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HIV-1 viruses and virus-like particles (VLPs) bear nonnative “junk” forms of envelope (Env) glycopro-
tein that may undermine the development of antibody responses against functional gp120/gp41 trimers,
thereby blunting the ability of particles to elicit neutralizing antibodies. Here, we sought to better
understand the nature of junk Env with a view to devising strategies for its removal. Initial studies
revealed that native trimers were surprisingly stable in the face of harsh conditions, suggesting that junk
Env is unlikely to arise by trimer dissociation or gp120 shedding. Furthermore, the limited gp120 shedding
that occurs immediately after synthesis of primary HIV-1 isolate Envs is not caused by aberrant cleavage
at the tandem gp120/gp41 cleavage sites, which were found to cleave in a codependent manner. A major
VLP contaminant was found to consist of an early, monomeric form of gp160 that is glycosylated in the
endoplasmic reticulum (gp160ER) and then bypasses protein maturation and traffics directly into parti-
cles. gp160ER was found to bind two copies of monoclonal antibody (MAb) 2G12, consistent with its
exclusively high-mannose glycan profile. These findings prompted us to evaluate enzyme digests as a way
to remove aberrant Env. Remarkably, sequential glycosidase-protease digests led to a complete or near-
complete removal of junk Env from many viral strains, leaving trimers and viral infectivity largely intact.
“Trimer VLPs” may be useful neutralizing antibody immunogens.

The encouraging results of a recent phase IIb trial suggest
that an HIV-1 vaccine may be possible (63). Optimal efficacy
may require a component that induces broadly neutralizing
antibodies (bNAbs) that have the rare ability to bind to the
native Env spikes on particle surfaces, thus interfering with
receptor engagement and virus infection (28, 35, 59).

Env spikes consist of trimers of gp120/gp41 heterodimers, in
which gp120 is the surface subunit and gp41 is the transmem-
brane-anchoring subunit. These derive from a gp160 precursor
that is glycosylated cotranslationally in the endoplasmic retic-
ulum (ER), where it is also thought to oligomerize (22). In the
Golgi compartment, cleavage at the gp120/gp41 junction oc-
curs via the action of furin. The resulting spikes are compact
and highly glycosylated, features that allow the virus to evade
neutralization (23, 50).

The glycans that decorate HIV-1 Env are unusual in that a
fraction of them fail to fully mature. In normal circumstances,
glycan synthesis (summarized in Fig. 1B of reference 4) begins
in the endoplasmic reticulum, where high-mannose (HM) pre-
cursors are transferred cotranslationally to the free amide of
the asparagine of a glycan signal sequence, or sequon (30).
Terminal glucose and mannose moieties are then trimmed to
form a Man5GlcNAc2 intermediate (where Man is mannose
and GlcNac is N-acetylglucosamine). The transfer of another
GlcNAc moiety to this intermediate results in a hybrid glycan.

Further mannose trimming, the addition of more GlcNAc moi-
eties, and additional modifications result in mature complex
glycans (39).

In the exceptional case of HIV-1 Env, a patch of glycans at
the immunologically “silent face” is so dense that steric con-
straints limit mannosidase trimming, such that the glycans fail
to mature (19, 84). This high-mannose patch is recognized by
the equally unusual neutralizing monoclonal antibody (MAb)
2G12 (12, 64, 66, 75). The close interactions between the com-
ponent subunits of mature trimeric spikes appear to further
limit glycan maturation compared to monomeric gp120, lead-
ing to an even greater proportion of high-mannose glycans (24,
31, 53). Indeed, the glycans present on trimers are so densely
packed that most glycosidases cannot excise them, in contrast
to the glycosidase-sensitive glycans of monomeric gp120 (47,
51, 64).

The receptor binding sites of the neutralizing face of gp120
are protected by a relatively sparse “forest” of complex glycans
(68). This partial coverage probably reflects a trade-off be-
tween a requirement to protect underlying functional domains
from NAb attack while providing sufficient flexibility for the
refolding events associated with receptor binding and fusion
(29).

To date, all Env-based vaccine candidates have failed to
induce NAbs of significant breadth and potency. Instead, they
largely induce antibodies directed to determinants that are
occluded on authentic spikes (78). This may be because the
immunogens insufficiently resemble native Env trimers and
therefore lack the stringency to selectively elicit exquisite neu-
tralizing specificities. Fully authentic Env trimers might there-
fore fare better as immunogens since any antibodies they in-
duce in a vaccine setting should, in theory, neutralize.
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Attempts to produce authentic trimers in a soluble form have
been hampered by their instability (13). This problem can be
solved by various stabilizing mutations, usually in gp41. How-
ever, these manipulations tend to affect conformation such that
soluble trimers no longer fully resemble native spikes.

Presentation of trimers in a membrane context may naturally
enhance their stability without a need for stabilizing mutations.
This idea has been attempted in the form of particle and
cell-based vaccines (14, 17, 34, 40, 61, 77). However, success in
eliciting NAbs by these strategies has, to date, been limited,
perhaps because the Env is not biochemically homogeneous. In
addition to native trimers, particles also exhibit various non-
functional forms of Env, including uncleaved gp160 and gp41
stumps (55). Hypothetically, this “junk” could interfere with
the development of NAb responses. In support of this idea,
junk Env is antigenically promiscuous, as demonstrated by the
efficient capture of virus particles by monoclonal Abs that
neither bind trimers nor neutralize (43, 55, 57, 60). The supe-
rior immunogenicity of junk Env is also suggested by the ob-
servation that virus-immune complexes form shortly after in-
fection, long before the development of NAbs (74). Vaccine
interference is, in fact, a common phenomenon and may be
exacerbated when the components are antigenically related
(42, 76, 79). However, there is presently no information on how
genetically identical but conformationally distinct proteins
might interfere in a vaccine setting (73, 76).

The true potential of native trimers as vaccine immunogens
may be revealed only if we can eliminate antigenic interference
(55). A better understanding of junk Env may assist in devel-
oping new strategies for its removal. One form of junk Env,
namely, gp41 stumps, is generated when gp120 dissociates
from particles, presumably due to the instability of noncova-
lently associated gp120-gp41 complexes (54). This phenome-
non is commonly referred to as gp120 shedding. Previously, we
showed that gp120 shedding could be eliminated by the intro-
duction of an intermolecular gp120-gp41 disulfide bridge,
termed the SOS mutant (7). Virus-like particles (VLPs) carry-
ing this mutation (SOS-VLPs) were found to be infectious and
neutralization resistant, exactly like wild-type (WT) particles
(WT-VLPs), suggesting that authentic conformation is pre-
served (1, 5, 6, 18). However, SOS-VLPs fared little better than
WT-VLPs as immunogens (17), suggesting the possibility of
still other forms of Env junk.

An analysis of SOS-VLPs by blue native PAGE (BN-PAGE)
revealed distinct Env trimers and monomers (55). Two possi-
bilities might account for the monomer. First, it may be a
by-product of trimer dissociation in the lateral plane. Alterna-
tively, it could be an immature form of Env that somehow
contaminates particles. The latter possibility is supported by
findings that Env synthesis is fraught with inefficiencies. Thus,
while some gp120/gp41 trimers reach the cell surface with a
half-life (t1/2) of �2 h after translation, another population of
gp160 remains in the endoplasmic reticulum much longer (2,
20, 23, 41, 80), perhaps due to inefficient signal peptide re-
moval (41, 46) or poor gp120/gp41 processing (2, 8, 20, 23, 41,
50, 80, 81). Potentially, this could lead to a breakdown of
normal protein maturation and the incorporation of immature
Env into particles. Although early studies suggested that all
gp160 on particle surfaces is fully processed into gp120/gp41
(20, 71), others suggest that there are no checkpoints to ex-

clude uncleaved gp160 (20, 55, 62, 81). A recent study reported
that the Env glycans of HIV-1 virions are comprised almost
entirely (�98%) of the high-mannose variety (21). An imma-
ture form of junk Env might explain this unexpected bias of
high-mannose glycans. Here, we investigated the nature of
particulate Env in depth and sought to develop new methods to
selectively remove the junk Env with a view to manufacturing
“trimer VLPs.”

MATERIALS AND METHODS

MAbs and monomeric gp120. A panel of MAbs included the following: b12,
directed to epitopes overlapping the CD4 binding site (CD4bs) of gp120 (11, 82);
2G12, directed to a unique glycan-dependent epitope of gp120 (64, 66); E51,
directed to a CD4-inducible (CD4i) epitope of gp120 (83); LA21, F2A3, Co11,
and 39F reactive with clade B gp120 V3 loop sequences (18, 58, 69); 5.8C, 1.4E,
3074, and 3869 reactive with non-clade B V3 loop sequences (36); 2F5 and 4E10,
directed to the gp41 membrane-proximal ectodomain region (MPER) (56); and
7B2 and 2.2B, directed to the gp41 cluster I and II epitopes, respectively.
Recombinant monomeric JR-FL gp120 produced in CHO cells was a gift from
Progenics Pharmaceuticals (Tarrytown, NY).

Virus preparations and infectivity assays. VLPs were produced by the cotrans-
fection of 293T cells or N-acetylglucosamine transferase I-deficient (GnTI�)
293S cells (4, 24) with an Env-expressing plasmid and the Env-deficient HIV-1
genomic backbone plasmids pNL-LucR-E� (5, 44, 45). Plasmids for expressing
Env were all made in the pCAGGS vector and included those expressing SOS,
uncleaved (UNC) SOS, WT, and UNC WT mutants of JR-FL gp160 with a
truncation of the cytoplasmic tail (gp160�CT). Mutants were made by
QuikChange mutagenesis (Stratagene). Most of the other Env plasmids were
derived from clade B and C reference panels (16, 44, 45). A KNH1144 Env
plasmid has been described previously (37). VLPs were purified as described
previously (55). Concentrated and inactivated HIV-1 isolates BaL, MN, and
ADA, produced in SupT1-CCR5 CL.30 cells and purified over sucrose gradients,
were provided by Julian Bess and Jeff Lifson (National Cancer Institute [NCI]).
Single-round infection assays were performed as described previously (55).

SDS-PAGE and Western blotting. Env was resolved by reducing SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE). Western blots were probed with an
anti-gp120 cocktail, consisting of MAbs CO11, F2A3, LA21, and 39F or a gp41
cocktail, consisting of MAbs 2F5 and 4E10. Each MAb was used at 1 �g/ml.
Clade C Envs were probed with a cocktail of MAbs 5.8C, 1.4E, 3074, and 3869
at 1 �g/ml each. An alkaline phosphatase-labeled anti-human Fc conjugate was
used to detect MAb binding (Jackson), and the signal was developed using
SigmaFast BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetra-
zolium) substrate (Sigma). Band densities were measured using UN-SCAN-IT
software (Silk Scientific) (16).

Native PAGE and Western blotting. Blue native PAGE (BN-PAGE) was
performed as described previously (16–18, 55). Briefly, VLPs were treated in
various ways, including freeze-thaw cycling, 10-min incubations at various tem-
peratures, or the use of various buffers, MAbs, 0.5% SDS, or adjuvants Ribi,
Ras3C, or AS01B. VLPs were then washed, as necessary, and then gently solu-
bilized in 0.12% Triton X-100 in 1 mM EDTA–1.5 M aminocaproic acid with a
protease inhibitor cocktail containing 4-(2-aminoethyl)benzenesulfonyl fluoride,
E-64, bestatin, leupeptin, aprotinin, and sodium EDTA (P-2714; Sigma). An
equal volume of 2� sample buffer (100 mM morpholinepropanesulfonic acid
[MOPS], 100 mM Tris-HCl, pH 7.7, 40% glycerol, and 0.1% Coomassie blue)
was added. Samples were then loaded onto a 4 to 12% Bis-Tris NuPAGE gel
(Invitrogen) and separated at 4°C for 3 h at 100 V. Ferritin (Amersham) was
used as a size standard. The gel was then blotted onto polyvinylidene difluoride,
destained, immersed in blocking buffer (4% nonfat milk in phosphate-buffered
saline [PBS]), and probed with an anti-gp120 cocktail (MAbs 2G12, b12, E51,
and 39F at 1 �g/ml each), an anti-gp41 cocktail (MAbs 2F5, 4E10, 7B2, and 2.2B
at 1 �g/ml each), or a standard MAb cocktail consisting of both the anti-gp120
and anti-gp41 cocktails. Non-clade B Envs were probed with a cocktail of anti-
gp120 and -gp41 MAbs as above, substituting clade B V3 MAbs for non-clade B
V3 MAbs (clade C MAb cocktail). Alternatively, a clade C plasma pool was used
consisting of BB75, BB81, and BB86 (6) at 1:5,000 each. Blots were then probed
by an anti-human Fc alkaline phosphatase conjugate (Jackson) and developed
using SigmaFast BCIP/NBT substrate (Sigma).

Enzyme digests. In glycosidase-protease digest reactions, recombinant gp120
monomer (1 �g) or VLPs (typically, 5 �l of VLPs concentrated 1,000-fold from
transfection supernatants [1,000�]) were incubated at 37°C with glycosidases:
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500 U of endoglycosidase H (endo H; New England BioLabs, Ipswitch, MA) or
a deglycosylation mix consisting of 250 U of peptide N-glycosidase F (PNGase
F), 25 U of neuraminidase, 4 U of �(1–4)-galactosidase, 20,000 U of endo-�-N-
acetylgalactosaminidase, 1.6 U of �-N-acetylglucosaminidase (New England Bio-
Labs, Ipswitch, MA), and/or 1.8 mU of fucosidase (Prozyme). Glycosidase di-
gests were followed by a 1-h digest with 1 �g of trypsin, chymotrypsin, subtilisin,
and/or proteinase K (Sigma) at 37°C. In some cases, particles were denatured
and reduced by boiling for 5 min in SDS and beta-mercaptoethanol (45) prior to
enzyme treatment. In other instances, digests were inhibited using a protease
inhibitor cocktail (P-2714; Sigma).

RESULTS

Particulate Env trimers are remarkably stable. Here, we
sought to characterize particulate Env junk, with a view to
developing approaches for its removal. We first looked at
trimer stability to address the possibility that junk Env derives
from trimer dissociation (55). The JR-FL Env clone was se-
lected as a prototype here because of its unusually efficient
gp160 processing. We along with others previously resolved
gp120 shedding (54, 55) by introducing an intermolecular di-
sulfide bridge between gp120 and gp41, termed the SOS mu-
tant (7). SOS-VLPs are infectious and exhibit a similar neu-
tralization resistance profile as the parent wild-type (WT)
VLPs, suggesting that native conformation is preserved (1, 5,
18). Notably, SOS-VLPs do not use the isoleucine-to-pro-
line (IP) mutation of SOSIP (65), which is a helix-breaking
gp41 mutation used to stabilize soluble SOS gp140 trimers.
We expressed Envs with a truncated gp41 tail, termed
gp160�CT. This affects neither VLP infectivity nor its neu-
tralization sensitivity (6, 21). We reasoned that the higher
expression levels and increased gp120/gp41 processing effi-
ciency of gp160�CT might improve our chances of charac-
terizing junk Env.

To assess trimer stability, JR-FL VLPs were subjected to a
variety of conditions (Fig. 1A and B). SOS trimers resisted
freeze-thaw treatments, temperatures up to 42°C, adjuvants
Ribi or AS01B, high-pH buffers, 5 M lithium chloride, and 2 M
urea (Fig. 1A). However, high temperatures and 6 M urea
caused a global loss in staining (Fig. 1A, lanes 5 and 19). SDS
caused trimers to dissociate into monomers. Some SDS-resis-
tant oligomers might be due to the aggregation or the presence
of intermolecular disulfide bonds (Fig. 1A, lane 7). Magnesium
chloride induced some trimer dissociation. Low-pH buffers
induced changes that may reflect partial denaturation or ag-
gregation.

WT trimers were similarly stable (Fig. 1B), with the excep-
tion that they were more sensitive to glycine at pH 2.5. Most
treatments did not promote gp120 shedding. However, a 56°C
incubation caused a build-up of trimeric gp41 stumps. This
effect was accentuated by a 90°C incubation or exposure to 6 M
urea (Fig. 1B, lanes 6 and 19). Exposure of SOS-VLPs to these
conditions had similar effects (Fig. 1A, lanes 6 and 19). This
was unexpected, considering the disulfide bond that links
gp120 and gp41. We therefore investigated the identity of the
treatment-induced band by probing duplicate blots separately
with anti-gp41 and anti-gp120 MAb cocktails (Fig. 1C). This
confirmed that the 90°C stress-induced band consists of gp41
stumps. Thus, extreme conditions can break the gp120-gp41
SOS covalent bond even in the absence of a reducing agent.

We next examined the stability of Env trimers from clade B
isolates SF162 and WITO and clade C isolates ZM197 and

ZM214. Each trimer exhibited a distinct resistance profile (Fig.
2). All four Envs survived incubation at 37°C. In surprising
contrast to JR-FL (Fig. 1), WITO and ZM214 trimers survived
a 56°C incubation, and SF162 and ZM197 trimers partially
survived (Fig. 2A and C). Like JR-FL, SF162 and WITO trim-
ers partially survived citric acid (Fig. 2A and B), but clade C
trimers dissociated (Fig. 2C and D). SF162, WITO, and
ZM197 trimers largely survived lithium chloride, but ZM214
trimers did not. As above, magnesium chloride was a some-
what harsher ionic-strength buffer and at least partially dena-
tured all four trimers. Surprisingly, SF162 and WITO trimers
partially survived an exposure to 6 M urea, while clade C
trimers were completely sensitive. Unlike JR-FL, urea did not
induce an obvious build-up of gp41 stumps, due to gp120
shedding, although citric acid treatment mildly increased the
amount of gp41 stumps of ZM197. The faint staining of gp41
stumps in all four isolates (Fig. 2) suggests that the gp120
shedding is even lower than that for JR-FL (Fig. 1). Taken
together, these data contest the widely held notion that HIV-1
Env trimers are labile.

gp120 shedding is not a progressive phenomenon. The com-
mon perception that native trimers are unstable is partly based
on early observations of gp120 shedding from HIV-1 isolates
cultured in T cell lines (54). However, for tier 2 viruses, gp120
shedding appears rather limited (Fig. 1 and 2) (15). A report by
Earl et al. showed that during Env synthesis, gp120 shedding
occurs immediately after Env reaches the membrane surface
but does not progress further (23), consistent with our obser-
vations that harsh conditions do not typically promote gp120
shedding (Fig. 1 and 2).

gp120/gp41 processing could potentially occur at two sites
(indicated by arrows in Fig. 3A). Cleavage at the primary site
is thought to generate functional virus, while the role of the
second site is unclear (10, 25, 38, 50). Thus, it is not known if
functional trimers are cleaved at both sites or only at the
primary site. Irregular cleavage may underlie gp120 shedding.
For example, if cleavage at both sites is necessary to generate
functional spikes, then cleavage at only one site might yield a
product with a propensity to shed gp120.

To better understand gp160 processing and possibly prevent
gp120 shedding, we investigated various cleavage site mutants.
BN-PAGE analysis of WT-VLPs reveals two forms of gp41
stump (Fig. 1B) (55). The larger of these could arise from
gp120/gp41 trimer dissociation, while the smaller stumps could
arise from gp120/gp41 monomer dissociation (55). Unexpect-
edly, all cleavage mutants led to a dramatic decrease in gp41
trimers in BN-PAGE, regardless of whether they affected the
primary or secondary site. Of these, the R503A mutant had the
weakest effect and the K500S R503A K510S R511S mutant
had the strongest effect (Fig. 3B, lanes 2 and 8). The effect of
mutants on the gp41 monomer was unclear, due to its very
faint staining (Fig. 3B, lane 1). Uncleaved gp160�CT (referred
to here as gp160 for simplicity) resolved as a monomer and at
least two oligomeric species (Fig. 3B, lanes 2 to 8).

By SDS-PAGE and Western blotting, all mutants exhibited
diminished quantities of gp120 and gp41 compared to the
control (Fig. 3C). Furthermore, two forms of gp160 were ob-
served (Fig. 3C). All mutants except for the R503A mutant
enhanced the proportion of the upper gp160 band, namely,
mature gp160, while the smaller band, termed gp160ER, was
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unaffected. gp160ER is discussed in more detail below. The
percent Env cleavage was measured as a factor of gp41 band
density divided by the sum of gp41 and mature gp160 densities
(Fig. 3C).

Interestingly, all the mutants involving the primary cleavage
site resulted in a slightly larger gp41 species (Fig. 3C). Thus, in
the experiment shown in Fig. 3C, the gp41 band in lanes 4 to
8 migrated more slowly than that in lanes 1 to 3. This could be
because in lanes 4 to 8, although cleavage at the primary site is
essentially blocked, cleavage at the secondary site can still
occur even though in some cases (lanes 7 and 8) this second
site is also mutated. Cleavage at only the secondary site would
be expected to lead to a modestly larger gp41 species, due to
the additional 7 amino acids (504 to 511) that adds about 5%
mass to the �20-kDa gp41�CT (Fig. 3A, arrows marking the
two cleavage sites).

In infection assays, none of the mutants were appreciably
functional (Fig. 3D). Thus, cleavage at both sites is necessary
for the formation of functional spikes. In fact, their processing
is inextricably linked: eliminating cleavage at one site dramat-
ically diminishes cleavage at the other. Thus, it appears un-
likely that aberrant cleavage causes gp120 shedding.

A high-mannose form of gp160 contaminates VLPs. The
above findings suggest that junk Env is not a product of trimer
dissociation but, rather, is a distinct specie(s), perhaps an ab-
errant product of Env synthesis (23, 25). To investigate this
possibility, we examined VLP Env by SDS-PAGE and Western
blotting (Fig. 4). To help identify each band, duplicate blots
were probed separately with anti-gp120 and anti-gp41 MAb
cocktails (Fig. 4A and B). We also assessed the effect of en-
doglycosidase H (endo H), which selectively digests immature
high-mannose glycans (39). VLPs were produced in 293T (par-

FIG. 1. Effects of harsh conditions on native JR-FL trimer stability. SOS-VLPs and WT-VLPs were subjected to five freeze-thaw cycles, a
10-min incubation at various temperatures, or exposure to 0.5% SDS, adjuvants, or various harsh buffers, as indicated. VLPs were then washed
(SDS treatment excepted), resuspended in PBS, and then analyzed by BN-PAGE and Western blotting, probing with the standard MAb cocktail.
Trimeric and monomeric forms of gp120/gp41 and gp41 stumps are indicated by cartoons in which gp120s are depicted as red blobs (one or three
for the monomer or trimer, respectively) and gp41s are shown as green sticks. Molecular mass markers for ferritin (220 kDa and 439 kDa) and
gp120 are indicated. (C) SOS-VLPs and WT-VLPs were subjected to a 10-min 90°C incubation, as indicated. Blots were then probed separately
with anti-gp120 or anti-gp41 cocktails. TEA, triethanolamine.
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ent) cells or cells defective for N-acetylglucosamine transferase
I (GnTI�), an enzyme involved in converting trimmed
Man5GlcNAc2 into hybrid glycans (24). Expression in these
cells leads to the replacement of complex glycans with
Man5GlcNAc2.

Parent SOS-VLPs exhibited gp160, gp120, and gp41 bands
of generally greater mass than their GnTI� equivalents (Fig.
4A and B, compare lanes 1 and 5). This reflects the addition of
complex glycans that add �1.5 kDa per glycan compared to the
exclusively high-mannose glycans that decorate their GnTI�

counterparts (4, 24). The �15-kDa difference in parent and
GnTI� gp120 molecular masses (Fig. 4A, lanes 1 and 5) there-
fore suggests �10 complex glycans on parent gp120. Parent
Env bands were generally more diffuse than their GnTI�

equivalents (Fig. 4, compare lanes 1 to 4 and 5 to 8), in line
with the more variable nature of complex glycans (19, 26, 32,
53). Endo H dramatically increased the mobility of GnTI� Env
bands, consistent with the removal of high-mannose glycans
(Fig. 4, lanes 5 to 8). In contrast, parent Env and recombinant
gp120 were more resistant due to the presence of endo H-re-
sistant complex glycans (Fig. 4, lanes 1 to 4, 9, and 10).

Unexpectedly, an identical form of gp160 decorated exclu-
sively with immature high-mannose glycans was present in all
VLPs, regardless of the mutant or cell line in which the virus
was expressed. We term this species gp160ER, distinguishing it
from the cell line-specific forms of gp160 (mature gp160 and
gp160 GnTI�), where ER stands for endoplasmic reticulum
and refers to the untrimmed high-mannose glycans added after
protein translation in this compartment. Like gp160 GnTI�,
gp160ER is highly sensitive to endo H. In fact, the gp160
GnTI� and gp160ER bands coalesced after endo H treatment
(Fig. 4, lanes 5 and 6). gp160 GnTI� is somewhat smaller,

FIG. 2. Stability of various native Env trimers of various HIV-1
isolates. VLPs bearing Envs from various isolates as indicated were
subjected to a stability analysis under selected conditions and were
then probed by Western BN-PAGE blotting, as described in the
legend of Fig. 1. SF162 and WITO were probed with the standard
MAb cocktail, ZM197 was probed with the clade C MAb cocktail,
and ZM214 was probed with the clade C plasma pool. Cartoons are
as defined in the legend of Fig. 1.

FIG. 3. Analysis of gp120/gp41 cleavage site mutants. (A) The pri-
mary sequence of the JR-FL gp120-gp41 cleavage site. Residues are
numbered according to the HXB2 sequence. Arrows indicate putative
cleavage sites at residues 504 and 511. (B and C) BN-PAGE and
SDS-PAGE with Western blot analysis of WT VLP cleavage site mu-
tants. Blots were probed with both anti-gp120 and gp41 cocktails.
Separate blots were performed with either cocktail alone to facilitate
band identification (Fig. 4 and data not shown). Cartoons indicate
gp120/gp41 trimers and monomers and gp41 stumps. (D) Infectivity of
cleavage site mutants. ND, not done. Cartoons are as defined in the
legend of Fig. 1.
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presumably due to a degree of mannosidase trimming that
does not occur for gp160ER (4, 24).

In Fig. 4A, lane 1, gp160ER staining is relatively prominent
compared to the gp120 band that likely derives from native
trimers. This suggests that gp160ER constitutes a surprisingly
dominant fraction of total VLP Env (55). In contrast, mature
gp160 stained modestly (Fig. 4, lanes 1 and 3), consistent with
the efficient cleavage observed in Fig. 3C (lane 1). Mature
gp160 is somewhat larger than gp160ER, due to the presence
of complex glycans, which also render it relatively resistant to
endo H. The larger gp41 of parent 293T cells was also endo H
resistant (Fig. 4B, compare lanes 1 to 4 to lanes 5 to 8). The
estimated �6-kDa size difference suggests that the glycans that
occupy the four putative sequons in native gp41 are likely to be
normally complex in nature, as suggested previously (26, 32).
Staining of UNC SOS-VLPs with an anti-gp41 cocktail re-
vealed an additional band that was not observed with anti-
gp120 MAb staining (using V3 MAbs) (compare Fig. 4A and
B, lanes 3, 4, 7, and 8). This species was also faintly stained in
lanes loaded with SOS-VLPs produced in GnTI� cells but not
in SOS-VLPs produced from parent cells (Fig. 4B, lanes 1, 2,
5, and 6). The size of this band and its lack of staining with
anti-V3 MAbs (Fig. 4A) suggest that this is a digestive product
of protease cleavage at the V3 loop (49). The dominance of
this species in UNC VLPs may stem from increased exposure
of the V3 loop that renders it more sensitive to proteases.

Similar methods were used to examine other VLPs and live
HIV-1 preparations. WT VLPs exhibited gp160ER, similar to
SOS-VLPs (not shown). Live inactivated MN and ADA viruses
and clade C ZM214 and ZM135 WT VLPs also exhibit more

than one gp160 species, one of which was endo H sensitive,
suggesting that it is gp160ER (Fig. 4, lane 11 to 14; also data
not shown). The gp41 of these viruses was larger than that of
SOS-VLPs (Fig. 4B, compare lanes 1 and 2 to lanes 11 to 14),
consistent with full-length gp41, in contrast to the gp160�CT
of our JR-FL VLPs. Taken together, these data reveal that
gp160ER consistently contaminates HIV-1 particles, regard-
less of the producer cells, purification protocol, or strain.
Moreover, gp160ER provides a new explanation for the aber-
rant monomer we observed in BN-PAGE (Fig. 1).

Characterization of VLP Env by BN-PAGE. BN-PAGE
analysis of VLPs reveals various forms of junk Env (55), in-
cluding gp160 monomers and gp41 stumps (Fig. 1). We sought
to better understand these contaminants by comparing differ-
ent versions of JR-FL-based VLPs, namely, WT and SOS Envs
presented in either a cleavage-competent (parent) or UNC
format and expressed in either 293T or GnTI� cells (Fig. 5).
Cleavage-competent Envs formed trimers, while UNC Env was
largely monomeric (Fig. 5A and B, compare lanes 1 and 2 to
lanes 3 and 4). Thus, native trimer assembly appears to require
gp120/gp41 cleavage. The small amount of trimer could reflect
a small degree of gp160 cleavage, consistent with traces of gp41
stumps (Fig. 3 and 5A, compare lanes 1 and 3).

GnTI� cells expressed lower quantities of VLPs, consistent
with earlier studies (Fig. 5, lanes 2 and 4) (4). gp41 stumps
were particularly faint in GnTI� cell-produced WT-VLPs (Fig.
5A, compare lanes 1 and 2) and were undetectable in GnTI�

UNC WT VLPs, in stark contrast with the parent UNC WT-
VLPs (Fig. 5A, compare lanes 3 and 4). This suggests the

FIG. 4. Reducing SDS-PAGE-Western blot analysis of particulate Env and monomeric gp120. SOS-VLPs and UNC SOS-VLPs (R510S R511S
mutant) produced in parent 293T cells (lanes 1 to 4) or GnTI� cells (lanes 5 to 8), monomeric gp120 (lanes 9 and 10), inactivated MN virus grown
in SupT1 cells (lanes 11 and 12), and ZM135 WT-VLPs (lanes 13 and 14) were compared in reducing SDS-PAGE and Western blotting. VLPs
were digested with endo H after denaturation, as indicated. Duplicate blots in panels A and B were probed with anti-gp120 or anti-gp41 MAb
cocktails, respectively. ZM135 VLPs were probed with modified gp120 cocktail containing V3 MAbs that recognize clade C Env.
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intriguing possibility that gp120 shedding is promoted by gly-
can maturation.

Previous studies have shown that endo H can remove high-
mannose (HM) glycans present on the gp120 outer domain.
However, silent domain glycans are largely endo H resistant
due to the steric restrictions imposed by their high density—
the same steric restrictions that also limit their maturation (4).
Mature native Env trimers expressed in parent cells exhibit
complex glycans on the outer domain and are therefore largely
resistant to endo H. Conversely GnTI� trimers bear high-
mannose glycans on the outer domain and are therefore endo
H sensitive. To simplify further description, from hereon we
refer to gp120 bearing complex outer domain glycans and a
high-mannose silent domain as having a C/HM glycan profile,
and those with high mannose on both domains are termed
HM/HM.

Effects of endo H digestion. Endo H digestion could poten-
tially have two effects on gp120: to eliminate 2G12 detection in
BN-PAGE–Western blotting and to reduce Env mass. Thus, an
affected band might migrate faster, with a reduced signal. Endo
H digests diminished the staining of the parent WT monomer,
consistent with it being comprised at least partly of gp160ER
(HM/HM) (Fig. 5A, compare lanes 1 and 5). The gp41 mono-
mer, but not the gp41 trimer, was also partially depleted. All
forms of GnTI� Env (HM/HM) were endo H sensitive (Fig.
5A, compare lanes 2 and 4 with lanes 6 and 8). Thus, GnTI�

WT-VLP trimers underwent a dramatic drop in size (Fig. 5A,
compare lanes 2 and 6) (4), while parent trimers were only
marginally affected, in keeping with a C/HM glycan profile
(Fig. 5A, compare lanes 1 and 5) (4). GnTI� UNC WT-VLP
Env was undetectable after endo H digest (Fig. 5A, compare
lanes 4 and 8). The resistance of 293T cell-derived UNC WT-
VLPs (Fig. 5A, compare lanes 7 and 8) may be due to the
presence of endo H-resistant mature gp160 (as observed in
Fig. 3C).

Like their WT equivalents, parent SOS trimers completely
resisted endo H (Fig. 5B, compare lanes 1 and 5). However,
unlike the WT monomer, the SOS monomer was enzyme re-
sistant, as was the UNC SOS monomer (Fig. 5B, compare
lanes 1 and 3 to 5 and 7). This suggests that the SOS bridge
shields glycans from endo H, a point we return to in more
detail below.

As expected, GnTI� SOS Env was relatively sensitive to
endo H, due to its HM/HM glycan profile (Fig. 5B, compare
lanes 5 and 6). Thus, endo H completely digested GnTI� SOS
monomers and induced a drop in size of the GnTI� SOS
trimer similar to that observed with the WT (Fig. 5B, lane 6).

Together, the above findings improve our understanding of
particulate Env (55). Functional Env from parent cells consists
of endo H-resistant gp120/gp41 with a C/HM glycan profile.
Uncleaved gp160 is a monomer, largely consisting of endo
H-sensitive gp160ER. Trimeric gp41 stumps are endo H resis-
tant, probably because they derive from native trimer shed-
ding. Conversely, monomeric gp41 stumps are endo H sensi-
tive, probably because they largely derive from cleavage of
gp160ER. Finally, the SOS bond protects glycans from endo H.

SOS gp160ER monomer exhibits two binding sites for MAb
2G12. Previously, it was observed that gp120 produced under
conditions that prevent complex glycan maturation can bind
two molecules of MAb 2G12 (67). This may be because an
HM/HM glycan profile creates a second high-mannose glycan
cluster in the outer domain that is recognized by 2G12. Per-
haps related to this finding, our earlier work suggested that
2G12 induces a supershift of gp120/gp41 monomers by BN-
PAGE (Fig. 6A, lane 2) (16), consistent with the idea that the
monomer is largely an HM/HM species, i.e., gp160ER, and
binds two copies of 2G12. A degree of uncertainty about this
interpretation, however, stems from the nearly identical sizes
of the unliganded trimer and the 2G12 supershifted monomer.
We therefore investigated this point further using two BN-
PAGE shift assay formats. In the standard format, we incu-
bated MAb with VLPs, washed away unbound MAb, and
probed blots with our standard MAb cocktail. In a second
format, VLPs were mixed with biotinylated 2G12, and blots
were probed with a streptavidin conjugate.

As before, 2G12 induced a supershift in the SOS and UNC
SOS monomer, adding an estimated �300 kDa in mass and
rendering it similar in size to the trimer (Fig. 6A, lanes 1 to 4),
indicating the binding of two 2G12 molecules. A band of iden-
tical size was observed using biotinylated 2G12 in the second
assay format (Fig. 6B, lanes 2 and 4), suggesting that the
monomer consists largely of gp160ER, whose HM/HM glycan
profile allows it to bind two copies of 2G12.

In further experiments, we examined the dependency of the

FIG. 5. Effects of endoglycosidase H on VLP Env. WT VLPs and SOS-VLPs and cleavage-defective mutants thereof produced in either parent
293T or GnTI� cells were incubated with endo H overnight and then analyzed by BN-PAGE and Western blotting. The UNC SOS-VLP mutant
was K510S R511S and the UNC WT VLP mutant was K500S R503A K510S R511S. Cartoons are as defined in the legend of Fig. 1, with the
addition of dark triangles that represent the SOS band.
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second 2G12 binding site on the primary site. Two scenarios
were considered. First, we ablated the primary 2G12 site with
an N295A mutation in JR-FL Env. We also examined a clade
C virus that naturally lacks the glycan at residue N295 impor-
tant for 2G12 binding (9, 33). 2G12 was unable to shift the
monomer in either case (Fig. 6A and B, lanes 6 and 10),
suggesting that the second 2G12 binding site depends on an
intact primary 2G12 binding site. Possibly, the absence of the
N295 glycan in the primary site leads to a loss in glycan density,
affecting the compactness of the secondary site and therefore
2G12 binding.

Mutation of the Env signal peptide increases gp160 mono-
mer contamination. The above results suggest that the mono-
mer observed in BN-PAGE consists primarily of gp160ER.
This could be related to previous observations that intracellu-
lar gp160 trafficking is abnormally inefficient, perhaps due to
slow removal of the signal peptide (46, 48). To investigate this
possibility, we mutated the gp160 signal peptide to render its
removal even more inefficient. If this leads to a further accu-
mulation of monomer on VLPs, it would provide further evi-
dence of a role of inefficient protein trafficking as a basis for
junk Env.

Positively charged residues at the N terminus of the signal
peptide are crucial for protein trafficking (46, 48). A double
knockout mutant (R12I R16I) of the Env signal peptide led to
the expression of SOS-VLPs bearing only monomer, similar to
UNC SOS (Fig. 6A, compare lanes 3 and 7). Like UNC SOS,
this monomer bound to two copies of 2G12 (Fig. 6A and B,
compare lanes 4 and 8). This suggests that the naturally slow
process of gp160 signal peptide cleavage promotes VLP con-
tamination with junk Env.

Effects of enzyme digests on VLPs as visualized by SDS-
PAGE and Western blotting. The above insights suggested that
it might be possible to remove junk Env by enzyme digestion,
a possibility supported by our observation that UNC Env is
susceptible to V3 cleavage (Fig. 4B, lanes 3, 4, 7, and 8).
Protease digests might be more effective if the glycan shell is
first partly dismantled by glycosidases. Like monomeric gp120,
junk Env is largely endo H sensitive while native Env trimers
are largely resistant to glycosidases, except those that target
glycan termini such as neuraminidase and mannosidases (51,
64) (Fig. 5).

We initially used SDS-PAGE and Western blotting to inves-
tigate enzyme digests using UNC VLPs as substrates essen-
tially consisting of all junk Env (Fig. 7). Denaturing VLPs
before digests allowed us to assess the maximum digestive
effect. Proteinase K completely digested all denatured WT Env
(Fig. 7, lane 3). As shown in Fig. 4, endo H induced a precip-

FIG. 6. The SOS-VLP Env monomer in BN-PAGE exhibits two 2G12 binding sites. SOS-VLPs, mutants thereof, and ZM214 WT-VLPs
produced in parent 293T cells were incubated with or without 2G12 or biotinylated 2G12, as indicated, and then resolved by BN-PAGE and
Western blotting. Mutant SOS-VLPs included UNC (K510S R511S), the N295A mutant, and the R12I R16I mutant. Blots were detected with the
full anti-gp120 and anti-gp41 cocktail and a clade C HIV	 plasma cocktail (for ZM214) (A) or with streptavidin-alkaline phosphatase (B).
Cartoons are as defined in the legend of Fig. 1, with the addition of dark green blobs that represent bound 2G12.

FIG. 7. SDS-PAGE analysis of glycosidase-protease digests of
UNC VLPs. UNC WT-VLPs produced in 293T cells were enzyme
digested, as indicated, and then analyzed by SDS-PAGE and Western
blotting. Blots were probed separately with anti-gp120 or anti-gp41
cocktails. Digests with endo H were incubated overnight (O/N), those
with deglycosylation mix/fucosidase were incubated for 2 h, and pro-
teinase K digests were incubated for 1 h. In some cases, VLPs were
boiled for 5 min before digests. Washes were performed between each
digest reaction.
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itous drop in the size of WT gp160ER but had a milder effect
on mature gp160 and no effect on the faint gp41 band (Fig. 7,
lane 2). Under native conditions, endo H also digested UNC
WT gp160ER efficiently (Fig. 7, compare lanes 2 and 4), sug-
gesting few constraints to digestion. In contrast, SOS gp160ER
was incompletely sensitive to endo H (data not shown), con-
sistent with inefficient digestion of the SOS monomer (Fig. 5B,
lanes 5 and 7).

We next investigated the effects of a deglycosidase mix con-
taining PNGase F, neuraminidase, �(1–4)-galactosidase, endo-
�-N-acetylgalactosaminidase, �-N-acetylglucosaminidase, and
fucosidase. As expected, this digested mature gp160 and gp41,
consistent with the removal of complex glycans (Fig. 7, lane 5).
When the deglycosylation mix and endo H were used together,
all gp160 species were digested. This effect can be seen more
clearly in the lower blot probed with the anti-gp41 cocktail
(Fig. 7, compare lane 6 to lanes 4 and 5).

We next looked at the effects of proteases. Proteinase K
alone dramatically depleted both gp160 species and gp41 (Fig.
7, lane 7). This effect was enhanced by endo H priming (Fig. 7,
lane 8). Shorter endo H priming incubations were less effective
(data not shown). Additional priming by the deglycosylation
mix led to improved digestion of gp41 (Fig. 7, compare lanes 7
to 9). Taken together, this suggests that proteinase K clears
junk forms of Env, and glycosidase priming augments this
effect.

Effects of digests on VLPs visualized by BN-PAGE–Western
blotting. We next investigated the effects of enzyme digests by
BN-PAGE. As shown in Fig. 5A, endo H depleted the staining
of the WT gp160 monomer, while the trimer and gp41 stumps
were unaffected (Fig. 8, compare lanes 1 and 2). Chymotrypsin
had less effect on the monomer but caused gp41 trimer stumps
to smear (Fig. 8, lane 3). An endo H digest followed by a
chymotrypsin digest led to a further gp41 smearing and deple-
tion of the gp160 monomer while the trimer was unaffected
(Fig. 8, lane 4). Substitution of chymotrypsin with stronger
proteases led to even more gp41 smearing and depletion of
gp160 monomer, but native trimers remained intact (Fig. 8,
lane 5 and 6). The inclusion of fucosidase had little further
effect, save for a slight depletion of the native trimer staining in
some lanes (Fig. 8, compare lanes 7 to 9 to lanes 4 to 6).

Priming with the deglycosidase mix or PNGase F/neuramini-
dase depleted all contaminant bands to nearly undetectable
levels. However, this came at a price: the native trimer band
became rather diffuse (Fig. 8, compare lanes 10 to 15 to lanes
7 to 9), perhaps due to PNGase F-mediated removal of com-
plex glycans from the trimer and/or neuraminidase-mediated
removal of sialic acids from complex glycans.

The effects of key digests were next evaluated on SOS-VLPs
(Fig. 9). Overall, digests were less effective, consistent with the
relative endo H resistance observed above (Fig. 5). Neverthe-
less, some combinations of endo H with strong proteases were
quite effective (Fig. 9, compare lane 1 to lanes 5 to 7). In
contrast to WT trimers, endo H digests caused a slight increase
in SOS trimer mobility, perhaps due to removal of high-man-
nose glycans from the silent domain. This did not increase
susceptibility to proteases (Fig. 9, lanes 4 to 7). As for WT-
VLP digests, deglycosylation mix and PNGase/neuraminidase
efficiently depleted junk Env but caused trimer smearing (Fig.
9, lanes 6 and 7).

Protease inhibitors protect gp41 stumps from protease di-
gestion. In Fig. 8 and 9, the controls in lane 1 were neither
exposed to enzymes nor incubated for an extended period at

FIG. 8. BN-PAGE analysis of glycosidase-protease digests of WT and SOS-VLPs. WT-VLPs were treated with various combinations of
glycosidases and proteases, as indicated, and then resolved by BN-PAGE and Western blotting. Degly. mix/fuc, deglycosylation mix/fucosidase; NA,
neuraminidase; prot. K, proteinase K. Cartoons are as defined in the legend of Fig. 1.

FIG. 9. BN-PAGE analysis of glycosidase-protease digests of SOS-
VLPs. SOS-VLPs were treated with various combinations of glycosi-
dases and proteases, as indicated, and then resolved by BN-PAGE and
Western blotting. Cartoons are as defined in the legend of Fig. 1.
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37°C. It is possible that long incubations directly affect Env,
perhaps due to the presence of cellular enzymes that copurify
with VLPs. Therefore, we performed a control experiment in
which an overnight incubation at 37°C was compared to VLPs
freshly thawed from �70°C. Furthermore, to confirm the spec-
ificity of digests, we tested whether protease inhibitors can
protect junk Env. In this experiment, we chose WT VLPs as a
substrate and used the modestly effective digest conditions of
endo H/chymotrypsin (Fig. 8, lane 4).

A control incubation at 37°C improved the clarity of VLP
Env (Fig. 10, lanes 1 and 2). The gp160 monomer was slightly
depleted, as were monomeric gp41 stumps. However, the na-
tive trimer and trimeric gp41 stumps were largely unaffected.
This suggests that cellular proteases copurified with VLPs af-
fect some forms of junk Env. The inclusion of endo H in this
overnight digest did not have much additional effect on junk
Env (Fig. 10, compare lanes 2 and 3). Thus, the depletion of
gp160 monomer observed by endo H digests (Fig. 5, 8, and 9)
has more to do with the long incubation itself than the effects
of the enzyme. In this particular blot, a marginal increase in
trimer mobility was observed with endo H treatment, appar-
ently due to partial removal of high-mannose glycans. An over-
night control digest followed by a 1-h chymotrypsin digest
increased the mobility of gp41 stumps but had little additional
effect on the monomer (Fig. 10, lane 4). The inclusion of endo
H in the overnight digest accentuated the effect on gp41 (Fig.
10, lane 5). As shown in Fig. 8, a powerful protease cocktail
removed junk Env more effectively (Fig. 10, lane 10). From
here on, we refer to this as our standard digest protocol.

Protease inhibitors (Fig. 10, lanes 6 to 9) protected trimeric
gp41 stumps from chymotrypsin (best observed by comparing
the matched conditions in lanes 5 and 9). In contrast, the gp160
monomer and monomeric gp41 stumps were not preserved.
Thus, gp41 trimers were specifically digested by added pro-
teases while other junk Env was partly removed by traces of
cellular enzymes. The latter digestive effects appear to be dif-
ficult to inhibit, perhaps because of the inherent sensitivity of
the substrate.

Stability of Env trimers after digests. To investigate the
effects of digests on trimer stability, we digested WT VLPs
using our standard protocol (Fig. 10, lane 10) and subjected

them to some of the harsh conditions used in the experiment
shown in Fig. 1. WT Env trimers exhibited a resilient profile
similar to their undigested counterparts (compare Fig. 11 to
1B). Thus, digestions do not affect trimer stability.

Enzyme-mediated removal of junk Env is broadly applica-
ble. We further investigated the effect of digests on different
VLPs using our standard protocol (Fig. 10, lane 10). Digests of
WT VLPs substantially depleted junk Env, while the trimer
was retained (Fig. 12, lanes 1 and 2). Probing duplicate blots
separately with anti-gp120 cocktail or -gp41 cocktail revealed
that the remaining junk Env smear consisted entirely of gp41
(data not shown). Digests of GnTI� WT-VLPs and UNC WT-
VLPs completely obliterated all forms of Env (Fig. 12, lanes 3
to 6). However, faint traces of trimer remained after digestion
of GnTI� SOS-VLPs and parent UNC SOS-VLPs (Fig. 12,
lanes 7 to 10). In the latter case, the trimer may have formed
from the small amount of cleavage that occurs in the UNC
mutant. Digests completely removed the junk from M149A
mutant SOS-VLPs (Fig. 12, lane 12), but the trimer survived.
Adjusting the contrast of this blot (lower panel) confirms that
little, if any, junk Env remains. In contrast, A328G SOS-VLP
trimers became a smear after digestion, and junk Env was still
detected.

In further experiments, we digested a panel of seven clade
B Envs using the standard protocol. As for JR-FL WT-
VLPs, the gp160 monomer was removed completely in each
case, leaving a gp41 smear (Fig. 13). In all cases, native
trimer clearly survived. Clade A and C trimers (KNH144,
ZM109, ZM135, ZM197, and ZM214) also survived digests
(Fig. 13, lanes 15 and 16; also data not shown). In contrast,
recombinant gp120 monomer was fully sensitive to digests
(Fig. 13, lanes 19 and 20).

In several cases, trimers became smaller after digests. This
effect was particularly marked for the trimers of inactivated
viruses ADA, MN, and BaL grown in T cell lines and, to a
lesser extent, AC10 and SF162 (Fig. 13 and data not shown).
The most likely explanation is the partial removal of high-
mannose glycans by endo H, an effect that may be more pro-
nounced for neutralization-sensitive isolates that may also be
more enzyme accessible. In many cases, trimer staining was

FIG. 10. Reversal of digests using protease inhibitors. WT-VLPs
were digested with endo H and/or chymotrypsin in the presence or
absence of a protease inhibitor cocktail, as indicated. The reactions
used for lanes 2 to 10 all included an overnight incubation at 37°C. In
some cases, endo H was added during these incubations. In others, the
incubation was essentially a mock treatment with no added endo H.
When protease inhibitors were used, they were present for the entire
digestion course. Cartoons are as defined in the legend of Fig. 1.

FIG. 11. Stability of Env trimers after VLP digests. WT-VLPs were
digested with endo H, chymotrypsin, trypsin, subtilisin, and proteinase
K (compare Fig. 8, lane 6), and trimer stability was then determined
under the harsh conditions indicated. Samples were then analyzed by
BN-PAGE and Western blotting and probed with anti-gp120/gp41
MAb cocktails. Cartoons are as defined in the legend of Fig. 1.
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also weaker, perhaps because the partial removal of high-
mannose glycans affects 2G12 detection.

Effect of enzyme digests on viral infectivity. Finally, we as-
sessed the effect of standard digests on viral infectivity. Con-
trols were incubated at 37°C for a matched time period without
enzymes. VLPs were then washed and assessed for their ability
to infect CF2 CD4 CCR5 cells. The infectivity of the HIV Env
VLPs was preserved in the face of digests. WT VLP infection
increased modestly (2- to 3-fold) relative to controls, while
SOS-VLP infectivity decreased slightly (within 2-fold of con-
trols) (Fig. 14). The infectivities of all but one of the other Env
VLPs were preserved after digests. An exception was REJO,
whose trimer stained weakly and appeared to be quite sensitive
to enzyme digests (Fig. 13). Vesicular stomatitis virus G pro-
tein (VSV-G) Env VLP infectivity was also reduced to back-
ground levels. Overall, these results are consistent with the
preservation of native HIV-1 Env trimer function in the face of
digests.

DISCUSSION

The work presented here sheds new light on the nature of
junk Env, the mechanisms that underlie its incorporation on
HIV-1 particle surfaces, and a method for its removal. The
observation that native trimers are stable challenges popular
perceptions (Fig. 1 and 2). Previously, junk Env was thought to
be a by-product of trimer dissociation, an assumption based
partly on early findings that HIV-1 particles shed gp120 (54).
However, gp120 shedding of primary field isolates is, in fact,
minimal (15). Furthermore, harsh treatments do not cause
gp41 stumps to accumulate, consistent with their failure to
promote gp120 shedding (Fig. 1 and 2). Our results are more
in line with the idea that gp120 shedding occurs during Env
synthesis and manifests at the moment Env reaches particle
surfaces and does not progress further (15, 23).

We hypothesized that aberrant gp120/gp41 processing at
one of the two putative gp120/gp41 cleavage sites might play a

FIG. 12. Glycosidase-protease digests remove nonfunctional Env from JR-FL-based VLP variants. VLPs produced in parent or GnTI� cells
bearing various JR-FL Envs, and mutants were digested with endo H, chymotrypsin, trypsin, subtilisin, and proteinase K and then resolved by
BN-PAGE-Western blotting. The UNC SOS mutant used was K510S R511S. The UNC WT mutant used was K500S R503A K510S R511S. The
blot was probed with the standard MAb cocktail. Cartoons are as defined in the legend of Fig. 1.

FIG. 13. Enzymes remove junk Env from various Env VLPs and inactivated virus substrates. VLPs produced in parent cells and bearing clade
B or C Envs, inactivated BaL viruses, and recombinant JR-FL gp120 were digested with endo H, chymotrypsin, trypsin, subtilisin, and proteinase
K and then resolved by BN-PAGE and Western blotting. Blots were probed with anti-gp120/gp41 MAb cocktails, except ZM214, in which clade
B V3 MAbs were substituted for nonclade B V3 MAbs 5.8C, 1.4E, 3074, and 3869. Cartoons are as defined in the legend of Fig. 1.
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role in gp120 shedding but did not find any evidence to support
this idea (Fig. 3). Unexpectedly, both sites were important for
proper processing (Fig. 3) (10), as has been observed for other
viral coat proteins containing multiple cleavage sites (72).

The observation that GnTI� VLPs exhibit few gp41 stumps
suggests the intriguing possibility that glycans influence gp120
shedding (Fig. 5A, lane 2). Complex glycans are somewhat
heterogeneous in nature, as evidenced by the observation that
the Env bands of VLPs expressed in parent 293T cells are more
diffuse than those expressed in GnTI� cells (Fig. 4). The in-
creased gp120 shedding from parent VLPs might therefore be
due to the maturation of certain complex glycans that decrease
gp120-gp41 stability.

To gain further insights into junk Env, we analyzed VLP Env
by SDS-PAGE and Western blotting. Unexpectedly, this re-
vealed gp160ER as a major form of junk Env (Fig. 4). The
observation that two copies of MAb 2G12 bound to gp160ER
(Fig. 6) suggests that the high-mannose glycans of its outer
domain are essentially untrimmed, consistent with an early
form of Env that is not subject to the normal protein matura-
tion.

There appear to be three possible explanations for the pres-
ence of gp160ER on VLPs: (i) gp160ER could populate vesi-
cles that contaminate particles, (ii) gp160ER could be released
from dead cells and then coat virions via the hydrophobic gp41
subunit (43), or (iii) gp160ER could bypass maturation and
leak directly into particles from the ER. The first possibility is
effectively ruled out by observations that infectious virus can be
captured by MAbs that are unable to bind to native spikes (55).
Regarding the second possibility, we have found that SOS Env
in the supernatants of cells transfected with a plasmid
(pCAGGS SOS gp160�CT) coats particle surfaces very inef-
ficiently, making this an unlikely scenario (data not shown).

The third hypothesis is supported by previous studies that
suggested a side pathway in Env synthesis (23, 25). Although
some Env reaches the membrane surface within 2 h of initial
expression, vast quantities of gp160 accumulate in the ER (23,
41, 46) that may cause ER stress (52), a phenomenon that
leads to a breakdown in normal protein processing and apop-
tosis. This could cause leakage of gp160ER into budding par-
ticles, as supported by our observation that slowing down
protein processing by mutating the signal peptide enriches
high-mannose gp160 monomer on VLPs (Fig. 6). These sur-
prising downstream effects of inefficient processing are not
unprecedented: the Ebola virus glycoprotein similarly fails to

traffic effectively from the endoplasmic reticulum and may
contribute to the cytopathic effects of Ebola infection (3).

In contrast to particulate Env, soluble forms of Env, e.g.,
gp120 monomer, are not contaminated with HM/HM species
similar to gp160ER (24). Various factors may contribute to this
difference. The lack of a transmembrane domain could accel-
erate protein trafficking, as might the widespread use of hybrid
signal peptides. Furthermore, structural proteins of the virus
may exacerbate the ER stress caused by Env (52), favoring
gp160ER contamination.

Recently, �98% of particulate Env was found to be of the
high-mannose variety (21), contrasting sharply with the �30%
found on the recombinant gp120 monomer. It was suggested
that native trimers largely bear high-mannose glycans, appar-
ently with only one or two complex glycans at most per spike
(21). However, evidence developed here and elsewhere chal-
lenges this interpretation and instead shows that native trimers
expressed in normal parent cells exhibit a C/HM profile, as
follows: (i) Env trimers expressed in 293T cells, like recombi-
nant gp120, are partially resistant to endo H, contrasting with
the sensitivity of those expressed in GnTI� cells (Fig. 5) (4);
(ii) endo H induces a rapid loss in GnTI� virus infectivity but
not parent 293T virus infectivity (4); (iii) parent virus is rela-
tively resistant to sCD4 compared to GnTI� virus, consistent
with the protective effects of larger complex glycans lining the
receptor binding site (4); (iv) neuraminidase enhances parent
virus infectivity, consistent with the presence of sialic acids of
complex glycans (4, 51); (v) gp41 stumps bear exclusively com-
plex glycans (Fig. 4) (26, 32); and (vi) gp120 released in virus
cultures bears a substantial fraction of complex glycans (21,
31). Both of the latter complex glycan-rich products are likely
to stem gp120 shedding of native trimers.

Taken together, the above observations overwhelmingly sup-
port the view that gp160ER rather than native trimers accounts
for the prevalence of high-mannose glycans in the aforemen-
tioned study (21). Assuming that the C/HM profile of native
trimers resembles that of gp120 (30% high-mannose glycans),
the observed bias of 98% high-mannose glycans on particulate
Env suggests that gp160ER is in significant excess over native
spikes, as supported by the intense staining of gp160ER in
SDS-PAGE and Western blotting (Fig. 4).

Collectively, our studies provide a clearer picture of partic-
ulate Env, key forms of which are depicted in Fig. 15. The most
dominant contaminant, gp160ER, is largely or completely
monomeric and bears high-mannose glycans on both the outer

FIG. 14. Preservation of viral infectivity in the face of enzyme digests. Various VLPs were subjected to mock or standard enzyme treatments,
washed with PBS, and then assessed for their ability to infect CF2 CD4 CCR5 cells. RLU, relative light units.
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and silent domains of gp120 (Fig. 15A). Mature gp160 is gen-
erated when the glycans of the gp120 outer domain and gp41
mature (Fig. 15B). Cleavage leads to oligomerization, resulting
in native trimers (Fig. 15C). A small proportion of these trim-
ers shed gp120 apparently during synthesis, leaving behind
trimeric gp41 stumps (Fig. 15D). Some gp120 shedding may
also occur before trimerization, resulting in monomeric gp41
stumps (Fig. 15E).

The promiscuous antigenic properties of junk Env and its
prevalence (especially in the case of gp160ER) may interfere
with the development of antitrimer responses. If so, “trimer
VLPs” bearing only native trimers may be useful vaccine im-
munogens. Our improved understanding of junk Env led us to
develop enzyme digestion strategies for its removal (J. M.
Binley, U.S. patent application 61/360,067). We reasoned that
compact trimers might resist enzymes in the same way they
resist the binding of nonneutralizing MAbs while the antigeni-
cally promiscuous junk Env might be relatively sensitive (16,
18, 55). Indeed, previous studies indicated that trimers resist
most glycosidases while soluble forms of Env tend to be sen-
sitive (24, 51, 64). The prior observation that the low-pH form
of influenza virus HA1 is trypsin sensitive while its precursor is
resistant (70) provided a precedent for the idea that different
forms of the same viral coat protein might be differentially
sensitive to proteases.

In practice, enzyme digests effectively removed junk Env,
leaving native trimers behind. Viral infectivity was largely un-
affected, suggesting that digests do not adversely affect trimers
(Fig. 14). We were thus able to make pure trimer VLPs in two
cases, namely, SOS GnTI� and the M149A mutant (Fig. 12).
These successes may simply relate to relatively small amounts
of starting monomer that facilitated cleaner digests (Fig. 12).
Therefore, similarly “clean” digests of other VLPs may be
possible simply by reducing the VLP input. Other improve-
ments may require a better understanding of why some junk
Env is enzyme resistant. Incomplete digestion of gp41 stumps
was a consistent problem for WT-VLP substrates (Fig. 13).
This might be resolved in several ways: (i) PNGase F priming
to remove the complex glycans on gp41 stumps, allowing for
improved protease digests (Fig. 8); (ii) removal of gp41 glyco-
sylation sites by mutation; (iii) VLP expression in cell lines with

modified glycosylation machinery to help prevent the appear-
ance of gp41 stumps (Fig. 5); and (iv) use of the SOS mutation
to prevent gp120 shedding. Ultimately, the resistant gp41
smear may not be a problem for immunogenicity studies as the
gp160 monomer is probably the main culprit in deflecting B
cell responses from the trimer. Thus, upon gp160 removal,
NAb responses targeting the gp120 component of trimers may
be free to develop without immune interference.

Aside from acting as an immune decoy, junk Env may have
other biological consequences. For example, it could account
for the antiviral effects of nonneutralizing MAbs that mediate
anti-HIV-1 effector functions or neutralize virus in macro-
phage cultures (27). It could also increase local anti-Env Ab
concentrations at the virus surface, affecting neutralization,
although preliminary data suggest little effect on VLP neutral-
ization sensitivity (T. Tong, E. T, Crooks, and J. M. Binley,
unpublished data).

Previously, VLP immunizations elicited high titers of non-
neutralizing anti-gp120 antibodies that were probably due in
large part to interference by gp160ER (17). Thus, it will be of
interest to evaluate trimer VLPs as immunogens in which this
interference is eliminated. Since trimer binding correlates with
neutralization (16, 28, 55), any anti-Env responses generated
should—at least in theory—be neutralizing.
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