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Background: The effect of HIV polymorphisms in drug resistance is unknown.
Results: RT polymorphism 172K suppresses resistance to nucleoside (NRTIs) and non-nucleoside RT inhibitors (NNRTIs) by

decreasing DNA binding and restoring NNRTI binding.

Conclusion: 172K is the first HIV polymorphism suppressing resistance to diverse inhibitors.
Significance: Results provide new insights into interactions between the polymerase active site and NNRTI-binding sites.

Polymorphisms have poorly understood effects on drug sus-
ceptibility and may affect the outcome of HIV treatment. We
have discovered that an HIV-1 reverse transcriptase (RT) poly-
morphism (RT ;) is present in clinical samples and in widely
used laboratory strains (BH10), and it profoundly affects HIV-1
susceptibility to both nucleoside (NRTIs) and non-nucleoside
RT inhibitors (NNRTIs) when combined with certain muta-
tions. Polymorphism 172K significantly suppressed zidovudine
resistance caused by excision (e.g. thymidine-associated muta-
tions) and not by discrimination mechanism mutations (e.g.
Q151M complex). Moreover, it attenuated resistance to nevi-
rapine or efavirenz imparted by NNRTI mutations. Although
172K favored RT-DNA binding at an excisable pre-transloca-
tion conformation, it decreased excision by thymidine-associ-
ated mutation-containing RT. 172K affected DNA handling and
decreased RT processivity without significantly affecting the
k.at/K,, values for dNTP. Surface plasmon resonance experi-
ments revealed that RT,,, decreased DNA binding by increas-
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ing the dissociation rate. Hence, the increased zidovudine sus-
ceptibility of RT . results from its increased dissociation from
the chain-terminated DNA and reduced primer unblocking. We
solved a high resolution (2.15 A) crystal structure of RT mutated
at 172 and compared crystal structures of RT,,; and RT,,,
bound to NNRTIs or DNA/ANTP. Our structural analyses high-
light differences in the interactions between a-helix E (where
172 resides) and the active site B9-strand that involve the
YMDD loop and the NNRTI binding pocket. Such changes may
increase dissociation of DNA, thus suppressing excision-based
NRTI resistance and also offset the effect of NNRTI resistance
mutations thereby restoring NNRTI binding.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) has been a major target of antiviral therapies.
There are two classes of approved RT drugs as follows: nucleos-
(t)ide RT inhibitors (NRTI)® and non-nucleoside RT inhibitors
(NNRTI). NRTIs are incorporated in the nascent DNA chain
during reverse transcription and block further DNA synthesis
by acting as chain terminators because they lack a 3'-hydroxyl
group required for formation of a phosphodiester bond (1-3).
NNRTIs are noncompetitive allosteric inhibitors that decrease
the rate of nucleotide incorporation by binding to a hydropho-
bic pocket adjacent to the catalytic site (4~ 6).

% The abbreviations used are: NRTI, nucleoside RT inhibitor; NNRTI, non-
nucleoside RT inhibitor; TAM, thymidine-associated mutation; AZT, zi-
dovudine; NVP, nevirapine; EFV, efavirenz; d4T, stavudine; ddl, didanos-
ine; TDF, tenofovir; ABC, abacavir; AZT-MP, AZT-monophosphate; SPR,
surface plasmon resonance; PDB, Protein Data Bank; BisTris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; RTI, RT inhibitor;
RVT, p-2',3'-didehydro-2',3"-dideoxy-5-fluorocytidine; TP, triphosphate;
3TC, lamivudine; T/P, template/primer.
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There are two main mechanisms for resistance to NRTIs. In
the first mechanism, RT preferentially decreases incorporation
of NRTI-triphosphates (TPs), while retaining the ability to use
natural nucleotide substrates. This type of resistance is typically
imparted by mutations close to the nucleotide-binding site of
RT. For instance, K65R, 174V, and Q151M decrease the incor-
poration rate of NRTI-TPs (7—10), whereas M184V sterically
hinders productive binding of lamivudine (3TC)-TPs at the
dNTP-binding site (11). The second mechanism of NRTI
resistance involves unblocking of the NRTI-terminated prim-
ers by an excision activity that uses ATP (12-15). This excision
activity is enhanced (12) in the presence of mutations such as
M41L, D67N, K70R, L210W, T215Y/F, and K219Q/E (thymi-
dine-associated mutations, TAMs), which are selected during
zidovudine (AZT) or stavudine (d4T) therapy (16, 17). It has
been reported by several groups, including ours, that other RT
mutations located far from the polymerase active site at the
connection subdomain (E312Q, G335C/D, N348I, A3601/V,
V3651, and A376S) confer resistance to NRTIs and/or NNRTIs
(18-25). It has been proposed that reduction of RNase H cleav-
age caused by connection subdomain mutations contributes to
NRTI resistance by providing more time for RT to carry out
excision and resume productive DNA synthesis (24 -28).

There are several examples of RT mutations that cause resist-
ance to one drug and affect the emergence of resistance muta-
tions to another drug. For example, treatment of patients with
AZT and 3TC combinations often results in the emergence of
the 3TC resistance mutation M184V, but it also delays acquisi-
tion of TAMs (29, 30). In addition, appearance of the primary
didanosine (ddI) resistance mutation L74V precludes AZT
resistance conferred by TAMs (29, 31). Conversely, appearance
of the first TAM (T215Y) during AZT and ddl combination
therapy suppresses emergence of L74V (32). Tenofovir (TDF)
resistance mutation K65R has a strong negative association
with TAMs but not with other NRTI mutations, including
Q151M complex (Q151Mc) (33). The bidirectional phenotypic
antagonism between K65R and TAMs suppresses not only AZT
resistance conferred by TAMs but also abacavir (ABC), ddI, and
TDF resistance conferred by K65R (33, 34). Moreover, NNRTI
resistance mutations L1001 and Y181C are also antagonistic to
AZT resistance by TAMs (32, 35, 36) because they reduce ATP-
mediated unblocking of AZT-terminated primers (34, 35,
37-39). Such antagonistic interactions between resistance
mutations impart significant clinical benefits. Hence, to opti-
mize clinical decisions, it is very important to understand how
mutations may affect the phenotype of known drug resistance
mutations.

It is known that certain HIV-1 RT polymorphisms beyond
the currently known canonical NRTI resistance mutations con-
tribute to the evolution of NRTI resistance (40). Polymor-
phisms T39A, K43E/Q, K122E, E203K, and H208Y lead to
TAM-1 (M41L/L210W/T215Y), whereas D218E leads to
TAM-2 (D67N/K70R/T215F/K219Q)). Moreover, an extensive
cross-sectional study has demonstrated that some HIV-1 RT
polymorphisms strongly correlate with virological failure of
NRTI-based treatments (41).

Although codon 172 of HIV-1 RT is usually an arginine
(172R), a lysine (172K) polymorphism is also found in clinical
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samples (up to 1.0%, as reported at the HIV Drug Resistance
Database) and in the BH10 laboratory strain, which is very com-
monly used in drug resistance studies. This study uses virolog-
ical, biochemical, and structural tools to reveal the effect of
172K on NRTI NNRTI. We report that 172K significantly sup-
presses resistance to both NRTIs and NNRTTs, and we propose
specific biochemical mechanisms for these effects.

EXPERIMENTAL PROCEDURES

Antiviral Agents—AZT, d4T, and ddI were purchased from
Sigma. 3TC and TDF were purchased from Moravek Biochem-
icals, Inc. (Brea, CA). ABC, nevirapine (NVP), and efavirenz
(EFV) were provided by the AIDS Research and Reference Rea-
gent Program (National Institutes of Health).

Cells and Viruses—CQOS-7 and MAGIC-5 cells (CCR5 trans-
duced HeLa-CD4/LTR-B-gal cells) were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 100 unit/ml penicillin, and 100 pug/ml streptomycin and
used for transfection and antiviral assays, respectively, as
described previously (42).

RT mutations were introduced by site-directed mutagenesis
as described previously (20, 43). The pNL101 HIV-1 infectious
clone was provided by Dr. K.-T. Jeang (National Institutes of
Health, Bethesda) and used for generating recombinant HIV-1
clones. Wild-type HIV-1 (HIV-1,;) was constructed by
replacing the pol-coding region of pNL101 (nucleotides posi-
tion; nucleotide 2006 of Apal site to 5785 of Sall site of pNL101)
with HIV-1 BH10 strain. We introduced a silent mutation at
nucleotide 4232 (TTTAGA to TCTAGA) of the pol-coding
region to generate a unique Xbal site. The desired mutations
were introduced into the Xmal-Xbal region (1643 bp), which
encodes nucleotides 2590 - 4232 of pNL101. This cassette was
cloned into the respective sites of pBluescript vector (Strat-
agene) and introduced mutation(s) using an oligonucleotide-
based site-directed mutagenesis method. After mutagenesis,
the Xmal-Xbal cassettes were inserted back into pNL101 and
confirmed by sequencing. Viral stocks were obtained by trans-
fection of each molecular clone into COS-7 cells, harvested, and
stored at —80 °C until use.

Drug Susceptibility Assays—Single replication cycle drug
susceptibility assays were performed in triplicates using MAG-
IC-5 cells as described previously (42). Briefly, MAGIC-5 cells
were infected with diluted virus stock at 100 blue forming units
in the presence of increasing concentrations of RTIs, cultured
for 48 h, fixed, and stained with 5-bromo-4-chloro-3-indolyl-p-
galactopyranoside (X-gal). The stained cells were counted
under a light microscope. The susceptibility of RTIs was calcu-
lated as the concentration that reduces blue forming units
(infection) by 50% (50% effective concentration [EC,]).

Enzymes and Nucleic Acid Substrates—Mutant RTs were
generated through site-directed mutagenesis and replaced into
the pRT dual vector using restriction sites PpuMI and Sacl for
the p51 subunit and Sacll and Avrll for the p66 subunit. Het-
erodimeric HIV-1 RTs (p66 and p51) were expressed in Esche-
richia coli, BL21, and purified as described previously (44, 45).

For the primer extension and RT processivity assays we used
an 18-nucleotide DNA primer fluorescently labeled with Cy3 at
the 5" end (P 5'-Cy3GTCCCT GTT CGG GCG CCA-3')

lslong;
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annealed to a 100-nucleotide DNA template (T, 5'-TAG
TGT GTG CCC GTC TGT TGT GTG ACT CTG GTA ACT
AGA GAT CCC TCA GACCCT TTT AGT CAG TGT GGA
AAA TCT CTA GCA GTG GCG CCC GAA CAG GGA C-3')
as described previously (44 —46). For steady state kinetics, an
18-nucleotide DNA primer 5'-labeled with Cy3 (P, 5'-Cy3
GTC ACT GTT CGA GCA CCA-3’) annealed to a 31-nucleo-
tide DNA template (T5;; 5'-CCA TAG ATA GCA TTG GTG
CTC GAA CAG TGA C-3'). For the site-specific Fe** foot-
printing assay, we used a 30-nucleotide DNA primer (P;
5-TCT ACA CTG ATT GTC ACT GTT CGA GCA CCA-3')
annealed to a 43-nucleotide DNA template 5'-labeled with Cy3
(T4 5'-Cy3 CCATAG CTAGCT ATG GTG CTC GAA CAG
TGA CAA TCA GTG TAG A-3).

Primer Extension Assays—Primer extension assays were per-
formed in the presence of AZT-TP or NVP as we described
previously (44). Reactions contained 50 nM T 54/5'-Cy3-P 51500
mixed with 120 nM RT (in experiments with AZT-TP) or 80 nm
RT (in experiments with NVP) in a buffer containing 50 mm
Tris-HCI, pH 7.8, and 50 mm NaCl, 1 um of each ANTP, 0.5 mm
EDTA, and varying concentrations of AZT-TP or NVP. In
NVP-containing reactions, RT was preincubated with tem-
plate/primer (T/P) and inhibitor at 37 °C for 5 min. DNA syn-
thesis was initiated by the addition of 10 mm MgCl,. Reactions
were terminated after 40 min (AZT-TP) or 30 min (NVP) by
adding an equal volume of 100% formamide-containing traces
of bromphenol blue. Extension products were loaded on a 7 M
urea, 15% polyacrylamide gel. The gels were scanned using a
FLA-5000 Phosphorlmager (FujiFilm, Stamford, CT). The
amounts of full-length extended and unextended products
were quantified by densitometry using MultiGauge, and the
results were plotted using GraphPad Prism 4 (GraphPad Soft-
ware Inc.).

Site-specific Fe*" Footprinting Assays—Site-specific Fe*"
footprinting assays were performed using 5'-Cy3-labeled DNA
templates as described previously (46, 47). Briefly, 100 nm
5'-Cy3-T,3/P4, was incubated at 37 °C with HIV-1 RT (600 nm)
for 30 min in a buffer containing 120 mm sodium cacodylate,
pH 7.0, 20 mm NaCl, 6 mm MgCl,, and 10 um AZT-TP to allow
quantitative chain termination. Complexes were preincubated
for 7 min with increasing concentrations of the next nucleotide
(dATP), and 1 mMm ammonium iron sulfate was added. The
reactions were quenched after 5 min with 30 ul of formamide
containing bromphenol blue. The products were resolved with
gel electrophoresis in 7 M urea, 15% polyacrylamide gels.

Surface Plasmon Resonance Assay—We used surface plas-
mon resonance (SPR) to measure the binding affinity of RT
and RT,.,; to double-stranded DNA. Experiments were per-
formed on a Biacore T100 instrument (GE Healthcare). To pre-
pare the sensor chip surface, we used the 5'-biotin-T y5,/P 4,5
(5'-biotin-TAG ATC AGT CAT GCT CCG CGC CCG AAC
AGG GAC TGT G-3/, annealed to P4,y 5'-CAC AGT CCC
TGT TCG GGC GCG GAG C-3'). Approximately 100 reso-
nance units of this DNA duplex were bound in a channel of a
streptavidin-coated sensor chips (Series S Sensor Chip SA) by
flowing 0.1 um DNA (flow rate 10 pl/min) in 50 mm Tris, pH
7.8, 50 mm NaCl. The binding constants were determined as
follows: RT binding was observed by flowing solutions contain-
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ing increasing concentrations of the enzyme (0.5, 1, 2,4, 7.5, 10,
15, and 20 nm) in 50 mm Tris, pH 7.8, 60 mMm KCl, 10 mm MgCl,
in sample and background channels at 30 ul/min. The back-
ground traces were subtracted from the traces of the corre-
sponding samples to obtain the binding signal of RT. This signal
was analyzed using the Biacore T100 Evaluation software to
determine K, k., and k_ values.

Enzyme Processivity Assays—Processivity assays were per-
formed in the presence of a heparin trap to ensure that each
synthesized DNA molecule resulted from a single processive
cycle. Twenty nanomolar T,,/5'-Cy3-Pyg,, wWas preincu-
bated with 500 nM RT at 37 °C in a buffer containing 50 mm
Tris-HCI, pH 7.8, 50 mm NaCl, 50 pm of each dNTP, and 0.1
mM EDTA for 5 min. DNA synthesis was initiated by the addi-
tion of 10 mm MgCl, and 2 mg/ml heparin. Reactions were
terminated after 0, 15, and 90 min by adding an equal volume of
100% formamide containing traces of bromphenol blue. Exten-
sion products were loaded on a 7 M urea, 15% polyacrylamide
gel, quantified, and analyzed as described above.

Steady State Kinetics—Steady state parameters K, and k_,,
for incorporation of a nucleotide were determined using a sin-
gle nucleotide incorporation gel-based assay. Reactions with
RT,,, and RT ., were carried out in 50 mm Tris-HCL, pH 7.8,
50 mm NaCl, 6 mm MgCl,, 100 nm T/P, 10 nm RT, respectively,
and varying concentrations of dNTP in a final volume of 10 ul.
The reactions for HIV-1 RT were carried out in Reaction Buffer
with 100 nm T,,/5'-Cy3-P,,. Reactions were stopped after 1
min at 37 °C, and the products were resolved and quantified as
described above. K, and k_,, values were determined graphi-
cally by using the Michaelis-Menten equation.

Crystallization of RT—RT with mutations K172A and K173A
was prepared as described by Bauman et al. (48). These changes
have been reported to strongly improve diffraction of RT. The
enzyme was crystallized by the hanging drop vapor diffusion
technique at 4 °C. The well solution contained 50 mwm BisTTris,
pH 6.8, 100 mM ammonium sulfate, 10% glycerol, and 12% PEG
8000. Two ul of the well solution was mixed with 2 ul of RT (30
mg/ml) containing 10 mm MgCl,, 10 mm Tris, pH 7.8, and 25
mwm NaCl. The drop was equilibrated against the well solution
by hanging a coverslip over the sealed well. The drops were
streak-seeded with crushed RT crystals after 7 days of incuba-
tion. Crystals were obtained 7-14 days after the drops were
seeded. Single crystals were soaked in cryoprotectant solution
containing the well solution supplemented with 22.5% ethylene
glycol for 15— 60 s and frozen in liquid nitrogen.

Structure Solution—Diffraction datasets were collected at
the Advanced Light Source Synchrotron beamline 4.2.2. The
data were processed to 2.15 A using MOSFLM (49) (supple-
mental Table 1). Molecular replacement phasing was per-
formed using Phaser (50) and a previously solved RT structure
as a model (Protein Data Bank (PDB) code 3KLI). The final
model was obtained after cycles of iterative model building in
COOT (51) and restrained refinement with CNS (52) and
REFMAC (53). Final statistics for data processing and structure
refinement are listed in supplemental Table 1. Coordinates and
structure factors for the crystal structure were deposited to the
PDB (PDB code 4DG1).
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FIGURE 1. Effect of the 172K polymorphism on HIV-1 susceptibility to AZT and ddl. Antiviral activities of HIV-1 carrying NRTl resistance mutations with 172R
(black bars) or 172K (gray bars) were determined by MAGIC-5 cell-based assay and shown as the concentration required for 50% inhibition of virus infection
(ECso). “TAM-1 and -2” have the “M41Land T215Y” and “D67N, K70R, T215F, and K219Q" mutations, respectively. 69ins complex carries 69 insertion and TAM-1.
Q151Mc complex carries Q151M, A62V, V75I, F77L, and F116V. Error bars represent standard deviations from at least three independent experiments. Asterisks
mark statistically significant differences (p < 0.05 by t test) in ECs, values comparing 172K with 172R in the background of NRTl-resistant mutations. Suscep-

tibility of the Q151Mc complex with 172R or 172K to ddi was not assessed because the ECs, values were over the detection limit for this assay (>100 um).

Structural Analysis—The program COOT was used to align
crystal structure coordinates (typically using residues 107112
and 151-215 of the p66 subunit) of the following complexes:
RT,,,x RT-EFV with RT,,, RT-EFV (PDB code numbers
1FK9 and 1IKW), RT . oz/c10sn RT-EFV with RT 50 k1030
RT-EFV (PDB code numbers 1FKO and 1IKV), and RT,,,; RT-
NVP with RT,.,,, RT-U05 (a NVP analog) (PDB code numbers
1RTH and 3HVT). We also compared RT-DNA-dNTP ternary
complexes (IRTD and 3JYT, as examples of RT ;o5 and RT 55
RTs). Figures were generated using PyMOL Molecular Graph-
ics Program.

RESULTS

Effect of 172K on NRTI Resistance—To determine the effect
of 172R or 172K on NRTI resistance, we generated RT,, and
RT,,, mutants carrying various NRTI-resistant mutations
(Fig. 1 and supplemental Table 2) and compared the EC,, value
of HIV-1,,,, with that of HIV-1,,,, in the background of
NRTI-resistant mutations shown as a “fold reduction” in the
Fig. 1. Although 172K alone had no effect on AZT or ddI sus-
ceptibility, 172K significantly reduced the AZT resistance of
the following mutants that are associated with the excision
mechanism: N348I, 69ins complex N348I/TAM-1 and TAM-2.
Similarly, 172K appeared to suppress ddI resistance of a mutant
that is associated with the excision mechanism TAM-2. In con-
trast, 172K had no statistically significant impact on AZT or ddI
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resistance of viruses with mutations that cause drug resistance
by decreasing incorporation of NRTIs (K65R, L74V, M184V,
and Q151Mc) (Fig. 1).

When we examined the effect of 172K on viruses that had
combinations of mutations that cause NRTTI resistance through
the excision mechanism and through the decreased incorpora-
tion mechanism, we observed that 172K significantly sup-
pressed resistance of L74V/TAM-1, L74V/N348l/TAM-1, and
M184V/N348I, to AZT and to ddI (Fig. 1). These data suggested
that 172K augments the suppressive effects of L74V and
M184V on AZT and ddI resistance.

To further examine the effect of 172K on resistance to other
Food and Drug Administration-approved NRTIs, we focused
on the susceptibility of the 69ins complex to d4T, ABC, TDF,
and 3TC (Table 1). Our data show that the 172K polymorphism
significantly suppressed resistance of the 69ins complex to d4T
(3-fold reduction; Table 1) and to AZT (11-fold reduction; Fig.
1). However, the resistance of 69ins complex to 3TC (54), ABC,
and TDF was not significantly affected by 172K (less than 1.2-
fold reduction in resistance). These results indicate that the
suppressive effect of 172K can be NRTI-specific.

Effect of 172K onm NNRTI Resistance—The antagonistic
effects of 172K on the NNRTI resistance of RTs with mutations
at K103N, V106M, V108I, Y181C, Y188L, and N348I are shown
in Fig. 2 (and also supplemental Table 3). Fold reduction was
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TABLE 1
Antiviral activities of NRTls against HIV-1 encoding 69ins complex mutations in the background of 172K or 172R polymorphisms
EC;, (nMm) (fold increase)®

Mutation(s) d4aT ABC TDF 3TC
172R 2.8 0.9 2.7 %03 0.03 £ 0.01 1.5+ 05
69ins complex/172R 16.7 = 1.5 (6) 38.7 + 3.1 (14) 0.16 = 0.01 (5) 16.0 £ 1.0(11)
69ins complex/172K 55+ 13(2) 35.7 £2.5(13) 0.13 = 0.03 (4) 14.0 = 1.0 (9)
“ Values are means from at least three independent experiments, and the relative increase in the ECy, value for recombinant viruses compared with 172R is shown in
parentheses.

Y ECy, of 69ins complex with 172K is significantly different from that with 172R (p < 0.0006 by ¢ test).

NVP Fold EFV Fold
reduction eduction

none 1.7 Em (72R| |
KI103N - : = | 1.7 172K 1.6
Vio6M [ — 12 2.1
57 2

1 1.3

1 2.2

6.1 1.7

0.001

0.01 0.1 1

0.01 0.1 1 10
Drug susceptibility (uM)

FIGURE 2. Effect of the 172 polymorphism on HIV-1 susceptibility to NVP and EFV. Antiviral activities of HIV-1 carrying NNRTI resistance mutations with
172R (black bars) or 172K (gray bars) were determined by MAGIC-5 cell-based assay and shown as the concentration required for 50% inhibition of virus
infection (ECs). Error bars represent standard deviations from at least three independent experiments. Asterisks mark statistically significant differences (p <
0.05 by t test) in EC5, values comparing 172K with 172R in the background of NNRTI-resistant mutations. Susceptibilities of Y181C or Y188L with 172R or 172K
to NVP were not assessed because their EC5, values were over the detection limit for this assay (>10 um).

TABLE 2
Primer extension assay of RT inhibition by AZT in the presence or absence of ATP
IC;, of AZT-TP (nm)“ (-fold increase)”

HIV-1RT Without ATP With ATP Excision enhancement by ATP¢
172R 286 + 30 (1) 359 = 18(1) 1.3
172K 148 * 5 (0.52) 183 = 13 (0.52) 1.2
172R/TAM-2¢ 250 * 20 (0.87) 995 * 126 (2.78) 4.0
172K/TAM-2¢ 290 * 19 (1.01) 517 + 36 (1.44) 1.8

“ The data are means = S.D. from at least three independent experiments.

% Pold increase was compared with each WT 172R (without/with ATP).

¢ Excision enhancement by ATP is calculated as (ICg, with ATP)/(ICs, without ATP).
4 TAM-2 carries D67N, K70R, T215F, and T219Q.

calculated as “EC,, of 172R/EC,, of 172K.” 172K significantly
suppressed NVP resistance conferred by K103N, V106M,
V1081, and N348I. The impact of 172K on NVP resistance in the
context of Y181C or Y188L could not be assessed, because both
exhibited very high resistance (>10 um) under these condi-
tions. 172K also reduced EFV resistance of V106M, V108I, and
Y181C. Hence, the impact of 172K on EFV resistance was con-
siderably lower than that on NVP resistance. Collectively, our
data demonstrate that RT resistance to NNRTIs (especially to
NVP) can also be affected by 172K. A similar effect has been
observed in assays using purified RTs containing either 172R or
172K. A lysine at position 172 conferred a higher susceptibility
to NVP, while displaying only marginal differences for EFV,
etravirine, and rilpivirine when compared with RT containing
an arginine at that position (data not shown).

Effect of 172K on AZT Resistance of HIV-1 RT—TAMs cause
AZT resistance by enhancing the ability of RT to remove the
terminal AZT-monophosphate (AZT-MP) from the 3'-primer
terminus using a pyrophosphate donor such as ATP. To deter-
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mine whether 172K suppresses AZT resistance through a
reduction in the efficiency of ATP-mediated excision, we puri-
fied RT5og and RT, 5 with TAM-2. We measured the suscep-
tibility of RT's to inhibition by AZT in the presence or absence
of ATP in a primer extension assay that uses long T/P (T,,,/5'-
Cy3-Pigiong) (Table 2 and also supplemental Fig. 1).
Any changes in AZT susceptibility only in the presence of
ATP would suggest that the effect is excision-dependent.
RT 5o, ram.2 showed ~4-fold higher IC,, in the presence of
ATP (995 versus 250 nm), although RT,, 1 rano exhibited
only a 1.8-fold excision enhancement by ATP (517 versus 290
nM). Hence, the ATP-based (or excision-based) increase in
AZT resistance in TAM-2 was at least twice as much in the
presence of 172R than 172K (4-fold versus 1.8-fold excision
enhancement). However, in the absence of TAMs the effect
of ATP was comparable for RT .,z and RT;,, (1.3-fold ver-
sus 1.2-fold excision enhancement) and smaller than in the
case of the TAM enzymes. To further confirm these results,
we also performed ATP-rescue assay using RT, .z, ram.2
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FIGURE 3. Effect of the 172 polymorphism on the translocation state of various HiV-1 RTs. The effect of added dNTP on the translocation site of HIV-1 RT
is compared for 172R (&) and 172K (&) (A), as well as for TAM-2/172R (&) and TAM-2/172K (A) (B). Complexes of RT with a double-stranded DNA terminated by
a dideoxynucleotide were mixed with different concentrations of dATP eventually forming dead end complexes that position the nucleic acid in a post-
translocation site. The dead end complexes were treated with hydroxyl radicals prepared in the presence of Fe**, and the nucleic acids were cleaved at position
—18 or —17, depending on whether they were bound in a pre- or a post-transiocation site. We quantified the bands in post- and pre-translocation sites and
plotted the percent translocation. The concentrations of dATP required to translocate by 50% are shown in C.

and RT .5, ram.n- The rescue assays involve unblocking of
AZT-terminated primers through ATP-based excision and
DNA synthesis. RT55i/ram.» also decreased ATP-excision
reactions (data not shown). Hence, the suppressive effect of
172K in AZT resistance is ATP excision-dependent.

Effect of 172K on the Translocation Site of HIV-1 RT Meas-
ured by Fe** Footprinting—A single cycle of DNA polymeriza-
tion involves dNTP binding, incorporation, and translocation
of the elongated DNA primer from the dNTP-binding site (pre-
translocation site, N-site) to the priming site (post-transloca-
tion site, P-site). For efficient ATP-based excision, the AZT-
MP-terminated primer needs to be positioned at the
pre-translocation site (14, 47). To determine whether 172K
influences the positioning of AZT-MP-terminated primers, we
performed a site-specific Fe** footprinting assay (Fig. 3). We
mixed various RTs with AZT-terminated DNA and different
concentrations of the incoming dATP substrate to form dead
end complexes that position DNA in a post-translocation site.
Treatment with hydroxyl radicals prepared in the presence of
Fe?" allowed cleavage at positions that correspond to pre- or
post-translocation sites, and we monitored translocation as a
function of dATP required to translocate 50% of RT. In this
assay, lower numbers indicate more efficient translocation. Our
data indicated that RT |,z ranes (08 RT 70/ ran.2) Tequired
higher dATP concentrations than RT,,, (or RT,,,) to trans-
locate by 50% (327 versus 128 um or 940 versus 388 um). These
data are consistent with previous reports that AZT-resistant
RTs with excision mutations primarily bind in a pre-transloca-
tion site (47) and is thus more accessible for ATP-based exci-
sion. Interestingly, although RT |51/ an.2 has suppressed AZT
resistance compared with RT 55 1 an.0 it still bound the AZT-
MP-terminated primer more efficiently in an excision-compe-
tent pre-translocation site (940/327 2.9-fold). Taken
together, our data suggest that the decreased excision by 172K
is not due to repositioning of the AZT-MP-terminated primer
at the nonexcisable post-translocation site.
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DNA Binding by HIV-1 RT Measured by Surface Plasmon
Resonance—We hypothesized that the decreased excision-
based resistance of 172K is due to a more efficient dissociation
of the nucleic acid substrate, such that it decreases the oppor-
tunities to unblock chain terminated primers, thus resulting in
suppression of AZT resistance. Hence, we used SPR to measure
DNA binding and compare the DNA binding affinities of
RT;,, and RT,,z. We chose SPR because measurements of
the dissociation constant, K pya, using gel-mobility shift
assays, do not offer insights regarding the kinetics of binding
(k,,) and release (k.q) of nucleic acid from the enzyme. We
attached biotinylated DNA on a streptavidin sensor chip and
flowed various concentrations of either enzyme over the chip to
measure the association (k) and dissociation (k) rates of the
enzymes in real time (Fig. 4). The k4 value for RT, . was
markedly increased (31-fold) with a slightly changed k_,, value
(2.9-fold) compared with those for RT,,,p. The Kjy pya (=koe
ko) value for RT, .. was 11-fold higher than that for RT,,,»
(1.8 and 0.16 nw, respectively). Our results demonstrate that
RT,.4 had lower DNA binding affinity than RT,,, due to a
significant difference in the dissociation rate of RT from the
DNA.

Processivity of HIV-1 RT—Considering that low DNA bind-
ing affinity by 172K may contribute to decreased processivity,
we carried out processivity assays using RT,,, or RT,, in the
absence or presence of the NRTI resistance background. Assays
were carried out using a long DNA template in the presence of
heparin as a competitive trap (Fig. 5). Full-length product for-
mation was less observed in RT;,, compared with RT;,5,
indicating that 172K attenuates processivity. When introduced
into RTran.0 172K lowered processivity even more. In con-
trast, Q151Mc may enhance RT processivity, as Q151Mc was
more processive than WT, especially in the presence of RT .
These data suggest that 172K could decrease RT processivity in
the background of only excision and not discrimination resist-
ance mutations.
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FIGURE 4. Assessment of K, pynar Konr @and k¢ using SPR. SPR was used to measure the DNA binding affinity of RTs with an arginine or a lysine at codon 172
(172R in A and 172K in B). Increasing concentrations (0.5, 1, 2, 4, 7.5, 10, 15, and 20 nm) of each RT were flowed over a streptavidin chip with biotinylated
double-stranded DNA (5'-biotin-T43,/P4,s) immobilized on its surface as described under “Experimental Procedures.” The experimental trace (red) shown is the
result of a subtraction of the data obtained from the channel containing the immobilized DNA minus the signal obtained from a control/background channel.

DNA binding constants for RT,,g or RT, 5o« are shown in C.
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FIGURE 5. Effect of changes at codon 172 on the processivity of HIV-1 RT.
A, processive DNA synthesis was measured at 0, 15, and 90 min after initiation
of the reaction in the presence of heparin trap for each RT enzyme (WT,
TAM-2, and Q151Mc) with 172R or 172K. Conditions were selected so that in
the absence of heparin trap (7st lane of every set, labeled as —Heparin), the
sum of processive and distributive DNA synthesis was the same (comparable
full-length product in —Heparin lanes). All experiments were repeated three
times and a representative gel is shown here. B, amount of full-length
extended and un-extended products at 90 min after initiation of the reaction
were quantified by densitometry using MultiGauge. Percentages of full-
length DNA synthesis are shown in B.

Steady State Kinetics of Nucleotide Incorporation—Initial
polymerase activity comparisons of RT,, and RT;,,; showed
that 172K slowed the polymerase activity of RT. This observa-
tion led us to investigate the steady state nucleotide incorpora-
tion properties of RT,,,; and RT,,,, using single nucleotide
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TABLE 3
dATP incorporation under steady state conditions
HIV-1RT K, Keat Keat/ Ko
nm min™! min ™ Lo~
172R 132 4.2 0.03
172K 143 7.2 0.05
TABLE 4
NVP susceptibility assay at the enzyme and virus level
IC,, of NVP,* EC,, of NVDP,*
Mutation Enzyme (RT)* HIV virus”
nm nm
172R 965 + 55 (1)* 50 + 10 (1)°
172K 174 = 46 (0.2)° 30 + 10 (0.6)°
172R/V106M 54795 * 5565 (57)” 4100 = 760 (83)"
172K/V106M 6181 * 1096 (6)” 350 = 190(7)°

“ The data are means = S.D. from at least three independent experiments.

b Fold increase was compared with WT 172R.

¢ These data were obtained from primer extension assay in the presence of NVP,
¢ These data were obtained from cell-based assay using MAGIC-5.

incorporation assays (Table 3). The estimated values for k_,,
and K, srp show that RT,,, and RT,,,; had comparable
efficacies (k,,,/K,,, qnrp Of 0.05 versus 0.03 min ™" nm ™ ") under
steady state conditions. These data suggested that 172K
decreased RT processivity without affecting catalytic efficiency
for nucleotide incorporation.

Susceptibility of HIV-1 RT to NVP—To examine the suppres-
sive effect of 172K on NNRTI resistance at the HIV-1 RT
enzyme level, we purified HIV-1 RT with V106M in the back-
ground of Arg or Lys at RT codon 172 and performed primer
extension assays in the presence of NVP (Table 4). When intro-
duced into RT\,; g 172R results in an enzyme (RT 5oz v 1060m)
with 57-fold resistance to NVP. In contrast, RT -5 v06m
showed decreased resistance to NVP (6-fold). Hence, the extent
of the suppressive effect of 172K on NVP resistance at the
enzyme level was comparable with the effect observed at the
virus level.

Crystal Structure of HIV-1 RT with Mutation at Codon 172—
The structure of RT with the K172A mutation was determined
at 2.15 A resolution (supplemental Table 1). This is one of the
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FIGURE 6. Structural comparison of unliganded HIV-1 RT structures with Lys or Ala at codon 172. HIV-1 RT with 172 mutated to alanine (PDB code 4DG1)
is shown superposed to HIV-1 RT containing a 172K (PDB code 1DLO). Noticeable changes are observed in the hydrogen bond network between residues from
a-helix E (161, 165, and 172) and from B9-strand (180, 182, and 184). The p66 palm subdomains of RT containing 172K or 172A are shown in light blue and red,

respectively.

highest resolution structures of HIV-1 RT. In addition to this
mutation, RT had also the K173A mutation to improve the
crystallographic properties of the enzyme (48). However, we
confirmed K173A did not affect susceptibility of RT to NVP and
AZT, and it also did not alter the effect of the 172R or 172K
change to susceptibility to RTIs at the virus or at the enzyme
level (data not shown). The overall conformation of the mutant
RT is similar to that of WT unliganded RT in which the p66
thumb subdomain is folded down into the DNA binding cleft
(55). However, there are notable changes proximal to mutated
residue 172 of the a-helix E, which affect interactions with res-
idues of the B9-strand that leads to the YMDD loop of the
polymerase active site. The Lys-172-Ile-180 interaction is lost
in the 172A structure. This change is accompanied by a reposi-
tioning of the amide side chain of GIn-182, which in the 172K
structure stabilizes the Met-184 main chain amide of the YMDD
loop, whereas in the 172A structure it malkes hydrogen bonds with
the Thr-165 hydroxyl group and the Gin-161 side chain amide.
Hence, the changes in the interactions between 172 and 180 prop-
agate toward the polymerase active site (Fig. 6).

Effect of 172K on the Structure of HIV-1 RT—To further
examine how 172K can simultaneously decrease to both NRTI
and NNRTI resistances, we performed structural comparisons
by aligning the crystal structures of RT,, and RT;,, RTs in
complex with NNRTIs. Interestingly, the structural changes
observed among RT complexes that have different amino acids
at position 172 follow the same pattern, albeit with small vari-
ations, as we observed in the comparisons among the unligan-
ded structures (see above). In all cases, 172K and 172R of the
a-helix E interact differently with residue 180 of the $9-strand,
and this change affects in turn interactions between other res-
idues of these structural elements as follows: 161 and 165 of the
a-helix E, with 182 and 184 of the 39-strand (Fig. 7). Specifi-
cally, the RT,,,p structure in complex with NVP shows that
172R and GIn-161 in a-helix E interact with Ile-180 and GIn-
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182 and indirectly with Met-184 in the 89-strand (Fig. 7A). The
RT, ., structure in complex with EFV also shows that the 172R
side chain contacts Ile-180 and has an additional interaction
with GIn-182 through a water molecule (Fig. 7B). The RT,,p
complex with EFV also shows that a-helix E helps stabilize
B9-strand by a hydrogen bond between Thr-165 and GIn-182.
In contrast, RT,, in complex with NVP analog U05 has no
interactions with Ile-180, Met-184, and Gln-161, following
repositioning of surrounding residues (Fig. 7A). Similarly,
RT,,, in complex with EFV shows loss of interactions of
Ile-180 and Thr-165, but additional interactions are gained
through GIn-161 with both Met-184 and GIn-182 (Fig. 7B).
This loss of interaction between 172K and Ile-180 and Gln-182
is also observed in the presence of nucleic acid substrate
(Fig. 7C). Furthermore, in the reported crystal structure of
RT 5op 11050 the aromatic side chain of Tyr-181 seems to flip
almost 90° in the opposite direction and is likely to affect
NNRTT susceptibility (Fig. 7D). Taken together, this informa-
tion suggests that the residues in a-helix E may be involved in
stabilizing the (9-strand, which is a part of the polymerase
active site where NRTIs bind and of the NNRTI binding pocket.
Changes in the interactions between the residues of a-helix E
and (9-strand may affect the positioning of the YMDD loop,
thus affecting not only NRTT and NNRTI binding but also sub-
strate or DNA binding. This is consistent with previous reports
on reduction of RT processivity due to changes in the YMDD
loop (56, 57).

DISCUSSION

Our virological and biochemical data demonstrate that 172K
suppresses resistance to both NRTIs and NNRTIs. Moreover,
we established that the suppression of NRTI resistance by 172K
involves a decrease in ATP-mediated excision. Previous studies
have demonstrated that some NRTI and NNRTI resistance
mutations can also affect excision-based NRTI resistance.
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FIGURE 7. Structural comparison of HIV-1 RT complexes with Lys or Arg at codon 172. A, comparison of RT, . (cyan side chains and ribbons) bound to NVP
analog UO5 (blue sticks) versus RT, ., (pink side chains and ribbons) bound to NVP (pink sticks). The change of 172R (cyan) to 172K (pink) affects the interactions
between side chains of 8-9-10 sheet and o-helix E. B, comparison of RT,,, (cyan side chains and ribbons) bound to EFV (blue sticks) versus RT,,,« (pink side
chains and ribbons) bound to EFV (red sticks). Similarly to A, the 172K — 172R change affects the intermolecular interactions between side chains of 8-9-10
sheetand a-helix E. G, comparison of RT,g (cyan side chains and ribbons) and R, (pink side chains and ribbons) complexes with DNA and dNTP (not shown).
D, comparison of RTy;g3n,172r (cyan side chains and ribbons) bound to EFV (blue sticks), and RT,;0zn/172x (Pink side chains and ribbons) bound to EFV (red sticks).
Inaddition to changes in the interactions between side chains of B-9-10 sheetand a-helix E also observed in Aand B, the side chain of Tyr-181 “flips”in the 172K

versus the 172R structure.

Hence, NRTI resistance mutations K65R, K70E, L74V, and
M184V and NNRTT resistance mutations L100I and Y181C
block ATP-mediated excision and suppress AZT resistance
(32-35, 37, 38). In contrast, other NRTI resistance mutations
(V118I and T215Y) impart NNRTI hyper-susceptibility to
HIV-1 (58). To our knowledge, 172K is the first polymorphism
that suppresses resistance to two independent types of inhibi-
tors, NRTIs and NNRTIs.

Pathak and co-workers (24-27) proposed that connection
subdomain mutations enhance NRTTand NNRTI resistance by
reducing RNase H activity, thereby providing additional time
for RT to bind in an NRTI excision-competent mode or allow
NNRTIs to dissociate from RT (RNase H-dependent resistance
mechanism). It is likely that connection subdomain mutations
can also cause RNase H-independent AZT resistance. For
example, mutation G333D does not reduce RNase H function,
but it increases ATP-mediated excision, likely the result of long
range interactions (27, 59). In addition, N348I confers NRTI
and NNRTIresistance and increases ATP-mediated excision of
AZT by both RNase H-dependent and independent mecha-
nisms (60). The antagonistic effects of Y181C or M184V on
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phenotypic AZT resistance cannot be counteracted by N348I
(19, 61). Interestingly, 172K reduces the resistance (to NRTIs or
NNRTIs) that N348l imparts to HIV when added to WT, L74V,
L74V/TAM-1, M184V, or M184V/TAM-1 backgrounds (Fig.
1). We showed that 172K can either slightly increase (RT .,
versus RT,,z) or decrease (RT 5o/ ansn VErsus RT (oop rant.a)
the RNase H activity (supplemental Fig. 2). Hence, 172K does
not have a consistent effect on RNase H function and is thus
unlikely to reduce NRTI or NNRTI resistance by restoring the
RNase H defect introduced by N3481.

How then is 172K reducing NRTI resistance? There are sev-
eral possible mechanisms by which a residue could enhance
susceptibility to NRTIs. First, it could improve NRTT incorpo-
ration into DNA. However, this is not the case with 172K
because the IC;, values for AZT inhibition of RT ;g a2 OF
RT ;0 Tam.2 are not significantly different under conditions
where only incorporation and not excision are examined (in the
absence of ATP) (Table 2 and also supplemental Fig. 1). Second,
a residue could increase sensitivity to NRTIs by decreasing
excision. This could be accomplished by several ways including
the following: (a) by promoting translocation of the NRTI-ter-
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minated primer to the post-translocation site (47), which is not
accessible to ATP, thus preventing NRTI excision (47). This is
also not the case with 172K, as RT,,, favors the pre-translo-
cated mode of binding (Fig. 3), which allows unblocking of
chain-terminated primers; (b) by decreasing the excision effi-
ciency through impaired use of the excision substrate ATP.
However, our data (not shown) do not support this possibility,
as we do not find any significant difference in ATP binding
between RT, o ran2 8Nd RT 1701 ram2 OF RT 70p and RT 55
(the apparent K,,, for ATP in a rescue-type assay for all enzymes
is ~3 mm); (¢) by increasing the dissociation of chain-termi-
nated T/P, thereby limiting unblocking. Our data are consistent
with this apparently novel mechanism of suppression of NRTI
resistance. Specifically, SPR measurements indicate that
RT,,,x had decreased affinity for nucleic acid due to an
increased dissociation rate (Fig. 4) (k& was ~31-fold higher in
the case of RT.,). Hence, our data suggest that RT,,,; has
decreased AZT resistance primarily because the AZT-termi-
nated template/primer falls off of the enzyme and cannot be
unblocked. This is also consistent with the observed decrease in
processivity of RT 5 and RT 511 am.» (Fig. 5). Interestingly,
the processivity of RT},51,q151mc Was not reduced (Fig. 5).
Hence, it is possible that the relatively higher prevalence of
RT,5k/q151mc (9:9%, supplemental Table 4) compared with
RT 751, ranm.z 18 likely due to the higher processivity and pre-
sumably higher fitness of RT ,;51¢/q1510mc-

The structural basis of decreased NNRTI resistance and AZT
excision by RT ., is likely related to how changes at 172 affect
the positioning and mobility of the active site YMDD loop dur-
ing the course of polymerization. The structural analysis of the
crystal structures solved here and previously (Figs. 6 and 7)
predict some changes in the interactions of the $9-strand with
the a-helix E. The changes are propagated toward the polym-
erase active site and may affect the relative motions of the
YMDD loop during the course of polymerization. Our previ-
ously published work has established that the mobility of
YMDD is important for NRTT excision, processivity (57), and
NNRTI susceptibility (56). Hence, it is possible that 172K
affects NRTT and NNRTI resistance by changing the local envi-
ronment of YMDD. '

The R172K change emerges during serial passages of HIV-1
in MT-2 cells in increasing concentrations of Reverset (RVT,
p-2',3’-didehydro-2',3'-dideoxy-5-fluorocytidine), a nucleo-
side analog with potent activity against HBV and AZT-resistant
HIV-1, especially in the presence of TAMs (62, 63). Phenotypic
analysis revealed that K70N/V90I/R172K had a 3.9-fold
increase in RVT resistance (64). Our findings indicate that
appearance of 172K during RVT therapy may also affect resist-
ance to other drugs and should be taken into consideration in
designing RVT-based therapeutic strategies.

In conclusion, we have identified the first RT polymorphism
that suppresses resistance to both NRTIs and NNRTIs. The
effect of polymorphisms in suppressing NRTI and NNRTI
resistance provides new information into the interactions
between the polymerase active site and the NNRTI-binding site
of RT. These findings provide valuable insights for the design of
antiviral regimens and new RT inhibitors.
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EFFECT OF TRANSLOCATION DEFECTIVE REVERSE TRANSCRIPTASE
INHIBITORS ON THE ACTIVITY OF N3481, A CONNECTION SUBDOMAIN
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Abstract

4’-Ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) is a highly potent inhibitor of HIV-1 reverse transcriptase (RT). We have
previously shown that its exceptional antiviral activity stems from a unique mechanism of action that is based primarily on
blocking translocation of RT; therefore we named EFdA a Translocation Defective RT Inhibitor (TDRTI). The N348I muta-
tion at the connection subdomain (CS) of HIV-1 RT confers clinically significant resistance to both nucleoside (NRTIs) and
non-nucleoside RT inhibitors (NNRTIs). In this study we tested EFdA-triphosphate (TP) together with a related compound,
ENdA-TP (4’-ethynyl-2-amino-2’-deoxyadenosine triphosphate) against HIV-1 RTs that carry clinically relevant drug re-
sistance mutations: N348L,D67N/K70R/L210Q/T215F, D67N/K70R/L210Q/T215F/N3481, and A62V/V75I/FTTL/IF116Y/
Q151M. We demonstrate that these enzymes remain susceptible to TDRTIs. Similar to WT RT, the N348I RT is inhibited by
EFdA mainly at the point of incorporation through decreased translocation. In addition, the N348I substitution decreases the
RNase H cleavage of DNA terminated with EFdA-MP (T/P,,, ). Moreover, N348I RT unblocks EFdA-terminated primers
with similar efficiency as the WT enzyme, and further enhances EFdA unblocking in the background of AZT-resistance
mutations. This study provides biochemical insights into the mechanism of inhibition of N3481 RT by TDRTIs and highlights
the excellent efficacy of this class of inhibitors against WT and drug-resistant HIV-1 RTs.
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Antivirals.

INTRODUCTION

Human immunodeficiency type 1 reverse transcriptase
(HIV-1 RT) is a key enzyme that converts single-stranded
genomic RNA into double-stranded DNA, which in turn
is transported to the nucleus and integrated into the host
cellgenome. The HIV-1 RT catalyzes both the RNA-and
DNA-dependent DNA polymerase, and RNase H acti-
vities (11).The functional form of HIV-1 RT is a hetero-
dimer consisting of p66 and p51 polypeptides (16). The
p66 subunit has both enzymatic activities and includes the
polymerase and the RNase H domains. The polymerase
domain consists of the fingers, palm and thumb subdo-
mains which are analogous to a right hand connected to
the RNase H domain through the connection subdomain
(42) (Fig. 1).

The p51 subunit lacks the RNase H domain and has been
proposed to play a structural role (42), although recent
work from our laboratory has also shown that mutations in
the p51 subunit affect the polymerase and RNase H enzy-
matic functions of RT (38).

Highly active antiretroviral therapies (HAART) have
been very effective in suppressing viral loads and having a
significant impact on the life expectancy of HIV patients.
Key components of HAART are drugs that target HIV RT.
The two classes of RT inhibitors currently used in the clinic
are nucleoside-nucleotide RT inhibitors (NRTI) and non-

nucleoside RT inhibitors (NNRTI). NRTIs inhibit RT by
acting as chain-terminators after they are incorporated into
the nascent DNA chain. NNRTIs act noncompetitively by
binding to a hydrophobic pocket adjacent to, but distinct
from the polymerase active site of RT and by imposing
rigidity to the movements of thumb subdomain required
for efficient polymerase function (20, 22, 35, 37, 39, 41).

MMRTI
AMTRNRTL Binding
Binding Pocket

s

Fingers

Figure 1. HIV-1 RT structure with highlighted residues of drug-
resistance. The RT color scheme is as follows: fingers in blue, palm in
red, thumb in green, connection in yellow, RNase H in orange, and p51
in gray. The Q151M complex is shown in cyan, TAMs in magenta, and
348 residue in purple. The RT coordinates are from PDB ID 1T05. The
figure was made using PyMOL.
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Despite the phenomenal success of HAART regimens,
continuous use of antivirals leads to the emergence of vi-
ruses that are resistant to all known anti-AIDS drugs. The
mutations associated with NNRTI resistanceare generally
located at the NNRTI binding pocket (NNIBP). However,
- the mutations that cause resistance to NRTIs have been
noted to be scattered in the polymerase domain (22, 39).
While most NNRTI and NRTI resistance mutations are
at the palm and fingers subdomains of HIV-1 RT, it has
recently been shown that some mutations associated with
NNRTI and NRTI resistance are at the connection and
RNase H regions of RT (6, 8, 13, 15, 17,29, 43). The most
significant of these mutations is N348I, which confers mo-
derate resistance to both NRTIs and NNRTIs, and is pre-
sent in a significant number of clinical isolates, especially
in the presence of other NRTI mutations.

In light of the new emerging drug resistance mutations,
it is essential to identify inhibitors that are very potent
and effective against viral strains that are resistant to all
approved therapeutics. One such inhibitor is 4’-ethynyl-
2-fluoro-2’-deoxyadenosine triphosphate (EFdA-TP) (18,
19). We have recently reported the mechanism of HIV
inhibition by EFdA (26).In contrast to other approved NR-
TIs, which have a modification at 3°’0OH, EFdA contains
a 3’0OH moiety and blocks DNA synthesis by locking the
primer terminus at the pre-translocation site of HIV-1 RT.
In addition to EFdA, we have recently shown that ENdA
also inhibits HI'V RT potently acting as a TDRTI (data not
shown).

Recently, using transient-state kinetic experiments we
established the mechanism of NNRTI resistance of HIV-1
RT containing the N348I mutation at the connection sub-
domain of the enzyme (38).We showed that the resistance
to the NNRTT nevirapine (NEV) is primarily the result of
changes distant from the NNRTI binding pocket, which
decrease inhibitor binding (increase K, ) by primarily
decreasing the association rate of the inhibitor (k ,..).
Moreover, the N348I mutation increased nucleic acid bin-
ding affinity, enhanced processivity and lowered the cata-
lytic turnover rate of the natural substrate. In this study we
determine the ability of TDRTIs to block reverse transcrip-
tion by the multi-drug resistant N348I HIV-1 RT as well as
other NRTI resistant RTs, D67N/K70R/L210Q/T215F (re-
sistant to AZT by the excision mechanism) D67N/K70R/
L210Q/T215F/N3481, and A62V/V7S5I/F77L/F116Y/
Q151M (multidrug resistant to AZT and dideoxynucleo-
tide RT inhibitors).

Table 1.DNA and RNA sequences used in this study.

MATERIALS AND METHODS

Enzymes and Nucleic acids

The RT genes coding for p66 and p51 subunits of BH10
HIV-1 were cloned in the pETDuet-1 vector (Novagen)
using restriction sites Ncol and Sacl for the p51 subunit,
and Sacll and Avril for the p66 subunit (2, 38). The se-
quences coding for a hexa-histidine tag and the 3C pro-
tease recognition sequence were added at the N terminus
of the p51 subunit. RT was expressed in BL21 (Invitrogen)
and purified by nickel affinity chromatography and mo-
noQ anion exchange chromatography (33). Oligonucleo-
tides used in this study were chemically synthesized and
purchased from Integrated DNA Technologies (Coralville,
TA). Sequences of the DNA substrates are shown in Table
1. Deoxynucleotide triphosphates and dideoxynucleotide
triphosphates were purchased from Fermentas (Glen Bur-
nie, MD). EFdA and ENdA were synthesized by Yamasa
Corporation (Chiba, Japan) as described before (30). Using
EFdA and ENdA as starting material the triphosphate
forms EFdA-TP and ENdA-TP were synthesized by Tri-
Link BioTechnologies (San Diego, CA). Concentrations
of nucleotides, EFdA-TP and ENdA-TP were calculated
spectrophotometrically on the basis of absorption at 260
nm and their extinction coefficients. All nucleotides were
treated with inorganic pyrophosphatase (Roche Diagnos-
tics) as described previously (24) to remove traces of PPi
contamination that might interfere with the rescue assay.

Primer extension assays
Inhibition of HIV-1 RT by TDRTIs
DNA template (T,,) was annealed to 5’-Cy3 labe-
led DNA primer (P, ). To monitor primer extension, the
T, /5°Cy3-P,, hybrid (20 nM) was incubated at 37°C
with WT or drug-resistant HIV-1 RTs (20 nM) in a buffer
containing 50 mM Tris (pH 7.8) and 50 mM NaCl (RT
buffer). Varying amounts of EFdA-TP or ENdA-TP were
added and the reactions were initiated by the addition of 6
mM MgClto a final volume of 20 pl. All dNTPs were pre-
sent at a final concentration of 1 pM. The reactions were
terminated after 15 minutes by adding equal volume of
100% formamide containing traces of bromophenol blue.
The products were resolved on a 15% polyacrylamide 7
M urea gel. In this and in subsequent assays, the gels were
scanned with a Phosphorlmager (FujiFilm FLA 5000), the
bands for fully extended product were quantified using
Multi Gauge (FujiFilm) and results were plotted using one

Polymerization
experiments
Ty, 5’-CCA TAG ATA GCATTG GTG CTC GAACAGTGAC
T, 5’-CCA UAG AUA GCA UUG GUG CUC GAACAGUGAC
P . 5’-Cy3-GTC ACT GTT CGA GCA CCA
Footprinting experiments
Ty, 5’-Cy3-CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA CAATCA GTG TAGA
P 5’-TCT ACA CTG ATT GTC ACT GTT CGA GCA CCA

d30

RNase H experiments

T 5’-Cy3-GGA AAU CUC UAG CAG UGG CGC CCG AACAGG GAC CU

35

P

d25

5’-AGG TCC CTG TTC GGG CGC CACTGCT




252

E. MICHAILIDIS et al. / TDRTIs against N348I HIV-1 RT.

OH

Figure 2. Chemical structures of dATP, EFdA and ENdA.

site competition equation on GraphPad Prism 4 to deter-
mine the IC, for EFdA-TP and ENdA-TP.

Site-specific Fe** Footprinting Assay

Site-specific Fe** footprints were monitored on 5°-Cy3-
labeled DNA templates. 100 nM of 5°Cy3-T, /P, was
incubated with 600 nMWT or N3481 RT in a buffer contai-
ning 120 mM sodium cacodylate (pH 7), 20 mM NacCl, 6
mM MgCl,, and either of 5 uM ddATP or 1 uM EFdA-
TP, to allow quantitative chain-termination. Prior to the
treatment with Fe?", complexes were pre-incubated for 7
min with increasing concentrations of the next incoming
nucleotide (dTTP). The complexes were treated with am-
monium iron sulfate (1 mM) as previously described (21).
This reaction relies on autoxidation of Fe*'(3) to create
a local concentration of hydroxyl radical which cleaves
the DNA at the nucleotide closest to the Fe?" specifically
bound to the RNase H active site.

ATP-dependent Excision and Rescue assay

20 nM of purified T, /P ¢ ceinnie OF Tis /P prannp WETE
incubated with 60 nM’ WT N348IL, D67N/K7OR/L210Q/
T215F or D67N/K70R/L210Q/T215F/N3481 RT in the
presence of 3.5 mM ATP, 100 M dATP, 0.5 uM dTTP, and
10 uM ddGTP in RT buffer and 10 mM MgCl,. Aliquots
of the reaction were stopped at different time points (0-90

min) and analyzed as described above.

RNase H Assays

RNase H assays were performed by incubating the
RNA/DNA duplex 5’Cy3-T /P or 5’Cy3-T /P, . ...
or 5°Cy3- T,/P s craanpe (S0 nM) with WT or N3481 RT
(50 nM) in RT butffer at 37 °C with MgCl, (6 mM). Reac-
tions were quenched after incubation (1-5 min) with equal
volumes of formamide containing trace amounts of bro-
mophenol blue. Reaction products were analyzed as be-
fore. The primary RNase H cleavage product is mainly 18
nucleotides from the 3’-end of the DNA primer (18 nucleo-
tides), and the secondary cleavage product is mainly 12
nucleotides from the 3’-end of the primer (12 nucleotides)

as reported previously (10, 12, 38).

RESULTS

The inhibitors used here to characterize the susceptibi-
lity of N348I to various drugs are adenosine analogs. The
structures of these analogs are shown in Fig. 2. The nor-
mal deoxynucleotide dATP is shown in Fig. 2A. EFdA and
ENdA are shown in Figs. 2B and 2C, respectively.It can
be seen in these figures that unlike other anti-HIV NRTIs
both EFdA and ENdA have a 3°’OH. These compounds
also contain an ethynyl group at the 4’ position. EFdA and
ENdJA differ in their substitutions at the 2 position of the
purine ring. EFdA at this position has fluorine whereas
ENdA has an amino group.

Inhibition of WT and N3481 mutant of HIV-1 RT

The inhibition of WT, N348I, D67N/K70R/L210Q/
T215F, D67N/K70R/L210Q/T215F/N348] mutants of
HIV-1 RT by EFdA-TP and ENdA-TP was assessed by a
primer extension assay. As shown in Fig. 3A-3D, EFdA-
TP and ENAA-TP suppressed RT-catalyzed DNA synthesis
in a dose-dependent manner. The IC, values for both ana-
logs are shown in Table 2. N348I, D67N/K70R/L210Q/
T215F and D67N/K70R/L210Q/T215F/N3481 RTs were
inhibited by EFdA-TP and ENdA-TP with similar effi-
ciency compared to the WT enzyme. In addition, another
mutant HIV-1 RT (A62V/V75I/F77L/F116Y/Q151M) was
included in drug susceptibility assays (Fig. 3E-3G).

We have previously shown that EFdA inhibits DNA
synthesis at the point of incorporation. Thus, we examined
here the stopping patterns after incorporation products of
the primer extension assay for the stopping patterns (Fig.
3). The primer synthesis shown in Fig. 3 clearly demons-
trates that the stopping pattern follows the incorporation
of adenosine analogs. Three distinct bands at positions
1, 6 and 10 indicate that both analogs inhibit RT mainly
at the point of incorporation. Therefore, these compounds
act primarily as obligate chain terminators. There is also
an additional band at position 7, suggesting that in some

Table 2. IC,; values of EFdA-TP and ENdA-TP against WT and drug-resistant HIV-1 RTs.

DO7N/K70R/  DO7N/K70R/L210Q/ A62V/VTI5UFTTL/

Inhibitor/Enzyme WT N348I

L210Q/T215F T215F/N3481 F116Y/Q151M
EFdA-TP aM) 130 122 157 217 121
ENdA-TP (nM) 71 54 08 110 85




253
E. MICHAILIDIS et al. / TDRTIs against N3481 HIV-1 RT.

WTRT B

EFEATR k) ENGRTE (080

apeBBREBEE _qpeE8REEE

DETHMTORIL 2900/T215F BT
EFdATE {nM) ENGATE (ol

~use8BRE88R _xe-888888R

DETHUTORL 210077 245F 13481 BY
EFGATE (nil) ENGATF {nM)

ouecBBREBER Lqe-8BR88E8

e HBER RT F Yi81C RY
EFGA-TR ki

EHSATE {240

BREEE

EFGATE (1l
=2

ABZVIVTSUFTTLIF146Y/Q154M RT
EFdATP ()
enpe88BEE

ENGATR (nil)

eqe8HERE

Figure 3. EFdA-TP and ENdA-TP inhibi rug-resistant s. (A) T, /P, was incubated with various HIV-1 RTs for 15 minutes
in the presence of 1uM dNTPs, MgCl, and increasing concentrations of EFdA-TP or ENdA-TP. The products synthesized by HIV-1 RT were
quantified and plotted against increasing concentrations of the inhibitors. The IC, values of the nucleotide analogs were determined by quantifying

the percent of full extension and fitting the data points to GraphPad Prism 4 using one-site competition nonlinear regression (shown in Table 2).

Arrows indicate the positions where dATP or dATP analogs are expected to be incorporated.

instances EFdA may allow addition of one nucleotide after
its incorporation, thus acting as a delayed chain terminator
(Fig. 3). This type of inhibition is far less common and
is sequence-dependent. These finding agrees with our pre-
vious studies on WT RT (26).

Effect of EFdA-MP on Translocation of WT and N3481
mutant of HIV-1 RT

The connection subdomain mutation N348I has been
related to the altered DNA binding affinity and processi-
vity of the mutant enzyme compared to the WT RT (4, 38).
Since EFdA is a TDRTI and its incorporation is assumed
to affect the translocation and thereby DNA binding and
processivity, we investigated the translocation of EFdA-
containing template-primers using the hydroxyl radical
site-specific footprinting assay (21). The results of the
footprinting assay shown in Fig. 4 demonstrate that the
presence of EFdA-MP at the 3’end of the DNA primer
blocks translocation and prevents incorporation of the next
incoming dNTP. Therefore, similar to WT RT, the mutant
N348I RT is also inhibited by EFdA-TP via the same me-
chanism.

Effect of EFdA-MP on RNase H activity of WT and
N348I RTs

The template/primers containing EFdA-MP, ddAMP, or
without inhibitor incorporated at the 3’end of the primer
were used in RNase H assays with WT and N3481 RTs in a
time dependent manner. As previously noted, Fig. 5 shows
that N348I mutant RT has decreased RNase H activity for
all substrates used in this assay. The RNase H assays car-
ried out in presence of T/P trap showed the disappearance
of the secondary cuts for both enzymes used here. This is
likely due to a defect in translocation that EFdA imposes
on the enzyme. Interestingly, the primary cut of EFdA-te-
minated primers is a single band when the T/P has EFdA,
but not ddA at the 3’ primer terminus. Moreover, the RNA
cleavage of T /P . ... was less than that of T /P
aaanp OF T 5o/P o possibly because of less favorable positio-
ning at the RNase H of T/P with EFdA at the 3 terminus.

ATP-dependent unblocking of EFdA-MP terminated pri-
mers by WT and N348I RTs

Since EFdA-MP-terminated primers bind predominantly
in a pre-translocation mode we expected that EFdA-MP
will be efficiently unblocked by both WT and N348I RTs.
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Figure 4. Determination of the translocation state of WT or N3481 HIV-1 RT bound to T, /P, ... ..,» The translocation state of RT after
EFdA-MP incorporation was determined using site-specific Fe**footprinting. T, /P . . (100 nM) with 5’-Cy3 label on the DNA template
was incubated with HIV-1 RT (600 nM) and various concentrations of the next incoming nucleotide (dTTP). The complexes were treated for 5
min with ammonium iron sulfate (1 mM) and resolved on a polyacrylamide 7 M urea gel. An excision at position 18 indicates a pre-translocation

complex, whereas the excision at position 17 represents a post-translocation complex. In both WT and N348I RT EFdA-MP prevents translocation

with similar efficiency.
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Figure S. Effect of EFdA on RNase H activity of WT and N348I HIV-1 RTs. 50 nM Cy3-T /P
was incubated with 50 nMWT (A) or N348I (B) HIV-1 RT for varying times (0-5 minutes) at 37°C in RT buffer.
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s trap (25 uM). Reactions were initiated with the

addition of MgCl, and stopped with formamide. The primary and secondary cuts are indicated in the gel images.

The ATP-dependent excision and subsequent rescue of
EFdA-MP primers is shown in Fig. 6. The bands marked
as ‘Rescued Primer” have comparable product for the WT
and N3481 mutant enzyme for both DNA (Fig. 6A) and
RNA (Fig. 6B) templates suggesting that resistance mutant
N3481 does not have any significant effect on the unbloc-
king of EFdA-MP containing primers (RNA vs. DNA)
(Fig. 6). However, the N3481 mutation in the background
of AZT resistance mutations D67N, K70R, L210Q and
T215F showed a 2-fold increase in unblocking EFdA-MP
containing primers both with DNA and RNA templates

(Fig. 6).
DISCUSSION

There are currently more than 20 antiretrovirals that
have been approved by the US Food and Drug Adminis-
tration for the treatment of HIV infection. They fall into
four categories, targeting HIV RT, protease, integrase, the
entry step, and the fusion of the viral and cell membranes.

RT inhibitors are either NRTIs or NNRTIs.The NRTIs-
such zidovudine (AZT) and lamivudine compete with the
natural substrates and get incorporated into the nascent
DNA chain, blocking further polymerization because they
lack a 3’OH group required for DNA synthesis. NNRTIs
such as nevirapine and efavirenz inhibit the polymerase
activity of RT by binding at a hydrophobic pocket nearly
10 A away from the polymerase active site (Fig. 1). This
pocket is created after the binding of NNRTIs. The highly
active antiretroviral therapy (HAART) introduced in the
mid-90s contains the combination of antivirals (generally
a protease inhibitor and two NRTIs or an NNRTI and two
NRTIs) targets the replication of the resistant virus.
Extended or incomplete treatments with antiretrovirals
result in the emergence of drug resistance mutations. In the
case of drugs that target RT, most of the resistance muta-
tions were found to be present in the polymerase domain
of RT. These resistance mutations against NRTIs function
primarily with two mechanisms: (i) they reduce the bin-
ding affinity/incorporation of NRTT (34, 40) or (ii) enhance
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Figure 6. ATP-dependent unblocking of EFdA-MP terminated primers. ATP-dependent rescue of T, /P, . ... (A)and T /P, oo . (B).

Purified T/P

EFdA-MP

was incubated with WT, N348I, D67N/K70R/L210Q/T215F or D67N/K70R/L210Q/T215F/N3481 HIV-1 RT in the presence of

ATP (3.5 mM), dATP (100 uM), dTTP (0.5 uM), ddGTP (10 uM) and 10 mM MgCl, at 37 °C. Aliquots of the reaction were stopped at the indicated
time points (0-90 min). (C) The rates of the ATP-dependent rescue of EFdA-MP terminated primers were calculated after quantifying the rescued

products and plotting to the burst equation in GraphPad Prism 4.

the selective excision of incorporated NRTI from a chain-
terminated primer terminus (9, 23-25, 36). The resistance
against NNRTIs is primarily through the mutations that
reduce the binding affinity of NNRTIs (7, 31, 32,35).

Recent studies showed that connection subdomain muta-
tions can confer resistance to NRTIs. Nikolenko et al. sug-
gested that some of these mutations increase AZT resis-
tance by reducing template RNA degradation, thereby pre-
serving the RNA template and providing additional time
for RT to excise AZT monophosphate (27, 28). Hachiya et
al., (13) as well as another research group (43) identified
a clinical isolatewith phenotypic resistance to nevirapine
(NVP) in the absence of known NNRTI mutations. This
resistance was shown to be caused by N348I, a mutation
at the connection subdomain of HIV-1RT. This mutation is
not a polymorphism, as it exists in more than 10% of drug-
treated, but not drug-naive HIV patients. The connection
subdomain mutation N3481 has been related to the alte-
red DNA binding affinity and processivity of the mutant
enzyme compared to the WT RT (4, 38). Ehteshami et al.
showed that N3481 enhances resistance to AZT through
both RNase H-dependent and -independent mechanisms
(10). Since EFdA is a TDRTI and its incorporation is assu-
med to affect the translocation and thereby DNA binding
and processivity, we investigated the susceptibility of two
highly potent antiretrovirals EFdA and ENdA.

We report that both EFdA-TP and ENdA-TP are very
potent inhibitors of N348I, D67N/K70R/L210Q/T215F,
DO7N/K70R/L210Q/T215F/N3481, and A62V/V75l/
F77L/F116Y/Q151M RTs. They inhibit RT primarily at
the point of incorporation and since they prevent enzyme

translocation they both belong to the TDRTI class of
NRTIs. The D67N/K70R/L210Q/T215F set of mutations
are the classical thymidine-associated mutations (TAMs),
which are known to cause resistance to AZT by enhancing
excision of AZT-terminated primers (1, 5, 23). The A62V/
V75UF77L/F116Y/Q151M set of mutations is known as
the “Q151M” complex RT, and has been known as a mul-
tidrug-resistance mutation, since the latter mutations are
known to be involved in resistant variants with reduced
susceptibility to dideoxynucleotides and to AZT. Unlike
D67N/K70R/L210Q/T215F RT, the Q151M complex
decreases susceptibility to NRTIs by decreasing incorpo-
ration efficiency of the inhibitors rather than increasing
excision and unblocking of chain-terminated primers (14).
Finally, N348I is known to cause resistance to both NRTIs
and NNRTIs. Hence, collectively, these mutants represent
all mechanisms by which RT becomes resistant to avai-
lable antivirals. Importantly, we find that they are all sus-
ceptible to the EFdA and ENdA TDRTIs.

Hence, this new class of RT inhibitors should be able
to efficiently block viruses that carry clinically relevant
mutations, including the new connection domain mutation
N348I.
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