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ABSTRACT: The importance of the HIV gp120 conserved domain 5 (gp120-C5) to envelope function has
been examined by alanine scanning mutagenesis and subsequent characterization of the mutagenic effects
on viral entry and envelope expression, processing, and incorporation, as well as gp120 association with
gp41. With respect to the wild-type gp120, mutational effects on viral entry fall into three classes: (1)
functional (V489A, E492A, P493A, T499A, K500A, K502A, R503A, R504A, V505A, and V506A; (2)
nonfunctional (I491A, L494A, V496A, and P498A); (3) enhanced (K490A, G495A, and Q507A). The
nonfunctionality of the mutants is attributed to a combination of deleterious effects on processing,
gp120-gp41 association, and membrane fusion. In the case of the nonfunctional mutant P498A, the
introduction of the SOS mutation (A501C/T601C) results in substantially increased envelope processing
and a gain of function. The effects of the mutants are interpreted with respect to the structures of gp41
and gp120. The extent of sensitivity of gp120-C5 to alanine substitutions underscores the importance of
this domain to envelope function and suggests that gp120-C5 is an attractive and novel target for future
drug discovery efforts.

The viral envelope proteins gp120 and gp41 play critical
roles in human immunodeficiency virus (HIV)1 entry (re-
viewed in ref 1). gp120 and gp41 are formed by cleavage of
the precursor gp160 by cellular furin-like proteases (2). gp120
and gp41 remain associated as a noncovalent complex on
the viral surface with gp120 mediating attachment of the
virus to the appropriate target cells through interactions with
CD4 and chemokine coreceptors (3, 4) and gp41 mediating
fusion of the viral and target cell membranes, thereby
allowing entry of the viral genetic material. The indispensable
roles of gp120 and gp41 suggest that they present attractive
targets for novel antiviral therapies.

The native structure of the gp41-gp120 complex is not
known; however, there is a significant amount of structural
information available for isolated domains of the HIV
envelope proteins or their analogues in SIV (simian immu-
nodeficiency virus). For example, there is extensive informa-
tion on the extracellular domains, or ectodomains, of HIV
and SIV gp41 from X-ray, NMR, and molecular modeling
studies (5–12). Moreover, there are X-ray structures of the
HIV and SIV gp120 core domain bound to CD4 (13, 14)
and in the free state (15). Unfortunately, the gp120 core

structure is missing large regions of the conserved domains
1 and 5 (gp120-C1 and gp120-C5, respectively), which have
been implicated by mutagenesis studies to directly interact
with gp41 (16-18). However, the structure of HIV gp120
conserved domain 5 (gp120-C5) has been determined as an
isolated domain by NMR spectroscopy (19). Of special note
are the studies of Binley et al. (18), who performed cysteine
scanning mutagenesis of gp120-C5 with the loop of gp41 to
elucidate potential sites of intermolecular interactions. The
most reactive cysteine pair formed a disulfide bond between
positions A501 of gp120-C5 and T605 of the gp41 loop,
which suggested that these regions were in close proximity
in the gp120-gp41 complex (18). Importantly, this mutant,
called SOS, was reported to be an antigenic mimic of the
virion associated envelope trimer (18). In the present study,
we report the first systematic mutation study of the impor-
tance of HIV gp120-C5 residues to envelope function with
the long-term goal of identifying gp120 regions that are
attractive sites for drug intervention.

EXPERIMENTAL PROCEDURES

Mutagenesis and Viral Entry Assays. Mutants were
prepared from plasmid pHXB2 (20) using the Stratagene
QuikChange II site-directed mutagenesis kit with subsequent
verification by DNA sequencing. The functionality of gp120
mutants was determined in a luciferase-based entry assay
(21). For this assay, plasmids pHXB2 (bearing wild type or
mutant gp120) and pNL4-3.Luc.R-E- (21) were cotransfected
by calcium phosphate precipitation into 293T cells, which
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were maintained in Dulbecco’s medium with 10% FBS, 1%
L-glutamine, 1% penicillin-streptomycin, and 0.5 mg/mL
G418. Forty-eight hours posttransfection, the medium was
harvested and filtered through a 0.45 µm filter to make the
virus stock. For assay of viral entry, U87.CD4.CXCR4 cells
(4), which were maintained in Dulbecco’s medium with 15%
FBS supplemented with 1 µg/mL puromycin, 300 µg/mL
G418, 1% L-glutamine, and 1% penicillin-streptomycin,
were seeded to 1 × 105 cells/well of a 12-well cell culture
plate in a volume of 1 mL. The following day, 500 µL of
the virus stock was added to each of the wells of the U87
cells after removal of the medium. The plates were incubated
overnight at 37 °C in a CO2 incubator. After approximately
16 h, the virus was aspirated and replaced with U87 medium,
and the cells were allowed to rest for another 24 h. Luciferase
activity was measured using the luciferase assay system from
Promega and a Berthold FB12 luminometer running Sirius
software. The experiments were run in triplicate from
transfection to assay of luciferase activity, and thus the
uncertainties represent all stages of the experiment. In all
cases, the entry levels fell within the linear range of detection
(i.e., the values of the wild type and mutants never exceeded
3 × 106 relative light units). The reported luciferase activities
have been normalized to p24 levels.

Western Blot Analysis. Cell lysates were collected from
293T producer cells using lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 5 mM EDTA, 0.5% NP-40, and 0.1% SDS).
Prior to electrophoresis, the cell lysates were normalized for
total protein concentration using the Bradford protein assay
kit (Bio-Rad). The virus pellet was prepared by ultracen-
trifugation on a cushion of 20% sucrose at 55000 rpm for
1 h using a Beckman SW55Ti rotor. The virus pellets were
resuspended in lysis buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 5 mM EDTA, 0.5% NP-40, and 0.1% SDS). After
SDS-PAGE, transfer, and blocking the membranes with 5%
milk/TBST for gp41 and SuperBlock (Pierce) for gp120, the
blots were probed with either goat anti-HIV-1 gp120
polyclonal antibody (United States Biological) or with mouse
anti-HIV-1 gp41 monoclonal antibody (Chessie 8; NIH AIDS
Research and Reference Reagent Program (22)). The second-
ary antibody used was peroxidase-conjugated AffiniPure

donkey anti-goat or goat anti-mouse IgG (H+L) from
Jackson ImmunoResearch Laboratories, Inc., and developed
using the ECL kit (Amersham). The relative amount of
envelope on the Western blots was determined by a densi-
tometric analysis. Briefly, digital scans of the blots were
opened in Photoshop 7.0, the image was inverted, the
appropriate bands were selected with the Lasso function, and
the mean intensity and area were measured with the
Histogram function. Subsequently, the relative percent was
determined by the relationship: (100 × mean intensity ×
area)/(wild-type mean intensity × wild-type area).

Immunofluorescence Flow Cytometry. 293T cells were
treated with sCD4 (4 µg/mL) on ice, washed twice, and
incubated with anti-CD4 antibody (OKT4) on ice. After two
washes and fixing with 1% paraformaldehyde on ice, cells
were washed again, stained with antimouse IgG-FITC
(against OKT4), and analyzed by flow cytometry (DakoCy-
tomation CyAn ADP).

RESULTS

Design of the HIV gp120-C5 Mutants. The organization
of the HIV envelope proteins is shown in Figure 1a. As
shown by Figure 1b, gp120-C5 is relatively conserved
between HIV-1, HIV-2, and SIV with ∼50% sequence
identity (23). In the NMR structure of gp120-C5, residues
489-498 are in a turn structural motif, and residues 499-509
form a helix (19). With respect to HIV-1, gp120-C5 of HIV-2
and SIVsm exhibit insertions at the end of the helix in the
region before the furin recognition site (sequence ) REKR,
residues 508-511). In the present study 17 alanine substitu-
tions of HIV-1 gp120-C5 were generated by site-directed
mutagenesis (Figure 1b). Note that the residues comprising
the recognition site for furin processing (i.e., residues
508-511) have not been mutated, in order to obviate any
problems with envelope processing (24–26).

Viral Entry of the HIV gp120-C5 Mutants. The effects of
the gp120 mutations on viral entry were first tested by a
luciferase-based assay, in which viral entry is proportional
to the observed luciferase activity (21, 27, 28). As shown in
Figure 2a, the viral entry (as measured by luciferase activity)

FIGURE 1: (a) Organization of HIV envelope proteins (23). Putative glycosylation sites are denoted by asterisks. Domain abbreviations: SP
(signal peptide), C1-C5 (conserved domains 1 to 5), V1-V5 (variable domains 1 to 5), FP (fusion peptide), NH (N helix), DL (disulfide
loop), CH (C helix), TM (transmembrane domain), and CD (cytoplasmic domain). (b) Amino acid sequence alignment of HIV-1, HIV-2,
and SIVsm gp120-C5 (23). Conserved residues of gp120-C5 are highlighted by gray shading. Residues that are substituted by alanine in the
present study are denoted below. Numbering corresponds to that of HIV-1 HXB2. Secondary structure is taken from Guilhaudis et al. (19).
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is linearly proportional to the amount of wild-type pseudovi-
rus added to U87.CD4.CXCR4 cells over a range from
100000 to 7000000 relative light units (R2 of the linear
regression is 0.997). As shown in Figure 2b and summarized
in Table 1, the effects of the mutations range from nearly
complete abolishment of viral entry (e.g., L494A) to
significant enhancement of viral entry (e.g., K490A). The
mutants can be divided into three categories: (1) functional
(defined as 10-140% of wild-type entry; (2) nonfunctional
(defined as <2% of wild-type entry); (3) enhancement of
viral entry (defined as >200% of wild-type entry). Category
1 mutants, those that are defined as functional, include
V489A, E492A, P493A, T499A, K500A, K502A, R503A,
R504A, V505A, and V506A. In general, this class of mutants
is a mixture of conserved and nonconserved residues spread
throughout the sequence (Figure 1b). Interestingly, V489,
P493, T499, K502, and R503, which are conserved in HIV-2
and SIV gp120, are functional for viral entry. Category 2
mutants, defined as nonfunctional, include I491A, L494A,

V496A, and P498A. In all four cases, substitution by alanine
results in a relatively radical change in the nature of the
amino acid side chain, and thus the significant effects could
be anticipated. Of this group I491 and P498 are conserved
among gp120, and hydrophobicity is conserved at positions
494 and 496 (Figure 1b). Category 3 mutants, those that
enhance viral entry, include K490A, G495A, and Q507A,
of which G495 is conserved among gp120 (Figure 1b).

Mutant Expression, Processing, Viral Incorporation, and
Association with gp41. The effects of the HIV gp120-C5
mutations on viral entry could be due to a number of factors:
(i) reduced envelope expression or stability; (ii) inefficient
processing of the precursor gp160; (iii) reduced incorporation
of envelope into the virus; (iv) decreasing the affinity of the
interaction between gp41 and gp120, thereby resulting in
dissociation (or “shedding”) of gp120 into the media; (v)
the formation of a gp41-gp120 complex that cannot support
the attachment or fusion steps of viral entry. On the other
hand, mutational enhancement of viral entry could be due

FIGURE 2: (a) Viral entry as a function of sequential dilutions of the pseudovirus stock expressing wild-type envelope. The dotted line
corresponds to a linear regression of the data (R2 ) 0.997). (b) Mutational effects on viral entry with respect to the wild type, based on the
luciferase reporter assay for entry into U87.CD4.CXCR4 cells. Viral entry has been normalized to p24 levels. The error bars represent the
standard deviation of three separate experiments. Secondary structure taken from Guilhaudis et al. (19).

Table 1: Summary of Viral Entry and Level of Envelope Detected in Cell Lysates and Virus of Wild-Type and Alanine Mutants of HIV gp120-C5a

mutant entry (% WT) cell gp160 cell gp120 cell gp41 virus gp160 virus gp120 virus gp41

WT 100 ( 10 ++ ++ ++ ++ ++ ++
V489A 26 ( 2 +++ +++ ++ +++ ++ ++
K490A 360 ( 10 +++ +++ ++ ++ ++ ++
I491A 1.7 ( 0.2 +++ + ++ +++ ++ ++
E492A 93 ( 1 ++ ++ ++ + + +
P493A 33 ( 1 +++ ++ ++ ++ + ++
L494A 1.3 ( 0.1 +++ + ++ +++ - +
G495A 260 ( 10 +++ +++ ++ ++ ++ ++
V496A 1.6 ( 0.1 +++ + + +++ + +
P498A 1.8 ( 0.1 +++ - - ++ - -
T499A 23 ( 2 +++ ++ ++ +++ + +
K500A 54 ( 6 +++ +++ +++ +++ ++ ++
K502A 28 ( 1 ++ ++ ++ ++ ++ ++
R503A 14 ( 3 ++ +++ ++ ++ ++ ++
R504A 120 ( 10 ++ ++ ++ +++ + ++
V505A 68 ( 5 ++ ++ ++ +++ ++ ++
V506A 140 ( 10 +++ +++ ++ +++ + ++
Q507A 360 ( 10 +++ ++ ++ ++ + ++

a Entry levels have been normalized to virus p24 amounts and are reported as the % entry with respect to the wild-type virus. The reported errors
correspond to the standard deviation of three separate experiments. For Western analysis of cell lysates, equivalent amounts of total protein were
analyzed. For Western analysis of virus, equivalent amounts of p24 were analyzed. Envelope levels are based on a densitometric analysis of Western
blots, where - ) <20%, + ) 20-60%, ++ ) 60-140%, and +++ > 140%.
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to (i) increased envelope expression, processing, stability,
or viral incorporation resulting in increased concentration
of envelope proteins at the virus surface, (ii) enhancement
of the gp120-mediated viral attachment step, and (iii)
enhancement of the gp41-mediated membrane fusion step.
Many of these scenarios can be distinguished by a Western
blot analysis of envelope present in cell lysates expressing
wild-type and mutant gp120 and the virus produced by these
cells. For example, the presence of gp41 in virus demon-
strates expression, processing, and incorporation into the
virus, and the presence of gp120 in cell lysates and virus
indicates that gp120 is associated with gp41 and not
significantly shed into the medium. In Figure 3a Western
blot analysis of the wild-type and mutant gp120 present in
cell lysates and virus is shown, and a summary of the results
is presented in Table 1. In the case of the wild-type, the
gp120 and gp41 are clearly present in the cell lysates and
viral particles, and thus envelope is expressed, processed,
and incorporated into virus, and gp120 remains associated
with gp41, as expected. The category 1 mutants (V489A,
E492A, P493A, T499A, K500A, K502A, R503A, R504A,
V505A, and V506A), those that are functional, exhibit a
pattern of envelope proteins that is similar to the wild type.
However, many of these mutants (V489A, T499A, K500A,
R504A, V505A, and V506A) also exhibit increased levels
of gp160 incorporation into virus (Figure 3, Table 1),
suggesting that they may have decreased envelope processing
by furin. Somewhat surprisingly, the nonfunctional mutants
I491A, L494A, and V496A exhibit gp120 and gp41 profiles
(Figure 3, Table 1), suggesting that these mutants are

expressed, processed, and incorporated into virus and have
not caused discernible dissociation of gp120. However, the
presence of gp160 in virus indicates that the mutations
have decreased levels of envelope processing (Figure 3, Table
1). In marked contrast, the absence of gp120 and gp41 in
cell lysates and virus of the nonfunctional mutant P498A
suggests that the mutation abrogates processing. Finally, the
category 3 mutants (K490A, G495A, and Q507A), those that
exhibit enhanced viral entry, show an envelope profile that
is similar to the wild type. Consequently, their enhancement
does not appear to be due to increased expression, processing,
viral incorporation, and gp41 association, and thus their
increased entry is presumably due to altered binding of
receptors and/or enhanced fusion of the viral and cellular
membranes.

Ligand Binding Properties of the Nonfunctional gp120-
C5 Mutants. The gp41-gp120 interface of the nonfunctional
mutants (category 2) was next probed by Western blot
analysis of the supernatants derived from cells producing
envelope. As shown in Figure 4a, mutant I491A in particular,
as well as mutants L494A and V496A, exhibits significant
amounts of gp120 in the supernatant with respect to the wild
type, suggesting that these mutations have destabilized the
association of gp120 with gp41. Dissociation of gp120 may
result from direct or indirect effects of the mutation on the
gp120-gp41 interaction. Moreover, in the absence of
structural data, the magnitude of the mutational effects on
conformation is currently unknown. Not unexpectedly,
P498A, which was not processed (cf. discussion above), is
not observed in the supernatant. Next, using sCD4 the cell

FIGURE 3: Western blot analysis of envelope expression, processing, and gp120-gp41 association for HIV wild type and the gp120-C5
mutants in cell lysates (a) and virus (b) from 293T cells. For the cell lysates, equivalent amounts of total protein have been analyzed; for
the virus, equivalent amounts of p24 have been analyzed.

FIGURE 4: Conformational and surface expression properties of the HIV gp120-C5 nonfunctional mutants. (a) Shedding of wild-type and
mutant envelope, based on Western blot analysis of gp120 found in the media of 293T cells. (b) Surface expression of wild-type and
mutant envelope, based on an immunofluorescence flow cytometry assay of sCD4 binding to 293T cells. The dotted lines correspond to
mock transfected cells treated in the same manner as the cells expressing envelope.
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surface expression levels of the nonfunctional mutants were
assayed by immunofluorescence flow cytometry. Binding to
sCD4 is also indicative of the global structural integrity of
gp120 and/or gp160 (29); however, the gp120-C5 domain
is distant from the CD4 binding site, and thus in the present
case sCD4 binding is most appropriate as an assay of
envelope surface expression. Cells expressing envelope
protein were treated or mock-treated with sCD4 and subse-
quently to a FITC-conjugated secondary antibody (OKT4)
that binds to CD4. FITC acquisition in the flow cytometer
indicates binding of sCD4 to the gp120 and/or gp160 present
on the cell surface. As shown in Figure 4b, all of the
nonfunctional mutants exhibit similar levels of sCD4 binding,
with respect to the wild type. Thus, the gp120-C5 nonfunc-
tional mutants are expressed at the surface at levels com-
parable to wild-type envelope, suggesting that the mutants
are properly folded to pass the ER quality control.

SOS Mutations of the gp120-C5 Nonfunctional Mutants.
Recently, we have suggested that the gp120-gp41 interaction
plays an important role in processing of gp160 (28). As
discussed above, the nonfunctional mutants exhibit decreased
processing by furin. Furthermore, mutants I491A, L494A,
and V496A appear to decrease the affinity of gp120 for gp41.
To test whether the decreased processing of the nonfunctional
mutants is due to alteration of the gp120-gp41 interaction
in gp160, we generated a series of SOS mutants (i.e., they
are triple mutations with A501C and T605C substitutions),
as outlined in Figure 5. In the simplest scenario, lack of
disulfide bond formation in the triple mutant, which normally
occurs in the SOS mutant (18), would suggest that the
mutation has altered the envelope structure to an extent that
the A501 region of gp120-C5 is no longer in a position to
interact with the T605 region of the gp41 loop. Such an
observation would support the hypothesis that the gp120-
C5-gp41 loop interaction is present in gp160 and is required
for efficient furin processing (28) and would also explain
the weakened gp120-gp41 association exhibited by many
of the mutants. The effects of the SOS mutations on viral
entry were probed by the luciferase-based viral entry assay
in the presence and absence of reducing agent as shown in
Figure 6a and summarized in Table 2. In the case of the
SOS mutant, the mutation is nonfunctional for entry (i.e.,
<1% of wild type); however, function is gained back in the
presence of reductant, as previously documented (30, 31).

In the cases of I491A-SOS, L494A-SOS, and V496A-SOS,
introduction of the two cysteines does not restore activity

FIGURE 5: Schematic representation of the SOS mutations. SOS
corresponds to the double mutation A501C/T605C (18). In the cases
of the nonfunctional mutants, the SOS mutation (A501C/T605C)
has been added to result in triple mutations. The potential
intermolecular disulfide bond of the SOS mutation is denoted by a
solid line.

FIGURE 6: Effects of the SOS mutations on I491A, L494A, V496A,
and P498A. (a) Mutant effects on viral entry, based on the
pseudovirus assay. Error bars represent the standard deviation of
three separate experiments. (b) Mutant effects on expression,
processing, and gp120-gp41 association, based on Western blot
analysis of 293T cell lysates in the presence and absence of DTT.

Table 2: Summary of Viral Entry and Level of Envelope Detected in
Cell Lysates of Wild-Type and Mutants of HIV gp120-C5a

mutant entry (% WT) cell gp160 cell gp120 cell gp41

WT 100 ( 10 ++ ++ ++
WT + DTT 100 ( 13 ++ ++ ++
SOS 0.1 ( 0.1 ++ - -
SOS + DTT 14 ( 4 ++ ++ ++
I491A-SOS 0.3 ( 0.3 ++ - -
I491A-SOS + DTT 0.3 ( 0.3 +++ - +
L494A-SOS 0.1 ( 0.1 ++ + -
L494A-SOS + DTT 2.0 ( 2.7 ++ ++ +
V496A-SOS 0.1 ( 0.1 ++ - -
V496A-SOS + DTT 0.2 ( 0.2 +++ - +
P498A-SOS 0.4 ( 0.5 ++ ++ -
P498A-SOS + DTT 12 ( 7 +++ ++ ++

a Entry levels have been normalized to virus p24 amounts and are
reported as the amount with respect to the wild-type virus in the
presence or absence of 25 mM DTT. Note that the wild-type entry is
reduced by ∼50% in the presence of 25 mM DTT, which is presumably
due to reduction of native disulfide bonds found within the HIV
envelope. For analysis of cell lysates, equivalent amounts of total
protein were analyzed. Envelope levels are based on a densitometric
analysis of Western blots, where - ) <20%, + ) 20-60%, ++ )
60-140%, and +++ > 140%.
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under oxidizing or reducing conditions. In contrast, P498A-
SOS gains function upon the addition of reducing agent,
suggesting that the A501C-T605C disulfide bond forms and
that formation of this disulfide bond partially overcomes the
deleterious effects of the P498A substitution. Envelope
processing and gp120-gp41 association were further probed
by Western blot analysis of the SOS mutant cell lysates
(Figure 6b). In the case of SOS, gp120 and gp41 are only
observed under reducing conditions supporting the presence
of the A501C-T605C disulfide bond (cf. refs 18 and 30).
In the cases of I491A-SOS and V496A-SOS, only small
levels of gp41 are observed in the presence of reductant,
which suggests that introduction of the two cysteines has
significantly disrupted gp160 processing with respect to the
single site mutations (compare Figure 3a with Figure 6b).
The second smaller gp41 band of V496A-SOS observed in
Figure 6b is presumably due to increased proteolysis. In the
case of L494A-SOS, the presence of gp120 and gp41 upon
reduction indicates that the SOS disulfide forms; however,
the mutant is still nonfunctional for viral entry, suggesting
that the reestablishment of processing does not overcome
the deleterious effect of the L494A substitution. Finally,
P498A-SOS, the mutant that gains function in the viral entry
assay, exhibits significant amounts of gp120 and gp41 upon
reduction, suggesting that the SOS disulfide forms and, in
marked contrast to the single site mutation, that processing
occurs.

DISCUSSION

PreVious Studies of gp120-C5 Mutants. A number of
previous studies have characterized the effects of single-site
mutations in HIV gp120-C5 on viral function, and thus it is

of interest to compare the conclusions of these studies in
light of the present work. For example, Bosch and Pawlita
(26) showed that mutants K500N, K502N, and R504S (basic
side chains substituted by neutral side chains) were processed
properly, which is an observation in agreement with the
equivalent alanine substitutions presented herein (cf. Table
1). Helseth et al. (17) showed that I491F, P493K, and G495K
disrupted association with gp41. In the present study, the
alanine substitutions of the equivalent residues are shown
not to disrupt association with gp41, as evidenced by the
presence of gp120 in the viral pellets (Figure 3b, Table 1).
In the case of I491, the differences may suggest that the steric
properties of phenylalanine are more disruptive to the
complex than alanine. In the cases of P493 and G495, the
observed differences are presumably due to substitution by
alanine, a small neutral residue, in contrast to substitution
by lysine, a bulky positively charged residue. Nonetheless,
mutants I491A and G495A exhibit significant effects on viral
entry, consistent with the notion that these residues are
important to envelope function. Finally, we note that the
present study represents the first single site mutations to
residues V489, K490, E492, L494, V496, P498, T499, R503,
V505, V506, and Q507. Of the novel mutations, mutants
L494A, V496A, P498A, and R503A exhibit significantly
impaired function, and mutants K490A and Q507A exhibit
significantly enhanced viral entry with respect to wild-type
gp120.

The gp120–gp41 Interface. As discussed in the introduc-
tion, the studies of Binley et al. (18) have led to significant
insight into the gp120-gp41 interface. In their study, pairs
of non-native cysteines were introduced into the regions of
the HIV gp41 loop and gp120-C5 that are thought to form

FIGURE 7: (a) Location of mutant sites in a ribbon representation of the HIV gp120-C5. (b) Location of the mutant sites on the surface of
HIV-gp120-C5. Both figures are in an identical orientation. In each case, mutation sites that significantly decrease viral entry (i.e., exhibit
<2% entry with respect to the wild type) are colored red, and mutation sites that increase viral entry (i.e., exhibit >200% entry with respect
to the wild type) are colored green. The site of the SOS mutation site is denoted in yellow. Coordinates of HIV gp120-C5 were taken from
Guilhaudis et al. (19).
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the interaction site, and the presence of an intermolecular
disulfide bond was taken to indicate close proximity of the
respective gp41 and gp120 residues. The most responsive
site of HIV gp120-C5, and thus presumably a site that is
directly interacting with gp41, was found at position 501
and other less responsive sites were found at positions 493,
495, 497, 498, and 499 (18). Interestingly, in our study
mutant G495A exhibits enhanced viral entry with respect to
the wild type, making it tempting to speculate that this
mutation has enhanced viral entry by perturbing the
gp41-gp120 interface to a conformation that favors receptor
binding and/or membrane fusion. On the other hand, P498A
of the present study is nonfunctional due to a lack of
processing. Moreover, mutants P493A and T499A exhibit
significantly reduced viral entry; however, neither of these
mutants results in discernible dissociation of gp41 from
gp120, based on the presence of gp120 in virus (Figure 3,
Table 1). Strikingly, introduction of the SOS mutation into
the P498A background results in furin processing and a gain
of function (Figure 6, Table 2). Thus, the presence of the
SOS bond in P498A apparently does not disrupt a favorable
interaction between gp120-C5 and the gp41 loop, thereby
orienting the gp120-C5 furin recognition site for processing
of gp160. The observation that gp120-C5 directly interacts
with the gp41 loop in P498A-SOS is consistent with the
notion that these domains interact in gp160, as previously
suggested (28).

Location of Mutants within gp120. As noted above, there
is a high-resolution structure of the HIV gp120-C5 as an
isolated domain from NMR studies; however, it is important
to note that the NMR structure was determined in the
presence of 40% trifluoroethanol, a cosolvent that stabilizes
helical structure (19). Moreover, the NMR structure was
determined in the absence of gp120 and gp41 domains that
are thought to interact with gp120-C5 (19). Nonetheless, it
is of interest to consider the location of the mutations in the
structure of gp120-C5 with the above-noted caveats. In
Figure 7, ribbon and space-filling representations of HIV
gp120-C5 are shown. In this figure, the mutants that abrogate
function (I491A, L494A, V496A, and P498A) are colored
red, and the mutants that enhance function (K490A, G495A,
and Q507A) are colored green. In addition, the site of the
SOS mutation within gp120-C5 (A501) is shown in yellow
and is taken to mark an area of direct interaction between
gp120 and gp41. With the exception of Q507, the largest
mutational effects are centered around A501, which is
consistent with the notion that the mutations directly affect
the gp120-gp41 interaction. However, note that mutational
effects could also be propagated from sites that are distant
to the gp120-gp41 interaction. The nonfunctional mutants
are clearly located in close proximity within the “hydrophobic
elbow” of gp120-C5 (19). In the wild type, a hydrophobic
contact occurs between the side chains of conserved residues
I491 and P498 that presumably stabilizes the turn element.
Substitution by alanine would be expected to significantly
impair this interaction, and thus the deleterious effects of
I491A and P498A are not surprising. On the other hand,
L494 and V496 are more surface exposed, suggesting that
they make hydrophobic contacts with other domains of gp120
or gp41. The increased shedding of L494A and V496A (cf.
Figure 4) supports this idea. In the cases of the mutants that
exhibit enhanced function, K490 and G495 are in close

proximity to the hydrophobic elbow and presumably they
alter the g120-gp41 interaction to favor receptor binding
and/or fusion. In summary, the extreme sensitivity of the
gp120-C5 hydrophobic elbow to alanine substitutions sug-
gests that this region is an attractive and novel target for
future drug discovery efforts. For example, compounds that
bind to gp120-C5 may be expected to disrupt gp120 function
and hence HIV entry, either by disrupting gp160 processing
or gp120-mediated receptor binding and/or membrane fusion.
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