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It is presently known that the long-term failure in the treatment of AIDS with the currently available nucleotide
reverse transcriptase inhibitors (NRTIs) is related to the development of resistance by reverse transcriptase
(RT) at the binding or incorporation level or both, or subsequent to the nucleotide incorporation (excision).
To achieve greater insight on the differential interactions of two NRTIs that are mainly discriminated by
different mechanisms, 2′,3′-didehydro-2′,3′-dideoxythymidine-5′-triphosphate (d4TTP, that is, phosphorylated
stavudine) and 2′,3′-dideoxycytidine-5′-triphosphate (ddCTP, that is, phosphorylated zalcitabine), with the
primer/template (p/t) and with the N binding site of reverse transcriptase (RT) in relation to the normal
substrate (dNTP), we have conducted a series of molecular dynamics (MD) simulations. We propose that
the different resistance profiles arise from the different conformations adopted by the inhibitors at the N
site. d4TTP adopts an ideal conformation for catalysis because it forms an ion-dipole intramolecular
interaction with theâ-phosphate oxygen of the triphosphate, as does the normal substrate. In ddCTP, the
lack of this essential interaction results in a different, noncatalytic conformation.

Introduction

The replication of human immunodeficiency virus (HIV) in
infected cells relies on reverse transcriptase (RT). RT synthesizes
a double-stranded DNA from the viral (+)-RNA genome
suitable for integration in the host genome.1

Nucleotide reverse transcriptase inhibitors (NRTIs) are cur-
rently used clinically to inhibit retroviral replication. After
conversion to the triphosphate active forms, the analogues
compete with the normal substrates for binding and incorpora-
tion into the viral chain. Currently, the NRTIs zidovudine (AZT),
staduvine (d4T), zalcitabine (ddC), didanosine (ddI), lamivudine
(3TC), abacavir (ABC), emtricitabine (FTC), and tenofovir
disopropil fumarate (TDF) have been approved by the US Food
and Drug Administration and by the European Medicines
Agency for HIV treatment. These prodrugs have a hydroxylated
5′ carbon and are subsequently phosphorylated by the cellular
kinases to generate the active triphosphorylated form.

Antiretroviral drug resistance is an important limitation in
treatment of HIV/acquired immunodeficiency syndrome (AIDS).
Resistance mutations to NRTIs can emerge spontaneously
because of the error prone replication of HIV-1.2 The pattern
of mutations developed by RT depends on the drugs adminis-
tered during the antiretroviral therapy. Patients treated with
AZT display a set of up to six mutations in thepol gene
involving Met41Leu/Asp67Asn/Lys70Arg/Leu210Trp/Thr215Phe
or Thr215Tyr/Lys219Gln, which are called thymidine analog
mutations (TAMs); these mutations confer a>100-fold HIV-1
resistance to AZT. Regarding d4T, when it is given as the only
drug to patients naive to AZT, RT bearing a Val75Thr
substitution is selected in 10% of the cases.3 However, the most
important d4T resistance mutations are TAMs.4 Resistance to
ddC, ddI, and 3TC are conferred by single mutations in thepol

gene, namely Lys65Arg,5,6 Leu74Val,7 and Met184Val;8-10

furthermore, cases of multinucleoside and cross resistance exist
such as the Gln151Met resistance complex [for a review, see
Carvalho et al.,Mini.-ReV. Med. Chem.2006, 6, 549-555].11

There are two main mechanisms by which drug resistance
mutations cause reduced viral susceptibility to NRTIs. The first
mechanism, discrimination, affects the affinity and or incorpora-
tion of the analogue relative to the normal substrate; the second
is the excision mechanism.12-15 Excision is the reversal of
polymerization and involves nucleophilic attack by a pyrophos-
phate donor (ATP or PPi) on the blocked primer with concomi-
tant elimination of the bound NRTI, which permits DNA
synthesis to continue.16,17 ATP is believed to be the main
pyrophosphate donorin ViVo.18-25 This mechanism was identi-
fied as the one responsible for resistance to both AZT and
d4T.16,17,24,26

Several studies using RT bearing resistance mutations pointed
out that the resistance mutations do not confer new properties
to the mutant enzyme but, rather, exacerbate pre-existing
properties of the wild-type (WT0 enzyme toward a given
inhibitor.6,13,16,17,23,24,26-30 Consequently, the pathway by which
RT will evolve to become resistant toward a given inhibitor
can be predicted by studying the inhibition of WT RT by this
inhibitor.31

In this work, we are interested in investigating the structural
determinants in the NRTI that cause RT resistance. Accordingly,
we have conducted MD simulations of the WT RT‚primer/
template (p/t)‚dTTP, RT‚p/t‚ddCTP, and RT‚p/t‚d4TTP com-
plexes and compared the results obtained with the substrate and
with the inhibitors (see Figure 2).

Even though resistance to ddC and d4T is caused by different
types of mutations, they are structurally similar, both pyrimidine
analogues, with hydrogens at the 3′-position of the ribose moiety
(Figure 1). The only subtle difference is that the 3′-carbon of
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d4T has sp2 hybridization but the 3′-carbon of the ddC has sp3

hybridization.
With the simulations of the mentioned complexes, we were

able to find an explanation for the discrimination mechanism
at the level of incorporation. The nature of the group at the
3′-position of the ribose is the principal determinant for
discrimination.

Results

1. Enzyme-p/t-Substrate/Inhibitor Interactions. To begin
with, an analysis of the hydrogen bridges was made (Table 1,
Figure 2), with the purpose of understanding the differential
interactions of the inhibitors versus normal nucleotide in the
dNTP binding site of WT RT. In the X-ray structure of the
complex RT‚p/t‚dNTP (pdb code 1RTD),32 we can see that the
most important interactions of the triphosphate moiety of the
nucleoside are established with Lys65, with Arg72, with the
main chain NH groups of residues 113 and 114, and with two

metal ions (Mg2+). The 3′-OH of dTTP enters into a small
pocket defined by the side chains of Asp113, Tyr 115, Phe 116,
and Gln 151 and the peptide backbone between 113 and 115.
The simulation of the E‚p/t‚dNTP complex correctly reproduces
the same pattern of hydrogen bridges between the triphosphate
and the enzyme as in the X-ray structure (Figure 2, Table 1).
However, the simulation also revealed a hydrogen bridge
established between one oxygen of theγ-phosphate and Lys219
that is not present in the original X-ray structure.

2. Influence of Lys219 and Asp67 in Excision.In the X-ray
structure, Lys219 is located at the surface of the protein, highly
exposed, establishing a salt bridge with the also highly exposed
fingertip residue, Asp67. The Lys219 N is 10.43 Å away from
the γ-phosphate of the dNTP. During the simulation, the
positively charged side chain of Lys219 is attracted to a
negatively chargedγ-phosphate oxygen and engages in an ionic
hydrogen bridge with it. It is important to mention that even
though Lys219 is attracted to the triphosphate, it maintains the
salt bridge with the fingertip residue Asp67 (see Figure 3). The
fact that in the X-ray structure this hydrogen bridge is not
observed may be a consequence of the low resolution of this
structure.

It is worth mentioning that these two residues belong to the
already mentioned set of resistance mutations called TAMs that
are associated with an increase in the level of removal of
inhibitors (excision).

Up until now, it has not been possible experimentally to trap
ATP or any other pyrophosphate donor bound to the binding
site, that is, thepyrophosphate donor pocket. However, modeling
of the ATP in the pyrophosphate donor pocket of RT has already
been done19 on the basis of the fact that theâ- andγ-phosphates
of ATP should be in the proper place to react with the inhibitor
incorporated in the primer and that one of the TAMs, Thr215Tyr/
Phe, improves ATP binding by providing stacking interactions
with its base.

Looking at the positions of Lys219 and Asp67 in RT, it
appears that they are located at the entrance of the proposed

Figure 1. Structure of the normal substrate (dTTP) and of the analogues
ddCTTP and d4TTP.

Figure 2. Residues in the dNTP binding site that interact with (a) the
dNTP and with the inhibitors, (b) d4TTP and (c) ddCTP. The pattern
of hydrogen bridges is different between the two inhibitors. d4TTP
establishes interactions with the enzyme similar to the normal nucleo-
side. The structures were taken from the last picoseconds of simulation.

Figure 3. Panel A shows that Lys219 and Asp67 are located in the
surface of RT in the entrance of the proposed ATP binding site. Panel
B shows the position of Lys219 and Asp67 in the X-ray structure 1RTD.
In panel C, during the simulation when the constraints are relieved,
Lys219 moves toward the triphosphate of the dNTP.
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pyrophosphate donor pocket. It can be hypothesized that their
influence in excision can be regarded as a consequence of their
interference with ATP binding or with the proper placement of
the ATP triphosphate for productive excision.

3. Molecular Basis for the Multiresistance of the Gln151Met
Mutant. During the simulations and regarding the dNTP binding
site, we can only observe a hydrogen bridge between the 3′-
OH on the ribose of the nucleoside and an amide hydrogen of
Gln151. In the crystallographic structure of the RT‚p/t‚dTTP
complex,32 this hydrogen bridge is not observed because the
side chain of Gln151 is in a conformation in which the carbonyl
group is oriented toward the 3′-oxygen atom, this may be a
consequence of the low resolution of the X-ray structure.
Recently, kinetic evidence has also given support to the
existence of this interaction.33 In the inhibitors, which lack the
3′-hydroxyl group, this interaction is substituted by a hydrogen
bridge of Gln151 with an oxygen atom of the base (O2) (Figure
2, Table 1).

The mutation of Gln151 for methionine, Gln151Met, confers
low level resistance to AZT, ddI, ddC, and d4T,34-36 but its
combination with Ala62Val, Val75Ile, Phe77Leu, Phe116Tyr
results in up to more than 100-fold resistance to AZT, ddI, ddC,
and d4T and low cross resistance to 3TC.35,37,38

In these inhibitors, because they lack the 3′-hydroxyl group,
Gln151 could engage in a hydrogen bridge with an oxygen atom
from the base, as observed here with ddCTP and d4TTP. This
is actually made possible due to the absence of the strong
intramolecular ionic hydrogen bond between the 3′-OH and a
â-phosphate oxygen atom of the triphosphate, which allows the
ribose moiety of the inhibitor to stay more planar (in relation
to the normal substrate) allowing the base to come closer to
Gln151 (Figure 4). Consequently, the Gln151 mutation should
further displace the inhibitors from the correct placement for
catalysis because Gln151 is closer to their base. Because all
the inhibitors lack the 3′-OH, the ubiquity of this mutation in
causing resistance to NRTIs is understandable.

Additionally, in a previous article,11 by observing the location
of Ala62Val, Val75Ile, Phe77Leu, Phe116Tyr in the crystal-
lographic structure 1RTD, we noticed that these residues were

positioned above the substrate and template bases. We proposed
that they could create a hydrophobic cavity for the bases that
contributes to the correct placement of the substrate in relation
to the p/t. The two actions concerned, that is, the displacement
of the substrate/inhibitor promoted by Met151 added to the
changes in the substrate/inhibitor and template base pockets,
should be responsible for the high level of resistance shown by
the mutants.

4. Role of Lys65 and Arg72 in the Development of
Resistance.Important hydrogen bridges of the nucleoside/
analogues with the enzyme are established with residues 65 and
72 (Figures 2 and 3, Table 1). Both these residues are located
in the fingers domain. Their interaction with the dTTP has been
pointed out to promote the closing of the finger tips, a
fundamental conformational change required for catalysis.32

From mutational studies, it is known that the Lys65Arg
mutation is mainly associated with resistance to ABC, ddI, ddC,
and PMPA.34,37,39The level of resistance provided by Lys65Arg
to ddNTPs is moderate (<12 fold).12,40

The resistance conferred by this substitution to ddNTPs was
previously proposed to be the result of the absence of the
essential intramolecular bond between the lacking 3′-OH and
one of theâ-phosphate oxygens of the NRTIs. It was proposed

Table 1. Most Frequent Hydrogen Bridges between the Enzyme and the dNTP/Inhibitors during the Simulationsa

E‚dTTP E‚ddCTP E‚d4TTP

acceptor donor
%

occupb lifetimec
max

occupc,d donor
%

occupb lifetimec
max

occupc,d donor
%

occupb lifetimec
max

occupc,d

O1G 113H 69.9 4.3 12.2 113H 43.4 3.7 7.8 113H 81.8 6.6 15
114H 14.3 1.8 1.8 65HZ2 36.5 14.0 37.8

O2G 65HZ2 54.0 26.3 51.8 65HZ2 49.3 15.4 57.8
65HZ3 19.6 32.2 37.4
219HZ1 18.0 5.7 10.4
219HZ2 32.9 10.0 43.6
219HZ3 31.1 9.0 32.2

O1B 72HH21 23.9 1.7 3.2 72HH21 13.1 2.4 12.0
O2B 114H 9.5 1.2 0.8 65HZ1 11.6 5.6 10 114H 12.9 1.2 1.0

65HZ2 19.7 5.9 9.2
65HZ3 41.5 7.2 11.2

O2A 219HZ1 16.2 3.6 5.2 72HH12 13.0 4.8 5.0
72HH12 14.0 7.3 12.6 72HH22 29.0 3.9 9.4
72HH22 47.4 4.2 12.4

O3A 72HH22 12.0 2.3 3.2
O3′ 151HE22 24.5 2.2 6.2
O4′ 72HH12 67.6 3.5 6.8

72HH22 23.2 1.7 4.8
O5′ 72HH22 51.0 2.5 8.8
N1 72HH12 49.2 2.4 2.2
O2 151HE22 76.7 6.6 19.4 151HE22 85.1 17.8 21.0
O4 66HZ3 10.7 5.1 6.2

a The length of the hydrogen bonds was not included because they range, in all cases, in the 2.8-2.9 Å interval.b Percentage of time the hydrogen bond
is formed during the simulationc Given in picoseconds.d Maximum consecutive time the bond is formed.

Figure 4. The d4TTP and Gln151 of the RT‚p/t‚d4TTP complex
(yellow) and dNTP and Gln151 of the RT‚p/t‚dNTP complex (blue).
As can be seen in the complex with the inhibitor, the base is closer to
Gln151 than in the dNTP complex. The figure was obtained from the
superposition of theR-carbons of the average structures (production
runs).
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that in the absence of such bond, catalysis was impaired
irrespective of which amino acid is present at position 65. When
Lys65Arg and the normal substrate are present, the intramo-
lecular bond of the substrate stabilizes the position of the
R-phosphate. When the intramolecular bond is absent (ddNTPS)
and Lys65Arg is present, Lys65Arg further displaces the
R-phosphate from a correct alignment for catalysis.14 However,
this hypothesis does not explain why d4TTP (which lacks the
3′-hydroxyl group) is insensitive to the Lys65Arg mutation.

Observing our data (Table 1), we can see that for ddCTP the
more permanent hydrogen bridge that Lys65 establishes is with
an oxygen of theâ-phosphate. This interaction is possible
because the triphosphate moiety of this inhibitor is in a different
conformation in relation to both the normal substrate and d4TTP.
Consequently, the Lys65Arg mutation should displace the
inhibitor ddCTP more than the normal substrate, consistent with
the above-mentioned hypothesis. Even more interestingly, in
the inhibitor d4TTP, the more permanent hydrogen bridge

Figure 5. The substrate/inhibitor and the two finger tip residues (Lys65 and R62) in the dNTP binding site during the first picoseconds of
simulation: (A) dNTP; (B) d4TTP; (C) ddCTP. The lack of an essential intramolecular interaction between one oxygen of theâ-phosphate and the
3′-position of the ribose moiety of ddCTP results in a differential pattern of interactions between the enzyme finger tip residues and the inhibitor
in relation to d4TTP and dNTP. This different pattern of interactions results in a displacement of theR-phosphate from the correct placement for
catalysis and consequently in discrimination. All the dihedral rotations occur in the first picoseconds of simulation after the releasing of the restraints.
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formed by Lys65 is with the oxygen atoms of theγ-phosphate,
a pattern it shares with the substrate. The main reason for this
behavior is the existence of the fundamental intramolecular
hydrogen bridge between the 3′-position of d4TTP and the
â-phosphate. Even though d4TTP lacks the 3-hydroxyl group,
the sp2 proton is polar enough to keep such an essential
intramolecular interaction and to keep its triphosphate in the
same conformation as the substrate. In this way, we can
understand, in a more general fashion, the appearance of
resistance in the Lys65 mutants. Resistance occurs when the
triphosphate has an incorrect conformation for incorporation.
To have the correct conformation an essential hydrogen bridge
between the 3′-position of the substrate/inhibitors and the
â-phosphate must be present. This hydrogen bond can be
established not only with a 3′-hydroxyl group but also with other
groups at the 3′-position, given that they possess the necessary
polarity and stereochemistry.

Regarding residue 72, this residue is evolutionarily conserved
and intolerant to substitution, and hence, it should have an
essential role in polymerase activity.41,42 In all the simulations,
this residue establishes hydrogen bridges with the substrate/
inhibitor (Figure 2, Table 1). Curiously, another case of
multinucleoside resistance is a family of insertion mutations
between codons 67 and 70 that can cause resistance to ddI, 3TC,
d4T, ddC, and AZT.20 These mutations usually develop against
a background of resistance to AZT. It is highly probable that
an insertion between the mentioned residues results in a
displacement of residue 72, and the displacement of this
fundamental residue results in a displacement of the analogue.

5. The Fundamental Intramolecular Hydrogen Bond
between theâ-Phosphate and the 3′-Position of the Substrate/
Inhibitor. One of the important results of the MD simulations
consists of the different pattern of internal hydrogen bridges in
the two inhibitors. In both dNTP and d4TTP, but not in ddCTP,
theâ-phosphate oxygen is involved in hydrogen bonding to the
3′-position. This difference sheds some light on the molecular
causes of the inefficient incorporation of ddCTP compared with
d4TTP or with the normal substrate. It seems reasonable to
hypothesize that the intramolecular interaction between the
oxygen of theâ-phosphate and the group in the 3′-position of
the ribose is fundamental for the correct placement of the
nucleoside/analogue in relation to the primer. In the normal
substrate, the bending of theâ-phosphate toward the 3′ of the
ribose is due to the intramolecular ionic hydrogen bridge
between the 3′-OH group and one of the oxygens of the
â-phosphate. In d4TTP, the more acidic hydrogen of the sp2

carbon (in relation to an sp3 carbon hydrogen as the one in
ddCTP) at the 3′-position could in principle engage in an ion-
dipole interaction with one of the oxygens of theâ-phosphate;
this interaction should allow the triphosphate of this inhibitor
to adopt a conformation more similar to the one of the normal
substrate. In contrast, the inhibitor ddCTP does not have any
group in the 3′-position that could establish some kind of
molecular interaction with the oxygens of theâ-phosphate.
Consequently, in ddCTP, due to the lack of this essential
interaction, theâ-phosphate oxygens engage in hydrogen bridges
with Lys65 and Arg72 (Figure 3), and these last interactions
result in a change in the conformation of the triphosphate (Figure
4) that can ultimately be responsible for the decrease in the
efficiency of incorporation of this analogue.

To test this hypothesis, we have analyzed in more detail what
happens during the first picoseconds of simulation (Figure 5).
For the complex E‚p/t‚dTTP, the finger tip residue Lys65
establishes a hydrogen bridge with the O3B ester oxygen atom

(Figure 5, panel A1). During the simulation, the side chain of
this lysine is attracted to the more electronegative oxygen atom
of theγ-phosphate (Figure 5, panel A2). For both inhibitors, at
the beginning of the simulation, Lys65 establishes a hydrogen
bridge with the O3A ester oxygen atom (Figure 5, panels B1
and C1). On the other hand, for d4TTP, after a few picoseconds
the lysine starts to interact with theγ-phosphate oxygens as it
happens with the normal substrate (Figure 5, panel B2; compare
with panel A2). However, for ddCTP, the interaction moves to
a â-phosphate oxygen atom (Figure 5, panel C2). The chemical
explanation for this is that for ddCTP the lack of the interaction
between theâ-phosphate oxygen and the group at the 3′-position
of the ribose moiety allows the anticlockwise rotation of the
O5′-PA-O3A-PB dihedral in such a way that theâ-phosphate
oxygen can engage in a hydrogen bridge with the lysine residue.
This rotation originates a change in the conformation of the
triphosphate and the departure of theR-phosphate from the
correct placement for catalysis to proceed (Figure 6).

For both the normal substrate and d4TTP, the interaction
between the group in the 3′-position and the oxygen of the
â-phosphate in the form of an ion-dipole interaction (in d4TTP
this is due to the more acidic character of the hydrogen attached
to the sp2 carbon) does not allow the anticlockwise rotation of
the dihedral, and hence theR-phosphate stays in the right place
for catalysis to proceed (Figure 6).

In previous studies, in which the kinetic constants for
incorporation in DNA/RNA chains were measured, the follow-
ing values of incorporation efficiency were determined as
follows: 1.8( 0.2 µM-1 s-1 for d4TTP and 2.1( 0.4 µM-1

s-1 for dTTP;43 1.73 µM-1 s-1 for AZTTP and 2.5µM-1 s-1

for dTTP.44 For cytosine analogues, the values of 0.0051 and
0.0013µM-1 s-1 were measured for ddCTP and (-)3TC-TP,
respectively; for the normal substrate, dCTP, they measured a
value of 0.080µM-1 s-1.45 From these values, it can be
concluded that d4TTP and AZTTP have incorporation efficien-
cies in WT RT similar to that of dTTP. In contrast, ddCTP
presents a much smaller value of incorporation efficiency than
its natural counterpart, dCTP.

Our results also point out that ddCTP should haveper sea
decreased efficiency of incorporation, and therefore, it seems
reasonable to expect that the mutations contribute even more
to decrease the efficiency of incorporation of the analogue in
relation to the normal nucleosides. For example, in the Lys65Arg
mutation, the bulky side chain of arginine with three hydrogen
donors should contribute to an even more pronounced confor-
mational change of the triphosphate moiety and hence to a larger
displacement of theR-phosphate from the correct position for
catalysis.

Figure 6. Position of the nucleoside and analogues in relation to the
primer before the catalytic step: (A) dTTP; (B) d4TTP; (C) ddCTP.
The different pattern of hydrogen bridges for ddCTP results in a
modification of the conformation and an unfavorable placement of the
R-phosphate of the inhibitor in relation to the primer for catalysis. The
distances between the O3′ atom and theR-phosphate group are 3.25 Å
for the dNTP, 3.10 Å for d4TTP, and 4.10 Å for ddCTP.
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In addition, other NRTIs such as ddI and 3TC, for which RT
is resistant by discrimination at the level of incorporation, do
not have any partial positively charged group at the 3′-position.
ABC is an exception because it also has a more acidic sp2

hydrogen. However this inhibitor has an extremely bulky
substituted base thatper seshould be responsible for a large
displacement of the inhibitor from the optimal position in
relation to the primer for catalysis to proceed.

Conclusion

In this work, we performed three different simulations of WT
RT; in one of them, we studied the interactions established
between the N site residues and the normal substrate. In the
other two, we studied the interactions of the N site residues
with two inhibitors, d4TTP and ddCTP. These studies proved
very important to elucidate on the development of resistance
by RT to the antiretroviral drugs NRTIs.

One important observation is that of a new hydrogen bridge
between the dNTP and a surface residue of the palm, Lys219,
which is also involved in a salt bridge with the fingertip residue
Asp67. RT mutants in these residues display increased levels
of primer unblocking (excision). Looking at their position in
the RT structure, these residues seem to be located at the
entrance of the identified ATP binding site, which suggests that
their mutation could favor ATP binding. However, further
studies are necessary to prove this hypothesis.

Regarding residue Gln151, whereas with the normal substrate
Gln151 is able to establish an interaction with the 3′-oxygen
atom of the ribose moiety, in the presence of inhibitors this
interaction occurs with an oxygen atom of the base because
the absence of the 3′-OH in the inhibitors allows their base to
came closer to Gln151. Consequently, when the mutation
Gln151Met occurs together with Ala62Val, Val75Ile, Phe77Leu,
and Phe116Tyr, the inhibitors should be more displaced from
the correct placement for catalysis than the normal nucleotide.

Furthermore, based on the different pattern of hydrogen
bridges between the fingertip residues of the enzyme (Lys65
and Arg72) and the triphosphate moieties of the normal
nucleoside and d4TTP and ddCTP, two highly similar inhibitors
for which RT presents reduced susceptibility by different
mechanisms (discrimination at binding or incorporation and
excision), we are able to suggest a general explanation for
discrimination at the level of incorporation. Previous studies in
which the relative incorporation of NRTIs and dNTP were
compared have shown that WT HIV-1 RT barely discriminates
between dTTP and AZTTP44,46 or d4TTP.43 In contrast, pre-
steady-state kinetics showed that WT HIV-1 RT very efficiently
discriminates against ddCTP on a DNA template.45 From our
study, we can now propose that the poor incorporation properties
of ddCTP seem to come from the lack of a polar 3′-group, able
to engage in an ion-dipole interaction with aâ-phosphate
oxygen of the triphosphate moiety, which results in a modifica-
tion of the conformation of the triphosphate moiety and
consequently in a displacement of theR-phosphate from the
correct position for catalysis. Discrimination at the level of
incorporation seems to be the consequence of the absence of
this fundamental intramolecular interaction between the 3′-
position of the ribose moiety and an oxygen atom of the
â-phosphate.

Methods

Structural Modeling. The p66 subdomain along with the DNA
p/t and the two magnesium ions of the X-ray structure 1RTD32

were merged with a previously modeled p51 subunit47 to form the
complete complex E‚p/t‚dNTP. The missing hydrogens were added
with the LEAP module of the Amber8 suite of programs.48 The
NRTIs were placed in the dNTP binding site by superposition of
the substrate/inhibitor bases followed by deletion of the dTTP
present in the 1RTD X-ray structure. For ddC, the corresponding
template base was substituted by a thymidine.

Molecular Dynamics. All energy minimizations and MD
simulations were carried out using the Amber8 package.48

The systems were neutralized by adding 37 Na+ ions. The
structures were then solvated with an octahedral box of TIP3P
waters with each box side at a distance of at least 15 Å from the
protein. The parm99 force field49 was used in all calculations. This
force field lacks atomic charges for the inhibitors. Therefore, atomic
point charges for ddCTP and d4TTP had to be previously calculated.
Accordingly, a first geometry of the inhibitors d4TTP and ddCTP
was built from the structure of the dTTP present in GaussView50

and then optimized in vacuum and subsequently using a PCM
solvent model (with dielectric constant of 80).51 The B3LYP
functional was used as implemented in the Gaussian03 molecular
package.50 The 6-31G(d) basis set was employed.

Atomic charges were fitted to the restrained electrostatic potential
at a fine grid of points generated according to the Merz-Kollman
method.52,53 The charges were derived using an electrostatic
potential calculated with the B3LYP functional using the 6-31+G-
(d) basis set.

Geometry minimizations of the whole RT‚p/t‚substrate and RRT‚
p/t‚inhibitor systems were then performed using molecular mechan-
ics. We began by optimizing the geometry of the solvent and the
ions maintaining the protein atoms constrained by harmonic
restraints (using a force constant of 500 kcal mol-1 Å-2). Then we
released the constraints on the entire system, and performed 1500
steps of steepest descent followed by 1000 steps of conjugate
gradient to release the bad contacts present in the initial system,
that is, enzyme X-ray structure/docked inhibitor.

The MD simulations were performed using periodic boundary
conditions. The previously minimized systems were initially
equilibrated at 300 K for 20 ps in anNVTensemble, using Langevin
dynamics. Production simulations were performed at 300 K in an
NTPensemble using Langevin dynamics with a collision frequency

Figure 7. RMSD for the enzyme (left) and p/t (right) of the complexes
E‚p/t‚dTTP (top), E‚p/t‚d4TTP (middle), and E‚p/t‚ddCTP (bottom).
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of 1.0 ps-1. Constant pressure periodic boundary was used with an
average pressure of 1 atm. Isotropic position scaling was used to
maintain the pressure with a relaxation time of 2 ps. The time step
was set to 2 fs. Shake constraints were applied to all bonds involving
hydrogen. The particle mesh Ewald (PME) method was used to
calculate the electrostatic interactions with a cutoff distance of 10
Å. The trajectories were saved every 100 steps for analysis, with a
total duration of around 1000 ps.

The simulations were carried out in the 108-node Intel/AMD
Cluster at the Theoretical and Computational Chemistry Group of
the Universidade do Porto.

Root-Mean-Square Deviation (RMSD).We began by analyzing
the RMSDs of the enzyme (R-carbons) and the p/t for the three
complexes (Figure 7). The RMSD for the enzyme equilibrates after
200 ps and can be observed to be low (around 2 Å) during the
entire simulation, which means that the structures are stable and
reproduce correctly the crystallographic geometry. The RMSDs for
the p/t were calculated on the basis of the P, O3′, O5′, C3′, C4′,
and C5′ atoms; furthermore, because the p/t has a cohesive end,
we only considered the double-stranded portion. The p/t shows a
larger but acceptable RMSD.
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