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ABSTRACT 20 (enfuvirtide) and other peptides derived from the human immunode-
ficiency virus type 1 (HIV-1) gp41 C-terminal heptad repeat (CHR) region inhibit HIV
fusion by binding to the hydrophobic grooves on the N-terminal heptad repeat
(NHR) trimer and blocking six-helix-bundle (6-HB) formation. Several strategies focus-
ing on the binding grooves of the NHR trimer have been adopted to increase the
antiviral activity of the CHR peptides. Here, we developed a novel and simple strat-
egy to greatly enhance the potency of the existing peptide-based HIV fusion inhibi-
tors. First, we identified a shallow pocket adjacent to the groove in the N-terminal
region of NHR trimer as a new drug target, and then we designed several short arti-
ficial peptides to fit this target. After the addition of IDL (lle-Asp-Leu) to the C termi-
nus of CHR peptide WQ or MT-WQ, the conjugated peptides, WQ-IDL and MT-WQ-
IDL, showed much more potent activities than WQ and T20, respectively, in
inhibiting HIV-1 llIB infection. WQ-IDL and MT-WQ-IDL were also more effective than
WQ in blocking HIV-1 Env-mediated membrane fusion and had higher levels of
binding affinity with NHR peptide N46. We solved the crystal structure of the 6-HB
formed by MT-WQ-IDL and N46 and found that, besides the N-terminal MT hook tail,
the IDL tail anchor of MT-WQ-IDL also binds with the shallow hydrophobic pocket
outside the groove of the NHR trimer, resulting in enhanced inhibition of HIV-1 fu-
sion with the target cell. It is expected that this novel approach can be widely used
to improve the potency of peptidic fusion inhibitors against other enveloped viruses
with class | fusion proteins.

IMPORTANCE The hydrophobic groove of the human immunodeficiency virus type
1 (HIV-1) gp41 NHR trimer has been known as the classic drug target to develop fu-
sion inhibitors derived from the gp41 CHR. Here, we developed a novel and simple
strategy to improve the existing peptide-based HIV fusion inhibitors. We identified a
shallow pocket adjacent to the groove in the NHR trimer and added a short artificial
peptide consisting of three amino acids (IDL) to the C terminus of a fusion inhibitor
to fit this new target. The inhibition activity of this new conjugated peptide was sig-
nificantly enhanced, by 77-fold, making it much more potent than T20 (enfuvirtide)
and suggesting that the IDL tail can be adopted for optimizing existing HIV-1 CHR
peptide fusion inhibitors. This new approach of identifying a potential binding
pocket outside the traditional target and creating an artificial tail anchor can be
widely applied to design novel fusion inhibitors against other class | enveloped vi-
ruses, such as Middle East respiratory syndrome coronavirus (MERS-CoV).
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uman immunodeficiency virus (HIV) entry into the target cell is initiated by binding

of the viral envelope glycoprotein (Env) surface subunit gp120 to the receptor CD4
and a coreceptor (CCR5 or CXCR4) on the target cell, triggering a cascade of confor-
mational changes of the transmembrane subunit gp41. The C-terminal heptad repeat
(CHR) and N-terminal heptad repeat (NHR) of gp41 interact with each other (Fig. 1A and
B) to form a stable six-helix bundle (6-HB), in which three CHR helices pack into the
hydrophobic grooves on the NHR trimer core in an antiparallel way to pull viral and
target cell membranes into close proximity for fusion (1, 2).

In the early 1990s, Jiang et al. (3) reported that peptides derived from the gp41 CHR
sequence exhibit potent anti-HIV type 1 (HIV-1) activity. One of the CHR peptides, T20
(enfuvirtide [Fuzeon]; Genentech), was approved by the U.S. FDA as the first HIV
fusion/entry inhibitor for treatment of HIV-infected patients who fail to respond to the
current antiretroviral drugs.

It has been reported that HIV-1 can spread directly from productively infected cells
to neighboring cells via virological synapses, a process that is 100- to 1,000-fold more
efficient than infection with cell-free virions (4). Recent studies have shown that HIV
cell-cell transmission is responsible for the death of most (~95%) CD4 T cells (5) and
that the deletion of T cells is the main reason for most symptoms of AIDS (6). Therefore,
entry/fusion inhibitors like T20 that can effectively block the cell-cell fusion induced by
HIV Env have significant advantages in treating HIV infection and AIDS. However, the
clinical application of T20 is limited by its low potency, high dosage, and susceptibility
to drug resistance (7, 8). Therefore, developing new peptide fusion inhibitors with
improved anti-HIV-1 activities and drug resistance profiles remains urgent.

Several strategies have been developed to optimize CHR-derived inhibitors, such as
the introduction of EE-KK double mutations and salt bridges to enhance peptides’
a-helicity and solubility (9-11), conversion of a-amino acids to B-amino acids to
strengthen their antiprotease ability (12), and stabilization of CHR peptides by con-
structing trimers (13). Point mutations have been introduced to enhance the binding of
CHR peptides to the hydrophobic grooves on the NHR trimer (14). A pocket-binding
domain (PBD) was added to the N terminus of a CHR peptide (e.g., T20) to strengthen
the interaction between the CHR peptide and the deep hydrophobic pocket in the
C-terminal groove region on the NHR trimer (15). Adding Met and Thr, which form a
hooklike structure, to the N terminus of the PBD in a CHR peptide could further increase
the binding affinity of an inhibitor to the C terminus of the NHR trimer (16). Based on
these results, we speculated that increasing the binding affinity of an inhibitor to the
N terminus of the NHR trimer could also significantly improve the inhibitory activity.
However, this strategy has never been reported yet, implying a significant challenge in
enhancing interaction between an inhibitor and the N-terminal region of NHR, unless
we could find more target binding site(s) besides the traditional hydrophobic groove.

In this study, we identified a new hydrophobic pocket outside the hydrophobic
groove in the N-terminal region of the NHR trimer as an ideal new target to improve
the activity of an inhibitor. Then, we intentionally added 2 or 3 artificial amino acid
residues to the C terminus of a CHR peptide to act as a tail anchor to fit the new
pocket-binding target. We found that this tail anchor could significantly enhance the
inhibitory activity, by up to 77-fold. These results confirmed our assumptions and
proved the great potential of this strategy in inhibitor optimization.

RESULTS AND DISCUSSION

Addition of an artificial peptide tail anchor, IDL (lle-Asp-Leu), to the C terminus
of the WQ peptide resulted in enhanced anti-HIV-1 activity. To identify a new
binding pocket outside the hydrophobic grooves of the NHR trimer as a novel target,
we used computer modeling (17) to analyze the crystal structure of the NHR trimer (18)
and observed a shallow pocket in the N-terminal region (L544 to V549) of the NHR
domain, designated the N-terminal pocket (Fig. 1C). Since it is located far from the
binding groove, CHR residues, such as Q653, cannot reach and bind to it. The distance
between Q653 and the N-terminal pocket could accommodate 2 to 4 amino acid
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FIG 1 Schematic illustration of HIV-1 gp41 and 6-HB. (A) Domain distribution of HIV-1 gp41. CP, cytoplasm region; TM,
transmembrane region; TR, tryptophan-rich region; CHR, C-terminal heptad repeat; PBD, pocket binding domain; NHR,
N-terminal heptad repeat; PFD, pocket-forming domain; FP, fusion peptide region. (B) NHR and CHR bind through residues
at the a and d sites and the e and g sites. (C) Crystal structure of gp41 NHR trimer (PDB 2X7R) is shown as an electrostatic
surface. Red circle indicates N-terminal hydrophobic pocket formed by aa 544 to 549 of NHR, a potential new binding
target on gp41 NHR for a fusion/entry inhibitor. Purple circle indicates the NHR C-terminal hydrophobic pocket. Green box
indicates the hydrophobic groove for CHR binding.

residues. Certain hydrophobic residues with long side chains, such as Met, Trp, Tyr, lle,
and Leu, are needed to bind to this hydrophobic pocket. Considering the possibility
that this artificial tail might adopt a B-strand-like conformation, hydrophilic residues
should also be included between adjacent hydrophobic ones.
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FIG 2 Inhibitory activities of the conjugated peptides against HIV-1 infection. (A) Inhibitory activities of WQ-SM, WQ-SW, WQ-SY,
WQ-SDLD, WQ-LDL, and WQ against HIV-1 llIB (X4 virus) infection. (B) Inhibitory activities of WQ, WQ-LDL, WQ-IDI, WQ-LDI, WQ-IDL,
and T20 against HIV-1 Bal (R5 virus) infection. (C) Inhibitory activities of WQ, WQ-IDL, MT-WQ-IDL, MT-WQ, and MT-WQ-IDL scrambled
peptide against HIV-1 Bal (R5 virus) infection. (D) Inhibitory activities of peptides against cell-cell fusion between H9/HIV-1; cells and

MT-2 cells. Error bars show standard deviations.

Accordingly, we designed 5 artificial peptide tails, each containing 2 to 4 amino acid
residues, including SM, SW, SY, SDLD, and LDL, and linked these peptide tails individ-
ually to the C terminus of WQ, a 26-mer CHR-derived peptide (Fig. 1A). These conju-
gated peptides were tested for their levels of inhibitory activity against infection by
HIV-1 11IB, a tier 1 X4 strain. As shown by the results in Fig. 2, the anti-HIV-1 IlIB activities
of peptides WQ-SM, WQ-SW, WQ-SY, and WQ-SDLD were slightly (2- to 3-fold) better
than that of WQ, while the WQ-LDL peptide was about 33-fold more potent than WQ.

Based on the success of WQ-LDL, we further designed WQ-IDI, WQ-LDI, and WQ-IDL
peptides (Fig. TA) and compared their antiviral activities against HIV-1 llIB. As shown by
the results in Table 1, peptides WQ-IDI and WQ-LDI showed antiviral activities similar to
that of WQ-LDL, while WQ-IDL was about 2.3-, 77.1-, and 44.9-fold more effective than
WQ-LDL, WQ, and T20, respectively. This result suggests that IDL is the most effective
peptide tail for binding the CHR peptide WQ to the newly identified N-terminal pocket
on the NHR trimer.

We then compared the antiviral activities of the conjugated peptides WQ-LDL,
WQ-IDI, WQ-LDI, and WQ-IDL with those of WQ and T20 against infection by HIV-1 Bal,
a tier 1 R5 strain. As shown by the results in Fig. 2B and Table 1, all four conjugated
peptides were much more effective in inhibiting HIV-1 Bal infection than WQ or T20.
WQ-IDL was the most effective among those four peptides, with a 50% inhibitory
concentration (IC5,) of 2.5 nM, about 50- and 28-fold more potent than WQ and T20,
respectively, further confirming that the addition of the IDL peptide tail to the C
terminus of a CHR peptide can enhance its anti-HIV-1 activity.
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TABLE 1 Inhibitory activities and helicity of conjugated peptides and control peptides

Secondary structure

Mean IC;, = SD (nM)@ (with N46)

HIV-1 llIB HIV-1 Bal Cell-cell Helicity
Peptide (tier 1) (tier 1) fusion (%) T, (°C)
wQ 1234+ 6.5 1262 £9.2 159.5 = 9.5 83.8 65.1
WQ-LDL 3.7*x1.1 3.6 *0.2 6.4 x27 86.0 80.9
WQ-IDI 3703 32+0.2 6.4+ 18 85.2 81.9
WQ-LDI 36*+0.2 3.1+0.1 72*10 84.2 80.5
WQ-IDL 1.6 £ 0.1 25+0.1 56+1.2 85.1 81.8
MT-WQ-IDL 0.6 0.1 0.6 = 0.1 1.2+0.2 90.8 90.7
MT-WQ 88 *04 6.7 0.5 148 =28 84.4 74.8
T20 718 £22 70.5 £ 0.9 91.0*+1.2 NA® NA
C34 72*0.2 76 *+0.2 188 = 1.6 85.0 67.9

aC,, data were derived from the results of three independent experiments.
bNA, not applicable.

A previous study revealed that the addition of Met and Thr residues to the N
terminus of SC22EK, a CHR peptide, could strengthen its activity because these two
residues can form a hooklike structure that allows the N-terminal region of the CHR
peptide to anchor tightly into the deep hydrophobic pocket in the groove of the
C-terminal region of the NHR trimer (19). In this study, we also added Met and Thr to
the N terminus of WQ-IDL and tested the antiviral activity of MT-WQ-IDL against HIV-1
lIB infection. As expected, the IC;, of MT-WQ-IDL reached as low as 0.6 nM for
inhibiting HIV-1 IlIB infection, which is about 2.7-, 206-, 14.7-, 12.0-, and 120-fold more
potent than WQ-IDL, WQ, MT-WQ, C34, and T20, respectively (Table 1). Meanwhile, the
scrambled version of peptide MT-WQ-IDL (Fig. 1A) had no anti-HIV-1 activity. This result
indicated that the arrangement of the amino acid residues is highly relevant to its
inhibition activity. Similarly, MT-WQ-IDL was about 4.2-, 210-, 11.2-, 12.7-, and 118-fold
more potent than WQ-IDL, WQ, MT-WQ, C34, and T20, respectively, for inhibiting HIV-1
Bal infection (Fig. 2C), while the scrambled MT-WQ-IDL peptide showed no inhibition
activity. These results suggest that the simultaneous addition of both MT and IDL tails
to the N and C termini, respectively, of the WQ peptide can further increase the potency
of WQ, possibly because these two tails allow the N- and C-terminal regions of the
peptide to bind more strongly and stably with the C- and N-terminal pockets, respec-
tively, on the NHR trimer.

The IDL-conjugated peptides were more effective than the CHR peptides
without an IDL tail in inhibiting HIV-1 Env-mediated cell-cell fusion. We then
compared the WQ-IDL and MT-WQ-IDL peptides to the CHR peptides without tails,
including WQ, MT-WQ, C34, and T20, for their inhibitory activities against HIV-1 Env-
mediated cell-cell fusion, using MT-2 cells that express CD4 and coreceptor CXCR4 and
H9/HIV-1,, cells that stably express HIV-1 Env protein as the target and effector cells,
respectively (20). The result showed that H9/HIV-1,,5 cells fused with MT-2 cells in the
absence of peptide fusion inhibitors and that this fusion process was blocked by
WQ-IDL in a dose-dependent way. As shown by the results in Table 1 and Fig. 2D, the
IC5o of the WQ-IDL peptide was 5.6 nM, which is about 28.5-, 2.6-, 3.4-, and 16.2-fold
more potent than WQ, MT-WQ, C34, and T20, respectively, while MT-WQ-IDL was about
132.9-,4.7-, 12.3-, 15.7-, and 75.8-fold more potent than WQ, WQ-IDL, MT-WQ, C34, and
T20, respectively, for inhibiting HIV-1 Env-mediated cell-cell fusion. This result suggests
that the addition of the IDL tail to the C terminus of a CHR peptide can indeed increase
its fusion inhibitory activity.

MT-WQ-IDL inhibits HIV-1 infection by targeting the early stage of viral repli-
cation. To understand which stage of HIV-1 replication is targeted by MT-WQ-IDL, we
conducted a time-of-addition assay as previously described (21, 22). As shown by the
results in Fig. 3, MT-WQ-IDL exhibited significantly decreased inhibitory activity against
infection by either the X4 or R5 HIV-1 strain when it was added 1 or 2 h postinfection,
suggesting that MT-WQ-IDL may be an HIV-1 entry inhibitor. In contrast, zidovudine
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FIG 3 MT-WQ-IDL targets the early steps of HIV-1 replication. A time-of-addition assay was performed to
evaluate the inhibitory activities of MT-WQ-IDL and AZT (an HIV reverse transcriptase inhibitor used as
a control) against infection by HIV-1 1lIB, an X4 virus (A), or Bal, an R5 virus (B), at different intervals
postinfection. MT-WQ-IDL could not inhibit infection by either X4 or R5 HIV-1 when it was added after
2 h postinfection. Error bars show standard deviations.

(AZT), an HIV reverse transcriptase inhibitor, maintained its inhibitory activity even
when it was added to cells 8 h postinfection. This result indicates that MT-WQ-IDL
inhibits early-stage events of HIV-1 replication, such as viral entry.

To determine whether MT-WQ-IDL blocks the attachment of HIV-1 to CD4-
expressing cells (U87 CD4* CCR5™ cells), we performed a washout assay as previously
described (23, 24). MT-WQ-IDL peptide was incubated with target cells and virus at 4°C
for 1 h, followed by washes with cold phosphate-buffered saline (PBS) to remove the
unbound peptide and virions. If the peptide can bind to receptor on cells or gp120, no
HIV-1 infection is expected (25). As shown by the results in Fig. 4A, HIV-1 infection was
not affected after this treatment, suggesting that MT-WQ-IDL-mediated inhibition of
HIV-1 replication is not associated with inhibition of the HIV-1 attachment to CD4-
expressing cells. In contrast, heparin, a nonspecific HIV-1 attachment inhibitor (26, 27),
could inhibit HIV-1 infection with or without washing (Fig. 4B).

To determine the Env engagement of CD4 receptor in peptide-mediated inhibition
of HIV-1 entry, we performed an HIV-1 Env-mediated cell-cell fusion washout assay as
previously described (28). H9/HIV-1,,5 cells, used as effector cells, were preincubated
with MT-WQ-IDL and/or soluble CD4 (sCD4) at 37°C for 30 min and then washed with
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FIG 4 MT-WQ-IDL does not block the attachment of HIV-1 to cells expressing CD4 receptor but may
interact with the CD4-triggered prehairpin intermediate of the HIV-1 gp41. (A, B) A washout assay was
performed to determine whether MT-WQ-IDL (A) and heparin, a nonspecific HIV-1 attachment inhibitor
(B), can block the attachment of HIV-1 to CD4-expressing cells (U87 CD4+ CCR5* cells). (C) An HIV-1
Env-mediated cell-cell fusion washout assay was performed to determine the Env engagement of CD4
receptor in the MT-WQ-IDL-mediated inhibition of HIV-1 entry. Inhibition rates were as follows: MT-WQ-
IDL alone without wash, 93.8%; MT-WQ-IDL alone with wash, 5.6%; sCD4 alone with wash, 30.6%;
MT-WQ-IDL and sCD4 with wash, 87.1%. Error bars show standard deviations.

PBS to remove the unbound peptide and sCD4 before the addition of MT-2 cells, used
as target cells, for the cell-cell fusion assay. As shown by the results in Fig. 4C,
MT-WQ-IDL could effectively block HIV-1 Env-mediated cell-cell fusion when the H9/
HIV-1,,5 cells preincubated with peptide were not washed, while there was no inhibi-
tion when the H9/HIV-1,,; cells preincubated with MT-WQ-IDL only were washed.
However, the H9/HIV-1,5 cells pretreated with both sCD4 and MT-WQ-IDL lost their
ability to fuse with MT-2 cells after the unbonded sCD4 and MT-WQ-IDL were removed
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by washing, whereas pretreatment of H9/HIV-1,5 cells with sCD4 only led to a partial
inhibition of the HIV-1 Env-mediated cell-cell fusion. These results suggest that MT-
WQ-IDL inhibits HIV-1 entry by interacting with the prehairpin intermediate of gp41
triggered by sCD4 or cell-associated CD4 receptor, which is consistent with the mech-
anism of action of most other HIV-1 CHR peptides (29-32).

IDL-conjugated peptide formed stable 6-HB with the NHR peptides and
blocked 6-HB formation between the NHR and CHR peptides. Since the above-
described data indicated that IDL-conjugated peptide inhibited HIV-1 Env-mediated
membrane fusion, probably by targeting viral gp41, we then analyzed the secondary
structure of the complexes of the conjugated peptides and the NHR peptide by circular
dichroism (CD) spectroscopy. After these CHR peptides were incubated with equal
molar concentrations of the NHR peptide N46 (amino acids [aa] 536 to 581), the CD
spectra of the mixture were measured. Similar to the WQ-LDL, WQ-IDI, WQ-LDI, and
MT-WQ-IDL conjugates, WQ-IDL could interact with N46 to form a 6-HB with a helicity
similar to that of the 6-HB formed between C34 or WQ and N46 (Fig. 5 and Table 1),
suggesting that the addition of the artificial tails does not change the overall confor-
mation of the CHR peptides.

Next, a thermal denaturation experiment was conducted to compare the thermo-
stability (melting temperature [T,,] value) of the 6-HBs formed between the CHR
peptide C34 or the WQ peptide with different artificial tails and the NHR peptide N46.
As shown by the results in Fig. 6 and Table 1, the T,, value of the 6-HB formed between
N46 and WQ-IDL (81.8°C) was much higher than that of the 6-HB formed between N46
and C34 (67.9°C) or WQ (65.1°C), but it was similar to those of the 6-HBs formed
between N46 and WQ-LDL, WQ-IDI, WQ-LDI, and MT-WQ-IDL, respectively. These results
suggested that the binding affinities between N46 and the WQ peptides with artificial
tail anchors were much higher than that between N46 and C34. Therefore, these
conjugated peptides can bind the viral gp41 NHR to form more stable heterogeneous
6-HBs and, hence, more effectively block homologous 6-HB formation between viral
gp41 NHR and CHR domains, finally resulting in the inhibition of viral fusion and entry.

Interestingly, the T, value of the 6-HB formed between MT-WQ-IDL and N46 (90.7°C)
was even higher than that of the 6-HB formed between WQ-IDL and N46, again
suggesting that the addition of the MT hook to the N terminus of WQ-IDL further
increases the binding affinity of WQ-IDL with N46.

We then determined whether WQ-IDL, MT-WQ, and MT-WQ-IDL could block 6-HB
formation between N46 and C34. As shown by the results in Fig. 5F, WQ-IDL, MT-WQ,
and MT-WQ-IDL exhibited much stronger inhibition of 6-HB formation than WQ,
confirming that an artificial tail at both the N and C terminus of a CHR peptide can
strongly anchor into the N-terminal pocket in the NHR domain, thus enhancing the
inhibitory activity of the CHR peptide on 6-HB formation between the native NHR and
CHR sequences in gp41.

Most recently, a new model of viral fusion was proposed. In this model, the NHR
trimer at the prehairpin intermediate state dissociates and becomes embedded in the
viral membranes, pulling the target cell membranes into juxtaposition. The fusogenic
prebundle is formed, promoting the formation of mature, postfusion 6-HB trimers (33,
34). To accommodate this model, we hypothesize that MT-WQ-IDL peptide may bind to
the viral NHR trimer at the prehairpin intermediate state to form homologous 6-HB,
preventing the viral NHR trimer from dissociating and embedding into the viral
membranes because of the high stability of the 6-HB and shielding of the hydrophobic
residues on the NHR trimer that are responsible for binding to the lipid membrane by
CHR peptide. However, it is questionable whether MT-WQ-IDL is able to bind to the viral
NHR trimer formed at the fusogenic prebundle state. Certainly, approval of these
hypotheses requires further investigations.

The IDL-conjugated peptide was more effective than the CHR peptides without
an IDL tail in inhibiting infection by HIV-1 clinical strains, Chinese epidemic
strains, and T20- and T2635-resistant variants. We then compared the antiviral
activities of the CHR peptides containing the IDL tail (WQ-IDL and MT-WQ-IDL) to those
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FIG 5 Secondary structures of CHR peptide-NHR peptide complexes. (A to E) Circular dichroism (CD) spectroscopy results for the
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degrees. (F) Inhibitory activities of WQ-IDL, MT-WQ, MT-WQ-IDL, and WQ against 6-HB formation between N46 and C34. C34 and T20
were included as controls. Error bars show standard deviations.

of CHR peptides without the IDL tail (WQ and T20), testing them against a panel of
HIV-1 clinical isolates of different subtypes (A, B, D, F, O, and A/E) and tropisms (X4, R5,
and X4/R5) and a panel of Chinese epidemic strains. As shown by the results in Table
2, WQ-IDL and MT-WQ-IDL exhibited much more potent activities than WQ or T20
against all clinical isolates and Chinese epidemic strains tested, with 1C5ys at low nM
levels, demonstrating that these CHR peptides with the IDL tail possess improved
antiviral activity against a broad spectrum of HIV-1 isolates of different subtypes and
tropisms.
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We next compared the inhibitory activities of WQ-IDL and MT-WQ-IDL with those of
WQ and T20 against HIV-1 variants with single or double mutations in gp41 that are
resistant to T20 or T2635, the first and a modified HIV fusion inhibitor, respectively (35).
As shown by the results in Table 3, except for wild-type and A6V strains, T20 was unable
to inhibit any T20- or T2635-resistant strain at concentrations as high as 500 nM. WQ
could inhibit both T20- and T2635-senstive and -resistant strains with IC;,s in a range
of 35 to 1,129 nM. WQ-IDL exhibited much higher potency against all T20- and
T2635-resistant strains tested, with IC5,s ranging from 1.6 to 62 nM, about 22-fold more
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TABLE 2 Inhibitory activities of conjugated peptides and control peptides against HIV-1
clinical strains and pseudovirus

Mean IC;, = SD (nM)@

Virus (subtype, tropism) Tier WQ WQ-IDL MT-WQ-IDL T20

HIV-1 clinical isolates
92UG029 (A, X4) —b  812+19 3010 0.6 £ 0.1 455+ 32
MN/H9 (A, X4) 1 3833 *+13.0 20.6=*+29 4.1 *0.9 434 £ 4.1
US4GS007 (B, R5) — >500 869120 125*4.0 1573 = 18.0
BK132/GS009 (B, X4) — 1258 =120 183 *28 3.0£06 305+ 27
BZ167/GS010 (B, X4) 1 >500 90.7 £18.0 15.1*3.7 150.3 = 12.0
TZA68/125A (C, R5) — 360.5+29.0 84+08 39+08 115.0 = 33.0
93IN101 (C, R5) — 115.1 =44 35+ 1.1 1108 204 +120
93BR020 (F, X4/R5) — 3265*+11.0 4.1 =08 0.5 *=0.1 37.2+4.1
BCFO02 (O, R5) — 2835+280 26*16 0.6 £0.1 383 2.1
NP1525 (A/E, X4/R5) — 1385+19.0 2.0=*02 0.6 = 0.1 462+ 7.4

Pseudoviruses bearing Env of
Chinese epidemic strains

MW965.26 (C, R5) 1 319+ 42 124+1.0 21%12 162+ 1.6
255-34 (02_AG, R5) 2 46.6 * 6.6 1.0+£04 0.1 £0.1 17.7 £ 2.1
235-47 (02_AG, R5) 2 226*1.3 09*15 0.1 £0.1 18.1 £3.1
211-9 (02_AG, R5) 2 568 +9.3 1.7 £0.7 0.1*+0.2 278 +48
AEO3 (A/E, R5) 2 2352*120 36=*1.6 1.3*+03 78 £06

257-31 (02_AG, R5) 3 2252 *93 6813 09*0.2 293+ 1.8
253-11 (02_AG, R5) 3 168.8 = 2.9 54+09 0.1 +0.1 194 27
BCO2 (B/C, R5) — 1902200 1.6*1.0 08 £05 274 *56
HB5-3 (B/C, R5) — 542+ 9.1 2408 0.7 +0.2 79*36

GX11.13 (A/E, R5) — 6158 £13.0 275*24 9.0x1.1 58.0*54
GX2010.36 (A/E, R5) — 686.2 330 374*16 52*x13 910+ 24
SHX335.24 (A/E, R5) — 135+ 3.1 1.2*+0.6 0.2 £0.1 71114

B02 (B', R5) — 207.2+280 08=*0.3 03*03 49.7 2.4
43-22 (B, R5) — 528 £ 13.0 7.0+ 0.6 21*03 126+ 24

alC;, data were derived from the results of three independent experiments.
b—, the sensitivity to antibody-mediated neutralization is unknown.

potent than WQ on average. Impressively, MT-WQ-IDL showed even higher potency
than WQ-IDL against T20- and T2635-resistant strains, with I1C,,, ranging from 0.1 to 12
nM, about 198-fold more potent than WQ on average. These results provide strong
evidence that the addition of a C-terminal IDL tail anchor with or without an N-terminal
MT hook results in significant improvement in CHR peptide potency against T20- and
T2635-resistant strains. Also, the high and broad antiviral potency of MT-WQ-IDL made
it a potential candidate for development as a new anti-HIV-1 drug.

TABLE 3 Inhibitory activities of conjugated peptides and control peptides against HIV-1
T20- and T2635-resistant strains

Mean IC;, = SD (nM)@

Virus description wQ WQ-IDL MT-WQ-IDL T20

T20-resistant strains
Wild type 160.8 + 20.0 6.8+ 1.9 22+1.0 553+ 2.6
V38A 433.1 £ 67.0 22.0*+29 44+1.0 >500
V38A N42D 348 9.1 29*0.2 1.0+ 0.2 >500
V38E N42S 65.2 = 2.3 1.6 = 0.6 03+03 >500
V38A N42T 118.0 £13.0 75+24 0.1 £0.1 >500

T2635-resistant strains
Wild type 195.1 = 20.0 178 +19 39+1.0 989+ 2.6
A6V 303.4 +67.0 183+ 29 6.4+1.0 66.2 = 5.6
Q66R 4348 + 9.1 129+0.2 6.0 +0.2 >500
Q79E 9652 £ 2.3 51.6 = 0.6 11.3+0.3 >500
K90E 2184 £13.0 85*24 1.1 £0.1 >500
Q79E N126K 11284 = 33.0 614*+1.6 92+13 >500

9Cs, data were derived from the results of three independent experiments.
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FIG 7 Crystal structure of the 6-HB formed by MT-WQ-IDL and gp41 NHR. (A) Crystal structures of gp41
NHR+CHR (PDB 2X7R), NHR+MT-C34 (PDB 3VTP), and N46-MT-WQ-IDL (PDB 5HON) are shown as cartoon
representation or electrostatic surface. NHR is colored in gray, CHR in light green, MT-WQ-IDL in forest
green, and both the MT and IDL tails in magenta. Important residues are enlarged as sticks and identified.
(B) Enlargement of interactions between IDL tail and NHR. NHR is colored in gray, MT-WQ-IDL in forest
green, and IDL tail in magenta. IDL tail is shown in stick or cartoon representation. (C, D) Electron density
of IDL tail in the N46-MT-WQ-IDL crystal structure. The 2Fo-Fc electron density is drawn as blue meshes
at a contour level of 0.8 o, and Fo-Fc electron density is drawn as red and green meshes at a contour
level of 2.6 ¢. The omit map (C) was generated with the phases of a molecular replacement solution with
preliminary refinement but without the IDL tail modeled from the beginning. (E) Schematic diagram
showing the effect of MT-WQ-IDL on the process of HIV entry into host cell. MT-WQ-IDL can bind to the
NHR more stably and block the formation of a homologous 6-helix bundle, thus inhibiting viral infection.

It has been reported that an MT hook at the N terminus of CHR peptides can
strengthen most of these CHR peptides only if it binds to the correct site at the N
terminus, W628 (11). Therefore, the addition of IDL at the correct site of the C terminus,
Q653, is expected to enhance the anti-HIV-1 activity of most CHR peptide fusion
inhibitors (Fig. 7D). However, this approach is not applicable to T20. Unlike most other
CHR peptides (e.g., C34 and SC22EK), T20 does not contain the pocket-binding domain
(PBD) at its N terminus but has a long sequence at its C terminus, including the

January 2017 Volume 91 Issue 1 e01445-16

Journal of Virology

jviasm.org 12


http://www.rcsb.org/pdb/explore/explore.do?structureId=2X7R
http://www.rcsb.org/pdb/explore/explore.do?structureId=3VTP
http://www.rcsb.org/pdb/explore/explore.do?structureId=5H0N
http://jvi.asm.org

Artificial Tail Anchor Enhances Fusion Inhibitors

lipid-binding domain (LBD), which contains two Trp residues (Fig. TA). Consequently,
T20 cannot form stable a 6-HB with the NHR trimer (Fig. 5F) and has lower levels of
anti-HIV activity than many other CHR peptides. Therefore, the addition of IDL to the C
terminus of T20 is not expected to improve T20’s anti-HIV-1 activity.

The crystal structure of the 6-HB formed by MT-WQ-IDL and N46 confirmed
binding of the IDL tail anchor to the novel hydrophobic pocket. To verify the mode
of activity of these modified peptides, we determined the crystal structure of the 6-HB
formed by MT-WQ-IDL and N46, as shown in Fig. 7A. >4IDL%>¢ exhibited a hooklike tail
stretching into the shallow pocket formed by L544, L545, 1548, and V549 of the NHR
trimer core. The hydrophobic side chains of 1654 and L656 were buried in this pocket,
and D655 was forced outward (Fig. 7B to D). To facilitate the IDL tail binding, Q652 and
Q653 in WQ unwound from the helical conformation to form a prolonged linker. This
conformation is expected to stabilize the binding between the inhibitor and the NHR
better than in a traditional helical conformation by providing more interactions. This
result indicates that, given the correct site of Q653 within the C terminus, IDL could be
adopted for use in most HIV-1 CHR peptide fusion inhibitors to enhance their antiviral
activity (Fig. 7D). In particular, since small-molecule fusion inhibitors binding to the
deep C-terminal pocket in the hydrophobic groove are less effective than peptides (36),
our strategy that targets the shallow pocket outside the hydrophobic groove could also
be used to develop this type of HIV fusion inhibitor.

To further investigate whether this strategy could also be adopted to develop fusion
inhibitors against other class | enveloped viruses for which crystal structures of their
HR1/HR2 complexes are available, we took Middle East respiratory syndrome corona-
virus (MERS-CoV), which is an enveloped virus with class | membrane fusion protein, as
an example. Based on the crystal structure of the MERS-CoV fusion core (37), we
searched for a potential pocket adjacent to the hydrophobic groove and designed an
artificial anchor tail to target it. We added a sequence consisting of three amino acids
(EAN) to the peptidic MERS-CoV fusion inhibitor MO, which is derived from the natural
sequence of the HR2 domain of MERS-CoV spike protein, to generate a new peptide, M1
(Fig. 8A). The simulated interaction model showed that '2>#EAN'2>6 formed a hooklike
anchor and stretched into the pocket formed by A1032, L1033, K1035, and A1037 of the
HR1 trimer core (Fig. 8B). In addition, the resultant peptide M1 exhibited significantly
enhanced inhibition activity against MERS-CoV-mediated membrane fusion and infec-
tion of pseudovirus (Fig. 8C and D). These results suggest that our strategy can also be
utilized to design or optimize peptidic fusion inhibitors against other enveloped viruses
with class | membrane fusion proteins.

In conclusion, to optimize the current strategies for improving the efficacy and
pharmaceutical properties of the CHR peptide-based HIV fusion inhibitors by targeting
the deep hydrophobic pocket in the N-terminal region of the gp41 NHR trimer, we
developed a new strategy to add an artificial tail anchor that targets the shallow
pocket(s) in the C-terminal region of the gp41 NHR trimer. We found that the addition
of residues IDL, forming an artificial tail anchor, to the C termini of the CHR WQ peptides
resulted in significant increases of their anti-HIV-1 activities, possibly because the
artificial tail anchor, IDL, binds to the C-terminal shallow pocket in the gp41 NHR trimer.
Notably, the fusion inhibitor with both an MT hook and an IDL tail, at its N and C
terminus, respectively, exhibits more potent anti-HIV-1 activity than those with the MT
hook or IDL tail only, suggesting its potential to be further developed as a new anti-HIV
drug to replace T20, the only U.S. FDA-approved HIV fusion inhibitor used in clinics.
Furthermore, we have shown that this strategy could also be used for designing
anti-MERS-CoV peptides with improved fusion inhibitory activity, confirming that this
new approach can also be applied for developing fusion inhibitors against other
enveloped viruses with class | membrane fusion proteins.

MATERIALS AND METHODS

Peptides. Peptides (Fig. 1A) were synthesized by KareBay Biochem, Inc., using a standard solid-phase
9-fluorenylmethoxy carbonyl (FMOC) method, to a purity of >98% when tested by high-performance
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FIG 8 Application of the artificial tail anchor strategy to optimize a peptidic MERS-CoV fusion inhibitor. (A)
Schematic representation of the functional domains in the S2 subunit of MERS-CoV spike protein and sequences
of MO and M1 peptides. (B) Structural prediction for binding of MO (a) or M1 (b) peptide with HR1 domain of
MERS-CoV S protein. HR1 is colored in gray, the MO peptide in green, and the EAN hook in magenta. The original
sequence of MERS-CoV HR1 aa 1254 to 1256 is colored in cyan for comparison. The EAN hook is superposed on MO
in panel c and shown for residue interactions in panel d. (C) Inhibitory activities of MO and M1 peptides against
MERS-CoV S-mediated cell-cell fusion. (D) Inhibitory activities of MO and M1 peptides against MERS pseudovirus

infection. Error bars show standard deviations.

liquid chromatography (HPLC), as described previously (38). The peptides were solubilized using di-
methyl sulfoxide (DMSO). The concentrations of the peptides were tested by UV absorbance and a
theoretically calculated molar-extinction coefficient based on tryptophan and tyrosine residues. Peptides

were diluted using PBS for experimental analysis.

Inhibition of HIV-1 infection by peptides. The inhibitory activities of the peptides against infection
by laboratory-adapted HIV-1 X4 strain IlIB and HIV-1 R5 strain Bal, HIV-1 clinical strains, and T20- and
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T2635-resistant strains were determined as described previously (39, 40). Amounts of 100 50% tissue
culture infective doses (TCID,,) of the HIV-1 viruses were used to infect 1 X 105/ml MT-2 cells or CEMx174
5.25 M7 cells in RPMI 1640 medium containing 10% fetal bovine serum (FBS) and graded concentrations
of peptides. After overnight culture, the medium was replaced with fresh medium. Fifty-microliter
amounts of the culture supernatant were collected from each well on the fourth day for MT-2 and
CEMx174 5.25 M7 cells and mixed with equal volumes of 5% Triton X-100. The p24 antigen was detected
by enzyme-linked immunosorbent assay (ELISA) as previously described (41). The maximum infectivity
was determined in the absence of peptide, and the background was measured in the absence of virus.
IC5,s were calculated using Calcusyn software (Biosoft, Ferguson, MO) (15), and the lines of best fit were
drawn using the SigmaPlot 10.1 program (Systat Software, Inc., Chicago, IL).

Time-of-addition assay. The assay of the effect of time of addition on HIV-1 infection was performed
as previously described (21, 22). Briefly, 10 nM MT-WQ-IDL or 2 uM AZT (an HIV reverse transcriptase
inhibitor used as a control) was added to mixtures of MT-2 cells and HIV-1 1lIB or CEMx174 5.25 M7 cells
and HIV-1 BaL at different intervals (0, 0.5, 1, 2, 4, 6, and 8 h) postinfection. At 4 days postinfection, the
levels of p24 antigen in the culture supernatants were detected by ELISA as described above.

Washout assay. The washout assay was conducted as previously described (23, 24). Briefly, U87
CD4+ CCR5+ cells (104/well) were incubated in 96-well plates at 37°C overnight before the culture plate
was placed on ice. After incubation at 4°C for 1 h, the culture supernatants were removed and a peptide
or heparin (as a control) at various concentrations was added to U87 CD4* CCR5™ cells (10%/well) along
with 100 TCID,, of the HIV-1 CH119 strain. The mixture was incubated at 4°C for 1 h and then washed
with cold PBS, followed by the addition of 200 ul DMEM containing 10% FBS. The 96-well plate was
cultured at 37°C for 48 h, and the luciferase activity was measured using a luciferase kit (Promega,
Madison, WI) and an ultra 384 luminometer (Tecan) as previously described (42).

HIV-1-mediated cell-cell fusion assay. A dye transfer assay was used to detect HIV-1 Env-mediated
cell-cell fusion as described previously (20). H9/HIV-1,,; cells were labeled with a fluorescent reagent,
calcein AM (Molecular Probes, Inc., Eugene, OR), and then incubated with MT-2 cells (ratio of 1:10) in
96-well plates at 37°C for 2 h in the presence or absence of the test peptide at graded concentrations.
The sample at each concentration was tested in triplicate. The fused and unfused calcein-labeled HIV-1, ¢
cells were counted under an inverted fluorescence microscope (Zeiss, Germany) with an eyepiece
micrometer disc. Four fields per well were counted. The percentages of inhibition of cell fusion by
peptides were calculated based on the data from all 12 fields observed, as described previously (20); IC5,s
were calculated by using the Calcusyn computer program (43), and lines of best fit were drawn using the
Sigma Plot 10.1 program.

The HIV-1 Env-mediated cell-cell fusion washout assay was performed as previously described (28).
In brief, MT-WQ-IDL (5 nM), sCD4 (100 nM), or a mixture of MT-WQ-IDL and sCD4 was preincubated with
H9/HIV-1,5 cells labeled with calcein AM at 37°C for 0.5 h. The treated H9/HIV-1,,; cells were washed with
PBS (unwashed H9/HIV-1,; cells in the presence of MT-WQ-IDL were used as a control) before the
addition of MT-2 cells. After incubation at 37°C for 2 h, the fused and unfused calcein-labeled HIV-1, g
cells were counted as described above. Each sample was tested in triplicate.

CD spectroscopy. Circular dichroism (CD) spectroscopy was conducted as described previously (43).
Briefly, a CHR peptide was incubated with an equal molar concentration of the NHR peptide N46 at 37°C
for 30 min. The final concentration of each peptide was 10 uM in double-distilled water (ddH,0). The CD
spectra were tested on a Jasco spectropolarimeter (model J-815; Jasco, Inc., Easton, MD), using a 1-nm
bandwidth with a 1-nm step resolution from 195 to 260 nm at 4°C. The spectra were corrected with
ddH,0. The helical content was calculated from the CD signal by dividing the mean residue ellipticity at
222 nm by the value expected for 100% helix formation (—3.3 X 10~ degrees cm? dmol~"). The thermal
denaturation experiment was conducted by monitoring the changes in ellipticity at 222 nm at increasing
temperatures (4 to 98°C), using a temperature controller. The temperature was increased at a rate of
1.2°C/min; data were acquired at 222 nm at a frequency of 0.25 Hz at a 1-nm bandwidth.

Inhibition of 6-HB formation by peptides in vitro. The inhibitory activity of peptides on 6-HB
formation was measured by a modified ELISA as previously described (44). Briefly, a 96-well polystyrene
plate was coated with 50 ul NC-1 (@ monoclonal antibody specific for HIV-1 gp41 6-HB formed by NHR
and CHR [9, 10]) (4 png/ml) in 0.1 M Tris buffer (pH 8.8). A tested peptide at graded concentrations was
mixed with 50 ul N46 (1 uM) and incubated at 37°C for 30 min. Then, the mixture was incubated with
100 pl C34-biotin (0.5 uM) at 37°C for 30 min. Afterwards, 50 ul of the mixture was added to the wells
of a plate coated with NC-1, followed by incubation for 1 h and washing with a washing buffer (PBS
containing 0.1% Tween 20) three times. Finally, horseradish peroxidase (HRP)-labeled streptavidin
(Jackson) and the substrate 3,3,5,5-tetramethylbenzidine (TMB; Sigma) were added sequentially. The
absorbance at 450 nm (A,5,) was measured using an ELISA reader (ultra 384; Tecan).

Inhibition of pseudotyped HIV-1 infection. HIV-1 pseudoviruses were generated as described
previously (42). Briefly, 293T cells (ATCC, Manassas, VA) were cotransfected with envelope and a
backbone plasmid (pNL4-3.Luc.R-E from the NIH AIDS Reagent Program) that encodes an Env-defective,
luciferase-expressing HIV-1 genome using VigoFect reagent (Vigorous Biotech, Beijing, China). After 12 h,
the culture supernatants were replaced with fresh DMEM-10% FBS. The culture supernatants were
collected 48 h after the replacement, filtered using 0.45-um-pore-size filters, and stored at —80°C before
testing. The antiviral activities of C peptides were determined using U87 CD4* CCR5* cells. Briefly, the
peptides were prepared at graded concentrations, mixed with 100 TCID, virus and U87 CD4* CCR5*
cells (10%/well), and incubated at 37°C for 48 h, and the luciferase activity was measured using a luciferase
kit (Promega, Madison, WI) and an ultra 384 luminometer (Tecan).
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TABLE 4 N46-MT-WQ-IDL diffraction data and refinement statistics

Parameter Value?
Crystallographic data
Resolution (&) (range) 39.60-2.80 (2.85-2.80)
Wavelength (A) 0.97853
No. of reflections measured 12,543
Avg redundancy 2.5(2.45)
Mean I/o(l) 10.73 (1.79)
Completeness (%) 89.3 (90.7)
Rimerge’ 0.079 (0.288)
Refinement statistics
Space group P2,
Cell parameters
a (A 55.42
b (A) 79.24
c(A) 70.94
B ) 111.24
No. of reflections in working set 11,375
No. of reflections in test set 634
Reryst 0.2371
Rireed 0.2759
RMSD bonds (A) 0.004
RMSD angles (°) 0.465
Average B factor (A2) 54.40
No. of waters 7

MolProbity results

Ramachandran outliers (%) 0(0.00)
Ramachandran favored (%) 404 (97.58)
Clash score 6.94

aValues in parentheses indicate the corresponding statistics in the highest-resolution shell.

PRmerge = (i = >1<|)/l|, where I; is the integrated intensity of a given reflection.

Reryse = (IFol = [F/IF,|, where F, and F. denote observed and calculated structure factors,
respectively.

9Riree is equivalent to R, but calculated using randomly chosen 5% reflections, which were excluded from
the refinement process,s as the test set.

€RMSD, root mean square deviation.

Crystallization, data collection, and structure determination. To obtain the complex crystal of
MT-WQ-IDL and NHR, synthesized MT-WQ-IDL was first mixed with peptide N46 at a 1:1 molar ratio and
then applied onto a Superdex-75 gel filtration column (GE Healthcare, Piscataway, NJ) to isolate the 6-HB
formed. Fractions containing N46-MT-WQ-IDL trimer were collected, concentrated to 20 mg/ml, and then
crystallized at 16°C using the hanging-drop vapor diffusion method. The drops were set on a siliconized
cover slip by equilibrating a mixture containing 1 ul protein solution (20 mM Tris-HCl, pH 8.0, and 150
mM NaCl) and 1 ul reservoir solution (0.2 M zinc acetate, 0.1 M imidazole-HCI [pH 8.0], 20% [vol/vol]
1,4-butanediol) against a 400-ul reservoir solution. After 3 days, single crystals formed and were flash
frozen using liquid nitrogen for future data collection.

The diffraction data sets of N46-MT-WQ-IDL complex crystals were collected at beamline BL-
19U1 of the Shanghai Synchrotron Radiation Facility, China. X-ray diffraction data were integrated
and scaled using the HKL2000 program (45). The phasing problem was solved by the molecular
replacement method using PHENIX.phaser (46) with a crystal structure of HIV gp41 NHR-CHR (Pro-
tein Data Bank [PDB] accession number 5CMZ) as a search model. The final model was manually
adjusted in COOT (17) and refined with PHENIX.refine (47). The coordinates were deposited in the PDB
under accession number 5HON. The statistics of data collection and structure refinement are given in
Table 4.

Accession number(s). The GenBank accession numbers of the HIV-1 strains are as follows: IlIB
(KJ925006.1), Bal (DQ318210.1), 92UG029 (AF205862.1), MN/H9 (AY736819.1), US4GS007 (AY214062.1),
BK132/GS009 (AH003229.2), BZ167/GS010 (L22087.1), 93IN101 (AY669738.1), 93BR020 (AF005494.1),
BCF02 (AF458282.1), NP1525 (AY713420.1), HIV-1 backbone (AF324493.1), BCO2 (EU363832), CH119.102
(EF117261), AEO03 (EU363851), HB5-3 (HQ326124), GX11.13 (GU475042), GX2010.36 (GU475026),
SHX335.24 (GU475033), B02 (EU363826), T20-sensitive strain, WT (EU236444), T20-resistant strain, V38A
(EU236445), V38A N42D strain (EU236487), V38E N42S strain (JF957865), V38A N42T strain (JQ248223),
MW965.26 (U08455), 255-34 (EU513184), 235-47 (EU513195), 211-9 (EU513187), 257-31 (EU513185), and
253-11 (EU513191). There are no data bank records available for HIV-1 strains 43-22 (19) and TZA68/125A
(48) or the T2635-resistant strains (49). The crystal structure accession numbers are as follows: gp41 NHR
trimer and NHR+CHR (PDB 2X7R), NHR+MT-C34 (PDB 3VTP), and N46-MT-WQ-IDL (PDB 5HON).
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