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Abstract

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-20s133a) allows it to efficiently block wild-type and T20-resistant
viruses, by a mechanism that involves improved binding of T-205138a to the N-HR that contains
the N43D primary mutation. To determine how HIV-1 in turn escapes T-20513ga We used a dose
escalation method to select T-20g;3ga-resistant HIV-1 starting with either wild-type (HIV-1yT) or
T-20-resistant (HIV-1n43p/s138a) Virus. We found that when starting with WT background, 137N
and L44M emerged in the N-HR of gp41, and N126K in the C-HR. However, when starting with
HIV-1n43D/s138A, L33S and 169L emerged in N-HR, and E137K in C-HR. T-20g13ga-resistant
recombinant HIV-1 showed cross-resistance to other T-20 derivatives, but not to C34 derivatives,
suggesting that T-20g13ga Suppressed HIV-1 replication by a similar mechanism to 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 E137K into T-20g13ga (T-20g137k/51384) and revealed that T-20g137k/s138A
moderately suppressed replication of T-20g13ga-resistant HIV-1. T-20g137x/s138A retained activity
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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.
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resistance; HIV-1; gp41; T-20; mutation; fusion inhibitor

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 corresponding to amino acid sequences of the gp41 carboxyl-terminal heptad repeat
(C-HR) inhibit the HIV-1 fusion by acting as decoys and interfering with the formation of
the six-helix bundle (Chan et al., 1998, Malashkevich et al., 1998). Although modified
peptides such as SC34EK (Nishikawa et al., 2009), T-2635 (Dwyer et al., 2008), and D-
peptides (Welch et al., 2007), and small molecules (Debnath et al., 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 gp4land 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 effectively 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
to L45, which is thought to be the binding site of T-20 (Aquaro et al., 2006, Cardoso et al.,
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 secondary 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 secondary 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-20g138a; Fig. 1A) and showed that this peptide
significantly suppresses replication of T-20-resistant HIV-1 through enhancement of binding
affinity to mutated N-HR, such as N-HRy43p (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 subsequent 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-1 isolates from
T-20 experienced patients (Baldwin et al., 2004, Cabrera et al., 2006, Svicher et al., 2008).
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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-20g13ga.
Moreover, it is not known whether we can expand our strategy and modify T-20513ga t0
include the secondary mutation(s) that emerge during the selection of T-20g13ga-resistant
HIV, resulting in a strategy that is applicable to the design of peptides customized to address
viral resistance mutations. Hence, in the current study we selected T-20g;3ga-resistant
HIV-1invitro by a dose-escalating method. We revealed that the resistance mutations that
emerged during selection experiments with wild-type or T-20-resistant HI\V-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, indicating that E137K acts as a secondary mutation. Introducing the
E137K change into the T-20g138a (T-20g137K/5138A) resulted into a peptide inhibitor
effective against T-20g13ga-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 generation 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, respectively. HeLa-CD4-LTR-B-gal cells were kindly
provided by Dr. M. Emerman through the AIDS Research and Reference Reagent Program,
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 mutations
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 synthesized 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
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plated in flat 96-well microtiter culture plates. On the following day, the cells were
inoculated with the HIV-1 clones (60 MAGI units/well, resulting into 60 blue cells after 48
h incubation) 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-p-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-20g13ga

MT-2 cells were exposed to HIV-1 and cultured in the presence of T-20513ga. 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-205133a When massive CPEs were seen in 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 indicated 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 preparation (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

3. Results

Each peptide was incubated at 37 °C for 30 min (the final concentrations of peptides were
10 uM in phosphate buffered saline [PBS]; pH 7.4). CD spectra were recorded on an AVIV
model 202 spectropolarimeter (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 [Ty,]) of each complex was determined as
previously described (1zumi et al., 2009).

3.1. Selection of HIV-1 resistant to T-20g133a

An HIV-1y 4.3 strain containing a D36G substitution, which improves replication kinetics,
was used as a wild-type virus (HIV-1y7) and for the construction of various mutants, as
described (Izumi et al., 2009, Mink et al., 2005). HIV-1\yT or T-20-resistant
HIV-1n43p/s138A Were used for selection of T-20g13ga-resistant HIV-1. MT-2 cells were
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infected with HIV-1yy1 and HIV-1n43p/s138A, @nd incubated in the presence of T-20513g4 at
the initial concentrations of 0.1 nM and 1 nM, 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-1y (Fig. 1B), at passage 28 (P-28), when T-20s13ga
concentration was 51.2 nM (P-28, 51.2 nM), isoleucine at position 37 in the gp41 was
substituted to asparagine (137N). 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-1n43p/s1384 (Fig. 1C),
at P-28 (512 nM) and at P-40 (2 uM), E137K in the gp41, and L33S and I169L in the gp41
emerged, respectively. 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-1y71 and HIV-1N43p/s138a t0 T-205138a, reached approximately 110- and 200-
fold, respectively. These results indicate that even though T-20g513g4 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-20g13ga-resistant HIV-1 to T-20 and C34 derivatives

To validate our resistance data we used site-directed mutagenesis to prepare recombinant
HIV-1 with the T-20g13ga-resistance mutations and examined its susceptibility to T-20 and
C34 derivatives 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
C34n126K, @ modified version of C34 that includes the resistance-associated N126K
substitution that effectively suppress replication of C34-resistant HIV-1 in vitro (Izumi et
al., 2009).

Selected mutations 137N and L33S provided various levels of resistance to T-20 and its
derivatives, T-20513ga and T-20EK, apparently acting as primary mutations to peptides with
a T-20 backbone (Table 1). Other mutations, L44M, 169L, and E137K, which were observed
in wild-type HIV-1 as polymorphisms (Kuiken et al., 2010, Loutfy et al., 2007), conferred
little resistance to all peptide fusion inhibitors tested. However, introduction of L44M to
HIV-1j37n/n126Kk (HIV-1137n704aMiN126K) Temarkably enhanced resistance 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
suggest that L44M has as a role in HIV-1 resistance as a secondary mutation. All peptides
sufficiently suppressed HIV-1gg; , suggesting that I69L 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 137N (HIV-1,37n/n126K) it enhanced resistance to T-20,
T-205138a, 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 (HIV-1| 335/n43D/s1384)- Similar to the N126K mutation, E137K

Int J Biochem Cell Biol. Author manuscript; available in PMC 2014 August 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Izumi et al.

Page 6

also enhanced resistance by N43D/S138A (HIV-1n43p/E137K/5138A) and L33S/N43D/S138A
(HIV-1| 335/N43D/E137K/S138A) 10 T-205138A, T-20, and T-20EK. These results indicate that
L33S and 137N 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 resistance, 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 observed in 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-20513ga-resistant HIV-1n43p/s138A 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-1y (Fig. 2A). The S138A mutation
restored the replication 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-1n43p/E137K/5138A (Fig. 2B) as observed in HIV-1yt based mutants. During the
passage of HIV-1N43p/s138A, @ Synonymous mutation at amino acid position L44, TTG to
CTG, was observed. Interestingly, Lttg44Lc1g enhanced viral replication Kinetics through
enhanced stability of the Rev-responsive element (RRE) secondary structure (Ueno et al.,
2009). Therefore, we examined the viral replication kinetics of mutants with Ltrg44LcTta,
and compared HIV-1y, with HIV-1 44 -cTG, and HIV-1| 335/N43D/L44L-CTG/EL37K/S138A

with HIV-1| 335/N43D/L44L-CTG/I69L/EL37K/S138A- AS expected, the presence of Lrrg44lcre
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 Ltrg44Lctg Was
reduced compared with HIV-1yt (Fig. 4B). These results indicate that the primary
mutation, L33S, possesses less ability to attenuate HIV-1 replication, while 169L, S138A,
and E137K enhance replication Kinetics of T-20-resistant HIV-1 to a comparable level of
HIV-1wT.
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3.5. Circular dichroism

To clarify the effect of E137K substitutions on peptide binding, we examined the binding
affinities of E137K-containing C-HR peptides to N-HR using CD analysis. CD spectra
reveal the presence 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 C34g137k, C34s133a, OF
C34g137K/5138A With N36 or N36n43p showed sufficient and comparable a-helicity at 25°C
(Fig. 3A and B). We also determined the thermal stability of the helical 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 bundle (Fig. 3C). Complexes
of N36 and C34 containing the S138A and E137K/S138A substitutions (N36/C34513g4 and
N36/C34g137k/s138A, respectively), showed higher thermal stability than N36/C34.
Similarly, S138A and E137K/S138A restored the binding affinity of C34 to N36y43p. These
results indicate that E137K acts as a compensatory mutation for the T-20g3ga-resistance
primary mutation, causing enhancement of replication kinetics.

3.6. Antiviral activity of E137K-modified peptides

Recently, we demonstrated that introduction of the S138A secondary mutation to T-20
(T-20g138a) enhanced binding to mutated N-HR and suppresses resistance of T-20-
resistance variants (Izumi et al., 2009). Similarly, as shown in Figure 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-20g13ga Variants containing the
E137K change (T-20g137k and T-20g137k/s1384) (Fig. 1A) and examined their anti-HIV
activity against T-20g13ga-resistant HIV-1 (Table 2). All peptides exhibited potent antiviral
activity against HIV-1yt. HIV-1| 335/n43D/5138A @nd HIV-1 37N/ 44m/N126K Showed high
resistance to T-20g137k, indicating that the resistance mechanism of T-20g;37x is similar to
that of T-205133a. On the other hand, T-20g137k/s138A (Table 2) maintained some antiviral
activity against HIV-1; 335/N43p/si3sas HIV-11335/N43D/E137K/S138A, @Nd
HIV-137n/L4am/N126K COMpared with other T-20 derivatives including electrostatically
constrained T-20EK (Tables 1land Fig. 1). C34g137k and C34g137k/s1384 Significantly
suppressed all HIV-1 variants tested except for HIV-1j37n/L44m/N126K PY C34E137K- 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-20g138a) Vversions 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-20g13ga-resistants. We found that T-20g73ga-resistant HIV-1
showed cross-resistance only to the T-20 derivatives, but not to C34 derivatives. Through
the CD anlysis, the N126K and E137K mutations in the C-HR may act as compensatory

Int J Biochem Cell Biol. Author manuscript; available in PMC 2014 August 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Izumi et al.

Page 8

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-20g137k). Here
we demonstrate that 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-20g13ga-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 (137T or 137K) also conferred
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 peptide 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-20g13ga, suggesting that
L44M serves as a secondary mutation to enhance resistance to T-20g13ga. 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-1n43p/s138a) 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-1
variants resistant to T-20 (Fikkert et al., 2002), C34 (Armand-Ugon et al., 2003), and a
membrane-anchored C-HR-derived peptide, M87 (Lohrengel et al., 2005). Although our
work clearly demonstrates 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 kinetics compared
with HIV-1yyT, 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 llc 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 et al. (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 remarkably enhanced resistance to T-20513ga.
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
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may partially restore the reported loss in six-helix bundle stability conferred by the N43D
mutation (Bai et al., 2008), suggesting that E137K can compensate for losses in the
interactions between N-HRy43p 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 E137K into 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-20g13ga-resistant HIV-1. We found that T-20g137k had
similar antiviral activity with other T-20 derivatives such as T-20g13ga and
T-20g137k/5138A- Hence, we believe that the combination of few substitution secondary
mutations can enhance the antiviral activity of peptide fusion inhibitors. Therefore, it is
possible to design peptides that include the secondary mutations in the C-HR and use them
by themselves and/or in combinations to block fusion inhibitor resistant viruses.
Importantly, we have succesfully applied this strategy to suppress HIV-1 resistance to next
generation fusion inhibitor SC34EK (Shimura et al., 2010).

In this study, we identified two distinct pathways to escape pressure of T-20513gA.
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
populations 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 (TAMSs) (Hachiya et al.,
2008, Kosalaraksa et al., 1999). We recently report some of background polymorphisms can
also influence resistance pathways, 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 specific mutations.

5. Conclusion

As previously discussed (1zumi et al., 2009), although other developed peptide-based fusion
inhibitors need many amino acid additions and/or substitutions for the enhancement of their
antiviral activity (Chinnadurai et al., 2007, Eggink et al., 2008, Dwyer et al., 2007, Otaka et
al., 2002), application of secondary mutations similar to T-20513ga and T-20g137k/s138A IS

straightforward. It is based on information from viral evolution studies under drug pressure

that help design improved inhibitors.
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FIG 1. Domains of gp41 and induction of T-20g13ga-resistant HIV-1
(A) Domains of gp41, substitutions observed during in vitro passage with T-20g13ga, 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-20g13ga-resistant HIV-1 are shown. Res.-WT
and Res.-NDSA indicate resistant HIV-1 that were initially selected from wild-type and
HIV-1n43D/s138A, respectively. (B, C) Induction of T-20g13ga-resistant HIV-1 by dose-
escalating selection in MT-2 cells. Induction of resistant HIVV-1 was carried out for a total of
60 passages of HIV-1yt (B) and HIV-1na3p/s13ga (C), in 0.1 nM and 1 nM of T-20s133a,
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).
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Replication kinetics of T-20g13ga-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
background used in this study (HIV-1yyt). Supernatants from infected MT-2 cells were
collected on days 2—7 and the amount of p24 produced was determined. Representative
results are shown as mean values with standard deviations estimated from three independent
experiments.
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FIG 3. CD spectra (A, 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 C34g137k, C345138a, and C34g137k/5138A
complexes with N36 (A) and N36p43p (B) are shown. Equimolar amounts (10 uM) 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 (T,y,) values,
of the potential six-helix bundles of N- and C-HR peptides, were determined.
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FIG 4. Effect of secondary mutations in the N-HR on (A) replication kinetics and (B) infectivity
Ltred44Lcrg was introduced into HIV-1yyT and T-20g13ga resistant HIV-1

(HIV-1) 335/N43D/L44L-CTG/69L/E137K/S138A)- Replication kinetics were determined by
measuring p24 production in culture supernatants. HIV-1y (open circles), HIV-1| 44
(closed circles) HIV-1| 335/N43Dn169L/E137K/S138A (OPEN squares), and

HIV-1| 335/N43D/L44L-CTG/N69L/E137K/S138A (Closed squares). Ltrg44Lctg introduction
statistically enhanced both replication of HIV-1yt and

HIV-1| 335/N43D/L44L-CTG/I69L/E137K/S138A (Student 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
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HIV-1| 335/N43D/169L/E137K/5138A AN HIV-1| 335/N43D/L44L-CTG/I69L/E137K/S138A) WErE
statistically significant (student t-test, p < 0.05).
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TABLE 2

Antiviral activity of E137K-induced C-HR peptides against T-20g13ga-resistant variants.

ECsg (M)
T-20g1376 T-20e1571ss138a  C34e137% C34e1371s5138A

HIV-1yp,” 08402 05+01 10£03 07402
HIV-1, 336 13432 (16) 22+04(45 07+02(0.7) 05+01(0.7)
HIV-Insspisiasa 42+07 (5.3) 07+02(L4) 03+0.1(0.3) 0.401(06)
HIV-1| 335/N43D/5138A 700 + 150 (880) 45 +9.9 (90) 23+04(223) 05+02(0.7)
HIV-Lygsniersncsizen 12 +3.6 (15) 24+08(48) 02+0.1(02) 0.4+0.1(06)
HIV-1, 339/N43D/E137K/S136A 480 + 47 (600) 36+31(72)  38+13(38) 1.0+04(L4)
HIV-1| 335/na3Dn60L/E137K/S138A 1808 + 852 (2260) 157483 (314) 412 (4) 1.0+0.4 (1.4)
HIV-Li37/LaamiNiz6K 200 + 24 (250) 30+87(60)  17+38(17) 22+03(3.1)

Page 21

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (EC5Q) 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 EC5( value) calculated by

comparison to a wild-type virus (HIV-1\T). Increases of over 10-fold are indicated in bold.

*
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-1\WT) (Izumi et al., 2009, Mink et al., 2005).
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TABLE 3

Antiviral activity of C-HR-derived peptides against gp160 recombinant viruses.

yduasnuel Joyny Yd-HIN

compound ECs (NM)
ddC T771£272

T-20 derivatives
T20 >10000 (NA)
T20EK 27291113 (NA)
T205138A 3126453 (NA)
T20e137x 2761+1477 (NA)
T20g137ks5138a 20354 (0.6)

C34 derivatives
C34 171.0+106 (3.4)
C34n126K 25.9+4.6 (NA)
SC34EK 1.0£0.8 (1)
C34e137¢ 7.0+4.4 (0.4)
C34g137kis138a  0.320.1(0.3)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (EC5() 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 EC5( value) calculated by
comparison to the resistant clone with mutations only in gp41 (HIV-11.33S/N43D/I169L/E137K/S138A). 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(lzumi et al., 2009, Mink
et al., 2005). NA: not available. ddC, is dideoxycytidine.
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