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Mechanism of HIV-1 Resistance to Short-Peptide Fusion Inhibitors
Targeting the Gp41 Pocket
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ABSTRACT

The deep hydrophobic pocket on the N trimer of HIV-1 gp41 has been considered an ideal drug target. On the basis of the M-T
hook structure, we recently developed short-peptide-based HIV-1 fusion inhibitors (MTSC22 and HP23), which mainly target
the pocket site and possess highly potent antiviral activity. In this study, we focused on investigating their resistance pathways
and mechanisms by escape HIV-1 mutants to SC22EK, a template peptide for MTSC22 and HP23. Two substitutions, E49K and
N126K, located, respectively, at the N- and C-heptad repeat regions of gp41, were identified as conferring high resistance to the
inhibitors targeting the pocket and cross-resistance to enfuvirtide (T20) and sifuvirtide (SFT). The underlying mechanisms of
SC22EK-induced resistance include the following: (i) significantly reduced binding affinity of the inhibitors, (ii) dramatically
enhanced interaction of the viral six-helix bundle, and (iii)severely damaged functionality of the viral Env complex. Our data
have provided important information for the structure-function relationship of gp41 and the structure-activity relationship of
viral fusion inhibitors.

IMPORTANCE

Enfuvirtide (T20) is the only HIV-1 fusion inhibitor in clinical use, but the problem of resistance significantly limits its use, call
ing for new strategies or concepts to develop next-generation drugs. On the basis of the M-T hook structure, short-peptide
HIV-1 fusion inhibitors specifically targeting the gp41 pocket site exhibit high binding and antiviral activities. Here, we investi-
gated the molecular pathway of HIV-1 resistance to the short inhibitors by selecting and mapping the escape mutants. The key
substitutions for resistance and the underlying mechanisms have been finely characterized. The data provide important infor-
mation for the structure-function relationship of gp41 and its inhibitors and will definitely help our future development of novel

drugs that block gp41-dependent fusion.

Entry of human immunodeficiency virus type 1 (HIV-1) into
target cells is mediated by its trimeric envelope (Env) glyco-
protein, which consists of the gp120 surface subunit and the non-
covalently associated gp41 transmembrane subunit (1, 2). In a
generally accepted model, gp120 binding to cellular CD4 and a
chemokine receptor (CCR5 or CXCR4) triggers a cascade of con-
formational changes in the Env complex and activates the fusion
machinery of gp41. First, the N-terminal hydrophobic fusion pep-
tide of gp41 is released from the gp120 grip and inserts into the cell
membrane. Subsequently, its three C-terminal heptad repeats
(CHR) fold in an antiparallel orientation onto the trimeric N-ter-
minal repeats (N trimer), resulting in the formation of a hairpin-
like six-helix bundle (6-HB) that pulls the viral and cellular mem-
branes together for the fusion reaction (3-5). Prominently, a deep
hydrophobic pocket at the basis of the N-trimer groove is docked
by several hydrophobic residues from the pocket-binding domain
(PBD) of the CHR helix, which stabilizes the 6-HB structure and
determines the fusogenic activity of gp41.

Peptides corresponding to the N-terminal heptad repeat
(NHR, or N peptide) and CHR (C peptide) regions of gp41 pos-
sess potent anti-HIV activities in vitro and in vivo (6, 7). Both the
N and C peptides act as decoys to block 6-HB formation in a
dominant negative manner during fusion-inducing conforma-
tional changes of gp41. The drug T20 (enfuvirtide), a 36-residue
peptide derived from the native CHR sequence, is the first and
only clinically approved HIV-1 fusion inhibitor; however, drug
resistance is a significant clinical problem (8-14). The mutations
responsible for T20 resistance are predominantly mapped to the
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inhibitor-binding sites on the NHR region, particularly within the
hydrophobic amino acid Gly36-Leu45 stretch. In addition to pri-
mary NHR mutations, some substitutions on CHR also contrib-
ute to the resistance as secondary mutations, such as N126K and
S138A (15-17). In addition to the low resistance barrier of T20, its
use in a clinical setting is limited by several additional factors,
which include the requirement for twice-daily injections at high
dosage, severe injection site reactions, and the availability of some
alternative options with more favorable resistance and conve-
nience profiles. Therefore, a number of next-generation peptide
fusion inhibitors with significantly improved pharmaceutical
properties have been developed based on the CHR sequence, in-
cluding sifuvirtide (SFT; 36 residues) (18), TRI-1144 (T2635; 38
residues) (19), and SC34EK (34 residues) (20). In an advanced
stage, SFT has been approved for clinical phase III trials in China
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and will hopefully become the second HIV-1 fusion inhibitor for
clinical use. However, SFT has a low genetic barrier to developing
drug resistance during in vitro selection, and the resulting HIV-1
mutants display high cross-resistance to T20 (17). Similarly, sev-
eral other inhibitors, such as T1249 and SC34EK, can easily select
drug-resistant viruses with the mutations largely overlapping
T20- and SFT-resistant sites (15, 16, 21). Therefore, new strategies
and concepts are urgently required to develop next-generation
drugs that target the HIV-1 fusion process.

The deep hydrophobic pocket of gp41 is less prone to drug-
resistant mutations as the pocket-forming residues are extremely
conserved during HIV-1 evolution so that the virus may not tol-
erate any induced substitutions (22, 23). Unfortunately, short
peptides or small molecules that target the pocket site often lack
high anti-HIV activity, most likely due to their weak binding af-
finity (24-29). Our recent findings on the M-T hook structure
have provided a new strategy to meet the challenge (30, 31). We
demonstrated that two M-T hook residues can dramatically en-
hance the binding affinity and antiviral activity of C peptides (31—
35). On the basis of the M-T hook strategy, we first created a
24-residue peptide inhibitor named MTSC22, which mainly tar-
gets the deep pocket rather than the T20- or SFT-resistant site
(32). Based on the structure-activity relationship (SAR) of
MTSC22, we recently designed a 23-residue peptide named HP23,
which exhibited the highest binding stability and the most potent
antiviral activity among a panel of peptide fusion inhibitors (35).
More promisingly, HP23 had dramatically improved activity to
inhibit diverse drug-resistant HIV-1 mutants and a high genetic
barrier to developing resistance. In contrast, the template peptide
SC22EK, which lacks the M-T hook structure, easily induced
high-level HIV-1 resistance in a parallel in vitro selection (33). In
this study, we focused on investigating the molecular pathway of
SC22EK-induced resistance in order to gain new insights into the
structure-activity relationship of HIV-1 fusion inhibitors. Sur-
prisingly, we found that replacement of Glu49 by lysine (E49K),
located near the hydrophobic pocket on the N trimer, conferred
high resistance to the pocket-targeting short-peptide inhibitors
and mediated mild cross-resistance to the first- and next-genera-
tion fusion inhibitors, while the N126K substitution in the CHR
helix might serve as a second mutation to boost E49K-mediated
resistance. The underlying molecular mechanisms were finely
characterized.

MATERIALS AND METHODS

Peptide synthesis. The C peptides including, C34, C34,,,6x> 120, SFT,
SC22EK, MTSC22, MTSC21, MTSC19, HP23, HP23E, and HP22, and the
N peptides, including N36 and N36,9 (Fig. 1), were synthesized using a
standard solid-phase FMOC (9-fluorenylmethoxy carbonyl) method as
described previously (31). All peptides were acetylated at the N terminus
and amidated at the C terminus and purified by reversed-phase high-
performance liquid chromatography (HPLC). They were verified for pu-
rity of >95% and correct amino acid composition by mass spectrometry.
Peptide concentrations were determined using UV absorbance and a
theoretically calculated molar extinction coefficient € (280 nm) of 5,500
M~ ' cm !and 1.490 M~ ' - cm ™, based on the number of tryptophan
and tyrosine residues, respectively (36).

Selection of SC22EK-resistant viruses. The in vitro selection of HIV-1
resistance to the peptide inhibitor SC22EK was performed as described
previously (17). Briefly, viral stocks of HIV-1y,, ; were generated by
transfecting 293T cells with an encoding plasmid. MT-4 cells were seeded
at 1 X 10* in RPMI 1640 medium containing 10% fetal bovine serum
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FIG 1 Schematic illustration of HIV-1 gp41 and peptide fusion inhibitors.
The gp41 numbering of HIV-1,yg, is used. FP, fusion peptide; NHR, N-ter-
minal heptad repeat; CHR, C-terminal heptad repeat; TM, transmembrane
domain. The sequences corresponding to the T20-resistant site are highlighted
in bold, the sequences corresponding to the NHR pocket region are shown in
blue, and the sequences corresponding to the CHR pocket-binding domain
(PBD) are shown 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 substitution in the N peptide N36 and the N126K substitution in the
C peptide C34 are highlighted in green.

(FBS) on 12-well plates. The virus was used to infect the cells in the pres-
ence or absence of diluted SC22EK. Cells were incubated at 37°C with 5%
CO, until an extensive cytopathic effect was observed. Culture superna-
tants 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 super-
natant were harvested at regular time points and stored at —80°C.

Site-directed mutagenesis. HIV-1,, , 5 Env mutants were generated
using double-stranded DNA templates and selection of mutants with a
restriction enzyme (Dpnl) as described previously (37). Briefly, two prim-
ers contained the desired mutation and occupied the same starting and
ending positions on opposite strands of the plasmid. DNA synthesis was
conducted by PCR in a 50-pl reaction volume using 1 ng of denatured
plasmid template, 50 pM upper and lower primers, and 5 U of the high-
fidelity polymerase PrimeStar (TaKaRa, Dalian, China). PCR amplifica-
tion was carried out 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 Dpnl for 1
h at 37°C, and Dpnl-resistant molecules were recovered by transforming
Escherichia coli strain DH5a to antibiotic resistance. The successful mu-
tations were confirmed by sequencing.

Single-cycle infection assay. HIV-1 entry and its inhibition were de-
termined by single-cycle infection assay as described previously (38).
Briefly, HIV-1 pseudovirus was generated by cotransfecting 293T cells
with an Env-expressing plasmid and a backbone plasmid, pSG3“<™, that
encodes an Env-defective, luciferase-expressing HIV-1 genome. Superna-
tants were harvested 48 h after transfection, and 50% tissue culture infec-
tious doses (TCIDs,) were determined in TZM-bl cells. Peptides were
prepared in 3-fold dilutions and mixed with 100 TCID,, of viruses and
then incubated for 1 h at room temperature. The mixture was added to
TZM-bl cells (10* cells/well) and incubated for 48 h at 37°C. The luciferase
activity was measured using luciferase assay reagents and a luminescence
counter (Promega, Madison, Wisconsin, USA).

CD spectroscopy. Circular dichroism (CD) spectroscopy was per-
formed according to our previously described protocols (39). Briefly, a
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FIG 2 Alignment of the amino acid sequence of NHR and CHR of HIV-1y , 5 and its selected mutants. The positions of selected substitutions are in bold, and
numbering is according to that of HIV-1j;45, gp41. The pocket-forming sequence in NHR and the pocket-binding domain in CHR are underlined. WT, wild

type.

CHR peptide was incubated with an equal molar concentration of N36 or
its mutant (N36g,.) 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 subtrac-
tion of a solvent blank. The a-helical content was calculated from the CD
signal by dividing the mean residue ellipticity [6] at 222 nm by the value
expected for 100% helix formation (—33,000° - cm?® - dmol ™ "). Thermal
denaturation was performed by monitoring the ellipticity change at 222
nm from 20°C to 98°C at a rate of 1.2°C/min.

Detection of 6-HBs by ELISA. Two 6-HB conformation-specific
monoclonal antibodies (NC-1 and 17C8), which react with the N36
and C34 complex but not the isolated peptides, were described previ-
ously (40, 41). To detect the reactivity of 6-HBs with monoclonal
antibodies (MAbs), the wells of an enzyme-linked immunosorbent
assay (ELISA) plate were coated with the isolated or mixed peptides at
10 pg/ml and blocked by 3% bovine serum albumin (BSA). The anti-
6-HB MAD at 5 pg/ml was added to the wells and incubated at 37°C for
1 h. After three washes, the bound antibodies were detected by horse-
radish peroxidase (HRP)-conjugated anti-mouse IgG (Sigma). The
reaction was visualized by addition of 3,3,5,5-tetramethylbenzidine,
and the A5, was measured.

RESULTS

Selection of SC22EK-resistant HIV-1 mutants. To characterize
the structure-function relationship of HIV-1 fusion inhibitors, we
previously conducted in vitro selection of escape HIV-1 mutants
to the short C peptide SC22EK (33). As shown previously, the
concentration of SC22EK could be raised to 8,000 nM after 22
generations of virus passage. To determine the mechanism of
SC22EK-induced resistance, we continued to culture the virus for
an additional five passages, wherein the peptide concentration was
raised as high as 48,000 nM. The entire env genes of resistant
viruses were PCR amplified and sequenced. As shown in Fig. 2, all
14 Env clones (V1 to V14) possess D36G and E49K substitutions
in the NHR region of gp41. Of them, two Envs (V3 to V4) carry an
additional L34S substitution in NHR, and 10 Envs (V5 to V14)
carry an N126K substitution in CHR. In addition, the V4 Env
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clone has an E136G substitution. No consistent substitutions were
observed in the other regions of gp41 or in gp120 sequence.

It is worth noting that the majority of circulating HIV-1 strains
carry a glycine at position 36 (Gly36), but the virus HIV-1y; 4.5
used in the escape selection harbors an aspartic acid (Asp36),
which is known to confer natural resistance to T20. A conversion
of D36G has been frequently observed during virus culture even in
the absence of peptide inhibitors (10, 15), indicating that it is an
HIV-1yy4.5-specific phenotype rather than specifically induced by
SC22EK. Second, the N126K substitution readily emerges both in
vitro and in vivo, and it is recognized as a secondary mutation.

Resistance profiles of SC22EK-based short-peptide fusion
inhibitors. To characterize the residues responsible for SC22EK
resistance, we introduced substitutions into the Env of HIV-1,;, 5
either singly or in combinations, resulting in a panel of 12 mutant
Envs (Table 1). The substitutions were verified by DNA sequenc-
ing, and the expression of HIV-1 Env glycoprotein was confirmed
by Western blot analysis (data not shown). The corresponding
HIV-1y; 4.5 pseudoviruses were then generated, and their suscep-
tibility to SC22EK was first measured by a single-cycle infection
assay. Among the single substitutions, E49K conferred high resis-
tance to SC22EK (21.86-fold), while N126K mediated modest re-
sistance to the inducer (2.52-fold). Apparently, the combined sub-
stitution of E49K with N126K or E136G resulted in significant
increases in the fold change in resistance to SC22EK, such as the
mutants with E49K/N126K (44.74-fold), L34S/D36G/E49K/
N126K (51.71-fold), and L34S/D36G/E49K/E136G (52.73-fold).
Next, we focused on comparing the resistance profiles of the
short-peptide inhibitors MTSC22 and HP23, which were devel-
oped using SC22EK as a template and possess high binding and
inhibitory activities. As shown in Table 1, the single E49K substi-
tution resulted in 49.25-fold resistance to MTSC22 and 11.24-fold
resistance to HP23. Similarly, E49K in combination with N126K
or E136G could significantly escalate the level of resistance. In
comparison, the D36G and L34S substitutions had little or no
contribution to SC22EK-induced resistance. As a control, no
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TABLE 1 Resistance profiles of HIV-1 mutants to diverse HIV-1 fusion inhibitors

Cross-resistance to the indicated large fusion inhibitor?

Resistance to the indicated short-peptide fusion inhibitor®

C34

SFT

T20

HP23

MTSC22

SC22EK

Fold Fold Fold Fold

Fold

Fold

HIV-1y 4.5 virus or

mutant

5804 jviasm.org

change
1

1C5,

change
1

1Cs, change  ICs,
1

change
1

IC,,

change

1

ICs,

change?

1C5°

1.09 = 0.12

1.28 £ 0.32
2.55 £ 0.15

66.9 = 0.16

0.45 £ 0.16
0.58 £ 0.08
0.55 *0.15
5.06 = 0.63

1.37 £ 0.43
1.69 £ 0.26
1.4 = 0.07

50.25 * 8.4

Wild type

L34S

1.72
0.55
2.85
2.93
1.66
1.79
2.32

1.87 £ 0.33
0.6 = 0.06

3.11 = 0.83
3.19 £ 0.24

1.99
0.89
2.88
2.17
1.52
2.02
2.08

3.41
0.03
2.95
3.54

228.12 £51.5
0.57

2.11 0.2

1.29
1.22

1.12 1.23
1.02

58.47 * 2.02
48.11 £5.82

1.14 £ 0.34
3.69 = 0.48
2.78 £ 0.16

0.96

D36G
E49K

197.5 = 13.49
236.9 £15.2

11.24

3.

49.25
1.9

67.47 = 10.18
2.6 = 0.09

21.86
2.52

1.71

1,098.67 £ 2.89
126.7 £ 3.96
85.84 = 15.2

16

1.43 £0.17
1.01 £0.23
4.95 + 0.48
1.33 £0.11

NI126K

1.81 £ 0.17
1.95 = 0.25
2.53 £ 0.19

1.95 £ 0.26
2.58 £ 0.36
2.66 * 0.35

38.13 = 2.67
10.8 £ 0.42
8.71 = 1.96

2.24

1.34

1.83 = 0.56

L34S/D36G
D36G/E49K

0.16
0.13

3.15

56.33 10.95
2.96

77.18 * 4.48
3.32 * 0.66

1,032.37 £ 147.63  20.54

131.1 £ 16.66
2,248.17 = 240.03

2.42

2.61

D36G/N126K

17.69
9.72
2.52
6.78
1

11.55 19.29 = 1.01

7.9
4.2

14.78 £ 1.03
10.11 £ 0.57
5.38 = 0.46

109.85 14.64 £ 0.51 32.53 204.2 += 50.81
34.14 £2.58
23.5*4.71

150.5 = 3.82

44.74

E49K/N126K

10.6 *= 0.37
2.75 £ 0.15

0.51
0.35
1.67

1.

32.62
8.42

14.68 * 2.63

3.79 = 0.35

28.15 157.25 = 19.77 114.78
31.95 £ 2.9 23.32

1,414.67 £ 141.36
635.89 = 195.76

D36G/E49K/N26K
L34S/D36G/E49K

12.66
51.71
52.73

% SC22EK and SC22EK-based short-peptide HIV-1 fusion inhibitors.

7.39 £ 2.77

10.8

13.82 £ 1.65
23.48 £ 1.46

99.16 £ 59.42

48.27

21.72 = 147
35.58 = 3.91

125.64

129.4

172.13 = 19.88
177.28 = 18.34

2,598.33 = 452.81
2,649.85 * 154.38

L34S/D36G/E49K/N126K
L34S/D36G/E49K/E136G

7.3

18.86 = 1.57

18.34

110.67 = 11.75 65

79.07

b T20 is a first-generation HIV-1 fusion inhibitor, SFT is a next-generation inhibitor, and C34 is a template peptide for SFT and many other inhibitors.

“1Csy, 50% inhibitory concentration.

9 Fold change in the IC5, was determined relative to the wild-type level.
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FIG 3 Relative infectivity of HIV-1y 4.5 and its mutant viruses. The wild-type
HIV-1y 4.5 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 back-
ground. The luciferase activity of HIV-1,;, 5 was treated as 100%, and the
relative infectivity of other mutant viruses was calculated accordingly. Data
were derived from the results of three independent experiments and are ex-
pressed as means * standard deviations.

characterized HIV-1 mutants were resistant to the viral reverse
transcriptase inhibitor zidovudine (AZT) (data not shown).

Cross-resistance to the first- and next-generation inhibitors.
The above results demonstrated that the glutamic acid-to-lysine
substitution (E49K) plays a key role in SC22EK-induced resis-
tance and mediates high cross-resistance to the short-peptide-
based fusion inhibitors that mainly target the gp41 pocket. We
asked whether the E49K substitution and its combinations ren-
dered cross-resistance to the first-generation fusion inhibitor T20
and the next-generation inhibitor SFT. The C peptide C34 was
also included in experiments because it was used as a design tem-
plate for SFT and many other inhibitors. The data are shown in
Table 1. As expected, the D36G mutant was highly sensitive to T20
compared to the sensitivity of the wild-type virus, but no signifi-
cant effect was observed on other inhibitors. Notably, a single
substitution (L34S, E49K, or N126K) just produced mild cross-
resistance to the three large inhibitors; however, a combination of
E49K with N126K or E136G could significantly boost the fold
change in resistance against C34 and SFT. Similarly, other combi-
nations had only a marginal role or no role in the observed resis-
tance. Taking these observations together, we concluded that a
single E49K substitution can confer high cross-resistance to three
short-peptide inhibitors targeting the deep pocket but that signif-
icant resistance against the large inhibitors (C34 and SFT) requires
its combination with the N126K or E136G substitution.

Effects of the SC22EK-induced substitutions on HIV-1 Env-
mediated cell entry. Previous studies demonstrated that HIV-1
resistance to a peptide fusion inhibitor often results in a partial or
dramatic loss of function of the target Env protein (15-17). To
address whether the acquisition of HIV-1 mutants resistant to
SC22EK coincided with a loss of gp41 function, we evaluated the
efficiency of viral entry into susceptible target cells in a single-cycle
reporter assay (Fig. 3). The infectivity of HIV-1y,, 5 wild-type
virus was normalized to 100%, and the relative infectivity of the
other mutants was calculated accordingly. It was found that a
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shown.

single substitution of L34S or E49K resulted in a substantial de-
crease in virus infectivity, while the D36G substitution caused a
significant increase, as expected. Consistently, the infectivity of
viruses carrying the E49K substitution combined with one or mul-
tiple other substitutions was dramatically reduced, with the mu-
tant of L34S/D36G/E49K/N126K showing the lowest entry
(1.1%). These data suggested that the residues Leu34 and Glu49 of
the NHR helix play a critical role in gp41-mediated HIV-1 fusion
and entry.

Effects of the E49K substitution on the binding affinity of
fusion inhibitors. Our above results indicated that the E49K sub-
stitution, located near the deep pocket site, plays a key role in
SC22EK-induced resistance. To explore the underlying mecha-
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nisms, we sought to determine the effect of the E49K substitution
on the binding affinity of each inhibitor. To this end, the N peptide
N36 with a natural sequence or with an E49K mutation (N3649x)
was synthesized as a target surrogate, and the a-helicity and ther-
mostability of 6-HBs formed by N36 or N36p,x and a C-peptide
inhibitor (SC22EK, MTSC22, HP23, C34, or SFT) were measured
by CD spectroscopy. The N peptide and C peptide were mixed at
equal molar concentrations and incubated at 37°C for 30 min. As
shown in Fig. 4 and 5, the CD spectra of all five peptide pairs
displayed double minima at 208 and 222 nm, which indicated the
formation of a-helical secondary structures. Obviously, the
6-HBs of N36p,0x and C34 or SFT exhibited significantly in-
creased a-helicity. The thermostability of each 6-HB, defined as
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FIG 5 Binding stability of C34, SFT, and a C34 mutant determined by CD spectroscopy. The a-helicity and thermostability of 6-HBs formed by C34 (A and B)

or SFT (C and D) with N36 or N36,,, were measured. The T,

., value was defined as the midpoint of the thermal unfolding transition. The final concentration

of each peptide in PBS is 10 wM. The binding stability of C34 carrying an N126K mutation (C34y,6x) With N36 or N36p,4, was similarly determined by CD
spectroscopy (E and F). The experiments were repeated at least three times, and representative data are shown.

the midpoint of the thermal unfolding transition (T,,) value, was
then determined. Compared to the wild-type N36, the mutant
peptide N36,0¢ resulted in significantly decreased T,, values for
three short-peptide inhibitors (SC22EK, MTSC22, and HP23),
which reflected their reduced binding affinity (Fig. 4). Interest-
ingly, the binding thermostability of C34 and SFT to N36y,0x
markedly increased compared to the binding to N36 (Fig. 5A to
D). The peptides N36 and C34 are, respectively, derived from the
NHR and CHR core sequences; thus, the increased binding stabil-
ity between C34 and N36,,ox could be translated into an enhanced
interaction between the viral NHR and CHR helices during the
fusion process.

The E49K and N126K substitutions synergistically enhance
thermostability of the 6-HB. The N126K substitution has been
widely recognized as a secondary mutation that can enhance the
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interaction between the NHR and CHR helices (10, 15-17). Here,
we found that the N126K substitution can boost E49K-mediated
resistance and enhance the interaction of N36 and C34. We were
interested to know whether the N126K substitution could further
enhance the interaction of the NHR and CHR helices in the con-
text of the E49K substitution. Thus, the C peptide C34 with an
N126K substitution (C34y;,6x) Was generated, and the a-helicity
and thermostability of N36y,x- and C34y,,¢x-based 6-HBs were
determined by CD spectroscopy (Fig. 5E and F). As expected, the
6-HBs of N36 and C34y,,4x had markedly increased T,, values
(71.1°C) relative to the value of the wild-type 6-HBs formed by
N36 and C34 (64°C). More interestingly, the combination of two
mutant peptides (N36p49x and C34y,6¢) created a 6-HB with
further increased a-helical content and thermostability (74°C).
Thus, two substitutions contributed a synergistic effect to enhance
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FIG 6 Effects of the E49K and N126K substitutions on the conformation of
6-HB structure. The reactivity of the 6-HBs formed by N36 and C34 or their
mutants with conformation-dependent MAbs NC-1 (A) and 17C8 (B) was
tested by ELISA. The peptide mixture was coated on the plate wells at 10 pg/ml,
and the final concentration of a tested MAb was 5 pg/ml. Data were derived
from three independent experiments and are expressed as means = standard
deviations. OD 5, optical density at 450 nm.

the interaction of NHR and CHR helices, which might change the
fusion kinetics of the virus.

The E49K and N126K substitutions interfere with the con-
formation of the 6-HB. The significantly increased thermostabil-
ity of 6-HBs formed by N36y,,4 and/or C34y,,4x peptides implied
that two substitutions might affect the conformation of the 6-HB
structure. To prove this hypothesis, an N peptide and a C peptide
were mixed at equal concentrations and coated on the ELISA plate
wells; then, two conformation-specific antibodies (NC-1 and
17C8) were used to detect the 6-HBs formed by the wild-type or
mutant peptides. As shown in Fig. 6, two antibodies reacted
strongly with the 6-HB formed by the wild-type N36 and C34;
however, the mutant peptide with the E49K substitution resulted
in a greatly decreased reactivity for both antibodies, suggesting a
conformational change to the 6-HB structure. Surprisingly, the
N126K substitution produced a 6-HB with dramatically increased
reactivity in the context of either N36 or N36,4¢. Taken together,
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both the E49K and N126K substitutions can directly or indirectly
result in a structural rearrangement for the 6-HB conformation,
which can decrease or increase the exposure of antibody-recog-
nized epitopes.

Structural basis of E49K-mediated resistance to short-pep-
tide inhibitors. We previously determined the crystal structures
of SC22EK and MTSC22 in complexes with a target N peptide
(T21), which provided a structural basis to the inhibitors (32). To
gain insights into how the E49K substitution impaired the binding
of short-peptide-based inhibitors (SC22EK, MTSC22, and HP23)
but greatly enhanced the binding of C34 and SFT, we here ana-
lyzed the atomic interactions based on the 6-HB structure (Fig. 7).
Clearly, the residue Glu49 together with the residues Ala47 and
Ile48 is involved in the formation of a hydrophobic patch on an
NHR helix, which has extensive interactions with the position 18
to 19 residues (Leu-Ile) of the inhibitors SC22EK and MTSC22.
Notably, the negatively charged Glu49 might also mediate a salt
bridge interaction with the positively charged lysine at position 20
(Lys20) of the inhibitors. Thus, the E49K substitution disrupts the
salt bridge, and an electrostatic repulsion is generated between the
inhibitor and targeting NHR helix. On the other hand, the pep-
tides C34 and SFT carry a natural glutamic acid corresponding to
the viral CHR sequence. Thus, the E49K substitution might intro-
duce a new salt bridge, which would favor the interaction of en-
dogenous NHR and CHR helices while disfavoring inhibitor bind-
ing. Regarding the E49K-mediated mild resistance to C34 and
SFT, itis speculated that the enhanced interaction of viral hairpins
might have an advantage over the increased binding affinity of
such inhibitors.

To further verify the results drawn from the structural model-
ing, we synthesized three additional peptides lacking the C-termi-
nal lysine (Fig. 1). The peptides MTSC19 and HP22 were gener-
ated by using MTSC22 and HP23, respectively, as templates,
which would prevent electrostatic interactions between the inhib-
itor and the target site, while the peptide HP23E was created by
mutating the lysine to glutamic acid in HP23, which would disrupt
the salt bridge with the wild-type target site but establish a salt
bridge with the mutant site. In addition, the peptide MTSC21,
which lacked the C-terminal serine but retained two lysine resi-
dues, was generated as a control. We compared their binding sta-
bility with that of N36 and N36y,.x by CD spectroscopy (Fig. 8).
As expected, the E49K substitution could significantly weaken the
binding of MTSC21, similar to its effect on the template MTSC22;
however, this substitution did not affect the binding of MTSC19
and HP22 as they interacted with the wild-type and mutant N36
with similar levels of thermostability. More interestingly, HP23E
bound to N36 with a sharply decreased thermostability (77.1°C)
compared to that of HP23 (87°C), but it bound to N36,9x with a
largely restored thermostability (84.1°C), implying an introduced
electrostatic interaction between N36p,ox and HP23E. These re-
sults verified the above structural analysis and suggested that the
E49K substitution-mediated electrostatic repulsion might dictate
the reduced binding of short-peptide inhibitors, including
SC22EK, MTSC22, and HP23, thereby conferring resistance.

DISCUSSION

Since its discovery, the deep hydrophobic pocket on the N-trimer
groove of HIV-1 gp41 has been considered an attractive drug tar-
get because of its high degree of conservation, poor tolerance to
substitution, and essential role in viral entry (22-24). Indeed, the
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FIG 7 Modeling of the E49K-mediated electrostatic interactions on the 6-HB by the program PyMOL. (A) Structural analysis of the E49K substitution-mediated
electrostatic repulsion to the short-peptide inhibitors (Protein Data Base identification [ID] code 3VU5), in which a C-terminal lysine at position 20 (K20) of
SC22EK may form a salt bridge interaction with glutamic acid at position 49 (E49) of the viral NHR helix. Thus, the E49K substitution would introduce an
electrostatic repulsion to the inhibitors. (B) Axial view of the salt bridge between E49 and K20 in the 6-HB. (C) 6-HB structure of N36 and C34 (Protein Data Base
ID code 1AIK). Position 20 of peptide C34 is a native glutamic acid (E20) corresponding to the viral CHR sequence. Thus, the E49K substitution might introduce
an electrostatic attraction between viral NHR and CHR helices. (D) 6-HB structure of N36 and SFT (Protein Data Base ID code 3VIE). Similarly, position 21 of
the SFT inhibitor carries a glutamic acid (E21), similar to the C34 and viral sequence; thus, the E49K substitution would enhance the binding affinity of SFT via

an introduced salt bridge interaction.

first-generation drug T20 that binds to the NHR groove just N-
terminal to the pocket is significantly more susceptible to resis-
tance mutations than next-generation C-peptide inhibitors con-
taining the pocket-binding sequence (6, 7, 26, 42, 43). The
electrostatically constrained short C peptide SC22EK mainly tar-
gets the pocket site, but it has relatively low inhibitory activity
(44); however, the M-T hook structure-modified SC22EK
(MTSC22 and HP23) has strikingly improved binding and inhib-
itory profiles, especially against diverse drug-resistant HIV-1 mu-
tants (32, 35). Promisingly, MTSC22 and HP23 possess dramati-
cally increased genetic barriers to the development of drug
resistance (33—35). In this study, we have finely characterized the
resistance pathway and mechanisms of short-peptide-based pocket-
targeting inhibitors by the selection of HIV-1 escape mutants.
Our studies have demonstrated that the glutamine acid-to-lysine
substitution at position 49 of the NHR helix (E49K) critically de-
termines the resistance profiles of SC22EK-based inhibitors and
that the asparagine-to-lysine substitution at position 126 of the
CHR helix (N126K) can synergistically enhance the resistance
phenotype. We have further demonstrated that the underlying
mechanisms of SC22EK-induced resistance include the following:
(i) significantly reduced binding affinity of the inhibitors, (ii) dra-
matically enhanced interaction of viral NHR and CHR helices,
and (iii) impaired function of the HIV-1 Env protein. These data
provide new insights into the structure-function relationship of
the gp41 fusion protein and the structure-activity relationship of
its fusion inhibitors. The presented information will definitely
help our development of next-generation HIV-1 fusion inhibi-
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tors, especially of short peptides or small molecules that can spe-
cifically target the deep-pocket site.

The in vitro selection of HIV-1 resistance to the first- and next-
generation peptide fusion inhibitors has identified a number of
substitutions in gp41, which are largely located at the inhibitor-
binding sites on the NHR region (15-17, 21, 45). For example, the
resistance to T20 and SFT has been predominantly mapped to
amino acids 36 to 45, with the GIV motif being a hot spot (17, 45).
The resistance to T2635 and SC34EK has been mapped to multiple
sites outside the NHR region, including the hot substitutions in
the gp41 loop and gp120 (15, 16). Actually, the E49K substitution
was rarely observed in previous studies in both in vitro and in vivo
settings (10, 13, 15-17, 45-47); however, it did emerge during the
selection by a short D-peptide inhibitor (PIE7-dimer) that specif-
ically targeted the deep pocket (27). Although the effect of a single
substitution was not evaluated, the authors showed that HIV-
luxs, pseudovirions carrying E49K/V591 double substitutions
conferred ~400-fold resistance to PIE7-dimer. Interestingly, the
E49K substitution was also selected by NHR-derived peptides
(N44, N36, and IZN36) that might target both NHR and CHR
sites (48, 49), but the studies showed that the single E49K substi-
tution mediated only mild resistance. In our case, this substitution
repeatedly resulted in an ~1.5-fold change in resistance to peptide
N36 (data not shown). Therefore, we speculate that the E49K sub-
stitution, located closely upstream of the deep pocket, might be a
specific response to the inhibitors that specifically bind to the
pocket region.

On the basis of mutational analysis and molecular docking,
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Eggink et al. described four resistance mechanisms for peptide
HIV-1 fusion inhibitors, including reduced contact, steric ob-
struction, electrostatic repulsion, and electrostatic attraction (50).
Based on the structure of SFT and its resistance mutations, we also
proposed several additional mechanisms, such as hydrogen bond
disruption and hydrophobic contact disruption (51). Apparently,
our present studies demonstrated that the electrostatic interac-
tions may play key roles in the E49K-mediated resistance pathway.
The electrostatic repulsion would occur between a short-peptide
inhibitor and the NHR target, resulting in significantly increased
binding affinity, while the electrostatic attraction can occur be-
tween the viral NHR and CHR (i.e., 6-HB) that greatly enhances
the ability of virus to compete against the inhibitors. A body of
evidence has already indicated that the bundle-stabilizing muta-
tions can accelerate fusion kinetics and thus decrease the time
frame for inhibitor interference (50, 52, 53). Furthermore, HIV-1
resistance to drugs often results in a partial or dramatic loss of the
target protein, as described for reverse transcriptase, protease, and
Env proteins (15-17). This is particularly the case for gp41-depen-
dent peptide fusion inhibitors (16, 17, 21, 54). Recently, Eggink et
al. demonstrated a strong inverse correlation between the level of
T2635-induced resistance and viral activity in cell entry (16). Our
data have also demonstrated that the E49K mutant virus has strik-
ingly decreased infectivity compared with that of the wild-type
virus (Fig. 3), further supporting the impaired Env function being
a critical factor in resistance.

The N126K substitution, which is located near the pocket-
binding domain (PBD) of the CHR helix, was quite predominant
among HIV-1 variants. Actually, this substitution has been fre-
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quently observed during escape selection against diverse C-pep-
tide inhibitors (10, 15-17, 21, 46) and in prolonged T20-contain-
ing clinical therapy (11-14, 52, 55, 56). Similar to the observed
S138A and E154K substitutions (52, 57), the N126K substitution
has been considered a secondary mutation that can compensate
the delayed fusion kinetics caused by primary resistance substitu-
tions. Several studies also described an improved thermal stability
and/or improved free energy of the 6-HB with the secondary sub-
stitutions in the CHR region (8, 53, 58, 59). Interestingly, the
removal of the glycan at position 126 can also enhance the thermal
stability of the NHR-CHR complex (60). In this study, we found
again that a single N126K substitution could render the virus
mildly resistant to diverse inhibitors (~3-fold), which empha-
sized that the mechanism of N126K-mediated resistance is an en-
hanced viral 6-HB rather than direct binding. Our biophysical
data indicated that the N126K substitution did enhance the inter-
action between the NHR and CHR helices strikingly. Notably, the
N126K substitution could further enhance the thermal stability of
the 6-HB in the presence of the E49K substitution. In other words,
two substitutions might synergistically fortify the interactions of
the endogenous NHR and CHR helices, which would favor the
virus to compete against the inhibitors. Further, our studies with
two conformation-dependent antibodies have also revealed that
both the E49K and N126K substitutions may significantly rear-
range the conformation of the 6-HB structure. It is conceivable
that structural changes, binding enhancement, and viral fusion
kinetics are highly coordinated for resistance. In an evolutionary
setting, the virus would like to find a balance between the resis-
tance, the viral fitness, and the ease of emergence of the codon
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change required for escape. Combined, these data expand our
knowledge from different angles to understand the mechanisms of
HIV-1 resistance to the fusion inhibitors and will guide our future
design of next-generation drugs that specifically target the gp41
pocket.
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