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Abstract

The mutation and resultant adaptability of HIV-1 reverse transcriptase (RT) present a major challenge to the design of the effective
antiviral strategies because many initially potent drugs lose efficacy over time. Even though there is an urgent need for a comprehensive
understanding of the molecular mechanism of anti-HIV drug resistance by mutant RTs, the unavailability of the structural information
of the mutant RTs has prevented detailed investigations. In this study, the active site of the 3TC-resistant (M184V) RT is constructed by
a computational method, which clearly shows that the side chain of Val184 occupies the binding site for the nucleoside triphosphates.
Therefore, the distance between the side chain of Val184 and the sugar moiety of the nucleoside triphosphate must be closely related to
the cross-resistance by M184V RT. The natural substratefedkyribo nucleoside triphosphates, escape from the steric stress from the
bulky side chain of Val184 by virtue of the-sugar conformation as well as the interaction of it©81 group with Tyr115, which locates
the nucleoside triphosphate out of the clashing distance from Val184. Similarly, the energy-minimized structures ob\@gicrokane
nucleoside triphosphates (TP)/RT complexes indicate thai-tfiexolane sugar moiety acquires enough distance from Val184 due to the
specific interaction of its’3oxygen atom with the nearby enzyme residues such as Tyr115 and Arg72.
© 2004 Published by Elsevier B.V.
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1. Introduction various p-dioxolane nucleoside triphosphates (thymine,
5-fluorocytosine and guanosine derivatives), which are ac-

Concerns about the development of viral resistance tive against M184V RT were docked into the active site

to 3TC (Kavlick et al., 1995; Tisdale et al., 19p®ave of the computer-generated M184V RT, and the resulting

prompted the discovery of structurally related nucleosides complexes were energy-minimize@t{ong et al., 2002a)b

with antiviral activity against HIV isolates containing the Molecular modeling studies indicate that, unlike other nu-

3TC resistance mutation. Since the discoverg-oioxolane cleosides cross-resistant to M184V RT, thedioxolane

guanosine and its prodrug;ydioxolane 2,6-diaminopurine  nucleosides are able to escape the stress of Vall84 by ad-

(DAPD or amdoxovir), which are active against AZT- as justing their conformations with no energy costs. Also, the

well as 3TC-resistant mutantsG@ et al.,, 1999; Furman  3'-oxygen atom of thev-dioxolane sugar moiety is critical

et al.,, 200}, nucleosides which have a dioxolane sugar in locating the nucleoside triphosphate away from Val184

moiety have been studied in the pursuit of new drug candi- by interacting with the active site residues of RT.

dates for anti-HIV therapy. Among the series of the nucleo-

sides, thymidine, 5-fluorocytidine and guanosine analogues

(Fig. 1) showed interesting and potent anti-HIV activity 2. Materials and methods

against 3TC-resistant mutant RTaple J). In this context,

it is of great interest to understand the characteristic role Al molecular modeling of the enzyme—substrate com-

of the dioxolane sugar moiety as well as the heterocyclic plexes was carried out using SYBYL 6.6 (Tripos Inc., St.

bases for the anti-HIV activity of thesedioxolane nucle- | ouis, MO), and the Monte Carlo conformational search

osides against 3TC-resistant mutant RT. For this purpose,(Chong and Chu, 2002of the p-dioxolane thymine was

performed by Macromodel 7.0 (Schrédinger, Inc. Portland,

* Corresponding author. Tek:1-706-542-5379; fax+-1-706-542-5381.  OR). The enzyme site of the enzyme-ligand complex was
E-mail address: dchu@rx.uga.edu (C.K. Chu). constructed as previously reportedhpong et al., 2002a)b
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Fig. 1. p-Dioxolane nucleosides active against M184V HIV-1 RT.

2.1. M184V HIV-1 RT

The crystal structure of the covalently trapped catalytic
complex of HIV-1 RT with TTP and primer—template du-
plex (PDB entry 1rtd) fluang et al., 1998was used as a

with its complementary base in the template strand by ad-

justing the torsional angles to those found in the X-ray struc-

ture Huang et al., 1998

2.3. Method

template to generate the three-dimensional structure of the

M184V RT. The residue Met184 was mutated to Vall184
in the biopolymer module in SYBYL 6.7. Hydrogen atoms

Gasteiger—Huckel chargésésteiger and Marsili, 1980;
Purcell and Singer, 19¢Avas given to the ligand with

were added to the mutated residue and the side chain wagormal charges £2) to two Mg atoms in the active site.

fixed. Gasteiger—Hickel charge&4steiger and Marsili,
1980; Purcell and Singer, 196And Kollman-All-Atom
charge Blaney et al., 1982; Wipff et al., 1983vere loaded

to the TTP and M184V RT, respectively, and the residues in-
side 6 A from TTP were annealed until energy change from
one iteration to the next was less than 0.05 kcal/raigng

et al.,, 2002a,b The annealed M184V RT-TTP complex
was fully minimized by using the Kollman-All-Atom force
field for 5000 iterations.

2.2. Nucleoside reverse transcriptase
inhibitors (NRTISs)

The initial Cartesian coordinates for each inhibitor were
generated based on the X-ray coordinatas-dfoxolane cy-
tosine Kim et al., 1992 or conformational analysis (3TC)
(Lee and Chu, 2001 The heterocyclic base was appropri-
ately modified before docking into the enzyme. Also, the
heterocyclic moiety of: + 1" nucleotide in template over-

hang was modified to the base complementary to the incom-

ing NRTIs. Thus, in 3TCTP and DXGTP modeling, the ade-
nine moiety which was in the original X-ray structure (1rtd)
(Huang et al., 1998was modified to guanine and cytosine,

respectively. The enzyme site and the inhibitor were merged

to form a catalytic complex and then the NRTI triphosphate
was situated in such an orientation that it could be paired

Then, Kollman-All-Atom charges Blaney et al., 1982;
Wipff et al., 1983 were loaded to the enzyme site from the
biopolymer option in SYBYL 6.6. Fluorine parameters were
obtained from the literatureSprnell et al., 1995; Dunitz and
Taylor, 1997 and MM2 parameters and put to the param-
eter files. In order to eliminate local strains resulting from
merging inhibitors and/or point mutations, residues inside
6 A from the merged inhibitors and mutated residues were
annealed Chong et al., 2002a)kuntil the energy change
from one iteration to the next was less than 0.05 kcal/mol
(hot region: 6A, interesting region: 12A). The annealed
enzyme—inhibitor complexes were minimized by using
Kollman-All-Atom force field Weiner et al., 1986 until

for 5000 iterations. The binding affinities of the examined
structures toward HIV-1 RT were estimated by means of the
relative binding energyH|, Table 1) between the inhibitor
triphosphate (3TCTPp-dioxolane thimidine triphosphate,
p-dioxolane 5-fluorocytidine triphosphate, or DXGTP)-RT
complex and the corresponding natural substrate (dGTP,
TTP or dCTP)-RT complex in the energy-minimized states
(Lee and Chu, 20Q1Chong et al., 2002a)b

2.4. Monte Carlo conformational search

The Monte Carlo conformational search mfdioxolane
thymine was performed in 5000-step, in the presence of

;ittJil\?ir;I activities of 3TC andb-dioxolane nucleosides against 3TC-resistant RT (M184V)

3TC p-Dioxolane T DXG p-FDOC

ECso? FI ECso? FI ECso? FI ECso° FI
WT 0.041 - 0.200 - 0.21 - 0.045 -
M184V >50 >1200 0.088 0.44 0.44 2.1 0.030 0.67

aCMB cells (16).
bPBM cells Chong et al., 2008
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GB/SA water model using MM3 force field (Macromodel) 3.2. M184V HIV-1 RT versus p-dioxolane nucleoside-TP
(Chong and Chu, 2002
Our molecular modeling study indicated tlatlioxolane
nucleoside triphosphates-RT complexes maintain the favor-

3. Results able binding modes through the interaction of ito8ygen
with active site residues such as Arg72 or Tyr115 depending
3.1. M184V HIV-1 RT versus 3TC-TP on the dioxolane sugar conformation’-¢hdo or 3-exo)

(Fig. 3. The calculated relative binding energies, based on

The computer-generated three dimensional structure ofthe minimized energy of enzyme-ligand complex, free en-
M184V RT has almost no difference from the wild-type zyme and ligandl(ee and Chu, 20QXhong et al., 2002a)b
(WT) RT even at the active site because, by simply rotating showed that thev>-dioxolane nucleoside triphosphates can
its side chain to the open NRTI binding site, the mutated bind to the WT as well as M184V RT with the same effi-
residue, Val184, can assume a stable conformation. As a re<ciency (Table 3. In WT RT, the energetically more stable
sult, the deoxyribose moiety of TTP is in close proximity 3-exo conformation ofp-dioxolane sugar moiety, which
to Val184 (3.3 A) but not enough to be sterically hindered can be found in the crystal structuremtlioxolane cytosine
(Fig. 29. However, even though the natural substrate such (Kim et al., 1992, locates its 3oxygen atom within hy-
as TTP can manage to fit into the active site without unfa- drogen bonding distance to the amide backbone of Tyr115
vorable steric hindrance, it is obvious that the approach of (Fig. 3. On the other hand, thé-8ndo conformation pulls
the sterically demanding Val184 into the NRTI binding site Arg72 into the nucleoside triphosphate binding site by the
significantly limits the conformation of the sugar moiety of interaction between thé-8xygen and-side chain of Arg72
the NRTI, which can be confirmed by the binding mode (Fig. 39. It is interesting that, even though every dioxolane
of 3TC triphosphateHig. 2b. For the sake of proper base nucleoside triphosphates was constructed based on the same
pairing with the complementary base in the template strand, crystal structure of dioxolane cytosine, the purine nucleo-
the unnatural-configuration of 3TC locates its oxathiolane side DXG prefers the’3xo conformationKig. 39 but the
sugar moiety at the upper open space of the NRTI binding pyrimidines such as dixolane thymine and 5-fluorocytosine
site in the WT RT, where Met184 contributes to the bind- (Fig. 39 prefer to have the’endo conformation. In M184V
ing of 3STCTP by an extended van der Waals contact to the RT, thymidine and guanosine analogues readily changed
oxathiolane sugar moiety of 3TCTIFi§. 2b. However, in their conformations in order to cope with the steric pressure
M184V RT, 3TCTP cannot be accommodated into the bind- on the active site by the bulky side chain of Val1&4g; 3b).
ing site, which is already occupied by the side chain of However, the 5-fluorocytosine derivative maintained its
Vall84 (Fig. 2b). conformation in M184V RT by virtue of another hydrogen

Met184
:Va |184

(a)

Fig. 2. (a) Val184 protrudes~(1.5A) its bulky side chain into the binding site of the nucleoside triphosphate of HIV-1 RT. Natural substrates, such as
TTP, manage to bind to the active site of M184V RT. (bNucleoside, such as 3TC, locates its sugar moiety at the upper open space of the NRTI
binding site, which is already occupied by Val184. Therefore, in M184V RT, 3TCTP cannot be accommodated into the binding site.
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Fig. 3. p-Dioxolane nucleoside triphosphates-RT complexes maintain the favorable binding modes through the interacti¢rorygendwith active site
residues such as Arg72 or Tyrl15 depending on the dioxolane sugar conformétemd@3or 3-exo). (a) WT RT, (b) M184V RT. (c) The contribution
of 3'-oxygen atom by interaction with the enzyme residues (Tyr115 and Arg72) enables the dioxolane sugar moiety to stay away from Val184.

-Ilz—z?c:einzcreases (FI) and the calculated relative binding energ@igg 6f 3TC andp-dioxolane nucleosides against 3TC-resistant RT (M184V)
3TC p-Dioxolane T DXG p-FDOC
FI2 Erel® (kcal/mol) FR Erel® (kcal/mol) FR Erel® (kcal/mol) FR Erel® (kcal/mol)
WT - 76.4 — 16.91 - 12.05 — 10.83
M184v >1200 —28.8 0.44 20.20 2.1 5.67 0.67 35.56

aFold increase.
bRelative binding energy: binding energy of NRTI triphosphate to-Riinding energy of dNTP to RT.
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Fig. 4. Conformational search ofdioxolane thymine by Monte Carlo method in 5000 steps found the global minimurhexsd8 sugar conformation
(a), but the 3exo conformation (b) was only 0.4 kcal/mol less stable than the global minimum.

bonding between its 5-fluorine atom and Arg®g 3b. mensional structure of the catalytically competent HIV-1
Therefore, dioxolane 5-fluorocytosine derivative is strongly RT shows an open space at the active site enough to ac-
biased to 3endo conformer. In either way, the contribution commodate the.-configured sugar moietyHuang et al.,
of 3'-oxygen atom by interaction with the enzyme residues 1998. The computer-generated, energy-minimized model
(Tyrl15 and Arg72) enables the dioxolane moiety to stay of HIV-1 RT complexed with 3TCTP clearly shows that the
away from Vall84 Fig. 39. The conformational search of 3TCTP and TTP nucleoside ring configurations are enan-
p-dioxolane thymine by the Monte Carlo method in 5000 tiomeric, so that alignment of the triphosphates and bases
steps Chong and Chu, 2002ound the global minimum as  would cause the carbohydrate ring of tRe.-inhibitor to
the 3-endo sugar conformation with 28 hits, but tHeeRo project 1.5-2.0A further toward residue 184 than would
conformation (26 hits) was only 0.4 kcal/mol less stable than the ribose ring of TTP. As a result, in WT RT, Met184
the global minimum€Fig. 4). Therefore, the dioxolane sugar and thep-L-oxathiolane moiety of 3TC are in a very sta-
moiety is flexible enough to change its conformation de- ble extended van der Waals contact. Therefore, the most
pending on its environment to cope with the steric pressure significant difference between the interaction of wild-type
conferred by bulky side chain of Val184, which can explain HIV-1 RT and the 3TC-resistant mutant HIV-1 RT (M184V
the maintenance of its anti-HIV activity against the M184V RT) with deoxyribose an@-L-oxathiolane nucleoside in-
mutant. hibitors would be a very close contact between thg C
methyl of Val and the protruding oxathiolane ring. This
unfavorably close contact (1.8 A in M184V versus 3.3A in
4. Discussion wild-type, Fig. 29 would result in severe steric hindrance.
In this context, it is noteworthy that to date naconfigured
Among enzymes involved in the synthesis of nucleotides nucleoside has demonstrated antiviral activity against the
as well as DNA, some exceptions have been found to M184V RT.
the rule that only one of the enantiomeric forms of chi-  The steric pressure on the active site of RT conferred
ral molecules may bind effectively at the catalytic sites of by M184V mutation not only blocks the space where the
enzymes, displaying biological activity. These exceptions sugar moiety of the.-nucleoside resides, but significantly
include: herpes virus-1 TKs (HSV-1 TKBénnett et al.,  limits the conformation ob-nucleoside. The-2'-fluoro-4-
1993; Spadari et al., 1995cellular deoxycytidine kinase  thio-2,3-unsaturated nucleoside is a good example in this
(dCK) (Fu et al., 1998 mitochondrial deoxyguanosine ki- category because the cytidine nucleoside, potent against
nases (dGK), and HIV-1 reverse transcriptagangaguchi WT RT, shows high cross-resistance to M184V Rhéng
et al., 1994; Focher et al., 1995; Van Draanen et al., 1992 et al., 2002a,b As its 4-oxa derivative,p-2'-fluoro-2,3-
Recent findings have indicated that sevedal-nucleoside unsaturated nucleoside, is known to maintain its antiviral
analogues exhibit potent antiviral activity against both hu- activity against M184V RT, the characteristic mecha-
man HIV and HBV replication, accompanied by low host nism of resistance ob-2'-fluoro-4-thio-2,3-unsaturated
cellular toxicity when compared to their corresponding nat- nucleoside is quite interesting. The energy-minimized
ural B-p-counterparts Goates et al., 1992; Furman et al., structure of the p-2-fluoro-4-thio cytidine/RT com-
1992, 199%. In order forL-nucleosides to be active against plex shows that, in spite of the same conformation of
HIV-1 RT, their L-ribose moieties should bind to the en- D-2'-fluoro-4-thio-2,3-unsaturated cytidine as that of its
zyme active site in an opposite orientation with respect to 4-oxa derivative, the steric hindrance with Val184 caused
the p-enantiomer l(ee and Chu, 2001 and the three di- by the longer C-S bond length as well as the larger van der
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valig4

Fig. 5. AZT (b), which has the same conformation as TTP (a), does not experience any cross-resistance to M184V Razidibeggup of AZT is
in the right position to interact with Tyr115 to hold the nucleoside triphosphate away from Val184.

Waals radius of the’4sulfur atom result in a deformation ~ Acknowledgements

of the active site Chong et al., 2002a)b Therefore, of

great structural interest was how thedioxolane nucleo- This research was supported by the U.S. Public Health
sides escape from the steric hindrance with the bulky side Service Grant (AI32351) from the National Institutes of
chain of Val184 in M184V RT. In every minimized struc- Health and the Department of Veterans Affairs.

ture of p-dioxolane nucleoside triphosphate/RT complexes,

the 3-oxygen atom ofp-dioxolane moiety was always

found to be in specific interaction with the nearby enzyme

residues regardless of its conformatidrigi 3), and the References

conformational analysis showed that the interconversion of

the dioxolane conformations can take place without sig- Bennett, L.L., Parker, W.B., Allan, P.W., Rose, L.M., Shealy, Y.F., Secrist
nificant loss of energy mg 4) The speciﬁc interaction Il, J.A., Montgomery, J.A., Arnett, G., Kirkman, R.L., Shannon, W.M.,
between the dioxolane moiety and the enzyme residues 1993. Phosphorylation of the enantiomers of the carbocyclic analog of

. . . 2'-deoxyguanosine in cells infected with herpes simplex virus type 1
effectively holds the nucleoside triphosphate out of the and in uninfected cells. Lack of enantiomeric selectivity with the viral

clashing distance with Val184~{g. 39. In this context, it thymidine kinase. Mol. Pharmacol. 44, 1258-1266.
is interesting that, in the crystal structure of TTP bound Blaney, J.M., Weiner, P.K., Dearing, A., Kollman, P.A., Jorgensen, E.C.,
to the WT RT, the 30H of TTP is in specific interaction Oatley, S.J., Burridge, J.M., Blake, C.C.F., 1982. Molecular mechanics

with its own triphosphate moiety as well as the nearby simulation of protein-ligand interactions: binding of thyroid hormone

. , analogs to prealbumin. J. Am. Chem. Soc. 104, 6424-6434.
enzyme residue Tyrl13{g. 29 (Huang et al., 1998 As Chong, Y., Chu, C.K., 2002. Understanding the unique mechanism of

Tyrl15 is located at the other side of the active site of RT | _FmauU (Clevudine) against hepatitis B virus: molecular dynamics

from Vall84, it is possible that the’-Bleoxy sugar moi- studies. Bioorg. Med. Chem. Lett. 12, 3459-3462.

ety of TTP can stay away from Vall84 by virtue of the Chong, Y., Borroto-Esoda, K., Furman, P.A,, Schinazi, R.F., Chu, CK,

interaction between’30H and Tyrl15. Also. AZT. which 2002a. Molecular mechanism of DAPD/DXG against zidovudine- and

has the same conformation as TTP, does not experience Iam_lv_udlne-drug resistant mutants: a molecular modelling approach.
) Antivir. Chem. Chemother. 13, 115-128.

any cross-resistance to M184V RIafder et al., 1996 In Chong, Y., Choo, H., Choi, Y., Matthew, J., Schinazi, R.F., Chu, C.K.,

our previous study, we have demonstrated that trezRio 2002b. Stereoselective synthesis and antiviral activity pe2’,3 -
group of AZT is in the right position to interact with Tyr115 didehydro-2,3-dideoxy-2-fluoro-4-thionucleosides. J. Med. Chem.
(Fig. 5 (Chong et al., 2002a)bOn the other hand, moder- 45, 4888-4898.
ate cross-resistance of ddl and ddC, which do not have anyChong, Y., Schinazi, R.F., Chu, C.K.,.2003. Abstr. 10th CROI, abstr. 611.

. . . . . . Coates, J.A.V.,, Cammack, N., Jenkinson, H.J., Mutton, I.M., Pearson,
fun_ctlonal_|ty on thel_r_sugar rings to interact with the enzyme B.A. Storer, R., Cameron, JM., Penn, C.R., 1992. The separated
residues in a specific manner to M184V RT, supports our  enantiomers of ‘2deoxy-3-thiacytidine (BCH 189) both inhibit hu-
claim. man immunodeficiency virus replication in vitro. Antimicrob. Agents

In summary, our molecular modeling study unequivo-  Chemother. 36, 202-205.
cally indicates that the functional-8xygen atom of the ~ Comell. W.D., Cieplak, P., Bayly, C.I, Gould, LR., Merz Jr, KM,
dioxolane moiety mimics the’2OH group of the natural Ferguson, D.M., Spellmeyer, D:C., Fox, T.., Caldwell, JW Ko!lman,
- : P.A., 1995. A second generation force field for the simulation of

substrate to hold the nucleoside triphosphate away from proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc. 117,

Vall84. 5179-5197.



Y. Chong, C.K. Chu/Antiviral Research 63 (2004) 7-13 13

acterization of HIV-1 isolated from patients receiving-)¢2',3-
dideoxy-3-thiacytidine. Antivir. Res. 28, 133-146.
Kim, H.O., Ahn, S.K,, Alves, A.J., Beach, J.W., Jeong, L.S., Choi, B.G.,

Dunitz, J.D., Taylor, R., 1997. Organic fluorine hardly ever accepts hy-
drogen bonds. Chem. Eur. J. 3, 89-98.
Focher, F., Maga, G., Bendiscioli, A., Capobianco, M., Colonna, F.,

Garbesi, A., Spadari, S., 1995. Stereospecificity of human DNA-
polymerasesx, -B, -y, -8 and €, HIV-reverse transcriptase, HSV-1
DNA-polymerase, calf thymus terminal transferase Batherichia coli
DNA-polymerase 1 in recognizing- and L-thymidine 3-triphosphate

as substrate. Nucleic Acids Res. 23, 2840-2847.

Van Roey, P., Schinazi, R.F., Chu, C.K., 1992. Asymmetric synthesis
of 1,3-dioxolane pyrimidine nucleosides and their anti-HIV activity. J.
Med. Chem. 35, 1987-1995.

Larder, B.A., Kemp, S.D., Harrigan, P.R., 1995. Potential mechanisim

for sustained antiretroviral efficacy of AZT-3TC combination therapy.

Fu, L., Liu, S.-H., Cheng, Y.-C., 1999. Sensitivity af-(—)2,3-
dideoxythiacytidine resistant hepatitis B virus to other antiviral nucle-
oside analogues. Biochem. Pharmacol. 57, 1351-1359.

Furman, P.A., Davis, M., Liotta, D.C., Paff, M., Frick, L.W., Nelson,
D.J., Dornsife, R.E., Wurster, J.A., Wilson, L.J., Fyfe, J.A., Tut-

Science 269, 696-699.

Lee, K., Chu, C.K., 2001. Molecular modeling approach to understanding
the mode of action of-nucleosides as antiviral agents. Antimicrob.
Agents Chemother. 45, 138-144.

Purcell, W.P., Singer, J.A., 1967. A brief review and table of semiempirical

tle, J.V., Miller, W.H., Condreay, L., Averett, D.R., Schinazi, R.F,,
Painter, G.R., 1992. The anti-hepatitis B virus activities, cytotox-
icities, and anabolic profiles of the—f and &) enantiomers of
cis-5-fluoro-1-[2-(hydroxymethyl)-1,3-oxathiolan-5-yl] cytosine. An-
timicrob. Agents Chemother. 36, 2686-2692.

Furman, P.A., Jeffrey, J., Keifer, L.L., Feng, J.Y., Anderson, J.S.,

Borroto-Esoda, K., Hill, E., Copeland, W.C., Chu, C.K., Sommadossi,
J.P., Liberman, I., Schinazi, R.F., Painter, G.R., 2001. Mechanism of
action of 18-p-2,6-diaminopurine dioxolane, a prodrug of the human
immunodeficiency virus type 1 inhibitor f-p-dioxolane guanosine.
Antimicrob. Agents Chemother. 45, 158-165.

Furman, P.A., Wilson, J.E., Reardon, J.E., Painter, G.R., 1995. The effect

of absolute configuration on the anti-HIV and anti-HBV activity of
nucleoside analogues. Antivir. Chem. Chemother. 6, 345-355.
Gasteiger, J., Marsili, M., 1980. Iterative partial equalization of orbital

parameters used in the Hickel molecular orbital method. J. Chem.
Eng. Data 12, 235-246.

Spadari, S., Ciarrocchi, G., Focher, F., Verri, A., Maga, G., Ar-

camone, F., lafrate, E., Manzini, S., Garbesi, A., Tondelli, L.,
1995. 5-lodo-2deoxyi-uridine and E)-5-(2-bromovinyl)-2-deoxy-
L-uridine: selective phosphorylation by herpes-simplex virus type 1
thymidine kinase, antiherpetic activity, and cytotoxicity studies. Mol.
Pharmacol. 47, 1231-1238.

Tisdale, M., Kemp, S.D., Parry, N.R., Larder, B.A., 1993. Rapid in

vitro selection of human immunodeficiency virus type 1 resistant to
3'-thiacytidine inhibitors due to a mutation in the YMDD region of
reverse transcriptase. Proc. Natl. Acad. Sci. U.S.A. 90, 5653-5656.

Van Draanen, N.A., Tucker, S.C., Boyd, F.L., Trotter, B.W., Reardon,

J.E., 19923-L-Thymidine B-triphosphate analogs as DNA polymerase
substrates. J. Biol. Chem. 267, 25019-25024.

electronegativity—a rapid access to atomic charges. Tetrahedron 36, Weiner, S.J., Kollman, P.A., Nguyen, D.T., Case, D.A., 1986. An all

3219-3228.
Gu, Z., Wainberg, M.A., Nguyen-Ba, N., L'Heureux, L., De Muys, J.M.,

atom force-field for simulations of proteins and nucleic-acids. J.
Comp. Chem. 7, 230-252.

Bowlin, T.L., Rando, R.F., 1999. Mechanism of action and in vitro  Wipff, G., Dearing, A., Weiner, P.K., Blaney, J.M., Kollman, P.A., 1983.

activity of 1',3'-dioxolanylpurine nucleoside analogues against sensitive
and drug-resistant human immunodeficiency virus type 1 variants.
Antimicrob. Agents Chemother. 43, 2376-2382.

Molecular mechanics studies of enzyme-substrate interactions: the in-
teraction ofL- and p-N-acetyltryptophanamide witk-chymotrypsin.
J. Am. Chem. Soc. 105, 997-1005.

Huang, H., Chopra, R., Verdine, G.L., Harrison, S.C., 1998. Structure of Yamaguchi, T., lwanami, N., Shudo, K., Saneyoshi, M., 1994. Chiral

a covalently trapped catalytic complex of HIV-1 reverse transcriptase:
implications for drug resistance. Science 282, 1669-1675.

Kavlick, M.F., Shirasaka, T., Kojima, E., Pluda, J.M., Hui Jr., F,
Yarchoan, R., Mitsuya, H., 1995. Genotypic and phenotypic char-

discrimination of enantiomeric’2leoxythymidine Striphosphate by
HIV-1 reverse transcriptase and eukaryotic DNA polymerases. Syn-
thetic nucleosides and nucleotides. Biochem. Biophys. Res. Commun.
200, 1023-1027.



	Molecular mechanism of dioxolane nucleosides against 3TC resistant M184V mutant HIV
	Introduction
	Materials and methods
	M184V HIV-1 RT
	Nucleoside reverse transcriptase inhibitors (NRTIs)
	Method
	Monte Carlo conformational search

	Results
	M184V HIV-1 RT versus 3TC-TP
	M184V HIV-1 RT versus d-dioxolane nucleoside-TP

	Discussion
	Acknowledgements
	References


