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The cell catalysts calnexin (CNX) and protein-disulfide
isomerase (PDI) cooperate in establishing the disulfide bonding
of the HIV envelope (Env) glycoprotein. Following HIV binding
to lymphocytes, cell-surface PDI also reduces Env to induce the
fusogenic conformation.We sought to define the contact points
between Env and these catalysts to illustrate their potential as
therapeutic targets. In lysates of Env-expressing cells, 15%of the
gp160 precursor, but not gp120, coprecipitated with CNX,
whereas only 0.25% of gp160 and gp120 coprecipitated with
PDI. Under in vitro conditions, whichmimic the Env/PDI inter-
action during virus/cell contact, PDI readily associated with
Env. The domains of Env interacting in cellulo with CNX or in
vitro with PDI were then determined using anti-Env antibodies
whose binding site was occluded by CNX or PDI. Antibodies
against domains V1/V2, C2, and the C terminus of V3 did not
bindCNX-associatedEnv,whereas those againstC1,V1/V2, and
theCD4-binding domain did not reactwith PDI-associated Env.
In addition, a mixture of the latter antibodies interfered with
PDI-mediated Env reduction. Thus, Env interacts with intracel-
lular CNX and extracellular PDI via discrete, largely nonover-
lapping, regions. The sites of interaction explain the mode of
action of compounds that target these two catalysts and may
enable the design of further new competitive agents.

As a viral component, the HIV5-envelope glycoprotein (Env)
depends on the catalytic machinery of the host cell for its func-
tional expression. Cell catalysts include cellular foldases that
increase the rate and yield of folding by catalyzing reactions
such as disulfide bond formation and molecular chaperones
that bind unfolded proteins to prevent their aggregation (1).

Among these catalysts, previous studies have indicated that, as
a glycoprotein, the gp160 Env precursor of themature envelope
subunits gp120 and gp41 interacts early in biosynthesiswith the
transmembrane chaperone calnexin (CNX) and, to a lesser
extent, with its lumenal homolog calreticulin (2–4). CNX
retains improperly folded glycoproteins in the endoplasmic
reticulum via its lectin-binding domain, which recognizes the
transient glucosylated tag specific to immatureN-glycans. CNX
also binds proteins by a glycosylation-independent mechanism
(4–8), although the sequence specificity of CNX binding
remains unknown. Besides its documented role as a chaperone,
evidence shows that glycoprotein interaction with CNX plays a
central role in the induction of the correct network of disulfide
bonds in conjunction with oxidoreductases, with some glyco-
proteins requiring only protein-disulfide isomerase (PDI) (9)
for correct disulfide bond formation following entry into the
CNX cycle (10). In agreement with these observations, Env was
also shown to bind PDI (11, 12), and in the context of the redox
potential of the endoplasmic reticulum, the interplay between
CNX, PDI, andEnv results in the establishment of the pattern of
disulfide bonds (13).
When mature Env present at the virus surface interacts with

the target cell, experimental evidence indicates that its fusoge-
nicity, the capacity to mediate membrane fusion between virus
and cell membranes leading to entry of the viral genome into
the cell (14), does not depend solely on interaction between
viral glycoproteins and cell-surface receptors. We and others
have shown that enzymatic activities associated with the
lymphoid cell surface play a key role probably by catalyzing the
receptor-mediated conformational changes that occur within
Env and eventually trigger fusion (15, 16). Among these reac-
tions, cleavage of the Env disulfides by a lymphocyte surface-asso-
ciatedPDI activity,which acts as a reductase in the redoxpotential
conditions of the extracellular environment, is necessary for entry
(17–21).However, incontrast to the regionsofEnv thatbind to the
viral receptors or to neutralizing antibodies (Abs), the regions of
the molecule interacting with such a key protein partner during
the fusion reaction have not been investigated.
Using the extensive array of biological reagents available for

study of Env functional expression, we have investigated the
interaction between the catalysts CNX and PDI and the Env
protein substrate. We focused on CNX (Env associates signifi-
cantly more with CNX than with calreticulin (3)) and PDI
because of their emblematic and well documented roles during
the early (virus production) and late (virus/cell contact) stages
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of the acquisition of the Env functional conformation, respec-
tively. In addition, these catalysts are targets for experimental
therapeutic strategies directed against HIV based on glycosyla-
tion inhibitors in the case of CNX (22–24) or oxidoreductase
inhibitors for PDI (16, 25). The prototypic lymphotropic HIV-
1Lai Envwas chosen as amodel ligand for both catalysts because
of the availability of many well characterized Abs directed
against such T-tropic Envs, enabling us to establish a competi-
tive immunoassay based on their binding to Env associated, or
not, with CNX or PDI. Mapping of Abs whose binding site was
occluded by either catalyst allowed the identification of their
respective sites of interaction with Env.

EXPERIMENTAL PROCEDURES

Reagents

Abs recognize the following EnvHXB2 sequences (sources are
detailed in the Acknowledgments): SR2 (mouse) is directed
against amino acids (aa) 31–50; 187 2.1 (mouse), aa 101–120;
8/19b (rat), C1�C3; CRA3 (mouse), V2 and C1 area at the base
of V2; 11/4C (rat), aa 152–181; SR1 (mouse), aa 160–175;
11/68b (rat), V1/V2�C4; CRA4 (mouse), V2; 213.1 (mouse), aa
252–261; IIIBV3-13 (mouse), aa 309–317; 5F7 (mouse), aa
308–322; 0.5� (mouse), aa 311–324; IIIB-V3-01 (mouse),
aa 320–328; IRC 38.1a (rat), aa 429–438/CD4-binding site;
IRC 39.13g (rat), CD4-binding site; D7324 (sheep; Aalto,
Dublin, Ireland), gp120 C terminus (aa 497–511). The anti-
CNX C4731 Ab (rabbit) was from Sigma. The anti-PDI SPA-
890 (rabbit) and RL90 (mouse) Abs were from StressGen
(Paris, France) and Alexis Biochemicals (Lörrach, Germany),
respectively. Peroxidase-coupled anti-species Abs and other
immunochemical reagents were from Dakopatts (Glostrup,
Denmark). Purified PDI was from Sigma. The thiol reagent 3-
(N-maleimidylpropionyl) biocytin (MPB) was obtained from
Molecular Probes (Cergy-Pontoise, France) (19). Other re-
agents were from Sigma. Recombinant soluble CD4 was pro-
duced using the baculovirus expression system (26). Soluble
gp160LAI was produced in baby hamster kidney (BHK-21) cells
using a recombinant vaccinia virus vector encoding a sequence
lacking the gp120-gp41 cleavage sites and transmembrane
domain (VV TG1163; Transgène SA, Strasbourg, France (27))
and purified using lectin chromatography and high perform-
ance liquid chromatography (28).

Coimmunoprecipitation Experiments

Env was expressed in BHK-21 cells using a recombinant vac-
cinia virus encoding native EnvLai (VV TG9-1; Transgène SA
(27)). Two days post-infection (2 plaque-forming units/cell in
serum-free medium) and the subsequent culture in Glasgow
medium supplementedwith 5% fetal calf serum, cells (107)were
washed in PBS and lysed on ice (PBS, Igepal 1%, 1 mM phenyl-
methanesulfonyl fluoride, 10 mM iodoacetamide, 100 mM anti-
trypsin inhibitor, and 20 �g/ml each leupeptin and aprotinin).
Lysates were centrifuged (10,000 � g; 15 min; 4 °C), and the
supernatant was further processed.
Coprecipitation of Chaperones Using Anti-Env Abs—The

supernatant was incubated withD7324Ab (30�g) or irrelevant
sheep IgG coupled to Sepharose (3 h; 4 °C). After three washes
in lysis buffer, proteins were eluted in loading buffer (2%

�-mercaptoethanol, 5% SDS) and analyzed by SDS-PAGE (8%)
and Western blotting (WB). The filters were blocked (PBS, 2%
casein, 0.5% Tween 20; 30 min) prior to incubation with D7324
(3 �g/ml PBS, 0.5% casein, 0.5% Tween 20; 90 min), C4731
(1:10,000), or RL90 (1:1,000) Abs. Membranes were then
probed with peroxidase-coupled anti-species Abs (1:2,500; 60
min) followed by incubationwith SuperSignal working solution
(Pierce). Chemiluminescence was detected using a Chemige-
nius apparatus and quantified using GeneTools software
(Ozyme, Montigny, F).
Coprecipitation of Cellular Env Using Anti-chaperone Abs—

The supernatant was incubated with the anti-CNX C4731 Ab
(30 �g; 3 h) or irrelevant rabbit IgG coupled to Sepharose.
Alternatively, the supernatant was incubated with the anti-PDI
RL90 Ab (1:100) or irrelevant mouse ascites and protein G-
Sepharose (25 �l; 3 h). The resulting precipitated samples were
then analyzed by SDS-PAGE and WB using D7324, C4731, or
RL90 Abs for staining. Membranes were then processed, and
chemiluminescence was determined as described.

Analysis of the Interaction Domains of Env with Chaperones

To analyze Env/CNX interaction in cellulo, the panel of anti-
Env Abs (see under “Reagents”; 1:3–30 in PBS) was dot-blotted,
and nitrocellulose filters were blocked (PBS, 2% casein; 30 min)
prior to incubation (90 min) with cell lysates obtained using
0.2% Triton and subsequently diluted in PBS 0.2% casein (2 �
107 BHK-21 cells expressing Env following vaccinia virus
TG9-1 infection). After two washes, membranes were incu-
bated with D7324 Ab (3 �g/ml; 90 min) to determine the
amount of Env bound to dot-blotted Abs or with C4731 Ab
(1:10,000; 90 min) to determine the amount of CNX bound to
Env. Irrelevant Abs determined nonspecific binding. After two
washes, membranes were probed with peroxidase-coupled
anti-species Abs (1:2,500; 60 min) prior to processing and
chemiluminescence determination as described above. The
interaction of PDI with soluble gp160 was studied in vitro as
described in Ref. 29. gp160LAI (5�g/20�l of PBS) preincubated
with PDI (2 �g in 1 mM GSH) for 45 min was incubated with
dot-blotted anti-Env Abs. Env bound to the Abs was quantified
using a pool of humanHIV� sera (1:300), and nonspecific bind-
ing was assessed using HIV� sera. The amount of PDI associ-
ated with Envwas determined using SPA-890 (1:1,000), and the
nonspecific binding was determined by incubating the filter
with gp160 in the absence of PDI.
The effect of glycosaminoglycans on Env interaction with

PDI was examined as described previously (29); gp160LAI (1
�g/20 �l of PBS) was incubated with soluble CD4 (500 ng; 45
min; 25 °C), in the presence or absence of heparin (1.5 �g) and
heparan sulfate (3 �g) (Sigma). PDI (400 ng in 1 mM GSH) was
then added to the samples for 45min prior to incubation with a
pool of human HIV� sera (1:100 in 300 �l of PBS; 90 min; 4 °C)
followed by addition of protein A-agarose (25 �l; 90 min).
The use of HIV� sera determined nonspecific binding. The
presence of PDI-Env complexes in immunopurified samples
was examined by SDS-PAGE and WB using HIV� sera
(1:300) or SPA-890 Ab (1:1,000) for staining. Membranes
were then processed, and chemiluminescence was deter-
mined as described.
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The effect of anti-Env Abs on Env reduction by PDI was
examined as follows: gp160Lai was coupled to CNBr-activated
Sepharose 4B (GEHealthcare) according to themanufacturer’s
instructions (3 �g/100 �l suspension). Bound Env (1 �g/200 �l
final volume) was incubated with the following Abs: SR1, 11.68,
213.1, 38.1a, and 39.13g (final dilution, 1:4); CRA3, 5F7, and
11/4c (1:10); SR2 and 8/19b (1:30) (these dilutions were similar
to those at which mapping was determined). After washing
with PBS, the sample was treated using PDI preactivated with
GSH under the conditions described above and elsewhere (29).
Env sulfhydryls were then labeled using the biotin-associated
sulfhydryl reagent MPB prior to washing and incubation with
streptavidin-peroxidase, as described previously (19, 29). After
four washes in PBS casein (0.25%), Tween (0.05%), color was
developed using o-phenylenediamine.

RESULTS

Interaction of Env with CNX and PDI in Cell Lysate—We
examined CNX and PDI association with native Env expressed
using a recombinant vaccinia vector in mammalian BHK-21
cells. This system is well documented as suitable for the inter-
actions examined here (3, 30) and to produce authentically
folded Env antigens capable of fusion between Env-expressing
cells and CD4� lymphocytes (17). We also used this system
because the expression level obtained in many other cell lines
(e.g. lymphoid cell lines), including following infections with
vaccinia virus vectors, was too low to perform the analysis of the
binding domains reported below.
Cell lysates were analyzed in reducing conditions by

SDS-PAGE and Western blotting using the anti-gp120
C-terminal Ab D7324 (Fig. 1A). This Ab reacts with Env
irrespective of its glycosylation (31) or redox status (19).
Both gp120 and gp160 were detected with a gp120:gp160
ratio of �5, as determined by reference to a standard curve
obtained following SDS-PAGE analysis and WB of increas-
ing amounts of cell lysate (two conditions are shown hereafter)
and densitometric analysis of the resulting bands. This obser-
vation is in agreement with previous data obtained using this

expression system (32). The cell lysate was also incubated with
D7324 coupled to Sepharose beads in a “pulldown” assay to
recover Env and any associated proteins. After elution from the
beads, the sample was analyzed using SDS-PAGE and WB as
above (Fig. 1A). Densitometric analysis showed that �80% of
cell-associated Env was isolated using this procedure, which is
consistent with the high efficiency previously noted for large
scale Env production (33), and showed that no preferential
purification of gp120 or gp160 occurred because a gp120:gp160
ratio�5wasmaintained.When anti-CNX (Fig. 1B) or anti-PDI
(Fig. 1C) Abs were used instead of anti-Env Ab for WB, the
presence of both chaperones in the Env eluate pulled down
using D7324 was shown. Control procedures using an irrele-
vant sheep IgG coupled to Sepharose-beads precipitated nei-
ther the Env species nor either of the chaperones. Together,
these data indicate that both CNX and PDI associate with Env
during biosynthesis and that their interaction is sufficiently
robust to allow isolation in a pulldown assay. By reference to a
standard curve obtained following SDS-PAGE analysis andWB
of increasing amounts of cell lysate using anti-chaperone Abs
anddensitometric analysis, we determined that�10 and�0.5%
of the total pool of CNX and PDI present in the cell lysate were
pulled down using anti-Env Abs, respectively (Fig. 1, B and C,
and data not shown). We then estimated the total amount of
chaperones and Env produced by cells. CNX was quantified
following immunoprecipitation (in conditions where about
90% of the cellular species was isolated; see below) and protein
quantitation because a commercial source of pureCNXwas not
available. The levels of PDI and Env were quantified following
the establishment of a standard curve using a dot blot with
known amounts of pure, commercially sourced, antigen. We
found that 106 cells expressed about 1.5�g of Env (12 pmol), 0.3
�g of CNX (3 pmol), and 0.25 �g of PDI (4 pmol). Taking into
account the coprecipitated Env/chaperone ratio above and the
yield of precipitation, we estimated the amounts of chaperones
interacting with Env and concluded that �0.3 pmol of CNX
and �0.02 pmol of PDI were pulled down when �10 pmol of
Env was immunoprecipitated. Thus, 1 Env out of 30 and out
of 500 was found associated with CNX and PDI, respectively.
These estimates relate to the subset of Env involved in a
complex with either chaperone at the moment cells were
lysed and not the overall rate of interaction with either chap-
erone during the whole course of Env biosynthesis. Moreover,
these values probably underscore the actual Env-chaperone
complex formedwhen lysis occurs as some loosely bound chap-
erone is undoubtedly lost during cell disruption and the pull-
down procedure.
To identify the Env species interacting with chaperones, we

incubated cell lysates with anti-chaperone Abs. When anti-
CNX Abs were used in the pulldown and immunoblotting
assays, we determined by densitometry that �90% of the cellu-
lar CNX was purified (Fig. 2A). When the Env species copre-
cipitated with CNX was examined following immunoblotting
using D7324, only gp160 was found to associate with CNX
(Fig. 2B). Using densitometry and a standard curve, we found
that �15% of cell-associated gp160 coprecipitated with CNX.
This subset of gp160 represented �3% of the total immunopu-

FIGURE 1. Coprecipitation of CNX and PDI with Env using anti-Env Abs.
Lysate of BHK-21 cells (the corresponding cell number is indicated) express-
ing Env was submitted (no pulldown) to SDS-PAGE analysis and WB using
anti-Env (A), -CNX (B), or -PDI (C) Abs. Alternatively, lysate was incubated with
irrelevant sheep IgG (anti-Env�) or D7324 Ab (anti-Env�) prior to precipita-
tion, elution using loading buffer, SDS-PAGE, and WB as indicated. A, *, non-
specific species detected by the peroxidase-labeled anti-sheep Ab staining
system.
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rified Env (gp120 and gp160) because the gp120/gp160 ratio
was �5 (see above).
When anti-PDI Abs were used in the pulldown and immu-

noblotting assays, we observed that �90% of PDI was purified
(Fig. 3A). Following D7324 immunoblotting, both gp120 and
gp160 species were shown to be coprecipitated with PDI (Fig.
3B). Using densitometry and a standard curve, we determined
that �0.25% of cell-associated Env coprecipitated with PDI.
Togetherwith the quantification of each protein precipitated

and the yield of precipitation (see above), the results of Figs. 1–3
indicate that �0.3 pmol of CNX interacted with �0.3 pmol of
gp160 and �0.02 pmol of PDI interacted with �0.02 pmol of
Env. Therefore, the average stoichiometry of the Env/chaper-
one interaction was �1:1 in our experimental conditions. In
further experiments to examine the strength of the interaction,
we observed that the presence of either 0.2% Triton X-100 or

1% Igepal CA-630 during cell lysis and immunoprecipitation
led to similar coprecipitation yields but that the presence of
0.1% SDS abolished the observed Env interaction with chaper-
ones (data not shown).
Domains of Env Involved in Contact with CNX—Because the

data shown in Figs. 1 and 2 indicate that the recombinant vac-
cinia virus/BHK-21 expression systemenables intracellular Env
precursor association with CNX to be monitored, we repeated
these conditions to investigate the domains of the glycoprotein
involved in contact with each chaperone. We immobilized a
panel of anti-EnvAbs onto nitrocellulose at a variety of concen-
trations and then incubated the filter with a lysate of BHK-21
cells expressing Env. Following incubation, the relative capture
of Env and CNX by each anti-Env Ab was assessed (Fig. 4).
Env was quantified using D7324 combined with a standard

curve obtained following a dot blot assay using known amounts
of Env. The background signal was assessed using an irrelevant
sheep IgG. Env reacted with Abs in a dose-dependent manner
limited by the level of Ab immobilized on the filter, indicating
that Env was in excess in these conditions. The amounts of
Ab-bound Env ranged from 0.2 ng (e.g. 187.2.1 Ab at a dilution
of 1:30) to 20 ng (e.g. 8/19b; 1:3), and the threshold of Env
detection was 0.1 ng (threshold absorbance was defined as two
times background absorbance hereafter). Similarly, CNX asso-
ciated with the Env species immobilized on the filter via anti-
Env Abs was quantified as described above using an anti-CNX
Ab following determination of the background signal using an
irrelevant rabbit IgG. Samples associated with most anti-Env
Abs of the panel reacted with the anti-CNXAb, indicative of an
Env/CNX interaction. CNX quantification ranges were from
0.015 ng (e.g. IRC 38.1a; 1:30) to 0.6 ng (IIIB-V3-13; 1:3), and the
threshold of detection was 0.003 ng.
Based on the amount of Env and CNX associated with each

CNX-positive spot, we calculated theCNX/Envmolar ratio and
found it to be close to 1:30 for five Abs (187.2.1; IIIB-V3-13;
0.5�; IRC38.1a; IRC39.13g; Fig. 4), in agreement with the ratio
of CNX/Env association determined in Fig. 1. The association

FIGURE 2. Coprecipitation of Env with CNX using anti-CNX Ab. Lysate of
BHK-21 cells expressing Env was submitted (no pulldown) to SDS-PAGE anal-
ysis and WB using anti-CNX (A) or -Env (B) Abs. Alternatively, lysate was incu-
bated with irrelevant rabbit IgG (anti-CNX�) or anti-CNX Ab (anti-CNX�) prior
to precipitation, elution using loading buffer, SDS-PAGE, and WB as indicated.

FIGURE 3. Coprecipitation of Env with PDI using anti-PDI Ab. Lysate of
BHK-21 cells expressing Env was submitted (no pulldown) to SDS-PAGE anal-
ysis and WB using anti-PDI (A) or -Env (B) Abs. Alternatively, lysate was incu-
bated with irrelevant mouse IgGs (anti-PDI�) or anti-PDI Ab (anti-PDI�) prior
to precipitation, elution using loading buffer and analysis by SDS-PAGE and
WB as indicated.

FIGURE 4. CNX association with Env in cellulo, epitopes involved. Clarified
lysate of BHK-21 cells expressing Env was incubated with dilutions of dot-
blotted anti-Env Abs. The amount of Env associated with each dot was
assessed using D7324 Ab or irrelevant sheep IgG prior to staining and densi-
tometry. The presence of CNX associated with samples bound to the Abs was
assessed in parallel using anti-CNX Ab or irrelevant rabbit IgGs. Env and CNX
quantification was done using standard curves obtained using known
amounts of antigens. For each Ab dilution, the CNX/Env molar ratio was
determined (n � 2 experiments). The mean ratio � S.D. obtained for each Ab
is presented. * indicates Abs that did not bind Env complexed with CNX.
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of CNX to Env immobilized via five Abs (SR2, C1; 8/19b,
C1�C3; SR1, V1-V2; 11/68b, V1/V2�C4; 5F7, V3) was weaker
than that reported above, whereas the samples associated with
five Abs (CRA3, 11/4c, CRA4, 213.1, IIIB-V3-0.1) directed
against V1/V2 (34), C2, and the C-terminal flanking region of
V3 led to signals below the cutoff of the assay. The threshold of
CNX detection and the amount of Env associated with these
Abs indicated less than 1 molecule of CNX per 400 Env mole-
cules, suggesting that Env complexed with CNX essentially did
not associate with this subset of captured Abs.
Lack of CNX association with Env may result either from an

overlap between the Ab epitopes and the CNX interaction
domain or from the weak reactivity of these Abs with the sub-
population of Env complexed with CNX due to particular fold-
ing. Accordingly, we testedwhether these Abs reactedwith Env
in a conformation-dependent manner. Cells expressing Env
were lysed using 0.2% SDS, effectively denaturing the protein
(31), and the lysate was diluted 15-fold prior to incubation with
the immobilized Ab panel. We observed that SDS-treated Env
reactedwithAbs in our conditions (data not shown), suggesting
that the lack of detection of CNX in the samples immobilized
via these Abs was not the result of a particular Env conforma-
tion. These data are consistent with the domains of Env
involved inCNX interaction being composed, at least in part, of
regions of V1/V2, C2, and the C-terminal flanking region of V3.
Domains of Env Involved in Contact with PDI—A similar

strategy was used to localize the domains of Env interacting
with PDI. However, when cellular Env was captured using the
panel of Abs described above, we were unable to detect associ-
ated PDI (data not shown), consistent with the low levels of
association between Env and PDI in cell lysates (cf. Figs. 1 and
3). These observations, along with data from other authors
showing a very weak association by pulldown assay between
Env and PDI during biosynthesis (12), indicated that the Env/
PDI interaction in the biosynthetic pathway was below a level
necessary to provide consistent and reproduciblemeasurement
using the Ab capture assay described here. As an alternate
approach, we used the documented capacity of Env to react
with, and to be reduced by, PDI in in vitro (18, 29) conditions
that mimic their interaction during HIV/cell contact and that
lead to Env reduction (18–20). Env was coincubated with PDI
at a molar ratio of 1 (29) and then pulled down with pooled
human HIV� sera; 5 out of 6 pmol of Env present in the assay
were purified under these conditions (data not shown and
determined as described above), which also coprecipitated 1.2
out of 6 pmol of PDI (Fig. 5). Preincubation of Env with glyco-
saminoglycans, which inhibit Env reduction by PDI (29), pre-
vented Env/PDI coprecipitation, supporting the specificity of
the Env/PDI interaction under these conditions. As a control,
we verified that the amount of Env precipitated in the presence
or absence of glycosaminoglycans was similar and that the use
of HIV� sera did not precipitate detectable amounts of Env
(data not shown).
Env preincubated with PDI as above was then allowed to

react with the panel of anti-Env Abs immobilized onto nitro-
cellulose (Fig. 6). Quantification of the Env bound by these Abs
using a dot blot assay with pooled HIV� sera showed that the
antigen bound Abs in a dose-dependent manner ranging from

0.3 ng (187.2.1 Ab; 1:30) to 20 ng (8/19b Ab; 1:3), and the
threshold of Env detection was 0.03 ng.
Samples associated with most Abs of the panel were also

found to react specifically with anti-PDI Ab indicative of an
Env/PDI interaction. PDI associated with Env was quantified as
described above, and the range was from 0.2 ng of PDI associ-
ated with Env bound to 8/19b Ab (1:30) to 4 ng for the Env
bound to IIIB-V3-01 Ab (1:3).
Based on the amount of Env and PDI associated with each

PDI-positive dot, we calculated the PDI/Env molar ratio for

FIGURE 5. Glycosaminoglycans and PDI association with Env in vitro. Env
was incubated with equimolar amounts of PDI in the presence or absence of
glycosaminoglycans (GAGs) prior to precipitation using human HIV� or HIV�

sera. The resulting samples were analyzed by SDS-PAGE and WB using anti-
PDI Abs (A) prior to densitometric quantification (B) using a standard curve
obtained using known amounts of PDI. The ratio “PDI recovered following
precipitation/PDI in the assay” is shown.

FIGURE 6. PDI association with Env in vitro, epitopes involved. Env prein-
cubated with PDI was incubated with dilutions of dot-blotted anti-Env Abs. The
amount of Env associated with each dot was assessed using HIV� or HIV� sera
prior to staining and densitometry. The presence of PDI associated with samples
bound to the Abs was assessed in parallel using anti-PDI Ab, similar experiments
using Env but not PDI determining the background signal. Env and PDI quantifi-
cation was done using standard curves obtained using known amounts of anti-
gens. For each Ab dilution, the PDI/Env molar ratio was determined (n � two
experiments). The mean ratio � S.D. obtained for each Ab is presented. * indi-
cates Abs that did not bind Env complexed with PDI.
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eachAb dilution for each experiment and found it to be close to
1:4 for 10 Abs (187.2.1, 8/19b, SR1, 11/68b, CRA4, 213.1, IIIB-
V3-13, 5F7, 0.5�, III-V3-01; Fig. 6), in agreement with the ratio
observedwhen Envwas incubated in vitrowith PDI and precip-
itated with HIV� sera (Fig. 5).

In contrast, we did not detect PDI in samples immobilized via
an Ab directed against the C1 domain (SR2), Abs against resi-
dues of V2 in the C1 area (CRA3, 11/4C; Ref. 34), and Abs
against the CD4-binding site (IRC 38.1a, IRC 39.13g). Taking
into account the amount of Env linked to these Abs and the fact
that the threshold of PDI detection in our assay was 0.04 ng, we
conclude that the corresponding Env population exhibited �1
PDI per �50 Envs bound suggesting that Env-PDI complexes
cannot be captured effectively via the epitopes concerned.
Epitope occlusion could be either because they were located
within the binding site for PDI or because theywere not present
on the PDI-reduced form of Env. To test the latter hypothesis,
we studied the binding of this subset of Abs to reduced Env. Env
was treated using 1% mercaptoethanol, a condition that fully
reduces the antigen (19), prior to iodoacetamide treatment and
lyophilization. Treated or mock-treated Env was then diluted
and incubatedwith test Abs. Ab bindingwas not altered follow-
ing Env reduction, except for CRA3 and IRC 39.13g. The results
of Fig. 6 therefore suggest that the domains of Env interacting
with PDI involve C1, the N-terminal flanking region of V1/V2,
and the CD4-binding site.
We then hypothesized that Abs interacting with the PDI-

binding site could interfere with Env reduction by the reduc-
tase. To test this, we designed and validated a new assay where
Env immobilized via CNBr-Sepharose beads is reduced by PDI
prior to labeling of the resulting Env SH groups by the biotin-
coupled thiol reagent MPB. Env-associated MPB was detected
using streptavidin-peroxidase. In this assay, Env labeling by
MPB was weak in the absence of PDI, consistent with the low
level of free thiols associated with mature Env (Fig. 7) (19, 29).
Addition of PDI to the Env sample significantly increasedMPB

labeling, indicative of the generation of free sulfhydryls on Env
as a result of disulfide reduction by the catalyst. Bacitracin, a
specific and potent PDI inhibitor, strongly inhibited the PDI-
induced MPB labeling of Env. These results are in agreement
with previous observations that both membrane and soluble
PDI similarly reduce Env in vitro and in vivo (18–20, 29). Using
this format, we then investigated PDI-inducedMPB labeling of
Env in the presence of those Abs found to interact with the
PDI-binding site. Env labeling was reduced by 50% when the
antigen was preincubated with this Ab mixture (namely SR2,
CRA3, 11/4c, IRC 38.1a, and IRC 39.13g). Further analysis
revealed the following: (a) a mixture composed of 8/19b, SR1,
11.68, 213.1, and 5F7 inhibited Env reduction by about 15%,
possibly by limiting Env surface accessibility to PDI (Fig. 7); (b)
irrelevant mouse Abs had no effect (Fig. 7); and (c) SR2, CRA3,
11/4c, IRC 38.1a, and IRC 39.13g did not alter reduction when
tested separately (data not shown). Together, these data indi-
cate that Abs raised against parts of C1, the N-terminal flank of
V1/V2, and the CD4-binding site interfere with Env reduction
by PDI by blocking the site of PDI binding to Env.

DISCUSSION

Because viruses encode only a few proteins and the range of
biochemical reactions they can perform is limited, the comple-
tion of the infectious cycle requires the co-opting of host
enzymes. This is illustrated by the HIV replication cycle that
requires the involvement of several cellular catalysts, from the
early steps of the intracellular biosynthetic pathway through
particle assembly and release to the ultimate fusion of the virus
and cellular membranes (2, 3, 11, 12, 15, 17, 30, 35, 36). We
investigated here the relationship of Env with two major cellu-
lar partners involved in Env folding and hence in establishing its
disulfide network, namely CNX, which functions early during
biosynthesis (2, 3), and PDI, which functions both during bio-
synthesis (12) and following virus binding at the cell surface to
produce the fusogenic conformation of the viral envelope
(18–20).
Using a vaccinia virus expression system, we show that 15%

of gp160 molecules are associated with CNX. In contrast, the
gp120 subunit did not interact with CNX. These results, which
agree with previous works using recombinant systems or HIV
to express Env (2, 3), showed that, as a glycoprotein, the folding
of the gp160 precursor is assisted byCNXduring the early steps
of its biosynthesis in the endoplasmic reticulum (2, 3) where
gp120 is essentially absent because Env processing in the Golgi
has yet to occur (36).
Subsequently, we undertook a detailed analysis of the Env

domains involved in CNX interaction. A competitive binding
assay based on the use of a panel of anti-Env Abs immobilized
on nitrocellulose was developed to examine the interacting
domains.Most Abs were directed against C1-4-, V1-3-, and the
CD4-binding site, and they typically bound to mature forms of
Env, consistent with the accessibility of their corresponding
epitopes on the folded antigen (37). Other Abs tested, mainly
directed against V4 andC5, reacted poorlywithmature Env in the
cell lysate or as a soluble antigenprobably because they recognized
regions that are hidden on the foldedmolecule (37).We observed
that epitopes within the V1/V2 and C2 domains as well as the

FIGURE 7. Effect of anti-Env Abs on reduction by PDI. Env coupled to
Sepharose beads was incubated in the presence or absence of PDI. The sulf-
hydryl groups were then labeled using MPB, a thiol-reactive reagent that was
detected using streptavidin-peroxidase and o-phenylenediamine. Bacitracin
was used to inhibit Env reduction by PDI, as indicated. Alternatively, Env was
incubated with anti-PDI-binding site Abs (a mixture of SR2, CRA3, 11/4c, IRC
38.1a, and IRC 39.13g), other anti-Env Abs (a mixture of 8/19b, SR1, 11.68,
213.1, and 5F7), or irrelevant mouse Abs, as described under “Experimental
Procedures,” prior to reduction by PDI, MPB labeling, and processing (n � 3;
the mean ratio � S.D. is presented).
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C-terminal flanking regionofV3werenot available onEnv species
interacting with CNX. These findings are consistent with an ear-
lier study based on coprecipitation of truncated Env with anti-
calreticulin Abs, which indicated that calreticulin binding
occurred in the N-terminal half of the molecule (3).
We did not further discriminate between epitope occlusion

following lectin-type binding of CNX to Env and occlusion
resulting from CNX/protein interaction. Although the use of
glycosylation inhibitors may allow such a distinction, the con-
sequence of abnormal glycosylation on Env conformation
would more likely interfere with the results obtained. Indeed,
we have shown previously that the regions of Env that we found
here interacting with CNX also have altered immunoreactivity
when the viral protein is expressed in the presence of
deoxynojirimycin (38), a glycosidase inhibitor with potent anti-
HIV activity (22–24) that arrests Env glycosylation at the stage
of glycan processing where CNX is thought to act. Together,
these data support a mode of action of deoxynojirimycin in
which the drug-altered glycosylation modifies the conforma-
tion of the Env domains recognized by CNX, interferes with
CNX interaction, and leads to aberrant folding and the subse-
quent inhibition of fusion at the coreceptor binding step (38).
In the case of PDI, the catalyst associated with both gp120

and gp160 but only 1 molecule in 500 bound the oxidoreduc-
tase intracellularly in our experimental conditions. Such
weak interaction was unlikely to be caused by low level
expression of PDI as its level in lysates was found here to be
similar to that of CNX, i.e. about 0.15% of the total cell pro-
teins and in the range reported previously (39). The very weak
coprecipitation of intracellular Env with PDI more likely

resulted from only transient inter-
action during biosynthesis, in agree-
ment with the poor association of
Env and PDI reported previously
(12). It is noteworthy that when
mercaptoethanol was omitted prior
to SDS-PAGE analysis, we did not
detect high molecular weight spe-
cies reacting with both anti-Env and
anti-PDIAbs in cell lysates, suggest-
ing that Env-PDI complexes cross-
linked by disulfides are either not
produced or are very transient spe-
cies in our cell system (data not
shown).
In addition to PDI interaction

with Env during the biosynthetic
pathway, PDI is found within the
CD4-CXCR4-Env complexes that
appear following HIV interaction
with the surface of the target lymph-
oid cell (18–20). Env is reduced
within these cell surface complexes
by a catalyst that is most probably
PDI. Indeed, various compounds
considered to be specific PDI inhib-
itors such as Bacitracin, aT3, and
anti-PDI Abs have been found to

potently interfere with HIV/cell fusion or Env reduction (17–
20, 29). In contrast, Ou and Silver (21), using small interfering
RNA to inhibit PDI expression, also observed entry inhibition
but to a lesser extent, challenging PDI intervention. The PDI
family of proteins continues to grow with roles in oxidative
folding, protein degradation, trafficking, calcium homeostasis,
and antigen presentation in addition to virus entry (16, 40).
Manymembers of the family contain common features, includ-
ing antibody epitopes, and are thus poorly distinguishable and
generally considered as a single class. As much of the cellular
chaperone machinery includes extensive redundancy, a
sequence-specific siRNA would be unable to potently block
generic PDI activity involved in HIV entry and thus would have
only marginal effect. Env reduction can be mimicked using sol-
uble components in vitro (18, 29). We took advantage of these
observations and preincubated equimolar mixture of Env and
PDI to identify the PDI binding regions on Env. First, we
showed that in these in vitro conditions Envwas associatedwith
PDI, and this association was inhibited by incubation with gly-
cosaminoglycans that prevent virus entry (41) and interfere
with Env reduction by PDI (29), further supporting the rele-
vance of the complex formed in our in vitro assay (29). Second,
when the Env/PDI mixture was used with the immobilized
panel of Abs, PDI was found to bind Env via regions including
the N-terminal flanks of the C1 and V1/V2 domains and the
CD4-binding site. This conclusion is supported by the finding
that addition of the mixture of the Abs against these sequences
inhibited Env reduction by PDI. The extent of inhibition
achieved using this set of Abs was similar to that obtained using
a mixture of glycosaminoglycans that bind Env and inhibit its

FIGURE 8. Location of the interaction sites for PDI and CNX in the mature gp120 structure. The gp120
structure shown was rendered from the recently released structure (Protein Data Bank code 3JWO (50)) that
includes an extended N terminus when compared with earlier structures. The V3 loop in B was rendered from
the single structure reporting it (Protein Data Bank code 2B4C) and then grafted where shown. The rendering
is in the canonical view of gp120 (45) with the inner and outer domains of the molecule indicated. The defin-
itive epitopes for the Abs that blocked chaperone binding are indicated, where available. PDI-reactive sites are
largely accessible on the mature molecule (A), and those reacting with CNX are buried or face inward (B),
consistent with access only prior to folding. The sites are mutually exclusive except for the V1/V2 region where
precise residues cannot be indicated as they are not present in any solved structure. The diagram is illustrative,
and the actual structure of the molecule during interaction with either chaperone remaining unknown.
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reduction (see above andRef. 29), althoughbelow the inhibition
of reduction obtained using compounds that specifically target
PDI such as Bacitracin (19, 29). Inhibition of Env reduction by
the Abs directed against the PDI-binding site is also consistent
with their capacity to neutralize HIV (42, 43), reduction of Env
by PDI being a prerequisite to the Env-mediated membrane
fusion process (18–20). In contrast, we did not find binding of
PDI to the V3 loop despite reports indicating that its basic
nature may favor interaction with the acidic C terminus of PDI
(9, 16, 25) and observations showing the susceptibility of the
disulfide at the base of V3 to PDI (44). It is therefore possible
that although PDI binds Env at the domains we have identified,
final catalysis is distal to them, in agreement with the separate
domains of PDI involved in substrate binding and catalysis (9).
Recently, four glycosaminoglycan-binding domains have been
mapped on gp120, in theV2 andV3 loops, C terminus (residues
420–435), and within the CD4-induced bridging sheet (45).
Our mapping of the PDI-binding sites to similar sequences
offers a plausible mode of action for the observed glycosamino-
glycan inhibition of PDI-mediated Env reduction (29) and the
subsequent blocking of HIV cell fusion (41): interference with
PDI binding to its contact sites on Env. This explanation is
supported by the observation that glycosaminoglycans pre-
vented Env/PDI coprecipitation (Fig. 5).
In addition to providing explanations of themode of action of

compounds with anti-HIV activity, deoxynojirimycin, which
targets CNX, and glycosaminoglycans, which target PDI, our
mapping of the regions interacting with intracellular CNX and
extracellular PDI is also consistent with current Env structural
data. The structure of the liganded and unliganded forms of the
gp120 subunit, largely deleted of the variable regions to enable
crystallization, reveals significant changes in the inner domain
and bridging sheet in response to CD4 binding (46, 47). Cryo-
electron tomography studies have recently confirmed these
conformational changes following CD4 association by report-
ing the three-dimensional structure of trimeric and HIV-asso-
ciated native Env pre- and post-CD4 binding (48). The interac-
tion of viral Env to cell surface PDI is a post-CD4 binding event
(16–20), and the PDI-binding sites identified here on Env are
among the regions that become accessible following HIV
attachment to the target cell, namely the C1, the N-terminal
region of V1/V2, and the CD4-binding site sequences (Fig. 8A)
(49). Of note, our mapping is also consistent with the reports
showing that heparin mediates inhibition of HIV entry at a
post-CD4 binding step by occupying the same sites (45) and
that it interferes with both Env reduction by PDI (29) and
coprecipitation of Env and PDI (Fig. 5). By contrast, the sites
identified as binding CNX are largely buried in mature gp120
(Fig. 8B) (46–48). Our data are therefore consistent with pub-
lished reports showing CNX acting in the endoplasmic reticu-
lum on the partially unfolded gp160 prior to oligomerization
and with PDI acting at the virus surface on the folded, assem-
bled, and CD4-interacting molecule (2, 3, 16).
We have described the first mapping of the binding sites for

CNX and PDI on HIV Env. The data suggest that each chaper-
one binds a distinct footprint on themolecule. As a result of the
key role of PDI during virus entry, deciphering the Env/PDI
interaction surfaces may have therapeutic impact because it

designates additional targets for the development of competing
agents with antiviral potential.
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