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Abstract: The causative agent of acquired immunodeficiency syndrome, HIV-1, depends on one of its enzymes, reverse
transcriptase, to copy its single stranded RNA genome into a double stranded DNA nucleic acid suitable for integration in
the host cell genome. In the last two decades, the advances in the knowledge of the kinetic mechanism of reverse
transcription and in the determination of the crystallographic structures for the complexes of the enzyme with substrates
and products were huge. However, all of this knowledge resulted in the design of RT inhibitors for which the virus, after a
short period of exposure, becomes less susceptible, due to the development of resistance. The development of resistance is
caused by the high frequency of viral mutation and the toxicity of those same drugs. Therefore, a closer look at all the
available information might shed some light into this subject and help to develop new strategies to overcome the lack of
long term clinical efficiency of these drugs. Here, we present a critical atomic level study of all the mutations that have
been detected and reported so far, as a reaction of the enzyme to counteract the action of the inhibitors.
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INTRODUCTION

Reverse transcriptase, RT, is a key enzyme in the life
cycle of HIV-1. The RT enzyme has three distinct catalytic
activities that enable it to convert the single-stranded RNA
genome of HIV-1 into double-stranded DNA suitable for
integration in the host cell genome [1]: 1) RNA-template
dependent polymerisation; 2) RNase H cleavage of the RNA;
and 3) DNA-template dependent polymerization.

The enzyme is a heterodimer of 66-kDa (p66) and 51-
kDa (p51) subunits. The former is derived from p66 by
proteolysis of the C-terminal region [2]. Both subunits have
four common domains termed palm, fingers, thumb and
connection due to their resemblance of the structures to a
hand [3]. P66 has also at the C-terminal portion a fifth
domain, the RNase H domain. Only p66 has a functional
polymerase active site. The function of p51 appears to be
only structural [4]. These features are illustrated on Fig. 1.

RT mediated polymerization begins with the enzyme’s
thumb subdomain in the ‘closed’ conformation. Binding of
the template-primer promotes an open thumb conformation
so that the enzyme can accommodate the nucleic acid (Fig.
2). After the formation of the RT.p/t complex, the dNTP
substrate binds in a two step process. The initial step in
dNTP binding forms a ternary complex (RT.p/t.dNTP), in
which the incoming dNTP base pairs with the corresponding
nucleotide in the template. The crystallographic structure of
this ternary complex has not been determined yet, however,
it is believed to have the fingers in an open configuration.

Afterwards, in a second step, a conformational change
occurs, whose kinetic studies have assigned to be the rate-
limiting step [5-11]. With the determination of the
crystallographic structure of the ternary complex [12], it was
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proposed that the mentioned conformational change was the
movement of the fingers subdomain, which originates an
active closed state (Fig. 2). In this conformation, the active
site residues become optimally aligned with respect to the
bound dNTP so that the chemical step can occur. The primer
terminus is positioned at the priming site (P-site), and the
incoming nucleotide binds at the nucleotide binding site (N-
site) (Fig. 2). Nucleophilic attack by the 3’-OH of the primer
terminus to the -phosphate of the incoming nucleotide
results in pyrophosphate release (PPi) and the formation of a
new phosphodiester bond. A new conformational change
should then be triggered, moving the fingers domain back to
the open conformation.

In processive synthesis, the p/t is then translocated to the
P site and new catalytic cycle begins.

Nucleoside reverse transcription inhibitors (NRTIS),
such as zidovudine (AZT), staduvine (d4T), zalcitabine
(ddC), didanosine (ddI), lamivudine (3TC), abacavir (ABC)
and tenofovir (PMPA) are currently used clinically to inhibit
retroviral replication (Fig. 3). After conversion to the active
triphosphate forms, analogs compete with the natural
nucleotides (dNTPs) for binding and incorporation in the
nascent viral chain. However until now, for each RT
inhibitor used in the treatment of AIDS, the virus developed
resistance mechanisms. This is due to the error prone nature
of RT, which is at least in part a consequence of the absence
of a 3’  5’ proofreading activity [13, 14]. Furthermore, the
long-term use of the approved drugs is also limited by
toxicity. A detailed understanding of the resistance
mechanisms of RT to NRTIs should facilitate the
development of more effective drugs.

It is known that all the RT mutations that are caused by
NRTIs promote the development of resistance by at least two
mechanisms: the discrimination of the nucleotide analog or
the repair of the analog terminated chain [15-18]. With the
current knowledge of the kinetic mechanism of DNA
polymerization, of the mutational patterns after drug
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administration, and with the determined crystallographic
structures of RT unliganded [19-25], with bound p/t [24, 26-
28] and with bound p/t and dNTP or NRTIs [12, 29-30]
some conclusions have been already drawn [16, 17, 24, 29].

In this article we review and discuss the proposed
mechanisms of RT-NRTI resistance. We also propose
alternative hypotheses based on the available structural and
kinetic data.

Fig. (1). A. RT is a heterodimer of the p51 (red) and p66 (blue) subunits. B. The monomers are subdivided in several domains termed palm,
fingers, thumb and connection. p66 has also a RNase domain.

Fig. (2). A. Scheme of the conformational changes on the enzyme during RT mediated polymerization. B. (left) The incoming nucleotide
first base pairs with the corresponding template base at the N-site. (right) In processive synthesis, after the chemical step, translocation
occurs leaving the incorporated nucleotide at the P-site.
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Fig. (3). Structure of the dTTP and of the currently approved
NRTIs.

1. DISCRIMINATION

Discrimination is reflected in the efficiency of
incorporation of the NRTI relatively to the normal substrate.
It can be achieved either through selective decreased binding
of the analog (reflected by an increase in the binding
equilibrium constant, Kd) or at the catalytic step of
incorporation of the analog into viral DNA (reflected by a
decrease of kpol value, the catalytic constant of incorporation
of the nucleotide analog into DNA).

Table 1. Mutations that Affect Reverse Transcriptase

Susceptibility to NRTIs

Drug RT resistance Mutations

3TC E44A/D, V118I, M184I/V

d4T E44A/D, V118I, L210W, V75T, TAMsa, Q151M resistance
complexb

AZT  E44A/D, V118I, L210W, TAMsa, Q151M resistance complexb

ddC K65R, T69D, M184V, Q151M resistance complexb

ddI K65R, L74V, Q151M resistance complexb

PMPA K65R, TAMsa

abacavir K65R, L74V, Y115F, M184V, TAMsa

aTAMs-M41L, D67N, K70R, L210W, T215Y/F, K219Q.
bQ151M resistance complex- Q151M, A62V, V75I, F77L, F116Y.

1.1. Mutations that Affect the Kd

1.1.1. M184V

Resistance to lamivudine is associated, initially, with the
substitution of isoleucine for methionine at position 184.
This mutation, however, is rapidly replaced by the variant
M184V [31-33]. This residue is located on the highly
conserved YMDD motif that contains two of the three
catalytic active site aspartates.

The wild type enzyme does not incorporate lamivudine
monophosphate in DNA efficiently, but the presence of
M184V increases discrimination. This increase was
attributed to the 77- increased Kd measured for the binding of
lamivudine triphosphate to the RT.p/t complex [34].

At a molecular level, the reason that has been pointed out
to explain the resistance to this NRTI, was based on the
analysis of a X-ray structure of the RT.p/t complex with the
M184V mutation (pdb code 1J5O) [24] and was attributed to
steric conflict between the oxithiolane ring of the drug and
the beta-branched side chain of isoleucine or valine, which
perturbs inhibitor binding leading to a reduction of
incorporation of the same [24].

However, the superposition of the X-ray structure 1J5O
with the structure of the wild type RT.p/t complex (pdb code
2HMI) in which we have docked lamivudine, clearly shows
that the substitution of methionine for a residue which has a
smaller side chain and is beta-branched, like valine or
isoleucine, interferes with the primer and not with the drug
(see Fig. 4).

The hypothetical movement of the primer must be
responsible for the increase in Kd with the drug. It is possible
that lamivudine cannot be able to accommodate in the
modified (by the movement of the primer) binding site.

The M184V mutation also confers resistance to ddNTPs
and abacavir, which have the normal sugar configuration,
which emphasizes that the steric clash should not involve the
oxithiolane ring, as previously proposed.

1.2. Mutations that Affect the kpol

1.2.1. Q151M

One particular interesting mutation is Q151M. This
substitution is identified in patients who develop multiple
dideoxynucleotide resistance mutations. The Q151M is
generally the first of a set of substitutions involving also
A62V, V75I, F77L and F116Y [36].

By itself, Q151M confers low level resistance to AZT,
ddI, ddC and d4T [36-38]. A62V, V75I, F77L and F116Y do
not affect drug susceptibility by themselves, but the
combination with Q151M results in up to more that 100 fold
resistance to AZT, ddI, ddC and d4T, and low cross
resistance to 3TC [37, 39, 40].

The atomic level explanation for the resistance conferred
by this mutation is currently unknown; the observation of the
determined structure of the RT.p/t.dNTP complex, 1RTD
[12], seems not to give any clue about its origin. However,
the crystallographic structure 1RTD has a low resolution
(3.20 Å), and hence some side chain conformations might
not be quite correct. This could be the case of Q151. The
polar nature of this amino acid side chain should bring it
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more closely to the incoming nucleotide to successfully
contribute to its stabilization. Furthermore, and although the
incoming nucleotide is correctly base paired with the
template, the position of the substrate is not the correct one
for catalysis. Several interactions are necessary to correctly
position the dTTP. One of them is the intramolecular bridge
between the 3’OH of the incoming nucleotide and the
oxygen of the beta-phosphate (see Fig. 5), which has been
inferred to be essential for catalysis [16]. Another could be
provided by Q151. Thus Q151 could contribute to the correct
positioning of the incoming nucleotide relatively to the
primer, possibly by forming a second hydrogen bridge with
the 3’-OH of the incoming nucleotide. When the substitution
of this glutamine for methionine occurs, catalysis should be
impaired. However, the synthesis should continue because
the intramolecular bridge is still formed.

Resistance emerges for AZT, ddI, ddC and d4T because
these NRTIs lack a 3’OH intermolecular bridge, and hence
none of these interactions is formed. After the Q151M
substitution the mutations A62V, V75I, F77L and F116Y
generally follow, and this combination results in high

resistance. These nonpolar and aromatic amino acids are in
the region of the fingers domain that is next to the template
primer at the N site.

The noncovalent interactions in double stranded DNA
chains are provided by hydrogen bridges between the
complementary bases and the stacking interactions between
adjacent bases. In the N site we have the primer terminus and
single stranded template, and hence the mentioned residues
(i.e. Q151, A62, V75, F77 and F116) could create a
hydrophobic cavity at the N site that accounts for the correct
positioning of t/p.

The misalignment of the p/t adding to the mentioned
incorrect positioning of the incoming nucleotide should
result in high level resistance.

1.2.2. V75T

When d4T is given as the sole drug in cultured HIV
infected cells the mutation V75T occurs [41]. The level of
resistance to this drug is low; in fact, the most important d4T
mutations are AZT mutations [42].

Fig. (4). A. Superposition of the last nucleotide of the primer and residue 184 of the structures 2HMI (blue) in which we docked l amivudine
(violet) and 1J5O (M184I, yellow). The substitution of a beta-branched aminoacid for methionine seems to displace the primer from its
normal position instead of colliding with the drug. B. Another view in which the displacement of the last nucleotide of the primer is more
obvious.

Fig. (5). The active site of reverse transcriptase. The primer/template and incoming nucleotide are in stick representation. Glutamine151 is
also in sitck representation. A. dTTP as the incoming nucleotide. The intramolecular bridge within the nucleotide is shown. B. Localization
of the amino acids of the Q151M resistance complex (in vdW representation).
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However, it has been proven that this particular
substitution discriminates 3.6 fold d4T relatively to dTTP
and increases the RT mediated repair of d4T by
pyrophosphate [16].

No atomic level explanation was given to the resistance
conferred by this mutation. However, in the 1RTD structure,
the 75 residue is in close proximity with Q151 (Fig. 6). After
the substitution of V75 to threonine, the repulsion between
the carboxylate of the threonine side chain and the
carboxylate of the Q151 backbone could change the
orientation of Q151, and hence disrupt the stabilizing
interaction between this residue and the incoming nucleotide.

Fig. (6). Hypothetical repulsion between the side chain of theonine
75 and glutamine 151. The V75T mutation was performed with
spdbv package [35].

1.2.3. K65R

The K65R mutation is principally associated with
resistance to abacavir, ddI, ddC and PMPA [36, 39, 43]. The
level of resistance provided by K65R to ddNTPS is moderate
(< 12 fold) [15, 44]. In the crystal structure of the
RT.p/t.dTTP complex, K65 side-chain is close to an oxygen
atom in the gama-phosphate of the incoming nucleotide [12].

The resistance conferred by this substitution to ddNTPs
was explained in a previous study to be the result of the
absence of the essential intramolecular bond between the
absent 3’OH and one of the beta-phosphate oxygens of the
NRTIs. It was proposed that in the absence of such bond,
catalysis was impaired irrespectively of which amino acid is
present at position 65. When K65R and the normal substrate

are present the intramolecular bond of the substrate stabilizes
the position of the alpha-phosphate. When both the
intramolecular bond is absent (ddNTPS) and K65R is
present, K65R further displaces the alpha-phosphate from a
correct alignment for catalysis [17].

However, if catalysis was impaired irrespectively of
which amino acid was at position 65, there should not be a
reason for the enzyme to select that particular mutation
during the administration of such NRTIs. In fact, although
lysine and arginine are similar amino acids, both being
positively charged, the different sized and branched side
chain of arginine and the presence of three possible hydrogen
donors contrarily to only one in lysine may account for a
different pattern of hydrogen bridges. Because the NRTIs do
not have the 3’OH group to establish the intramolecular H-
bond, one of the beta phosphate oxygens could engage in a
hydrogen bridge with arginine, and this interaction should
further displace the drug from the correct alignment for
catalysis (Fig. 7).

Furthermore, a hydrogen bridge between the gama-
phosphate and lysine 65 seems important for the correct
positioning of the incoming nucleotide at the N site.

1.2.4. L74V

L74V is the most common resistance mutation associated
with ddI [45] (Kozal et al, 1994). It is also associated to low
level resistance to abacavir, but such level is increased in the
presence of M184V, K65R and Y115F [46]. It is also
associated with the development of resistance for dioxolane
guanosine (DXG) a new prodrug currently in clinical trials
[47]. These nucleotide analogs have in common purine bases
(tenofovir has an adenine as the base but lacks the ribose
moiety and hence should have more flexibility/mobility).

L74 is localized in the fingers domain and in the
proximity of the template strand.

The molecular basis for the involvement of this mutation
in resistance to drugs with a purine as a base has not been
possible to explain. It seems that the substitution of a gama-
branched amino acid for a beta-branched amino acid like
valine creates more space for the pyrimidine base of the
template, but this extra space is not sufficient for a purine
(Fig. 8). If the incoming nucleotide is one of the mentioned
NRTIs, the referred movement of the template base to which

Fig. (7). A. In wt RT lysine 65 establishes a hydrogen bridge with one of the oxygens of the gama-phosphate. B. When the substitution of
lysine65 for arginine occurs, different hydrogen bridges can be formed. The K65R mutation was performed with the spdbv program [35].
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it base pairs and the lack of hydrogen bridges at the missing
3’OH would result in the development of resistance.

2. REPAIR OF THE ANALOG-TERMINATED CHAIN

2.1.TAMs

The TAMs comprise a group of 6 point mutations,
M41L, D67N, K70R, L210W, T215Y/F, and K219Q/E [14,
48] that were initially described in association with
resistance to AZT [48-52]. Subsequent research has also
implicated these mutations in diminished susceptibility to
d4T as well as moderate levels of resistance to other NRTIs,
including abacavir, ddI, PMPA, and ddC, depending on the
specific mutational pattern present [14, 48-51]. Generally,
two or more of these substitutions including T215F/Y are
needed in RT to acquire high level resistance to AZT [53].

The excision mechanism is the reversal of polymerization
and involves nucleophilic attack by a pyrophosphate donor
(adenine triphosphate or PPi) on the blocked primer, which
permits DNA synthesis to continue [54, 55]. ATP is believed
to be the main pyrophosphate donor in vivo [55-63].

In the case of AZT, it was proposed that excision could
only occur if the blocked primer was at the nucleotide
binding site (N-site). If the dideoxy-terminated primer was at
the P-site, it could form a stable dead end ternary complex
with the incoming nucleotide preventing excision. The azide
group interfered with the formation of a stable dead-end
complex because of steric interactions between it and the
incoming dTTP [29, 64]. This would displace the
translocation equilibrium towards the N-site increasing
excision.

However, excision also occurs for d4T and this group
only has a hydrogen attached to the 3’carbon, which
excludes, in this case, the possibility of steric clash with the
incoming nucleotide. Other (presently unknown) molecular
interactions should be involved in this phenomenon.

In the crystal structure of RT.t/p.dTTP [12] the TAMs are
far away from the active site. Residues 215 and 219 are 10 Å
away and residues 67 and 70 are in a different domain more
than 20 Å away. For residue 215, it was proposed that
aromatic interactions of tyrosine or phenylalanine side
chains with the adenine ring of the ATP actually contribute
to improve ATP binding [29, 64]. Regarding the mutations
in the fingers (67, 70), they appear to destabilize the ternary

complex leading to enhanced excision [58, 60, 65, 66] (Fig.
9).

Fig. (9). Amino acids in the fingers domain that belong to the
TAMs.

CONCLUSION

The use of an analog of a nucleotide, without the 3´OH
required for elongation, as a drug in the treatment of AIDS
seemed a good idea at the very beginning. However, the
emergence of resistance by RT to the approved drugs allied
to their long term toxicity calls for better drugs.

Competition between the normal substrate and the drug
results in mutations that favor dNTP addition. Depending on
the inhibitor, different mutations can be selected by the
virus, which affect the mechanism of nucleotide addition at
different steps.

NRTI incorporation is affected by the Q151 resistance
complex, as well as V75T, K65R and L74V mutations.
Excision is affected by the TAMs. Binding has been
proposed to be affected by the M184V mutation.
Interestingly enough, the presence of some discrimination
mutations, e.g. K65R and L74V, may be antagonized by the
earlier presence of excision mutations – the TAMs.

The correct positioning for incorporation should depend
on the interactions that the incoming nucleotide establishes
with the surrounding residues. Similarly, nucleotide addition
or excision also depends on the interactions of the incoming
nucleotide (dNTP or NRTI) with the RT.p/t complex.

Therefore, the question we should ask is: Which
interactions between the RT.p/t complex and the incoming
nucleotide are fundamental for catalysis?

Fig. (8). A. Superimposition at the N site of RT of a template strand purine (blue) and pyrimidine (yellow). The L74 is also represented in
violet. B. The L74V mutation could create more space for the template strand pyrimidine base but not for a purine .
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When we are able to answer this question we will be able
to design new and better inhibitors.

REFERENCES

[1] Telesnitsky, A.; Goff, S.P. In Retroviruses; Coffin, J.M.; Hughes
S.H.;Varmus, H.E., Ed., Cold Spring Harbor Laboratory Press:
New York, 1997; pp. 121-160.

[2] Mizrahi V.; Lazarus G.M.; Miles L.M.; Meyers C.A.; Debouck C.
Arch. Biochem. Biophys., 1989, 273, 347.

[3] Kohlstaedt L.A.; Wang J.; Friedman J.M.; Rice P.A.; Steitz T.A.,
Science, 1992, 256, 1783.

[4] Le Grice S.F.; Naas T.; Wohlgensinger B.; Schatz O. EMBO J.,
1991, 10, 3905.

[5] Majumdar, C.; Abbotts, J.; Broder, S.; Wilson, S. J. Biol. Chem.,
1988, 263, 5657.

[6] Kati, W.M.; Johnson, K.A.; Jerva, L.F.; Anderson, K.S. J. Biol.

Chem., 1992, 267, 25988.
[7] Reardon, J.E. J. Biol. Chem., 1993, 268, 8743.
[8] Hsieh, J-C, Zinnen, S., Modrich, P. J. Biol. Chem., 1993, 268,

24607.
[9] Thrall, S.; Krebs, R.; Wöhrl, B.: Cellai, L.; Goody, R.; Restle, T.

Biochemistry, 1998, 37, 13349.
[10] Vaccaro, J.; Singh, H., Anderson, K. Biochemistry, 1999, 38,

15978.
[11] Wöhrl, B.M.; Krebs, R.; Goody, R.S.; Restle, T. J. Mol. Biol.,

1999, 292, 333.
[12] Huang, H.; Chopra, R.; Verdine, G.L.; Harrison, S.C. Science,

1998, 282, 1669.
[13] Battula, N.; Loeb, L. J. Biol. Chem., 1976, 251, 982.
[14] Roberts, J.D.; Bebenek, K.; Kunkel, T.A. Science, 1988, 242,

1171.
[15] Balzarini. J. Biochem. Pharm., 1999, 58, 1.
[16] Selmi B.; Boretto J.; Navarro J.M.; Sire J.; Longhi S.; Guerreiro C.;

Mulard L.; Sarfati S.; Canard B. J. Mol. Biol., 2001, 276, 13965.
[17] Selmi, B.; Boretto, J.; Sarfati, S.R.; Guerreiro, C.; Canard B. J.

Biol. Chem., 2001, 276, 48466.
[18] Sluis-Cremer, N.; Arion, D.; Parniak, M.A.; Cell Mol. Life Sci.,

2000, 57, 1408.
[19] Unge, T.; Knight, S.; Bhikhabhai, R.; Lovgren, S.; Dauter, Z.;

Wilson, K.; Strandberg, B. Structure, 1994, 2, 953.
[20] Rodgers, D.W.; Gamblin, S.J.; Harris, B.A.; Ray, S.; Culp, J.S.;

Hellmig, B.; Woolf, D.J.; Debouck, C.; Harrison, S.C. Proc .Natl.

Acad. Sci. USA, 1995, 2, 1222.
[21] Esnouf, R.; Ren, J.; Ross, C.; Jones, Y.; Stammers, D.; Stuart, D.

Nat. Struct .Biol., 1995, 2, 303.
[22] Hsiou, Y.; Ding, J.; Das, K.; Clark Jr. A.D.; Hughes, S.H.; Arnold,

E. Structure., 1996, 4, 853.
[23] Hsiou, Y.; Ding, J.; Das, K.; Clark Jr. A.D.; Boyer, P.L.; Lewi, P.;

Janssen, P.A.; Kleim, J.P.; Rosner, M.; Hughes, S.H.; Arnold, E. J.
Mol .Biol., 2001, 309, 437.

[24] Sarafianos, S.G.; Das, K.; Clark Jr. A.D.; Ding, J.; Boyer, P.L.;
Hughes, S.H.; Arnold, E. Proc. Natl. Acad. Sci. USA , 1999, 96,
10027.

[25] Ren, J; Nichols, C.; Bird, L.; Chamberlain, P.; Weaver, K.; Short,
S.; Stuart, D.I.; Stammers, D.K. J. Mol. Biol., 2001, 312, 795.

[26] Ding, J.; Das, K.; Hsiou, Y.; Sarafianos, S.G.; Clark Jr. A.D.;
Jacobo-Molina, A.; Tantillo, C.; Hughes, S.H.; Arnold, E. J. Mol.
Biol., 1998, 284, 1095.

[27] Sarafianos, S.G.; Das, K.; Tantillo, C.; Clark Jr. A.D.; Ding, J.;
Whitcomb, J.M.; Boyer, P.L.; Hughes, S.H.; Arnold, E. EMBO J .,
2001, 20, 1449.

[28] Peletskaya, E.N.; Kogon, A.A.; Tuske, S.; Arnold, E.; Hughes, S.H.
J. Virol., 2004, 78, 3387. 

[29] Sarafianos, S.G.;  Clark, A.D. Jr.; Das, K.; Tuske, S.; Birktoft, J.J.;
Ilankumaran, P.; Ramesha, A.R.; Sayer, J.M.; Jerina, D.M.; Boyer,
P.L.; Hughes, S.H.; Arnold, E. EMBO J., 2002, 21, 6614.

[30] Tuske S.; Sarafianos S.G.; Clark A.D. Jr.; Ding J.; Naeger L.K.;
White K.L.; Miller M.D.; Gibbs C.S.; Boyer P.L.; Clark P.; Wang
G.; Gaffney B.L.; Jones R.A.; Jerina D.M.; Hughes S.H.; Arnold E.
Nat. Struct. Mol. Biol., 2004, 11, 469.

[31] Boucher, C.A.; Cammack, N.; Schipper, P., Schuurman, R., Rouse,
P., Wainberg, M.A., Cameron, J.M. Antimicrob. Agents Chemo-

ther., 1993, 37, 2231.

[32] Gao, Q.; Gu, Z.; Parniak, M.A.; Cameron, J.; Cammack, N.;
Boucher, C.; Wainberg, M.A. Antimicrob. Agents Chemother.,
1993, 37, 1390.

[33] Keulen, W.; Back, N.K.; van Wijk, A.; Boucher, C.A.; Berkhout,
B. J. Virol., 1997, 71, 3346.

[34] Feng, J.Y.; Anderson, K.S. Biochem., 1999, 38, 9440.
[35] Guex, N. and Peitsch, M.C. Electrophoresis, 1997, 18, 2714.
[36] Shirasaka, T.; Klavlick M.F.; Ueno et al. Proc. Natl. Acad. Sci.

USA, 1995, 92, 2398.
[37] Iversen, A.K.; Shafer, R.W.; Werly, K.; Winters, M.A.; Mullins,

J.L.; Chesebro, B.; Merigan, T.C. J. Virol., 1996, 70, 1086.
[38] Kavlick, M.F.; Wyvill, K.; Yarchoan, R.; Mitsuya, H. J. Inf. Dis.,

1998, 177, 1506.
[39] Ueno, T.; Shirasaka, T.; Mitsuya, H. J. Biol. Chem., 1995, 270,

23605.
[40] Garcia Lerma, J.; Schinazi, R.F.; Juodawlkis, A.S.; Soriano, V.;

Lin, Y.; Tatti, K.; Rimland, D.; Folks, T.M.; Heneine, W.
Antimicrob. Agents Chemother., 1999, 43, 264.

[41] Lacely, S.F. & Larder B.A.. Antimicrob. Agents Chemother., 1994,
38, 1428.

[42] Lin, P.F.; Gonzalez, C.J.; Griffith, B.; Friedland, G.; Calvez, V.;
Ferchal, F.; Schinazi, R.F.; Shepp, D.H.; Ashraf, A.B.; Wainberg,
M.A.; Soriano, V.; Mellors, J.W.; Colonno, R.J. Antivir. Ther.,
1999, 4, 21.

[43] Roge, B.T.; Katezenstein, T.L.; Obel, N.; Nielsen, H.; Kirk, O.;
Pedersen, C.; Mathiesen, L.; Lundgren, J.; Gerstoft, J. Antivir.
Ther., 2003, 8, 173.

[44] Schinazi R.F.; Larder, B.A.; Mellors, J.W. Int. Antivir. News, 2000,
8, 65.

[45] Kozal, M.J.; Kroodsma, K.; Winters, A.M.; Shafer, R.W.; Efron,
B.; Katzenstein, D.; Merigan, T.C. Ann. Int. Med., 1994, 121, 263.

[46] Tisdale M.; Alnadaf, T.; Cousens, D. Antimicrob. Agents
Chemother., 1997, 41, 1094.

[47] Bazmi, H.Z.; Hammond, J.L.; Cavalcanti, S.C.; Chu, C.K.;
Schinazi, R.F.; Mellors, J.W. Antimicrob. Agents Chemother.,
2000, 44, 1783.

[48] Soriano, V.; de Mendoza, C. HIV Clin. Trials. 2002, 3, 237.
[49] Loveday C. J. Acquir. Immune Defic. Syndr. 2001, 26, 1.
[50] Lange J. Antivir. Ther., 2001, 6, 45.
[51] Gotte, M.; Wainberg, M.A. Drug Resist Updat., 2000, 3, 30.
[52] De Mendoza, C.; Gallego, O.; Soriano, V. AIDS Rev., 2002, 4, 64.
[53] Lacely, S.F.; Reardon, J.E.; Furfine, E.S.; Kunkel, T.A.; Bebenek,

K.; Eckert, K.A.; Kemp, S.D.; Larder, B.A. J. Biol. Chem., 1992,
267, 15789.

[54] Arion, D.; Kaushik, N.; McCormick, S.; Borkow, G.; Parniak,
M.A. Biochemistry, 1998, 37, 15908.

[55] Meyer, P.R.; Matsura, S.E.; Mian, A.M.; So, A.G; Scott, W.A.
Molecular Cell, 1999, 4, 35.

[56] Naeger, L.; Margot, N.; Miller, M. Antimicrob. Agents Chemoter.,
2002, 46, 2179.

[57] Boyer, P.L.; Sarafianos, S.G.; Arnold, E.; Hughes, S.H. J. Virol.,
2001, 75, 4832.

[58] Boyer, P.L.; Sarafianos, S.G.; Arnold, E.; Hughes, S.H. J. Virol.,
2002, 76, 9143.

[59] Boyer, P.L.; Sarafianos, S.G.; Arnold, E.; Hughes, S.H. J. Virol.,

2002, 76, 3248.
[60] Mas, A.; Parera, M.; Briones, C.; Soriano, V.; Martinez, M.A.;

Domingo, E.; Menedez-Arias, L. EMBO J., 2000, 19, 5752.
[61] Meyer, P.R; Matsuura, S.E.; So, A.G.; Scott, W.A. Proc. Natl.

Acad. Sci. USA, 1998, 95, 13471.
[62] Meyer P.R.; Matsuura S.E.; Tolun A.A.; Pfeifer I.; So A.G.;

Mellors J.W.; Scott W.A. Antimicrob. Agents Chemother., 2000,
46, 1540.

[63] Meyer, P.R.; Lennestrand, J.; Matsuura, S.E.; Larder, B.A.; Scott,
W.A. J. Virol., 2003, 77, 3871.

[64] Sarafianos, S.G.; Hughes, S.H.; Arnold, E. Int. J. Biochem. Cell
Biol., 2004, 36, 1706.

[65] Boyer, P.L.; Imamichi, T.; Sarafianos, S.G.; Arnold, E.; Hughes,
S.H. J. Virol., 2004, 78, 9987.

[66] Meyer, P.R.; Smith, A.J.; Matsuura, S.E.; Scott, W.A. J. Biol.
Chem., 2004, 279, 45389.

Received: August 4, 2005 Revised: December 20, 2005 Accepted: December 21, 2005






