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ABSTRACT

The peptide drug enfuvirtide (T20) is the only HIV-1 fusion inhibitor in clinical use, but it easily induces drug resistance, calling
for new strategies for developing effective drugs. On the basis of the M-T hook structure, we recently developed highly potent
short-peptide HIV-1 fusion inhibitors (MTSC22 and HP23), which mainly target the conserved gp41 pocket and possess high
genetic barriers to resistance. Here, we focused on the selection and characterization of HIV-1 escape mutants of MTSC22, which
revealed new resistance pathways and mechanisms. Two mutations (E49K and L57R) located at the inhibitor-binding site and
two mutations (N126K and E136G) located at the C-terminal heptad repeat region of gp41 were identified as conferring high
resistance either singly or in combination. While E49K reduced the C-terminal binding of inhibitors via an electrostatic repul-
sion, L57R dramatically disrupted the N-terminal binding of M-T hook structure and pocket-binding domain. Unlike E49K and
N126K, which enhanced the stability of the endogenous viral six-helical bundle core (6-HB), L57R and E136G conversely desta-
bilized the 6-HB structure. We also demonstrated that both primary and secondary mutations caused the structural changes in
6-HB and severely impaired the capability for HIV-1 entry. Collectively, our data provide novel insights into the mechanisms of
short-peptide fusion inhibitors targeting the gp41 pocket site and help increase our understanding of the structure and function
of gp41 and HIV-1 evolution.

IMPORTANCE

The deep pocket on the N-trimer of HIV-1 gp41 has been considered an ideal drug target because of its high degree of conserva-
tion and essential role in viral entry. Short-peptide fusion inhibitors, which contain an M-T hook structure and mainly target the
pocket site, show extremely high binding and inhibitory activities as well as high genetic barriers to resistance. In this study,
the HIV-1 mutants resistant to MTSC22 were selected and characterized, which revealed that the E49K and L57R substitutions at
the inhibitor-binding site and the N126K and E136G substitutions at the C-terminal heptad repeat region of gp41 critically de-
termine the resistance phenotype. The data provide novel insights into the mechanisms of action of the M-T hook structure-
based fusion inhibitors which will help further our understanding of the structure-function relationship of gp41 and molecular
pathways of HIV-1 evolution and eventually facilitate the development of new anti-HIV drugs.

The trimeric envelope (Env) glycoprotein of HIV-1 initiates in-
fection by engaging cellular receptors and facilitating fusion of

viral and target-cell membranes. In a generally accepted model,
binding of the surface subunit gp120 to the host primary receptor
CD4 and then to a chemokine receptor (CCR5 or CXCR4) triggers
a cascade of conformational changes within the Env complex that
include reduced interaction of gp120 with the transmembrane
subunit gp41 (Fig. 1). The loss of constraint on gp41 activates its
transition to an extended, membrane-bridging prehairpin con-
formation, with its N-terminal fusion peptide inserted into the
target cell membrane and the transmembrane (TM) segment in
the viral membrane. Subsequently, folding back of three C-termi-
nal heptad repeats (CHR) onto the trimeric N-terminal repeats
(NHR) creates a stable six-helix bundle (6-HB) that places the
fusion peptide and TM segment at the same end of the molecule
and thus pulls the viral and cellular membranes together, leading
to bilayer fusion and viral entry (1–3).

Peptides derived from the NHR (N peptide) and CHR (C pep-
tide) of gp41 can block 6-HB formation during the prehairpin
intermediate state, thus preventing membrane fusion (4, 5). The
drug enfuvirtide (T20), a 36-residue peptide with a native CHR
sequence, is the only clinically approved HIV-1 fusion inhibitor;
however, it has low antiviral activity and a genetic barrier to de-

veloping drug resistance (6–13). Almost all T20 resistance muta-
tions appear within the inhibitor-binding sites on NHR, with the
substitutions G36D/V/S, V38A/E/M, Q40H, N43D, and L45M
predominating. The clinical development of peptide fusion inhib-
itor T1249 (39 residue) has been terminated due to its drug for-
mulation problem and a similar resistance site (14, 15). Several
next-generation peptides have been developed with significantly
improved stability and potency, such as sifuvirtide (SFT; 36 resi-
dues) (16), T2635 (38 residues) (17), and SC34EK (34 residues)
(18). Of them, SFT has been advanced to clinical phase III trials in
China and will hopefully become the second clinically available
HIV-1 fusion inhibitor; however, SFT has a similar low genetic
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barrier to resistance, with the mutations largely overlapping with
T20 and T1249 resistance sites (19). The resistance profiles of
T2635 and SC34EK have also been characterized by selecting es-
cape viruses in vitro (14, 20, 21), which provide new insights into
the molecular pathway and mechanism of HIV-1 resistance (22).

The hydrophobic pocket at the basis of the NHR grooves is
nearly 16 Å long, 7 Å wide, and 5 to 6 Å deep. Three hydrophobic
residues (Trp117, Trp120, and Ile124) from the pocket-binding do-
main of the CHR helix penetrate into the pocket to cause extensive
hydrophobic interactions that stabilize the 6-HB structure. Since
its discovery, the deep pocket has been considered an ideal drug
target because of its high degree of conservation and essential role
in viral entry (23, 24); however, inhibitors that specifically target
the pocket site often lack a high antiviral activity, most likely due
to their weak binding affinity (25–30). We recently found that two

N-terminal residues (Met115 and Thr116) of a C peptide adopt a
unique M-T hook structure, in which Thr116 redirects the peptide
chain to position Met115 above the left side of the pocket so that
its side chain caps the pocket to stabilize the inhibitor binding (31,
32). Indeed, the M-T hook structure-modified inhibitors exhibit
greatly enhanced binding and inhibitory activities (31–37). On the
basis of the M-T hook structure, we have developed two highly
potent short-peptide-based inhibitors, MTSC22 and HP23, which
mainly target the deep pocket rather than the T20- or SFT-resis-
tant sites (34, 37). Promisingly, MTSC22 and HP23 also possess
dramatically increased activities on the inhibition of diverse drug-
resistant HIV-1 mutants and high genetic barriers to resistance; in
sharp contrast, their template peptide SC22EK, which lacks the
M-T hook structure, can select high resistance rather easily (35).
The characterization of SC22EK-selected mutants revealed that
substitution of Glu49 by lysine (E49K), located near the pocket
site, conferred cross-resistance to diverse peptide fusion inhibi-
tors, while the N126K substitution in CHR helix served as a sec-
ondary mutation that markedly boosted E49K-mediated resis-
tance (38). To gain further insights into the genetic pathways and
mechanisms of HIV-1 resistance to short-peptide fusion inhibi-
tors targeting the gp41 pocket, we continued our efforts to select
and characterize HIV-1 mutants resistant to MTSC22, which con-
tains the M-T hook structure and has a dramatically improved
target-binding affinity, virus-inhibitory activity, and genetic resis-
tance barrier. Importantly, we found that besides the E49K and
N126K mutations, the L57R mutation within the pocket and the
E136G mutation in the CHR helix determine an extremely high
resistance phenotype. The impact of MTSC22 resistance muta-
tions on the binding affinity of inhibitors, the conformation and
stability of 6-HB, and the functionality of viral Env function was
investigated.

MATERIALS AND METHODS
Peptide synthesis. N peptides, including N36, N36E49K, N36L57R, and
N36E49K/L57R, and C peptides, including SC22EK, MTSC22, HP23, C34,
C34N126K, C34E136G, C34N126K/E136G, T20, and SFT (Fig. 1), were synthe-
sized using a standard solid-phase 9-fluorenylmethoxy carbonyl (FMOC)
method as described previously (32). All peptides were protected by N-
terminal acetylation and C-terminal amidation. They were purified by
reversed-phase high-performance liquid chromatography (purity �
95%) and characterized for correct amino acid composition by mass spec-
trometry.

Selection of MTSC22-resistant viruses. The in vitro selection of
HIV-1 resistance to the peptide inhibitor MTSC22 was performed as de-
scribed previously (19, 38). Briefly, viral stocks of HIV-1NL4-3 were gen-
erated by transfecting 293T cells with an encoding plasmid. MT-4 cells
were seeded at 1 � 104 in RPMI 1640 medium containing 10% fetal
bovine serum (FBS) on 12-well plates. The virus was used to infect the cells
in the presence or absence of diluted MTSC22. Cells were incubated at
37°C with 5% CO2 until an extensive cytopathic effect was observed. Cul-
ture supernatants were harvested and used for the next passage on fresh
MT-4 cells with a 1.5- to 2-fold increase in peptide concentrations. Cells
and supernatant were collected at regular time points and stored at
�80°C.

Site-directed mutagenesis. HIV-1NL4-3 Env mutants were generated
using double-stranded DNA templates and selection of mutants with a
restriction enzyme (DpnI) as described previously (38). Briefly, two prim-
ers contained the desired mutation and occupied the same starting and
ending positions on opposite strands of plasmid. DNA synthesis was per-
formed by PCR in a 50-�l reaction volume using 1 ng of denatured plas-
mid template, a 50 pM concentration of upper and lower primers, and 5 U

FIG 1 Schematic illustration of HIV-1 gp41 and peptide fusion inhibitors. (A)
Functional domains of gp41 and peptide sequences. The gp41 numbering of
HIV-1HXB2 is used. FP, fusion peptide; NHR, N-terminal heptad repeat; CHR,
C-terminal heptad repeat; TM, transmembrane domain. The sequences cor-
responding to the T20-resistant site are in bold, the sequences corresponding
to the NHR pocket region are in blue, and the sequences corresponding to the
pocket-binding domain (PBD) are in red. The position and sequence of the
M-T hook structure are shown in green. The peptide inhibitors and their
sequences are listed, while the E49K and L57R mutations in N36 and the
N126K and E136G mutations in C34 are in green. (B) The interaction between
the NHR and CHR of gp41. In the current fusion model, the CHR region of
gp41 folds back to the NHR region to form a hairpin structure. Three mole-
cules of the hairpins associate with each other to form a 6-HB. The dashed lines
between the NHR and CHR regions indicate the interaction between the res-
idues located at the e and g positions and the a and d positions in the NHR and
CHR, respectively. The peptide inhibitors are depicted as lines to express their
sequences and binding sites.
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of the high-fidelity polymerase PrimeStar (TaKaRa, Dalian, China). PCR
amplification was conducted for one cycle of denaturation at 98°C for 5
min, followed by 18 cycles of 98°C for 15 s and 68°C for 15 min, with a final
extension at 72°C for 10 min. The amplicons were treated with DpnI for 1
h at 37°C, and DpnI-resistant molecules were recovered by transforming
Escherichia coli strain DH5� to antibiotic resistance. The mutations were
confirmed by DNA sequencing.

Single-cycle infection assay. HIV-1 entry and its inhibition were mea-
sured by single-cycle infection assay as described previously (39). Briefly,
HIV-1 pseudovirus was generated by cotransfecting 293T cells with an
Env-expressing plasmid and a backbone plasmid, pSG3�env, that contains
an Env-defective, luciferase-expressing HIV-1 genome. Supernatants were
harvested 48 h after transfection, and 50% tissue culture infectious doses
(TCID50) were determined in TZM-bl cells. Peptides were prepared in
3-fold dilutions, mixed with 100 TCID50 of viruses, and then incubated 1
h at room temperature. The mixture was added to TZM-bl cells (104/well)
and incubated 48 h at 37°C. The luciferase activity was measured using
luciferase assay reagents and a luminescence counter (Promega, Madison,
WI, USA).

Cell-cell fusion assay. A dual split-protein (DSP)-based fusion cell-
cell assay (40, 41) was adapted to determine the effects of the introduced
mutations on the fusion activity of NL4-3 Env. Briefly, a total of 1.5 � 104

293T cells (effector cells) were seeded on a 96-well plate and a total of 8 �
104 U87-CXCR4 cells (target cells) were seeded on a 24-well plate. On the
following day, effector cells were transfected with a mixture of an Env-
expressing plasmid and a DSP1-7 plasmid, and target cells were transfected
with a DSP8-11 plasmid. Twenty-four hours posttransfection, the target
cells were resuspended in 300 �l prewarmed culture medium, and 0.15 �l
EnduRen live-cell substrate (Promega) was added to each well. Then, 75
�l of the target cell suspension was transferred to each well of the effector
cells, and the cells were spun down to maximize cell-cell contact. Lucifer-
ase activity was measured by a luminescence counter (Promega).

ELISA. A capture enzyme-linked immunosorbent assay (ELISA) was
performed to determine the effects of introduced mutations on the Env
expression. Briefly, the wells of an ELISA plate were coated with a sheep
anti-gp120 antibody (D7324) at 10 �g/ml and blocked by 3% bovine
serum albumin (BSA). Cell lysates or culture supernatants (50 �l) of Env-
transfected cells were added to the wells and incubated at 37°C for 1 h.
After four washes, 50 �l of human anti-gp120 monoclonal antibody
(MAb) VRC01 or anti-gp41 MAb 10E8 diluted 10 �g/ml was added and
incubated at 37°C for 1 h. The bound antibodies were detected by horse-
radish peroxidase (HRP)-conjugated goat anti-human IgG. The reaction
was visualized by addition of 3,3,5,5-tetramethylbenzidine, and the A450

was measured.
To detect the 6-HBs, three 6-HB conformation-specific MAbs (NC-1,

17C8, and 2G8), which react with the N36 and C34 complex but not the
isolated peptides, were described previously (42, 43). Briefly, the ELISA
wells were coated with the isolated or mixed peptides at 10 �g/ml and
blocked by 3% BSA. The anti-6-HB MAb at 5 �g/ml was added to the wells
and incubated at 37°C for 1 h. After three washes, the bound antibodies
were detected by HRP-conjugated anti-mouse IgG. Similarly, the reaction
was visualized by addition of 3,3,5,5-tetramethylbenzidine, and the A450

was measured.
CD spectroscopy. Circular dichroism (CD) spectroscopy was con-

ducted according to our protocols described previously (44). Briefly, a C
peptide was incubated with an equal molar concentration of N36 or its
mutant at 37°C for 30 min in phosphate-buffered saline (PBS; pH 7.2).
CD spectra were acquired on a Jasco spectropolarimeter (model J-815)
using a 1-nm bandwidth with a 1-nm step resolution from 195 to 260 nm
at room temperature. Spectra were corrected by subtraction of a solvent
blank. The �-helical content was calculated from the CD signal by divid-
ing the mean residue ellipticity ([�]) at 222 nm by the value expected for
100% helix formation (�33,000 degrees cm�2 dmol�1). Thermal dena-
turation was performed by monitoring the ellipticity change at 222 nm
from 20°C to 98°C at a rate of 1.2°C/min.

RESULTS
Selection of HIV-1 mutants highly resistant to MTSC22. We
previously conducted a parallel in vitro selection of escape HIV-1
mutants for SC22EK and MTSC22 peptides (35). While the vi-
ruses resistant to SC22EK were rather easily acquired, the selection
of resistance against MTSC22 was much more difficult (35). We
continued the selection culture for an additional 5 months, and
the concentration of MTSC22 was finally escalated to 9,600 nM
after 45 generations of virus passage over 9 months. To character-
ize the genetic pathways of MTSC22-induced resistance, the full
Env genes of resistant viruses were amplified by PCR and cloned
for sequencing. As shown in Fig. 2, all 10 Env clones (A to J) carry
three consistent substitutions, including E49K in NHR, N126K
in CHR, and N163D in the membrane-proximal external region
(MPER) of gp41. Notably, nine of the Envs (A to I) possess a L57R
substitution within the highly conserved pocket site. Further-
more, the clone A Env has an additional I37V substitution in the
upstream of NHR, and the clones I and J carry an E136G substi-
tution in the middle region of CHR. No obvious mutations were
observed in the other regions of gp41 or in gp120. Notably, the
E49K, N126K, and E136G substitutions were selected by both
SC22EK and MTSC22 peptides, while the L57R substitution

FIG 2 MTSC22- and SC22EK-induced mutations in the NHR and CHR sites of HIV-1NL4-3 gp41. The amino acid sequences of wild-type (WT) and selected
mutants are aligned. The positions of selected mutations are in bold, and numbering is according to that of HIV-1HXB2 gp41. The pocket-forming sequence in
NHR and the pocket-binding domain in CHR with the M-T hook residues are underlined.
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emerged only during MTSC22 selection, implying its association
with the M-T hook structure that targets the gp41 pocket.

Resistance profiles of short-peptide fusion inhibitors target-
ing the pocket. Apparently, four types of mutant viruses emerged
during drug selection. A predominating virus had four amino acid
mutations, E49K/L57R/N126K/N163D (designated KRGD virus);
the second one also carried four mutations (E49K/N126K/E136G/
N163D; designated KKGD virus). Two viruses had five mutations
each, E49K/L57R/N126K/E136G/N163D (KRKGD virus) and
I37V/E49K/L57R/N126K/N163D (VKRKD virus). To determine
the mutations responsible for MTSC22-induced resistance, we
generated a panel of HIV-1NL4-3 Env mutants carrying the amino
acid substitutions either singly or in combination (Table 1). While
the experimental design was focused on the newly identified mu-
tations (L57R, E136G, and N163D), the previously characterized
mutations (E49K and N126K) involved in SC22EK-induced resis-
tance were also included for direct comparisons. After the intro-
duced mutations were verified by DNA sequencing and the ex-
pression of Env glycoprotein was confirmed by Western blotting,
the corresponding HIV-1 pseudoviruses were generated, and their
susceptibility to three short-peptide inhibitors (MTSC22, HP23,
and SC22EK) was determined. As shown in Table 1, the single
mutations of E49K and N126K conferred resistance with the
changes (n-fold) similar to the previous results. Strikingly, the
L57R mutation caused extremely high resistance to the M-T hook
structure-modified inhibitors MTSC22 and HP23 as well as their
template SC22EK, with the changes reaching 402.08-, 567.95-,
and 38.86-fold, respectively. It was also highly surprised that a
single E136G mutation also conferred a moderate resistance to
three inhibitors, with the changes being significantly higher than
N126K-mediated resistance. As expected, the N163D mutation
had no obvious effects on the anti-HIV activity of inhibitors.

We next observed the effects of the combined mutations on the
resistance profiles, which revealed multiple resistance phenotypes.
First, the E49K/L57R combination resulted in markedly increased
changes, indicating a synergistic effect. Second, the E136G signif-

icantly enhanced the resistance degree caused by the L57R single
mutation and the E49K/L57R double mutation. Third, while
N126K was previously shown to boost E49K-mediated resistance,
it exhibited a reverse effect on L57R-mediated resistance, as shown
by its counterbalance role in the virus carrying L57R/N126K or
E49K/L57R/N126K. Fourth, the N126K/E136G combination syn-
ergistically boosted the E49K phenotype, but it did not act on the
L57R phenotype, as shown by the KKGD and KRKGD viruses or
the virus with E49K/L57R/N126K/E136G (KRKG virus). Fifth, the
N163D mutation was not involved in the resistance even in the
context of different combinations. Specifically, four correspond-
ing mutant viruses (KRGD, KKGD, KRKGD, and VKRKD vi-
ruses) displayed extremely high resistance to MTSC22, HP23, and
SC22EK.

Effects of MTSC22-induced mutations on the activity of
long-peptide fusion inhibitors. We previously showed that E49K
rendered a moderate cross-resistance to the first-generation in-
hibitors T20 and C34 and the next-generation inhibitor SFT, and
the resulting changes could be markedly enhanced by N126K (38).
We were interested in determining whether L57R or its combina-
tions mediated cross-resistance to three large inhibitors. Surpris-
ingly, it was found that L57R did not cause the resistance instead of
slightly increasing the sensitivity of T20, C34, and SFT (Table 2).
Obviously, the viruses carrying L57R together with other resistant
mutations (E49K, N126K, and E136G) could result in markedly
increased activity of T20. For instance, the KKGD virus exhibited
a resistance change of 5.84-fold, but the KRKG virus had a change
of 0.13-fold, meaning a 7.64-fold increased potency for T20. Sim-
ilarly, L57R also increased the sensitivity of C34 and SFT, espe-
cially in the context of other resistant mutations. In comparison,
the mutant virus without L57R (KKGD) conferred high cross-
resistance to C34 and SFT, but addition of L57R to the combina-
tion could abolish or significantly decrease the resistance.

While the amino acid substitutions on the inhibitor-binding
site of gp41 are considered primary mutations responsible for re-
sistance, the CHR mutations have been recognized as secondary

TABLE 1 Resistance profiles of HIV-1 mutants to short-peptide fusion inhibitorsa

HIV-1NL4-3 mutation

MTSC22 HP23 SC22EK

IC50 (nM) Fold change IC50 (nM) Fold change IC50 (nM) Fold change

Wild type (WT) 1.86 	 0.13 1.00 0.41 	 0.09 1.00 44.13 	 5 1.00
E49K 73.75 	 13.53 39.74 5.34 	 0.18 13.19 1,723.5 	 184.13 39.06
L57R 746.12 	 57 402.08 230.05 	 39.19 567.95 1,714.5 	 385.06 38.86
N126K 4.27 	 0.98 2.3 1.37 	 0.17 3.39 151.93 	 12.15 3.44
E136G 8.78 	 1.03 4.73 2.89 	 0.52 7.14 477.05 	 42.53 10.81
N163D 2.03 	 0.3 1.09 0.54 	 0.05 1.32 46.85 	 7.84 1.06
E49K/L57R 4,527.86 	 585.46 2,440.06 1,371.3 	 561.56 3,385.51 6,694.96 	 1,036.29 151.73
L57R/N126K 345.2 	 34.06 186.03 98.64 	 5.92 243.53 644.12 	 244.72 14.60
L57R/E136G 1,553.08 	 535.22 836.96 679.55 	 191.15 1,677.69 5,322.97 	 1,529.45 120.63
L57R/N163D 608.95 	 147.94 328.16 244.95 	 55.18 604.74 4,014.67 	 652.8 90.98
E49K/L57R/N126K 1,148.68 	 145.24 619.02 542.17 	 141.94 1,338.52 3,226.73 	 955.88 73.13
E49K/L57R/E136G �7,500 �4041.75 �1,666.67 �4114.73 �7,500 �169.97
E49K/N126K/E136G/N163D (KKGD) 359.22 	 86.44 193.58 44.26 	 3.08 109.26 �7,500 �169.97
E49K/L57R/N126K/E136G (KRKG) 2,249.37 	 655.77 1,212.18 1,389.6 	 250.15 3,430.69 7,054 	 617.91 159.86
E49K/L57R/N126K/N163D (KRKD) 5,932.8 	 331.89 3,197.18 983.12 	 184.14 2,427.15 5,959.18 	 447.45 135.05
I37V/E49K/L57R/N126K/N163D (VKRKD) 3,081.67 	 212.92 1,660.71 1,096.38 	 444.81 2,706.79 5,649.09 	 686.21 128.02
E49K/L57R/N126K/E136G/N163D (KRKGD) 3,854.04 	 533.69 2,076.94 �1,666.67 �4114.73 5,797.24 	 596.92 131.38
a Assay was performed in triplicate and repeated three times. Data are expressed as means 	 standard deviations. IC50, 50% inhibitory concentration. The change in the IC50 was
determined relative to the wild-type level.
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or compensatory mutations that can improve the kinetics of viral
fusion (21, 45, 46). Previous studies demonstrate that N126K not
only enhances the interaction between the NHR and CHR helices
but also mediates a mild resistance to diverse fusion inhibitor
peptides (20, 21, 38). Here, we found that a single E136G mutation
rendered the virus resistant to three short-peptide inhibitors that
specifically target the pocket site and its combinations with L57R
or E49K/L57R dramatically boosted the resistance. We were inter-
ested in determining whether E136G conferred cross-resistance to
T20, C34, and SFT. As shown in Table 2, the virus carrying E136G
constantly displayed the resistance to three large inhibitors, with
changes of 2.15-, 5.25-, and 5.15-fold, respectively. Compared
with N126K, the E136G mutation caused resistance at a signifi-
cantly higher level.

MTSC22-induced mutations severely impair the functional-
ity of HIV-1 Env. It is recognized that peptide-based HIV-1 fusion
inhibitor-induced resistance mutations often result in a partial or
substantial loss of viral Env’s function (19-21, 38). Consistently,
we demonstrated that E49K or its combination with N126K dra-
matically decreased HIV-1 Env-mediated cell entry. To elucidate
whether the acquisition of HIV-1 resistance to MTSC22 was ac-
companied by a loss of gp41 function, we determined the entry
efficiency of HIV-1NL4-3 pseudovirus that carry single or com-
bined mutations (Fig. 3A). The infectivity of wild-type virus was
set at 100%, and the relative infectivity of other mutants was cal-
culated. As expected, L57R resulted in a dramatic decrease in virus
infectivity, and its combinations with E49K or two secondary mu-
tations reduced the infectivity further. Interestingly, a single
N163D mutation facilitated the virus entry, and it was able to
partially restore the infectivity damaged by other mutations, sug-
gesting its compensatory role. Also, the virus with E136G largely
retained its infectivity, similar to the virus having N126K. The
functionality of the wild-type and mutant Envs was further eval-
uated by a dual split-protein-based cell-cell fusion assay, which
displayed a profile similar to the entry data (Fig. 3B). Obviously,
the introduced mutations did not affect the expression and secre-

tion of Envs in transfected cells, as detected by anti-gp120 MAb
VRC01 and anti-gp41 MAb 10E8 (Fig. 4). Combined, these data
confirmed that the amino acids critical for HIV-1 resistance also
play important roles for viral fusion and entry.

The L57R mutation dramatically reduces the binding affinity
of short-peptide inhibitors. On the basis of SC22EK-induced re-
sistance, we showed that E49K greatly reduced the binding stabil-
ity of SC22EK, MTSC22, and HP23, while it enhanced the stability
of the 6-HB structure formed by C34 and SFT (38). Here, we
focused on investigating the effects of L57R and its combination
with E49K on the binding of diverse inhibitors. Thus, the N-pep-
tide N36 with a single mutation (N36E49K and N36L57R) or double
mutations (N36E49K/L57R) were used as target surrogates and incu-
bated with an inhibitor at equal molar concentrations, and their
�-helicity and thermostability were then measured by CD spec-
troscopy. As shown in Fig. 5 and 6 and Table 3, the CD spectra of
all five peptide pairs displayed double minima at 208 and 222 nm,
which indicated the formation of �-helical secondary structures.
Noticeably, the 6-HBs formed by N36E49K/L57R and short-peptide
inhibitors showed a significantly decreased �-helicity, while
no significant changes were observed for the 6-HBs between
N36E49K/L57R and C34 or SFT. The thermostability of each 6-HB,
defined as the midpoint of the thermal unfolding transition (Tm)
value, was determined. Consistent with our previous data, the
single E49K mutation resulted in a Tm value with an approxi-
mately 3 to 5°C decrease for SC22EK, MTSC22, and HP23, but it
caused a 6°C increase for both C34 and SFT (Table 3). Strikingly,
the single L57R mutation resulted in the Tm values for the three
short-peptide inhibitors at 37, 40, and 49°C, respectively, which
implied a 27, 37, or 37°C decrease relative to the wild-type N36.
The combination of E49K and L57R further reduced the Tm values
by approximately 4 to 5°C. Sharply differing from the E49K phe-
notype, the single L57R mutation also resulted in markedly de-
creased Tm values for C34 and SFT. Therefore, these data indicated
that the L57R mutation can dramatically reduce the binding affin-
ity of diverse peptide inhibitors.

TABLE 2 Effect of MTSC22-induced mutations on the sensitivity of first- and next-generation fusion inhibitorsa

HIV-1NL4-3 mutation

T20 C34 SFT

IC50 (nM) Fold change IC50 (nM) Fold change IC50 (nM) Fold change

Wild-type (WT) 81.77 	 3.99 1.00 1.49 	 0.25 1.00 1.87 	 0.13 1.00
E49K 222.84 	 13.24 2.73 4.76 	 1.73 3.20 4.84 	 0.46 2.59
L57R 42.85 	 4.4 0.52 1.13 	 0.15 0.76 1.04 	 0.18 0.56
N126K 184.63 	 18.32 2.26 3.52 	 0.2 2.37 5.36 	 2.87 2.87
E136G 175.68 	 51.11 2.15 7.8 	 1.3 5.25 9.62 	 3.77 5.15
N163D 104.86 	 50.14 1.28 1.97 	 0.3 1.32 2.15 	 0.17 1.15
E49K/L57R 18.75 	 6.29 0.23 1.98 	 0.31 1.33 1.6 	 0.48 0.86
L57R/N126K 17.83 	 4.24 0.22 1 	 0.15 0.67 0.74 	 0.1 0.40
L57R/E136G 34.18 	 4.08 0.42 4.78 	 0.61 3.21 4.02 	 1.02 2.15
L57R/N163D 51.76 	 7.11 0.63 2.54 	 0.2 1.71 1.84 	 0.63 0.99
E49K/L57R/N126K 10.59 	 0.47 0.13 2.34 	 0.25 1.57 0.85 	 0.25 0.46
E49K/L57R/E136G 13.64 	 2 0.17 6.2 	 2.19 4.17 4.76 	 1.43 2.55
E49K/N126K/E136G/N163D (KKGD) 477.43 	 89.13 5.84 32.99 	 1.99 22.18 32.96 	 2.91 17.67
E49K/L57R/N126K/E136G (KRKG) 10.71 	 1.1 0.13 3.87 	 0.55 2.61 1.55 	 0.14 0.83
E49K/L57R/N126K/N163D (KRKD) 12.35 	 3.05 0.15 3.14 	 0.65 2.11 0.93 	 0.09 0.50
I37V/E49K/L57R/N126K/N163D (VKRKD) 29.38 	 1.28 0.36 3.7 	 0.67 2.49 1.41 	 0.07 0.75
E49K/L57R/N126K/E136G/N163D (KRKGD) 12.22 	 2.52 0.15 14.39 	 2.6 9.68 3.05 	 0.07 1.63
a The assay was performed in triplicate and repeated three times. Data are expressed as means 	 standard deviations. IC50, 50% inhibitory concentration. The change in the IC50

was determined relative to the wild-type level.
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The E136G mutation decreases the helical stability of 6-HB
structure. The secondary mutation N126K can significantly in-
crease the thermal stability of 6-HB structure modeled by N36/
C34 peptides, and the combination of E49K and N126K has a
synergistic effect to stabilize the 6-HB (38). Here, we found that
E136G, which is also considered a secondary CHR mutation, con-
ferred cross-resistance to the diverse HIV-1 fusion inhibitor pep-
tides tested. It was intriguing to determine the impact of E136G on
the 6-HB. Thus, the C peptide C34 carrying N126K, E136G, or
N126K/E136G was synthesized, and the �-helicity and thermosta-
bility of mutant peptide-based 6-HBs were determined by CD
spectroscopy. Consistently, the peptide pair N36 and C34N126K

created a 6-HB with an increased Tm value (70°C); however, the

peptides N36 and C34E136G created a 6-HB with a decreased Tm

value (62°C) (Fig. 6E and F and Table 3), indicating that N126K
and E136G play different roles in 6-HB stability. The combination
of N126K and E136G resulted in a 6-HB with a Tm value (65°C)
which was close to that of the wild-type 6-HB (64°C). We also
analyzed the 6-HBs formed by diverse N36 mutants and C34 mu-
tants (Table 3), which provided additional information on the
compensatory effects of NHR and CHR mutations.

MTSC22-induced mutations affect the conformation of the
6-HB core. The 6-HB formed by the peptides N36 and C34 has
been considered a core structure of gp41, which critically deter-
mines the fusion activity of gp41 (1). Here, we sought to deter-
mine the effects of MTSC22 resistance mutations on the confor-

FIG 3 Relative infectivity of HIV-1NL4-3 and its mutant viruses. (A) Entry efficiency of pseudoviruses. The wild-type HIV-1NL4-3 and mutant pseudoviruses were
normalized to a fixed amount by p24 antigen, and viral infectivity was tested in TZM-bl cells using a single-cycle infection assay. The luciferase activity was
measured and corrected for background. (B) HIV-1 Env-mediated cell-cell fusion determined by a dual split-protein assay (DSP). For both entry and fusion data,
the luciferase activity of wild-type HIV-1NL4-3 (WT) was treated as 100% and the relative activities of other mutant viruses were calculated accordingly. Data were
derived from the results of three (entry) or two (fusion) independent experiments and are expressed as means and standard deviations.

Su et al.

12472 jvi.asm.org December 2015 Volume 89 Number 24Journal of Virology

http://jvi.asm.org


mation of 6-HB structure, which provided clues to elucidate how
the mutations dictated the resistance, 6-HB stability, and virus
entry. Three conformation-specific monoclonal antibodies (NC-1,
17C8, and 2G8) were applied in ELISA to detect 6-HBs formed by
the wild-type or mutant N36 and C34 peptides. As shown in Fig. 7,
two NHR mutations (E49K, L57R) resulted in significantly de-
creased reactivity with all three antibodies, while two CHR muta-
tions (N126K and E136G) significantly increased the reactivity of
NC-1 and 17C8 but sharply decreased the reactivity of 2G8. It is
worth noting that the 6-HB with a L57R mutation had much lower
17C8 reactivity than the 6-HB with an E49K mutation, and the
6-HB with an E136G mutation exhibited much lower 2G8 reac-
tivity than the 6-HB with a N126K mutation. Taken together, the
results indicating decreased or increased exposure of antibody-
recognized epitopes suggested that MTSC22-induced mutations
can directly or indirectly cause a structural rearrangement of
6-HBs, which might correlate with the functionality of gp41 and
the binding of inhibitors. While this may be one explanation, it is
possible that the mutated residues are involved in the epitopes of

three antibodies and that the changed stability of the mutated
6-HBs can determine the binding signals.

Effects of MTSC22-induced mutations on the antiviral activ-
ity of N and C peptides. Both N and C peptides have potent anti-
HIV activity via blocking NHR-CHR association. Generally, a
prototype N peptide has a much lower activity than a prototype C
peptide (micromolar versus nanomolar), but N36 and C34 are
widely used as templates to design novel HIV-1 fusion inhibitors
with different specificity. To gain further insights into the impacts
of MTSC22-induced mutations on the structure and function of
gp41 and gp41-based inhibitors, we measured the anti-HIV activ-
ity of wild-type and mutant N36 and C34 peptides. As shown in
Fig. 8, the peptides N36E49K and C34N126K displayed somewhat
improved activities relative to the wild-type N36 in the inhibition
of HIV-1 entry; however, the peptides N36L57R and C34E136G ex-
hibited significantly decreased inhibitory activities. Here, we spec-
ulated that the effects of these mutations on the antiviral potency
of peptides might be associated with the stability of 6-HB struc-
tures.

FIG 4 Determination of HIV-1 Env expression by capture ELISA. 293T cells were transfected by plasmids expressing wild-type (WT) or mutant Envs. The
proteins (gp120/gp41) in the lysates of transfected cells (A) or culture supernatants (B) were captured by sheep anti-gp120 antibody D7324 and detected by
human MAbs VRC01 and 10E8.
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Structural basis of MTSC22-induced resistance. We previ-
ously analyzed E49K-mediated resistance by mapping the muta-
tions on the crystal structure of SC22EK-based 6-HB, which
revealed that E49K would disrupt a salt bridge between the
negatively charged Glu49 and the positively charged lysine at po-
sition 20 (Lys20) of inhibitors; instead, an electrostatic repulsion is
generated (38). On the other hand, E49K introduces a new salt
bridge during the binding of C34 and SFT, which carry a natural
glutamic acid corresponding to position 20 of short-peptide in-
hibitors. Thus, E49K would favor the interaction of endogenous
NHR and CHR helices while disfavoring the inhibitor binding.
When mapping L57R on the crystal structure of MTSC22-based
6-HB (Fig. 9A), the residue Leu57 is located on the left wall of the
hydrophobic pocket and it makes an extensive hydrophobic inter-
action with the pocket-binding residues of inhibitors. More im-
portantly, Leu57 is also targeted by the M-T hook structure of
MTSC22, in which the N-terminal hydrophobic residue methio-

nine physically interacts with the side chain of Leu57. It is conceiv-
able that L57R can disrupt its interactions in the pocket site, thus
contributing the resistance. Clearly, while E49K impairs the C-ter-
minal binding of short-peptide inhibitors via an introduced elec-
trostatic repulsion, L57R disrupts the binding of N-terminal M-T
hook structure and pocket-binding domain; therefore, the E49K
and L57R mutations can synergistically reduce the binding affinity
of inhibitors.

Next, we analyzed the N126K and E136G mutations on the
6-HB structure (Fig. 9B). These two residues are located at the c
and f positions, respectively, in the CHR helix, corresponding to
the outside of the binding surface of C peptides. Although N126K
and E136G might enable the formation or disruption of intrahe-
lical interactions of the isolated peptides, which can stabilize or
destabilize the �-helicity and stability of 6-HB structure either,
how the mutations at these locations affect the interhelical inter-
actions and confer resistance remains a puzzle.

FIG 5 Binding stability of short peptide inhibitors determined by CD spectroscopy. The �-helicity and thermostability of 6-HBs formed by SC22EK (A and B),
MTSC22 (C and D), or HP23 (E and F) with N36 or its mutants (N36E49K, N36L57R, and N36E49K/L57R) were measured. The Tm value was defined as the midpoint
of the thermal unfolding transition. The final concentration of each peptide in PBS is 10 �M. The experiments were repeated at least twice, and representative data
are shown.
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DISCUSSION

Six classes of HIV-1 drugs in clinical use are directed against spe-
cific steps of the viral life cycle, including cell entry, reverse tran-
scription, integration, and maturation. Unlike other classes of
anti-HIV drugs, which act after infection occurs, HIV-1 entry
inhibitors block the virus before it invades the target cells (4, 47).
However, there are only two entry inhibitors currently being used
in combination therapy for HIV-1 infection. While maraviroc tar-
gets the cell coreceptor CCR5, T20 remains the only inhibitor that
arrests the viral fusion step. Disappointingly, the clinical use of
T20 has been limited due to its low antiviral activity and drug
resistance. Due to the lack of pocket-binding residues by T20, the
34-residue peptide C34 has been widely used as a template to
develop novel HIV-1 fusion inhibitors with improved pharma-
ceutical profiles. Unsatisfactorily, the resulting peptides usually
inherit a longer sequence that also targets the T20-resistant sites.

The selection and characterization of HIV-1 escaping mutants
have revealed the resistance pathways shared by the first and new
fusion inhibitors, particularly with the amino acid Gly36-Leu45
stretch, or GIV motif, being a hot spot (14, 19–21). Therefore, a
potent HIV-1 fusion inhibitor possessing a high genetic barrier to
resistance is required to meet the challenge.

Discovery of the M-T hook structure provides a powerful strat-
egy to develop short-peptide inhibitors that specifically target the
gp41 pocket rather than the T20-resistant site. As demonstrated,
the electronically constrained short-peptide SC22EK mainly tar-
gets the pocket site, but it has low binding and inhibitory activities;
however, the M-T hook structure-modified MTSC22 and HP23
display strikingly improved pharmaceutical profiles, including
their helical structure, binding affinity, antiviral activity, and ge-
netic resistance barrier (34, 37). The genetic pathways of SC22EK-
induced resistance were recently characterized, which revealed the

FIG 6 Binding stability of C34, SFT, and C34 mutants determined by CD spectroscopy. The �-helicity and thermostability of 6-HBs formed by C34 (A and B)
or SFT (C and D) with N36 or its mutants (N36E49K, N36L57R, and N36E49K/L57R) were measured. The Tm value was defined as the midpoint of the thermal
unfolding transition. The final concentration of each peptide in PBS is 10 �M. The binding stability of C34 or its mutants (C34N126K, C34E136G, and C34N126K/E136G) with
N36 was determined by CD spectroscopy similarly (E and F). The experiments were repeated at least twice, and representative data are shown.
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E49K and N126K mutations (38). Indeed, the resistance muta-
tions in the pocket-forming residues were rarely observed in pre-
vious studies, except that the Q66R substitution was occasionally
selected by T2635 (21). Here, it was very surprising to find the
L57R mutation at the left wall of pocket, which conferred high
resistance to MTSC22 and cross-resistance to HP23 and SC22EK.
Consistent with its high degree of conservation and poor tolerance
to substitution, the L57R mutation severely impaired the ability of
virus for cell entry. The combination of E49K and L57R resulted in
dramatically increased resistance changes and almost abolished
HIV-1 infectivity.

Besides the E49K and L57R mutations, MTSC22 also selected
N126K and E136G mutations in the CHR of gp41. It is generally
accepted that substitutions in the inhibitor-binding site of NHR
helix are primary mutations that dominate resistance, whereas
substitutions in the CHR helix serve as secondary mutations that
may compensate the delayed fusion kinetics of virus caused by
primary resistance substitutions (21, 38, 45, 46, 48). The N126K
mutation, located near the pocket-binding domain (PBD) of CHR
helix, has been frequently observed during escape selection against
diverse fusion inhibitors (8, 14, 19-21, 49) and in prolonged T20-
containing clinical therapy (9–12, 45, 50, 51). Interestingly, while
N126K was previously shown to enhance many primary muta-
tions, it offsets the resistance level by L57R. Another interesting
finding was the E136G mutation at the middle site of the CHR

TABLE 3 Effects of MTSC22 resistance mutations on the �-helicity and
thermostability of 6-HB structurea

NHR mutation type and
peptide complex [�]222 Helix content (%) Tm (°C)

Primary
SC22
N36 �28,470 86 64
SC22
N36E49K �31,360 95 61
SC22
N36L57R �28,586 86 37
SC22
N36E49k/L57R �20,052 61 32
MTSC22
N36 �31,170 94 77
MTSC22
N36E49K �28,570 87 72
MTSC22
N36L57R �28,150 85 40
MTSC22
N36E49k/L57R �21,683 66 35
HP23
N36 �31,877 97 86
HP23
N36E49K �30,246 92 83
HP23
N36L57R �30,441 92 49
HP23
N36E49k/L57R �28,102 85 45
C34
N36 �33,190 101 64
C34
N36E49K �31,240 95 70
C34
N36L57R �35,014 106 55
C34
N36E49k/L57R �33,757 102 60
SFT
N36 �31,389 95 71
SFT
N36E49K �30,292 92 77
SFT
N36L57R �32,819 100 62
SFT
N36E49k/L57R �34,625 105 69

Secondary
N36
C34N126K �27,708 84 70
N36
C34E136G �27,700 84 62
N36
C34N126K/E136G �26,229 80 65
N36E49K
C34N126K �34,893 105 74
N36E49K
C34E136G �33,386 101 66
N36L57R
C34N126K �33,557 102 57
N36L57R
C34E136G �36,014 109 50
N36E49K
C34N126K/E136G �34,900 106 67
N36L57R
C34N126K/E136G �35,929 108 51
N36E49K/L57R
C34N126K �33,086 100 62
N36E49K/L57R
C34E136G �35,414 107 54
N36E49K/L57R
C34N126K/E136G �32757 99 55

a The �-helicity and thermostability of 6-HBs were measured by CD spectroscopy, and
the experiments were repeated at least twice to verify the results.

FIG 7 Effects of MTSC22-induced mutations on the conformation of 6-HB
structure. The reactivity of 6-HBs formed by N36 and C34 or their mutants
with conformation-dependent MAbs NC-1 (A), 17C8 (B), and 2G8 (C) was
tested by ELISA. The peptide mixture was used to coat the plate wells at 10
�g/ml, and the final concentration of a tested MAb was 5 �g/ml. Data were
derived from three independent experiments and are expressed as means and
standard deviations.
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helix, which mediated a broad cross-resistance with significantly
greater changes than N126K did.

Previous characterization of SC22EK-induced mutations re-
vealed multiple molecular mechanisms of resistance (38). First, a
reduced inhibitor-binding affinity can play a central role in resis-
tance. Indeed, the E49K and L57R mutations dramatically re-
duced the binding affinity of short-peptide inhibitors either singly
or in combination. As analyzed in crystal 6-HB structure, the
L57R mutation in the pocket can disrupt the hydrophobic inter-
actions of N-terminal two M-T hook residues and three pocket-
binding residues of inhibitors, whereas the E49K mutation on
another NHR helix would introduce an electrostatic repulsion.
Second, an increased stability of endogenous 6-HB would provide
more energy to retard the binding of inhibitors. In the cases of
SC22EK- and MTSC22-induced mutations, the E49K and N126K
mutations can synergistically enhance the interaction of viral
NHR and CHR helices, thus outcompeting inhibitors. Third, the
resistance to peptide fusion inhibitors often results in a partial or
dramatic loss of viral Env’s function. Here, the acquisition of
HIV-1 resistance to MTSC22 was accompanied by a severe im-
pairment of virus entry and a substantial change of the 6-HB con-
formation. It should be mentioned that a compensatory muta-

tion, N163D, might significantly improve the functionality of viral
Env glycoprotein to mediate the fusion. We think that the binding
affinity, the structural changes, and the viral fusion kinetics are
highly coordinated for resistance. From an evolutionary perspec-
tive, the virus would like to find a balance between the resistance
and viral fitness. Additionally, the underlying mechanisms for sev-
eral observed phenomena need to be addressed. First, how does
the L57R mutation confer an extremely high resistance to short-
peptide inhibitor targeting the pocket while increasing the sensi-
tivity of T20, C34, and SFT, which lacks or contain the pocket-
binding sequence? Second, how do the N126K and E136G
mutations, which are located outside the binding surface, mediate
cross-resistance to diverse peptides? Third, how does the N126K
mutation boost the E49K-mediated resistance while counteract-
ing L57R-mediated resistance? Fourth, while the E49K and N126K
mutations enhance the stability of viral 6-HB, why do the L57R
and E136G mutations act conversely? Fifth, what is the molecular
pathway of N163D-mediated enhancement for HIV-1 entry?

FIG 8 Inhibitory activity of wild-type and mutant N36 and C34 peptides
determined by single-cycle infection assay. (A) Inhibition by N36 and its mu-
tants of HIV-1NL4-3 pseudoviruses. (B) Inhibition by C34 and its mutants of
HIV-1NL4-3 pseudoviruses. Data were derived from three independent ex-
periments. The numbers in parentheses are IC50s (means and standard
deviations).

FIG 9 Modeling of MTSC22 resistance mutations on the 6-HB by the pro-
gram PyMOL. (A) Analysis of the E49K and L57R mutations on the 6-HB
formed by MTSC22 and an NHR-derived peptide (Protein Data Base ID code
3VU6). The pocket on the NHR helices is inserted by three hydrophobic resi-
dues (Trp117, Trp120, and Ile124) from the N-terminal pocket-binding do-
main of MTSC22. The M-T hook structure (green) of MTSC22 interacts with
both Leu57 (blue) and Trp60 (marine) located at the left wall of the deep
pocket. Therefore, Leu57 has extensive hydrophobic interactions with both the
M-T hook residues and the pocket-binding residues to stabilize the binding of
MTSC22. The residue Glu49 (purple) is located closely upstream of the pocket,
and it can mediate a salt-bridge interaction with the positively charged lysine at
position 20 (Lys20) of MTSC22. (B) Analysis of the N126K and E136G muta-
tions on the 6-HB structure formed by N36 and C34 (Protein Data Base ID
code 1AIK). The residues Asn126 and Glu136 are located, respectively, at the c
and f positions of a CHR helix, corresponding to the outside of the binding
surface of a CHR helix.
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Therefore, it is critical to explore the interactions and compensa-
tory effects between these primary and secondary mutations.

In summary, we have successfully selected and characterized
HIV-1 variants that are highly resistant to MTSC22, a novel short-
peptide fusion inhibitor containing the M-T hook structure. Two
primary mutations, E49K and L57R, located at the inhibitor-bind-
ing site of gp41 NHR, and two secondary mutations, N126K and
E136G, located at the gp41 CHR, were identified as conferring
resistance either singly or in combination. We have demonstrated
the effects of MTSC22-induced mutations on the binding affinity
of inhibitors that specifically target the gp41 pocket, the Env-me-
diated virus entry, the conformation and stability of 6-HB struc-
ture, as well as on the antiviral activity of NHR- and CHR-derived
model peptides. The present study provides new insights into the
molecular pathways and mechanisms of HIV-1 resistance to di-
verse viral fusion inhibitors and will help further our understand-
ing of the structure-function relationship of gp41 and the struc-
ture-activity relationship (SAR) of novel HIV-1 entry inhibitor
peptides targeting gp41.
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