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Abstract

The HIV-1 envelope glycoprotein (Env) gp41 plays a crucial role in the viral fusion process. The peptides derived from the C-
terminal heptad repeat (CHR) of gp41 are potent HIV fusion inhibitors. However, the activity of these anti-HIV-1 peptides in
vivo may be attenuated by their induction of anti-gp41 antibodies. Thus, it is essential to identify antiviral peptides or
proteins with low, or no, immunogenicity to humans. Here, we found that the C-terminal fragment (aa 462–521) of the
human POB1 (the partner of RalBP1), designated C60, is an HIV-1 fusion inhibitor. It bound to N36, the peptide derived from
the N-terminal heptad repeat (NHR) of gp41, and to the six-helix bundle (6-HB) formed by N36 and C34, a CHR-peptide, but
it did not bind to C34. Unlike the CHR-peptides, C60 did not block gp41 6-HB formation. Rather, results suggest that C60
inhibits HIV-1 fusion by binding to the 6-HB, in particular, the residues in the gp41 NHR domain that are exposed on the
surface of 6-HB. Since 6-HB plays a crucial role in the late stage of fusion between the viral envelope and endosomal
membrane during the endocytic process of HIV-1, C60 may serve as a host restriction factor to suppress HIV-1 entry into
CD4+ T lymphocytes. Taken together, it can be concluded from these results that C60 can be used as a lead for the
development of anti-HIV-1 therapeutics or microbicides for the treatment and prevention of HIV-1 infection, as well as a
molecular probe to study the fusogenic mechanism of HIV-1.
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Introduction

Acquired immune deficiency syndrome (AIDS) is caused by

human immunodeficiency virus (HIV) and is one of the most

important diseases threatening human health [1]. So far, more

than 30 anti-HIV drugs have been licensed for treatment of HIV

infection, including twelve reverse transcriptase inhibitors (RTIs),

ten protease inhibitors (PIs), one integrase inhibitor, two entry

inhibitors, and five combinatorial drugs [2]. T20 (brand name:

Fuzeon; generic name: Enfuvirtide) is the only HIV entry inhibitor

targeting the HIV-1 envelope glycoprotein (Env) transmembrane

subunit gp41 for treatment of HIV/AIDS patients who fail to

respond to the RTIs and PIs [3,4]. Application of T20 in vivo has

resulted in significant reduction of viral load [5,6]. However, its

clinical application is limited because the high (90 mg) drug

dosage, which is injected subcutaneously twice daily, leads high

cost to patients and serious local injection reactions. Several new

peptides derived from the gp41 CHR with improved efficacy and

half-life have been identified. However, administration of these

peptides may lead to the production of antibodies against these

peptides, which may attenuate their anti-HIV-1 activity [7].

Therefore, it is essential to develop anti-HIV-1 molecules with low,

or no, immunogenicity to humans. One of the approaches is to

identify human protein-derived antiviral agents.

It has been reported that several human proteins serve as host

restriction factors to inhibit or block HIV-1 replication [8]. For

example, the apolipoprotein B mRNA-editing catalytic polypep-

tides APOBEC3F and APOBEC3G are effective in inhibiting

HIV-1 DNA integration [9]. Human and monkey tripartite motif-

containing protein 5 alpha (TRIM5alpha) could restrict HIV-1

infection in humans and Old World monkeys, respectively [10].

Tetherin is able to prevent release of the HIV-1 particles from the

surface of producer cells [11,12]. The HECT domain and RCC1-

like domain-containing protein 5 (HERC5) effectively restrict

HIV-1 assembly at the late stage of the HIV-1 life cycle [13].

Although all the above human restriction factors can be developed

as anti-HIV-1 therapeutics, none of them is effective in

suppressing HIV-1 fusion and entry at the early stages of the

HIV-1 life cycle.
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HIV-1 entry is initiated by binding of the Env surface subunit

gp120 with CD4 and a co-receptor, CCR5 or CXCR4, on the

target cells [14,15], triggering the conformation changes of gp41

from native state to pre-hairpin fusion intermediate, fusogenic and

post-fusion states, sequentially. During the fusogenic state, some

researchers believe that the interaction between the gp41 N- and

C-terminal heptad repeat (NHR and CHR, respectively) domains

(Fig. 1A) results in the formation of a six-helix bundle (6-HB) core

structure on the target cell surface to bring the viral and target cell

membranes into proximity for fusion [16–19]. The peptides

derived from the gp41 CHR domain, such as C34 and T20, can

bind with the viral gp41 NHR domain (Fig. 1B) to block viral gp41

6-HB core formation, thus inhibiting gp41-mediated membrane

fusion [16–19]. However, Melikyan and colleagues have demon-

strated that the gp41 6-HB core is not a dead-end structure, but

may still play a role in the late stage of membrane fusion in the

endocytic process of HIV-1, particularly since 6-HB actually forms

immediately after fusion pore formation in the endosomal

membrane after the HIV-1 particle has been rapidly endocytosed

and internalized [20,21]. These findings suggest that 6-HB can still

serve as a target for HIV-1 fusion inhibitors.

Using the recombinant soluble gp41 ectodomain (rsgp41,

Fig. 1B) as a bait to screen a human bone marrow cDNA library

by the yeast-two-hybrid system, we identified an HIV-1 gp41-

binding protein, human POB1 (the partner of RalBP1). Further

dissecting the binding domains in both gp41 and POB1, we found

that the fragment containing the C-terminal 60 amino acids of

POB1 (aa462–521), designated C60, was responsible for the

binding of POB1 to rsgp41 through the 6-HB core formed by the

gp41 NHR and CHR domains. The peptide C60 could

significantly inhibit HIV-1 Env-mediated cell-cell fusion and

HIV-1 replication. Unlike the peptides derived from the gp41

CHR domain, C60 could not block the gp41 6-HB formation, but

rather bound with 6-HB to halt further fusion. These results

suggest that C60 inhibits HIV-1 entry into the host cell by

targeting the late stage of the HIV-1 fusion, indicating its potential

use as a lead for the development of a novel protein-based HIV

fusion/entry inhibitor for treatment and prevention of HIV-1

infection. It can also be used as molecular probes for studying the

role of 6-HB in the HIV-1 fusion process and the viral fusogenic

mechanism.

Materials and Methods

Peptides, cells and viruses
The peptides T20, C34, MPER and Loop peptide (see their

sequences in Fig. 1B) were all synthesized by SBS Genetech,

Beijing, China, with purity .90%. 3T3 cells stably transduced

with murine leukemia virus MX-CD4 and MX-CXCR4 vectors

(3T3.T4.CXCR4) and 293T cells were cultured in DMEM

medium complemented with 10% FBS, 100 IU/ml penicillin

and 100 IU/ml streptomycin (Invitrogen, USA). CHO cells stably

transfected with the HIV-1 HXB2 Env-expressing vector pEE14

(CHO-Env), or control pEE14 vector (CHO-C), were cultured in

glutamine-deficient minimal essential medium (GMEM-S) con-

taining 400 mM Methionine sulfoximine (Sigma, USA). MT-2 and

TZM-b1 cells, HIV-1 IIIB and Bal strains, as well as the plasmids

pHEF-VSVG and pNL4-3.luc.RE, were obtained from the NIH

AIDS Research and Reference Reagent Program. The vesicular

stomatitis virus glycoprotein (VSV-G) and influenza A virus

hemagglutinin (IAV HA) pseudovirus were produced by cotrans-

fecting 293T cells with pNL4-3.luc.RE and pHEF-VSVG or the

plasmid encoding HA of IAV H5N1, respectively, using

LipofectamineTM 2000 (Invitrogen) as previously described

[22,23].

Figure 1. Schematic representation of HIV-1 gp41 and rsgp41. (A) Functional domains of the HIV-1 gp41. FP, fusion peptide; NHR, N-terminal
heptad repeat; CHR, C-terminal heptad repeat; TM, transmembrane domain; CP, cytoplasmic domain. (B) Schematic representation of rsgp41. The
dashed lines between the gp41 NHR and CHR domain indicate the interactions between the residues at the e and g positions in NHR and the a and d
positions in CHR. The sequences of N36, C34, T20, MPER, N63, MPER and Loop peptide are shown.
doi:10.1371/journal.pone.0066156.g001
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Yeast-two-hybrid system
The BD Matchmaker yeast two-hybrid system (BD Bioscience

Clontech, USA) was employed in this study, and the BD

MatchmarkerTM screen process followed instructions in the user

manual, as described previously [24]. The rsgp41 (aa539–684) of

HIV-1 HXB2 was cloned into the pGBKT7, which encodes Gal4

DNA-binding domain (BD), as the bait plasmid. The yeast strain

AH109 was transformed with the bait plasmid and mated with

yeast Y187 containing the human bone marrow cDNA library.

The mated yeasts were screened on dropout media deficient in

Try, Leu and His (-Try/-Leu/-His). Primary His+ colonies were

rescreened on -Try/-Leu/-His/-Ade/X-Gal plates to confirm

protein interaction. The library plasmids from the blue colonies

were recovered and retested to eliminate false-positives. To locate

the POB1/rsgp41 binding site, POB1 (400–521), POB1 (462–521)

(also called C60) and POB1 (333–461) were amplified by PCR

from the library plasmid pGADT7-Rec-POB1 (333–521) and

cloned into the pGADT7 vector. These plasmids were trans-

formed into pGBKT7-rsgp41, or control plasmid pGBKT7-T,

containing yeast AH109 and grown on -Try/-Leu/-His/-Ade/X-

Gal plates to test protein interaction.

Recombinant protein expression and purification
PGEX-6p-1 vector, Glutathione Sepharose 4 Fast Flow Beads,

and PreScission Protease (Amersham Pharmacia Biotech Inc.,

USA) were used to express and purify recombinant proteins with

GST, tagged or not, as described previously [25]. For POB1 (333–

461), POB1 (400–521), POB1 (462–521) and NC (N36-L8-C34),

the DNA fragments were cloned into the vector. For the

expression of 3NC, the NC DNA sequence was triplicated by

the BamHI and BglII fusion sites, as described previously [26]. The

concentrations of purified proteins were calculated by analysis of

Coomassie Brilliant Blue R-250-dyed SDS-PAGE with Band

Leader software.

Circular dichroism (CD) analysis
Spectra were obtained on a Jasco J-715 instrument with a

0.1 nm step size as described previously [27]. Samples (40–50 mM)

were diluted in 10 mM Tris buffer (pH 7.4, containing 0.15 M

NaCl and 3.4 mM EDTA) and placed in a 0.1 cm path-length CD

cell. The spectra were averaged from four scans, blank corrected,

smoothed and expressed as the mean residue ellipticity [h] (MRE).

Enzyme-linked immunosorbent assay (ELISA)
To determine C60 (POB1 (462–521)) and POB1 (333–461)

binding activities to the rsgp41 domains, the ELISA assay was

performed as described previously [28]. Briefly, wells of microtiter

plates were coated overnight with 50 ml C60 or POB1 (333–461)

(100 mg/ml) in 0.1 M NaHCO3 buffer (pH 9.6). The wells were

then blocked with phosphate buffer solution (PBS, pH 7.4)

containing 0.25% gelatin. After three washes with PBS containing

0.1% Tween-20 (PBS-T), rsgp41, N36(L8)C34, loop peptide, or

MPER diluted in PBS were added separately, followed by

incubation at room temperature for 1 h. After extensive washes,

the amount of bound peptides was detected by addition of their

rabbit antibody, peroxidase-conjugated anti-rabbit antibody and

substrate, o-phenylendiamin (OPD), sequentially. The absorbance

at 450 nm (A450) was recorded.

Surface Plasmon Resonance (SPR) assay
The kinetics of the binding affinity between C60 and gp41 core

was determined by SPR using the BIACORE X system

(BIACORE, Sweden), following the biomolecular interaction

analysis technology manual, as described previously [24]. Briefly,

the CM5 sensor chip was immobilized with 3NC (100 mg/ml) by

amine coupling, and the unreacted sites were blocked with

ethanolamine. The association reaction was initiated by injecting

40 ml C60 or POB1 (333–461) at a flow rate of 20 ml/min. The

dissociation reaction was performed by washing with running

buffer (10 mM HEPES, pH 7.4, containing 0.15 M NaCl,

3.4 mM EDTA and 0.005% v/v Surfactant P20). At the end of

the cycle, the sensor chip surface was regenerated with 10 mM

HCl for 30 s.

The interaction between C60 and HIV-1 gp41 expressed
on CHO-Env cells

CHO-Env cells and the control CHO cells were prestimulated

with 6.5 mM sodium butyrate for 20 hours and washed with PBS

buffer (containing 1% FBS) three times. They were incubated with

different concentrations of C60-FITC (0 mg/ml, 10 mg/ml,

50 mg/ml and 100 mg/ml) and recombinant soluble CD4 (sCD4,

50 mg/ml) at 4uC for 1 h. Conformation-specific monoclonal

antibody (MAb) NC-1 [29] was used as a control. The

fluorescence intensity was examined by a FACSCalibur flow

cytometer (Becton Dickinson) after extensive washes.

Fluorescence native polyacrylamide gel electrophoresis
(FN-PAGE)

To determine whether C60 could interrupt gp41 6-HB

formation, FN-PAGE was performed as described previously

[30]. Briefly, C60, or the small-molecule fusion inhibitor ADS-J1

[31,32] (100 mM), was mixed with N36 in equal volumes at 37uC
for 30 min. Then C34-fluorescein isothiocyanate (FITC) was

added into the mixture for another 30 min. After dilution with

Tris-glycine native sample buffer (Invitrogen, Carlsbad, CA), the

samples (20 ml) were loaded onto Tris-glycine gels (18%;

Invitrogen, Carlsbad, CA), and the gels were run at a constant

voltage of 120 V for 1 h at room temperature. After electropho-

resis, the gels were observed and imaged by a FluorChem 8800

imaging system (Alpha Innotech Corp., San Leandro, CA) using a

transillumination UV light source with an excitation wavelength of

302 nm and a fluorescence filter with an emission wavelength of

520 nm. The same gels were then stained with Coomassie Blue

and imaged with the FluorChem 8800 imaging system using a

visible light source.

Detection of inhibition of 6-HB formation by ELISA
ELISA was used to analyze the inhibitory effect of C60 on the 6-

HB formation as described previously [33]. Wells of microtiter

plates were precoated with 100 ml mAb NC-1 (8 mg/ml) at 4uC
overnight and blocked with 2% nonfat milk in PBS. C34 or C60

peptide in series concentrations and N36 or N63 (0.5 mM) were

mixed at 37uC for 30 min. Then the mixture was added into the

wells of microtiter plates with biotinylated C34 (C34-biotin,

0.5 mM) and incubated for 30 min at room temperature. Then

horseradish peroxidase labeled with streptavidin (Zymed Labora-

tories, S. San Francisco, CA) was added into the wells. After

extensive washing followed by adding the substrate TMB

(3,39,5,59-tetramethylbenzidine; Sigma), absorbance at 450 nm

(A450) was measured by an ELISA reader (Ultra 384; Tecan,

Research Triangle Park, NC). The percent inhibition of 6-HB

formation and the IC50s were calculated [34].

Peptide C60 Inhibits HIV-1 Fusion

PLOS ONE | www.plosone.org 3 May 2013 | Volume 8 | Issue 5 | e66156



Inhibition of HIV-1 Env-mediated syncytium formation by
C60

56104 3T3.T4.CXCR4 cells were incubated in wells of 48-well

plates overnight. 36104 CHO-Env cells prestimulated with

6.5 mM sodium butyrate for 20 h were then added, with or

without an inhibitor, at graded concentrations. The syncytia which

were more than four times larger than single cells were counted

under a microscope after being cultured for 24 h. The equation

used to calculate the inhibition of syncytium formation was as

follows: % inhibition = [1– (number of syncytia in a well

containing an inhibitor)/(number of syncytia in a well containing

no inhibitor)] 6100%. GST protein was used as a negative

control, and the small-molecule fusion inhibitor ADS-J1 [31,32]

was used as a positive control. The concentration for 50%

inhibition (IC50) was calculated using the CalcuSyn software [35].

Inhibition of HIV-1 infection by C60
Inhibitory activities of C60 on infection by HIV-1 X4 strain

IIIB were determined as described previously [36]. HIV-1 IIIB

infected 200 ml MT-2 cells (16104/ml) at 100 TCID50 (50% tissue

culture infective doses) with C60 at graded concentrations. After

being cultured overnight, the medium was replaced with fresh

medium. 100 ml culture supernatants were collected from each

well on the fourth day and were mixed with equal volumes of 5%

Triton X-100. The p24 antigen was detected by ELISA. Inhibitory

activities of C60 on infection by HIV-1 R5 strain Bal and the

VSV-G pseudovirus were determined as described previously [37].

HIV-1 Bal or VSV-G pseudovirus infected ml TZM-b1 cells

(16105/ml) at 100 TCID50 with C60 at graded concentrations.

293T cells were used to determine the infectivity of the IAV HA

pseudovirus. The luciferase activity of the lysed cells was analyzed

using a luciferase kit (Promega, Madison, WI) and a luminometer

(Ultra 386; Tecan, Durham, NC) on the fourth day. To determine

whether the inhibition of HIV-1 infection by C60 is due to its

influence on a cellular protein that regulates the endocytosis

process, a ‘‘wash-out’’ assay was performed. TZM-bl cells (16105/

ml) were cultured in wells of a 96-well plate overnight and

incubated in the absence (PBS-treated) or presence of 100 mM of

C60 (C60-treated) or 80 mM of MiTMAB (MiTMAB-treated)

(MiTMAB is a dynamin inhibitor that can suppress the clathrin-

mediated endocytosis) for 90 min at 37 uC. After incubation, the

cells were washed with PBS and cultured with fresh medium

containing HIV-1 Bal (100 TCID50) for 3 more days. The

Figure 2. Identification of the C-terminal region (C60, aa462–521) of POB1 as a gp41 binding site. (A) POB1 (333–521) represents the
coded fragment from the yeast two-hybrid. POB1 (462–521) (C60) corresponds to the predicted coiled-coil. POB1 (333–461) is the N-terminal
fragment of POB1 (333–521) after C60 is removed. (B) The specific interaction between rsgp41 and C60 or POB1 (333–461) was determined by yeast
two-hybrid assay.
doi:10.1371/journal.pone.0066156.g002
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luciferase activity was determined as described above. The percent

inhibition of luciferase activity and the IC50s were calculated using

the CalcuSyn software [35].

Analysis of cytotoxicity
The cytotoxicity of C60 on MT-2 and TZM-bl cells was

measured by the Cell Counting Kit 8 (Dojindo). The cells were

cultured with C60 at graded concentrations for 4 days in wells of

96-well plates, and washed twice with PBS. Then, 10 ml of WST-8

was added to each well. After incubation for 2 h, the absorbance

at 450 nm was measured by an ELISA reader and the %

cytotoxicity was calculated.

Results

Identification of the C-terminal region (C60, aa 462–521)
of the human POB1 protein as the HIV-1 gp41 binding
site

To identify a human protein that can physically interact with

the ectodomain of gp41, we conducted a yeast two-hybrid

screening of a human bone marrow cDNA library. From 56106

screened clones, a blue clone that grew on the -Try/-Leu/-His/-

Ade/X-Gal plate was identified. The corresponding plasmid,

which contained a 700 bp cDNA identical to the 39 region of

POB1 mRNA on the basis of nucleotide blasting on NCBI, was

then recovered. This cDNA insert encodes a protein sequence

Figure 3. Inhibition activity of C60 on syncytium formation and HIV-1 infection. (A) Inhibition of C60 on HIV-1 Env-mediated syncytium
formation. GST was used as the negative control, and ADS-J1 was used as the positive control. (B) Antiviral activity of C60 on the infection by HIV-1
IIIB (X4-tropic) and Bal (R5- tropic). The VSV-G and IAV HA pseudoviruses were used as control. (C) Susceptibility of TZM-bl cells pretreated with C60
and MiTMAB (a inhibitor of clathrin-mediated endocytosis). TZM-bl cells were pre-treated with PBS, C60 (100 mM) or MiTMAB (80 mM) and washed
three times to remove the unbound inhibitors before addition of HIV-1 Bal for infection. The untreated cells incubated with PBS were included as
control. The experiment was performed in triplicate and the data are presented in mean6SD. (D) Cytotoxicity of C60 on MT-2 and TZM-bl cells. Cells
were incubated in absence or presence of C60 at graded concentrations for four days, followed by measurement of the cell viability using the Cell
Counting Kit 8. The experiment was performed in triplicate and the data are presented in mean6SD.
doi:10.1371/journal.pone.0066156.g003
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Figure 4. Binding activity of C60 and POB1 (333-461) with rsgp41. (A) CD spectra of C60, which represents the coiled-coil conformation,
while POB1 (333–461) does not. (B) ELISA analysis to determine the binding site of regp41 interacting with C60. POB1 (333–461) was used as control.
(C) ELISA analysis of C60 interaction with gp41 fusion core. Wells of microtiter plates were coated with purified C60 (i) or POB1 (333–461) (ii). Reaction

Peptide C60 Inhibits HIV-1 Fusion
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corresponding to the C-terminal region (aa 333–521) of the POB1

protein.

According to previous report, this POB1 (333–521) region

covers the RalBP1 binding domain (aa 375–521), which contains

two putative SH3 binding sites and a predicted coiled-coil domain

(Fig. 2A) [38]. To further identify the fragment in the POB1 (333–

521) region that mediates binding to gp41, plasmids expressing

POB1 (333–521), POB1 (333–461), and POB1 (462–521) that

contain the predicted coiled-coil domain were constructed and

tested for interaction with rsgp41 in the yeast two-hybrid system.

Plasmids pGADT7-T and pGBKT7-P53 were used as control.

Only yeast cells bearing the pGADT7-POB1 (333-521) or

pGADT7-POB1 (462–521) plasmids that were cotransformed

with pGBKT7-rsgp41 show His+/Ade+/Mel1+ phenotype,

whereas the other yeast cells did not (Fig. 2B). These results

indicate that the C-terminal fragment of POB1 (aa 462–521),

designated C60, mediates the binding of POB1 to rsgp41.

Inhibition of HIV-1 Env-mediated cell-cell fusion and HIV-
1 infection by C60

Next, we expressed the polypeptide C60 and tested its inhibitory

activity on HIV-1 Env-mediated cell-cell fusion using

3T3.T4.CXCR4 cells that express CD4 and CXCR4, as the

target cells, and CHO-Env cells that express the HIV-1 Env, as the

effector cells. We found that C60 is highly effective in inhibiting

the HIV-1 Env-mediated cell-cell fusion in a dose-dependent

manner. The IC50 was 1.0960.39 mM (Fig. 3A), which is lower

than that of ADS-J1, the positive control HIV-1 entry inhibitor.

Subsequently, we assessed the antiviral activity of C60 against

infection by two laboratory-adapted HIV-1 strains, IIIB (X4-

tropic) and Bal (R5-tropic). As shown in Fig. 3B, C60 could

effectively inhibit infection by both HIV-1 IIIB and Bal with IC50

values of 15.2864.56 mM and 9.2163.25 mM, respectively, while

it showed no inhibition of infection by either VSV-G or IAV HA

pseudoviruses, suggesting that C60 can specifically interact with

the HIV-1 Env and inhibit gp41-mediated membrane fusion and,

hence, HIV-1 infection.

To determine whether the inhibition of HIV-1 infection by C60

is due to its influence on a cellular protein that regulates the

endocytosis process, a ‘‘wash-out’’ assay was performed. As shown

in Fig. 3C, TZM-bl cells pre-treated with C60 are still susceptible

to HIV-1 Bal infection, while the cells pretreated with MiTMAB (a

inhibitor of clathrin-mediated endocytosis) became resistant to the

viral infection, suggesting that unlike MiTMAB, C60 does not

interact with a cellular protein (e.g., clathrin or dynamin) to

interfere with the cellular protein-regulated endocytosis process.

Subsequently, we tested the potential cytotoxicity of C60. As

shown in Fig. 3D, C60 exhibited no significant cytotoxicity to MT-

2 and TZM-bl cells at the concentration as high as 100 mM,

suggesting that the HIV-1 fusion-inhibitory activity of C60 is not

due to its cytotoxicity.

Binding of C60 with the HIV-1 gp41 6-HB structure
In order to determine the secondary conformation of C60,

recombinant C60 protein was analyzed by CD spectra. The CD

spectrum of C60 exhibited negative troughs at 222 and 208 nm

(Fig. 4A), confirming its coiled-coil confirmation, which is

consistent with the prediction from bioinformatics analysis [38].

To determine which domain of rsgp41 is responsible for binding

to C60, we performed an ELISA assay using rsgp41, N36(L8)C34,

and peptides derived from the gp41 loop region and MPER. The

results showed that only rsgp41and N36(L8)C34 could strongly

bind to C60 (Fig. 4B). Importantly, since N36(L8)C34 has been

recognized as a model of the gp41 6-HB core [39], the above

results implied that the C60-binding site in rsgp41 is the gp41 6-

HB fusion core. Using ELISA, we then further tested the binding

activity of C60 with the gp41 N-peptide N36, C-peptide C34 and

N36/C34 complex at graded concentrations. The results also

proved that C60 bound strongly to the gp41 6-HB formed by N36

and C34, as well as the N36 peptide (Fig. 4C), suggesting that the

with serial concentrations of N36 or C34 peptides, or the complex containing half the quantity of each peptide. (D) Binding affinity of C60 to gp41
fusion core analyzed by SPR. Series concentrations of purified C60 were allowed to flow pass the control channel (without 3NC coating) and the
immobilized channel, sequentially. The Kd value was calculated by BIAevaluation 3.1 software. POB1 (333–461) control shows no interaction with
gp41 fusion core.
doi:10.1371/journal.pone.0066156.g004

Figure 5. Binding of C60-FITC to HIV-1 gp41 expressed on CHO-Env cells. (A) CHO-C cells without gp160 were reacted with different
concentrations of C60-FITC (a, 0 mg/ml; b, 10 mg/ml; c, 50 mg/ml) in the presence of sCD4 (50 mg/ml) and d, NC-1 mAb (50 mg/ml). (B) CHO-Env cells
with gp160 were reacted with different concentrations of C60-FITC (e, 0 mg/ml; g, 10 mg/ml; h, 50 mg/ml; i, 100 mg/ml) in the presence of sCD4
(50 mg/ml) and f, NC-1 mAb (50 mg/ml).
doi:10.1371/journal.pone.0066156.g005
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C60 helix may bind to some sites in gp41 NHR that are exposed

on the surface of the gp41 6-HB.

Real-time surface plasmon resonance (SPR) was then employed

to analyze the kinetic characteristics of the affinities between C60

and gp41. We generated a recombinant protein 3NC, which

contains a triplicate N36-GGSGG-C34 where GSSGG serves as a

linker between N36 and C34 peptides [40] to obtain a more stable

gp41 6-HB core. The purified 3NC protein was immobilized on

the surface of a carboxymethylated dextran sensor chip (CM5).

Purified C60 with serial concentrations were allowed to flow

through the control channel without 3NC coating and the 3NC-

immobilized channel, sequentially, and the interaction was

recorded as the different respondent spectra on the sensorgram.

The data were simulated with the BIAevaluation 3.1, and the

resulting equilibrium constant (Kd) of the interaction between 3NC

and C60 was calculated to be at 1.55e28 M (Fig. 4D). This result

confirmed the strong interaction between C60 and gp41 6-HB.

Interaction of C60 with the CD4-induced gp41 core on
the cell surface

Having confirmed the interaction between C60 and the gp41 6-

HB, a flow cytometry assay was then used to determine the specific

interaction between C60 and HIV-1 gp41 expressed on CHO-Env

cells. Recombinant soluble CD4 (sCD4) was used to dissociate

gp120 from gp41 and expose gp41 6-HB on the cell surface [41].

In the control CHO cells, the fluorescence intensity presents no

difference between samples with different concentrations of C60-

FITC. However, in the sCD4-treated CHO-Env cells, samples did

present florescence intensity corresponding to the concentrations

of C60-FITC, indicating that C60 is able to interact with gp41 6-

HB core in a dose-dependent manner (Fig. 5).

Inability of C60 to disrupt the gp41 6-HB formation
We carried out an FN-PAGE to test whether C60 could block

the formation of 6-HB by the peptides N36 and C34-FITC. ADS-

J1, a small-molecule HIV-1 fusion inhibitor able to disrupt the 6-

HB formation [31,32], was used as a positive control. The gel was

Figure 6. Inhibition activity of C60 on 6-HB formation. (A) FN-PAGE gel was stained with Coomassie Blue (i) or was visualized using a
transillumination UV light source (ii). Line1, N36; Line 2, C34-FITC; Line 3, N36/C34-FITC; Line 4, N36/C34-FITC/ADS-J1; Line 5, C60; Line 6, N36/C34-
FITC/C60. (B) ELISA was used to determine the inhibition effect of C60 on gp41 6-HB formation by N36 and C34-biotin. C34 was used as control. (C)
ELISA was used to determine the inhibition effect of C60 on gp41 6-HB formation by N63 and C34-biotin. C34 was used as control.
doi:10.1371/journal.pone.0066156.g006
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visualized by staining with Coomassie Blue (Fig. 6A1) or UV light

(Fig. 6A2). As expected, N36 peptide alone (lane 1) showed no

band because N36 carries net positive charges, thus migrating up

and off the gel, while C34-FITC exhibited a band at the lower

position in the gel (lane 2) [31,32]. The N36/C34-FITC mixture

displayed a band at the upper position in the gel (lane 3),

corresponding to the band of 6-HB formed by N36 and C34-

FITC. When ADS-J1 was added into the mixture, the upper band

disappeared and was replaced by a lower band which was at the

same position as C34-FITC alone (lane 4), confirming that ADS-

J1 could disrupt the 6-HB formation between N36 and C34-FITC.

Like N36, C60 alone did not display a band in the gel because it

also carries net positive charge, rendering it unable to run into the

native gel (lane 5). The N36/C34-FITC/C60 mixture exhibited a

band at a higher position in lane 6 than the 6-HB band in lane 3

where the N36/C34-FITC mixture was loaded, indicating that

C60 does not inhibit the 6-HB formation, but rather binds to 6-

HB to form a new complex. Like N36, C60 alone did not display a

band in line 1, 4 and 5 on the Coomassie Blue-stained gel because

N36 and C60, having a large number of positive charges, could

not run into to the native gel.

Using ELISA and C34 as the control 6-HB inhibitor, we further

analyzed the potential inhibitory activity of C60 on 6-HB

formation. As shown in Fig. 6B, C34 could compete with C34-

biotin in binding to N36 and inhibited, in a dose-dependent

manner, the 6-HB formed between N36 and C34-biotin, while

C60 exhibited no significant inhibition at the concentration as

high as 4 mM. In order to exclude the possibility that C60 may

bind to a region other than the N36 sequence in gp41 NHR

domain, we used N63, which covers the entire sequence of NHR,

to repeat the above experiment. As shown in Fig. 6C, C60 could

not inhibit formation of the 6-HB formed between N63 and C34-

biotin, consistent with the result from the experiment using N36.

Discussion

The HIV-1 gp41 6-HB core structure has been recognized as a

critical structure in the viral fusion and entry process through the

plasma membrane fusion or endocytosis pathways [17,18].

Peptides derived from the gp41 CHR domain, such as SJ-2176

[42], C34 [19,43] and T20 [44], can bind to the viral gp41 NHR

domain to form heterogeneous 6-HB and block viral gp41

homologous 6-HB core formation in the target cell plasma

membrane or endosomal membranes [45,46]. However, it is

unclear whether the HIV-1 gp41 6-HB core can serve as a target

for developing HIV fusion inhibitors since it is believed that 6-HB

is a dead-end structure in the HIV fusion process.

In this study, we conducted a yeast two-hybrid screen using the

rsgp41 as the bait. We found that the human POB1 is able to bind

to the HIV-1 gp41. Truncation analysis of gp41 and POB1

revealed that the binding sites of these two proteins were located at

the C-terminal coiled-coil domain of POB1 (C60, aa 462–521) and

the gp41 6-HB core formed by the NHR and CHR domain,

respectively. Since the gp41 6-HB has been recognized as the

dead-end structure formed in the HIV-1 fusion process, 6-HB-

binding molecules are generally expected to be ineffective in

inhibiting HIV-1 Env-mediated membrane fusion. Strikingly,

however, the polypeptide C60 exhibited significant inhibition on

HIV-1 Env-mediated cell fusion and infection by HIV-1 IIIB and

Bal strains, with IC50 values at low mM level. Because C60 is

derived from a human protein, it is not expected to induce

antibody response against C60. Therefore, C60 can be used as a

lead for development of safe and effective anti-HIV-1 therapeutics

or microbicides for the treatment and prevention of HIV-1

infection.

It has long been recognized that HIV-1 enters into the CD4+ T

lymphocytes through the cytoplasmic membrane fusion in a pH-

independent manor. However, this hypothesis has been challenged

Figure 7. HIV-1 gp41 6-HB as a target for fusion inhibitor design. (I) The HIV-1 Env surface subunit gp120 binds with CD4 and co-receptor
CCR5 or CXCR4 on the target cell. (II) The HIV-1 Env transmembrane subunit gp41 changes conformation to the pre-hairpin intermediate state with
the exposed NHR-trimer, to which the CHR-peptides, such as C34 and T20, can bind, resulting in the inhibition of the 6-HB formation. (III) The HIV-1
gp41 refolds into the 6-HB conformation. (IV) The HIV-1 envelope can fuse with either the cytoplasmic membrane (IVa) through the plasma
membrane fusion route or endosomal membrane (IVb) via the endocytosis pathway. The peptide C60 can bind with the 6-HB to stop the further
process of fusion between viral envelope and plasma membrane (IVa) or endosomal membrane (IVb).
doi:10.1371/journal.pone.0066156.g007
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by researchers who have demonstrated that the entry of HIV-1

into the target cells is mainly through endocytosis [21]. It also

raises questions about the actual role of the gp41 6-HB in the

membrane fusion process since 6-HB is formed immediately after

fusion pore formation in the endosomal membrane [20].

Consequently, the hypothesis that gp41 CHR-peptide-based

HIV-1 fusion inhibitors inhibit HIV-1 fusion by binding to the

gp41 NHR and subsequently blocking gp41 6-HB formation

should be revisited [47]. Since C60 could bind the gp41 6-HB core

and inhibit HIV-1 Env-mediated membrane fusion, it could also

be used as a molecular probe to study the fusogenic mechanism of

HIV-1 and determine the role of the gp41 6-HB core in the HIV-1

fusion process. We believe that unlike the CHR-peptide-based

HIV fusion inhibitors such as C34 and T20, C60 inhibits fusion

between the viral envelope and the cytoplasmic membrane or

endosomal membrane by interacting with the gp41 6-HB (Fig. 7).

POB1 has been demonstrated to play an important role in

EGF/insulin-induced endocytosis by coupling RalBP1 to Eps15

and Epsin, which bind to the AP-2 and clathrin complex [48].

Since clathrin is able to mediate endocytosis involving in HIV-1

entry [49], a rational question is whether C60 may interact with

some cellular proteins, such as clathrin or dynamin, to indirectly

affect the endocytosis of HIV-1. To answer this question, we

pretreated target cells with C60 or MiTMAB, which is a inhibitor

of clathrin-mediated endocytosis. After removal of the unbound

inhibitors, we determined the susceptibility of these treated and

untreated cells to the HIV-1 Bal infection. The results showed that

MiTMAB-pretreated cells became less susceptible to HIV-1

infection, while C60-pretreated cells retain their susceptible to

HIV-1. These results suggest that C60 may not regulate the

endocytosis of HIV-1 through a cellular protein, but rather

directly inhibits HIV-1 fusion with the target cell membranes by

interacting with the viral proteins, such as gp41.

A number of the human restriction factors against HIV-1

replication, such as APOBEC3F, APOBEC3G, TRIM5alpha,

Tetherin, and HERC5, have been identified [8–13]. These human

proteins may be used as leads to develop anti-HIV-1 agents.

However, none of these restriction factors targets the early stages

of the HIV-1 life cycle, i.e., viral fusion and entry. Here we found

that the C-terminal domain of human POB1 can bind to the gp41

6-HB core and inhibit HIV-1 Env-mediated membrane fusion at

the late stage. It is, therefore, worthwhile investigating whether

POB1 may also act as a host restriction factor to suppress HIV-1

fusion and entry through the endocytosis.

As shown in Fig. 3C, TZM-bl cells pre-treated with C60 are still

susceptible to HIV-1 Bal infection, while the cells pretreated with

MiTMAB (a inhibitor of clathrin-mediated endocytosis) became

resistant to the viral infection, suggesting that unlike MiTMAB,

C60 does not interact with a cellular protein (e.g., clathrin or

dynamin) to interfere with the cellular protein-regulated endocy-

tosis process. Rather, it may directly interact with the viral protein

(e.g., gp41) to inhibit viral fusion with the target cell membranes.

The entry of vesicular stomatitis virus (VSV) into the target cells

was through the clathrin-based and dynamin-dependent endocy-

tosis, and was sensitive to chlorpromazine (a inhibitor of clathrin-

mediated endocytosis) and dynasore (an inhibitor of dynamin)

[50,51]. However, C60 exhibited no inhibition of VSV-G

pseudoviruses infection, further suggesting that C60 may not

interact with those proteins involving in endocytosis processes.
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