Figure 9. Molecular model of XMRV RT. Ribbons diagram of
XMRYV RT with the conserved polymerase Motifs color-coded: Motif
A (green), B (brown), C (purple), D (red), E (orange) and F (blue). The
residues that differ from MoMLV’s polymerase domain are shown in
ball and stick representation.

information since they were not included in the original
crystal structure of MoMLV RT. The differences between
XMRYV RT and HIV-1 RT are very significant. Unlike the
HIV enzyme, XMRV RT appears to be a monomer in
solution. Moreover, alignment of the HIV-1 RT-DNA
complex with XMRV RT based on their active sites at
the palm subdomains shows that the thumb subdomain
of XMRYV RT would have to be repositioned to be able to
accommodate nucleic acid.

DISCUSSION

Early studies reported the presence of XMRYV in stromal
cells from prostate cancer patient samples and also in CFS
clinical samples. Some of the subsequent studies confirmed
these findings whereas several others failed to identify
XMRYV in prostate cancer or in CFS patients, even
when same samples were used (71). It was recently reported
that human sample contamination with mouse DNA can
occur frequently (17,72-74). Moreover, two coauthors
from this study have recently demonstrated that XMRV
is the product of recombination events between two MLV
proviruses, suggesting that XMRYV may not be relevant to
human disease (18). Nonetheless, XMRYV is still an im-
portant human retrovirus and comparisons with HIV
can provide valuable insights into the fundamental mech-
anisms of DNA polymerization, RT inhibition and drug
resistance. (75).

There is high degree of sequence similarity between the
XMRYV and MoMLV RTs (95% amino acid identity), and
much less so with HIV-1 RT. Based on gel filtration ex-
periments we conclude that unlike HIV-1 RT, but similar
to MoMLV RT, XMRYV RT exists in solution primarily as
a monomer. We also included comparisons with HIV-1
RT in this study as it has been extensively studied and
provides an excellent frame of reference.

We report here that there are significant differences in
the DNA polymerization efficiency of the three enzymes.
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Although the polymerase active sites of the XMRV and
MoMLYV enzymes are almost identical, there is a consid-
erable decrease in the efficiency of nucleotide incorpor-
ation by XMRV RT. Most differences in sequence are
at the RNase H domain and are likely to affect polymer-
ization by changing the positioning of DNA at the poly-
merase active site.

We have recently solved the crystal structure of the
XMRV RNase H at high resolution (1.5A) (pdb 3P1G)
(Kirby, K.A. et al., submitted for publication). We
observed major differences in affinity for nucleic acid
that we determined with gel-mobility shift assays and
with pre-steady state kinetics. SPR experiments dissected
in more detail the specific defect of XMRV RT in binding
DNA. Surprisingly, XMRV RT can associate very rapidly
with DNA, even more so than HIV-1 RT (Figure | and
Table 3). However, it dissociates from DNA much faster
than the HIV enzyme, resulting in an overall reduced
binding affinity. A possible reason for the fast association
and dissociation rates of XMRV RT may be the apparent
monomeric state, which might offer facile access to the
nucleic acid binding cleft, although with less contacts
and lower affinity than HIV-1 RT, which is a heterodimer
(76,77). This high rate of XMRV RT dissociation from
DNA likely contributes to the decreased processivity
observed in our study, and may have consequences in
the recombination rates of this virus.

Previous sequences of XMRV from prostate cancer
tumors showed low variability, suggesting that the virus
may have a high fidelity of replication (1,10). Our study
demonstrated that HIV-1 RT and MoMLV RT
incorporated mismatched nucleotides and extended past
the mismatches more efficiently than XMRV RT.
Pre-steady state kinetics established that the higher
overall fidelity of XMRV RT over MoMLV RT is due
to a lower affinity for mismatched nucleotides. When
compared to HIV-1 RT, however, XMRV RT has
differs in both the nucleotide binding and incorporation
steps. Nonetheless, XMRV did not have higher fidelity
than a related amphotropic MLV virus or HIV-1 in a
cell-based assay. It is possible that the high dNTP concen-
tration in dividing cells can suppress mismatching events.
We have previously shown (39) that as nucleotide concen-
trations vary in different cell lines, this can affect viral
susceptibility to NRTIs, and possibly in this case also in-
corporation of mismatched nucleotides. Additional
cell-based studies using multiple cell lines and a large
panel of viruses should provide a better understanding
of the relation between in vivo and in vitro fidelity.

Early studies have reported susceptibility of XMRYV to
some antiretrovirals that have been used in the treatment
of HIV infection (53-56). In those studies the compounds
were tested at the virus level. To better understand the
interactions of inhibitors at their RT target level we
tested here the ability of these and several more com-
pounds to block the polymerase activity of XMRV RT.
We found that two TDRTIs, EFdA-TP and ENJA-TP
were very potent RT inhibitors (ICsgs: 0.43uM and
0.14 uM, respectively). Unlike other NRTIs, these com-
pounds have a 3 OH group and are known to efficiently
inhibit HIV replication by blocking translocation (32,58,78).
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Preliminary experiments demonstrated that they also
block XMRV RT by the same mechanism (data not
shown).

In HIV, moderate resistance to EFdA is conferred by
the emergence of the M 184V mutation at the conserved X
position of the conserved YXDD motif of the polymerase
active site. Interestingly, XMRV and MoMLV RTs
already have a valine (V223) at this position. This differ-
ence is likely to contribute to the better potency of EFdA
against HIV-1 RT than XMRV RT or MoMLV RT
(57,58). It may also contribute to the decreased ability of
XMRYV RT to unblock chain-terminated primers, as was
also reported for M184V HIV-1 RT (79) and to the
enhanced fidelity reported here for XMRV RT, which is
also reminiscent of the previously reported high fidelity of
M184V HIV-1 RT (80,81). Nonetheless, despite the
presence of a Val in the YMDD motif of XMRV RT we
found EFdA to inhibit very efficiently replication-
competent or pseudotyped XMRYV, with submicromolar
ECsgs (40 and 110nM, respectively).

Previously, highly potent aptamers were selected to
inhibit MoMLV RT (60). We demonstrate here that the
three aptamers we tested have varying potency against
XMRYV RT. Aptamer m.1.1FL was the most potent in-
hibitor of XMRV RT and MoMLV RT in in vitro assays
(ICsp = 2 and 4nM, respectively). The fact that XMRV
and MoMLV RTs are inhibited by the same aptamers at
comparable efficiencies suggests that the RT residues that
are different in the two enzymes are not critical to the
binding of the aptamer. In contrast, heterodimeric
HIV-1 RT has a very different binding cleft and is not
inhibited by these aptamers.

Tenofovir is an essential component of HIV therapies
and is also a potent inhibitor of XMRYV RT. HIV resist-
ance to tenofovir is conferred by a single codon mutation
(K65R). HIV-1 RT residue 65 is known to interact with
the incoming dNTP or the activated tenofovir analog
(tenofovir diphosphate) (82). K65R causes resistance to
tenofovir by lowering the ko for the incorporation of
the inhibitor into the nascent DNA. We prepared
XMRYV RT with the equivalent mutation, K103R, and
determined that it has decreased susceptibility to teno-
fovir. Hence, it is possible for XMRV to develop tenofovir
resistance through the same mechanism as HIV-1 RT.
HIV resistance to AZT can occur by either decreased
binding/incorporation or increased excision of the chain-
terminating NRTI (33,83). HIV-1 RTs containing the
M41L, D67N, K70R, T215Y/F, K219E/Q mutations
show enhanced removal of AZT. Our experiments show
that unlike wild-type HIV-1 RT, XMRV RT is not able to
excise NRTI-terminated primers. Similarly, it was previ-
ously shown that MoMLYV RT is not capable of unblock-
ing chain-terminated primers (33).

In HIV, decreased binding of AZT is conferred initially
in the presence of the primary Q151M mutation, followed
by secondary mutations F77L, A62V, V751 and F116Y
(27,47,84). XMRV RT already differs from wild-type
HIV-1 RT in the first three of these residues (P104,
Q113 and L115 versus A62, V75 and F77) (Table 1). We
demonstrated that introducing the primary Q—M
mutation at the equivalent XMRV RT site (Q190M)

resulted in an enzyme with decreased susceptibility to
AZT. Hence, it appears that these residues can confer
AZT resistance to XMRYV by reduced incorporation of
nucleotide analogs, as is the case in HIV-2 (41). At this
point we do not know if introduction of as yet unknown
mutations could endow XMRV RT with the ability to
unblock chain-terminated nucleic acids. The details of
the molecular mechanism of XMRV resistance to
tenofovir and AZT are under investigation.

In conclusion, our study provides detailed biochemical
analysis of the mechanisms of polymerization, inhibition,
fidelity, processivity and drug resistance of XMRV RT
and how it compares with the closely related enzyme
MoMLV RT and the more distantly related HIV-1 RT.
The findings enhance our understanding of the basic
mechanisms of reverse transcription.
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The lack of small animal models for the evaluation of anti-human immunodeficiency virus type 1 (HIV-1)
agents hampers drug development. Here, we describe the establishment of a simple and rapid evaluation
system in a rat model without animal infection facilities. After intraperitoneal administration of test
drugs to rats, antiviral activity in the sera was examined by the MAGI assay. Recently developed inhibi-

Keywords: tors for HIV-1 entry, two CXCR4 antagonists, TF14016 and FC131, and four fusion inhibitors, T-20, T-20EK,
;‘X; assa SC29EK, and TRI-1144, were evaluated using HIV-1y;5 and HIV-1g,; as representative CXCR4- and CCR5-
Rat v tropic HIV-1 strains, respectively. CXCR4 antagonists were shown to only possess anti-HIV-1y activity,
CXCR4 antagonist whereas fusion inhibitors showed both anti-HIV-1y; and anti-HIV-1g, activities in rat sera. These results

indicate that test drugs were successfully processed into the rat sera and could be detected by the MAGI
assay. In this system, TRI-1144 showed the most potent and sustained antiviral activity. Sera from ani-
mals not administered drugs showed substantial anti-HIV-1 activity, indicating that relatively high dose
or activity of the test drugs might be needed. In conclusion, the novel rat system established here, “phe-

Fusion inhibitor

notypic drug evaluation”, may be applicable for the evaluation of various antiviral drugs in vivo.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Numerous antiviral agents have been developed to suppress
infection with viruses such as human immunodeficiency virus type
1 (HIV-1) [1], and have successfully provided excellent outcomes
in vivo. However, the emergence of drug-resistant HIV-1 variants
is a major concern in HIV therapy. Therefore, the development of
novel drugs with sustained activity to resistant variants is desir-
able. Drugs, especially those targeting HIV-1 entry, have been re-
cently developed and approved, such as a CCR5 antagonist,
maraviroc [2], and a fusion inhibitor, enfuvirtide (T-20) [3], where
both drugs effectively suppress HIV-1 in the patient even resistant
to previous drugs [4,5].

In addition to CCR5, which is a main co-receptor for clinical
HIV-1 strains, CXCR4 can also act as a co-receptor for HIV-1
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1 Room 515, 2-1 Seiryo cho, Aoba-ku, Sendai 980-8575, Japan. Fax: +81 22 717
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0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.06.097

(X4-tropic HIV-1), such as that seen for the vast majority of labora-
tory-adapted HIV-1 strains [6]. Thus, CXCR4 is also considered an
important therapeutic target. We previously identified a p-sheet-
like 14-residue peptide, T140 [7,8], and its down-sized analog, a
cyclic pentapeptide FC131 (Fig. 1) [9], as potent and specific CXCR4
antagonists. Both T140 and FC131 were proved to inhibit X4-tropic
HIV-1 infection in vitro. T140 has been further modified to TF14016
(4F-benzoyl-TN14003; BKT140) that shows more potent inhibitory
effect [10].

The first fusion inhibitor, T-20, efficiently inhibits replication
of HIV-1 resistant even to inhibitors for reverse transcriptase
and protease [11,12]. However, the genetic barrier to overcome
suppression by T-20 seems to not be high since a 1-2 amino
acid(s) substitution in gp41 appears to be sufficient for resistance
[13-15]. Therefore, we developed T-20EK [16] and SC29EK [17] as
novel and potent fusion inhibitors that sustain their inhibitory ef-
fects on T-20 resistant HIV-1 stains. A series of systematic
replacements with hydrophilic glutamic acid (E) or lysine (K)
was introduced (EK motif) at the solvent-accessible site to en-
hance the a-helicity of the peptides by possible intrahelical elec-
trostatic interactions [18]. T-20EK/S138A [16] was synthesized
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Fig. 1. Amino acid sequences of peptide-based drugs. (A) CXCR4 antagonists used in this study are shown. Nal: 1-3-(2-naphthyl)alanine; Cit: L~citrulline. (B) Fusion inhibitors
used are shown. T-20 is original sequenced of gp41 C-HR region. Electrostatic interactions are indicated by the linker. SC29EK and T-20EK/S138A, contain EExxKKx motif,
while TRI-1144 does ExxxRxx motif, x indicates original and/or modified amino acids. Each motif creates 2 and 1 interaction(s) in each helical turn. T-20 resistance associated
mutation, S1384, is introduced into T-20EK sequence (T-20EK/S138A). All peptides are N-terminally acetylated and C-terminally amidated.

with a combined rational design by the introduction of the EK
motif for enhancement of o-helicity and increased affinity to
mutated gp41 by S138A, a T-20 resistant associated mutation
[19]. Dwyer et al. developed another fusion inhibitor, TRI-1144
(T-2635) that also exerted potent activity against T-20 resistant
variants [20,21]. The amino acid sequence of TRI-1144 is also
modified by substitutions with E and arginine (R), similar to the
EK motif introduced into T-20EK and SC29EK.

Analyses of the efficacy and adverse effects of new drugs in ani-
mal models are important prior to their clinical application. In-
deed, generally, the toxic effects, kinetics, and efficacy of new
drugs are expected to be obtained by animal experiments. In the
case of anti-HIV-1 drugs, the toxic effects of drug candidates can
be determined by animal experiments. Furthermore, the kinetics
of some drugs may be examined by some analytical methods such
as liquid chromatography-mass spectrometry (LC-MS) [22] or bio-
imaging with labeled compounds. Unfortunately, these results may
not be well-correlated with in vivo efficacy due to degradation and/
or modification of drugs, and the detection of false positives of sim-
ilar component(s) in vivo [23]. The efficacy of anti-HIV-1 drugs is,
so far, hard to examine in vivo due to the lack of convenient animal
infection models with low cost. One of the main obstacles to estab-
lish appropriate animal models is restricted infection of small ani-
mals with HIV-1, such as for mice, rats, and ferrets. An HIV-1
receptor-transgenic rat model has been developed for the analysis
of HIV-1 infection in vivo; however, the levels of plasma viremia in
infected rats were modest and not sustained [24,25]. Monkeys in-
fected with simian immunodeficiency virus-HIV chimeric virus
(SHIV) is the only model for the evaluation of HIV-1 replication
[26], but comes at a high cost, especially for animal infection facil-
ities. Taken together, novel rapid, simple, and sensitive HIV-1
infection models with low cost, such as those in small animals,
are urgently needed to be established.

Here, we established a new system to evaluate the anti-HIV-1
activity of drugs and its kinetics in rats in addition to their toxic ef-
fects. The bioavailability of anti-HIV-1 drugs in sera was deter-
mined for the assessment of antiviral activity in vitro. The in vivo
efficacy of various peptide-based entry inhibitors, such as
TF14016, FC131, T-20EK/S138A, SC29EK, and TRI-1144, were as-
sessed using this model and may be useful for the in vivo assess-
ment of novel entry inhibitors.

2. Materials and methods
2.1. Drugs and cells

CXCR4 antagonists, TF14016 and FC131, and fusion inhibitors,
T-20, T-20EK/S138A, SC29EK and TRI1144, were synthesized as
previously described [7,9,16-18,20]. For in vitro drug susceptibility
assays and in vivo administration, the test drugs were dissolved in
50% dimethyl sulfoxide (DMSO; 2 mM) and sterile water (3 or
10 mg/1.5 mL), respectively. MAGI CCR5 cells (HeLa CD4/CCR5/
LTR-B-galactosidase cells) were obtained through the NIH AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID:
from Dr. Julie Overbaugh [27-29] and were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum [30].

2.2. Administration of drugs

Animal experiments were performed in the Biotechnical Center
of the Japan SLC, in accordance with the institutional ethical guide-
lines. To examine the pharmacological kinetics in sera, rats were
used for collection of sera. Drugs were used at 3 mg/1.5 mL/kg of
T-20, 3 mg/1.5mL/kg of TF14016, 10 mg/1.5 mL/kg of FC131,
10 mg/1.5 mL/kg of SC29EK, 10 mg/1.5 mL/kg of T-20EK/S138A,
and 3 mg/1.5 mL/kg of TRI1144, and were intraperitoneally admin-
istrated to six groups of six male SD rats (7 weeks). Sera were then
harvested 0.5, 1, 2, 4, 8, and 12 h from the administrated rat, and
stored at —80 °C.

2.3. MAGI assay

The anti-HIV-1 activity of drugs in rat sera after drug adminis-
tration was detected by the MAGI assay, as previously described
[31]. Briefly, MAGI CCR5 cells were transferred to 96-well plates
at 1 x 10* cells per well. On the following day, serially-diluted
drugs or rat sera were added to cells in triplicate with HIV-1 prep-
arations (HIV-1yg or HIV-1g,. ). After 48 h, cultured cells were fixed
with 1% (v/v) formaldehyde and 0.2% (v/v) glutaraldehyde in phos-
phate-buffered saline (PBS), and were stained with 0.4 mg/mL
5-bromo-4-chloro-3-indolyl-2-p-galactopyranoside (X-gal). Blue
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cells were counted by observation under a light microscope. The
50% effective concentration was defined as the serum dilution fold
or drug concentration that inhibited virus infection in 50% of the
wells.

3. Results
3.1. Anti-HIV-1 activity of drugs in vitro

Prior to animal experiments, the anti-HIV-1 activity of test
drugs in vitro was determined by the MAGI assay. HIV-1yz and
HIV-1g,. were used as representative X4- and R5-tropic HIV-1
strains, respectively. TF14016 exerted most potent anti-HIV-1
activity in vitro compared to other inhibitors as shown in Table 1.
As expected, the two CXCR4 antagonists, TF14016 and FC131,
inhibited replication of only HIV-1yys, but not HIV-1g,;, which uses
CCR5 for its entry. All four fusion inhibitors, T-20EK/S138A,
SC29EK, TRI-1144 and T-20, comparably inhibited replication of
both HIV-1yyg and HIV-1g,;. Among newly developed fusion inhib-
itors, T-20EK/S138A showed the strongest inhibitory effect both on
HIV-1yz and HIV-1g,. Our antiviral data are similar to previous
observations for TF14016 and FC131 [7-10,32], T-20EK/S138A
[16], SC29EK [17], and TRI-1144 [20,21].

3.2. Anti-HIV-1 activity of CXCR4 antagonists in rat

First, we examined background anti-HIV-1 activity in four PBS-
injected rat sera as negative controls. In the control rat sera, anti-
HIV-1yg and HIV-1g, activities were detected (Fig. 2). Rat sera
showed antiviral activity up to the 90- and 160-fold dilution for
HIV-1y and HIV-13g, (Fig. 2; shown as a baseline activity).

The two CXCR4 antagonists, TF14016 and FC131, were intraper-
itoneally injected into six rats and sera were withdrawn at the
indicated time as shown in Fig. 2. Drug activities were detected
up to 4 h, with peak time point at 1 h after the administration. Sur-
prisingly, sera from two rats injected with TF14016 and four rats
with FC131 also weakly showed anti-HIV-1g,; activity (data not
shown). However, both CXCR4 antagonists were generally effective
only against HIV-1y;g.

3.3. Anti-HIV-1 activity of fusion inhibitors in rat

Anti-HIV-1yg and anti-HIV-13,; activities were detected in four
rat sera and all six rat sera, respectively, that were administered T-
20. Anti-HIV-1 activity of T-20 in rats was detected up to 8 h with a
peak time point 1-2 h after administration. Anti-HIV-1y activities
were detected in sera of six rats injected with SC29EK, T-20EK/
S138A, and TRI-1144, which were detected up to 3, 8, and 8h,
respectively, with serum peak levels at 1-2 h after administration.
Anti-HIV-1g,; activities were detected in sera with SC29EK,
T-20EK/S138A, and TRI-1144 with similar extent with these for
HIV-1ys. These results indicate that in rats, intraperitoneally in-
jected drug activities were present in sera and may exert anti-
HIV-1 activity in vivo. Among these, TRI-1144 showed stable and
relatively sustained activity.

3.4. Effect of heat inactivation

To identify component(s) for baseline anti-HIV-1 activity in rat
sera, we examined heat inactivation. As expected, non-specific
anti-HIV-1 activity in sera decreased in a time-dependent manner.
At 1000-fold dilution of sera, non-specific activity was completely
abolished (Fig. 3); unfortunately the drugs tested in the study were
not heat stable and irreversible even at 56 °C (data not shown).
However, when administered a physiological dose, anti-HIV-1
activity was detectable even without heat inactivation (Fig. 2).
Therefore, the rat model system proved to be adequate to evaluate
the efficacy of drugs.

3.5. Toxic effect of drugs in rats

All peptides tested showed no apparent lethal effect at the
administered dosages, except for FC131, where one rat succumbed
from unknown causes at a dose of 30 mg/kg.

4. Discussion

To develop effective and safe antiviral agents, in vitro screening
systems are established for some viruses, while in vivo evaluation
systems using small animals are hampered by limited infection
efficiency and the need for specialized facilities. In the case of ani-
mal models for HIV-1, animal models are largely restricted [33]. In
the present study, we describe the establishment of a novel evalu-
ation system of anti-HIV-1 drugs through in vitro detection of anti-
HIV-1 activity in the sera of rats administrated drugs using the
MAGI assay. The in vivo efficacies of five potential entry inhibitors
were evaluated. In this system, only TRI-1144 consistently showed
potent and sustained activity compared with T-20. The glutamic
acid-arginine (ER) modification, but not the glutamic acid-lysine
(EK) modification and/or alanine substitutions to the peptide
(Fig. 1), may have beneficial effects on stability and efficacy, result-
ing in sustained anti-HIV-1 activities. The simple and convenient
in vivo efficacy evaluation system established in this study not only
reveals whether drugs exert anti-HIV-1 activity in vivo, but also
provides in vivo kinetics without the need for infectious animal
facilities. Moreover, this system can be used for the evaluation of
not only anti-HIV-1 drugs in vivo, but also of drugs against other
viruses in vivo. Nonetheless, the sera produced by the rats can be
also applied to resistant virus variants and clinical isolates result-
ing in a reduction of the number animal experiments required.

Other methods, such as a high performance liquid chromatogra-
phy (HPLC), may provide accurate measurement of the drug con-
centration in sera and was performed in this study. Even after
administration of FC131 at 30 mg/kg, we could only detect FC131
at the peak concentration (data not shown). In a case of small
amount of agents with extremely high activity, it is possible to fail
to detect by HPLC. For more sensitive detection by HPLC, further
labeling, such as with radioisotopes, may be needed. In addition,
HPLC analysis can detect drugs that have been modified and/or de-
graded by in vivo metabolism when they are spectrometrically
indistinguishable. However, our system detects only the active

Table 1
Anti-HIV-1 activity of drugs in vitro.
Virus ECso® (nM)
TF14016 FC131 T-20 T-20EK/S138A SC29EK TRI-1144
HIV-1y5 03100 174 5.7 423+76 2.0+05 83%13 46+06
HIV-1g, >10,000 >10,000 16.2+4.9 04+02 14+02 04+02

2 Antiviral activity, shown as ECso, was determined using the MAGI assay. Each ECso represents the mean + SD obtained from at least three independent experiments.
HIV-1yg and HIV-1p,; were used as representative X4 and R5 HIV-1 strains, respectively.
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Fig. 2. Anti-HIV-1 activity of drugs in vivo. Six groups of six rats were administered each drug by intra-peritoneal injection and rat sera were harvested at different time points
post-administration. All serum samples were analyzed by MAGI assay for 50% inhibition of infections of HIV-1y5 and HIV-1g,. This experiment was performed in triplicate
for each rat. Data represent mean * SD of from six rats. Gray shade indicates average results of age-matched rat sera as negative controls.
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Fig. 3. Heat inactivation of sera. Rat sera without heat activation were examined
using the MAGI assay. Heat inactivation was performed at 56 °C. Ten-fold dilutions
of sera were resistant to heat inactivation even after 1 h inactivation (~20%). At the
1000-fold dilution, most of the inherent inhibitory effect was removed.

form of the agents, and in addition provides direct comparison of
the tested drugs in vitro and in vivo, since the assay utilizes identi-
cal evaluation by the MAGI assay. In comparison, the rat in vitro
system revealed that TRI-1144 showed strong and sustained activ-
ity compared with T-20EK/S138A and SC29EK. In this study, we
only performed intraperitoneal injection that may have an effect
on drug metabolism(s). Further experiments, such as subcutaneous

injection, for which TF14016 shows greater efficacy [34,35], should
be performed and compared with other administration roots.

The two CXCR4 antagonists analyzed in this study, TF14016 and
FC131, showed moderate anti-HIV-1g,, activity in vivo, and sera
from two rats administered T-20 inhibited HIV-1 infection less
efficiently (data not shown). These unexpected data might result
from the relatively high background caused by non-specific inhib-
itory component(s) in sera. As shown in Fig. 2, sera from rats not
administered drugs also showed moderate anti-HIV-1y and
anti-HIV-1g,; activities. Therefore, the development of a reagent
or method for removal of background activity in rat sera may
improve the accuracy and sensitivity of this in vivo drug efficacy
evaluation method. For instance, serum albumin [36], lactoferrin
[37,38], and transferrin [39] may influence HIV replication. Unfor-
tunately, the drugs used in this study were all peptide-derived
agents, therefore, heat-inactivation may reduce antiviral activity.
Therefore, administration of relatively high doses of drug may be
required to overcome this inhibition.

In conclusion, we established a novel, simple and rapid system
for the phenotypic evaluation of anti-HIV-1 drugs in a rat model.
This system may also be applicable for the analysis of other antivi-
ral drugs for viruses that do not have an appropriate infection
model in rodents, and/or useful for the initial screening, such for
dosing, administration root decision and other factors, prior to ac-
tual animal infection experiments. In this system for HIV infection,
TRI-1144 displayed the most potent anti-HIV-1 activity in vivo of
the six drugs analyzed.
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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;,,x) 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
keao/K,,, values for ANTP. 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 NNRT1Is 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).

3The 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; dd|, 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; RTl, 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, L74V, and Q151 M 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 ddI 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 TAMSs 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 NRT1 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

AUGUST 24, 2012-VOLUME 287 -NUMBER 35

172K RT Polymorphism Suppresses Resistance to RTls

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 NRTINNRTL 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—COS-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 ug/ml streptemycin 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-1y,,) 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 SacIl and AvrlI 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 g5, 5'-Cy3 GTC CCT GTT CGG GCG CCA-3)
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annealed to a 100-nucleotide DNA template (T4 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,q; 5'-Cy3
GTC ACT GTT CGA GCA CCA-3') annealed to a 31-nucleo-
tide DNA template (T,;; 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
(T, 5'-Cy3 CCATAG CTAGCT ATG GTG CTC GAA CAG
TGA CAATCA 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 T4/5"-Cy3-P g0 ng
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-HCl, pH 7.8, and 50 mm NaCl, 1 um of each dNTP, 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 a7 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,,/P,, 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 mM 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 y43,/P 455
(5'-biotin-TAG ATC AGT CAT GCT CCG CGC CCG AAC
AGG GAC TGT G-3/, annealed to Py, 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 ul/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 mm 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 kg 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 T40/5'-Cy3-Pg,,, Was preincu-
bated with 500 nM RT at 37 °C in a buffer containing 50 mm
Tris-HCI, pH 7.8, 50 mm NaCl, 50 uM of each dNTP, and 0.1
mum 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, 5, 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 INTP 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,5. 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 mm BisTris,
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
mM 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 NRTI 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
(EC50). "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 ddl was not assessed because the EC;, 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 107-112
and 151-215 of the p66 subunit) of the following complexes:
RT,,,zx RT-EFV with RT,,x RT-EFV (PDB code numbers
1FK9 and 1IKW), RT,ozp/c10an RT-EFV with RT 50 k1058
RT-EFV (PDB code numbers 1FKO and 1IKV), and RT,,,z RT-
NVP with RT,,;, RT-U05 (a NVP analog) (PDB code numbers
1RTH and 3HVT). We also compared RT-DNA-dNTP ternary
complexes (1IRTD and 3JYT, as examples of RT,,p and RT 5,
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 NRT1I 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 N3481/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 dd!I

NEENE
NCEVEN
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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 NRTT 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/N3481/TAM-1, and
M184V/N348L 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 on 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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TABLE1

Antiviral activities of NRTIs against HIV-1 encoding 69ins complex mutations in the background of 172K or 172R polymorphisms

EC,, (M) (fold increase)®

Mutation(s) d4T ABC TDF 3TC
172R 2.8 =09 27 %03 0.03 £ 0.01 1.5+ 0.5
69ins complex/172R 16.7 = 1.5 (6) 387 = 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 EC;, value for recombinant viruses compared with 172R is shown in

parentheses.

b5 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 mm 72R]| !
K103N tzK 1.6
V106M - 2.1
V1081 2
YI81C 1.3
Y188L - 22
N3481 1.7

0.01 0.1 1 10

0.001

0.01 0.1 1

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).

TABLE2

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-24 290 * 19 (1.01) 517 * 36 (1.44) 1.8

# The data are means * S.D. from at least three independent experiments.
b Fold increase was compared with each WT 172R (without/with ATP).

¢ Excision enhancement by ATP is calculated as (ICg, with ATP)/(ICg, without ATP).

4 TAM-2 carries D67N, K70R, T215F, and T219Q.

calculated as “ECg, of 172R/ECg, of 172K.” 172K significantly
suppressed NVP resistance conferred by K103N, V106M,
V108I, 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 RT's 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-

29992 JOURNAL OF BIOLOGICAL CHEMISTRY

mine whether 172K suppresses AZT resistance through a
reduction in the efficiency of ATP-mediated excision, we puri-
fied RT 5z and RT 5, with TAM-2. We measured the suscep-
tibility of RTs 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,55r/ram.2 showed ~4-fold higher IC,, in the presence of
ATP (995 versus 250 num), although RT i ranro 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; op/ran.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 (&) (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-translocation 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,ox;ram.o- Lhe rescue assays involve unblocking of
AZT-terminated primers through ATP-based excision and
DNA synthesis. RT 551, ranm.2 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 ANTP binding, incorporation, and translocation
of the elongated DNA primer from the ANTP-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,,p,ran2 (0F RT sor ram.2) Fequired
higher dATP concentrations than RT,,5 (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 5,7 am.o has suppressed AZT
resistance compared with RT | ;op ranio 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,,,5. 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 k,, value for RT,,, was
markedly increased (31-fold) with a slightly changed k&, value
(2.9-fold) compared with those for RT 5. The K pya (Skog/
k) value for RT, ., was 11-fold higher than that for RT,,,z
(1.8 and 0.16 nu, respectively). Our results demonstrate that
RT, ;. 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,.,z,
indicating that 172K attenuates processivity. When introduced
into RTppps0 172K lowered processivity even more. In con-
trast, Q151Mc may enhance RT processivity, as Q151Mc was
more processive than W'T, especially in the presence of RT 5.
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,_pyar Konr and K g 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,,,z or RT,;, are shown in C.

A TAM-2/ TAM-2/ QI51Mc¢/  QI51Mc/

172K 172R 172K 172R 172K

: : £ £
Time [min] £ =) £
z
Full-length
produ

Full-length DNA synthesis

HIV-1 RT at 90 min (%)
172R 172K
none 8.4 3.2
TAM-2 35 0.2
Ql51Mc 21.9 18.4

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 (Ist 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 -,z 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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TABLE3
dATP incorporation under steady state conditions
HIV-1RT K, k.. k. JK,
num min~? min o™t
172R 132 4.2 0.03
172K 143 7.2 0.05
TABLE4
NVP susceptibility assay at the enzyme and virus level
IC,, of NVP,* EC,, of NVDP,”
Mutation Enzyme (RT)* HIV virus®
nMm ny
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.

® Fold increase was compared with WT 172R.

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

incorporation assays (Table 3). The estimated values for k_,,
and K, snrp 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+,;ggpp 172R results in an enzyme (RT 751 v106n)
with 57-fold resistance to NVP. In contrast, RT o1 vi0em
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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172K RT Polymorphism Suppresses Resistance to RTls

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 makes 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 NNRTIT 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 172K 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 89-strand (Fig. 7). Specifi-
cally, the RT,,, structure in complex with NVP shows that
172R and Gln-161 in a-helix E interact with Ile-180 and Gln-
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182 and indirectly with Met-184 in the 89-strand (Fig. 74). The
RT, 5z 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;,,z
complex with EFV also shows that a-helix E helps stabilize
39-strand by a hydrogen bond between Thr-165 and Gln-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 Gln-161 with both Met-184 and GIn-182 (Fig. 7B).
This loss of interaction between 172K and Ile-180 and GIn-182
is also observed in the presence of nucleic acid substrate
(Fig. 7C). Furthermore, in the reported crystal structure of
RT5or k1030 the aromatic side chain of Tyr-181 seems to flip
almost 90° in the opposite direction and is likely to affect
NNRTI susceptibility (Fig. 7D). Taken together, this informa-
tion suggests that the residues in a-helix E may be involved in
stabilizing the B9-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 «-helix E
and B9-strand may affect the positioning of the YMDD loop,
thus affecting not only NRTI 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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EFV-172K
EFVATIR

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 U5 (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 3-9-10 sheet and a-helix E. B, comparison of RT;,,g (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 3-9-10
sheet and a-helix E. G, comparison of RT,,,¢ (cyan side chains and ribbons) and RT, ,,« (pink side chains and ribbons) complexes with DNA and dNTP (not shown).
D, comparison of RT ¢;93n/172r (€yan side chains and ribbons) bound to EFV (blue sticks), and RT; gan/172x (Pink side chains and ribbons) bound to EFV (red sticks).
In addition to changesin the interactions between side chains of 3-9-10 sheet and a-helix E also observed in A and B, the side chain of Tyr-181 “flips”in the 172K

versus the 172R structure.

Hence, NRTT resistance mutations K65R, K70E, L74V, and
M184V and NNRTI resistance mutations L100I and Y181C
block ATP-mediated excision and suppress AZT resistance
(32-35, 37, 38). In contrast, other NRTI resistance mutations
(V1181 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 NRTI and 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 NNRTI resistance 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 N3481I
(19, 61). Interestingly, 172K reduces the resistance (to NRTIs or
NNRTIs) that N348I 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,,5x
versus RT,,,p) or decrease (RT 5o rani-2 Ye#SUS RT 150 manin)
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 NRTT or NNRTI resistance by restoring the
RNase H defect introduced by N348I.

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 NRTI incorpo-
ration into DNA. However, this is not the case with 172K
because the IC;, values for AZT inhibition of RT | 55 rans2 OF
RT 01 ran 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: () 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; () 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 RT75r /ran-2 and RT 1 ranin OF RT 7pp and RT 5
(the apparent K, for ATP in a rescue-type assay for all enzymes
is ~3 mMm); {c¢) 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,,,x). 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 |, and RT ;51 rano (Fig. 5). Interestingly,
the processivity of RT,,5x,q151mc Was not reduced (Fig. 5).
Hence, it is possible that the relatively higher prevalence of
RT or/qisime (9-9%, supplemental Table 4) compared with
RT 7o Tan.2 is likely due to the higher processivity and pre-
sumably higher fitness of RT /510151 Mmc-

The structural basis of decreased NNRT1 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 89-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 NRTI excision, processivity (57), and
NNRTTI susceptibility (56). Hence, it is possible that 172K
affects NRTI 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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