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Human immunodeficiency virus type 1 (HIV-1) infection is
initiated by fusion of the virus with the target cell membrane
(1, 11, 19, 40, 43, 51). The initial event involves the binding of
the envelope (Env) protein gp120 first to CD4 and subsequently to the chemokine receptor, thereby triggering a series
of conformational changes that lead to the formation of a
prehairpin intermediate (PHI) of the second Env protein,
gp41. In the PHI (14) gp41 bridges the viral and target cell
membranes (Fig. 1). The PHI is tethered to the viral membrane by a transmembrane domain that lies C terminal to the
C-heptad repeat (C-HR) (residues 623 to 663) and to the
target membrane by the N-terminal fusion peptide. The exposed N-heptad repeat (N-HR) (residues 542 to 591), which
lies C terminal to the fusion peptide, forms a parallel helical
coiled-coil trimer. Apposition of the viral and target cell membranes is driven by the formation of a six-helix bundle (6-HB)
conformation of gp41 comprising a trimer of hairpins in which
the N-HR trimeric coiled coil is surrounded by three C-HR
helices. The 6-HB represents the only structure of gp41 that
has been solved to date by either crystallography (5, 49, 52) or
nuclear magnetic resonance (3). The PHI is the target of four
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classes of fusion inhibitors (4, 11, 26, 43). Class 1, 2, and 4
inhibitors simply bind to the N-HR, C-HR, and membraneproximal extended region (MPER) of the PHI, respectively,
thereby blocking the formation of the 6-HB (Fig. 1). Examples
of class 1 inhibitors include peptides derived from the C-HR
sequence (e.g., T20/enfuvirtide, C34, and membrane-anchored
C-HR peptides) (20, 28, 31, 33, 53), cyclic D-peptides derived
by mirror image phage display of the N-HR trimer (13), and
several designed neutralizing antibodies (Abs) (e.g., D5, Fab
3674, and 8K8) (17, 29, 34, 37); class 2 inhibitors comprise
various engineered constructs that present an exposed, stable
N-HR trimeric coiled coil (e.g., NCCG-gp41, N35CCG-N13,
5-helix, and IQ-N23) (12, 25, 27, 44); and class 4 inhibitors
comprise neutralizing monoclonal Abs (MAbs) derived from
patients (e.g., 2F5 and 4E10) (36, 41, 47, 55). There is only a
single example of a class 3 inhibitor, namely, the N36Mut(e,g)
peptide (2), in which all the residues at helical positions e and
g of the N-HR sequence have been mutated such that
N36Mut(e,g) forms a monodisperse trimer that can no longer
interact with the C-HR (Fig. 2A). N36Mut(e,g), like the class 1
inhibitors, targets the N-HR, but its mode of action is quite
distinct from those of all three other classes of inhibitors (2,
16); specifically, N36Mut(e,g) inhibits trimerization of the N-HR
by sequestering the N-HR into heterotrimers (Fig. 1).
Although the N-HR is highly conserved, its accessibility during the course of fusion is limited both sterically and temporally (15, 18, 46). The latter probably accounts for the dearth of
naturally occurring neutralizing Abs targeting the N-HR, while
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Human immunodeficiency virus type 1 (HIV-1) neutralization can be effected by several classes of inhibitors
that target distinct regions of gp41 that are accessible in the prehairpin intermediate (PHI) state and block the
formation of the six-helix bundle (6-HB) conformation of gp41. The N-heptad repeat (N-HR) of gp41 is the site
of action of two classes of inhibitors. One class binds to the trimeric N-HR coiled coil, while the other,
exemplified by the peptide N36Mut(e,g), disrupts the trimer and sequesters the PHI through the formation of
heterotrimers. We recently reported a neutralizing Fab (Fab 3674), selected from a nonimmune phage library,
that binds to the trimeric N-HR coiled coil through an epitope that remains exposed in the 6-HB and is also
present in heterotrimers of the N-HR and N36Mut(e,g) peptide. Here we show that N36Mut(e,g) prolongs the
temporal window during which the virus is susceptible to neutralization by the bivalent Fab 3674 and that
bivalent Fab 3674 and N36Mut(e,g) neutralize HXB2 and SF162 strains of HIV-1, as well as isolates of diverse
primary B and C HIV-1 strains, synergistically in a Env-pseudotyped virus neutralization assay. N36Mut(e,g)
also rescues neutralizing activity of Fab 3674 against resistant virus strains and renders a series of related
nonneutralizing Fabs neutralizing. Moreover, N36Mut(e,g) exhibits the same effects on the broadly neutralizing
2F5 and 4E10 monoclonal antibodies directed against the membrane-proximal extended region of gp41. The
mechanistic implications of these findings are discussed.
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the former renders neutralization by large molecules such as
Abs challenging (51). In two recent papers we described a
series of Fabs derived from a nonimmune phage library that
bind to the N-HR in the context of both a stable N-HR trimer
and a 6-HB (17, 27). The epitopes comprise a region of the
N-HR that is exposed between adjacent C-HR helices in the
6-HB (Fig. 2A and B). While several of these Fabs were able
to inhibit gp41-mediated cell fusion, only one, Fab 3674, was
able to neutralize HIV-1 infection (17). We reasoned that the
class 3 inhibitor N36Mut(e,g) (2) could potentiate the action of
these Fabs by slowing down fusion, while the Fabs in turn
could potentiate the action of N36Mut(e,g) by binding and therefore stabilizing the N-HR/N36Mut(e,g) heterotrimers. Here we
show that N36Mut(e,g) not only enhances the activity of the
neutralizing Fab 3674 but rescues neutralizing activity against
resistant HIV strains and renders the series of related nonneutralizing Fabs neutralizing.
MATERIALS AND METHODS
Abs, cell lines, and molecular clones. The HIV-1 expression plasmid SG3"env
(catalogue no. 11051), the HIV-1 Env molecular clone pCAGGS SF162 gp160
(catalogue no. 10463), TZM-b1 indicator cells (JC53BL-13, catalogue no. 8129),
and MAbs 2F5 (catalogue no. 1475) and 4E10 (catalogue no. 10091) were
obtained from the National Institutes of Health AIDS Research and Reference
Reagent Program. 293T cells were obtained from the American Type Culture
Collection. The NC-1 MAb (21) was a gift from Shibo Jiang. The gp160 expression plasmid pSVIII HXBc2 was provided by J. Sodroski (22, 48). Env clones
from Standard Reference Panels B (B.CAAN5342.A2, B.6535.3, B.PVO.4) (30)
and C (C.ZM233M.PB6, C.DU172.17) (54) were obtained from the NIH AIDS
Research Reference Reagent program (catalogue no. 11227 and 11326, respectively).
Env-pseudotyped virus preparation. Pseudovirus stocks were prepared essentially as described previously (23, 24). Exponentially dividing 293T cells were
cotransfected using the Fugene6 transfection kit (Roche, Nutley, NJ) with the
Env-deficient HIV-1 expression plasmid SG3"env and an Env-expressing plasmid in ratios proportional to their individual sizes (approximately 16 #g total
DNA per 50 to 80% confluent T-150 culture flask). Culture supernatants were
collected at 2 days posttransfection, filtered through a 0.45-#m filter, and stored
at $80°C until further use.

HIV-1 neutralization. Env-pseudotyped HIV-1 neutralization assays were performed essentially as described previously (23, 24). Serial dilutions of peptide
and Ab fusion inhibitors (10 #l) were added to Env-pseudotyped virus (in 40 #l
Dulbecco modified Eagle medium plus 10% fetal calf serum), followed by addition of freshly trypsinized TZM-bl indicator cells, a HeLa-derived cell line
genetically modified to constitutively express CD4, CCR5, and CXCR4 (10,000
cells in 20 #l of the same medium). After incubation at 37°C overnight, 150 #l of
fresh growth medium was added to each well. At about 48 h postinfection, the
cells were lysed and luciferase activity was measured using the BrightGlo luciferase assay kit (Promega) and a Wallac 1450 MicroBeta TriLux liquid scintillation and luminescence counter (Perkin-Elmer Life Sciences). Pseudovirus stocks
were diluted to yield a 100- to 200-fold increase of luminescence for an infected
control relative to an uninfected control. Fifty percent inhibitory concentration
(IC50s) were obtained by a nonlinear least-squares fit of the experimental data to
the simple activity relationship % fusion % 100/(1 ! [I]/IC50), where [I] is the
concentration of inhibitor.
Postattachment HIV-1 neutralization assay. The neutralizing activity of peptides and Abs was also tested after attachment of pseudovirus to the target cells
following CD4 engagement. In these experiments TZM-bl cells (104 per well)
were plated and allowed to adhere overnight. Plates were cooled to 4°C (a
temperature at which fusion does not occur) and cold Env-pseudotyped virus was
added in the same dilution as that for the regular neutralization assay. The plates
were centrifuged at 4°C at 1,100 & g for 2 h, followed by washing the cells in cold
medium to remove unadsorbed virus. Synchronized infection was initiated by the
addition of warm medium (containing serial dilutions of peptide or Ab inhibitors). Subsequent steps in the assay were as described above for the regular
neutralization assay.
Analysis of neutralizing activity of Abs in combination with N36Mut(e,g) peptide. Multiple constant-ratio combinations of Abs and synthetic N36Mut(e,g) peptide were tested in serial dilutions in Env-pseudotyped virus neutralization assays, as described above. Analysis of combination effects followed that of Chou
and Talalay (7, 8), as described previously (16). The dose reduction index (DRI)
of inhibitor x in combination with inhibitor y is given by DRIx % (IC50)x/IC50)x,y,
where (IC50)x and IC50)x,y are the IC50’s of x alone and in combination with y,
respectively. The combination index (CI), which describes the summation of the
effects of the two inhibitors, is given by CI % (DRIx)$1 ! (DRIy)$1 ! (DRIxDRIy)$1, where the last term, which makes only a small contribution to CI,
accounts for the state where both inhibitors are bound. CI values equal to,
greater than, or less than 1 are indicative of additive, antagonistic, and synergistic
effects, respectively.
Synchronized and “time-of-addition” Env-pseudotyped HIV-1 neutralization
assay. Synchronized viral infection assays in the context of the HXB2 Envpseudotyped virus neutralization assay were performed using the spinoculation
technique (38, 42). TZM-bl cells (104 per well) were plated and allowed to

Downloaded from jvi.asm.org at NIH Library on September 29, 2008

FIG. 1. Schematic of the sites of action of the four classes of inhibitors that target the PHI state of gp41. Class 1 inhibitors bind to the N-HR,
class 2 inhibitors bind to the C-HR, class 3 inhibitors form heterotrimeric coiled coils with the N-HR of gp41, and class 4 inhibitors bind to the
MPER of gp41.
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FIG. 2. N36Mut(e,g) and the epitopes for the neutralizing (Fab 3674) and nonneutralizing (Fabs 3663, 3670, and 1018) MAbs directed against
the N-HR of gp41. (A) Sequence of N36 (residues 546 to 581 of gp41), with the helical wheel positions in the N-HR trimer indicated below the
sequence (5). Positions e and g (red), which contact the C-HR helix in the 6-HB conformation of gp41, are mutated in N36Mut(e,g) (2). As a result,
N36Mut(e,g) forms a trimer that does not interact with C34 (a peptide comprising residues 628 to 661 of the C-HR of gp41) but can form
heterotrimers with the N-HR of gp41, thereby inhibiting fusion (2). The epitopes of the neutralizing bF-3674 Fab (E560, H563, W571, K574, and
Q575) and the nonneutralizing bF-1018, bF-3663, and bF-3670 Fabs (Q567, W571, K474, and Q575), previously delineated by alanine-scanning
mutagenesis (17), are indicated. (B) Surface representation of the 6-HB core of HIV-1 gp41 (5, 49, 52). The trimeric N-HR helices are in gray,
and the C-HR helices (two in the view shown) in green. Solvent-exposed N-HR residues that comprise the epitopes of the Fabs and lie in a shallow
groove between two C-HR helices are shown as stick diagrams and colored as follows: residues common to the epitopes of both the neutralizing
and nonneutralizing Fabs, blue; residues that are part of only the neutralizing Fab epitope, purple; the residue that is part of only the
nonneutralizing Fab epitope, light blue. Residues colored in red are N-HR residues at positions e and g of the helical wheel that interact with the
C-HR helices.

adhere overnight. Plates were cooled to 4°C, and cold pseudovirus was added in
the same dilution as that used in the regular neutralization assay. The plates were
centrifuged at 4°C at 1,100 & g for 2 h, and cells were washed twice with cold
medium to remove unadsorbed virus and synchronize infection prior to raising

the temperature to 30 or 37°C. Fusion was initiated by addition of warm medium
[containing, where indicated, a suboptimal 2 #M concentration of N36Mut(e,g)
peptide]. Fully inhibitory concentrations of inhibitor were then added at various
time intervals after the initiation of synchronized infection. After 2 h, plates that
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FIG. 3. Infectivity as a function of time of addition of fusion inhibitors in a synchronized HXB2-Env pseudotyped viral infectivity assay
at 37°C. (A) Fully inhibitory concentrations of sCD4 (50 #g/ml), C34
(200 nM), and N36Mut(e,g) (50 #M) peptides and 2G12, 2F5, 4E10, and
bF-3674 neutralizing MAbs (50 to 200 #g/ml) were added at the
indicated time points. The experimental data (averages from four to
eight experiments, with error bars representing standard deviations)
were fit to a sigmoidal curve (see Materials and Methods). At 37°C, the
t1/2s of the inhibitor-sensitive state are as follows: sCD4, !1 min; 2G12,
! 1 min; 2F5, 15.0 * 1.8; 4E10, 15.9 * 1.7 min; C34, 19.0 * 2.3 min;
N36Mut(e,g), 20.6 * 2.3 min; and bF3674, 21.5 * 2.0 min. The so-called
zero time point represents data acquired by adding cold medium containing a high concentration of inhibitor to the cold cells prior to
initiating fusion by raising the temperature to 37°C. The small degree
of inhibition of infection observed at the zero time point for both sCD4
and 2G12 indicates that although the pseudovirus is bound to CD4bearing cells under these conditions, the conformational change in
gp120 has not yet fully taken place in the cold and some competition
with sCD4 and 2G12 is still possible. (B) Comparison of infectivity as
a function of time of addition of sCD4 at 30°C and 37°C. The data for
sCD4 at the two temperatures are similar.

were incubated at 30°C were transferred to 37°C. After overnight incubation at
37°C, 150 #l of fresh medium was added to each well, and luciferase activity was
measured '48 h postinfection as described above. The experimental data were
fitted to a sigmoidal function given by y % ymax[(1 ! e(t1/2$t)/k], where t is the time
postinfection at which the inhibitor was added, t1/2 is the half-life of the inhibitorsensitive state of Env, and k is a constant that determines the shape of the
sigmoidal curve (42).

RESULTS AND DISCUSSION
Temporal window of inhibition of viral infectivity. To assess
the temporal window for viral neutralization, we examined
viral infectivity as a function of time of addition of fully inhibitory concentrations of various inhibitors targeting gp120 and
gp41 in a HXB2 Env-pseudotyped virus infectivity assay that is
synchronized at the CD4-bound step. The results are summarized in Fig. 3. The MAb 2G12 (50) and soluble CD4 (sCD4)
both bind to gp120 and are essentially inactive after CD4
engagement, with neutralization half-lives (t1/2) of less than 1
min. The two MAbs that target the MPER of gp41, 2F5 (41)
and 4E10 (47), have comparable t1/2 values of 15.0 * 1.8 and
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FIG. 4. Subinhibitory concentrations of N36Mut(e,g) increase the t1/2
of the inhibitor-sensitive state. Viral infectivity as a function of time of
addition of fully inhibitory concentrations of the C34 peptide (200 nM)
(A), the neutralizing N-HR directed bF-3674 Fab (200 #g/ml) (B), and
the neutralizing MPER-directed MAbs 2F5 and 4E10 (50 #g/ml)
(C) in a synchronized HXB2-Env pseudotyped viral infectivity assay in
the presence and absence of a subinhibitory (2 #M) concentration of
N36Mut(e,g) is shown. The experimental data (averages from four to
eight experiments, with error bars representing standard deviations)
were fit to a sigmoidal curve (see Materials and Methods). The t1/2
values for the inhibitor-sensitive state are as follows: C34 at 37°C, 19.0 *
2.3 min; C34 plus N36Mut(e,g) at 37°C, 42.6 * 1.8 min; C34 at 30°C, 34.0 *
5.5 min; C34 plus N36Mut(e,g) at 30°C, 62.9 * 6.9 min; bF-3674 at 37°C,
21.5 * 2.0 min; bF-3674 plus N36Mut(e,g) at 37°C, 27.8 * 1.8 min; bF-3674
at 30°C, 30.9 * 6.7 min; bF-3674 plus N36Mut(e,g) at 30°C, 51.3 * 4.3 min;
2F5 and 4E10 at 37°C, 15.0 * 1.8 and 15.9 * 1.7 min (respectively); 2F5
and 4E10 plus N36Mut(e,g), 44.1 * 2.3 and 57.9 * 2.3 min (respectively).

15.9 * 1.7 min, respectively, slightly shorter than those of the
C34 peptide (6), the N36Mut(e,g) peptide (2), and the bivalent
Fab bF-3674 (17) which have comparable t1/2 values of 19.0 *
2.3 min, 21.5 * 2.0 min, and 20.6 * 2.3 min, respectively. We
therefore conclude that the binding sites for 2G12 and sCD4
on gp120 are unavailable, either occluded or distorted, once
the CD4-induced conformational changes in gp120 have occurred upon attachment of the virus to the target cell membrane via the binding of gp120 to membrane-bound CD4. The
data on the gp41-directed inhibitors indicate that the N-HR is
accessible to inhibitors [cf. C34, N36Mut(e,g), and bF-3674] for a
slightly longer period of time than the MPER (cf. 2F5 and 4E10).
This result is consistent with the finding that changes in exposure
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TABLE 1. N36Mut(e,g) and neutralizing gp41-directed MAbs inhibit
infectivity synergistically in an HBX2 Env-pseudotyped virus
neutralization assaya
Ab peptide

Ab/N36Mut(e,g)
combination
ratio

DRI (mean * SD)
Ab

N36Mut(e,g)

CI (mean * SD)

bF-3674b

1:20
1:40
1:80
1:100
1:200

2.4 * 0.6
4.0 * 0.9
7.0 * 1.5
10.0 * 2.7
10.4 * 2.3

7.4 * 1.6
6.4 * 1.2
5.6 * 0.9
6.4 * 1.5
3.3 * 0.6

0.6 * 0.2
0.4 * 0.2
0.3 * 0.1
0.3 * 0.1
0.4 * 0.1

mF-3674b

1:10
1:20

3.7 * 1.0
11.8 * 2.4

3.5 * 0.8
5.5 * 0.9

0.6 * 0.2
0.3 * 0.1

2F5

1:500
1:1,000

3.4 * 1.0
8.2 * 1.9

8.4 * 1.6
9.7 * 1.2

0.4 * 0.2
0.2 * 0.1

4E10

1:500
1:1,000

6.2 * 1.5
12.0 * 2.6

12.7 * 2.7
12.1 * 2.2

0.3 * 0.1
0.2 * 0.1

of the MPER occur independently of the formation of the 6-HB
(10).
The impact of the time window for viral neutralization by
gp41-directed inhibitors can also be gauged by comparing the
IC50s in a regular HXB2 Env-pseudotyped virus neutralization
assay versus a postattachment viral neutralization experiment in
which virus is specifically bound to CD4 on the target cells prior
to the addition of inhibitor. The rationale for the latter experiment is that membrane-bound CD4 activates HXB2 Env, thereby
rendering fusion intermediates more accessible to relatively small
peptide fusion inhibitors. The IC50s for C34 and N36Mut(e,g) are
decreased three- to fivefold in the postattachment neutralization
assay relative to the regular neutralization assay [4.4 * 0.4 nM
versus 28 * 3 nM for C34; 2.2 * 0.8 #M versus 5.7 * 0.5 #M for

TABLE 2. N36Mut(e,g) enhances activity of gp41 NHR-directed MAbs, rendering nonneutralizing Abs neutralizing and rescuing neutralizing
activity against resistant viruses
IC50 in combination (mean * SD)

Ab/N36Mut(e,g) combination
ratio

Ab (nM)

bF-3674 vs SF162

1:20
1:40

140 * 10
106 * 29

mF-3674 vs SF162

1:10
1:20
1:40

bF-3670 vs HXB2

Ab vs pseudovirus

Individual IC50 (mean * SD)
Ab (nM)

N36Mut(e,g) (#M)

3.1 * 0.2
4.7 * 1.3

786 * 67

NAa

481 * 250
300 * 130
240 * 70

4.8 * 2.5
6.0 * 2.5
9.5 * 2.9

NA

NA

1:20
1:40

62 * 9
35 * 11

1.3 * 0.3
1.4 * 0.4

NA

5.7 * 0.5

bF-3663 vs HXB2

1:20
1:40

89 * 14
35 * 10

1.8 * 0.6
1.4 * 0.4

NA

5.7 * 0.5

bF-1018 vs HXB2

1:20

330 * 130

1.8 * 0.6

NA

5.7 * 0.5

bF-1018 vs SF162

1:20

460 * 120

10 * 3

NA

NA

a

N36

Mut(e,g)

(#M)

NA, no detectable neutralizing activity in the range of concentrations tested +up to 1 #M for the bivalent Fabs, up to 2 #M for the monovalent Fab, and up to 20
#M for N36Mut(e,g),.
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a
The IC50s of the antibodies alone are as follows: bF-3674, 88 * 14 nM;
mf-3674, 603 * 91 nM; 2F5, 3.8 * 1.0 nM; 4E10, 6.3 * 3.7 nM. The IC50 for
N36Mut(e,g) is 5.7 * 0.5 #M.
b
bF-3674 and mF-3674 are the bivalent and monovalent versions of Fab 3674,
respectively (16).

N36Mut(e,g)]. For large inhibitors, such as Abs, however, where
accessibility to the target site is likely to be sterically limited (18)
and therefore kinetically restricted (46), one would predict that a
shorter time window of neutralization would result in an increase
in IC50 in the postattachment viral neutralization assay. This is
exactly what is observed. The IC50s of 2F5 and 4E10 are increased
10- to 20-fold in the postattachment neutralization assay relative
to the regular neutralization assay (72 * 12 nM versus 3.8 * 1.0
nM for 2F5; 59 * 11 nM versus 6.3 * 3.7 nM for 4E10). In
contrast, the IC50 for bF-3674 is only minimally affected in the
postattachment neutralization assay (129 * 34 nM versus 88 * 14
nM), consistent with the longer temporal window of accessibility
of the N-HR relative to the MPER.
Prolongation of the temporal window of neutralization by
N36Mut(e,g). We reasoned that since N36Mut(e,g) disrupts trimerization of the N-HR in the PHI by sequestering the N-HR
into N-HR/N36Mut(e,g) heterotrimers (Fig. 1), subinhibitory
concentrations of N36Mut(e,g) could potentially extend the temporal window during which virus is susceptible to neutralization by other gp41-directed inhibitors such as C34 and bF3674, which bind to the N-HR, and 2F5 and 4E10, which target
the MPER. This is indeed the case, as shown in Fig. 4. At 37°C,
the t1/2 for C34 is approximately doubled, from 19.0 * 1.1 to
42.6 * 1.8 min in the absence and presence of N36Mut(e,g),
respectively (Fig. 4A); the prolongation of the t1/2 for bF-3674
is less marked but still significant, with the t1/2 increasing by
about 30% from 21.9 * 1.2 min to 27.7 * 1.8 min (Fig. 4B);
and for the MPER-directed MAbs 2F5 and 4E10, the t1/2 is
increased three- to fourfold (from 15.0 * 1.8 to 44.1 * 2.3 min
and from 15.9 * 1.7 to 57.9 * 2.3 min, respectively) (Fig. 4C).
Reducing the temperature to 30°C, which lowers the overall
rate of fusion, makes the effect for bF-3674 more pronounced,
with the t1/2 increasing by about 66% from 30.9 * 6.7 min to
51.3 * 4.3 min. (Fig. 4B). For C34, both t1/2 values are proportionately increased at the lower temperature (Fig. 4A).
Synergistic viral neutralization by bF-3674 and N36Mut(e,g).
The primary epitope for bF-3674 comprises the region of the
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FIG. 6. N36Mut(e,g) and C34 peptides inhibit infectivity additively in
an HXB2 Env-pseudotyped virus neutralization assay. Dose-response
curves for antiviral activity of N36Mut(e,g) alone (green), C34 alone
(red), and C34 plus N36Mut(e,g) in two combination ratios, 1:100 and
1:200, are shown. The concentrations for the combination curves refer
to the concentration of C34. The experimental data (averages of two
measurements, with error bars representing standard deviations) are
fit by nonlinear least-squares minimization to a simple binding isotherm (see the Fig. 5 legend). For this data set, the IC50s for C34 and
N36Mut(e,g) alone are 27.5 * 5.2 nM and 6.2 * 0.8 #M, respectively.
The DRIs for C34 and N36Mut(e,g) in a combination ratio of 1:100 are
1.3 * 0.3 and 3.0 * 0.7, respectively, giving a CI of 1.3 * 0.5. The
corresponding values at a combination ratio of 1:200 are 2.2 * 0.6, 2.5 *
0.5, and 1.1 * 0.4, respectively. Thus, in this combination ratio range,
the average CI is 1.2 * 0.4, indicative of additive inhibition.
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FIG. 5. N36Mut(e,g) displays synergistic antiviral activity with both
neutralizing and nonneutralizing Fabs directed against the N-HR of
gp41. Dose-response curves for antiviral activity of N36Mut(e,g) alone
(green), Fab alone (red), and Fab ! N36Mut(e,g) in two fixed combination ratios (blue) against HXB2 (A and C) and SF162 (B and D)
Env-pseudotyped viruses are shown. The Fabs are bF-3674 in panels A
and B, bF-3670 in panel C, and mF-3674 in panel D. The concentrations for the combination curves in panels A, B, and D refer to the
concentration of Fab, while in panel C they refer to the concentration
of N36Mut(e,g). The experimental data (averages from six to eight experiments, with error bars representing standard deviations) are fit by
nonlinear least-squares minimization to a simple binding isotherm
given by % infection % 100/(1 ! [I[]/IC50), where [I] is the concentration of fusion inhibitor. IC50s, DRIs, and CIs are provided in Tables 1
and 2.

N-HR trimer located between two C-HR helices that remains
exposed in the context of the 6-HB (Fig. 2) (17). Thus, the
binding site for bF-3674 is distinct from that for the C-HR or
C34 peptide (3, 5, 6, 49, 52). The sequence of N36Mut(e,g)
differs from that of the N-HR in that the residues that interact
with the C-HR have been mutated (2). Consequently, the bF3674 epitope remains intact in N-HR/N36Mut(e,g) heterotri-

mers. This, together with the results in the previous section,
suggested to us that bF-3674 and N36Mut(e,g) could neutralize
HIV-1 synergistically. The results are summarized in Tables 1 and 2
and Fig. 5.
Optimal synergy should be obtained when the ratio of the
two inhibitors is approximately equal to the ratio of their individual IC50’s (see footnote a to Table 1). Synergy is assessed
by the value of the CI, for which values of about 1, less than 1,
and greater than 1 are indicative of additive, synergistic, and
antagonistic effects, respectively (see Materials and Methods)
(7, 8, 16). HXB2 Env-pseudotyped virus neutralization assays
using fixed combination ratios of N36Mut(e,g) with either bF3674 or mF-3674 (the bivalent and monovalent version of Fab
3674, respectively) show CIs of 0.3 to 0.6 over a range of
combination ratios, clearly indicating synergistic inhibition
(Table 2 and Fig. 5A), as predicted above.
The two MAbs that target the MPER, 2F5 and 4E10, also
neutralize HXB2 synergistically with N36Mut(e,g), with CI values of 0.2 to 0.3 (Table 2). This effect is readily explained, since
these two classes of inhibitors act at distinct sites on gp41 (Fig.
1). Similarly, N36Mut(e,g) and the class 2 inhibitor NCCG-gp41,
which targets the C-HR, also neutralize synergistically with a
CI value of 0.5 to 0.6 (16). The formation of N-HR/N36Mut(e,g)
heterotrimers will enhance the probability of 2F5/4E10 binding
to the MPER and of NCCG-gp41 binding to the C-HR. Conversely, binding of 2F5/4E10 and NCCG-gp41 to their target site
on gp41 will enhance the probability of N-HR/N36Mut(e,g) heterotrimer formation. The net result is that the probability of
6-HB formation is greatly diminished by the combination of
N36Mut(e,g) with either class 2 or class 4 inhibitors. This result
is fully consistent with the three- to fourfold increase in the
temporal window for viral neutralization by 4E10 and 2F5 in
the presence of N36Mut(e,g) (Fig. 4C).
By way of contrast, the HXB2 neutralization activity of the
C34 peptide (IC50 % 28 * 5 nM) is additive with that of
N36Mut(e,g), with an average CI of 1.2 * 0.4 in combination

Downloaded from jvi.asm.org at NIH Library on September 29, 2008

C

infected
control

Concentration (M)

B

20

40
20

0

40

60

bF-3674:N36Mut(e,g)

20

80

HXB2
100
80

80
60

10037

10038

GUSTCHINA ET AL.

J. VIROL.

TABLE 3. N36Mut(e,g) and Fab bF-3674 neutralize contemporary primary isolates of subtype B and C clades of HIV-1 synergisticallya

Pseudovirus

bF-3674/N36Mut(e,g)
combination ratio

IC50 in combination
(mean * SD)

Individual IC50
(mean * SD)

bF-3674
(nM)

N36Mut(e,g)
(#M)

bF-3674
(nM)

N36Mut(e,g)
(#M)

DRI (mean * SD)
CI (mean * SD)
bF-3674

N36Mut(e,g)

B.CAAN5342.A2

1:20
1:40

72 * 7
59 * 4

1.4 * 0.1
2.4 * 0.1

310 * 60

41 * 7

4.3 * 1.0
5.3 * 1.1

28 * 5
17 * 3

0.3 * 0.1
0.3 * 0.1

B.6535.3

1:20
1:40

120 * 17
70 * 12

2.5 * 0.3
2.8 * 0.5

2840 * 820

7.1 * 1.1

24 * 8
41 * 14

2.9 * 0.6
2.6 * 0.6

0.4 * 0.2
0.4 * 0.2

B.PVO.4

1:20
1:40

730 * 210
280 * 70

15 * 4
11 * 3

NAb

59 * 17

4.0 * 1.6
5.3 * 2.0

—c
—c

C.ZM233M.PB6

1:20
1:40

12 * 1
9*2

0.2 * 0.0
0.4 * 0.1

44 * 10

11 * 4

3.8 * 0.9
5.2 * 1.5

46 * 17
31 * 13

0.3 * 0.2
0.2 * 0.1

C.DU172.17

1:20
1:40

27 * 4
18 * 3

0.6 * 0.1
0.7 * 0.1

70 * 13

4.6 * 1.0

2.6 * 0.7
4.0 * 1.0

8.4 * 2.3
6.4 * 1.7

0.6 * 0.2
0.5 * 0.2

ratios of 1:100 and 1:200 (Fig. 6). This is due to the fact that
C34 binds to two adjacent N-HR helices in the trimer, and
hence the heterotrimeric state comprising two N-HR helices
and one N36Mut(e,g) helix, [N-HR]2/[N36Mut(e,g)], will only have
a single C34 binding site, compared to three for the native
N-HR trimer, while the [N-HR]/[N36Mut(e,g)]2 heterotrimer
will have no available binding site for C34. The same is true for
the recently described neutralizing MAb 8K8, which binds to
the N-HR only in the context of a fully exposed N-HR trimer
but not as the 6-HB (37). Hence, the 8K8 epitope on the N-HR
trimer shares residues in common with the binding site for the
C-HR and C34 peptide. The IC50 for 8K8 alone is 400 * 54 nM,
and the CI for 8K8 and N36Mut(e,g) in combination is 0.9 * 0.2.
Rescuing neutralization activity of Fabs directed against the
N-HR by N36Mut(e,g). The epitope for the nonneutralizing bF3670, bF-3663, and bF-1018 Fabs (17, 27) is very similar to that
of bF-3674 but is shifted by about one helical turn (17) (Fig. 2).
Presumably the absence of neutralizing activity for these three
Fabs on their own is due to a combination of reduced affinity
for their N-HR epitope in the PHI and reduced accessibility of
this epitope relative to that for bF-3674. We examined the
mutually synergistic effects of these Fabs and N36Mut(e,g) in
neutralization of both HXB2 and SF162 Env-pseudotyped viruses. CIs could not be determined, since at least one of the
inhibitors was nonneutralizing on its own.
Fabs bF-3670, bF-3663, and bF-1018 do not neutralize
HXB2 on their own but reduce the IC50 of N36Mut(e,g) threeto fourfold (Fig. 5C and Table 3). N36Mut(e,g) fails to neutralize
SF162 on its own but decreases the IC50 for bF-3674 by five- to
sevenfold (Fig. 5B and Table 3). Both mF-3674 and bF-1018
fail to neutralize SF162, but in the presence of N36Mut(e,g)
neutralization activity is observed (Table 3 and Fig. 5D). (Note
that the difference in neutralization activity between the bivalent bF-3674 Fab and the monovalent mF-3674 Fab is almost
certainly a consequence of the increased avidity of bF-3674
owing to its bivalent nature.)
The MAb NC-1, raised against the 6-HB in the form of a

minimal ectodomain gp41 core (21), fails to inhibit infectivity
in the Env-pseudotyped virus neutralization assay and does not
enhance the inhibitory activity of N36Mut(e,g) (data not shown).
These data indicate that while NC-1 binds to the 6-HB with
high affinity, its affinity for the PHI is low, consistent with
Western blot data (9). Once 6-HB formation has occurred, the
path to fusion is essentially irreversible. Since N36Mut(e,g) acts
only on the PHI and cannot bind to the 6-HB, it is not surprising that NC-1 remains nonneutralizing in the presence of
N36Mut(e,g). These findings are fully consistent with the observation that N36Mut(e,g) reduces the apparent binding of NC-1
to gp41 during the course of cell-cell fusion (9).
Synergistic neutralization of primary HIV-1 isolates by bF3674 and N36Mut(e,g). To test whether the synergistic neutralization of HIV-1 by bF-3674 and N36Mut(e,g) observed for
laboratory-adapted strains of HIV-1 extended to primary isolates, we carried out a series of combination Env-pseudotyped
virus neutralization assays with Env from three B-clade and
two C-clade strains obtained from standard reference panels B
and C, respectively. The results are summarized in Fig. 7 and
Table 3. In each case, synergistic inhibition of infectivity is
observed, with CI values ranging from 0.2 to 0.6 (Table 3).
Further, in the case of strain B.PVO.4, where no neutralizing
activity is observed for bF-3674 alone and only low neutralizing
activity is observed for N36Mut(e,g) (IC50, '60 #M), clear-cut
neutralization activity is observed when bF-3674 and
N36Mut(e,g) are combined in ratios of 1:20 and 1:40, with DRIs
of 4 to 5 for N36Mut(e,g) [i.e., the IC50 is reduced to 11 to 15 #M
as expressed in terms of N36Mut(e,g) concentration] (Fig. 7B
and Table 3).
Synergistic neutralization by bF-3674 and sCD4. sCD4 is
known to trigger conformational changes in gp120 leading to
the exposure of gp41 and the formation of the PHI (14, 32, 35).
This effect of sCD4 has previously been used to reveal cryptic
epitopes on gp120 and gp41 and to render them accessible to
targeting by peptides and Abs (27, 45). We therefore reasoned
that sCD4 might also potentiate the neutralizing activity of Fab
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a
Envelope clones from standard reference panel B (B.CAAN5342.A2, B.6535.3, and B.PVO.4) (30) and C (C.ZM233M.PB6 and C.DU172.17) (34) were used to
produce the Env-pseudotyped HIV-1.
b
NA, no detectable neutralizing activity in the range of concentrations tested +up to 1 #M for bF-3674 and 20 #M for N36Mut(e,g),.
c
A combination index could not be obtained since Fab-3674 displayed no detectable neutralizing activity on its own (see footnote b).
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FIG. 7. N36Mut(e,g) and Fab bF-3674 display synergistic antiviral
activity against primary B and C subtype HIV-1 isolates in the Envpseudotyped virus neutralization assay. Dose-response curves for antiviral activity of N36Mut(e,g) alone (green), bF-3674 alone (red), and
bF-3674 plus N36Mut(e,g) in two fixed combination ratios (blue) against
Env-pseudotyped viruses from B (A and B) and C (C and D) clades are
shown. The concentrations for the combination curves refer to the
concentration of Fab-3674. The experimental data are fit by nonlinear
least-squares minimization to a simple binding isotherm given by %
infection % 100/(1 ! [I[]/IC50), where [I] is the concentration of fusion
inhibitor. IC50s, DRIs, and CIs are provided in Table 3.

bF-3674. The results are summarized in Table 4, which clearly
show that sCD4 inhibits infectivity in an HXB2 Envpseudotyped virus neutralization assay synergistically with bF3674 (CI of '0.4 to 0.6), 2F5 (CI of '0.1 to 0.2), and 4E10 (CI
of '0.3). While the underlying mechanism of synergistic neutralization with sCD4 is clearly different from that with
N36Mut(e,g), both sCD4 and N36Mut(e,g) clearly increase the
probability of binding bF-3674, 2F5, and 4E10 Abs to the PHI
of gp41, either by inducing the early and prolonged appearance
of the PHI in the case of sCD4 or by sequestering the PHI into
heterotrimers in the case of N36Mut(e,g).

Concluding remarks. In this paper we have shown that various HIV-1-neutralizing inhibitors that target the N-HR of
gp41 exhibit very similar lifetimes for the inhibitory-sensitive
state and that these lifetimes are slightly longer than those of
the MPER-directed MAbs 4E10 and 2F5 (Fig. 3). The temporal window for viral neutralization can be significantly extended by the class 3 inhibitor N36Mut(e,g) (Fig. 4), which sequesters the PHI through the formation of heterotrimers with
the N-HR of gp41 (Fig. 1). Moreover, we have shown that
N36Mut(e,g) potentiates the neutralizing activity of 4E10 and
2F5, as well as that of a series of Fabs whose epitope comprises
the region of the N-HR that remains exposed between the
C-HR helices in the 6-HB (Fig. 2B). The neutralizing activity
of Fab bF-3674 against both laboratory-adapted strains (HXB2
and SF162) and primary isolates obtained from the standard B
(30) and C (54) subtype reference panels is enhanced, neutralizing activity against resistant strains is reestablished (cf.
mF3672 against SF162 and bF3674 against B.PVO.4), and nonneutralizing Fabs are rendered neutralizing (cf. bF-3670, bF3663, and bF-1018) (Tables 1 and 2 and Fig. 5). These data
suggest that N36Mut(e,g) may potentially be able to enhance the
anti-HIV potency of the gp41-directed immune response by
converting some of the nonneutralizing or very weakly neutralizing N-HR gp41-directed Abs found in patient sera (39) to
neutralizing Abs and may also represent a potentially useful
adjunct in treatment of AIDS with gp41-directed neutralizing
MAbs.
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