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a b s t r a c t

Despite the significant successes in the area of anti-HBV agents, resistance and cross-resistance against
available therapeutics are the major hurdles in drug discovery. The present investigation is to understand
the molecular basis of drug resistance conferred by the B and C domain mutations of HBV-polymerase
on the binding affinity of five anti-HBV agents [lamivudine (3TC, 1), adefovir (ADV, 2), entecavir (ETV, 3),
telbivudine (LdT, 4) and clevudine (l-FMAU, 5)]. In this regard, homology modeled structure of HBV-
polymerase was used for minimization, conformational search and induced fit docking followed by
binding energy calculation on wild-type as well as on mutant HBV-polymerases (L180M, M204V, M204I,
L180M + M204V, L180M − M204I). Our studies suggest a significant correlation between the fold resis-
tances and the binding affinity of anti-HBV nucleosides. The binding mode studies reveals that the domain
C residue M204 is closely associated with sugar/pseudosugar ring positioning in the active site. The posi-
tioning of oxathiolane ring of 3TC (1) is plausible due the induced fit orientation of the M204 residue in
wild-type, and further mutation of M204 to V204 or I204 reduces the final binding affinity which leads to
the drug resistance. The domain B residue L180 is not directly close (∼6 Å) to the nucleoside/nucleoside
analogs, but indirectly associated with other active-site hydrophobic residues such as A87, F88, P177 and
M204. These five hydrophobic residues can directly affect on the incoming nucleoside analogs in terms
of its association and interaction that can alter the final binding affinity. There was no sugar ring shifting
observed in the case of adefovir (2) and entecavir (3), and the position of sugar ring of 2 and 3 is found
similar to the sugar position of natural substrate dATP and dGTP, respectively. The exocyclic double bond
of entecavir (3) occupied in the backside hydrophobic pocket (made by residues A87, F88, P177, L180
and M204), which enhances the overall binding affinity. The active site binding of LdT (4) and l-FMAU (5)

showed backward shifting along with upward movement without enforcing M204 residue and this signifi-
cant different binding mode makes these molecules as polymerase inhibitors, without being incorporated
into the growing HBV-DNA chain. Structural results conferred by these l- and d-nucleosides, explored the
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molecular basis of drug re

. Introduction

More than 350 million people are chronically infected with
epatitis B virus (HBV), resulting about 1 million death per year
Lai et al., 2003b). HBV, a member of the hepadnavirus family, is
n enveloped virus that contains a partially double stranded DNA
enome (3 kbp). In addition to regular transcription and transla-

ion processes, it has a reverse transcription process similar to
IV. This is mediated by a single enzyme, catalyzing RNA- and
NA-dependent DNA polymerase, RNase H and protein priming
ctivities (Seeger and Mason, 2000). Analogous to HIV, the HBV-
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ce which can be utilized for future anti-HBV drug discovery.
Published by Elsevier B.V.

olymerase is also a good target for inhibiting the viral replication.
everal nucleoside-analogs such as lamivudine (1, 3TC, a cytosine
-nucleoside analog) (Dienstag et al., 1995), adefovir (2, ADV, a
denosine analog), entecavir (3, ETV, a carbocyclic guanosine ana-
og) (de Man et al., 2001) and telbivudine (4, LdT, a thymidine
-nucleoside analog) (Lai et al., 2004) have been approved by the
S-FDA for the treatment of chronic HBV infection (Fig. 1).

Previously, we have synthesized a number of l-nucleosides.
mong which clevudine (5, l-FMAU, a thymidine l-nucleoside ana-

og) has been discovered as a potent anti-HBV agent (Chu et al.,

995; Marcellin et al., 2004; Yoo et al., 2007a) and more recently
t was approved for the treatment of chronic hepatitis B virus
nfection in South Korea in 13 November 2006. Currently, it is
ndergoing Phase III clinical trials in US and Europe (Marcellin et al.,
004).

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:dchu@rx.uga.edu
dx.doi.org/10.1016/j.antiviral.2008.07.010
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Fig. 1. The chemical structure of potential HBV-polymerase inhibitors.

Table 1
Antiviral activity (IC50 in �M) and fold resistance (FR)a of anti-HBV agents (1–5) against wild-type and 3TC-resistant HBV-polymerases (Chin et al., 2001; Locarnini, 2003;
Brunelle et al., 2005)

HBV-strain 3TC (1) ADV (2) ETV (3) LdT (4) l-FMAU (5)

IC50 FR IC50 FR IC50 FR IC50 FR IC50 FR

Wild-type 0.6 1.0 3.9 1 0.8 1 0.17 1 0.1 1
L180M 0.80 1.7 2.0 0.5 na 1b 1.96 >10 >100 >100
M204V 8.5 18 2.8 0.7 na 10b na na 1.5 15
M204I >50 >100 2.7 0.7 na na 39.5 >100 >100 >100
L180M − M204Vc >50 >100 0.6 0.2 5.0 6 22.2 >100 >100 >100
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Fold resistance = (mutant IC50)/(wt IC50).
b Separate study on ETV, shows that M204V mutation had 10-fold reduction on t
c Dual mutant 3TC-resistant strain (L180M − M204V and L180M − M204I) having

t al., 2001; Langley et al., 2007).

Despite the above significant successes in the discovery of an
nti-HBV agent (Ferir et al., 2008; Palumbo, 2008), the critical
ssue is the development of drug resistance and cross-resistance
gainst available therapeutics. Recent studies reveal that adefovir
esistance increases to 29% after 5 years of use (Locarnini et al.,
005). Therefore, increasing use of adefovir against lamivudine-
esistant HBV infection can increase a risk of multidrug-resistant
BV. The development of drug resistance is not unexpected if viral

eplication continues during the current monotherapy. The preven-
ion of resistance requires the adoption of strategies that can more
ffectively control the virus replication, including the combination
herapy (Sasadeusz et al., 2007; Hui et al., 2008). For the past several
ears, our group has been involved in understanding the HBV drug
esistance issue at molecular level by molecular modeling (Chong
nd Chu, 2002; Yadav and Chu, 2004).

Recently, several publications related to HBV drug resistance
ssue appeared on different classes of anti-HBV agents (Ayres et al.,
004; Bartholomeusz et al., 2004; Chong and Chu, 2004; Tenney
t al., 2004; Jacquard et al., 2006; Locarnini and Mason, 2006).
BV-polymerase has several domains that are homologous to other
NA-dependent DNA polymerases (Poch et al., 1989; Lesburg et al.,
999). A revised numbering system for HBV-polymerase in compar-
son to HIV RT proposed by Stuyver et al. (2001) has been generally
ccepted and it is being used in this article.

A current anti-HBV agent (1–5) causes a specific primary
utation during the treatment and the published biological data
Table 1) (Chin et al., 2001; Delaney et al., 2001a,b; Levine et al.,
002; Ono-Nita et al., 2002; Angus et al., 2003; Locarnini, 2003;
ngus and Locarnini, 2004; Locarnini and Mason, 2006) provides
n opportunity to understand the structural and functional insight
f the active-site of HBV-polymerase.

n

(
w
t

able 2
olecular recognition element (non-covalent interaction) required for NRTIs to mimic dN

RTIs Interaction detail with HBV-polymerase

ase pairing Thymine base is forming two strong H-bond with Ad
ase stacking Thymine base is showing stacking interaction (centro
wo-metal-ion mechanism Conserved catalytic residue D83 and D205 with two
riphosphate positioning Triphosphate positioning is mediated by H-bonding w
ency of ETV, while L180M had no significant effect.(Levine et al., 2002).
r pattern of resistance profile against most of the potential compounds (1–5) (Das

Several groups have developed the structural models of HBV
T based on HIV RT (Allen et al., 1998; Bartholomeusz et al.,
998; Das et al., 2001), although homology models may not be
ccurate due to low sequence homology between HIV and HBV.
ortunately, the active site residues of HBV-polymerase are highly
onserved in with respect to HIV RT (Bartholomeusz et al., 2004).
herefore HBV-polymerase-modeled structure can be utilized to
raw some useful conclusions. A similar right-hand structure (fin-
ers, palm, and thumb subdomains) was assigned for the modeled
tructure of HBV-polymerase with respect to HIV RT (Fig. 2a).
he catalytic site residues are highly conserved (Bartholomeusz
t al., 2004) and is responsible for polymerase residue-
ecognition with the template, primer or an incoming nucleotide
nalog.

In our molecular modeling studies, we focused our attention
n highly conserved regions surrounding the binding site of natu-
al substrate thymidine triphosphate (TTP). The initial modeling of
TP highlighted its binding mode in the active site of wild-type
BV-polymerase (Fig. 2b). Some of the important non-covalent

nteractions (Table 2) that stabilize the complex (HBV-poly-DNA-
TP) and required for any molecule to fit into the active-site
o behave as a perfect mimic of incoming natural nucleoside
TTP) are shown in Fig. 2b. The strong hydrogen-bonding net-
ork between the triphosphate moiety with HBV-polymerase

esidues (S85, A86, A87) is conserved for all nucleoside reverse
ranscriptase inhibitor-triphosphates (NRTI-TPs) and natural

ucleosides.

Fig. 2b also focuses on the two-metal-ion (Mg2+) mechanism
Steitz, 1998) for facilitating the 3′O− attack on the �-phosphate
ith help of the conserved catalytic residues D83 and D205 for

he addition of TTP to the primer (+1) for DNA chain elonga-

TP in HBV-polymerase based on Fig. 2b (dTTP-binding)

enine of DNA–template
id distance ∼4 Å) with the guanine base of DNA–primer (+1) nucleotide

Mg2+ is responsible for dNTP addition to the DNA–primer (+1) for chain elongation
ith residues S85, A86 and A87
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ig. 2. (a) HBV-polymerase (model structure) with DNA double strand (primer and
ode of TTP (thymidine triphosphate) in the active site showing 2′-exo conform
NA–primer (+1), base pairing with DNA–template by H-bond (green dashed lin

eferences to colour in this figure legend, the reader is referred to the web version o

ion. Table 2 clearly describes the strong interaction (recognition
lements) that may be the minimum criteria for any nucleoside
nalogs to become NRTIs or a potential drug candidate. A recent
odeling study reveals the role of 3′-OH group in entecavir (3) to

orm the H-bond with the backbone of F88 (NH) (Langley et al.,
007). In addition, entecavir (3) showed other conserved interac-
ions as mentioned in Table 2, and these structural features make
ntecavir a perfect mimic of natural substrate.

The NRTIs for HIV or HBV include those compounds, which
an mimic endogenous pyrimidine or purine nucleosides, and all
f them are required for an intracellular phosphorylation to their
riphosphate form. The first phosphorylation step is often con-
idered as rate limiting, which is dependent on deoxynucleoside

inases, such as thymidine kinase, deoxycytidine kinase (dCK),
nd deoxyguanosine kinase (dGK). Deoxycytidine kinase does not
iscriminate between the enantiomeric (d and l) forms of sub-
trates and is able to phosphorylate l-nucleosides (Krishnan et al.,
003).

s
C
R
S
o

late) and natural nucleoside, highlighting the position of catalytic site. (b) Binding
of ribose, H-bonding (green dashed line), stacking (centroid distance = 4 Å) with

catalytic residues D83, D205 with two Mg2+ cations. (For interpretation of the
rticle.)

In view of this, we conducted our molecular modeling cal-
ulations based on the triphosphate-form of NRTIs. The aim of
resent molecular modeling study is to elucidate the structural fea-
ures of HBV-polymerase in terms of qualitative and quantitative
hanges conferred by B and C domain mutations (3TC; lamivudine-
ssociated resistance: rtL180M and rtM204V/I) on the binding of
ifferent class of anti-HBV nucleosides (1–5).

. Methods

HBV-polymerase model has been constructed and refined
ccording to the previously reported method (Das et al., 2001;
hong and Chu, 2002; Yadav and Chu, 2004) using the crystal

tructure of HIV RT (PDB code: 1RTD) (Huang et al., 1998). The
omposer Module of Sybyl 7.1 (Tripos Inc., 1699 South Hanley
d., St. Louis, MO 63144, USA) and Prime Module of Schrödinger
uite 2006 (Schrödinger Inc. LLC, New York, NY) have been used to
btain the HBV-polymerase model structure. The natural substrate
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Table 3
Multi-ligand bimolecular association with energetics (eMBrAcE) calculation of dCTP
and 3TC after induced fit docking and minimization in wild-type HBV-RT

Compound Energy difference results (�E: kJ/mol)

Electrostatic VdWa Total �Eb

dCTP −5567.0 229.0 −351.9 −8.1
Lamivudine triphosphate

(3TC-TP)
−5018.9 126.3 −360.0
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Fig. 3. Natural substrate (a: dCTP) and 3TC (b: 3TC-TP binding mode in wild-type
HBV-polymerase (wt-hbv): two conserved aspartic-acid (D83 and D205) with two-
metal-ion (Mg2+) in pink color; residues N236, S85, A86, and A87 responsible for
p
M
s
i

t
(

The induced fit docking (IFD) was run from the Maestro 8.0

F
o

a van der Waals interaction.
b �E = energy difference in comparison to dCTP.

hymidine triphosphate (TTP) and short chain of template–primer
uplex (7/4) along with two Mg2+ cations were placed on the
onserved active site of HBV RT polymerase according to HIV RT
rystal structure (1RTD). The HBV-polymerase model was sub-
ected for 500 ps molecular dynamics using OPLS 2005 force field
Macromodel 9.1, Schrödinger Inc., LLC) to confirm the stability
f the HBV-polymerase model. The above model was then man-
ally inspected for accuracy in the �2 dihedral angle of Asn and His
esidues and the �3 angle of Gln, and rotated by 180◦ when needed
o maximize hydrogen bonding. All Asp, Glu, Arg, and Lys residues
ere checked for their charged state. The corrected model of HBV-
olymerase in terms of proper bond order, hydrogen atoms and
harges was further subjected for a single run of minimization in
rotein preparation module of Maestro (Schrödinger, LLC) to relieve
ny clashes and also to optimize the overall structure ensuring the
hemical correctness of the starting structure. The minimization
as terminated when the RMSD reached a maximum value of 0.3 Å.

The starting ligand conformation of all the nucleoside triphos-
hates were obtained after performing a 5000 steps of Monte Carlo
onformational search using Macromodel 9.1 (Schrödinger, LLC).
he MMFFs force field has been used for the conformational search
ith GB/SA continuum water solvation model. This was followed by

he Polak–Ribiere Conjugate Gradient (PRCG) energy minimization
f 5000 steps or until the energy difference between subsequent
tructures was 0.05 kJ/mol.

The heterocyclic moiety of the fifth nucleotide in the template
as modified to the appropriate base complementary (A–T, G–C)
o the incoming nucleotide required for DNA–primer elongation.
he HBV-polymerase model contains TTP in the active site, there-
ore, the induced fit docking protocol (Sherman et al., 2006) has
een used to obtained the model structure of natural nucleoside

(
i
t
s

ig. 4. Superposition study of 3TC-HBV and dCTP–HBV complex after flexible docking, sh
f lamivudine triphosphate (3TC-TP) in the active site in comparison to dCTP. [Only mainf
hosphate interaction are shown in gold color. Residues A87, F88, P177, L180 and
204 responsible for hydrophobic interaction and also for proper positioning the

ugar ring are shown in green color. (For interpretation of the references to colour
n this figure legend, the reader is referred to the web version of the article.)

riphosphates (CTP, ATP, GTP and TTP) and anti-HBV compounds
1–5) for a comparative study.
Schrödinger, LLC) graphical user interface. In the first stage of
nduced fit docking protocol, Glide 4.0 (Schrödinger, LLC) was used
o generate 20 initial poses through softened-potential docking
tep, which enabling tolerance of more steric clashes than in a nor-

owing the different orientation of M204 to accommodate shifted oxathiolane ring
rame of the triphosphate (P�–O–P�–O–P�) showed for the sake of clarity].
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al docking run. The SP scoring function was used in all docking
tages. Further in the second stage, a full cycle of protein refine-

ent was performed through the Prime 1.5 modules (Schrödinger,

LC) to judge the active site conformational change around 5 ´̊A of
he initial poses. The side-chains, as well as the backbone and lig-
nd, underwent subsequent energy minimization using OPLS 2001

G

L
t

ig. 5. (a) M204 residue of HBV-polymerase oriented towards sugar of dCTP and 3′-OH of
3TC-TP) binding mode showing different orientation of M204 and slight shifting of F8
xathiolane ring. (c) Sulphur-atom of oxathiolane ring of 3TC-TP utilizes the small backsi
triphosphate moiety not shown for the sake of clarity]. (For interpretation of the referen
rticle.)
earch 80 (2008) 339–353 343

orce field and Prime’s implicit solvent model. After successful
ctive-site modification, refinement by prime and re-docking by

lide, (Halgren et al., 2004) the model structure has been generated.

Finally, the eMBrAcE module (MacroModel, v9.1, Schrödinger,
LC) has been used to determine the binding energy differences
hrough minimization using MMFFs force field. All the calculations

dCTP forming H-bond with the backbone (NH) of F88. (b) Lamivudine triphosphate
8 in comparison to dCTP binding mode to allow the proper accommodation of

de hydrophobic pocket formed by A87, F88, P177, L180 and M204 residues (green).
ces to colour in this figure legend, the reader is referred to the web version of the
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ere performed with GB/SA continuum water solvation model.
uring eMBrAcE minimization, residues further away by more than
6 Å from the nucleoside-binding site were frozen and residues
rom 6 Å to 16 Å were constrained by harmonic constraints. Only
esidues inside a 6-Å sphere from the nucleoside triphosphate were
llowed to move freely. Minimization calculations were performed
or 5000 steps or until the energy difference between subsequent
tructures was 0.05 kJ/mol. The above calculations (eMBrAcE) pro-
ided total energy difference (�Etotal = Ecomplex − Eligand − Eprotein),
hich has been used for the comparative binding energy study as

hown in tables.
Various mutants (L180M, M204V, M204I, L180M + M204V and

180M + M204I) of HBV-polymerase were generated using builder
odule of Maestro (Schrödinger, LLC) and were subsequently sub-

ected for all the modeling calculations as described above.

. Results and discussion

.1. Lamivudine (3TC) in wild-type HBV-polymerase

The extensive use of lamivudine (or 3TC) [(−)-�-l-2′-3′-
ideoxythiacytidine] (1) for the treatment of chronic HBV infection
esulted in the emergence of resistant mutants (24% after a 1-
ear therapy, while increased to 70% after 4 years of monotherapy)
Leung, 2001; Lai et al., 2003a; Bottecchia et al., 2008). 3TC is a cyto-
ine analog; therefore we performed molecular modeling studies
f 3TC with respect to the natural substrate deoxycytosine triphos-
hate (dCTP) for their binding mode in order to understand the
etail molecular mechanism of the resistance.

Fig. 3a shows the overall binding mode of dCTP in HBV-
olymerase and it clearly indicates the similar pattern of binding
ode, which is previously explained in the Fig. 2b and Table 2

TTP-binding mode). The cytosine base of dCTP has stacking inter-
ction with the DNA–primer (+1) (gray) and the base-pairing with
NA–template (gray) as shown in Fig. 3a. The two-metal ion mecha-
ism (pink) is required for the DNA elongation and the triphosphate

ositioning is mediated by the interaction with S85, A86 and
87 residues (gold). The residues A87, F88, P177, L180 and M204

Fig. 3) are not directly involved with dCTP binding. However these
esidues are playing a crucial role in the recognition (Wilchek et al.,
006) of NRTIs for their binding affinity by altering hydrophobic

a
i
p

a

able 4
ulti-ligand bimolecular association with energetics (eMBrAcE) calculation of lamivud
inimization in mutant HBV RT

utant strain HBV-polymerase Energy difference results (�E: kJ

Electrostatic

180M
dCTP −5118.0
3TC-TP −5009.8

204V
dCTP −5094.6
3TC-TP −5026.4

204I
dCTP −5229.5
3TC-TP −5149.7

180M − M204V
dCTP −5282.9
3TC-TP −5223.2

180M − M204I
dCTP −5261.9
3TC-TP −5166.5

a van der Waals interaction.
b �E = energy difference (−: favorable, +: worse) in comparison to dCTP.
earch 80 (2008) 339–353

nd other non-covalent interactions (Williams et al., 2004). Further,
180 and M204 are important for detailed structural investigation
s they are associated with the mutation during lamivudine (3TC)
herapy.

3TC (1) is a cytosine analog with a l-oxathiolane ring, while
CTP is a cytosine analog with d-ribose. Therefore, these com-
ounds are structurally different, and 3TC should not be expected
o fit in the HBV-polymerase in exactly the same way as that of
CTP. In view of these differences, we used a recently developed

nduced fit methodology in place of rigid docking (McGovern, 2007)
y Schrödinger that has wide applications (Sherman et al., 2006)
o handle the receptor flexibility for a conformationally different
igand.

The binding mode of 3TC, obtained through successful induced
t docking followed by minimization, shows that it occupies the
ctive site properly and shows all the necessary interactions as
entioned in Table 2. The position of oxathiolane ring has been

lightly shifted towards the DNA–primer nucleotide in compari-
on to ribose moiety of dCTP. Due to the absence of a 3′-OH group,
TC looses one hydrogen-bond with the backbone (NH) of F88
ausing shifting of F88 towards the oxathiolane ring of 3TC. This
hifting of F88 enhances arene interaction (H. . .� interaction) with
he oxathiolane ring. The structural studies clearly reveals that l-
onfiguration, presence of a sulphur atom and absence of 3′-OH
roup in 3TC enforces M204 and F88 to adopt different confor-
ation in comparison to the dCTP binding mode as shown in

igs. 4 and 5.
Binding mode of dCTP and 3TC in wild-type HBV-polymerase

uggests that 3TC can accommodate perfectly in the active site due
o induced fit movement of M204, which allows inward shifting of
xathiolane ring of 3TC (Fig. 4). Structural studies also suggest the
mportant role of F88 residues to provide stability by stacking with
he ribose/pseudo-ribose ring of incoming nucleotide in the active
ite of HBV-polymerase.

Thus, it is clear that 3TC has structural features to accommo-
ate in the HBV-active site, which leads to significant activity

gainst wild-type HBV-polymerase. Energy calculations are shown
n Table 3 for 3TC in comparison to dCTP for wild-type HBV-
olymerase.

The result of the energy correlations justifies the significant
ctivity of 3TC in comparison to dCTP. Favorable van der Waals

ine triphosphate (3TC-TP) in comparison to dCTP after induced fit docking and

/mol)

VdWa Total �Eb

189.2 −412.3 50.7
126.9 −361.6

194.2 −411.3 36.0
127.9 −375.3

186.1 −426.5 79.8
135.6 −346.7

193.8 −424.6 55.6
133.0 −369.0

188.6 −435.5 94.0
136.5 −341.5
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nergy for 3TC in wild-type HBV-polymerase arises by the occu-
ation of the sulphur atom and shifting of the oxathiolane ring into
he hydrophobic pocket as shown in Fig. 5c. The loss of electrostatic
nteraction in 3TC can be explained by missing one H–bond (Fig. 5a
nd b) due to absence of the 3′-OH group. Overall, the total energy
ifference is consistent with the in vitro anti-HBV activity of 3TC
gainst wild-type HBV (Table 1). It is concluded that the significant
ctivity of 3TC against wild-type HBV-polymerase is a direct out-
ome from the flexibility of M204 (induced fit effect) that allow 3TC
o fit into the active site. Consequently, the long-term clinical use of
TC to treat HBV-infected patients enforces virus to mutate M204
o develop 3TC-resistant HBV.

.2. Lamivudine (3TC) in mutant HBV-polymerase
Four major mutational patterns (M204V, M204I,
180M − M204V and L180M − M204I) of 3TC-resistant HBV
ith significant reduced antiviral activity are observed in patients

Table 1), while individuals with L180M mutation show only
.7-fold resistance. The present molecular modeling study shows

m
s
r
o
(

ig. 6. (a) Binding mode (3TC-TP in L180M HBV) showing the loosing of one methyl contri
BV (red; L180). (b) Binding mode (3TC-TP in M204V HBV) showing possible steric clash d
ode of 3TC-TP in M204V showing partial steric clash by van der Waal’s surface area. d) B

urface area resulting further unfavorable forward movement of 3TC in comparison to wil
eader is referred to the web version of the article.)
earch 80 (2008) 339–353 345

he significant binding energy differences between dCTP and 3TC
n mutant HBV-polymerases. Consequently, 3TC looses the binding
ffinity with all five mutants in comparison to natural substrate
CTP as shown in Table 4.

L180 residue is not interacting directly with 3TC, but one of its
ethyl group is oriented towards the small hydrophobic pocket

ormed by the residues A87, F88, P177, L180 and M204 (Fig. 5c).
n case of L180M HBV, the resulting M180 is oriented away from
he hydrophobic pocket and looses the participation of one methyl
roup (Fig. 6a). This may be the reason for the modest resistance
rofile of 3TC (1.7-fold, Table 1) by the L180M mutation.

The shifting of oxathiolane ring of 3TC utilizes the small
ydrophobic pocket due to induced fit orientation of M204 (Fig. 4).
n M204V HBV, shifting of oxathiolane ring is disfavored due to
ulkiness of branched residue V204 (Fig. 6b and c), which ulti-

ately leads to an 18-fold resistance (Table 1). It is obvious that

ubstitution of M204 to I204 (Isoleucine: more bulky group) will
educe the binding affinity in several folds by enforcing the oxathi-
lane ring forward to a non-binding mode of 3TC in M204I HBV
Fig. 6d).

bution in small hydrophobic pocket of L180M HBV (green) in compare to wild-type
ue to bulky V204 (green) in comparison to wild-type HBV (M204; red). (c) Binding
inding Mode of 3TC-TP in M204I showing extensive steric clash by van der Waal’s

d-type HBV. (For interpretation of the references to colour in this figure legend, the
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Fig. 8. (a) Binding mode of dATP in wild-type HBV shows H-bond with 3′-OH with
NH of F88 residues and stacking support by phenyl (F88) to the sugar ring of dATP. (b)
Binding mode of adefovir-TP with superposition of dATP showing the same position
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ig. 7. Binding mode of 3TC-TP in L180M + M204I mutant HBV. [Only mainframe of
he triphosphate (P�–O–P�–O–P�) showed for the sake of clarity].

Energetic results in Table 4 clearly indicates a significant low
inding affinity of 3TC-TP (�E = −346.7 kJ/mol) in comparison to
CTP (�E = −426.5 kJ/mol) in M204I HBV. From above structural
tudies, it is obvious that the dual mutations L180M + M204V or
180M + M204I will not allow the movement of sugar or the oxathi-
lane ring backwards and restrict the utilization of hydrophobic
ocket for favorable binding of 3TC. In this regard the binding mode
f 3TC in dual mutant HBV (L180M + M204I) shown in Fig. 7, shows
he poor stacking of oxathiolane ring with F88 and steric clash
etween I204 and 3TC.

.3. Adefovir (ADV, 2) in wild-type and mutant HBV-polymerase

Adefovir (2, Fig. 1) is an acyclic adenosine analog, and in this
tudy its binding mode has been investigated in comparison to the
atural substrate, dATP. The molecular modeling studies of ade-

ovir in wild-type shows that adefovir is occupying the active site
n a similar way as natural substrate dATP (Fig. 8), while its open
hain is oriented away from the small hydrophobic backside pocket
residues A87, F88, P177, L180 and M204).

The binding mode study clearly indicates that adefovir may
ot be affected by the 3TC-associated mutation, which supports
he experimental findings regarding the resistance profile of ade-
ovir. Further, the empirical energy calculations (Table 5) reveal that
defovir has better binding affinity in comparison to dATP with
he wild-type as well as the 3TC-associated mutant HBV (L180
nd M204V). However, it did not provide a quantitative correla-
ion with in vitro activity of adefovir against M204I and the dual

utant. These discussions indicate the pitfalls of the modeling
o predict an ideal structural model, which can provide quantita-
ive correlation with biological results. It is well known that the
mpirical calculations may have uncertainties due to a slight con-
ormational difference (Tirado-Rives and Jorgensen, 2006) in the
omplex-enzyme model. Taken together, these results support the
etter profile of adefovir resistance and its potency as an anti-HBV
gent.
.4. Entecavir (ETV, 3) in wild-type and mutant HBV-polymerase

The result from entecavir modeling explains its higher potency
n comparison to other NRTIs (Table 6). Entecavir forms all the net-

u
m
s
t
n

orward side and it is not affecting or interacting with backside residues such as
180, M204, etc. [Only mainframe of the triphosphate (P�–O–P�–O–P�) showed for
he sake of clarity].

ork of H-bonds and interactions with the active site residues,
hich was observed in the case of natural substrate dGTP (Table 2).

ntecavir occupies the active site in a similar way as dGTP with
o shifting of carbocyclic ring in comparison to the sugar ring of
GTP (Fig. 9a). The exocyclic alkene of ETV occupies the backside
ydrophobic pocket near the M204 residue and above the para
osition of F88 (Fig. 9a).

This result indicates that there is no induced fit movement of the
204 residue as was observed in the case of 3TC (Fig. 4). Presence

f the 3′-OH group and above described natural substrate dGTP-
imic properties support the previous experimental and modeling

tudies (Langley et al., 2007), which showed ETV is a chain termi-
ator through the incorporation into DNA, followed by the abortive
echanism of ETV-containing DNA.
Further molecular modeling studies have been carried with

TC-resistant HBV to investigate the active site interactions to

nderstand the resistant profile of ETV. The 3TC-associated L180
utant disfavors the shifting of oxathiolane ring, while there is no

ignificant movement of the carbocyclic ring of ETV in comparison
o dGTP (Fig. 9a). Thus, it is obvious that the L180M mutation will
ot affect on its binding to the active site. In addition, the mutant
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Table 5
Multi-ligand bimolecular association with energetics (eMBrAcE) calculation of adefovir triphosphate (ADV-TP) in comparison to dATP after induced fit docking and mini-
mization in HBV-polymerase

HBV-polymerase Energy difference results (�E: kJ/mol)

Electrostatic VdWa Total �Eb

Wild-type (WT)
dATP −5133.1 217.9 −386.9 −33.7
ADV-TP −5235.5 187.3 −420.6

L180M
dATP −5005.3 168.8 −410.8 −12.2
ADV-TP −5193.9 179.3 −423.0

M204V
dATP −4983.9 174.1 −407.9 −20.7
ADV-TP −5062.9 176.9 −428.6

M204I
dATP −5247.0 167.2 −431.9 11.0
ADV-TP −5194.8 172.8 −420.9

L180M − M204V
dATP −5300.7 175.7 −429.5 14.1
ADV-TP −5257.1 180.6 −415.4

L180M − M204I
dATP −5278.2 169.5 −431.7 8.4
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ADV-TP −5217.8

a van der Waals interaction.
b �E = energy difference (−ive: favorable) in comparison to dATP.

204V does not affect much on the binding mode of ETV as well
Fig. 9b).

The mutation of M204 to V204 can result in only partial filling
f the small hydrophobic pocket which may be the reason for the
eduction of potency of ETV in M204V HBV RT (Table 1). Fig. 9c
hows a possible partial steric clash between the exocyclic alkene
nd the I204 residue, which supports the reduction of potency of

TV in comparison to M204V HBV. Despite of the partial steric clash,
here is no forward movement observed for the exocyclic sugar ring
f ETV as it was clearly observed in the case of 3TC (Fig. 6c). These
esults support the low level of cross-resistance to ETV, which is
onsistent with the experimental results and ETV-TP can still bind

3
H

c

able 6
ulti-ligand bimolecular association with energetic (eMBrAcE) calculation of entecavir
ization in HBV-polymerase

BV-polymerase Energy Difference Results (�E: kJ/mol)

Electrostatic Vd

ild-type (WT)
dGTP −5161.7 13
ETV-TP −5465.8 19

180M
dGTP −5010.2 17
ETV-TP −5009.4 16

204V
dGTP −4977.5 17
ETV-TP −4972.7 16

204I
dGTP −5233.9 16
ETV-TP −5277.4 18

180M − M204V
dGTP −5293.3 17
ETV-TP −5321.3 17

180M − M204I
dGTP −5267.1 17
ETV-TP −5297.6 18

a van der Waals interaction.
b �E = energy difference (−ive: favorable) in comparison to the dGTP.
74.7 −423.3

o the 3TC-associated mutant HBV. Empirical energy correlation
Table 6) did not provide us a quantitative correlation, but it reveals
hat there is no significant binding energy difference between natu-
al substrate (dGTP) and ETV in all of the five mutant HBV. Empirical
nergy supports the experimental evidence (Dienstag et al., 2007)
hat entecavir would be more potent than that of 3TC.
.5. Telbivudine (LdT, 4) in wild-type and mutant
BV-polymerase

Telbivudine triphosphate (LdT-TP) inhibits HBV-polymerase by
ompeting with the natural substrate, TTP (Bryant et al., 2001).

triphosphate (ETV-TP) in comparison to dGTP after induced fit docking and mini-

Wa Total �Eb

9.5 −366.8 −37.9
6.6 −404.7

3.7 −422.7 2.6
3.1 −420.1

9.7 −417.4 −10.3
3.3 −427.7

9.0 −429.9 −8.6
0.3 −438.5

9.5 −449.1 −3.0
0.7 −452.1

2.2 −438.5 1.0
5.0 −437.5
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Fig. 9. (a) ETV binding mode in WT HBV, superimposed with dGTP showing no shifting of sugar ring and there is no induced fit movement of M204. (b) ETV binding mode
in M204V HBV: exocyclic alkene of ETV oriented towards mutated residue V204 (green) showing no significant steric clash. The exocyclic alkene moiety may loose favorable
hydrophobic interaction in the backside pocket due to mutation of M204 to V204. (c) M204I mutant shows partial steric clash between I204 and exocyclic alkene as shown
by van der Waal’s surface area. [Only mainframe of the triphosphate (P�–O–P�–O–P�) showed for the sake of clarity]. (For interpretation of the references to colour in this
fi
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gure legend, the reader is referred to the web version of the article.)

dT is not supposed to behave as a perfect mimic of the natural
ubstrate, as it looses some of the well-known interaction pat-
erns: H-bonding with F88 and stacking with primer base (Table 2).

molecular modeling study in wild-type HBV-polymerase indi-
ates the significant difference in the binding mode of LdT in
omparison to the natural substrate TTP (Fig. 10). But still it occu-
ies the active site and has a small binding energy difference
−346.2 kJ/mol) in comparison to TTP (−337.5 kJ/mol) as shown in
able 7.

In addition to the backward shifting, there is also an upward
hifting of the sugar ring of LdT in comparison to TTP (Fig. 10). This
pward shifting is due to the presence of 3′-OH, which is enforcing

he formation of a H-bond with the nitrogen of the guanine base
f DNA–primer (+1). Due to upward shifting of the sugar ring, the
204 residue is oriented below the sugar ring. This result indicates

hat LdT has a different binding mode in comparison to other l-
ucleoside such as 3TC and it does not enforce M204 residue to

i
i
t
o
a

dopt different conformation as previously observed in the case of
TC (Fig. 4).

LdT binding mode in the M204V, M204I and L180M are shown
n Fig. 11. The M204V mutation clearly reflects the loss of contri-
ution by one methyl group in the backside hydrophobic pocket
o interact with the sugar ring (Fig. 11a). Although LdT does not
ave any steric clash with 3TC-associated mutation M204V, but
his mutation alters the backside hydrophobic pocket. This alter-
tion reduces the favorable interaction of the ribose ring of LdT
n comparison to TTP and indirectly decreases the binding affinity.
his result supports the reduced potency of LdT in M204V HBV.

Modeling studies of LdT in M204I also clearly shows the signif-

cant differences in the binding pocket due to the M204 mutation,
n terms of position of the methyl group (Fig. 11b) and orienta-
ion of the methyl group of I204 residue (Fig. 11c). Positional and
rientation differences do not support the binding of LdT in the
ctive site of M204I HBV, and this result justifies the several-folds
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Fig. 10. Binding mode of LdT in wild-type HBV shows the shifting of sugar ring
towards backside small hydrophobic pocket in comparison to TTP (green). 3′-OH of
LdT, oriented towards base of DNA primer, while 3′-OH of TTP (green) forms H-bond
(
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cokinetic properties may be the reason for the unique antiviral
properties by clevudine. This hypothesis still remains to be investi-
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not shown) with NH of F88. [Only mainframe of the triphosphate (P�–O–P�–O–P�)
howed for the sake of clarity]. (For interpretation of the references to colour in this
gure legend, the reader is referred to the web version of the article.)

educed susceptibility of LdT in cell based assays. The binding mode
f LdT in L180M HBV (Fig. 11d) and the modeling studies indi-
ate the absence of one methyl group contribution in the backside
ydrophobic pocket causing reduced binding affinity. Therefore,
he dual mutation, L180M + M204V, can cause removal of the two

ethyl groups (Fig. 11a and d) from the backside hydrophobic
ocket. Consequently, LdT is no longer active in the dual mutant.
bove modeling discussion and energetic correlation (Table 7)

upport the fact that, LdT having significant activity in wild-type
BV (EC50: 0.2 �M), while reduced potency in 3TC-associated
utants.

g

(

able 7
ulti-ligand bimolecular association with energetics (eMBrAcE) calculation of telbivudin
ization in HBV-polymerase

BV-polymerase Energy difference results (�E: kJ/mol)

Electrostatic V

ild-type (WT)
TTP −4477.4 13
LdT-TP −4930.8 1

180M
TTP −4810.2 1
LdT-TP −4967.8 15

204V
TTP −4799.7 1
LdT-TP −4926.6 16

204I
TTP −4552.0 1
LdT-TP −4911.5 16

180M − M204V
TTP −4585.5 18
LdT-TP −4928.3 16

180M − M204I
TTP −4567.0 17
LdT-TP −4942.8 1

a van der Waals interaction.
b �E = energy difference (−ive: favorable) in comparison to TTP.
earch 80 (2008) 339–353 349

In summary, modeling studies also conclude that LdT (l-
ucleoside analogs) has a different binding mode in comparison
o 3TC (l-nucleoside analog) as well as natural nucleoside (TTP).
his study supports a slight difference in the resistance profile of
dT in comparison to 3TC.

.6. Clevudine (l-FMAU, 5) in wild-type and mutant
BV-polymerase

Clevudine is an orally active antiviral agent for the treatment of
hronic HBV that has been shown to be well tolerated and demon-
trated potent antiviral activity in clinical studies (Marcellin et
l., 2004; Lee et al., 2006; Yoo et al., 2007b). Clevudine has been
pproved for the treatment of chronic hepatitis B virus infection
n South Korea in 2006 and is currently undergoing Phase III clin-
cal trials in US and Europe. Recent phase III clinical trials for 24

eeks (Yoo et al., 2007a) at 30 mg clearly demonstrated the potent
nd sustained antiviral effects associated with sustained normal-
zation of alanine aminotransferase (ALT) levels. ALT normalization
as found well maintained during the post-treatment follow-up
eriod. Viral suppression was monitored for additional 24 weeks
fter withdrawal of the treatment and found the sustained antivi-
al effect, with 3.11 log(10) reduction at week 48 (Yoo et al., 2007b).
his sustained antiviral effect after discontinuation of the drug
akes this molecule as a unique antiviral agent in comparison to

ther approved anti-HBV agents. In addition, there was no evidence
ound for viral resistance during the 48 weeks treatment period in
BeAg-positive chronic hepatitis B. The plausible mechanism of

ustained viral suppression may attribute to the reduction of intra-
epatic cccDNA (Zhu et al., 2001). In addition, the immunological

actors might be another reason for a sustained anti-HBV activity.
hese combined mechanisms along with the favorable pharma-
ated to prove or disprove the unique antiviral efficacy of clevudine.
Clevudine is a l-nucleoside analog, having additional 2′-fluoro

beta) in comparison to LdT. Modeling studies has been carried out

e triphosphate (LdT-TP) in comparison to TTP after induced fit docking and mini-

dWa Total �Eb

8.8 −337.5 −8.7
51.9 −346.2

71.1 −400.9 59.7
0.6 −341.2

77.4 −398.6 44.7
0.4 −353.9

77.6 −371.0 28.5
6.5 −342.5

5.5 −383.6 26.2
0.7 −357.4

9.2 −374.5 32.5
67.0 −342.0
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Fig. 11. (a) Binding mode of LdT in mutant M204V HBV superimposed with M204 residue. (b) Binding mode of LdT in mutant M204I HBV superimposed with M204 residue
showing the different position and orientation of methyl group in wild-type and M204I HBV. (c) VdW surface showing the hydrophobic methyl group of I204 is oriented
towards hydrophilic group (3′-OH) of LdT and also showed the steric clash. (d) Binding mode of LdT in L180M HBV showing the absence of one methyl group in the backside
binding pocket of LdT due to mutation of L180 (red) to Met180 (green). [Only mainframe of the triphosphate (P�–O–P�–O–P�) showed for the sake of clarity]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of the article.)

Table 8
Multi-ligand bimolecular association with energetics (eMBrAcE) calculation of l-FMAU-TP in comparison to TTP after induced fit docking and minimization in HBV-polymerase

HBV-polymerase Energy difference results (�E: kJ/mol)

Electrostatic VdWa Total �Eb

Wild-type (WT)
TTP −4477.4 138.8 −337.5 −12.4
l-FMAU-TP −4653.8 153.7 −349.9

L180M
TTP −4810.2 171.1 −400.9 54.0
l-FMAU-TP −4668.1 151.3 −346.9

M204V
TTP −4799.7 177.4 −398.6 46.2
l-FMAU-TP −4632.2 159.7 −354.7

M204I
TTP −4552.0 177.6 −371.0 15.8
l-FMAU-TP −4916.6 171.8 −355.2

L180M − M204V
TTP −4585.5 185.5 −383.6 20.6
l-FMAU-TP −4922.5 153.3 −363.0

L180M − M204I
TTP −4567.0 179.2 −374.5 20.0
l-FMAU-TP −4936.4 170.5 −354.5

a van der Waals interaction.
b �E = energy difference (−ive: favorable) in comparison to TTP.
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Fig. 12. (a) Binding mode of l-FMAU-TP in wild-type HBV showing the similar bind-
ing mode and backward-upward shifting of sugar ring as previously described in the
case of LdT (Fig. 10). (b) Binding mode of l-FMAU-TP in L180M HBV. [Only mainframe
of the triphosphate (P�–O–P�–O–P�) showed for the sake of clarity].
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Fig. 13. (a) Binding mode of l-FMAU-TP along with mutant M204V residue showing neg
residues (dual mutant L180M + M204I HBV) showing the hydrophobic methyl group of M
absence of one methyl group in the hydrophobic pocket due to L180M mutation. [Only m
earch 80 (2008) 339–353 351

o understand the molecular basis for similarities and differences
ith respect to other potential anti-HBV agents. Energetic calcu-

ations (Table 8) showed that clevudine have a significant binding
nergy difference in wild-type HBV (−349.9 kJ/mol) in comparison
o the natural substrate TTP (−337.5 kJ/mol). However, this ener-
etic qualitative correlation does not fully support the outcome of
he clinical potency of clevudine.

The calculations (Table 8) in mutant HBV in comparison with
atural substrate (TTP) also support the lower potency of clevu-
ine in 3TC-associated mutants. The binding mode of clevudine
Fig. 12a) describes the backward and upward shifting of l-sugar
ing in the active site without affecting the neighboring amino-acid
esidue, which makes it suitable for wild-type HBV-polymerase.
areful examination of binding mode shows the unfavorable stack-

ng interaction of the thymine base of clevudine with the base of
NA–primer, resulting further a distorted base pairing interaction
ith DNA–template. These studies supports the fact that clevudine

s not a perfect mimic of natural substrate. This could be the rea-
on for non-competitive inhibition, without incorporation into the
rowing HBV-DNA chain (Balakrishna Pai et al., 1996). This also
ight be the reason for the high genetic barrier, which lower the

hance for the emergence of viral resistance during clevudine ther-
py.

As in the case of L180M, there is absence of a methyl group in the
ackside hydrophobic pocket (Fig. 12b). This mutation decreases
he binding affinity of clevudine. The M204 residue orients towards
he lower hydrophobic pocket as clevudine binds to the active site
ith the upward shifting of ribose ring. Due to this fact, M204V
utation may not affect heavily in terms of steric clash (Fig. 13a) as

t was observed the case of 3TC. These modeling results support the
etter activity profile of clevudine in comparison to 3TC in M204V.

A further binding mode study reveals a steric clash in case of
204I HBV due to the unfavorable position and orientation of a
ethyl group (Fig. 13b) of I204 residue. This could be the reason

or the several folds reduced susceptibility of clevudine in M204I as

ell as in dual mutant L180M/M204I. Accordingly, the dual muta-

ion L180M + M204V can cause the removal of two methyl groups
rom the backside hydrophobic pocket, and consequently, clevu-
ine is no longer active in this dual mutant.

ligible steric clash. (b) Binding mode of l-FMAU-TP along with M204I and L180M
204I is oriented towards hydrophilic group (3′-OH) of l-FMAU-TP. In addition, the
ainframe of the triphosphate (P�–O–P�–O–P�) showed for the sake of clarity].
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. Summary

The molecular modeling studies revealed significant informa-
ion about the positioning of different class of molecules in the
ctive site of wild-type and 3TC-associated mutant HBV. The
xathiolane ring of 3TC showed backward shifting into the small
ydrophobic pocket causing M204 induced fit movement, which is
he reason for a significant potency of 3TC in the wild-type HBV.
his induced fit movement of M204 residue ultimately leads to
204 mutation that is associated with 3TC treatment. There was

o acyclic ring shifting observed for adefovir that is the possible
eason for significant potency of adefovir against 3TC-associated
utants. Entecavir also did not show any backward shifting, but

xocyclic double bond occupies the backside small hydropho-
ic pocket (made by residues A87, F88, P177, L180 and M204).
he higher potency of entecavir in wild-type as well as in 3TC-
ssociated mutant in comparison to 1, 2, 4 and 5 could be due
o additional hydrophobic interaction and mimicking of natural
ubstrate. LdT showed backward shifting along with upward move-
ent of sugar ring in comparison to natural substrate. Upward

hifting favors the binding of LdT without enforcing M204 for
nduced fit effect, and also helps in binding to mutant M204V HBV,

hile M204I does not support LdT binding due to steric clash. Cle-
udine showed similar binding mode as described in LdT. Backward
hifting along with upward shifting of the fluoro-containing sugar
n clevudine, makes this molecule as an effective non-competitive
nhibitor of HBV, without being incorporated into the growing HBV-
NA chain.

We investigated the molecular basis of drug resistance of
linically effective anti-HBV agents in terms of similarities and
ifferences in the active site of wild-type and mutant HBV-
olymerase. Although the present studies, may not fully explain
uantitatively, it highlighted the structural aspect for the mecha-
ism of anti-HBV compounds against wild-type and mutant HBV.
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