type of KAY-2-41" strains. We finally showed, in our TK competition
assays, that KAY-2-41 competed with the dThd substrate of VACV
TK. These findings demonstrate that the mutations found in the viral
TK most probably occurred due to KAY-2-41 selection pressure and
that viral TK may contribute to KAY-2-41 sensitivity, although it may
not be the sole determinant. As a consequence, additional studies are
still required (i) to determine whether the identified mutations or
mutations in other genes contribute to drug resistance, (ii) to identify
the metabolites of the compound, and (iii) to investigate whether
cellular partners can be implicated in KAY-2-41 antiviral activity.

Both the KAY-2-41" viruses and viruses with TK deletions showed
hypersensitivity to BVDU. While we and others have shown that
VACV TK and hTK1 do not measurably phosphorylate BVDU in
enzymatic assays (30), the mitochondrial homodimer hTK2 was ef-
ficient in this activity (Table 4). Also, the secondary phosphorylation
of BVDU has been shown to rely on the viral TMPK (33), and we
observed that KAY-2-41 still potently inhibited TMPK OPV mutants
resistant to BVDU (our unpublished data). Although these two mol-
ecules seem to have a distinct mode of activation, how can we explain
this hypersensitivity? The TK deletion could affect pyrimidine metab-
olism and, consequently, the pool of available nucleotides (i.e., dTTP)
needed for viral replication. For these reasons, more BVDU triphos-
phate might then be accepted as a substrate for incorporation by the
DNA polymerase (E9L), potentiating BVDU antiviral activity. Alter-
natively, it cannot be excluded that the mutations in the viral TK may
make BVDU a better substrate for further phosphorylation.

We can further speculate about the impact of the identified
mutations on TK enzymatic activity, albeit we did not prove,
through marker rescue experiments, that such changes were re-
sponsible for KAY-2-41 resistance. In KAY-2-41-resistant VACV-
WR, a single nucleotide deletion caused a codon frameshift start-
ing at amino acid 15 (S15Q) and finishing at position 21 with a
stop codon, and in the CPXV-BR strain, the double nucleotide
deletion changed the valine codon at position 25 into a stop
codon. These deletion mutations occurred in the amino-terminal
region of the gene and presumably led to the production of a
truncated TK (Fig. 2 and 6). This region is critical for TK enzy-
matic activity, as it includes the site where ATP binds to act as a
v-phosphoryl donor required to produce dThd monophosphate.
In VACYV, this region consists of a P loop (amino acids 11 to 16)
preceded by a 8 sheet (B1, amino acids 4 to 10) and followed by an
o helix (o1, amino acids 17 to 29) (44, 45). A similar organization
is found in structurally related TKs, including the human cytosolic
TK (hTK1) and the TK of Thermotoga maritima (TmTK) (45, 46).

The amino acid residue mutated in drug-resistant CML1
(D110Y) mapped to a highly conserved residue in the type II TK
family (D110) that is localized close to phenylalanine 113 (F113),
which has been shown to interact with the substrate via its main-
chain amide nitrogen (Fig. 2) (44). The substrate binding region
has been well characterized in the model of VACV TK bound to
dTTP (44), as well as in related hTK1 and TmTK bound to a
bisubstrate analogue, TP4A {P*-(5'-adenosyl)P*-[5'-(2’-deoxy-
thymidyl)]tetraphosphate} (45). While no direct interactions be-
tween D110 and the nucleoside substrate have been described, we
observed that changing a negatively charged amino acid (i.e., as-
partic acid [D]) into a residue with a hydrophobic aromatic side
chain (i.e., tyrosine [Y]) may disturb the loop localized between
the B5 sheet (amino acids 106 to 110) and the a4 helix (amino
acids 121 to 128) and, as a consequence, the binding of the nucle-
oside substrate (Fig. 6). This mutation may have a second impact
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on VACV TK enzymatic activity, since this enzyme is catalytically
active as a homotetramer. Based on the model of El Omari and
colleagues (44), we observed that the D110 residue is located at the
interface of two monomers (Fig. 6). The mutation D110Y may
thus create a steric hindrance that can disrupt monomer assembly,
explaining a loss of enzymatic activity.

KAY-2-41 was found to be cytostatic for growing cells, al-
though no apparent morphological changes were seen on conflu-
ent (monolayer) cells. Also, the KAY-2-41" virus strains did not
show high levels of resistance to the drug (from 2.7- to 6.0-fold
increases in ECyqs), and they remained partially sensitive to the
inhibitory effect of KAY-2-41. These observations suggest that
other cellular enzymes may be involved in the mode of action of
the molecule as well. Similar observations have been made with
4'-thioIDU (27). Animal experiments, however, showed that a
repetitive dose of 50 mg/kg once daily for 5 consecutive days did
not visually affect the naive animals. However, toxicity studies in
animals are required to investigate this in more detail. Addition-
ally, the fact that the KAY-2-41" virus strains did not display high
levels of drug resistance suggests that KAY-2-41-based antiviral
treatment might still be efficacious if resistant mutants would
emerge. Also, such TK-altered viruses might show a decreased
pathogenicity, as noticed before in mice challenged with VACV
with a TK deletion (47), albeit this property was not assessed here.

Finally, we demonstrated the potency of KAY-2-41 in protect-
ing mice from disease and subsequent death after a lethal chal-
lenge with VACV-WR. This was observed with a daily treatment
regimen of 50 mg/kg for 5 consecutive days, while reducing the
drug concentration to 5 mg/kg protected against mortality but not
weight loss. After i.p. administration of KAY-2-41 (50 mg/kg),
virus replication was completely abolished in the primary target
organs, i.e., lungs, as well as in the liver, spleen, and kidneys. Our
results also showed that the levels of viral DNA in serum or in
several organs were markedly reduced or even abolished. In con-
trast, oral administration of 4'-thioIDU (15 mg/kg twice daily for
5 consecutive days beginning at 24 h after infection) reduced lung
virus titers by only 10-fold, as reported by Kern and colleagues
(27), although differences in the doses and routes of administra-
tion of the compounds and/or the volume of virus inoculated
might be at the origin of the discrepancy in the results. Histology
of the lungs of VACV-WR-infected mice revealed signs only of
inflammation and not of pneumonia, which could be due to (i)
the time point of sacrifice of the animals, i.e., at day 5 p.i., or (ii)
the use of a relatively small volume for virus inoculation, as dis-
cussed by Smee and colleagues (48).

The rationale of using viral TKs in the selective activation of
nucleoside analogues mainly comes from research done with her-
pesviruses, which possess a type 1 TK that can phosphorylate a
variety of substrates. Although OPVs encode a TK, its narrower
substrate specificity and its resemblance to hTK1 have hampered
the development of TK-specific drugs for OPVs. However, VACV
TK might have a substrate specificity broader than was initially
thought (44, 49). Indeed, the structure of VACV TK and the dem-
onstration that a bulky nucleoside analogue can be OPV-TK spe-
cific, as shown by Fan et al. (49), have provided new evidence that
conformational differences between OPV TK and hTK1 may be
exploited to design selective poxvirus inhibitors (44, 49). Alto-
gether, our study proves that nucleoside analogues such as KAY-
2-41 and possibly also other 1'-substituted 4’-thiothymidine de-
rivatives should not be neglected as potential antiviral agents, as
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FIG 6 Potential impact of D110Y mutation on substrate binding and thymidine kinase monomer assembly. (A) Tridimensional structure of one monomer of
VACV TK in complex with dTTP (Protein Data Bank accession number 2J87). Residue F113, localized in the loop between the B5 sheet and a4 helix and required
for substrate binding, is highlighted (see also Fig. 2). On the same loop is also shown the tyrosine residue (red sticks) found at position 110 and identified as the
D110Y mutation. The presence of the mutated residue may disturb the loop and, as a consequence, substrate recognition. (B to D) Two monomers in complex
with dTTP are shown in green and yellow. The phenylalanine at position 113 is depicted in red on each monomer. The aspartic acid at position 110 of one
monomer establishes a direct interaction with the isoleucine 125 of the other monomer (B). Modification of the aspartic acid 110 into a tyrosine provokes a steric
hindrance that may destabilize the assembly of monomers (C and D). The figures were generated using PyMol software (version 0.99; DeLano Scientific LLC).

they may show promise for future development of broad-spec-
trum therapy against both pox- and herpesviruses.
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T-20 (enfuvirtide) resistance is caused by the N43D primary resistance mutation at its presumed binding
site at the N-terminal heptad repeat (N-HR) of gp41, accompanied by the S138A secondary mutation
at the C-terminal HR of gp41 (C-HR). We have discovered that modifying T-20 to include S138A (T-
2051384 ) allows it to efficiently block wild-type and T20-resistant viruses, by a mechanism that involves
improved binding of T-20s1334 to the N-HR that contains the N43D primary mutation. To determine
how HIV-1 in turn escapes T-20s13sa We used a dose escalation method to select T-20s;354-Tesistant

Ié:’g: g:f:; HIV-1 starting with either wild-type (HIV-1wr) or T-20-resistant (HIV-1y43p/s1384) virus. We found that
HIV-1 when starting with WT background, 137N and L44M emerged in the N-HR of gp41, and N126K in the
gpal C-HR. However, when starting with HIV-1n43ps138a, L33S and I69L emerged in N-HR, and E137K in C-
T-20 HR. T-20s1384-resistant recombinant HIV-1 showed cross-resistance to other T-20 derivatives, but not
Mutation to C34 derivatives, suggesting that T-20s1334 suppressed HIV-1 replication by a similar mechanism to

Fusion inhibitor T-20. Furthermore, E137K enhanced viral replication kinetics and restored binding affinity with N-HR
containing N43D, indicating that it acts as a secondary, compensatory mutation. We therefore introduced
E137Kinto T-20s138a (T-20g137x/51384 ) and revealed that T-20g;37k/s138a moderately suppressed replication
0f T-20s1384-Tesistant HIV-1. T-20g;37x/s1384 retained activity to HIV-1 without L33S, which seems to be a
key mutation for T-20 derivatives.

Our data demonstrate that secondary mutations can be consistently used for the design of peptide
inhibitors that block replication of HIV resistant to fusion inhibitors.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) fusion to host
cell membrane is mediated by formation of a six-helix bundle of
the transmembrane subunit gp41 (Chan et al.,, 1997). Peptides cor-
responding to amino acid sequences of the gp41 carboxyl-terminal
heptad repeat (C-HR) inhibit the HIV-1 fusion by acting as decoys

* Corresponding author at: Division of Emerging Infectious Diseases, Tohoku Uni-
versity School of Medicine, Sendai 980-8575, Japan. Tel.: +81 22 717 7199;
fax: +8122 717 7199.
E-mail addresses: kodama515@med.tohoku.ac.jp,
kodausa21@gmail.com (E.N. Kodama).

1357-2725/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocel.2013.01.015

and interfering with the formation of the six-helix bundle (Chan
et al,, 1998; Malashkevich et al., 1998). Although modified pep-
tides such as SC34EK (Nishikawa et al.,, 2009), T-2635 (Dwyer et al.,
2008), and D-peptides (Welch et al., 2007), and small molecules
(Debnathetal., 1999) have been developed, T-20 (enfuvirtide)is the
only fusion inhibitor approved for HIV therapy. It is a 36 amino acid
peptide derived from the sequence of C-HR of gp41. It is thought to
bind at the N-HR domain of gp41and interfere with the C-HR-N-HR
interactions required for membrane fusion and injection of virus
into the host cell. T-20 has potent anti-HIV-1 activity and effec-
tively suppresses replication of HIV-1 in vivo (Kilby et al., 1998;
Lalezari et al., 2003; Lazzarin et al., 2003). However, HIV-1 rapidly
develops resistance through mutations in the amino-terminal HR
(N-HR) of gp41, especially in the region between L33 and L45, which
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is thought to be the binding site of T-20 (Aquaro et al,, 2006; Cardoso
etal,, 2007; He et al., 2008). Among these residues, N43D in the N-
HR is one of the representative mutations for resistance to T-20
(Bai et al., 2008; Cabrera et al., 2006; Oliveira et al., 2009; Izumi
et al., 2009; Ueno et al,, 2009). Interestingly, most variants show
impaired replication fitness, and thus often go on to acquire sec-
ondary mutations, such as S138A (Xu et al,, 2005), in the C-HR
region of gp41 that corresponds to the sequence of T-20. We and
others have recently demonstrated that S138A functions as sec-
ondary resistance mutation and enhances resistance to T-20 by
restoring impaired replication kinetics of T-20-resistant variants
that contain primary mutations in the N-HR region, most notably
N43D (Izumi et al,, 2009; Watabe et al., 2009).

To preempt this escape strategy, we have previously designed
a peptide analog of T-20 with the S138A change incorporated in
it (T-20s1384; Fig. 1A) and showed that this peptide significantly
suppresses replication of T-20-resistant HIV-1 through enhance-
ment of binding affinity to mutated N-HR, such as N-HRn43p (Izumi
et al., 2009). Using circular dichroism (CD) and structural analyses,
we also demonstrated that the S138A change provided increased
stability to the six-helix bundle (Watabe et al., 2009). In subse-
quent studies, we validated our approach on another peptide-based
fusion inhibitor, C34. In this case, we designed a variant of C34
carrying a secondary escape mutation, N126K, selected for the
induction of C34 resistance (Nameki et al., 2005) and also present in
HIV-1isolates from T-20 experienced patients (Baldwin et al., 2004;
Cabrera et al., 2006; Svicher et al., 2008). We showed that this C34
variant can effectively inhibit replication of C34-resistant HIV-1.
These studies provided the proof of principle that it is possible to
design improved peptide-based fusion inhibitors that are efficient
against a major mechanism of drug resistance through introduction
of resistance-associated mutation(s).

It remains unknown to this date how HIV-1 develops further
resistance to T-20s33g4. Moreover, it is not known whether we can
expand our strategy and modify T-20s1354 to include the secondary
mutation(s) that emerge during the selection of T-20s13g4-resistant
HIV, resulting in a strategy that is applicable to the design of pep-
tides customized to address viral resistance mutations. Hence, in
the current study we selected T-20s13ga-resistant HIV-1 in vitro by
a dose-escalating method. We revealed that the resistance muta-
tions that emerged during selection experiments with wild-type
or T-20-resistant HIV-1 are located in both the N-HR and the C-HR
regions. Furthermore, the 137N and L33S mutations appeared to
act as primary mutations for wild-type and T-20-resistant HIV-1,
respectively. E137K, a C-HR mutation located in the T-20 sequence,
improved replication kinetics and enhanced affinity to N-HR, indi-
cating that E137K acts as a secondary mutation. Introducing the
E137K change into the T-20s13ga (T‘20E137K/Sl38A) resulted into
a peptide inhibitor effective against T-20s;3g4-resistant variants,
suggesting that secondary or compensatory mutations can be
widely applicable to the design of next generation peptide-based
inhibitors that are active against HIV-1 resistant to earlier genera-
tion fusion-targeting drugs.

2. Materials and methods
2.1. Cells and viruses

MT-2 and 293T cells were grown in RPMI 1640 medium and
Dulbecco’s modified Eagle medium-based culture medium, respec-
tively. HeLa-CD4-LTR-[3-gal cells were kindly provided by Dr. M.
Emerman through the AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious
Disease (Bethesda, MD), and used for the drug susceptibility assay,
as previously described (Nameki et al., 2005; Nishikawa et al.,

2009). Recombinant infectious HIV-1 clones carrying various muta-
tions were generated through site-directed mutagenesis of the
PNL4-3 plasmid, as previously described (Nameki et al., 2005;
Nishikawa et al., 2009). Each molecular clone was transfected into
293T cells with TransIT (Madison, WI). After 48 h, the supernatants
were harvested and stored at —80°C.

2.2. Antiviral agents

The peptides used in this study (Fig. 1A) were chemically syn-
thesized using standard Fmoc-based solid-phase techniques, as
previously described (Oishi et al., 2008; Otaka et al., 2002). An HIV-
1 reverse transcriptase inhibitor, 2’,3’-dideoxycytidine (ddC) was
purchased from Sigma-Aldrich Japan (Tokyo, Japan) and used as a
control.

2.3. Determination of drug susceptibility

Peptide sensitivity of infectious clones was determined by the
multinuclear activation of galactosidase indicator (MAGI) assay
as previously described (Nameki et al.,, 2005; Nishikawa et al.,
2009). Briefly, the target cells (HeLa-CD4-LTR-B-gal; 104 cells/well)
were plated in flat 96-well microtiter culture plates. On the fol-
lowing day, the cells were inoculated with the HIV-1 clones (60
MAGI units/well, resulting into 60 blue cells after 48 h incuba-
tion) and cultured in the presence of various concentrations of
drugs in fresh medium. Forty-eight hours after virus exposure, all
the blue cells stained with X-gal (5-bromo-4-chloro-3-indolyl-§3-
D-galactopyranoside) were counted in each well. The activity of
test compounds was determined as the concentration that reduced
HIV-1 infection by 50% (50% effective concentration [ECsq]).

2.4. Induction of HIV-1 variants resistant to T-20s13g4

MT-2 cells were exposed to HIV-1 and cultured in the presence
of T-20s7138a. Cultures were incubated at 37 °C until an extensive
cytopathic effect (CPE) was observed. The culture supernatants
were used for further passages in MT-2 cells in the presence of two-
fold increasing concentrations of T-20s13g4 When massive CPEs
were seenin the earlier periods. Each passage usually took 5-7 days.
The timing is highly dependent on the type of specific mutations
introduced, as previously reported (Nameki et al., 2005; Shimura
et al,, 2010). For example, a passage that follows introduction of
novel mutation(s) should shorten the passage period to perhaps
4-5 days. However, there will be longer delays for passages where
there are no novel mutations or when there is appearance of only
secondary mutations. The dose-escalation process was repeated
until resistant variants were obtained. This selection was carried
out for a total of 60 passages (approximately 1 year). At the indi-
cated passages (Fig. 1B and C), the sequence of the env region was
determined by direct sequencing of the proviral DNA extracted
from the infected MT-2 cells.

2.5. Viral replication kinetics assay

MT-2 cells (10° cells/1 mL) were infected with each virus prepa-
ration (500 MAGI units) for 16 h. Infected cells were then washed
and cultured in a final volume of 3 mL. The culture supernatants
were collected on day 2 through day 5 post-infection, and amounts
of p24 antigen were determined.

2.6. CD spectroscopy

Each peptide was incubated at 37 °Cfor 30 min (the final concen-
trations of peptides were 10 wM in phosphate buffered saline [PBS];
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Fig. 1. Domains of gp41 and induction of T-20s13ga-resistant HIV-1. (A) Domains of gp41, substitutions observed during in vitro passage with T-20s1334, and amino acid
sequences of T-20- and C34-based peptides used in this study. The locations of the fusion peptide (FP), amino-terminal heptad region (N-HR), carboxyl-terminal heptad
region (C-HR), transmembrane domain {TM), and C-HR-derived peptides are shown. The residue numbers of T-20 and C34 correspond to their positions in gp41. Substitutions
of N-and C-HR in gp41 of wild-type (WT) and T-20s;334-resistant HIV-1 are shown. Res.-WT and Res.-NDSA indicate resistant HIV-1 that were initially selected from wild-type
and HIV-1n43p/s138a, Tespectively. (B and C) Induction of T-20s1354-resistant HIV-1 by dose-escalating selection in MT-2 cells. Induction of resistant HIV-1 was carried out for a
total of 60 passages of HIV-1yr (B) and HIV-Ty4sp/si3sa (C), in 0.1 1M and 1 nM of T-20s1334, respectively. At the indicated passages, proviral DNA was sequenced, and the ECsg
values of the HIV-1 variants were determined using the MAGI assay. To improve the replication kinetics, substitution of D36G was introduced into the NL4-3 background

used in this study (wild-type virus) (Izumi et al,, 2009; Mink et al., 2005).

pH 7.4).CD spectra were recorded on an AVIV model 202 spectropo-
larimeter (Aviv Instruments, Proterion Corporation, Piscataway, NJ)
with a 1 mm path-length cuvette at 25°C as the average of eight
scans. The thermal stability was assessed by monitoring the change
in the CD signal at 222 nm. The midpoint of the thermal unfolding
transition (melting temperature [T ]) of each complex was deter-
mined as previously described (Izumi et al., 2009).

3. Results
3.1. Selection of HIV-1 resistant to T-20s13ga

An HIV-1yp4.3 strain containing a D36G substitution, which
improves replication kinetics, was used as a wild-type virus (HIV-
1wr) and for the construction of various mutants, as described
(Izumi et al., 2009; Mink et al., 2005). HIV-1t or T-20-resistant
HIV-1n43p/s138a Were used for selection of T-20s3g4-resistant HIV-
1. MT-2 cells were infected with HIV-1wr and HIV-1n43p/s1384, and
incubated in the presence of T-20s1334 at the initial concentrations
of 0.1nM and 1nM, respectively. At the indicated passages, the
sequence of the env region was determined by direct sequencing
of the proviral DNA extracted from the infected MT-2 cells. During
the selection, mutations in the gp41 were observed and are shown
in Fig. 1B and C.

In the selection with HIV-1wg (Fig. 1B), at passage 28 (P-
28), when T-20s13g4 concentration was 51.2nM (P-28, 51.2nM),
isoleucine at position 37 in the gp41 was substituted to asparagine
(I37N). At P-60 (3.3 uM), L44M and N126K in the gp41 further
emerged. On the other hand, in the selection with T-20-resistant
HIV"1N4BDISI38A (Fig. 1C), at P-28 (512 nM) and at P-40 (2 ]LM),

E137Kin the gp41, and L33S and I69L in the gp41 emerged, respec-
tively. The emergence of the I69L mutation in diverse HIV-1 strains
has been previously reported (Eshleman et al., 2007). At P-60, the
resistance of selected viruses from HIV-1wr and HIV-1n43pjs138a
to T-20s;138a, reached approximately 110- and 200-fold, respec-
tively. These results indicate that even though T-20s73g4 Was active
against T-20 resistant variants, resistant HIV-1 emerged relatively
rapidly compared with the next generation fusion inhibitors, such
as SC34EK, which required 120 passages to acquire the resistance
(Shimura et al., 2010).

3.2. Susceptibility of T-20sy3g4-resistant HIV-1 to T-20 and C34
derivatives

To validate our resistance data we used site-directed mutagen-
esis to prepare recombinant HIV-1 with the T-20g;3g4-Tesistance
mutations and examined its susceptibility to T-20 and C34 deriva-
tives with MAGI assay (Table 1). We also used as controls the
modified a-helix T-20- and C34-peptide inhibitors, T-20EK (Oishi
et al.,, 2008) and SC35EK (Nishikawa et al.,, 2009; Shimura et al,,
2010), respectively, which are more efficient in vitro replication
inhibitors of T-20-resistant HIV-1 than T-20 or C34. Finally, we
also used as a control C34y126x, @ modified version of C34 that
includes the resistance-associated N126K substitution that effec-
tively suppress replication of C34-resistant HIV-1 in vitro (Izumi
et al., 2009).

Selected mutations I37N and L33S provided various levels of
resistance to T-20 and its derivatives, T-20s1334 and T-20EK, appar-
ently acting as primary mutations to peptides with a T-20 backbone
(Table 1). Other mutations, L44M, 169L, and E137K, which were
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Table 1
Antiviral activity of C-HR-derived peptides against gp41 recombinant viruses.
ECso (nM)
T-20 T-20s1384 T-20EK C34 C34n126K SC35EK
HIV-1wr? 24406 0.6+0.1 1.9+0.5 2.1+0.7 1.6+£0.5 24+09
HIV-15378 47+6.9 (20) 43+13(72) 21424 (11) 33+1.1(1.6) 1.9+0.1(1.2) 1.0:£0.4(0.4)
HIV-1p44m 41+1.2 (1.7) 0.7+£02(1.2) 22+06(1.2) 1.1£0.3(0.5) 0.8+0.2(0.5) 0.6+0.2(0.3)
HIV-1n126K 44+13 (1.8) 1.24+0.4(2.0) 2.8+02(1.5) 6.3+1.2(3.0) 1.5+0.2(0.9) 3.3+02(14)
HIV-15375n126K 660 180(275) 16+4.8 (27) 14£5.1 (7.4) 20+4.5(9.5) 3.4404(2.1) 2.9+03(1.2)
HIV-137n/.44myN126K >1000 (>417) 130+40(220) 240:£95(126) 6623 (31) 4.0+0.8(2.5) 1.1+0.1(0.5)
HIV-1y335 23455 (9.6) 31+0.6(5.2) 13+2.6 (6.8) 32+1.1(15) 2.1+0.1(1.3) 3.0+0.8(1.2)
HIV-Tnasp 49410 (20) 3509 (5.8) 41+12(22) 44+04(2.1) 1.4+0.1(0.8) 0.4+0.2(0.2)
HIV-1jgeL 2.1+0.5 (0.9) 0.5+£0.2(0.8) 22+04(1.2) 2.7+0.2(13) 22+0.5(14) 2.7+05(1.1)
HIV-1g137x 2.0+03 (0.8) 0.74+0.1(1.2) 25+04(13) 2.6+0.2(1.2) 234+0.7(1.4) 3.1+0.8(1.3)
HIV-1ng3njs138A 84+16 (35) 32+1.0(5.3) 34+1.1(1.8) 2.7+02(13) 1.6+0.5(1.0) 0.3+0.1(0.1)
HIV-11335/N43D/51388 >1000 (>417) 550+72(174) 330+94(14) 30:49.2(2.6) 42+1.2(04) 0.9+0.3(0.4)
HIV-1na3pje137x/s138a 110+31 (46) 14+4.7 (23) 7.0+£24(3.7) 7.4+1.9(3.5) 2.1+0.7(1.3) 1.9+0.6(0.8)
HIV-11335/N43D/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 31+5.0(15) 6.7+1.7(4.2) 1.2+0.2(0.5)
HIV-1y335/N43D/169L/E137K/S138A >1000 (>417) >1000(>1667) >1000 (>526) 5012 (24) 28:+£7.1(17.5) 1.0+£0.9(0.4)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECsq) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECso value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

2 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Izumi et al.,, 2009; Mink et al., 2005).

observed in wild-type HIV-1 as polymorphisms (Kuiken et al.,
2010; Loutfy et al,, 2007), conferred little resistance to all pep-
tide fusion inhibitors tested. However, introduction of L44M to
Hlv'll37N/N126K (HIV"]IB7NIL44M/N126K) remarkably enhanced resis-
tance to T-20 derivatives. This was consistent with previous
studies that also reported a resistance enhancement (1.8-fold) by
L44M to T-20 (Loutfy et al., 2007). Collectively, these data sug-
gest that L44M has as a role in HIV-1 resistance as a secondary
mutation. All peptides sufficiently suppressed HIV-1jgg;, suggest-
ing that 169L may be a secondary mutation or a polymorphism.
N126K conferred only marginal resistance (<3-fold) to all peptide
fusion inhibitors, but in the background of I37N (HIV-137n5/N126K)
it enhanced resistance to T-20, T-20s13ga, and C34. L33S, which
was originally reported as a C34 resistance associated mutation
(Armand-Ugon et al., 2003), significantly enhanced resistance in
the background of N43D/S138A mutations (Hlv*lBBS[N43D/5138A)'
Similar to the N126K mutation, E137K also enhanced resistance by
N43D/5138A (HIV—1N43D/E]37K/5138A) and L33S/N43D/S]38A (HIV—
1L33S/N43D/E137KI5138A) to T—205133A. T-20, and T-20EK. These results
indicate that L33S and I37N appear to be primary mutations for
T-20 derivatives.

3.3. Effect of substitutions in the gp120 on peptide susceptibility

Polymorphisms in the gp120 that influence co-receptor usage
may influence T-20 susceptibility (Labrosse et al., 2003; Reeves
et al.,, 2002). Meanwhile, others reported that T-20 susceptibility
was not influenced by co-receptor usage (Cilliers et al., 2004; Melby
et al., 2006). Resistance induction experiments performed in this
study revealed that most laboratory strains with in vitro resistance
to fusion inhibitors acquired substitutions in both the gp120 and
the gp41 (Armand-Ugon et al., 2003; Eggink et al., 2011; Fikkert
et al,, 2002; Izumi et al., 2010; Nameki et al., 2005; Shimura et al.,
2010). However, most substitutions showed little impact on resis-
tance, and only contributed to a small enhancement of replication
capacity (Eggink et al., 2011; Izumi et al., 2010; Nameki et al., 2005;
Shimura et al., 2010). In the present study, we examined peptide
susceptibility of cloned viruses that contain all Env substitutions
observedin the selection (both gp120 and gp41). Most substitutions
in the gp120 attenuated resistance to fusion inhibitors (Table 3).
Therefore, in vitro experiments showed that substitutions in the
gp120 are not likely associated with resistance.

3.4. Influence of mutations in the gp41 on HIV-1 replication

To address the effects of mutations on HIV-1 replication, we
examined the replication kinetics of T-20s13ga-resistant HIV-
1na3p/si13sa variants. Consistent with a previous report (Lohrengel
et al,, 2005), the L33S mutation did not significantly affect the
replication kinetics and infectivity compared with those of
HIV-1wr (Fig. 2A). The S138A mutation restored the replication
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Fig. 2. Replication kinetics of T-20s13ga-resistant variants. Replication kinetics of
T-20s1334-resistant recombinant variants that introduced L33S mutation (A), or
combinations of L33S, E137K, and S138A mutations in HIV-1n43p (B). To improve
replication kinetics, the D36G polymorphism was introduced into the NL4-3 back-
ground used in this study (HIV-1wr). Supernatants from infected MT-2 cells were
collected on days 2-7 and the amount of p24 produced was determined. Represen-
tative results are shown as mean values with standard deviations estimated from
three independent experiments.
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kinetics of HIV-1n43p (Fig. 2B), as previously described (Izumi
et al,, 2009). E137K was also associated with N43D mutation
in vivo (Svicher et al., 2008), and restored infectivity impaired
by N43D (Tolstrup et al., 2007). Introduction of E137K into
N43D/S138A enhanced the replication kinetics, and further
addition of L33S to N43D/E137K/S138A resulted in equivalent
replication kinetics compared with HIV-1ns3p/E137x/51384 (Fig. 2B)
as observed in HIV-1yg based mutants. During the passage of
HIV-1y43pjs138a, @ Synonymous mutation at amino acid posi-
tion L44, TTG to CTG, was observed. Interestingly, Lrg44Lcrg
enhanced viral replication Kkinetics through enhanced stabil-
ity of the Rev-responsive element (RRE) secondary structure
(Ueno et al., 2009). Therefore, we examined the viral replication
kinetics of mutants with Lirc44Lcrg, and compared HIV-1wr,
with HIV-1p441-crc, and HIV-11335/N43pjLa4L-cTG/E137K/51388  With
HIV-11335/N43D/1441-CTG/I69L/E137K/51384- AS expected, the presence
of Lrrc44Lcre enhanced replication in all viruses. Surprisingly,
mutants with resistance mutations showed enhanced replication
kinetics as determined by the p24 production assay of culture
supernatants (Fig. 4A). Therefore, we further examined infectivity
using the MAGI assay and determined that the infectivity of
resistance variants containing Litg44Lcrc was reduced compared
with HIV-1wr (Fig. 4B). These results indicate that the primary
mutation, L33S, possesses less ability to attenuate HIV-1 replica-
tion, while 169L, S138A, and E137K enhance replication kinetics of
T-20-resistant HIV-1 to a comparable level of HIV-1yr.

3.5. Circular dichroism

To clarify the effect of E137K substitutions on peptide bind-
ing, we examined the binding affinities of E137K-containing C-HR
peptides to N-HR using CD analysis. CD spectra reveal the pres-
ence of stable a-helical structures of six-helix bundles that are
required for biological activity and are thought to mechanistically
and thermodynamically correlate with HIV-1 fusion (Bianchi et al.,
2005). Since in vitro T-20 does not interact with the N36 peptide
(amino acid positions 35-70 of the N-HR), we used instead peptide
C34 with E137K and/or S138A substitutions (Fig. 1A). We found
that mixtures of C34g;37x, (3451384, OF C34E137KI5138A with N36
or N36y43p showed sufficient and comparable a-helicity at 25°C
(Fig.3A and B). We also determined the thermal stability of the heli-
cal complexes formed by the N36 and C34 peptides, which is also
an indication of the binding affinity of these peptides. Hence, we
measured and compared the melting temperatures (T, ) of various
complexes, which indicates the 50% disruption of the six-helix bun-
dle (Fig. 3C). Complexes of N36 and C34 containing the S138A and
E137K/5138A substitutions (N361C345138A and N36/C34E]37K/5138Al
respectively), showed higher thermal stability than N36/C34. Sim-
ilarly, S138A and E137K/S138A restored the binding affinity of C34
to N36y43p. These results indicate that E137K acts as a compen-
satory mutation for the T-2051334-resistance primary mutation,
causing enhancement of replication kinetics.

3.6. Antiviral activity of E137K-modified peptides

Recently, we demonstrated that introduction of the S138A sec-
ondary mutation to T-20 (T-20s1384) enhanced binding to mutated
N-HR and suppresses resistance of T-20-resistance variants (Izumi
et al., 2009). Similarly, as shown in Fig. 3, E137K enhanced binding
affinity with N-HR, suggesting that introduction of E137K to T-20
may enhance the antiviral activity of T-20. We synthesized T-20
and T-20g13g4 variants containing the E137K change (T-20g137x
and T-20g;37x/s1384) (Fig. 1A) and examined their anti-HIV activity
against T-20g1384-Tesistant HIV-1 (Table 2). All peptides exhibited
potent antiviral activity against HIV-Twr. HIV-1i335n43D/5138A
and HIV-1137n/L44M/N126K showed high resistance to T-20g;37k,

4r 4 — N36+C34

= N36 + C34 17
2 | == N36+ C34g 50
\ " N36 + C34rarustaen o

195 255 255

‘ == N36 Naap + C34

\ = N36 puap + C34 grark
28\ == N36 o + C34 graen

m N36 nagp + C34 grazisissa

[6] (x 104 deg cm?2 dmol 1)
w

-2
195 255 55
Wavelength (nm)
c
T (°C)
N36  N36nup
C34 67.6 53.2
C34eqarx 689  56.7
C345138n 73.2 58.0

C34giarwsisea 746 63.3

Fig.3. CD spectra (A and B) and thermal stability (C) of N36/C34 complexes. Peptide
sequences used in this study are shown in FIG 1A and have also been previously
described (Izumi et al., 2009). CD spectra of C34g137x, C34s138a, and C34g137x/51384
complexes with N36 (A) and N36ng3p (B) are shown. Equimolar amounts (10 pM)
of the N- and C-HR peptides were incubated at 37°C for 30 min in PBS. The CD
spectra of each mixture were then collected at 25°C using a Jasco (Model J-710)
spectropolarimeter. (C) Thermal stabilities, defined as the midpoint of the thermal
unfolding transition (Ti,) values, of the potential six-helix bundles of N- and C-HR
peptides, were determined.

indicating that the resistance mechanism of T-20gq37¢ is similar
to that of T-2051334- On the other hand, T_20E137K/S138A (Table 2)
maintained some antiviral activity against HIV-1;335/N43p/s138A
HIV-11335/N43p/E137K/51384, aNd HIV-1137N/144Mm/N126K COMPpared with
other T-20 derivatives including electrostatically constrained
T-20EK (Table 1 and Fig‘ 1) C34E137K and C34E137KI5138A signif-
icantly suppressed all HIV-1 variants tested except for HIV-1
137NjLaamjN1z6k DY C34gq37k. These results indicate that peptides
with resistant mutations may sustain their activity against
particular resistant variants.

4. Discussion

The current study describes the introduction of resistance
changes into the original and modified (T-20s1384) versions of
the T-20 peptide-fusion inhibitor. We analyzed the new T-20
derivatives using both wild-type and T-20-resistant strains. We
also identified through dose escalation experiments, T-20s13ga-
resistants. We found that T-20gi3ga-resistant HIV-1 showed
cross-resistance only to the T-20 derivatives, but not to (34
derivatives. Through the CD analysis, the N126K and E137K muta-
tions in the C-HR may act as compensatory mutations for impaired
interaction by a primary mutation, 137N and N43D in the N-HR,
respectively. Since E137K is located within the T-20 sequence, we
synthesized and characterized the activity of novel T-20-based
peptides containing E137K (T-20g137¢ ). Here we demonstrate that
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Table 2
Antiviral activity of E137K-induced C-HR peptides against T-20s;3g4-resistant variants.
ECso (nM)
T-20g137¢ T-20E137K/51380 C34g137k¢ C34g137K/s138A
HIV-1w7? 0.8+0.2 0.5+0.1 1.0£03 0.7+0.2
HIV-1p335 13£32 (16) 22404 (45) 0.7:£0.2(0.7) 05+0.1(0.7)
HIV-Tngapjsi3sa 42407 (53) 07402 (1.4) 0.3:+0.1(0.3) 04+0.1(0.6)
HIV-1y335/n43D/51388 700+£150 (880) 45499 (90) 23+04(2.3) 0.5+0.2(0.7)
HIV-Tyqspje137ks138 12+36  (15) 24+08(4.8) 0.2+0.1(0.2) 0.4:+0.1(0.6)
HIV-1y335N43D/E137K/5138A 480+47 (600) 36+3.1 (72) 3.8+1.3(3.8) 1.0+0.4(1.4)
HIV-11335/N43D/169L/E137K]S138A 1808 + 852(2260) 157 +83(314) 412 (4) 1.0+0.4(1.4)
HIV-1137n/L4am126K 200+24 (250) 30+8.7 (60) 17+£3.8(17) 2.2+0.3(3.1)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECsq ) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsg value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

3 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Izumi et al., 2009; Mink et al., 2005).
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L 1 1 ]
0 0.5 1.0 1.5

Blue cell counts/ng p24

Fig. 4. Effect of secondary mutations in the N-HR on (A) replication kinetics and
(B) infectivity. Lrrg44Llcre was introduced into HIV-1wr and T-20s13g4 resistant
HIV-1 (HIV-11335/N43p/L44L-CTG 1691 /E137K/51384 ). Replication kinetics were determined
by measuring p24 production in culture supernatants. HIV-1wr (open circles),
HIV-1p44. (closed Cil'C]ES) Hlv—1|_335/N43D"59[_/5137K/5133A (open squares), and HIV-
11335/N43D/L44L-CTG/169L/E137K 51384 (Closed squares). Lrre44Lcre introduction statistically
enhanced both replication of HIV-1wr and HIV~1|_335/N43D/m]fq'c/]sgup_]qus]33A (Stu~
dent’s t-test, p<0.01 on day 4 and 5). Relative infectivity (blue cell counts in MAGI
cells divided by amount of p24) was calculated (B). Error bars indicate SD of three
determinations. Decrease of infectivity between HIV-1335n43pji6eL/E137K/s1384 and
HIV-1y335/na3pjLaar-cTG169LE137K/s138a WeTe statistically significant (Student's t-test,
p<0.05).

the introduction of a secondary resistance mutation (E137K) in
the backbone of a peptide fusion inhibitor is a useful change that
results into more potent fusion inhibitors, even for HIV-1 strains
that are resistant to peptide fusion inhibitors.

Selection of T-20s73g4-resistance starting with wild-type HIV-1
resulted in the emergence of 137N and L44M substitutions, which
were located in the N-HR region that is thought to interact with
T-20. Other substitutions at position 37 (I37T or I37K) also con-
ferred resistance to T-20 and C34 (Nameki et al., 2005), suggesting
that 137 in N-HR is critical for the attachment of C-HR-derived pep-
tide fusion inhibitors. The L44M mutation has only been observed
in subtype B HIV-1-infected patients treated with T-20 (Carmona
et al., 2005), and conferred weak resistance to T-20 (Loutfy et al.,
2007). In this study, L44M did not confer resistance to all peptide
inhibitors; however, L44M in combination with other mutations
(I37N/N126K) remarkably enhanced resistance to T-20s;13ga, SUg-
gesting that L44M serves as a secondary mutation to enhance
resistance to T-2051384. N126K also enhances resistance to some
fusion inhibitors (Baldwin et al., 2004; Nameki et al., 2005; Eggink
et al,, 2008) by helping recover losses in intra-gp41 interactions
that were caused by primary mutations, such as N43D.

When we selected T-20g13ga-resistant HIV-1 (HIV‘1N43D/SI38A)
we obtained a somehow different set of mutations that included
L33S, which is located at the presumed T-20 binding site at N-HR, as
well as 137N, N43D, and L44M. L33S was previously reported in HIV-
1variants resistant to T-20 (Fikkert et al., 2002), C34 (Armand-Ugon

Table 3
Antiviral activity of C-HR-derived peptides against gp160 recombinant viruses.
Compound ECso (nM)
ddC 771+£272
T-20 derivatives
T20 >10,000 (NA)
T20EK 2729+1113 (NA)
T2051388 3126 +453 (NA)
T20g137x 2761+1477 (NA)
T20g137K/51384 203+54 (0.6)
C34 derivatives
34 171.0+106 (34)
C34n126¢ 25.9+46 (NA)
SC34EK 1.0+0.8 m
C34g137k 7.0+44 (0.4)
C34g137K)51388 0.3+0.1 (0.3)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective con-
centration (ECsp) values and SD were obtained from the results of at least three
independent experiments. Shown in parentheses are the fold-increases in resistance
(increase in ECsq value) calculated by comparison to the resistant clone with muta-
tions only in gp41 (HIV-1;335)n43p1691/E137K/51384 )- TO improve the replication kinetics,
substitution of D36G, observed in majority of HIV-1 strains, was introduced into the
NL4-3 background used in this study (Izumi et al., 2009; Mink et al., 2005). NA, not
available; ddC, dideoxycytidine.
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et al,, 2003), and a membrane-anchored C-HR-derived peptide,
M87 (Lohrengel et al., 2005). Although our work clearly demon-
strates that L33S is involved in resistance to T-20 derivatives, it
was not possible to discern whether L33S affected binding affinity
to C-HR in the CD analyses because L33 was not in the sequence
of the N36 N-HR peptide that we had to use in this study. As
shown in Fig. 2, L33S did not significantly affect replication kinet-
ics compared with HIV-1yr, suggesting that L33S might sustain
binding affinity with C-HR to form a stable six-helix bundle. The
L33S mutation is located in the loop of stem Ilc of the RRE (Ueno
et al.,, 2009). Hence, nucleotide changes for L33S do not require
compensatory mutations to maintain secondary structure of the
RRE. Therefore, it is likely that L33S has little effect on replication
kinetics. In this study, L33S conferred little resistance to C34 in
this study, while it was previously reported to confer up to 10-
fold resistance (Armand-Ugon et al., 2003), suggesting that some
other viral background might affect the resistance, since Armand-
Ugon et al. (2003) examined bulk virus samples obtained from the
selection.

A prevalent polymorphism, E137K, which was associated with
N43D in vivo (Svicher et al., 2008), has been proven to restore
infectivity that has been impaired by N43D (Tolstrup et al.,, 2007).
E137K did not affect susceptibility to all peptide fusion inhibitors
by itself, but in combination with primary mutations, it remark-
ably enhanced resistance to T-20s13gs. Moreover, introduction of
the E137K change into N43D/S138A enhanced the viral replication
kinetics as shown in Fig. 2. A possible hydrogen bond between K137
and D43 may partially restore the reported loss in six-helix bundle
stability conferred by the N43D mutation (Bai et al., 2008), sug-
gesting that E137K can compensate for losses in the interactions
between N-HRng3p and C-HR. This hypothesis is consistent with
our CD results presented in Fig. 3.

Because E137K restored binding affinity with N-HR similar to
the S138A mutation, we expected that introduction of E137Kinto T-
20 would effectively suppresses replication of T-20-resistant HIV-1.
We examined the antiviral activity of E137K- and E137K/S138A-
containing T-20 and C34 to T-20s13g4-resistant HIV-1. We found
that T-20g 37k had similar antiviral activity with other T-20 deriva-
tives such as T-205138a and T'20E137K/SI38A' Hence, we believe
that the combination of few substitution secondary mutations can
enhance the antiviral activity of peptide fusion inhibitors. There-
fore, it is possible to design peptides that include the secondary
mutations in the C-HR and use them by themselves and/or in com-
binations to block fusion inhibitor resistant viruses. Importantly,
we have successfully applied this strategy to suppress HIV-1 resis-
tance to next generation fusion inhibitor SC34EK (Shimura et al.,
2010).

In this study, we identified two distinct pathways to escape pres-
sure of T-20s1384. Emergence of drug resistance mutants under drug
pressure involves a stochastic selection. Nonetheless, the makeup
of the final population depends on both the ability of specific popu-
lations to evade the drug, as well as their fitness that determines
their representation in the escape population. There are several
examples in the literature where HIV becomes resistant to the same
drug by different mechanisms. For example, in the case of the most
commonly used drugs that target HIV reverse transcriptase (RT),
the virus can develop multidrug resistance by either the Q151M
complex pathway (Kavlick et al., 1998; Shirasaka et al., 1995) or by
accumulation of thymidine associated mutations (TAMs) (Hachiya
et al.,, 2008; Kosalaraksa et al,, 1999). We recently report some
of background polymorphisms can also influence resistance path-
ways, such 172R/K in the RT region (Hachiya et al., 2012). In the
case of the T-20S138A inhibitor, the N43D/S138A may also act as
such polymorphisms despite the presence of primary mutations
(Izumi et al.,, 2009) and preferentially affect the emergence of spe-
cific mutations.

5. Conclusion

As previously discussed (Izumi et al., 2009), although other
developed peptide-based fusion inhibitors need many amino acid
additions and/or substitutions for the enhancement of their antivi-
ral activity (Chinnadurai et al.,, 2007; Eggink et al., 2008; Dwyer
et al, 2007; Otaka et al., 2002), application of secondary muta-
tions similar to T-20s1384 and T-20g137x/s1384 is straightforward.
It is based on information from viral evolution studies under drug
pressure that help design improved inhibitors.
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T-20EK is a novel fusion inhibitor designed to have enhanced a-helicity over T-20 (enfuvirtide) through engineered electrostatic
interactions between glutamic acid (E) and lysine (K) substitutions. T-20EK efficiently suppresses wild-type and T-20-resistant
variants. Here, we selected T-20EK-resistant variants. A combination of L33S and N43K substitutions in gp41 were required for
high resistance to T-20EK. While these substitutions also caused resistance to T-20, they did not cause cross-resistance to other

known fusion inhibitors.

“nfuvirtide (T-20), a 36-amino-acid peptide derived from the
«C-terminal heptad repeat (C-HR) of HIV-1 gp41, has been
approved as the first fusion inhibitor of HIV-1 entry. T-20 inhibits
HIV-1 replication by interfering with the formation of the fusion
intermediate six-helix bundle, which is composed of three N-ter-
minal heptad repeats (N-HRs) and three C-HRs arranged in an
antiparallel orientation (1). Because of its unique mechanism of
action, T-20 effectively suppresses replication of HIV-1 resistant
to inhibitors targeting the reverse transcriptase and protease (2,
3). However, long-term therapy with a T-20-containing regimen
can result in the emergence of T-20-resistant strains (4, 5). These
strains contain substitutions at the N-HR region of gp41, includ-
ing G36D, V38A, and N43K/D, both in vitro and in vivo, and
exhibit reduced susceptibility to T-20 through decreased binding
of T-20 to the mutated N-HR (6-14). To suppress replication of
such variants and obtain durable efficacy in HIV-1-infected pa-
tients, new fusion inhibitors are needed.

To date, several novel fusion inhibitors have been developed,
including tifuvirtide (T-1249) (15), sifuvirtide (SFT) (16), and
T-2635 (TRI-1144) (17), that potently suppress replication of
T-20-resistant variants (Fig. 1A), as well as D-peptide-based (18)
or small-molecule inhibitors (19). We recently developed the elec-
trostatically constrained fusion inhibitors SC35EK and its 29-res-
idue shorter form, SC29EK, which also inhibit replication of T-20-
resistant HIV-1 (20, 21). These are peptides with electrostatic
interactions between glutamic acid (E) and lysine (K) substitu-
tions placed at the i and i + 4 positions in the solvent-interacting
site (EK motif) and are designed to enhance the o-helicity of the
peptides (22). The enhancement in a-helicity correlates well with
an enhancement in binding affinity for the targeted region and
appears to be a key determinant for inhibition of T-20-resistant
HIV-1. In addition to C34 (Fig. 1A), we have also applied the EK
modification to T-20, termed T-20EK, that shows sustained activ-
ity to T-20-resistant variants and HIV-2 strains (23). Moreover,
T-20EK showed activity in an animal model (24). To address the
mechanism of HIV-1 resistance to T-20EK in vitro, we selected
T-20EK-resistant HIV-1 strains by using a dose escalation
method, identified the primary substitutions that caused resis-
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tance to this inhibitor, and evaluated susceptibility of the T-20EK-
resistant strains to other fusion inhibitors.

Selection passages were carried out in MT-2 cells using HIV-
1nra-s s the starting wild-type virus (25, 26). The first HIV-1
mutants with enhanced susceptibility to T-20EK emerged at pas-
sage 22 (P-22) and were A314T in gp120 and D36G in gp41 (Fig.
1B). The D36G substitution has been widely observed in HIV-1
strains and is thought to contribute to efficient replication rather
than causing resistance by decreasing binding to the inhibitor (10,
27, 28). At P-44, we observed the K63N change and a mixture of
asparagine and lysine at residue 43 (N43N/K) in gp41. Substitu-
tions in gp120 (see Fig. S1 in the supplemental material) appear to
be polymorphisms, because these substitutions were not directly
involved in resistance (see Table S1 in the supplemental material).
Moreover, S128N and S162N are reported as polymorphisms in
the Los Alamos Database (Los Alamos National Library, HIV Se-
quence Database; http://www.hiv.lanl.gov) and are observed as
mixed viruses over a relatively long period of time. We (21, 25, 26)
and others (29) have previously reported that substitutions in
gp120 can enhance fusion kinetics (30, 31) but do not significantly
affect susceptibility to fusion inhibitors. Finally, HIV-1 acquired
L33S, N43K, and cytoplasmic tail (CT) substitutions, resulting in
viruses that replicated efficiently even in the presence of 1,000 nM
T-20EK.

We prepared HIV-1 recombinant clones with the substitutions
discovered during our passages and determined the antiviral ac-
tivities of T-20EK and other peptides against the T-20EK-resistant
variants (Fig. 1B) and clones by using a MAGI (multinuclear ac-
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FIG 1 (A) Amino acid sequences of fusion-inhibitory peptides used in this study. The HIV-1 C-HR amino acid sequence is shown in the first row. Electrostatic
interactions are indicated in pink and light blue for acidic (glutamic acid [E]) and basic (lysine [K]) residues, respectively. Modified amino acids are indicated in
orange. A resistance-associated substitution, 1384, is indicated in red. Amino acids for the interactive site are shaded gray. (B) The dose escalation method for
selection of T-20EK resistance through passage in MT-2 cells. Induction of resistant HIV-1 was performed over a total of 70 passages from 0.1 nM T-20EK. At
the indicated passage, proviral DNAs were sequenced, and the 50% effective concentrations (ECs,s) of the HIV-1 variants were determined in a MAGI assay. All

substitutions shown in boxes were observed in combination.

tivation of a B-galactosidase indicator) assay (10, 25, 26). Our data
revealed that L33S and N43K are major primary substitutions for
T-20EK resistance (Table 1). Substitutions in the CT domain
weakly enhanced the resistance induced by L33S/N43K. We pre-
viously showed that the S138A substitution in T-20 (T-20g;354)
leads to substantial inhibition of the T-20-resistant variant HIV-
1rassmask (10, 14, 23). Interestingly, T-20EKg 354, @ variant of
T-20EK that is expected to exert strong activity to resistant vari-
ants, did not inhibit efficiently HIV-1,53¢/nasx (Table 1). We
found cross-resistance between T-20EK and other T-20-based fu-
sion inhibitors, except for T1249, which has an amino acid se-
quence that overlaps with T-20 (Fig. 1A). In contrast, C34 and its
derivatives maintained their activity to T-20EK-resistant variants.
These results indicated that T-20EK may show cross-resistance
only with T-20-derived peptides and that the mechanisms of re-
sistance to T-20 and C34 derivatives are different.

4036 aac.asm.org

During the selection, we observed one substitution in the gp41
transmembrane domain, V1901, and two in the cytoplasmic do-
main (intravirion), 1270S and A281T (Fig. 1B). These three sub-
stitutions are also observed in T-20-naive isolates (Los Alamos
National Library, HIV Sequence Database; http://www.hiv.lanl
.gov). Although these substitutions contributed little to the resis-
tance (Table 1), I1270S/A281T substitutions in gp41 cytoplasmic
tail restored significantly reduced replication kinetics by substitu-
tions in the ectodomain and transmembrane domain (see Fig. S2
in the supplemental material). Other substitutions, K63N, D153Y,
Q199P, P203S, 1266V, and $293I, were transiently observed but
later disappeared during the selection (see Fig. S1 in the supple-
mental material). K63N is located adjacent to Q64, which was
previously shown to be a resistance-associated substitution (32).
The synonymous change in V72 (GTG to GTA) may influence the
RRE structural stability, as we have previously described (28).
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TABLE 1 Susceptibilities of HIV-1 recombinant clones with substitutions in gp41 to peptide fusion inhibitors®

Resistance to Novel T-20

ECs, (nM) of HIV-1 clone

Peptide HIV“lwrb HIV-1p335 HIV-1ysx HIV-1;336/n43 HIV-1y355nasrcr
Dideoxycytosine 356 * 89 347 + 129 (1.0) 489 + 37 (1.4) 431 £ 75(1.2) 474 *+ 273 (1.3)
T-20-based peptides
T-20 25*02 66 = 9 (26) 31 +£4(12) >1,000 (>400) >1,000 (>400)
T-20g;384 0.55 = 0.14 3.2 +0.7(5.8) 0.45 * 0.07 (0.8) 30 £ 10 (55) 73.3 £23(133)
T-20EK 1.2 +03 12 + 2 (10) 12 + 1 (10) >1,000 (>833) >1,000 (>833)
T-20EK;354 0.43 * 0.06 22 *+04(5.1) 23 *+0.7(5.4) 112 =* 20 (260) 301 = 110 (700)
T1249 0.29 * 0.07 0.31 = 0.10 (L.1) 0.35 = 0.10 (1.2) 0.60 + 0.16 (2.2) ND
C34-based peptides
C34 1.1 02 2.9 *+ 0.4 (2.6) 2.6 + 0.7 (2.4) 4.1 £ 1.6 (3.7) ©9+52(8)
SC35EK 1.7 £ 04 1.8 +0.3(1.1) 24 *+05(1.4) 2.5 0.6 (1.5) 34*19(2)
Sifvirtide 21*04 2.5+ 0.2(1.2) 1.5 = 0.3 (0.7) 2.2 +0.5(1.0) ND
T2410 1.1 +03 0.64 = 0.23 (0.6) 1.8 £ 0.5(1.6) 14 £0.5(1.3) ND
T2429 1.9+ 03 1.9 + 0.5 (1.0) 2.5*+0.8(1.3) 1.8 + 0.1 (0.9) ND
T290676 0.46 = 0.14 0.54 * 0.12 (1.2) 0.46 * 0.10 (1.0) 1.1 £ 0.5 (2.4) ND
T2635 0.43 * 0.02 0.55 = 0.22 (1.3) 1.4+ 0.6 (3.3) 0.57 = 0.22 (1.3) 1.7 £ 04 (4)
T2544 0.46 % 0.08 1.3 +0.3(2.8) 2.4 +04(5.2) 1.1+04(2.4) ND

@ Drug susceptibilities were determined in a MAGI assay and are reported here as means * standard deviations from at least three independent assays. Values in parentheses are the
fold change in resistance compared with HIV-1,yy. Peptide fusion inhibitors that caused more than 10-fold resistance are indicated in bold. ND, not determined.

5 NL4.3p34¢ was defined as wild-type HIV-1 (HIV-1yy).

¢T-CT (transmembrane and cytoplasmic tail domains) indicates the substitutions V1901, 12708, and A281T, which were only observed in a mixture.

With the exception of D153Y, Q199P, and P203S in gp41, all sub-
stitutions were observed in the vast majority of T-20-naive pa-
tients, indicating that they are natural polymorphisms. P203S was
also selected as a low-level SC34EK resistance-associated substitu-
tion (26). This is consistent with our data showing that combina-
tions of CT substitutions only enhance resistance by 2- to 3-fold
(Table 1). Moreover, most substitutions coexisted with variants
containing the wild-type sequence, strongly indicating that they,
as well as those in gp120, exerted only a modest effect on resis-
tance.

We previously demonstrated that T-20EK inhibited T-20-re-
sistant variants harboring G36D, V38A, or N43D/K substitutions
(28) and that it maintains its strong antiviral effect against HIV-2
(23). T-20EK-resistant variants showed very limited cross-resis-
tance to other novel fusion inhibitors, with the exception of T-20-
based peptides, indicating that the combination of T-20EK with
other new fusion inhibitors may be suitable for therapy. The en-
hanced hydrophilicity of T-20EK by the engineered hydrophilic
amino acids (Glu and Lys) is a favorable property for solubility,
which is expected to reduce some of the adverse effects of T-20,
such as skin reactions at the injection site (33). Interestingly, our
experiments did not result in the selection of any secondary sub-
stitutions in the C-HR, such as N126K and S1384, that are fre-
quently observed in variants that are resistant to novel fusion in-
hibitors (26, 34, 35). In contrast, one of the primary substitutions
was L3385, a substitution at a site outside the N-HR. Notably, the
replication kinetics of L33S are comparable to those of wild-type
HIV-1 (unpublished data). Therefore, L33S seems to be a T-20-
specific substitution that does not require the presence of second-
ary substitutions. Importantly, use of T-20EK does not lead to the
appearance of substitutions that confer cross-resistance to other
novel fusion inhibitors. Thus, our study establishes that T-20EK
can become an efficient new fusion inhibitor.
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Abstract
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Background: The K65R substitution in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is
the major resistance mutation selected in patients treated with first-line antiretroviral tenofovir disoproxil fumarate
(TDF). 4*-ethynyl-2-fluoro-2'-deoxyadenosine (EFdA), is the most potent nucleoside analog RT inhibitor (NRTI) that
unlike all approved NRTIs retains a 3-hydroxyl group and has remarkable potency against wild-type (WT) and drug-
resistant HIVs. EFdA acts primarily as a chain terminator by blocking translocation following its incorporation into
the nascent DNA chain. EFdA is in preclinical development and its effect on clinically relevant drug resistant HIV
strains is critically important for the design of optimal regimens prior to initiation of clinical trials.

Results: Here we report that the K65R RT mutation causes hypersusceptibility to EFdA. Specifically, in single
replication cycle experiments we found that EFdA blocks WT HIV ten times more efficiently than TDF. Under the
same conditions K65R HIV was inhibited over 70 times more efficiently by EFdA than TDF. We determined the
molecular mechanism of this hypersensitivity using enzymatic studies with WT and K65R RT. This substitution
causes minor changes in the efficiency of EFdA incorporation with respect to the natural dATP substrate and also in
the efficiency of RT translocation following incorporation of the inhibitor into the nascent DNA. However, a
significant decrease in the excision efficiency of EFAA-MP from the 3’ primer terminus appears to be the primary
cause of increased susceptibility to the inhibitor. Notably, the effects of the mutation are DNA-sequence dependent.

Conclusion: We have elucidated the mechanism of K65R HIV hypersusceptibility to EFdA. Our findings highlight
the potential of EFdA to improve combination strategies against TDF-resistant HIV-1 strains.

Background

Human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) is the major target of antiretroviral
drug treatments. RT inhibitors constitute the largest
class of HIV-1 drugs and are grouped in two separate
categories. The first category consists of the nucleos(t)
ide RT inhibitors (NRTIs), which are analogs of the nat-
ural nucleosides. Most NRTIs lack a 3™-OH and act as
chain terminators by blocking DNA polymerization
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[1-8]. The other group includes the nonnucleoside RT
inhibitors (NNRTIs), which are non-competitive RT in-
hibitors with respect to either ANTP or nucleic acid sub-
strates and block DNA synthesis by binding to a
hydrophobic pocket of RT [9-15]. Highly Active Anti-
retroviral Therapies (HAART) are based on combina-
tions of antiretrovirals and have helped extend the lives
of HIV-1 patients. However, the efficacy of combination
therapies is being challenged by the selection of drug-
resistant variants of HIV-1.

There are two major mechanisms of NRTI resistance
[16,17]. The first is the discrimination mechanism,
which is based on decreased incorporation of the nu-
cleotide analog into the elongating DNA over the ca-
nonical ANTP substrate [16,18-21]. An example of this

© 2013 Michailidis et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http-//creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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type of resistance is conferred by the M184V mutation,
which decreases HIV susceptibility to lamivudine (3TC)
and emtricitabine (FTC) [20-24]. The second mechan-
ism is the excision mechanism, which is based on the
enhanced ability of the mutant RT to remove the chain-
terminating inhibitor from the DNA terminus [25-28]
through a phosphorolytic reaction that uses primarily
adenosine triphosphate (ATP) as a substrate. Upon re-
moval of the inhibitor DNA synthesis resumes. The ex-
cision reaction is facilitated by Excision Enhancement
Mutations (EEMs), typically M41L, D67N, K70R,
T215Y/F, L210W, and K219E/Q, which are also known
as Thymidine Associated Mutations (TAMs) because
they were historically linked to resistance to thymidine
analogs AZT and d4T [29,30].

Tenofovir disoproxil fumarate (TDF) is one of the
most prescribed anti-HIV drugs, and is described as a key
component of all first-line regimens in the DHHS HIV
guidelines (http://aidsinfo.nih.gov/contentfiles/lvguidelines/
adultandadolescentgl.pdf). The K65R mutation in HIV-1
RT is the signature mutation selected during tenofovir-
based therapy. Viruses carrying K65R have reduced sus-
ceptibility to tenofovir and other NRTIs, but remain
susceptible to zidovudine (AZT) [31-36]. This mutation
has also been associated with a reduction in viral repli-
cation capacity, NRTI excision, NRTI incorporation,
and dANTP incorporation [37-43]. Recent crystallo-
graphic data suggest that the K65R mutation disrupts
the interaction between the side chains of 65R and 72R
resulting in structural changes that lead to NRTI resist-
ance [44].

We have previously shown that a series of NRTIs with
4’-substitutions and a 3’-OH group are very potent inhibi-
tors of WT and multi-drug resistant HIV-1. The most
effective of these compounds is the adenosine analog 4’-
ethynyl-2-fluoro-2’-deoxyadenosine (EFdA) [45,46]. We
have demonstrated that EFdA acts in a DNA-sequence
specific manner, primarily inhibiting DNA synthesis as
an immediate chain terminator, but less often, at some
DNA sequences can also act as a delayed chain termin-
ator [46]. Compounds that exhibit this novel mechanism
of inhibition have been dubbed Translocation Defective
Reverse Transcriptase Inhibitors (TDRTIs) [46)].

In an effort to investigate the effect of EFdA against
drug-resistant strains of HIV-1 we found that RT mu-
tation K65R confers hypersusceptibility to EFdA. We
carried out a series of biochemical experiments to
elucidate the mechanism of this phenomenon and we
propose here that K65R increases the susceptibility
to EFdA mainly by suppressing the ATP- or PPi-
dependent repair of EFdA-MP-terminated DNA.
Understanding the molecular basis of K65R hyper-
susceptibility to EFdA may lead to new and more effect-
ive combination therapies.
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Results

The K65R RT mutation enhances susceptibility of HIV to
EFdA

In order to determine the susceptibility of HIV-1 to
EFdA we performed single infectivity viral replication as-
says according to the experimental procedures described
in Methods section. We used as a positive control of re-
sistance to K65R HIV-1 the nucleotide analog TDF.
Table 1 shows that K65R-containing viruses are at least
2.5-fold more susceptible to EFdA than WT viruses. In
contrast, there was a 3-fold resistance to tenofovir
caused by K65R RT mutation.

The K65R mutation enhances susceptibility of RT to
EFdA-TP

In order to recapitulate the HIV hypersusceptibility to
EFdA observed in cell-based assays and determine the
biochemical mechanism of this phenomenon we carried
out a series of biochemical experiments. We used a pri-
mer extension assay to compare the effect of EFdA-TP
on DNA-dependent DNA polymerization by WT and
K65R RTs. In order to assess the effect of ATP-based ex-
cision on the susceptibility of RT to EFdA-TP we
performed the reactions in the absence (Figure 1A) and
in the presence of ATP (Figure 1B). In the absence of
ATP, any changes in the susceptibility to the inhibitor
would be caused by the “decreased incorporation” mech-
anism as there are no NRTT excision events under these
conditions. However, changes in inhibitor susceptibility
in the presence of ATP could be caused either by
“changes in inhibitor incorporation” or “changes in in-
hibitor excision”, or both. Figure 1 and Table 2 show
that RT mutation K65R causes hypersusceptibility to
EFdA-TP. In the presence of ATP the K65R mutation
caused a 2.5-fold increase in susceptibility to EFdA-TP
(Table 2). These data are consistent with the results
from the cell-based assays shown in Table 1. The ~2-fold
effect of ATP-based excision on the hypersusceptibility
to EFdA suggests that excision is the major mechanism
of this phenomenon and is further characterized in the
subsequent experiments.

Table 1 EC5, determination of EFdA and TDF in single
cycle cell-based assays

Virus ECs0 £ SD (nM) (Fold change)
EFdA TDF
WT 32+07 326
m m
K65R 13+04 96+3
(0.4) ®3)

The data show “mean value + standard deviation” obtained from the results of
at least three independent experiments {P < 0.013). The relative increase in
ECs values against K65R virus compared with WT virus is given

in parentheses.
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Primer extension assay in the presence of EFdA-TP
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Figure 1 Inhibition of WT and K65R RT-catalyzed DNA synthesis by EFdA-TP. T3:/P41s.p0 Was incubated with WT or K65R HIV-1 RT for
50 minutes in the presence of 1 uM dNTPs, MgCl, and increasing concentrations of EFdA-TP (0-1,500 nM). The experiment was carried out in the
(A) absence or (B) presence of 3.5 mM ATP. The template sequence is shown next to the gels and the numbers indicate the points of EFdA-TP
incorporation (+1, +6 and +10).

J

The Tg31/Pais.po DNA substrate (Table 3) allows in-
corporation of dATP analogs opposite template dTs at
positions “1”, “6” and “10” (Figure 1). The stopping pat-
tern of the gels showed that EFdA-TP caused major
pauses at all possible points of incorporation (positions
1, 6 and 10), suggesting that EFdA-TP inhibits RT
mainly as an immediate chain terminator at the point of
incorporation. Interestingly, EFdA-TP caused an add-
itional strong stop of WT RT at position “+7”, which is
one nucleotide after its incorporation (Figure 1), thereby
acting as delayed chain terminator at this site. Hence,
this appears to be a sequence-dependent phenomenon,
as we did not observe delayed chain extension at posi-
tions +2 and +11 and there was no pause at this site in
the absence of inhibitor (Figure 1).

The K65R RT mutation does not enhance susceptibility to
EFdA by significantly affecting incorporation of the
inhibitor

To determine the biochemical mechanism of increased
K65R HIV inhibition by EFdA we examined several

possible mechanisms. The first hypothesis was that the
K65R RT mutation selectively enhances incorporation of
the EFdA-TP inhibitor into DNA because of changes in
kinetic parameters such as binding or turnover rate of in-
hibitor incorporation. To evaluate this hypothesis we
performed single nucleotide incorporation assays under
steady state conditions. In order to eliminate a sequence-
dependent bias we used three different template/primers
(T/P) (T a26/Pais-ps) Tas1/Pais-po» and Tys1a/Paz; [Table 3]).
Our results showed that under these conditions the ratio
of the incorporation efficiency (ke./Ky) of EFdA-TP and
the incorporation efficiency of dATP by K65R RT was be-
tween 0.8 and 1. These results suggest that the K65R mu-
tation does not have a significant effect on the binding
and incorporation of EFdA-TP (Table 4).

The K65R RT mutation does not enhance susceptibility to
EFdA by significantly affecting enzyme translocation on
EFdA-MP-terminated template/primers

We have previously shown that the inability of RT to form
a stable ternary complex with T/Pgpga.mp and the next

Table 2 Enhancement of hypersusceptibility to EFdA-TP under ATP-based excision conditions

Enzyme ICso (nM) of EFdA-TP + SD (Fold change) Hypersusceptibility enhancement in the presence of ATP
Without ATP With 3.5 mM ATP

WT RT 186 £40° (1)° 318+99° (1)° 1

K65R RT 125+ 287 (0.7)° 131428 (04)° 18°

*The data show “mean value * standard deviation” obtained from the results of at least four independent experiments (P < 0.011).
BThe relative increase in ICsg value in K65R RT compared with WT RT without, or with ATP is given in parentheses.
“The effect of ATP-based excision on hypersusceptibility is calculated by the relative change in ICso for K65R compared to WT RT without ATP/the relative change

in ICso for K65R compared to WT RT with ATP.
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Table 3 Sequences of oligonucleotides used in this study

Polymerization

assays

Taz1 5'CCA TAG ATA GCA TTG GTG CTC GAA CAG TGA C

Pars-po 5'Cy3 GTC ACT GTT CGA GCA CCA

Taze 5'CCA TAG ATA GCA TTG GTG CTC GAA CA

Parg-ps 5'Cy3 TGT TCG AGC ACC AAT GCT

Taz1a 5'’AAA AAA AAA TGG ATA CAT ATG GTT AAAGTAT

Pa2i 5'Cy3 ATA CTT TAA CCA TAT GTA TCC

Footprinting

assays

Taaz 5'Cy3 CCA TAG ATA GCA T TG GTG CTC GAA CAG
TGA CAATCA GTG TAG A

Paso 5TCT ACA CTG ATT GTC ACT GTT CGA GCA CCA

complementary ANTP was due to the inability of the 3’-ter-
minal EFAA-MP primer to efficiently translocate from the
nucleotide binding site (N site, which is also the pre-
translocation site) to the post-translocation primer site (P
site or the post-translocation site) [46]. Hence, another pos-
sible mechanism by which the K65R mutation could en-
hance susceptibility to EFdA is by further suppressing
translocation of RT on the EFdA-MP-terminated T/P. To
evaluate this hypothesis we used the site-specific Fe** foot-
printing assay [46,47] to assess the translocation state of
WT and K65R RT-T/Pgpgamp complexes in the absence,
and in the presence of varying concentrations of the next
incoming dNTP. Figure 2 shows that EFdA-TP blocked
translocation and acted as a strong TDRTI against both
WT and K65R RTs. At physiological ANTP concentrations

Page 4 of 12

(1-25 pM) we observed a 1.5-fold decrease in the transloca-
tion efficiency of K65R compared to WT RT under these
conditions. To determine whether the lower amount of ob-
served translocated K65R RT-T/Prpga_np complex (Figure 2)
is due to a decreased affinity of K65R RT for EFdA-MP-ter-
minated T/P we studied the effect of K65R on the forma-
tion of RT-T/Pgpqamp binary complex using gel-shift
assays. Data in Additional file 1: Figure S1 show that WT
RT binds EFdA-MP-terminated T/P only slightly stronger
than K65R RT (~1.3-fold). Therefore, the small differences
in the selectivity, translocation activity, and DNA binding of
WT and K65R RTs were not sufficient to explain the
hypersusceptibility we observed in cell-based and RT assays
with EFdA and EFdA-TP respectively. Therefore, in the fol-
lowing experiments we examined whether the K65R substi-
tution could enhance susceptibility to EFdA by suppressing
the ability of RT to unblock EFdA-MP-terminated primers.

ATP- and PPi-dependent Excision/Rescue of EFdA-MP

We have previously demonstrated that using simple
pyrophosphorolysis reactions (in the absence of concurrent
DNA polymerization) is not an effective way to monitor
unblocking of EFdA-MP-terminated primers. This is because
the net phosphorolysis is limited from the apparently facile
reincorporation of the newly excised EFdA-TP [46]. Hence,
to better study the potential role of the excision mechanism
in EFdA resistance we employed rescue assays, where in
addition to the ATP or PPi which are used as unblocking re-
agents, we also include dNTPs that compete with and pre-
vent reincorporation of EFdA-TP, and also allow further
DNA synthesis. For these experiments we used as a substrate

Table 4 Steady state kinetic parameters for EFdA-TP and dATP incorporation by WT and K65R HIV-1 RTs

Enzyme dNTP K (HM) Kear (min™) Kear / Ky (min™ - pum™) Selectivity® Fold change®

Ta26/Pars-ps

WT RT dATP 238+027 158+0.12 066 1 1
EFdA-TP 066 +0.04 3264042 494 75

K65R RT dATP 599+ 081 092+0.14 0.15 1 08
EFA-TP 183£034 1744042 095 6.3

Td31lpd18—P0

WT RT dATP 033+007 632+0.14 1915 1 1
EFdA-TP 023+001 4734033 2057 11

K65R RT dATP 0424001 3624071 862 1 1
EFdA-TP 0314002 3074015 990 11

Taz1a/Pa21

WT RT dATP 0374008 364+057 984 1 1
EFdA-TP 0.19+0.06 354+ 044 1863 19

K65R RT dATP 106+0.11 368+028 347 1 09
EFdA-TP 053+005 338+029 638 18

Values are mean + S.D. of two to four independent experiments and were determined from Michaelis-Menten equation using GraphPad Prism 4.
Selectivity is the ratio of the incorporation efficiency (k.,y/K) of EFAA-TP over that of dATP ([kcae/Kinlerdate / [Keat/Kmlaate)-

bFold Change is the ratio of the selectivity in K65R over the selectivity in WT RT.
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Figure 2 Effect of K65R mutation on the translocation state of RT bound to T/Pgrga-mp. (A) The translocation state of HIV-1 RT after EFdA-
MP incorporation was determined using site-specific FeZ* footprinting. Taas/Paso-eraame (100 NM) with 5-Cy3-label on the DNA template was
incubated with WT or K65R HIV-1 RT (600 nM) and various concentrations of the next incoming nucleotide (dTTP). The complexes were treated
for 5 minutes with ammonium iron sulphate (1 mM) and resolved on a polyacrylamide 7 M urea gel. An excision at position —18 indicates a pre-
translocation complex, while the one at position —17 represents a post-translocation complex. (B) The post-translocated complexes were
determined from the gels and plotted using GraphPad Prism. Light blue indicates the physiological dNTP concentrations. (C) Schematic
representation of the position of EFdA-MP-terminated primers at the pre- and post-translocated sites.

Post-translocated
Complex P

nucleic acid having at the 3"-primer terminus EFdA-MP
(T431/Pa1sporraamp). Using ATP as the pyrophosphate
donor, we found that the initial rates of the rescue reactions
were 2.8-fold slower by K65R than by WT RT (Figure 3A).
A 65-fold decrease was also observed in PPi-based rescue
(Figure 3B). As previously reported [48] the PPi-rescue was
faster than the ATP-based rescue assay. Whereas the PPi-
based hydrolysis is exactly the opposite of DNA synthesis in
reverse, ATP-based hydrolysis has some differences, as we
have also structurally demonstrated in the crystal structure
of RT in complex with DNA and tetraphosphate excision

product [49]. The above experiments provide strong evi-
dence that K65R mutation confers hypersusceptibility to
EFdA mainly through decreased excision.

Discussion

Tenofovir is a major component of current antiviral therap-
ies (http://aidsinfo.nih.gov/contentfiles/lvguidelines/adultand
adolescentgl.pdf) and new HIV drugs are likely to be used in
patients that have failed tenofovir-based treatment. Hence,
the ability of novel HIV inhibitors to efficiently block
tenofovir-resistant viruses is critical for their potential utility
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