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Conformational Properties of Nucleotide-Based
Template-Competitive HIV-1 Reverse
Transcriptase Inhibitors: Analysis of

Enzyme Binding Modes#
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Department of Chemistry and Physics, Southeastern Louisiana University,
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ABSTRACT

Nucleotides 2-(4-azidophenacyl)thio-1,N6-etheno-20-deoxyadenosine 50-triphos-
phate 1 and its tetrafluoro analog 2 inhibit HIV-1 reverse transcriptase (RT) com-
petitively relative to template. These template-competitive RT inhibitors
(TCRTIs) were analyzed for conformational properties by molecular modeling
and NMR analysis. Both inhibitors prefer sugar conformations of C20-
endo=C30-exo with a high-anti glycosidic bond rotation and þsc=ap phosphate
conformation (g). The major effect of the etheno group is to favor an extended,
fully staggered anti conformation in the N1-C2-S-CH2 c1 side chain rotation,
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and NMR analysis detects a long range sugar H40 to side chain phenyl meta-H
NOE, a result consistent with this compact structure as an important contributor
to the solution structure. The binding model generated places the phenyl side
chain in a lipophilic pocket in the template grip region of the RT polymerase
domain with the Mg-triphosphate complexed to active site carboxylates. The
structures of the TCRTIs are compared with that of the template-competitive
DNA polymerase inhibitor 2-(4-azidophenacyl)thio-20-deoxyadenosine 50-triphos-
phate 3, and a theoretical model for selectivity is proposed.

Key Words: Nucleotide conformation; Reverse transcriptase; DNA polymerase;
Template-competitive inhibitors; Combined-substrate inhibitors.

INTRODUCTION

Nucleotide conformations are often an important determinant of substrate and
inhibitor binding to nucleotide and nucleic acid processing enzymes. For example,
conformational properties of nucleoside reverse transcriptase (RT) inhibitors, in par-
ticular AZT, taken from x-ray crystallography,[1] NMR spectroscopy,[2] and various
potential energy calculations[1] provided important structure-activity information.
We are similarly interested in the conformations of our recently reported nucleotide
inhibitors of both HIV-1 reverse transcriptase (RT) and E. coli DNA polymerase I
Klenow fragment (Pol I)[3,4] These nucleotides were designed as combined-substrate
inhibitors with binding interactions at both the dNTP and template binding sites of
the respective enzymes.

The template-competitive RT inhibitors (TCRTIs), exemplified by 2-(4-azido-
phenacyl)thio-1, N6-etheno-20-deoxyadenosine 50-triphosphate 1 and the tetrafluoro
analog 2, inhibit HIV-1 RT competitively relative to template-primer (and thus the
name), and photolabel and photoinactivate the free enzyme.[3] The phenylazide
of both 1 and 2 label RT in the template-grip, a region of RT found important
for binding and positioning of the template during reverse transcription.[5] The
template-competitive Pol I inhibitor (TCPI) 2-(4-azidophenacyl)thio-20-deoxyadeno-
sine 50-triphosphate 3 was characterized kinetically as a reversible inhibitor and as
a photoprobe. This inhibitor binds to the free enzyme form of Pol I with a low to
sub-micromolar affinity, but is not a substrate since it does not bind to the
enzyme-template=primer binary complex.[4] Additionally, the azidophenacyl group
photolabels a lipophilic site at the junctures of helices M, N, and O in the template
binding domain.[6]

A most interesting difference between the RT inhibitors 1 and 2 and the Pol I
inhibitor 3 is that they show considerable selectivity. Thus TCRTIs 1 and 2 are
>800-fold more active than 3 as an RT inhibitor, and 3 is 100 times more active
as a DNA pol inhibitor reltaive to 1. This >80,000 fold switch in selectivity is
difficult to explain based on a simple model in which the etheno group increases the
lipophilicity of the purine ring. In order to understand the potential impact of the
1,N6-etheno group on this selectivity, we investigated the structural properties of
the RT inhibitors 1 and 2 relative to the structural properties of 3 reported earlier.[6]

In the present communication we demonstrate that the discernable structural
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difference between the TCRTIs 1 and 2 and the DNA pol inhibitor 3 is an effect
of the etheno group on the 2-side chain conformation, and we also provide an
enzyme structural model that rationalizes the selectivity observed.

EXPERIMENTAL

1. Computational Methods

Sybyl 6.0 (Tripos Associates, Inc., St. Louis, MO) computations were run on an
IBM RS=600 Workstation Model 560 or a Silicon Graphics O2 workstation.
Nucleotide inhibitors were modeled using Sybyl by modification of the structure
of dAMP taken from BIOPOLYMER. Semi-empirical calculations were performed
using the MOPAC package and MNDO method in Sybyl 6.0 to optimize the charge
and geometry of nucleotide analogues. Potential energy calculations of adenine ana-
logues were performed using the Tripos force field, and those of nucleotide analo-
gues were performed using the Kollman all atom force field[7,8] with addition of
the C40-O40-C10-N

� anomeric torsional parameters for cyclic compounds to correct
for the anomeric effect.[9] A dielectric constant of 1 was used in these calculations.
Systematic sampling of torsional space was accomplished using the GRID SEARCH
option in Sybyl 6.0, which allows complete optimization of the molecule at each
increment except for the torsional angle being driven. The criterion for termination
of minimization was an energy change less than 0.0001 kcal=mol. The conformations
generated by grid search were analyzed using the MOLECULAR SPREADSHEET
function in Sybyl 6.0, which allows the measurement and calculation of various para-
meters, such as torsional angles, interproton distances, and the pseudorotational
phase angle P. Docking studies were performed using Midas[10] running on a Silicon
Graphics Indigo workstation. Protein structures (1HVT superseded by 2HVT for
RT; 1DPI for DNA polymerase I Klenow fragment) were obtained from Brook-
haven protein database.[11] The triphosphate crystal structure was taken from
ADENTP from the CSD (CCDC, Cambridge. CB2 1EZ. UK).

2. Nuclear Magnetic Resonance Spectroscopy

Nucleotide samples were dissolved in D2O at final concentrations of 1–5mM.
1H NMR spectra were recorded at 25�C on a Bruker AM 500 NMR spectrometer.
Vicinal proton-proton coupling constants of the furanose ring were measured by
sequential decoupling of furanose protons at 288, 298, and 306K, respectively.
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PSEUROT BASIC calculations were performed using the generalized Karplus
equation (1):

3JHH ¼ P1 cos
2 fj þ P2 cosfj þ P3 þ SDwi P4 þ P5 cos

2ðxifj þ P6jwijÞ
� � ð1Þ

where 3JHH is the vicinal proton-proton coupling constants, P1 to P6 are constants
determined by a least-squares procedure using 315 model compounds, fj is the
dihedral angle, xi is a constant that has a value of þ1 or �1 depending on the
orientationof the substituent relative to its geminal proton, and Dwi is the difference
of the Huggins electronegativity between the substituent i and hydrogen.[12] In
addition, the primary (a) Dwi values are influenced by b substituents as expressed by
equation (2):

Dwgroup ¼ Dwa substituent � P7SDw
b substituent
j

where P7 is a constant and the summation is over all the substituents j bound to
substituent i.[13]

Phase sensitive two dimensional ROESY spectra were acquired with time pro-
portional phase incrementation and a mixing time of 500ms. Data were accumulated
with 64 scans=block containing 4 dummy scans for 256 blocks, a 4000Hz sweep
width, and a 2 s relaxation between scans, collecting 2K data points. Data was then
transferred to a Silicon Graphics Indigo work station and multiplied by a shifted
sine-bell weighting function in both dimensions. The spectra were Fourier trans-
formed using Felix NMR data processing software (Biosym, San Diego, CA).

RESULTS AND DISCUSSION

1. Molecular Mechanics Conformational Analysis of Nucleotides 1 and 2

Side Chain Conformational Analysis

The four rotatable bonds in the phenacyl side chains of 1, 2, and 3 are named
C1, C2, C3, and C4 as illustrated in Fig. 1. Systematic energy minimization by rota-
tion of the torsional angles in the corresponding base of TCRTIs 1 and 2 were car-
ried out using molecular mechanics calculations not including the azido group as
previous results have shown that it has little effect on the structure and dipole
moment.[4] The charges and geometry of 2-phenacylthio-1,N6-etheno-adenine and
2-(2,3,5,6-tetrafluoro)phenacylthio-1,N6-etheno-adenine were determined by
MOPAC calculations using the MNDO method. The energy calculations were then
performed for each rotatable bond using a grid search in which the torsional angle
was driven from �180� to 180� by an increment of 5� with the other three torsional
angles starting from a fully extended, anti, conformation.

The energy profiles for C1 of 1 and 2 generated from these calculations, as well
as the C1 plot for TCPI 3, are shown in Fig. 2. As predicted, torsional angle C1 had
an energy maximum at 0� where the etheno group is eclipsed with the methylene
group of the side chain. However, an energy minimum was observed at 180�, in which
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the methylene group is anti to the etheno ring and eclipsed with the N3 lone pair.
The preference for the 180� conformer was somewhat unexpected since the side chain
rotation in the adenine analog 3 showed a strong preference for the �90 and þ90�

conformers (by about 8 kcal=mol) where the methylene group of the side chain

Figure 1. Conformational Properties of Nucleotides. Top: Definition of conformational rota-
tions in a representative nucleotide; g¼C30-C40-C50-O50; w¼O40-C10-N9-C4, c1¼N1-C2-S-
CH2. Bottom: Pseudorotational cycle, where the conformations are listed outside the circle
and the corresponding pseudorotation phase angles (P) are listed inside the circle; mE¼ endo,
or up, conformation, nE¼ exo, or down, conformation, and m

nT¼ twist conformation where n
and m define the atom(s) involved.

Figure 2. Grid search plots for rotation about Psi 1 for TCRTIs 1 (left) and 2 (center), and
for the DNA polymerase inhibitor 3 (right).
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projects out from the plane of the adenine ring (Fig. 2, right graph). The slight pre-
ference (about 1.5 kcal=mol) for the 180� anti conformer preference in 1 is likely due
to the lone pairs on sulfur, since in the 180� rotation the lone pairs are staggered and
gauche to the etheno CH, whereas in the 90� conformation one lone pair is near
eclipsed to the etheno. This preference for the 180� conformation of the side chain is
the major discernable structural difference between 1 vs 3 as RT vs DNA pol inhibi-
tors, respectively. The side chain preference of TCRTI 2 resembles that of the
TCRTI 1 with the exception that the þ90 and �90 conformers show a
< 0.5 kcal=mol preference over the þ180� conformer, but the 0� conformer is
strongly disfavored.

Torsional angles C2 and C3 in both RT inhibitors 1 and 2 each had similar con-
formational preferences with energy minima near 60, �60, and 180�, corresponding
to three staggered conformations (Fig. 3). The energy maxima at �120, 0, and 120
for C2 and C3 correspond to the eclipsed conformations with the highest-energy
conformation at 0� reflecting the eclipsing of the alkyl (or aryl) groups. For C4,
energy minima were observed near 0 and 180�, where maximum overlap between the
p-electrons of the carbonyl group and those of the phenyl ring occur. Energy max-
ima for C4 were near 90 and �90�, where the p-electrons of the carbonyl group are
perpendicular to that of the phenyl ring. Overall, these potential energy calculations
give a fully extended side chain projecting at 180� from the etheno group as the glo-
bal energy minimum conformation. However, local energy minimum conformations
that have one torsional angle at –65 or 65� (C2 or C3) and the remaining three
torsional angles at 180� had only slightly higher energy (about 0.2 kcal=mol).

Furanose Ring Puckering

The conformational states of the furanose ring of nucleotide inhibitors 1 and 2

were examined by computation of relative energy as a function of pseudorotation
phase angle P. Phase anlge P is defined based on the interrelationship between the
torsional angles of a five-membered ring using Eq. (3):[14]

tanP ¼ ðt4 þ t1Þ � ðt3 þ t0Þ
2�t2 �ðsin 36� þ sin 72�Þ ð3Þ

Figure 3. Conformation energy plots for side chain torsional bonds c2 (left), c3 (middle), and
c4 (right) for TCRTI 1.
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where t0 to t4 are endocyclic torsional angles of the furanose ring with the subscript
representing the first atom of the rotatable bond (see Fig. 1). Molecular mechanics
calculations were performed using the Kollman all-atom force field[7,8] which has
been successful in the computation of nucleic acid energetics and reproduced nucleo-
side pseudorotational potentials with addition of parameters for the OCN anomeric
effect.[9] Grid searches were performed in which an endocyclic torsional angle of
the furanose ring was driven from �40� to 40� by an increment of 3�. Similar grid
searches were repeated for each endocyclic torsional angle of the furanose ring, and
the confromations generated from these searches were tabulated. Pseudorotational
phase angle P values for each conformation were then calculated by Eq. (3) to give
the energy profile for the entire pseudorotational pathway as shown in Fig. 4 for 1

(left) and 2 (right).
For TCRTI 1, the conformational analysis was performed with torsional angles

w and g starting at anti and þsc, respectively, and the 2-position side chain starting
in the fully extended conformation. Under these starting conditions two energy
minima at C20-endo (P¼ 160�) and C30-endo (P¼ 10�) were observed with the C20-
endo as the global energy minimum, although the energy difference between C20-
endo and C30-endo was only 0.2 kcal=mol, and the minimum at C20-endo was broad
and includes C30-exo. A western potential energy barrier (P¼ 270�) of about
3 kcal=mole and an eastern energy barrier (P¼ 90�) of about 0.5 kcal=mol were
observed.

The global energy minimum for 2 was observed at P¼ 209�, corresponding to
C30 exo sugar puckering, which is also the sugar conformation of B DNA (Fig. 4,
bottom). Interestingly, the favorable sugar pucker of 2 is very close to the reported
sugar conformation (P¼ 215�) of AZT.[15] Another energy minimum about
1 kcal=mole higher than the global minimum occurs at P¼ 324�, indicating C20 exo
or twist sugar conformation. The eastern (P¼ 75�) and western (P¼ 280�) potential
energy barriers are about 8.1 and 2.5 kcal=mol, respectively.

These calculations for both 1 and 2 are consistent with reported furanose con-
formational preferences,[16] as well as the sugar conformation found in B-DNA,[17]

Figure 4. Pseudorotational phase angle plots for 1 (left) and 2 (right). The puckering modes
are shown on the left graph. The pseudorotational angle is defined in Fig. 1 and calculated
from Eq. (3).
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indicating that the structural modifications on the ethenoadenine ring in 1 and 2 do
not exert a major effect on the conformational states of the furanose ring. In addi-
tion, TCPI 3 gave a predominate C30-exo conformation with P¼ 192�, and NMR
analysis of the solution structure of 3 was consistent with this model.[6]

Glycosidic Torsional Angle Preferences

Energy profiles of TCRTIs 1 and 2 relative to w (defined as O40-C10-N9-C4 in
Fig. 1) were examined using grid searches in which w was driven from �180� to
180� by an increment of 5�. The conformation of the furanose ring was first set at
C30-exo and energy minimum conformations of the side chain with the torsional
angle g at either þsc or ap but not �sc since the later is rarely observed.[18]

Figure 5 shows the energy profiles for 1 (left) and 2 as a function of both the þsc
and ap starting conformations at g. For all the starting side chain conformations,
the þsc conformation was favored over the ap conformation and the energy-mini-
mum fell in the range of w¼�35 to �60�, corresponding to the high anti conforma-
tion, for 1. However for 2 there was a preference for the high anti conformation in
the ap rather than the þsc conformation. The preference for high anti conformer in 2

is consistent with the preferences for 1 and 3,[6] but the preference for the ap confor-
mation is not readily apparent. The NMR studies (see later) however are consistent
with the calculations of a preferred ap conformation in 2. In either case, because the
discrepancy is between the two TCRTIs, this difference cannot be the origin of the
selectivity differences observed.

Previous studies have demonstrated that orientation of the base about the gly-
cosyl bond (w) in a nucleoside is affected by sugar puckering. Purine nucleosides with
C20-endo pucker adopt both syn and anti forms in nearly equal distribution, whereas
C30-endo puckering favors the anti conformation.[18] The high anti conformation
here for the C30-exo starting position is strengthened by the 2-side chain which intro-
duces a steric effect in the syn conformers. In this regard, some conformations with w
in the range of 0 to 45� were not possible due to steric interactions between the side
chain and sugar.

Figure 5. Chi torsional angle (O40-C10-N9-C4 as indicated in Fig. 1) energy plots for 1 (left)
and 2 (right).
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2. Solution Conformations of 1 and 2 by NMR Analysis

The generalized Karplus equation, which relates the vicinal proton-proton cou-
pling constants of the furanose ring to the dihedral angles, has been used to examine
the conformational states of the furanose rings of nucleosides and nucleotides.
A number of methods have been developed to calculate dihedral angles and endocyc-
lic torsion angles from proton coupling constants. The ‘‘Dihedral Angle Estimation
by the Ratio Method’’ (DAERM) is based on the assumption that the ratio of
Karplus constants is constant although the magnitudes vary. Two shortcomings
associated with this method are: 1) there is only partial compensation for electrone-
gative substituents, and 2) DAERM calculations give only an average of contribut-
ing conformations. The program PSEUROT (in Fortran) assumes an equilibrium
between two puckering modes and calculates the phase angle P, the puckering ampli-
tude, and the molar fraction of the two conformers.[13,14] Our lab developed
PSEUROT BASIC which runs in a DOS environment and performs a global search
of all possible starting conformations. The furanose ring puckering states of TCRTIs
1 and 2 were investigated by this method as an independent means of arriving at
energy minimum conformations.

The vicinal proton-proton coupling constants measured by 1H-NMR are given
in Tables 1 and 2 for 1 and 2, respectively. The results of PSEUROT calculations
(Table 3) gave C30-exo (P¼ 192�) as the major conformer (75.4%) and C30-endo
(P¼ 0.8�) as the minor conformer (24.6%) with puckering amplitudes tm of 18 and
40, respectively, for 1. The C30-exo conformation predicted from the NMR data is

Table 1. Sugar vicinal coupling constants for 1.

Temperature

Coupling 288K 298K 306K

H10-H20 7.70 7.75 7.50
H10-H200 6.30 6.10 6.70
H20-H30 5.90 5.50 6.10
H200-H30 3.00 2.44 3.05
H30-H40 2.20 1.80 2.40

Table 2. Sugar vicinal coupling constants for 2.

Temperature

Coupling 288K 298K 306K

H10-H20 5.30 4.45 4.60
H10-H200 7.00 7.55 6.44
H20-H30 2.40 0.75 2.60
H200-H30 5.10 4.55 5.70
H30-H40 0.75 0.75 0.75
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consistent with the molecular mechanics calculation which predicts a broad global
minimum as the south conformation which includes both C20-endo and C30-exo con-
formations for 1. For 2 the calculations indicated a C30- exo conformer at P¼ 205�

with ring pucker of 38 as the prodominate conformation and a minor conformer at
P¼ 25� with a ring pucker of 27. The C30 exo sugar pucker as the major conformer
derived from NMR studies is also in good agreement with the prediction of molecu-
lar mechanics calculations that C30 exo is the global energy minimum conformer.
The TCPI 3 also gives a C30 exo conformation as the major conformer in solution,
such that we conclude that the etheno substituent has little effect on the solution
structure of the TCRTI sugar conformations.

The conformations of TCRTIs 1 and 2 were further analyzed by ROESY experi-
ments which provide information on the relative spatial relationship between the
protons. The NOE intensities of the ROESY plot were assigned as strong, medium,
and weak, which are defined as distances of 2-3, 2-4 and 2-5 Å, respectively, relative
to the intensity of the C20H-C200H (�1.8 Å) and ArH-ArH’ (�2.5 Å) enhancements
(Table 4).[19] The medium sugar-base proton H10-H8 and H20-H8 NOEs, and
the weak sugar-base proton H30-H8 NOE are all consistent with a high anti
conformer. The absence of a sugar-base proton H50-H8 NOE is consistent with a þsc

Table 3. Results of Pseurot calculations from NMR coupling data for 1, 2, and 3a.

South conformer North conformer
Predominate
conformerInhibitor P Phase P Phase % South

1 192� 18 0.80� 40 75% C30-exo
2 205� 38 25� 27 94% C30-exo
3 189� 36 342� 38 80% C30-exo

aSee Ref.[6].

Table 4. NOEs observed for 1, 2, and 3 in D2O.

Inhibitor Component(s) Strong NOE Medium NOE Weak NOE

1 intra-sugar 10-200a, 20b-200,20-30,30-50 10-40 –c

sugar-base – 10-8, 20-8 30-8
intra-side chain ortho-meta – –
sugar-side chain – 10-ortho 40-meta

2 intra-sugar 20-200, 30-40, 30-50 10-200, 10-30 200-40, 20-30

sugar-base – 10-8, 20-8 30-8, 50-8

3 intra-sugar 10-20, 20-200 20-30, 30-50 10-40, 200-30, 30-40

sugar-base – 20-8 10-8, 30-8
intra-side chain ortho-meta – –
sugar-side chain – – 10-ortho

a200, alpha (or down) proton; b20, beta (or up) proton; c-, none observed.
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conformation since in the ap, C30 exo=endo conformation a weak but discernable
NOE is expected. The medium sugar-base proton H10-H8 NOE argues against the
syn conformation as an important contributor since this NOE is typically strong
in the syn conformation. These results are consistent with the conformational analy-
sis by potential energy calculation which gave high anti and þsc as the minimum
energy conformations for torsional angle w and g, respectively, of 1.

The sugar-base NOEs for 2 are very similar to that observed with 1 with one
important exception. In this TCRTI the weak but discernable sugar-base proton
H50-H8 NOE is most consistent with the ap conformation as indicated above. The
medium sugar-base proton H10-H8 and H20-H8 NOEs, and the weak sugar-base
proton H30-H8 NOE, are all consistent with a high anti conformer as with 1. Thus
this NMR data is also consistent with the calculated conformational preferences
observed for 2.

Most significantly, NOEs were observed between the protons of the sugar ring
and the aromatic protons of the side chain phenyl ring for 1 (the phenyl ring of 2
lacks protons so this analysis is not possible). A medium NOE between H10 and
the ortho-phenyl protons and a weak NOE between the meta-phenyl protons and
H40 were observed, suggesting that 1 adopts an average conformation in which the
side chain is folded toward the sugar ring. Consistent with this observation is the
chemical shift of H10 in 1 which is shifted upfield by about 0.7 ppm to 5.7 ppm com-
pared to other adenosine or 1,N6-etheno-adenosine analogues (d H10 ¼ 6.4–6.5 ppm),
suggesting that H10 in 1 is shielded by the aromatic ring. Of course other telling
NOEs would have been between the side chain methylene with the H10 for the
180� C1 torsional angle or between the methylene and etheno a-H which would be
indicative of a þ90=�90 C1 conformer. Unfortunately, the chemical shift of the
methylene proton resides under residual water, and thus this data can not be
obtained.

3. Model Building and Docking

In order to examine the potential interactions between the enzyme and the
nucleotide inhibitor, molecular modeling was performed by docking an energy mini-
mum conformer of TCRTI 1 into the active site of HIV-1 RT. Construction of a
three-dimensional model of TCRTI 1 was based on our results from conformational
studies, which included a C30-exo sugar conformation, high anti glycosidic rotation,
þsc conformation for g, and fully extended conformations in the side chain with
the exception of a C2 conformation of �65� which was most consistent with the
observed NOEs. Additionally, the conformation of the triphosphate group in the
model was taken from the crystal structure of adenosine triphosphate[20] (the crystal
structure of the ternary complex of HIV1 RT[21] was not available when this model
was first created[22]).

The constructed model of TCRTI 1 was then docked into the active site of HIV-
1 RT in MIDAS.[10] The structure of RT was taken from the 3.0 Å crystal structure
of HIV-1 RT complexed with a 19-mer=18-mer template=primer and an antibody.[23]

Since labeling studies show an active site specific labeling of HIV-1 RT by TCRTI 1
and covalent modification at Ser156,[5] the TCRTI was positioned in the DNA
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binding cleft with the side chain phenyl ring within bonding distance to this residue.
Using this as an anchor point, the inhibitor was then rotated into the proposed active
site in the palm subdomain. In doing so, the magnesium-complexed triphosphate of
the inhibitor is in a proper orientation and distance to interact with the triphosphate
binding site, that is, the b- and g-phosphates interact with Asp110 and Asp185, and
the anhydride oxygen of the a-phosphate interacts with Asp186, via magnesium
chelation.[24] The resulting model of TCRTI 1 bound to the active site of RT, and
for comparison the model of 3 bound to Pol I,[6] are given in Fig. 6.

The major interaction between the inhibitor and the enzyme in the model is from
the triphosphate, sugar and the 2-position side chain. The base is positioned at the
center of the cleft at a considerable distance from the fingers subdomain, but the
2-position side chain makes extensive contacts with amino acid residues Pro150,
Gin151, Ser156, Pro157, and Phe160 in the template grip. In particular, the phenyl ring
of Phe160, which is located on the same face of a-helix E as Ser156, is in close contact
with the azidophenyl ring of TCRTI 1, suggesting that it may be involved in inhibi-
tor binding by hydrophobic interactions with the side chain phenyl ring. In addition,
the backbone nitrogen of Gin151 is within hydrogen bonding distance with the side
chain carbonyl group of the inhibitor. In addition to the three catalytically important
carboxylates Asp110, Asp185, and Asp186, residues Met184 and Asp113 are also in close
proximity to the triphosphate moiety of the inhibitor and may play a role in binding.
The sugar of the TCRTI is positioned in the cleft with the 30-hydroxyl group point-
ing away from the exonuclease domain with the side chain of amino acid residues
Ala114 and Tyr115 making Van der Waals contact with the sugar ring. In this regard
it should be noted that this model, which was constructed before a crystal structure
was available, provides a good overlay with the position of the TTP substrate
observed in a subsequent covalent ternary complex.[21]

Figure 6. Models of 1 bound to RT (left) and 3 bound to Pol I (right). A. The RT complex is
shown looking into the DNA cleft with the fingers subdomain on the left; B. The Pol I model is
shown looking into the DNA binding cleft with the fingers domain to the left.
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CONCLUSIONS

Molecular mechanics calculations and 2-dimensional NMR spectroscopic stu-
dies indicate that the 2-position side chains of TCRTIs 1 and 2 and the polymerase
inhibitor 3 exhibit significantly different conformational preferences. In TCRTIs 1

and 2, the etheno group, particularly the N1-Ca and Ca-H bonds of the etheno
group, force a 180 degree C1 rotation which projects the aromatic ring of the side
chain down toward the sugar. On the other hand, the side chain of TCPI 3 favors
an orientation with the aromatic ring extending out from the purine ring. Other
conformational preferences observed for inhibitors 1, 2 and 3 were similar, with
sugar puckering preferences at C20-endo=C30-exo (south), the orientation of the
base (w) at high anti, and the orientation of the 50-phosphate (g) at þsc or ap.
The absence of significant differences in the sugar and base conformations in these
two classes of nucleotide inhibitors suggests that the differences in side chain con-
formations predicted in the molecular mechanics calculations and observed in the
NMR studies result in different binding interactions at the active sites of HIV-1 RT
and Pol I.

The preferred side chain conformations for the TCRTI vs. TCPI inhibitors can
also be seen in the models of bound inhibitor. In the model of reverse transcriptase
bound to 1, the side chain makes contact with the template grip region at the junc-
ture of the palm and finger domains of the polymerase active site. The model of Pol I
bound to 3 (also shown in Fig. 6) shows that the side chain must extend out from the
purine ring to make contact with the fingers domain well above the palm=finger
interface. Thus the selectivities of these inhibitors are also related to the absence
or presence of lipophilic binding sites for the preferred side chain conformations.
The presence of these specific side chain binding sites provides reasonable expecta-
tions that very specific inhibitors can be developed for different types and classes
of these polymerases.
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