pat-
tern of this compound compared with compound a7; this is
shown in Table 2. Because the hydrogen bond distances of
compound a8 between the amide carbonyl oxygen and
Tyr158, and the hydrogen atom at the meta position of ring
A and the oxygen linker of NADH are increased, the activity
of compound a8 is lower. This situation is obviously
responsible for the different activity of compounds a3 and
a4. Regarding compounds a4 and a5, the main difference
between these two compounds is the methyl group at para

Table 2 Hydrogen bond distances between compounds a7, a8, a4,
a5, and NADH and Tyr158 in the InhA enzyme

Residue Residue Ligand Distance (10\)
group atom
a7 a8 a4 aS
Tyrl58 OH Cc=0 274 292 295 3.16
159 163 161 158
NADH (nicotinamide =~ OH C=0 2.80 2.75 2.69 2.72

ribose) 179 173 173 167

NADH (oxygen linker) O meta-H 2.72 291 3.64 2.90
134 123 99 130

NADH (pyrophosphate P-O  ortho-H 3.03 2.98 334 2.93
oxygen) 116 121 111 129

and meta positions. The methyl group at the meta position
reduces the inhibitory activity. If the methyl group at the
para position is shifted to the meta position, the length of the
structural moiety between A and B is reduced, which mainly
affects the hydrogen bond interactions of compounds a4 and
aS with NADH and Tyr158, as presented in Table 2.

Molecular docking analysis of arylamide derivatives
in series b

All compounds in series b have moderate activity, with
log(1/IC5o) values ranging between 4.85 and 5.29. The
binding modes of these compounds, evaluated by means of
molecular docking calculations, are similar, as shown in
Fig. 6. The ring B and the CH, linker are located in the
neighborhood of the hydrophobic residues Metl199,
Pro193, Phel49, Ile215, Val203, Trp222, and Leu218.
Moreover, van der Waals interactions with Glu219 are
observed. The ring C of these compounds forms van der
Waals interactions with Phel49, Met199, Tyrl158, and
I1e202, and nicotinamide of NADH. The important
hydrogen bond interactions of the amide carbonyl oxygen
found for compounds in series a are still maintained for all
compounds of series b.

Aryl ring A of the compounds in series b is oriented
similarly to that of the compounds in series a. Hydrogen
bond interactions can occur between the hydrogen atoms at
the ortho and meta positions of aryl ring A and the pyro-
phosphate oxygen and the oxygen linker of NADH. The
substitution pattern of aryl ring A of the compounds in
series b leads to altered compound extensions, which affect
the lengths of the hydrogen bonds as shown in Table 3.
Moreover, they also affect the van der Waals interactions
of the aryl ring A. Compared with the most active com-
pound of series b, compound b3, compound b2, the least
active compound, has shorter hydrogen bond distances
with the pyrophosphate oxygen and the oxygen linker of

Fig. 6 The docked conformations of compounds b1, b2, b3, and b4
in the InhA binding pocket
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Table 3 Hydrogen bond distances between compounds b1, b2, b3,
and b4 and NADH and Tyr158 in InhA enzyme

Residue Residue Ligand Distance (10\)
group atom
bl b2 b3 b4
Tyr158 OH C=0 3.04 3.04 299 281

162 166 162 161
NADH (nicotinamide =~ OH C=0 295 273 272 2.381

ribose) 170 166 172 177
NADH (0] meta-H 2.63 239 245 247
(oxygen linker) 127 125 139 137
NADH (pyrophosphate P-O ortho-H 2.86 2.84 2.87 2.79
oxygen) 112 112 123 122

NADH. The distance to Tyr158 is also shifted. Moreover,
compound b2 loses van der Waals interactions with Gly96
and NADH.

Molecular docking analysis of the arylamide
derivatives in series p

Among all the series of arylamide derivatives shown in
Table 1, compounds in series p are highly active with
log(1/ICso) values ranging from 5.69 to 7.05. Compound
p2 has the highest activity of all the compounds studied.
The potential binding mode of this compound within the
InhA binding pocket is obtained by flexible ligand docking
simulations as presented in Fig. 7. The bulky ring B
interacts with hydrophobic residues of Alal57, Met199,
Pro193, Val203, Leu218, 11202, Trp222, and Met232, also
forming van der Waals interactions with Tyr158, Met103,
Metl55, and Glu219. The ring B moieties of the com-
pounds in series p are bulkier than those of the compounds
in series a and b, resulting in stronger hydrophobic and van
der Waals interactions with the surrounding amino acids.
These bulkier rings B are obviously responsible for the
higher activity of the compounds in the series p. Hydrogen
bond interactions with NADH and Tyrl58 as are found
for all compounds in series a and b are also observed in
series p.

Substitution of the bulky group on ring A of compound
p2 reduces the compound’s activity, as shown for com-
pounds p1 and p3. Because of the bulky group onring A, the
binding modes of compounds p1 and p3 are slightly shifted
compared with the binding mode of compound p2, thus
affecting the hydrogen bonding pattern of compounds pl
and p3. Some hydrogen bond distances of these compounds
are slightly increased compared with those of compound p2,
as shown in Table 4. These differences obviously bring
about the activity loss of compounds p1 and p3.

In another case, compound p6, the fluorene ring B of
compound p2 is replaced by a bis(4-fluorophenyl)methyl

@ Springer

Fig. 7 The docked conformation of compound p2 in the InhA
binding pocket

Table 4 Hydrogen bond distances between compounds pl, p2, p3,
and p6 and NADH and Tyr158 in InhA enzyme

Residue Residue Ligand Distance (/3;)
group  atom
pl  p2 p3 pé
Tyr158 OH Cc=0 284 3.05 2.67 3.05

162 161 170 165

NADH (nicotinamide =~ OH c=0 28 274 293 284
ribose) 176 170 168 169
NADH (oxygen linker) O meta-H 244 238 230 2.77
144 126 149 124

NADH (pyrophosphate P-O ortho-H 2.7 279 3.06 293
oxygen) 133 117 116 121

substituent. Because of the presence of a bis(4-fluoro-
phenyl)methyl substituent, the interacting distances of
compound p6 with NADH are strongly increased compared
with compound p2, as shown in Table 4. The lower
activity of compound pé can thus be explained.

Structural conditions for favorable interaction
of arylamide derivatives with the InhA binding pocket

1. Two hydrogen bonds between the amide carbonyl
oxygen and the hydroxyl group of the nicotinamide
ribose and the hydroxyl group of Tyr158.

2. Hydrogen bond-type interactions of ortho and meta
hydrogens on aryl ring A with the pyrophosphate
oxygen and oxygen linker of NADH.

3. Hydrophobic interactions of ring B with side chains of
Alal57, Metl199, Prol193, Val203, Ile215, Leu2l8,
[1e202, Trp222, and Met232.

4. The size of substituents on ring A and ring B should be
checked against one another to keep the optimum
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distance for the required hydrogen bond interactions of
arylamides with Tyr158 and NADH.

CoMFA and CoMSIA models

Results from use of CoMFA and CoMSIA methods, which
use pharmacophore-based alignments, on 40 arylamide
derivatives from two different laboratories have recently
been reported [48]. To ensure that all experiments were
performed under comparable conditions, only 28 arylamide
derivatives taken from one laboratory were used in our
work. This smaller data set gave statistically sound results
indicating its adequate size for construction of reasonable
QSAR models. Statistical data from PLS analyses of
CoMFA and CoMSIA models are given in Table 5. The
PLS procedure extracts from the steric and the electrostatic
fields of CoMFA six relevant components with correlation
coefficients ¢*> = 0.68 and r* = 0.99. The contribution of
steric and electrostatic fields is 67.6 and 32.4%, respec-
tively. On the basis of the better statistical values and more
field descriptors, a model including steric, electrostatic, and
hydrophobic fields was selected as the best CoMSIA
model. The PLS results for this model have correlation
coefficients of ¢> = 0.64 and r* = 0.95. Compared with
the CoMFA model, the predictive ability of the best
CoMSIA model is insignificantly inferior. For the CoMSIA
model, the contribution of steric, electrostatic, and hydro-
phobic fields is 19.0, 39.5, and 41.5%, respectively,

indicating that the additional hydrophobic field has greater
effect on inhibitory activity than the others.

HQSAR models

Numerous HQSAR models with a default fragment size
(4-7) were generated on the basis of various combinations
of the different fragment types which constitute the holo-
gram. Statistical data for all generated HQSAR models
are shown in Table 6. Chirality plays a less important role
in inhibitory activity of arylamide derivatives, because
incorporation of a chirality fragment into molecular holo-
gram models did not improve the ¢* and r* values of these
models. On the basis of the better statistical values and
more fragment distinction parameters, model 10, which
includes atoms, bonds, connections, and hydrogen atoms
(A/B/C/H) was chosen as the best HQSAR model with q2
of 0.74, P of 0.95, standard error of 0.48, hologram length
53, and an optimum number of components of six. These
statistical results demonstrate the reliability and good
predictive power of the best HQSAR model.

Validation of the QSAR models

The predicted activities of the training and test sets derived
from the best CoMFA, CoMSIA, and HQSAR models are
listed in Table 7. The graphs of correlations between
experimental and predicted activities are depicted in Fig. 8.

Table 5 Summary of statistical results for the COMFA model and various CoMSIA models with different combined fields

Models Statistical data Fraction
oy ”? N s SEE F
CoMFA 0.68 0.99 6 0.53 0.09 287.88 67.6/32.4 (S/E)
CoMSIA
S/E 0.65 0.91 3 0.51 0.26 60.78 36.7/63.3
S/H 0.61 0.96 5 0.57 0.17 88.60 31.2/68.8
S/HA 0.62 0.83 2 0.52 0.35 47.13 76.0/24.0
S/HD 0.62 0.88 4 0.54 0.31 31.68 94.3/5.7
S/E/H 0.64 0.95 4 0.53 0.20 85.44 19.0/39.5/41.5
S/E/HA 0.62 0.86 2 0.51 0.31 61.74 30.6/57.3/12.1
S/E/HD 0.62 0.92 4 0.54 0.24 53.61 36.8/59.5/3.7
S/H/HA 0.56 0.82 2 0.55 0.35 46.58 28.3/59.5/12.2
S/H/HD 0.61 0.97 6 0.58 0.16 85.05 29.9/67.0/3.1
S/HA/HD 0.63 0.83 3 0.52 0.35 31.34 74.2/23.3/2.5
S/E/H/HD 0.61 0.96 5 0.56 0.19 75.56 18.7/38.3/40.6/2.4
S/E/H/HA 0.57 0.91 3 0.56 0.25 65.23 17.8/35.3/38.1/8.8
S/E/H/HD/HA 0.57 0.89 3 0.56 0.29 48.53 18.5/35.1/38.0/0.8/7.6

Bold values indicate the best COMSIA model

qgv, leave-one-out (LOO) cross-validated correlation coefficient; 2, non-cross-validated correlation coefficient; N, optimum number of com-
ponents; s, standard error of prediction; SEE, standard error of estimate; F, F test value; S, steric field; E, electrostatic field; H, hydrophobic; HD,

hydrogen donor field; HA, hydrogen acceptor field
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Table 6 The statistical results of HQSAR models combined with
various fragment distinction parameters

Model  Fragment type g e N SEE HL N
1 A/B 076 093 044 024 199 5
2 A/C 076 093 046 024 83 6
3 A/DA 054 0.87 0.63 035 97 6
4 A/H 073 090 046 028 257 4
5 A/Ch 070 0.85 0.50 0.35 61 5
6 A/B/C 077 093 044 024 61 6
7 A/B/H 073 096 049 0.20 97 6
8 A/B/DA 072 092 050 028 307 6
9 A/B/Ch 076 0.89 042 0.28 8 3
10 A/B/C/H 074 095 048 0.20 53 6
11 A/B/C/DA 072 092 050 027 59 6
12 A/B/DA/H 069 094 052 024 97 6
13 A/B/C/Ch 077 093 044 024 61 6
14 A/B/DA/Ch 072 091 049 029 71 6
15 A/B/H/Ch 073 095 049 021 53 6
16 A/B/C/DA/H 0.68 092 051 0.26 97 5
17 A/B/C/DA/Ch 073 092 048 027 53 6
18 A/B/C/H/Ch 074 095 048 020 53 6
19 A/B/DA/H/Ch 066 093 054 025 97 6
20 A/B/C/DA/H/Ch  0.65 093 056 025 97 6

Bold font indicates the best HQSAR model

HL, hologram length; A, atoms; B, bonds; C, connections; H,
hydrogen atoms; Ch, chirality; DA, donor and acceptor

The predicted activities of the training set are close to the
experimental activities with deviation values <0.19, 0.37,
and 0.37 logarithmic units for CoMFA, CoMSIA, and
HQSAR models, respectively, in agreement with experi-
mental and predicted activities. By examining the
statistical results, a6 could be identified as an outlier within
the best CoOMFA, CoMSIA, and HQSAR models. In order
to assess the predictive ability of these QSAR models, the
biological activities of the test set compounds were pre-
dicted. On the basis of the best QSAR models, all test set
compounds have predicted values within one logarithmic
unit of the experimental values presented in Table 7. The 12
values from the best CoMFA, CoMSIA, and HQSAR
models are 0.86, 0.81, and 0.92, respectively. These results
reveal that all selected QSAR models are reliable, with
high predictive power. Therefore, the best CoMFA,
CoMSIA, and HQSAR models could be used to design new
arylamide derivatives with improved properties.

CoMFA and CoMSIA contour maps
To easily visualize the importance of steric, electrostatic,

and hydrophobic fields on the inhibitory activity of aryla-
mide derivatives, COMFA and CoMSIA contour maps were
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established. Favorable and unfavorable steric regions are
represented by green and yellow contours, respectively,
whereas blue and red contours characterize regions which
favor positive and negative charges, respectively. For
CoMSIA magenta and white contours represent favorable
and unfavorable hydrophobic regions, respectively. The
predicted binding modes obtained from Glide docking of
compounds a7, b3, and p2, the most active compounds in
series a, b, and p, respectively, were used for the contour
map interpretation.

From CoMFA steric contours as shown in Fig. 9a, two
large yellow contours located near the meta and para
substituents on the aryl ring A of compounds a7, b3, and
p2 indicate that these regions must not contain bulky
substituents. These findings explain why compounds a9,
al(, all, and al2 which bear bulky i-propyl and #-butyl
substituents at the para position are less potent than com-
pound a7. As described in the docking analysis, these
bulky substituents change the binding modes of these
inhibitors leading to loss of the main binding interactions.
Another interesting large green contour is located near ring
B of compounds a7, b3, and p2. As seen from Fig. 9a, only
the bulky ring B of compound p2 is buried in this green
contour. This finding explains why compounds in series a
and b containing the smaller ring B are less potent than
compound p2 bearing the bulkier ring B. These results
agree well with docking results showing that a bulky ring B
interacts with the hydrophobic residues of Alal57, Met199,
Pro193, Val203, Leu218, 11e202, Trp222, and Met232 to a
greater extent than a small ring B. Therefore, introducing a
bulkier group to ring B of compounds a7 and b3 within the
large green region would enhance the activity of these
compounds.

Figure 9b presents the electrostatic CoMFA contour
map. A blue contour appears near the hydrogen atoms at
the ortho position of aryl ring A of compounds a7, b3, and
p2 indicating that a more positively charged substituent is
favored in this position for increased affinity. In good
agreement with the docking results, the presence of posi-
tively charged substituents at this position favors hydrogen
bonding interactions with the pyrophosphate oxygen of
NADH. Additionally, two large blue contours situated near
the meta and para substituents on aryl ring A of these
compounds imply that electron-deficient substituents were
preferred in these regions. In another area, CoOMFA model
shows that a large electronegatively favored region is
located above the aromatic fluorene ring B of compound
p2, implying that the aromatic ring at this position would
enhance the inhibitory potency.

Steric and electrostatic CoMSIA contours (not shown)
are similar to the corresponding CoMFA contours. There-
fore, only the hydrophobic contour is discussed in this
study. The CoMSIA model indicating hydrophobicity is
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g:::l()iliitz d]izgflliriliz:not?ltfarilging Compound Experimental log 1/ICsg

i o fom NI, Covia Covsia HOSAR

Predicted Residue Predicted Residue Predicted Residue

al® 4.41 4.87 —0.46 5.05 —0.64 4.82 —0.01
a2 4.78 4.86 —-0.07 4.73 0.05 5.03 —0.25
a3 5.20 5.26 —0.06 5.38 —0.18 5.15 0.05
a4 5.51 553 —0.02 5.30 0.21 5.14 0.37
a5 5.03 5.05 —0.02 4.95 0.08 5.19 —0.15
a7 6.00 591 0.09 5.63 0.37 5.76 0.24
a8 5.73 5.74 —0.01 5.57 0.16 5.77 —0.04
a9 4.00 3.97 0.04 3.98 0.02 3.95 0.05
all 4.00 4.01 —0.01 3.99 0.01 3.97 0.03
all 4.00 3.98 0.02 4.06 —0.06 3.97 0.03
al2 4.00 4.05 —0.05 3.99 0.01 4.07 —-0.07
al3 4.86 4.86 0.00 4.87 —0.01 4.97 —0.09
al4? 5.01 4.64 0.37 4.83 0.18 4.97 0.04
als 5.17 5.29 —0.12 5.48 —0.31 5.18 —0.01
alé 5.22 5.18 0.04 5.36 —-0.14 5.14 0.08
al7 4.75 4.65 0.10 4.64 0.11 5.04 —0.29
al8 4.50 4.51 —0.01 4.65 —0.15 4.39 0.11
b1 5.11 4.92 0.19 5.06 0.05 5.10 0.01
b2 4.85 4.83 0.02 4.94 —0.09 4.88 —0.03
b3?* 5.29 5.10 0.19 5.07 0.22 5.08 0.21
b4 5.13 5.29 —0.16 5.21 —0.08 5.10 0.03
pl 6.40 6.46 —0.06 6.67 —0.27 6.75 —0.35
p2 7.05 6.96 0.09 6.77 0.28 6.68 0.37
p3* 6.70 6.61 0.09 6.11 0.59 7.06 —0.36
p4 5.98 6.03 —0.04 5.97 0.01 6.04 —0.06
pS 5.72 5.75 —0.03 5.51 0.21 5.74 —0.02
p6 5.69 5.64 0.06 5.99 —0.30 5.68 0.01

* The test set compound

shown in Fig. 9c. Two hydrophobically unfavorable white
contours appear near the meta and para substituents on aryl
ring A of compounds a7, b3, and p2. The combined results
from CoMFA and CoMSIA contour maps indicate that
electron-donating groups with low steric demand and high
hydrophilicity in these regions would be helpful to enhance
the binding affinity of arylamide derivatives with the InhA
pocket. Two hydrophobically favorable magenta contours
are located near ring B of compounds a7, b3, and p2. Only
the bulky fluorene substituent of compound p2 is buried in
both magenta contours. These findings clearly show that
the bulky fluorene substituent of compound p2 favors
hydrophobic interactions to a greater extent than aryl ring
B of compounds a7 and b3. Therefore, compounds that
contain the bulky fluorene ring as the B substituent have
higher inhibitory activity than the others, as shown for
compounds pl, p2, and p3. With regard to compounds a7
and b3, the hydrophobic group matches two favorable

hydrophobic magenta contours of ring B and hence should
enhance their activity.

HQSAR contribution maps

Molecular fragments of arylamides which contribute
directly to biological activity can be visualized through
HQSAR contribution maps. The different contributions of
all atoms in a molecule to the biological activity are dis-
criminated by a color code. Atoms with negative
contributions are represented at the red end of the spectrum
whereas atoms with positive contributions are presented by
the colors at the green end of the spectrum. The white
colored atoms make intermediate contributions. Figure 10
depicts the individual atomic contributions to the activity
of the highly active compounds a7, b3, and p2.

As seen from Fig. 10, the fragments of the fluorene ring
B of the most active compound p2 are positively correlated
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Fig. 8 Plots of experimental activity against predicted activity for the
training and test sets derived from CoMFA (a), CoMSIA (b), and
HQSAR (c) models

with the biological activity of this compound. Compounds
pl and p3 containing a fluorene ring also have high bio-
logical activity. If the fluorene ring of compound p2 is
replaced by the smaller aryl ring of compounds a7 and b3,

@ Springer

Fig. 9 CoMFA steric contour (a), CoMFA electrostatic contour
(b), and CoMSIA hydrophobic contour (c¢) in combination with
compounds a7 (orange), b3 (violet), and p2 (colored by atom type)
in the InhA binding pocket (cyan). Green and yellow contours
represent favorable and unfavorable steric regions, respectively.
Blue and red contours are favored for electron-positive groups
and electron-negative groups, respectively. Magenta and white
contours show favorable and unfavorable hydrophobic regions,
respectively
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the individual atoms of the aryl ring make less positive
contributions than the individual atoms of the fluorene ring;
particularly the aryl ring of compound b3 as shown in
Fig. 10. These observations confirm the previous CoMFA
and CoMSIA results which suggest that the bulky volume
of ring B would enhance the biological activity of aryla-
mide derivatives. Consistent with the docking results also,
a bulky ring B is favorable for hydrophobic interactions
leading to increased binding affinity. With regard to the
aryl ring A, this fragment of compounds b3 and p2 is
positively related to the biological activity. As described in
the docking analysis, yellow and green colored hydrogen
atoms at the ortho and meta positions of aryl ring A favor
the formation of hydrogen bond interactions with NADH.
This HQSAR result corroborates the importance of these
hydrogen bond interactions in the biological activity of the
arylamide derivatives. In compound a7, all substituents on
the aryl ring A make no contributions to the biological

Fig. 10 The HQSAR contribution maps for compounds a7 (a), b3
(b), and p2 (c)

activity of this compound, indicating that modification of
these substituents based on CoMFA and CoMSIA sug-
gestions should enhance the potency. Importantly, the 3-Cl1
substituent on the aryl ring B of compound a7 is colored
green, implying that this substituent is necessary for the
binding affinity of this compound and others in series a.

Data sets and calculation methods
Data sets and biological activities

Some of the 28 arylamide derivatives were found in the
literature [44]. Chemical structures and experimental bio-
logical activity of these compounds are listed in Table 1.
All the arylamide derivatives in the data set are structurally
different. Compounds bearing a nitrogen atom at position
X and an aryl ring as the ring moiety B are defined as series
a, whereas compounds that contain a carbon atom at
position X are defined as series b. Another series of com-
pounds bearing a fluorene or bis(4-fluorophenyl)methyl
ring at position B are defined as series p. The biological
activity of these compounds for InhA inhibition were
expressed in terms of ICs, values. For QSAR studies, ICs
values were converted as usual to the corresponding
log(1/ICsp). All chemical structures of arylamide deriva-
tives were constructed using the standard tools available
in GaussView 3.07 software [52] and were then fully
optimized using the HF/3-21G method implemented in the
Gaussian 03 software [53].

Molecular docking calculations

The X-ray crystal structure of compound b3 complexed
with InhA (pdb code 2NSD) was used for molecular
docking experiments. Docking of arylamide derivatives
was carried out by use of the software Glide, version 5
[54]. The InhA protein for the docking study was prepared
by using the Protein Preparation Wizard tool of Glide. All
hydrogen atoms were added to the protein structure and all
crystallographic water molecules were excluded. To keep
the original X-ray crystal coordinates unaltered, the entire
protein was not minimized; only the hydrogen bond net-
work between the ligand and the protein was optimized.
The receptor grid was generated using the receptor grid
generation tool in the Glide software. The scaling of the
van der Waals radius was set as default, a scaling factor of
1.0 and a partial charge cutoff of 0.25. The grid box with
size of 14 A was centered on the workspace ligand. For
subsequent molecular docking of the ligand into the InhA
binding site, standard precision (SP) with dock flexibly
option was selected and ten distinct ligand poses per ligand
were written out. No constraints were selected in the docking
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runs. Post-docking minimization was performed with the
default setting. Compound b3 was docked back into the
InhA binding pocket to validate the docking method, and
subsequently all derivatives were docked. The ligand pose
with highest G score was selected as the best binding mode
of arylamide derivatives in the InhA binding pocket.

Training and test sets

The chemical structures and biological activities of aryla-
mide derivatives used to set up CoMFA, CoMSIA, and
HQSAR models are listed in Table 1. Experimental
activities of these compounds are spread over a range of
3.05 log(1/ICsp) units thus providing a broad and homog-
enous data set for COMFA, CoMSIA, and HQSAR studies.
The 28 arylamide derivatives were divided into a training
set of 24 compounds and a test set of four compounds for
final model development and model validation, respec-
tively. The representatives of the test set were manually
selected and cover the entire range of activity and struc-
tural diversity of the arylamides in the data set.

CoMFA and CoMSIA techniques

Structural alignment of compounds according to their
bioactive conformations is an important prerequisite for the
set up of appropriate COMFA and CoMSIA models. In this
study, the reasonable binding modes of compounds in the
InhA binding pocket obtained from Glide docking were
used for molecular alignment. SYBYL 8.0 molecular
modeling software [55] was used to calculate the CoMFA
and CoMSIA models. A sp® carbon atom with a formal
charge of +1 was selected as the probe atom to generate
the steric (Lennard—Jones potential) and the electrostatic
(Coulomb potential) fields. The probe atom was placed at
all intersections in a grid with spacing of 2 A. The steric
and electrostatic fields around the aligned compounds were
all calculated with CoMFA standard scaling. The maxi-
mum steric and electrostatic energies were truncated at
125 kJ/mol.

Five CoMSIA similarity index descriptors of steric,
electrostatic, hydrophobic, hydrogen bond donor, and
hydrogen bond acceptor fields were derived with the same
grid as used for the CoMFA field calculation. There are no
energy cutoffs for CoMSIA calculations because a dis-
tance-dependent Gaussian type was used, differing from
the procedure for CoMFA calculations. To generate a
contour map with prominent molecular features in the
CoMSIA study, an attenuation factor of 0.3 was used.

To derive a linear relationship between molecular
descriptors and activities, the partial least square (PLS)
approach was used, in which CoMFA and CoMSIA
descriptors were set as independent variables and log(1/ICs()
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values were used as dependent variables. The cross-vali-
dation was performed using the leave-one-out method with
an 8.4 kJ/mol column filter to minimize the influence of
noisy columns. A final non-cross-validated analysis with
the optimum number of components was sequentially
performed and was then used to analyze the results. The 12
and ¢” values were used to evaluate the predictive ability of
the CoMFA and CoMSIA models.

HOSAR

Hologram QSAR (HQSAR) does not require information
about the 3D structure of inhibitors, because this method
uses only 2D structural information. Hence, in contrast
with the CoMFA and CoMSIA methods, HQSAR needs no
molecular alignment. For the HQSAR study, the HQSAR
module of SYBYL 8.0 was used. The same training and
test sets as for the CoMFA and CoMSIA studies were used
in the HQSAR study. Each compound in the training set
was converted into all possible molecular fragments
including linear, branched, cyclic, and overlapping frag-
ments in the size range 4-7 atoms. Molecular fragment
generation utilizes fragment-distinction properties includ-
ing atoms (A), bonds (B), connections (C), hydrogen atoms
(H), chirality (Ch), and donor and acceptor (DA). The
generated molecular fragments are counted in bins of a
fixed length array to produce a molecular hologram. The
hologram length was set with 12 as a default length ranging
from 53 to 401. The PLS method was used to establish a
correlation of the molecular hologram descriptors with the
biological data. The best model was selected on the basis of
the best cross-validated 7. To develop robust HQSAR
models, numerous models with various combinations of the
fragment-distinction properties were built.
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Abstract: The enoyl-ACP reductase enzyme (InhA) from M. tuberculosis is recognized as
the primary target of isoniazid (INH), a first-line antibiotic for tuberculosis treatment. To
identify the specific interactions of INH-NAD adduct and its derivative adducts in InhA
binding pocket, molecular docking calculations and quantum chemical calculations were
performed on a set of INH derivative adducts. Reliable binding modes of INH derivative
adducts in the InhA pocket were established using the Autodock 3.05 program, which
shows a good ability to reproduce the X-ray bound conformation with rmsd of less than 1.0
A. The interaction energies of the INH-NAD adduct and its derivative adducts with
individual amino acids in the InhA binding pocket were computed based on quantum
chemical calculations at the MP2/6-31G (d) level. The molecular docking and quantum
chemical calculation results reveal that hydrogen bond interactions are the main
interactions for adduct binding. To clearly delineate the linear relationship between
structure and activity of these adducts, COMFA and CoMSIA models were set up based on
molecular docking alignment. The resulting CoMFA and CoMSIA models are in
conformity with the best statistical qualities, in which r?, is 0.67 and 0.74, respectively.
Structural requirements of isoniazid derivatives that can be incorporated into the isoniazid
framework to improve the activity have been identified through CoMFA and CoMSIA
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steric and electrostatic contour maps. The integrated results from structure-based, ligand-
based design approaches and quantum chemical calculations provide useful structural
information facilitating the design of new and more potentially effective antitubercular
agents as follow: the R substituents of isoniazid derivatives should contain a large plane
and both sides of the plane should contain an electropositive group. Moreover, the steric
and electrostatic fields of the 4-pyridyl ring are optimal for greater potency.

Keywords: isoniazid; CoMFA; CoMSIA; docking; quantum chemical calculations

1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M. tuberculosis) still remains a major
cause of illness and death worldwide, especially in Asia and Africa. Globally, 9.2 million new cases
and 1.7 million deaths from TB occurred in 2006. The number of new cases was still increasing
between 2005 and 2006, from 9.1 to 9.2 million (an increase of 0.6%) [1]. Antibiotics for TB treatment
are classified into two classes, first-line drugs and second-line drugs. First-line drugs are mainly
bactericidal and combine a high degree of efficacy with a relatively low toxicity to the patient during
treatment. These drugs include isoniazid, rifampicin, streptomycin, ethambutol, pyrazinamide, and
fluoroquinolones. Second-line drugs are mainly bacteriostatic, which have a lower efficacy and are
usually more toxic. These drugs include para-aminosalicylic acid, ethionamide, and cycloserine [2].
Drug-sensitive tuberculosis can be effectively treated with the combination of potent bactericidal
agents including streptomycin or ethambutol, isoniazid, rifampin and pyrazinamide [2-5]. However,
the successful treatment using drug combinations has been diminished by the outbreak of multidrug
resistant tuberculosis (MDR-TB), defined as resistant to at least isoniazid and rifampicin. More
recently, there is a new class of MDR, extensively drug-resistant TB (XDR-TB) defined as resistant to
isoniazid and rifampicin and at least three of the six main classes of second-line drugs [6]. Furthermore,
a more complex treatment of TB is associated with co-infection between M. tuberculosis and HIV
(TB/HIV) [7-10]. Accordingly, the design of new and more potent antitubercular drugs for the
management of drug-sensitive and drug-resistant TB is imperative.

Isoniazid (INH) has the greatest bactericidal activity and is used almost from the outset of
tuberculosis chemotherapy [11-13]. This antibiotic inhibits a 2-trans-enoyl-acyl carrier protein
reductase (InhA) displaying a long-chain fatty acid elongation activity. Inhibition of this activity by
INH blocks the biosynthesis of mycolic acids, which are major lipids of the mycobacterial envelope
[14-17]. INH is a prodrug requiring the activation function of catalase-peroxidase (KatG) to generate
the active form [18-22]. The reactive species generated from the activation process forms a covalent
adduct with NAD+ that is a potent inhibitor of InhA [20,23-24]. INH-NAD adduct is a slow tight-
binding competitive inhibitor of InhA that binds with an overall dissociation constant of 0.75 nM [25].
To reveal a better understanding of the isoniazid drug mechanism, the crystal structures of InhA in
complex with NADH cofactor and INH-NAD adduct were isolated [15,26-28]. Although INH-NAD is
an extremely potent InhA inhibitor, its ability for inhibiting InhA is diminished by drug resistance
[29-31]. Therefore, the basic research in molecular biology for developing new and more effective
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InhA inhibitors is desirable. Recently, molecular docking and molecular dynamics simulations have
been performed to study the binding of isoniazid onto the active site of InhA in an attempt to address
the mycobacterial resistance against the drug [32]. Ligand-based drug design approaches have also
been successfully employed to identify crucial features of INH derivative prodrugs as InhA inhibitors
[33-36]. Based on the chemical structures of INH derivative prodrugs, they probably bind with NAD*
to form covalent adducts like the parent INH. Therefore, insight into the nature of these bioactive
forms of INH derivative prodrugs in the InhA binding pocket should provide more detailed
information for designing agents that greatly inhibit InhA. In the present study, molecular docking and
quantum chemical calculations were employed to elucidate the potential antitubercular binding modes
and main interactions of INH derivative adducts. In order to understand the structural requirement of
InhA inhibitors, the relationship between structure and activity of these compounds was elucidated by
CoMFA and CoMSIA methods [37-38]. The integrated results should aid in the rational design of
InhA inhibitors with high potential antitubercular activity.

2. Results and Discussion
2.1. Validation of the molecular docking calculations

Molecular docking calculations were employed to predict the potential binding mode of INH
derivative adducts in the InhA binding pocket. To ensure that the binding modes of adduct inhibitors
obtained from molecular docking calculations are reliable the docking parameters in Autodock 3.05
program were validated. The structure of the INH-NAD adduct in the X-ray crystal structure was
extracted and docked back into the binding pocket. The superimposition between the docked
conformation and the X-ray crystal structure of INH-NAD adduct is shown in Figure 1. The docked
conformation of INH-NAD adduct is close to the binding mode found in the X-ray crystal structure
with rmsd of 0.44 A, indicating that the docking parameters are reasonable to generate the binding
mode of INH-NAD adduct in the InhA binding pocket. Therefore, molecular docking calculations
could be extended to search the binding modes of INH derivative adducts in the data set.

2.2. Molecular docking analysis of the highly active compounds

INH and its derivatives were used for molecular docking calculations. The chemical structures and
experimental biological activities against the BCG strain of M. tuberculosis of these compounds are
shown in Table 1. Among the data set, INH shows the highest activity against strains of M.
tuberculosis with a log (1/MIC) value of 7.70, where MIC is the in vitro minimum inhibitory
concentration in pg/mL unit. The docked conformation of the INH-NAD adduct into the active site of
InhA is indeed similar to that observed in the X-ray crystal structure. The 4-pyridyl ring of the INH-
NAD adduct is buried in the cavity formed by the Alal91, Gly192, Trp222, Tyr158, Phel49 and
Pro193 residues, as shown in Figure 1. This ring forms a n-n interaction with the aromatic sidechain of
Phel49 and a H-rt interaction with the aromatic sidechain of Tyr158. For the nicotinamide part, two
hydrogen bonds with the carbonyl oxygen backbone of Aspl148 and van der Waals interactions with
lle21, Alal91, Gly192, Pro193, Thr196 and Met199 could be observed. The pyrophosphate part is held
strongly by the hydrogen bonding interaction of surrounding amino acids in the InhA binding site.



Molecules 2010, 15 2794

Two oxygen atoms of the pyrophosphate form two hydrogen bonds with the OH group of Thr196.
Moreover, two hydrogen bonds between the NH backbone of 1le21 and the OH sidechain of Ser20
with phosphate oxygens are also present. A hydrogen atom of NH; and a nitrogen atom of the adenine
part interact with the carbonyl oxygen group of Asp64 and the NH backbone of Val65 to form two
hydrogen bonds. According to the observed interactions of INH-NAD adduct, the main interactions
found in the binding are hydrogen bond interactions, therefore they may play an important role in the
binding of adduct inhibitors.

Figure 1. Superimposition of the X-ray crystal structure (carbon atoms colored by yellow)
and docked conformation (green) of the INH-NAD adduct in the InhA binding pocket.

Table 1. The chemical structures and experimental biological activities against the BCG
strain of M. tuberculosis of INH derivatives taken from literature [39].
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Table 1. Cont.
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With regard to compound 1 possessing a furan ring at the R substituent position, the inhibitory
activity differs slightly from the activity of INH, with log (1/MIC) of 7.22. The NAD part of
compound 1 is aligned well with the NAD part of INH, as shown in Figure 2. The hydrogen bond
distances of the NAD part of compound 1 are insignificantly changed (< 0.1 A), compared with INH,
as shown in Table 2. Because of the smaller R substituent of compound 1 as compared with the 4-
pyridyl ring of the INH adduct, the m-m interaction with the aromatic sidechain of Phel49 is lost.
However, a H-n interaction with the aromatic sidechain of Phe149 is formed to compensate for the lost
interaction. These results reinforce the slight difference on the inhibitory activity of compound 1 as
compared with INH.
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Figure 2. Superimposition of the INH-NAD adduct (colored by yellow) and compound 1
(colored by atom type) in InhA binding pocket obtained from molecular docking

calculations.

Table 2. The hydrogen bond distances (A) between the NAD part of all adducts and amino

acid residues.

Cpd Nicotinamide Pyrophosphate Adenine ring
Aspl48 Thr196  Ser20 1le21 Asp64 Val65
INH 2.75,2.34 299,366 247 269 2.09 2.80
1 2.74,2.33 292,365 242 263 214 2.82
2 2.91, 2.40 297,366 243 272 212 2.74
3 2.80, 2.36 2.85,359 242 259 221 2.86
4 2.87,2.36 294,364 243 268 216 2.76
5 2.91,2.41 2.89,3.62 241 266 225 2.76
6 2.79,2.35 291,365 240 262 213 2.81
7 2.87,2.34 291,368 241 264 223 2.75
8 2.95,2.39 290,361 243 267 225 2.76
9 3.71,3.38 3.21,453 213 322 164 2.45
10 2.93,2.99 331,438 228 314 156 2.43
11 3.29,2.81 3.10,3.77 230 290 1.78 2.65
12 3.01, 2.50 291,368 241 273 216 2.71
13 2.87,2.34 2.90,3.67 241 263 222 2.76
14 3.46, 3.15 3.12,388 214 297 167 2.60
15 3.20,2.85 287,374 229 282 188 2.55
16 3.09, 2.53 312,384 239 286 1.89 2.58
17 2.67,2.99 331,453 228 314 156 2.43
18 3.83, 3.62 330,471 211 334 172 2.59
19 2.82,2.36 3.02,364 283 273 235 2.86

2796
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Table 2. Cont.
Cod Nicotinamide Pyrophosphate Adenine ring
Pe T Asp148 Thri96  Ser20 1le2l Asp64  Val6s

20 3.38, 2.89 3.08,383 221 289 1.77 2.59
21 3.28, 2.56 3.10,3.67 230 290 1.78 2.65
22 3.38,3.03 282,376 218 282 1.81 2.58
23 3.55,3.51 343,466 219  3.37 1.53 2.60
24 2.85,2.33 291,367 241 264 223 2.75
25 2.72,2.39 2.89,3.70 241 266 225 2.76
26 3.25,2.81 290,370 238 288 192 2.55
27 2.78,2.95 289,366 3.01 315 215 2.61
28 3.06, 2.77 342,517 215 3.07 262 2.26
29 2.35,2.24 3.02,366 291 270 250 2.93
30 2.34,2.23 3.02,356 283 273 235 2.86
31 4.66, 3.79 317,446 232 335 215 2.69
32 2.25,2.38 3.05368 270 271 209 2.78
33 3.90, 3.07 2.73,357 216 281  2.02 2.68
34 3.52,3.16 345,503 219 319 1.96 2.59
35 2.93,2.42 299,368 242 274 201 2.75

For the other highly active compounds, compounds 2-7, the NAD parts of these compounds lie in
the same position as the NAD part of INH, as shown in Figure 3. The important hydrogen bonds of
these compounds are maintained, but the preferable interactions of the R substituents of Alal91,
Gly192, Trp222, Tyrl58, Phel149 and Pro193 in the cavity are eliminated.

Figure 3. Superimposition of the INH-NAD adduct (colored by yellow) and compounds 2-
7 (colored by atom type) in InhA binding pocket obtained from molecular docking
calculations.
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2.3. Docking analysis of the moderately active compounds

The different R substituents of the INH derivative adducts are located inside the hydrophobic cavity
generated by the residues of Alal91, Gly192, Trp222, Tyr158, Phel49 and Pro193. The R substituents
of moderately active compounds, compounds 8-23, mostly interact with Pro193 to form hydrophobic
interactions and interact with Alal91, Gly192 and Tyrl58 to form van der Waals interactions.
Unfavorably, a steric effect between the R substituents and the aromatic sidechain of Trp222 could be
observed. Two of six member ring substituents, phenyl and pyridyl rings, are favored to form a
hydrophobic interaction with Pro193, such as compounds 12, 15, 17 and 20. However, the bulkier
atoms or group of atoms in the six member ring substituents could collide with surrounding amino acid,
in particular with Trp222. To reduce the steric effect, the position of the NAD part of these compounds
may be shifted as compared with INH, leading to an increase in the hydrogen bond distances of the
NAD part, especially for the two hydrogen bonds of the nicotinamide ring with Asp148, as shown
in Table 2.

For the five member ring substituents contained in compounds 13 and 19, no steric effect could be
found with the surrounding amino acids in the R substituent cavity. The important hydrogen bonds of
the NAD part also remain in the same quality as in INH, as shown in Table 2. Because the five
member ring substituents of these compounds are rather small, the favorable interactions for high
inhibitory activity, H-r or ©-7 interactions with Phe149 and H-r interaction with Tyr158, could not be
formed. As for the interaction analysis of the moderately active compounds in the InhA binding pocket,
the loss of inhibitory activity of these compounds could be explained by the steric effect and the
absence of some favorable interactions in the R substituent cavity.

2.4. Docking analysis of the weakly active compounds

Compounds 24-35 show lower activity against strains of M. tuberculosis. The van der Waals
interactions are the major interaction of the R substituents of these compounds. Steric effects between
the substituents and the sidechain of Pro193, Phe149, Tyr158 and Trp222 could be found. The bicyclic
substituents in compounds 28, 31 seem to be the large substituents. These large substituents bump into
amino acids in the R substituent cavity, leading to a shift in the position of the NAD part of these
compounds, compared with INH. Moving the NAD part position leads to a loss of the hydrogen bond
interactions of the nicotinamide ring with Asp148 and pyrophosphate part with Thr196, as shown
in Table 2.

Compounds 33-35 display the lowest activity against strains of M. tuberculosis. The R positions of
these compounds are substituted by a piperidine ring. The bulky piperidine ring could only form a van
der Waals interaction with amino acids in the R substituent cavity. A steric effect of this substituent
with the sidechains of Pro193, Phe149, Tyr158 and Trp222 is also observed. The bulky groups at the N
position on piperidine ring of compounds 33-35 reinforce the steric effect of these compounds.
Because of the steric effect, the hydrogen bonding interactions of nicotinamide part with Asp148 and
pyrophosphate part with Thr196 of compounds 33, 34 are eliminated, as shown in Table 2.

Interestingly, although compound 35 possesses the piperidine ring in the R substituent, the NAD
part of this compound shows good alignment with the NAD part of the INH-NAD adduct, as shown in
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Figure 4. The piperidine ring interacts with Phe149, Tyr158 and Trp222 to form H-m interactions.
Moreover, the steric effect is absent in this compound. The important hydrogen bonding interactions of
the NAD part are well within the range of INH, as presented in Table 2. Therefore, the weak inhibitory
activity of compound 35 may be related to the activation process. The activation process of these
compounds proceeds via free radical formation. The ability of R substituents to stabilize the acyl
radical should influence the efficiency for coupling of the acyl radical with NAD+ to form an adduct
inhibitor for InhA. The rich aromatic group has a higher capacity to stabilize the acyl radical than a
non-aromatic group. The electronic charge of the acyl radical can be delocalized through resonance of
the aromatic ring. This makes it more stable, whereas the electronic charge delocalization of acyl
radical in the non-aromatic system could not occur. Therefore, the aromatic pyridyl ring of INH shows
higher potency to stabilize the acyl radical than the non-aromatic piperidine ring of compound 35,
thereby explaining the lower inhibitory activity of this compound, compared with INH. Accordingly,
the low potency for stabilizing the acyl radical of R substituents may be additional cause for the poor
activity against M. tuberculosis of other compounds that contain the R substituent like compound 35.

Figure 4. Superimposition of the INH-NAD adduct (colored by yellow) and compound 35
(colored by atom type) in the InhA binding pocket obtained from molecular docking
calculations.

2.5. The favorable interactions for binding of INH derivative adducts

The hydrogen bonds of the NAD part with Asp148, Thr196, 1le21, Ser20 and Asp48 are major
interactions for adduct binding. For the R substituent, the n-m or H-x interaction with the aromatic
sidechain of Phel149 and the H-x interaction with the aromatic sidechain of Tyr158 are also required to
enhance the binding of these inhibitors. Moreover, the capacity of R substituents for stabilizing the free
radical intermediate in the activation process is interesting. To facilitate the activation process, R
substituents should reveal a high aromatic property. Importantly, R substituents must not present a
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steric effect in the R substituent cavity. The 4-pyridyl ring and furan ring seem to be optimal for
binding of InhA inhibitors. The replacement of hydrogen atoms on these ring with bulkier atoms or
groups of atoms such as CI, I, Br, NH, and NO, completely reduces the inhibitory activity of
compounds because of their steric effect in the R substituent cavity.

2.6. Interaction energy of the INH-NAD adduct in the InhA binding pocket

To investigate the key interactions for binding of INH-NAD adduct and its derivatives, INH, the
highly active compound 1 and the weakly active compound 33 were selected for quantum chemical
calculations. Moreover, to explain the effect of the activation process on the inhibitory activity of these
inhibitors, the interaction energy of compound 35 was also calculated. Based on quantum chemical
calculations at MP2/6-31G(d) level of theory, the interaction energies of INH-NAD adduct fall in the
range of -33.01 to 13.20 kcal/mol. The 4-pyridyl ring, the R substituent of INH-NAD adduct, shows an
attractive interaction with Phel49 and Tyrl58 with an attraction energy of 1.21 and 2.09 kcal/mol.
These attraction energies correlate well with the observed interactions from the X-ray crystal structure
of INH-NAD bound in the InhA active site. The 4-pyridyl ring forms a =-r interaction with the
aromatic sidechain of Phel49 and a H-m interaction with the aromatic sidechain of Tyrl58. The
nicotinamide part provides the main attraction energy of 4.31 kcal/mol with Asp148. This attraction
energy agrees with the weak hydrogen bonds produced from two hydrogen atoms on the nicotinamide
ring and the carbonyl backbone of Asp148. In this part, a high repulsion interaction with 11194 could
be observed with a repulsion energy of 13.20 kcal/mol. From the X-ray crystal structure, the carbonyl
amide of the nicotinamide part lies near the carbonyl backbone of 11e194. The repulsion between two
groups with the same charge may occur. Nicotinamide ribose displays a highly attractive interaction of
11.15 kcal/mol with Lys165, due to the electrostatic interaction of nicotinamide ribose hydroxy group
with Lys165. The pyrophosphate part presents higher attraction energy than other parts of the INH-
NAD adduct. The highest attraction energy of 33.01 kcal/mol is found between the pyrophosphate part
and Ser20. Moreover, other highly attractive interactions are also produced between the pyrophosphate
part and Ile21 and Thr196, with attraction energies of 23.92 and 24.48 kcal/mol, respectively. These
high attraction energies of the pyrophosphate part relate to the strong hydrogen bond interactions of the
phosphate oxygens with Ser20, Thr196 and Ile21. These results confirm that the hydrogen bond
interactions are the key interactions in this region. Among all attraction energies of the adenine part,
the interaction with Asp64 shows the highest attraction energy (9.11 kcal/mol), consistent with the
hydrogen bond interaction of NH; on the adenine part with the carbonyl sidechain of Asp64. Indeed in
the X-ray crystal structure, the NH backbone of Val65 can form a hydrogen bond with the nitrogen
atom of the adenine ring. The interaction energy of this interaction is low (2.67 kcal/mol). Based on
the interaction energy calculation results, all high attraction energies correlate with the hydrogen bond
interactions of the INH-NAD adduct in the InhA binding pocket observed in the X-ray crystal structure.
Therefore, we can conclude that the hydrogen bond interactions are crucial for binding of the INH-
NAD adduct, particularly the hydrogen bond interactions of the pyrophosphate part.
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2.7. Interaction energy of the highly active compounds in the InhA binding pocket

In the data set of our study, the INH-NAD adduct is the highest potency compound against M.
tuberculosis, with a log (1/MIC) of 7.70. The inhibitory activity of compound 1 at a log (1/MIC) of
7.22 is comparable with INH-NAD adduct. These two compounds show structural difference in the R
substituent. The furan and 4-pyridyl rings are maintained at the R substituent position of compound 1
and the INH-NAD adduct, respectively. The binding mode of compound 1 in the InhA active site was
studied by means of molecular docking calculations. To quantitatively elucidate the R substituent
influence on its activity, the interaction energy of compound 1 was calculated and compared with the
calculated interaction energy of the INH-NAD adduct. The interaction energy of compound 1 is
presented in Table 3. The furan ring of compound 1 attractively contacts with Phel49 with an
attraction energy of 0.93 kcal/mol. This attractive interaction correlates with the H-x interaction of the
hydrogen atom on the furan ring with the aromatic sidechain of Phel49. Moreover, this attractive
interaction is comparable with the n-n interaction of the 4-pyridyl ring of INH-NAD adduct with the
aromatic sidechain of Phel49. Additionally, slightly attractive interactions with Pro193 and Trp222
could be found with attraction energies of 0.89 and 1.48 kcal/mol, respectively. However, the furan
ring of compound 1 is missing the attractive interaction with Try158 of about 1 kcal/mol. This result
correlates with the docking results in which the smaller furan ring loses the H-m interaction with
Try158 compared with the 4-pyridyl ring of the INH-NAD adduct. For other parts of compound 1,
nicotinamide, nicotinamide ribose, pyrophosphate, adenine ribose and adenine ring, the main
interaction energies are all similar to those of the INH-NAD adduct. These results suggest that the
slightly lower inhibitory activity of compound 1 as compared with INH-NAD adduct could be
attributed to the loss of attractive interaction of the furan substituent with Try158 because of its
smaller size.

Table 3. Interaction energy between each part of the adducts of INH, compounds 1, 33, 35
and each amino acid surrounding within 6 A from each part of adducts in InhA binding
pocket.

Interaction energy (kcal/mol)
INH Cpd.1 Cpd.33 Cpd.35

Adduct fragment Amino acid

Phel49 -1.21 -0.93 30.17 2.64
Tyrl58 -2.09 -0.98 23.02 -0.07
R substituent Alal91 0.78 3.69 18.01 4.01
Gly192 1.61 1.96 -2.92 5.13
Pro193 0.23 -0.89 23.68 6.72
Trp222 0.03 -1.48 18.17 -0.21
lle21 -0.62 0.54 -0.61 -0.39
Met147 -0.58 -0.23 -0.08 -0.32
Aspl48 -4.31 -5.98 -4.65 -5.75
Phel49 6.95 2.50 -0.20 4.55
Nicotinamide Lys165 1.56 1.90 3.43 2.64
Alal91 -2.41 -1.84 -1.10 -1.90
Gly192 -0.12 -0.57 -0.24 -0.35
Pro193 0.52 0.62 -0.71 -0.22

11e194 13.20  10.70 3.34 3.74
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Table 3. Cont.

Interaction energy (kcal/mol)
INH Cpd.1 Cpd.33 Cpd.35

Adduct fragment  Amino acid

Thr196 -1.88 -1.88 -2.66 -2.09

Gly14 -0.18 -0.21 -0.21 -0.20

Ser20 0.01 0.01 -0.02 0.01

lle21 -0.54 0.29 0.39 -0.19

Ala22 -0.02 -0.04 -0.04 -0.03

Ser94 -1.30 -0.41 -1.71 -1.15

Nicotinamide 11e95 0.22 -0.32 0.00 -0.17
Ribose Gly96 -1.19 -1.08 -1.21 -1.24
Met147 0.54 3.76 -1.27 0.99

Aspl48 -0.29 -0.61 0.26 -0.39

Phe149 -0.26 -0.23 -0.22 -0.24

Met161 -0.18 -0.16 -0.18 -0.16

Lys165 -11.15 -11.87  -10.19 -12.00

Alal91 -0.30 -0.31 -0.27 -0.30

Gly14 8.87 9.29 9.79 9.34

Ilel6 -10.17 -10.28 -5.55 -10.12

Thrl7 -7.32 -7.81 -9.80 -7.83

Serl9 -1.09 -1.24 -1.77 -1.24

Ser20 -33.01 -3255 -1341 -32.08
pyrophosphate lle21 -23.92 -2251  -23.39 -23.87
Ala22 -10.86 -11.12  -10.26 -10.84

Ser94 6.63 9.15 7.41 8.70

11e95 -4.14 -4.10 -4.19 -4.16

Gly96 3.27 3.35 3.41 3.41

Met147 -3.63 -3.57 -2.99 -3.49

Thr196 -24.48 -2493  -25.04 -24.94

Gly14 2.62 6.28 6.74 6.42

Ilel5 -1.36 -1.32 -1.32 -1.37

llel6 3.17 3.92 2.92 2.96

Ser20 -0.09 -0.03 -0.02 -0.04

Phe41 0.10 0.27 3.00 0.65

Adenine Ribose  Val65 0.04 0.06 0.07 0.06
Ser94 -0.15 0.17 -0.10 0.07

11e95 -2.08 -1.55 -1.88 -1.64

Gly96 -1.74 -1.79 -1.36 -1.70

Phe97 -0.50 -0.36 -0.35 -0.36

lle122 0.11 0.12 0.11 0.12

Gly14 -0.65 -0.80 -0.71 -0.76

Gly40 -1.36 -0.20 -0.13 -0.18

Phe41 -2.03 -2.48 -2.35 -2.45

Leu63 0.18 1.32 1.51 1.67

Asp64 -9.11 -8.43 -7.54 -8.80

Adenine Val65 -2.67 4.18 14.11 5.76
GIn66 0.85 1.31 1.66 1.45

11e95 -0.95 0.45 0.90 0.15

Gly96 -1.31 -1.18 -0.88 -1.08

Phe97 -0.03 0.05 0.04 0.05

lle122 -0.94 -0.30 -0.93 -0.70
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2.8. Interaction energy of the weakly active compounds in the InhA binding pocket

The docked structure of compound 33, the least active compound, was taken to calculate the
interaction energies and then these calculated interaction energies were compared with the interaction
energy of the INH-NAD adduct, the most active compound. The interaction energy of this compound
is given in Table 3. Compound 33 possesses a piperidyl ring in the R substituent position. The
interactions of the piperidyl ring substituent with Phel149, Tyr158, Alal91, Pro193 and Trp222 show
high repulsion energies (18.01-23.68 kcal/mol). These high repulsion energies relate to the steric effect
of the R substituent, as found from the docking results. As in the docking results, the steric effect
changes the position of the NAD part of compound 33 leading to an alteration of the hydrogen bond
patterns of this compound. Supporting the molecular docking results, the attraction energy of the
important hydrogen bonds between pyrophosphate and Ser20 are decreased about 20 kcal/mol as
compared with the INH-NAD adduct.

Moreover, the attraction energy of pyrophosphate with 11e16 is also reduced by about 5 kcal/mol. In
addition of the reduction of the main attraction energy, a repulsion energy of 14.11 kcal/mol between
the adenine ring and Val65 is additionally detected. Therefore, based on the calculated interaction
energy, the high repulsion energy between the R substituent and surrounding amino acid could account
for the lowest activity of compound 33.

Compound 35 shows inhibitory activity like compound 33 with log (1/MIC) of 3.22. The binding
mode of this compound is similar to that of the INH-NAD adduct, as described in the previous
discussion of the docking results. To elucidate the important binding interactions of this compound, the
interaction energy of compound 35 was calculated as given in Table 3. The piperidyl R substituent of
compound 35 exhibits slightly attractive interactions with Tyr158 and Trp222. Repulsive interactions
of the piperidyl ring with Phel49, Alal91, Gly192 and Prol93 could be observed with repulsion
energy of less than 6.72 kcal/mol. Nevertheless, all interaction energies of other parts of compound 35
are quite comparable with those of INH-NAD. Moreover, the repulsion energy between the
nicotinamide and 11e194 is decreased about 10 kcal/mol. Based on the calculated interaction energy,
the binding affinities of compound 35 and INH in the InhA binding pocket should be similar.
Therefore, the lower activity of compound 35 may depend on the activation process that requires the
high capacity of substituents for stabilizing the free radical intermediate. In this case, the aromatic
pyridyl rings of INH-NAD are more suitable for the activation process than the non-aromatic piperidyl
ring of compound 35, supporting the lower inhibitory activity of this compound.

2.9. CoMFA and CoMSIA models

The statistical parameters of the best COMFA and CoMSIA models generated based on molecular
docking alignment are shown in Table 4. The obtained CoMFA and CoMSIA models are consistent
with good correlation and predictive capability, the non-cross-validation (r?) and the cross-validation
(r’.) of 0.94 and 0.67 for COMFA model and 0.96 and 0.74 for COMSIA model. The selection of the
best COMSIA is based on the highest r%,. Thus, the best COMSIA model includes steric and
electrostatic fields. Considering all statistical parameters, the best model CoMSIA including steric and
electrostatic fields shows slightly more predictive ability than the best CoOMFA model.
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Table 4. The statistical parameters of the COMFA and CoMSIA models.

Statistical parameters

Models 2 P2 N spress SEE F Fraction
CoMFA 067 094 5 0.71 0.31 7274 91/9 (S/E)
CoMSIA
S/IE 074 096 6 0.64 0.25 8278 43/57
S/E/H 055 087 5 0.86 046 28.30 17.4/21.2/61.4
S/E/HD 056 093 6 0.86 0.35 4294 27.1/28.6/44.3
SIE/HA 062 093 6 0.77 034 4126 32.2/38.9/28.9
S/E/HD/HA 038 095 5 1.14  0.28 86.84 18.2/22.9/39.3/19.6
/[E/HIHD/HA 032 091 5 1.06 040 39.84 11.1/13.4/40.5/26.3/8.7

Bold values indicate the best CoMSIA model. r?,, leave-one-out (LOO) cross-validated correlation
coefficient; r?, non-cross-validated correlation coefficient; N, optimum number of components;
s-press, Standard error of prediction, SEE, standard error of estimate; F, F-test value; S, steric field,;
E, electrostatic field; H, hydrophobic; HD, hydrogen donor field and HA, hydrogen acceptor field.

The correlations between experimental and predicted activities are shown in Figure 5. These results
exhibit a good agreement between the experimental and predicted values. In order to verify the
predictive ability of the obtained models, the biological activities of the test set were predicted by these
CoMFA and CoMSIA models. All compounds show predicted values within one logarithmic unit
difference from the experimental values. These results show that COMFA and CoMSIA models
provide good accuracy for predicting the inhibitory activity.

Figure 5. Plots between the experimental and predicted activities of training and test sets

from CoMFA model (a) and CoMSIA model (b).
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2.10. CoMFA and CoMSIA contour analysis of INH derivative adducts

The CoMFA and CoMSIA models reveal the importance of steric and electrostatic fields through
the contour maps shown in Figures 6-7. Favorable and unfavorable steric interactions are displayed in
green and yellow contours, respectively, while blue and red contours illustrate the regions that favor
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the positive and negative charge, respectively. The CoMSIA steric and electrostatic contours appear
more localized and detailed than those of the COMFA model because they are closer to ligand.

Figure 6. CoOMFA contour maps for steric and electrostatic fields.

Figure 7. The best CoMSIA contour maps for steric and electrostatic fields.
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2.11. The steric contour analysis of INH derivative adducts

The CoMFA steric field reveals two yellow contours and one large green contour near the R
substituent, as shown in Figure 6. Meanwhile, the CoMSIA steric field reveals one yellow contour
above the plane of the R substituent. The R substituent is buried in the large green contour, as
presented in Figure 7. However, steric contours from two models agree that a large plane of the R
substituent is preferable in producing higher activity against strains of M. tuberculosis. Nevertheless,
the R substituent size is limited by the neighboring steric region. As the X-ray structure of the INH-
NAD adduct bound in InhA, three amino acid residues, Alal91, Gly192 and Trp222 are located near
the steric region. Therefore, any larger R substituent may collide with these residues. From molecular
docking calculations, the moderately active compounds and weakly active compounds display steric
effects with Trp222.

Compounds 1, 3, 6, 13 and 16 that contain a five member ring substituent show lower activity than
INH bearing the 4-pyridyl ring. The five member ring of compound 1 is completely buried in the large
green contour but is not present any atom in the steric region represented by a yellow contour. As
compared with the 4-pyridyl plane of INH, the plane of the five member ring is rather small. The
results suggest that the plane size of the five member ring substituent does not generate any steric
effect and it is not large enough for improving the inhibitory activity. Compounds 9, 18, 23, 25, 28, 31
and 32 possess the large plane of bicyclic rings at the R substituent position. Although the bicyclic
rings of these compounds are favorable for a green contour, the activities of these compounds are not
better as compared with INH. From molecular docking calculations, these substituents are too large,
which leads to generation of a steric effect with Trp222. As a result of the steric hindrance, the
hydrogen bond interactions of the pyrophosphate parts of these compounds with Thr196 are eliminated.
Compounds bearing the piperidine ring, 33-35, show the lowest activity. The piperidine ring of these
compounds is bulkier than the 4-pyridyl ring of INH. The piperidine ring of compound 34 lies in the
yellow contour, resulting in unfavorable active compound against strains of M. tuberculosis. These
results indicate that steric effect is an additional cause of the lower activity of these compounds.

2.12. The electrostatic contour analysis of INH derivative adducts

The CoMFA contours of the electrostatic field are shown in Figure 6. Blue and red contours are
located near the R substituent, the 4-pyridyl ring of the INH-NAD adduct. Two large blue contours are
present outside the plane of the 4-pyridyl ring. Red contours lie above the 4-pyridyl plane and another
red contour lies opposite the nitrogen atom at the 4-pyridyl ring of the INH-NAD adduct (N4). In the
case of the CoMSIA contour, the electrostatic field contours are closer to the ligand than in the
CoMFA contour, as shown in Figure 7. A large red contour covers N4 in the 4-pyridyl ring of the INH-
NAD adduct. Two blue contours are present outside the plane of the 4-pyridyl ring. Therefore, to
improve the activity of adduct inhibitors based on COMFA and CoMSIA models, the N4 position
should contain the electronegative group and both sides of the R substituent plane should contain
electropositive groups. Hydrogen atoms at the 4-pyridyl ring of INH-NAD adduct lie near both blue
contours as shown in Figure 7. One of these hydrogen atoms is replaced by a fluorine atom in
compound 4. The results show that the fluorine atom does not enhance the inhibitory activity of this
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compound because this atom is close to the unfavorable blue contour. In accordance with the CoOMFA
and CoMSIA models for improving the inhibitory activity, hydrogen atoms on both sides of the 4-
pyridyl ring should be substituted by more electropositive groups. The phenyl ring of compound 5 is
like the 4-pyridyl ring of INH except for the fact the nitrogen atom (N4) of the 4-pyridyl ring is
replaced by the carbon atom of a phenyl ring (C4). The alignment of compound 5 and the INH-NAD
adduct obtained from molecular docking calculations reveals that the N4 of the pyridyl ring lies in the
same position as C4 of the phenyl ring. The hydrogen atom attached to the C4 of the phenyl ring of
compound 5 is placed in the red contour. Regarding inhibitory activity, compound 5 shows lower
inhibitory activity than INH. These results imply that the hydrogen atom attached to the C4 of the
phenyl ring is not favourable. Compounds 11, 14, 20 and 22 contain R substituents like compound 5.
The C4 of the phenyl ring of these compounds attaches to CI, I, Br and NO, that are more
electronegative than the hydrogen atom in compound 5. Although these groups are favorable for a red
contour, the activities of these compounds are not increased as compared with compound 5. From
molecular docking calculations, these compounds lose the important hydrogen bonds of the
pyrophosphate moiety because of the steric effect of Cl, I, Br and NO, with Trp222. These results
imply that the nitrogen atom on the 4-pyridyl ring is optimal for both the steric and electrostatic fields.

2.13. The structural requirement of the R substituent of INH derivative adducts

To enhance the activity of INH derivative adducts, the R substituents should contain a large plane.
Both sides of the plane should present electropositive groups. However, size of the R substituents is
controlled by the steric region above the substituent plane. Accordingly, the steric and electrostatic
fields of the 4-pyridyl ring are optimal for greater potency of compounds. The improvement of
electrostatic properties on the 4-pyridyl ring by replacement of the hydrogen atom on both sides of the
4-pyridyl ring with more electropositive groups should be done carefully because a steric effect can
also be generated.

3. Experimental
3.1. Biological activity data

Isoniazid and its 35 derivatives, a total of 36 compounds, with the general formula RC(O)NHNH,
were chosen from the original reference [39]. The inhibitory activities of INH and its derivatives tested
against the BCG strain of M. tuberculosis were reported in Table 1. Because the structure-activity
relationship of these compounds was investigated in this study, the inhibition activities have been
expressed in terms of log (1/MIC). Isoniazid derivatives are separated into two groups; 30 compounds
served as the training set and six compounds served as the test set, sampling from structurally diverse
molecules possessing various ranges of logarithm unit activities.

3.2. Geometry optimization

In the present study, the chemical structures of INH derivatives are presented in the form of INH
derivative adducts, the active forms of these inhibitors. The X-ray crystal structure of the INH-NAD
adduct in the InhA enzyme (pdb code 2ZID) was used as the initial geometry to build of the active
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adducts of the INH derivatives. All chemical structures of adducts were drawn with the Gaussview
3.07 program [40]. The NAD part of all adducts was fixed. Only the variable R substituents of adducts
were fully optimized using HF/3-21G method.

3.3. Molecular docking calculations

The X-ray crystal structure of the INH-NAD adduct complexed to InhA (pdb code 2ZID) was used
for molecular docking calculations. Docking calculations were carried out by the Autodock 3.05
program using the Lamarckian Genetic Algorithm (LGA) [41]. The INH-NAD adduct was extracted
from the complex structure and all hydrogen atoms were added. Only polar hydrogen atoms and
Kollman charges were added to the protein using the AutoDockTools. Solvation parameters were
generated on the protein using the Addsol utility of Autodock. The grid maps representing the protein
in the actual docking process were calculated with Autogrid. The dimensions of the grids were 60 x 60
x 60 points with a spacing of 0.375 A between the grid points and the center close to the ligand.
Docking parameters were used as default values, except for the number of docking runs which was set
to 50. The INH-NAD adduct was docked back into the InhA binding pocket to validate the docking
method, then all derivative adducts were docked. During the docking process, the InhA enzyme and
the NAD part of all adducts were kept rigid. Only the variable R substituents were allowed to freely
rotate. The resulting docked conformations were those found to have the lowest final docked energy
and the greatest number of members in the cluster, with a root mean square deviation (RMSD) cluster
tolerance of 0.5 A.

3.4. Interaction energy calculations

To elucidate the important interactions of INH derivative adducts in the InhA binding pocket,
individual interaction energies between adducts and the surrounding amino acids were computed. The
X-ray structure of the INH-NAD adduct, docked conformations of the highly active adduct (compound
1) and the lowest active adducts (compounds 33 and 35) were selected to calculate their interaction
energies. The whole structure of the INH-NAD adduct and its derivatives was fragmented into small
parts consisting of the R substituent, nicotinamide, nicotinamide ribose, pyrophosphate, adenine and
adenine ribose. The ends of each part were terminated by hydrogen atoms. The amino acids located
within a radius of 6 A from each part of adducts were adopted. The peptide chain was divided at the C
and N terminal into the individual amino acids. The ends of individual amino acids were capped with
hydrogen atoms. The interaction energies of each part with individual amino acids in the InhA binding
pocket were determined by using the MP2 method with the 6-31G (d) basis set. The interaction energy
(IE) of adducts with each amino acid is defined as follows:

IE = Eadduct + each amino acid — [ Eadduct + Eeach amino acid ]

where Eagquct + each amino acid 1S the energy of the complex structure between adduct and each amino acid.
Eadduct and Eeach amino acig are the energies of adduct and each amino acid, respectively.
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3.5. Training and test sets

The structures and activities of compounds used to set up the CoMFA and CoMSIA models are
listed in Table 1. Experimental biological activities of these compounds cover 4.5 logarithmic units in
term of log (1/MIC), which provides a broad and homogenous data set for COMFA and CoMSIA
studies. The data set was divided into the training set (n = 30) and the test set (n = 6) for final model
development and model validation, respectively. Data classification is based on wide range of activity
and structural diversity of adduct in the data set.

3.6. Molecular alignment rules for CoOMFA and CoMSIA modeling

The structural alignment of compounds into their bioactive conformations is essential in the set up
of CoOMFA and CoMSIA models. In the present study, the molecular alignment was derived from the
reasonable positions of compounds in the InhA binding pocket obtained from the molecular docking
calculations. The CoMFA and CoMSIA descriptor fields around the aligned compounds were
generated automatically by Sybyl/CoMFA and CoMSIA routine at each lattice intersection on grid
spacing of 2 A. A sp® carbon atom with a formal charge of +1 was served as the probe atom to
generate COMFA descriptors, steric (Lennard—Jones 6-12 potential) field and electrostatic (Coulombic
potential) field. The probe atom was placed at each lattice point and their steric and electrostatic
interactions with each atom in compounds were all calculated with CoMFA standard scaling and then
compiled in a CoOMFA table. The computed field energies were truncated at 30 kcal/mol for both
electrostatic and steric fields. COMSIA similarity index descriptors were derived with the same lattice
box as used for the COMFA calculations. Five COMSIA descriptors, steric, electrostatic, hydrophobic,
hydrogen bond donor and hydrogen bond acceptor, were evaluated. An attenuation factor of 0.3 was
used in the CoMSIA study to generate a contour map with prominent molecular features. The partial
least square (PLS) approach was employed to derive a linear relationship, in which CoMFA and
CoMSIA descriptors were used as independent variables and log (1/MIC) values were used as
dependent variables. To obtain the optimal number of components to be used in the final analysis, the
cross-validation was performed using the leave-one-out method with a 2.0 kcal/mol column filter to
minimize the influence of the noisy columns. Sequentially, a final non cross-validated analysis was
performed using the optimal number of components previously identified and was then employed to
analyze the results. The g or r’., values were used to evaluate the predictive ability of the COMFA and
CoMSIA models.

4. Conclusions

Molecular docking calculations and interaction energy calculations were performed on a series of
INH derivative adducts to achieve a better understanding of the crucial interactions for binding affinity
of these adducts in the InhA binding pocket. The obtained results from the two approaches
demonstrate that hydrogen bond interactions play an important role on the adduct binding in InhA,
especially the hydrogen bonds of pyrophosphate part. To reinforce the adduct binding, the R
substituents of adducts should be optimal for its cavity. Too bulky substituents generate steric effects
with high repulsion energy. Conversely, too small substituents did not generate the steric effect but the
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preferable interactions, n-n and H-m interactions, are missing. To clearly elucidate the structural
requirements of adducts that favor binding interactions in the InhA binding pocket, robust CoMFA and
CoMSIA models were established. The best COMFA and CoMSIA models include the steric and
electrostatic fields suggesting that the antitubercular activity of these adducts depend on their steric
and electrostatic characteristics. COMFA and CoMSIA steric and electrostatic fields reveal that the R
substituents should contain a large plane and both sides of the plane should contain an electropositive
group. However, size of R substituents is controlled by the steric region above the substituent plane.
Finally, the integrated results from these approaches provide valuable concepts that can be utilized for
designing new and more potential effective antitubercular drugs.
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