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Abstract

4’-Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) is the most potent inhibitor of HIV reverse
transcriptase (RT). We have recently named EFdA a Translocation Defective RT Inhibitor
(TDRTI) because after its incorporation in the nucleic acid it blocks DNA polymerization,
primarily by preventing translocation of RT on the template/primer that has EFdA at the 3’-primer
end (T/Pggga)- The sugar ring conformation of EFdA may also influence RT inhibition by a)
affecting the binding of EFdA triphosphate (EFdATP) at the RT active site and/or b) by
preventing proper positioning of the 3’-OH of EFdA in T/Pgpga that is required for efficient DNA
synthesis. Specifically, the North (C2’-exo/C3’-endo), but not the South (C2’-endo/C3’-ex0)
nucleotide sugar ring conformation is required for efficient binding at the primer-binding and
polymerase active sites of RT. In this study we use nuclear magnetic resonance (NMR)
spectroscopy experiments to determine the sugar ring conformation of EFdA. We find that unlike
adenosine nucleosides unsubstituted at the 4’-position, the sugar ring of EFdA is primarily in the
North conformation. This difference in sugar ring puckering likely contributes to the more
efficient incorporation of EFdATP by RT than dATP. In addition, it suggests that the 3’-OH of
EFdA in T/Pgeqa is not likely to prevent incorporation of additional nucleotides and thus it does
not contribute to the mechanism of RT inhibition. This study provides the first insights into how
structural attributes of EFdA affect its antiviral potency through interactions with its RT target.

*The abstract of this article was presented at the World Conference on Cellular and Molecular Biology in Indore, India, November 2 —
6, 2009.
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INTRODUCTION

HIV-1 reverse transcriptase (RT) is the most targeted viral protein by approved anti-HIV
drugs due to its critical role in replication of the virus (24, 14, 29, 5, 32, 8). These inhibitors,
which are either nucleoside reverse transcriptase inhibitors (NRTISs) or non-nucleoside
reverse transcriptase inhibitors (NNRTIs), interfere with the enzyme’s ability to synthesize
the viral DNA. In particular, NRTIs mimic the natural ANTP substrate of the enzyme and
bind to the 3’-primer terminus in the polymerase active site. Once incorporated into the
primer, the NRTI prevents further elongation of the DNA by acting as a chain terminator.
All currently approved NRTIs lack a 3’-OH moiety, which has long been considered a
requirement for inhibitors to be successful chain terminators. Although this lack of a 3’-OH
group promotes effective chain termination, it imparts a negative effect on the potency of the
NRTI, including a diminished binding affinity for the RT target and decreased ability to be
activated by cellular kinases (12).

We reported previously that a group of NRTIs with 4’-substitutions and a 3’-OH are very
effective at inhibiting both wild-type (WT) and multi-drug resistant strains of HIV (18). The
most potent compound in this collection is 4’-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA),
an adenosine analog containing a 4’-ethynyl group on the deoxyribose ring and a 2-fluoro
group on the adenine base (Figure 1). EFdA is able to inhibit both WT and multi-drug
resistant strains of HIV several orders of magnitude more efficiently than all other currently
approved NRTIs (22). Moreover, clinically-observed drug resistant HIV strains are sensitive
(38, 21), and in some cases hypersensitive (17), to EFdA. Recently, we have shown that
EFdA acts primarily as a chain terminator because it prevents translocation of RT on the
EFdA-terminated primer after incorporation. Antiviral compounds demonstrating this novel
mechanism of inhibition have been termed Translocation Defective Reverse Transcriptase
Inhibitors (TDRTIS) (22).

It has been demonstrated that the conformation of the sugar ring affects the biological
activity of NRTIs (16, 30, 27, 20, 25, 4, 31, 2, 3). In solution, the structure of the
deoxyribose ring of nucleosides exists in a dynamic equilibrium between the C2’-exo/C3’-
endo (North) and C2’-endo/C3’-exo (South) conformations. It has previously been shown
that the sugar ring conformation of NRTIs is important for recognition by RT at both the
primer and dNTP binding sites. For efficient DNA polymerization to occur, both the
nucleotide at the 3’-end of the primer and the incoming dNTP or NRTI are required to be in
the North conformation. In the North conformation, the 3°-OH of the nucleotide at the 3’-
primer terminus is properly positioned for in-line nucleophilic attack on the a-phosphate of
the incoming dNTP or NRTI (Figure 2a). The North conformation is also important for the
incoming dNTP or NRTI, because if the sugar ring were in the South conformation, the 3’-
OH would be very close to Tyr115 of RT (d = 1.8 A), creating unfavorable steric
interactions between the substrate and enzyme (Figure 2b) (20, 23, 2).

If EFdA were in the South conformation after incorporation into the primer, then the 3’-OH
would not be properly positioned for in-line nucleophilic attack on the a-phosphate of the
next incoming nucleotide, therefore contributing to inefficient catalysis and inhibition of
DNA synthesis. In order to evaluate the influence of these structural attributes on the
antiviral properties of EFdA, we carried out nuclear magnetic resonance (NMR)
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spectroscopy experiments using EFdA and the natural substrate dA. The results of this study
allow us to compare the sugar ring puckering of EFdA and other nucleoside analogs, such as
2’-fluoro-2’,3’-dideoxynucleoside 5’-triphosphates (23), AZT, ddl, ddA (26), and
bicyclo[3.1.0]hexene nucleosides (28), and determine if its structure 1) is in the proper
conformation for optimal recognition by RT and 2) if it contributes to the inhibition
mechanism of HIV RT.

MATERIALS AND METHODS

Chemicals

The compound dA was purchased from Sigma-Aldrich (St. Louis, MO). EFdA was provided
by Yamasa Corporation (Chiba, Japan). dg-Dimethyl sulfoxide (DMSQ) was purchased
from Cambridge Isotope Laboratories, Inc. (Andover, MA). All other materials were
purchased from Fisher Scientific (Pittsburgh, PA).

NMR Spectroscopy

One-dimensional IH NMR spectra were collected in 10 °C increments from 20 to 50 °C on a
Bruker Avance DRX500 Spectrometer equipped with a 5mm HCN cryoprobe. Both dA and
EFdA were dissolved in dg-DMSO to final concentrations of 2-4 mM. Spectra used for
coupling constant analysis were acquired with 64 scans and 33K data points with a sweep
width of 4960 Hz and a relaxation delay of 4.3 s. Spectra were processed with a line
broadening of 0.3 Hz. Coupling constants were read directly from the spectra for first-order
resonances. Complex multiplets were analyzed by spectral simulation using SpinwWorks 3.0
(19). Simulations were performed for the spin systems on the deoxyribose ring only. RMS
deviations of calculated and experimental coupling constants for both compounds were <
0.05 Hz.

Pseudorotational Analysis

Sugar ring conformations of dA and EFdA were determined using the program PSEUROT
6.3 (13, 6, 36) (acquired from Dr. Cornelis Altona, University of Leiden, Netherlands). This
version utilizes an improved generalized Karplus equation, as described by Donders et al.
(9), which uses experimental data as a basis for the iterative calculation of coupling
constants. In the case of dA, the puckering amplitude of the less favored conformation
(om(N)) was held constant during calculations. For EFdA, the puckering amplitudes of both
conformations were fixed during calculation. RMS deviations of calculated and
experimental coupling constants for both compounds were < 0.2 Hz.

Molecular Modeling

A model of the ternary complex of HIV-1 RT / DNA / EFdA triphosphate (EFdATP) was
built using the coordinates of the crystal structure of the HIV-1 RT-DNA-tenofovir
diphosphate (TFVDP) complex (35). The triphosphate of the EFAATP was built using the
corresponding atoms of TFVDP in the structure from PDB code 1T05 and of dTTP in PDB
code 1RTD (15). The structure of the EFAATP was assembled from its components using
the sketch module of SYBYL 7.3 (34), and minimized by the semi-empirical quantum
chemical method PM3 (33). After removing the TFVDP from 1TO05, the PM3 charges and
the docking module of SYBYL 7.0 were used to dock the EFAATP at the RT dNTP binding
site to give the ternary complex of HIVV-1 RT / DNA / EFdATP. The final complex structure
was minimized for 100 cycles using the AMBER force field with Coleman united charges
on the protein and DNA molecules.
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RESULTS

NMR Spectroscopy and Pseudorotational Analysis

To evaluate the sugar ring conformation of dA and EFdA, one-dimensional 1H NMR spectra
were collected over a range of temperatures for both compounds. Coupling constants
determined from each spectrum were used to calculate the structural parameters of the
deoxyribose ring. The changes in the value of each coupling constant with temperature were
examined for both compounds, and these changes were used to calculate the
pseudorotational phase angle, P, and the degree of maximum ring pucker, ¢, using
PSEUROT 6.3 (Table 1) (1).

Coupling constants between most of the hydrogen atoms on the deoxyribose ring required
spectral simulation in order to be resolved. The pseudorotational parameters listed in Table 1
were calculated with PSEUROT 6.3, which assumes a two-state approximation (North and
South) and utilizes a generalized Karplus equation combined with a non-linear Newton-
Raphson minimization process to examine the conformational flexibility of five-membered
rings. An iterative approach was used to determine the optimal pseudorotational parameters
Pni: Ps, om(N), and @m,(S) in which some of these parameters were fixed during refinement.

The results of the conformational analysis of dA demonstrate that the sugar ring heavily
favors the South conformation over the North conformation in solution. This result is in
agreement with previous conformational studies of dA (37, 11). On the other hand, the
results of the conformational analysis of EFdA show that the sugar ring favors the North
conformation in solution (Figure 3). The value of Py is 38.7°, which is just slightly outside
of the range observed for most typical nucleosides (Py = 0-36°) but still in the Northern
hemisphere (1). This observation is similar to that previously reported for 4’-ethynyl-2’,3’-
dideoxycytidine (31). The value of Pg is 146.5°, which falls in the range commonly
observed for traditional nucleosides (Ps = 144-180°). The values of ¢,(N) and ¢ (S) were
fixed during calculations to 39°, the average value commonly observed for purine-base
nucleosides (1). This result suggests that either the 4’-ethynyl, 2-fluoro, or both in
combination greatly influence the sugar ring conformation of EFdA compared to the natural
substrate, dA.

Molecular Modeling

To understand the molecular basis of importance of the sugar ring conformation for RT
recognition, we used our pre-catalytic RT / DNA / EFdJATP ternary complex to assess the
effect of EFdA sugar ring conformation on the binding interactions of the inhibitor with the
polymerase active site of the enzyme (Figure 4). In our molecular model, the 4’-ethynyl
group is stabilized in a hydrophobic pocket formed by RT residues Alal14, Tyr115, Phel60,
Met184, and the aliphatic segment of Asp185. With the 3’-carbon in the North
conformation, the 3’-OH is able to fit nicely in the RT polymerase active site. However,
when the 3’-carbon of EFJATP is placed in the South conformation, the 3’-OH interacts
sterically with the aromatic ring of Tyr115 (short distance of 1.8 A).

DISCUSSION

Our results show that EFdA has a dramatically different sugar ring conformation than dA.
The equilibrium between the North and South sugar ring conformations is shifted from the
preferred South conformation for the natural substrate dA to the North conformation for
EFdA. It is not clear if the structural changes are due to the 2- or 4’-substitutions in EFdA.
However, it is likely that steric interactions between the 4’-ethynyl and the 3’-OH disfavor
the South conformation of EFdA. This is because the North conformation of the sugar ring
positions the 4’-ethynyl and the 3’-OH groups farther apart than they would be in the South
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conformation. However, even in the absence of the 3’-OH, the sugar ring in the crystal
structure of 4'-ethynyl-2',3’-dideoxycytidine is also in the North conformation (31). Hence,
it appears that in addition to steric interactions between the 3’-OH and 4’-ethynyl, other
factors contribute to the propensity of 4’-ethynyl-substituted NRTIs to have a sugar ring in
the North conformation.

The NMR experiments confirm that EFdA is primarily in the North conformation, rendering
its structure (and presumably the structure of its active metabolite EFAATP) in the optimal
conformation for binding at the polymerase active site of RT. While the natural substrate,
dA, favors the South conformation, the energy barrier required to convert the sugar ring of
dA to the North conformation is very small, approximately 1 kcal/mol (11). EFdA (and
presumably EFdATP) already favors the North conformation and does not have to overcome
this energy barrier in order to bind to the primer. This is likely a contributing factor in the
more efficient incorporation of EFdATP into the primer strand than dATP, contributing to
the high potency of the inhibitor as reported (22).

Molecular modeling studies were performed with EFdATP to gain further insight into the
structural effects of the sugar ring conformation on RT recognition. When EFdATP is
positioned in the nucleotide binding site prior to incorporation into the primer, the
importance of the sugar ring puckering becomes apparent. With the sugar ring of EFAATP
positioned in the North conformation, the 3’-OH is free of unfavorable interactions with RT
(particularly from steric interactions with Tyr115) and fits perfectly in the active site. In
addition, the sugar ring geometry of EFdA allows favorable interactions of the 4'-ethynyl
into a hydrophobic pocket defined by RT residues A114, Y115, F160, M184 and the
aliphatic chain of D185. These interactions are thought to contribute both to enhanced RT
utilization of EFJATP and difficulty in translocation of 3'-terminal EFAAMP primers (22).

Upon incorporation into the primer strand, the position of the 3’-OH of the EFAAMP in the
North conformation is in perfect alignment for in-line nucleophilic attack on the a-phosphate
of the next incoming dNTP. Because the North conformation of the sugar ring is heavily
favored over the South conformation for EFdA, this is evidence that misalignment of the 3’-
OH for nucleophilic attack is not a contributing factor to the chain termination mechanism
of inhibition of EFdA. While the sugar ring conformation of the 3’-terminal EFAAMP is in
the North conformation, which favors incorporation of the next dNTP, this step cannot occur
because of the inability of RT to translocate from the nucleotide binding site. This further
supports the observation that the inability of RT to translocate after EFdA incorporation is
the primary mechanism of inhibition (22).

Slight changes in the chemical composition of adenosine analogs have a pronounced effect
on the efficiency of TDRTIs in blocking HIV replication. In particular, substitutions at the
4’-position of the deoxyribose ring and the 2-position of the adenine base favor structural
conformations of EFdA that improve its interactions with the RT target, thereby enhancing
its antiviral potency.
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ABBREVIATIONS

dA 2’-Deoxyadenosine

dATP 2’-Deoxyadenosine triphosphate

EFdA 4’-Ethynyl-2-fluoro-2’-deoxyadenosine

EFdAMP 4’-Ethynyl-2-fluoro-2’-deoxyadenosine monophosphate

EFJATP 4’-Ethynyl-2-fluoro-2’-deoxyadenosine triphosphate

NRTI Nucleoside reverse transcriptase inhibitor

RT Reverse transcriptase

T/Perga Template/Primer terminated 4’-ethynyl-2-fluoro-2’-deoxyadenosine

TDRTI Translocation defective reverse transcriptase inhibitor
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The chemical structure of EFdA.

Figure 1.
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\ : / Tyr115

Figure 2.

The effect of sugar ring conformation in the HIV-1 RT polymerase active site. The sugar
ring conformation at the 3’-primer end is required to be in the North (2’-exo/3’-endo)
conformation (2a, dark gray) for successful in-line nucleophilic attack of the a-phosphate of
the incoming dNTP or NRTI. The South (2’-endo/3’-ex0) (2a, green) conformation of the
sugar ring at the primer terminus positions the 3’-OH away from the a-phosphate and thus
DNA polymerization is not as efficient. The preferred conformation of the sugar ring of the
incoming dNTP or NRTI is the North conformation (2b, yellow). The South conformation of
the sugar ring of the incoming dNTP or NRTI (2b, green) would result in a very short
distance between the 3’-OH and the aromatic ring of Tyr115 (red), causing steric
interactions with the enzyme. Coot (10) was used to perform simple modeling of the 2’-
endo/3’-exo sugar ring conformations of the primer and dNTP using structural coordinates
from PDB Code 1RTD. Images were generated using PyMOL (7).
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Figure 3.
Dynamic equilibrium between the North and South sugar ring conformations of EFdA in
solution.
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Figure 4.

Stereo view of EFAATP (cyan) modeled in the RT active site. The 3’-OH of EFdATP is in
the North conformation and is free of steric interactions with Tyr115 (red sticks). The primer
is in dark gray, the template in light gray, the connection subdomain in yellow, and the palm
subdomain in red. The fingers subdomain was removed for clarity. Image generated using
PyMOL (7).
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