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Glycosylation of the core of the HIV-1 envelope subunit
protein gp120 is not required for native trimer formation

or viral infectivity
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The gp120 subunit of the HIV-1 envelope (Env) protein is
heavily glycosylated at ~25 glycosylation sites, of which ~7-8
are located in the V1/V2 and V3 variable loops and the others in
the remaining core gp120 region. Glycans partially shield Env
from recognition by the host immune system and also are
believed to be indispensable for proper folding of gp120 and for
viral infectivity. Previous attempts to alter glycosylation sites in
Env typically involved mutating the glycosylated asparagine res-
idues to structurally similar glutamines or alanines. Here, we
confirmed that such mutations at multiple glycosylation sites
greatly diminish viral infectivity and result in significantly
reduced binding to both neutralizing and non-neutralizing anti-
bodies. Therefore, using an alternative approach, we combined
evolutionary information with structure-guided design and
yeast surface display to produce properly cleaved HIV-1 Env
variants thatlack all 15 core gp120 glycans, yet retain conforma-
tional integrity and multiple-cycle viral infectivity and bind to
several broadly neutralizing antibodies (bNAbs), including
trimer-specific antibodies and a germline-reverted version of
the bNAb VRCO1. Our observations demonstrate that core
gp120 glycans are not essential for folding, and hence their likely
primary role is enabling immune evasion. We also show that our
glycan removal approach is not strain restricted. Glycan-defi-
cient Env derivatives can be used as priming immunogens
because they should engage and activate a more divergent set of
germlines than fully glycosylated Env. In conclusion, these
results clarify the role of core gp120 glycosylation and illustrate
a general method for designing glycan-free folded protein deriv-
atives.
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Human immunodeficiency virus 1 (HIV-1) is the causative
agent of acquired immunodeficiency syndrome (AIDS). The
Env® glycoprotein of HIV-1 is composed of two polypep-
tide chains, the receptor-binding soluble subunit gp120 and the
transmembrane fusion-active subunit gp41, which is present
on the viral surface as a trimer of heterodimers (Fig. 1) (1). The
gp120 glycoprotein is the primary viral component that is
exposed on the virion surface and is the main target for neutral-
izing antibodies (2—4). The structure of gp120 can be subdi-
vided into three distinct parts, the inner domain, the outer
domain (OD), and the bridging sheet (Fig. 14) (5). The OD of
the HIV-1 Env glycoprotein gp120 is an important target for
vaccine design as it contains the binding site for primary cellu-
lar receptor CD4 (CD4bs) and a number of conserved epitopes
for various bNAbs, such as VRC01, VRC-PG04, NIH45-46,
3BNC60, b12, PGT128, and 2G12 (6-12). However, the virus
has evolved various mechanisms such as a high mutation rate,
conformational flexibility (13), and extensive glycan coverage
of the surface (14, 15) to evade a neutralizing antibody response
(16). As a result, when recombinant gp120 is used as an immu-
nogen, the antibodies generated are often directed to immu-
nodominant epitopes, some of which are present in variable
loops, and the resulting sera have limited breadth of neutraliza-
tion (17-21).

Protein N-linked glycosylation of Asn residues is an impor-
tant modification found in all three domains of life (22). In
eukaryotes, N-glycans mediate interactions of protein sub-
strates with the protein quality control machinery in the endo-
plasmic reticulum. N-Glycans also directly affect protein fold-
ing, enhance stability, and prevent aggregation of proteins (23).
Glycans constitute ~50% of the molecular mass of gp120 (24).
A large number of conserved epitopes on gpl20 are often
shielded as the OD is heavily glycosylated (Fig. 1C) (24). This
masking of conserved epitopes is one of the several factors that
has impeded the development of an Env-derived immunogen
capable of eliciting bNAbs against HIV-1 (25). All the glycans

3 The abbreviations used are: Env, envelope; bNAb, broadly neutralizing anti-
body; OD, outer domain; CD4bs, CD4-binding site; GL, germline; PNGS,
potential N-linked glycosylation site; YCO, yeast codon-optimized; T/F,
Transmitted/Founder; GdnHCI, guanidine hydrochloride; RLU, relative
luminescence unit; PDB, Protein Data Bank; PE, phycoerythrin; SPR, surface
plasmon resonance; MC, molecular clone.
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Figure 1. Schematic representations showing the structural organiza-
tion of gp120 monomer and gp120-gp41 trimer. A, structurally, gp120 can
be broadly subdivided into the inner domain, outer domain, and bridging
sheet regions that are shown in gray, yellow, and dark blue, respectively. The
V1/V2, V3, truncated V4, and truncated V5 variable loops are shown in green,
magenta, cyan, and brown, respectively (PDB code 4NCO (142)). B, gp120-
gp41 trimer is composed of surface-exposed gp120 (multicolored asin A) and
membrane-anchored gp41 (light blue) (PDB code 4NCO (142)). The viral and
cellularmembranes are located at the bottom and top of the structure, respec-
tively. C, gp120 subunit is shown in gray except the outer domain region
(vellow) and the primary receptor, CD4-binding site (CD4bs) (red). gp120 is
one of the most heavily glycosylated viral proteins known in nature. All poten-
tial N-linked glycosylation sites in the gp120 subunit are modeled with rep-
resentative oligomannose glycans. gp41 subunit (blue) is involved in the viral
fusion process. D, glycans are modeled only at the glycosylation sites present
in the variable loops of gp120 and not at the glycosylation sites present in the
core gp120 region. Trimeric envelope lacking core gp120 glycans should
allow better exposure of conserved CD4bs (red) while retaining important
glycan-dependent neutralization epitopes in the variable loop region. The
gp120 glycan coverage in C and D is modeled on the gp120-gp41 trimeric
structure (PDB code 3J5M (143)) using Glyprot software (http://www.glyco-
sciences.de/glyprot/) (Please note that the JBCis not responsible for the long-
term archiving and maintenance of this site or any other third party hosted
site) (144). gp41 glycans are not shown.

on the viral surface are entirely derived from the host machin-
ery. Analysis of HIV-1 gp120 shows that highly variable regions
are often found adjacent to N-linked glycosylation sites. A
potential role for N-linked glycans of HIV-1 Env is to facilitate
the accumulation of silent mutations in the region of the gp120
surface that is occluded by glycans (26). Thus, a glycan array
forms a non-immunogenic cloak protecting the underlying
protein surface (27—42). On average, gp120 contains ~25 puta-
tive N-linked glycosylation sites of which ~4 are located in the
inner domain, ~7-8 in the V1/V2 and V3 variable loops, and
the rest in the outer domain of gp120 (43—-45). Apart from
N-glycosylation, HIV-1 Env can also be modified with O-glyco-
sylation, but this modification is less well characterized. A mass
spectrometric study was able to identify only a single O-linked
glycosylation at residue Thr-499 in the C5 region of recombi-
nant gpl20 (46). However, a recent study reported that
O-linked glycosylation is absent even at residue Thr-499 in the
context of HIV-1 virions (47). In this study, we therefore focus
exclusively on N-linked glycosylation.
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Glycan synthesis begins in the endoplasmic reticulum of host
cells by transfer of N-linked oligomannose precursors to the
amide side chain of asparagine residues in the sequon NX(T/S)
(X #Proline) (48 -50). It is widely believed that proper glyco-
sylation is essential for correct folding of gp120 (34). However,
no single glycosylation site is completely conserved in all HIV-1
isolates. Recently, all glycosylation sites in gp120 were individ-
ually mutated (44). Consistent with the lack of complete con-
servation, there was relatively little effect observed upon mutat-
ing individual sites both in the context of a monomer (44) and a
trimer (51). However, effects of deletions of multiple glycans on
Env folding have not been well studied. The ability to modulate
glycan coverage is highly desirable, as it can be used to ensure
selective exposure of conserved regions or unmasking of
important neutralization epitopes (Fig. 1D).

Glycosylation is asserted to be essential for viral infectivity
(45,52-55). Most prior studies that examine the effect of glycan
removal on viral infectivity were performed with single-site
mutants (45, 54). Whenever multiple glycosylation sites were
mutated in combination, it resulted in the loss of viral infectiv-
ity, which led to the hypothesis that a high level of glycan cov-
erage is essential for maintaining infectivity of the virion (55).
Apart from glycosylation, another factor affecting the genera-
tion of an effective immune response against HIV-1 is that the
bNAbs against HIV-1 show a very high level of affinity matura-
tion (57, 58). Germline (GL) sequence-reverted variants of
these bNAbs fail to recognize mature Env (58). Thus, immuno-
gens based on mature Env will likely not be able to activate the
target germline B cells (59, 60). Env-based immunogens that
bind well to precursors of bNAbs, as well as to the correspond-
ing mature antibodies, may help to elicit such bNAbs upon
vaccination (59 —65).

We have previously described an Escherichia coli expressed
outer domain fragment OD.. and showed that it can be
refolded from inclusion bodies in vitro. This fragment consists
of residues 255—-474 of gp120. It lacks 67 V1/V2 and 32 V3
variable loop residues but contains the 12-residue V4 variable
loop. Because of the absence of glycosylation machinery in
E. coli, the ODg. fragment was glycan-free. It bound CD4
weakly, and in rabbits it elicited sera with measurable neutral-
ization of some tier 1 viruses from both subtype B and C pri-
mary isolates (66). The successful refolding of ODgc in vitro
suggested that glycosylation might not be essential for correct
folding of OD in vivo. In this study, using mutations derived
from a global sequence analysis of HIV-1 Env and subsequent
optimization of electrostatic interactions, we show that glyco-
sylation is not required for in vivo folding of an isolated OD
fragment, or OD in the context of core gp120 that lacks V1/V2
and V3 variable loops, when these molecules are displayed on
the surface of the yeast Saccharomyces cerevisiae. We further
show here that virions with such mutations retain infectivity
even in the absence of all glycans from core gp120, as tested in a
single-round pseudoviral assay and in a multiple-cycle viral
assay with infectious viruses derived from full-length HIV-1
molecular clones. In contrast, Env derivatives with the widely
used and structurally similar Asn — GIn mutations at the same
glycosylation sites fail to rescue viral infectivity. We also dem-
onstrate that recognition of the germline-reverted version of
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Table 1
Nomenclature and description of HIV-1 gp120 outer domain fragment constructs based on HXBc2 strain
No. Construct name Description
1 ODy HIV-1 gp120 outer domain (OD) fragment from HXBc2 strain was codon-optimized for
expression in E. coli with all 14 PNGS intact. This fragment consists of residues 255—474 of
gp120 with 11 designed mutations to prevent aggregation. It lacks V1/V2 and V3 variable loops
but retains V4 loop residues (66)
2 AG14-OD." An OD¢ variant lacking all 14 PNGS
3 ODyco The same amino acid sequence as ODg but codon-optimized for expression in
yeast (S. cerevisiae). All 14 PNGS are intact. YCO stands for yeast codon-optimized
4 AG4-ODyo Partially glycan-free ODy,, lacking four PNGS (at residues 276, 386, 392, and 463) proximal to
the CD4-binding region
5 AG14-ODyo Completely glycan-free derivative of ODy,. Devoid of all 14 outer domain PNGS
6 AG14-ODy-D368R AG14-ODy with a D368R mutation known to decrease the binding of gp120 with CD4-binding

site antibodies

“ AG in a construct’s name indicates that it lacks certain glycosylation sites, whereas the numeral followed by AG indicates the total number of glycosylation sites mutated.
The background in which each construct is made is also indicated in the construct’s name. This scheme of nomenclature is followed throughout the paper.

bNAb VRCO1 increases substantially with the progressive loss
of glycans from JRFL pseudoviruses and that the glycan-free
OD immunogens bind to mature as well as a germline-reverted
VRCO01 with nanomolar affinity. Such immunogens are impor-
tant tools to test the usefulness of germline targeting in HIV-1
vaccine design.

Results

Design of gp120 OD fragments with mutations at multiple
glycosylation sites

Our previous observation that a glycan-free OD could fold,
bind bNAbs, and elicit immune response contradicted some
earlier reports pointing to the importance of glycosylation in
gp120 folding (34, 54, 66). Notably, the earlier studies on HIV-1
glycosylation involved mutating Asn to either Ala or to struc-
turally similar Gln (45, 54, 55), without taking into account the
effects that these mutations could have on the protein structure
and stability. Substitutions with amino acids other than Gln and
Ala have generally not been tested at these glycosylation sites.
Therefore, a more rational approach to identify more suitable
mutations at glycosylation sites seemed necessary. Methods for
stabilizing mutations can be classified as rational structure-
based methods, directed evolution-based methods, and semi-
rational sequence frequency-based methods (67). Because it is
often difficult to predict stabilizing mutations solely using
rational structure-based methods and also because a huge
amount of sequence information is available for HIV-1,
we decided to make use of an amino acid frequency-based
approach to identify potentially suitable mutations at glycosyl-
ation sites. The approach was then augmented by the use of
structure-based and directed evolution methods. We hypothe-
sized that by selecting naturally occurring substitutions at the
glycosylation sites, it might be possible to retain significant Env
stability and function in the absence of glycosylation. To exam-
ine the effect of glycan removal on the in vivo folding of OD,
various ODgc (66) derivatives were designed (Table 1). The
choice of mutations was based on a multiple sequence align-
ment of HIV-1 sequences from the HIV-1 Env Sequence Com-
pendium 2010 (68). The methodology used for the design of
glycan-free Env derivatives is described in Fig. 2. Briefly, amino
acid propensities at all the potential N-linked glycosylation
site(s) (PNGS) across all clades of HIV-1 were calculated. It was
found that none of the glycosylation sites in the OD is 100%
conserved. Based on the above calculations, Asn at each glyco-

SASBMB

Calculate amino acid
propensities at PNGS and at the
Bmmd PoOsitions H-bonded to the Asn el
residues at PNGS across all
HIV-1 clades

Mutate Asn residues at
PNGS to the second
aed Most frequent residues in
an HIV-1 multiple
sequence alignment

& Avoid unfavorable I Screen mutants using
electrostatic interactions YSD and FACS

Identify potential

N-glycosylation
sites (PNGS)

If required, mutate the H-
bonded partners of the

Asn residues to avoid
unsatisfied H-bonding
groups

Generate mutant Purify selected
mutants and
characterize their g
biophysical and
binding properties

Check the effect of glycan removal
on native structure using mammalian
surface display, pseudoviral
infectivity and neutralization
experiments.

libraries if required
and select well

folded mutants
using YSD & FACS

Figure 2. Methodology to design glycan-free HIV-1 envelope derivatives.

sylation site was mutated to the second most frequent amino
acid in the multiple sequence alignment. Residues that were
hydrogen-bonded to the Asn were identified using the program
HBPLUS (69), and they were similarly mutated to the second
most frequent amino acid to avoid unsatisfied H-bonding
groups. Finally, models of the mutant constructs were built
using the program MODELLER (70). Electrostatic calculations
(71) on the wild-type and mutant OD constructs confirmed
that the mutations had not introduced unfavorable electro-
static interactions. Next, a yeast codon-optimized (YCO) ver-
sion of OD was synthesized (ODy ), where all the 14 PNGS
(NX(T/S)) were retained, whereas in the construct AG14-
ODy o, Asnresidues at all 14 PNGS were mutated. It was likely
that mutating all 14 glycosylation sites simultaneously could
adversely affect the folding of the OD molecule. Therefore, in
the construct AG4-ODy o, only four Asn residues (276, 386,
392, and 463) proximal to the primary receptor-binding site
(CD4bs) were mutated to allow increased exposure of this
highly conserved region while causing minimal structural per-
turbation (Fig. 3). A AG14-ODyo variant with the D368R
mutation was also synthesized as a control to confirm that the
binding of AG14-ODy, to VRCO1 bNAbD is specific. The
D368R mutation is known to reduce the binding of gp120 mol-
ecule with CD4 and CD4bs antibodies (72). Table 1 and the
“Experimental procedures” provide a detailed description of all
OD constructs. Mutations introduced at PNGS in the OD con-
structs are listed in supplemental Table S1.
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Figure 3. Schematic representations of the glycosylation site mutants of OD fragments. A, structure of WT core gp120 (PDB code 1G9M). The OD fragment
from residues 255 to 474 is shown in yellow; the CD4-binding site (CD4bs) is shown in red; and the rest of the protein is shown in gray. OD constructs (B-E)
represent models of ODgc (all 14 PNGS are intact but still glycan-free due to expression in E. coli) (66), ODyo (all 14 PNGS are intact, same amino acid sequence
as OD¢¢ but codon-optimized for expression in yeast, glycosylated due to expression in S. cerevisiae), AG14-ODy o, (devoid of all 14 PNGS and therefore
glycan-free despite expression in S. cerevisiae), and AG4-ODy, (four PNGS close to CD4bs mutated in ODy,, background, partially glycosylated), respectively.
Asn residues at PNGS in C and E are shown as green spheres. Asn residues at PNGS mutated to other amino acids are shown in blue in D. These constructs are

further described in Table 1.

Yeast surface display and binding studies of OD-based glycosyl-
ation variants

All the above OD fragments were cloned in the yeast surface
display vector pPNLS under a galactose-inducible promoter,
and their expression on the yeast surface as well as binding to
the bBNAb VRCO1 was examined using FACS. Yeast was used as
an initial screening system to study the effects of glycosylation
on the in vivo folding of OD and core gp120. Yeast surface
display allows for simultaneous rapid screening of a large num-
ber of mutants, alleviating the need to express and purify the
individual clones (73). The expression on the yeast surface has
previously been shown to be directly correlated with the folding
efficiency of the protein (74). All OD-based glycosylation vari-
ants showed comparable expression on the yeast surface, indi-
cating that partial or even complete removal of glycans does not
adversely affect the folding of the OD (supplemental Fig. S14).
To further confirm the conformational integrity of surface-dis-
played OD molecules, binding interactions with the bNAb
VRCO1 were monitored using FACS as described previously
(73, 75). Fully glycosylated OD molecule (ODyo) bound
VRCO1 with a K, greater than 300400 nm. The AG4-ODy
molecule lacking four glycans near the CD4bs showed ~10-fold
higher affinity for VRCO1, whereas AG14-ODy ., lacking all 14
N-linked glycans bound VRCO1 with ~30-fold higher affinity
(Kp of ~10 nm) than ODy,, (Table 2). This significant increase
in affinity for VRCO1 shows that removal of glycans did not
impact the folding of OD but instead resulted in a better expo-
sure of the VRCO1 epitope. VRCOL1 affinity for these deglycosy-
lated variants is comparable with that of the fully glycosylated
core gp120 (Table 2). A AG14-ODy ., variant with the D368R
mutation was used as a control to show that the binding to
VRCO1 is indeed specific. The D368R mutation is known to
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Table 2
K, values for the binding of various OD fragments displayed on the
yeast surface to VRCO1 antibody, determined by FACS titrations

K}, indicates equilibrium dissociation constant; S.D. is standard deviation for the
data from two independent experiments.

Construct name K, =S.D.
nm

ODy ¢ (fully glycosylated) >300-400
AG4-ODy, (partially glycan-free) 27 +3
AG14-ODyq (completely glycan-free) 101

AG14-ODy-D368R* (completely glycan-free negative control) >700
WT core gp120 (positive control) 243+ 04

“ D368R mutation is known to decrease the binding of gp120 with CD4-binding
site antibodies such as VRCO1.

reduce the binding of gp120 to CD4 and CD4bs antibodies
(72). As expected, the AG14-ODy-5-D368R mutant showed
a greater than 70-fold decrease (K, >700 n™m) in affinity for
VRCO1 relative to the base construct AG14-ODy o, demon-
strating the specificity of VRCO1 binding (Table 2). Impor-
tantly, these constructs did not show measurable binding
with the non-neutralizing monoclonal antibody (mAb) b6 as
they lack certain regions of the b6 epitope (data not shown)
(66). Representative FACS histograms for the binding of the
VRCO1 antibody with a yeast displayed OD glycan mutant
are shown in supplemental Fig. S2. Titration curves for
VRCO1 binding with various OD constructs are shown in
supplemental Fig. S3.

These results show that the isolated gp120 outer domain can
be expressed on the yeast surface in a well folded conformation,
and glycosylation is not essential for the folding of the gp120
outer domain either in vitro or in a eukaryotic system. This is a
significant result as it shows that it is possible to design and
produce OD-based immunogens that are devoid of glyco-
sylation. Such constructs should allow better exposure of
epitopes normally shielded by glycans and thus might act as
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better immunogens for eliciting VRCO1-like broadly neu-
tralizing antibodies.

AG14-OD purification, biophysical characterization, and
binding studies

AG14-ODy is completely devoid of glycosylation sites.
Thus, it was possible to express and purify it from E. coli for
further characterization. An E. coli codon-optimized version
(AG14-OD;) was cloned in pET-28a(+) vector with an
N-terminal His tag. The protein was expressed in E. coli
BL21(DE3) cells and purified on an nickel-nitrilotriacetic
acid affinity matrix after resolubilization from inclusion
bodies. The protein yield was about 1-2 mg/liter of culture.
SDS-PAGE studies confirmed that the protein was at least
90% pure (supplemental Fig. S4). The CD spectrum of the
protein (supplemental Fig. S5A) showed that it has signifi-
cant secondary structure. The fluorescence spectrum (sup-
plemental Fig. S5B) of the protein showed an expected red
shift and a change in emission intensity upon denaturation,
indicating that the protein is likely to be folded with a burial
of some tryptophan residues in the native state. The
observed mass of AG14-OD¢ in ESI-MS analysis was found
to be 22,886.34 Da indicating that all six cysteines in AG14-
ODy are oxidized (supplemental Fig. S6). Native AG14-
ODyc eluted from a C5 analytical reverse-phase column
largely as a single peak (supplemental Fig. S7A), thereby
proving that it is largely a homogeneous species in solution
and not a mixture of different disulfide-bonded isomers. The
denatured, reduced protein eluted at a different acetonitrile
concentration than the native protein, re-confirming that
native AG14-OD¢ is folded and oxidized. AG14-OD¢ con-
tains six cysteines that are expected to form three disulfide
bonds resulting in a calculated mass of 22,886.25 Da. Using
tandem mass spectrometric analysis, two disulfides (296 —
331 and 385—-418) were assigned native connectivities (sup-
plemental Table S2). As two disulfides were already assigned,
the third disulfide (378-445) is assigned automatically.
These data indicate that the outer-domain disulfides can
have native connectivities in the absence of glycosylation.

Analytical gel filtration (supplemental Fig. S7B) showed that
AG14-ODy is primarily a monomer in solution and elutes at
the same position as the base construct ODy. The elution time
is longer than expected for a monomer, suggestive of some
interaction between the protein and the Superdex carbohy-
drate matrix (76). ESI-MS of the eluted peak confirmed that it
had the expected mass of 22,886 Da (supplemental Fig. S6),
ruling out degradation of the protein as the cause for the longer
than expected elution time.

SPR binding studies

AG14-OD¢ is completely devoid of glycosylation sites, the
inner domain, a part of the bridging sheet, and V1/V2 and V3
loops and is ~5 times smaller than the full-length glycosylated
gp120 molecule. Nonetheless, it is capable of binding the solu-
ble 4-domain CD4 (sCD4) and the bNAbs b12 and VRCO1 with
affinities comparable with that of full-length gp120, as demon-
strated by SPR (Table 3 and supplemental Fig. S8). Binding of
AG14-OD¢. to a germline-reverted version of VRCO1 antibody

SASBMB

Table 3

Kinetic parameters for binding of bNAb VRC01, bNAb b12, sCD4, and
GL-VRCO1 with full-length WT gp120, OD, and AG14-OD as deter-
mined by SPR studies

k.., is association rate; kg is dissociation rate; K, is equilibrium dissociation con-
stant determined using SPR; S.D. is standard deviation for the data from two inde-
pendent experiments; bNADb is broadly neutralizing antibody; GL is germline. ODy.
and AG14-OD¢. were purified from E. coli.

Ligand Analyte ko, Koge K, £S.D.
M1 st nm
VRCO1 WT gpl20 3.3 x10* 8.7 X10™* 26+5
C 3.7 x10* 1.3 X102 359 + 55
AG14-OD. 5.6 X10* 3.83 X10* 47 * 17
b12 WT gpl20 3.5 xX10* 1.7 X103 49+5
OD.c 1.7 x10* 2.7 X102 153 = 17
AG14-OD. 1.1 X10° 1.8 X102 16 =1
sCD4 WT gpl20 2.3 X10* 3.3 xX107* 15*4
OD.c 1.9 x10* 4.2 X102 219+ 11
AG14-ODy. 1.1 X10° 1.5 X107 15+ 3
GL-VRCO1  WT gpl120 “ - -
EC 3.3 X10° 1.3 X103 4*1
AG14-ODy. 1.4 X 10° 1.2 X107 9+2

“No detectable binding was noted.

(GL-VRCO01, encoded by IGHV1-2*02 V,; gene with a mature
CDRH3 region and IGKV3-20*01 V;_gene) was also character-
ized. AG14-ODg- bound GL-VRCO01 with a K, of ~10 nm
(Table 3 and supplemental Fig. S8D), and as expected, full-
length WT gp120 did not show any binding to GL-VRCO01
(Table 3 and supplemental Fig. S8F, curve 5). Competition
binding experiments demonstrate that the binding of AG14-
ODy with GL-VRCO01 antibody is specific as it decreases in
the presence of mature VRCO1 antibody in a concentration-
dependent manner (supplemental Fig. S8E). Amino acid
sequence comparison of mature VRC01 and GL-VRCO1 is
shown in supplemental Fig. S9. Both OD¢ (all PNGS intact)
and AG14-OD.c (all 14 PNGS mutated) are bacterially
expressed and therefore lack glycans. Even then, mutations
at the putative glycosylation sites in ODp. resulted in
improved binding of AG14-OD¢ to VRCO1, b12, and sCD4
by ~8-, 10-, and 15-fold, respectively, relative to ODgc
(Table 3). A comparison of all kinetic parameters for binding
is given in Table 3.

Design, yeast cell-surface expression, and binding studies of
core gp 120 glycosylation site mutants from JRFL isolate

After demonstrating that glycosylation is not required for the
folding of the isolated outer domain fragment iz vivo and in
vitro, we extended our inquiry into the context of a larger Env
construct and examined the effects of glycan removal on the
core gp120 molecule from JRFL strain. As described under
“Experimental procedures,” core gp120 retains well structured
core region of the gp120 glycoprotein but lacks highly flexible
V1/V2 and V3 variable loops, making it a simpler system to
manipulate and analyze as compared with full-length gp120.
Core gp120 from JRFL strain contains 15 PNGS out of which 13
PNGS are present in the outer domain and two in the inner
domain. Out of 13 OD PNGS, two are very close to the interface
of inner domain and outer domain. WT core gp120 (in which
none of the PNGS were mutated), AG15 core gp120 (all 15
PNGS were mutated), and AG4 core gp120 (four PNGS near
CD4bs at residues 276, 386, 392, and 463 were mutated) (Table
4 and Fig. 4) were expressed on the yeast cell surface under a
galactose-inducible promoter. Mutations in core gp120 deriv-
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Table 4

Nomenclature and description of HIV-1 gp120 constructs based on JRFL strain

No. Construct name Description

1 WT core gp120 Wild-type JRFL gp120 lacking V1/V2 and V3 loops. It contains residues 31-127-GAG-
195-297-GAG-330-507

2 AG15 core gp120 Core gp120 devoid of all 15 PNGS

3 AG4 core gp120 AG4 core gp120 contains all PNGS except for four sites (at residues 276, 386, 392 and
463) near the CD4-binding region

4 AG11 core gp120 This construct contains only four PNGS: two in the inner domain of gp120 (at residues
88 and 241) and two at the interface of the inner and outer domains of gp120 (at
residues 262 and 276)

5 AG12a core gp120 An additional PNGS (N88Q) removed in AG11 core gp120 background, now contains
three PNGS

6 AG12b core gp120 An additional PNGS (N241K) removed in AG11 core gp120 background now contains
three PNGS

7 AG12c core gp120 An additional PNGS (N262D) removed in AG11 core gp120 background now contains
three PNGS

8 AG12d core gp120 An additional PNGS (N276D) removed in AG11 core gp120 background now contains
three PNGS

9 AG13 core gp120 Contains only two PNGS at inner domain residues 88 and 241

10 AG14a core gp120 Contains only one PNGS at residue inner domain residue 241. Mutation N88G at
inner domain position 88 in this construct was selected using yeast library screening

11 AG14b core gp120 Contains only one PNGS at inner domain residue 88. Mutation N241K at inner
domain position 241 in this construct was selected using yeast library screening

12 AG15F core gp120 Devoid of all 15 core gp120 PNGS. Mutations at inner domain positions 88 and 241 in
this construct were selected using yeast library screening

13 E168K AG4 full-length gp120 A AG4 core gp120 variant that contains the V1/V2 and V3 loop regions and the E168K

mutation in the V1 loop in order to introduce PG9 antibody epitope

atives were designed in a similar manner as for the OD-based
constructs from the HXBc2 strain described above and in Fig. 2.
Apart from the mutations at PNGS, three additional mutations
(K336Q, H363Q, and K240T) were introduced in the gp120
constructs to avoid unfavorable electrostatic interactions (71).
Mutations introduced at PNGS in the JRFL gp120 constructs
are listed in supplemental Table S3. Expression of WT core
gp120 and AG4 core gp120 was comparable on the yeast cell
surface, indicating that removal of four glycans near the CD4bs
did not adversely affect the folding of the protein (supplemental
Fig. S1B). On the yeast surface, AG4 core gp120 binds to VRC01
with ~10-fold, to b12 with ~3-fold, and to b6 with ~17-fold
higher affinity as compared with WT core gp120. However,
both molecules showed a similar affinity toward recombinant
CD4D12 (K, ~25nm) (Table 5, CD4D12 and b12 binding affin-
ities are in Table 5 footnote). It is possible that the smaller
two-domain CD4 molecule CD4D12 (~22 kDa) experiences
less steric constraints from glycans near the CD4-binding site
than larger IgG molecules (~150 kDa). Next, we tested the
effect of removal of these four glycans on full-length gp120.
Upon re-introduction of V1/V2 and V3 loop regions in AG4
core gp120 (E168K AG4 full-length gp120, Table 4), the mole-
cule bound to the cell-surface receptor CD4D12, bNAbs b12,
VRCO01, and the non-neutralizing antibody b6 with comparable
affinity to WT core gp120 (Table 5, CD4D12 and b12 binding
affinities in Table 5 footnote) demonstrating that the full-
length gp120 lacking four glycans near the CD4bs molecule can
maintain the conformational integrity of the CD4bs. This is in
contrast to a previous report, which failed to detect any binding
with anti-gp120 antibodies when loop regions are incorporated
into the core molecule and displayed on the yeast surface (77).
Expectedly, E168K AG4 full-length gp120 did not bind the
bNAb PG9, which recognizes a glycan-dependent quaternary
epitope in the V1/V2 loop (data not shown). The lack of PG9
binding is consistent with the fact that the yeast cell surface-
expressed gpl120 is not expected to form trimers due to the
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absence of gp41 subunit. The absence of PG9 binding could also
be due to the differences in glycosylation between yeast and
mammalian cells. In contrast to AG4 core gp120, AG15 core
gp120 (which lacks all 15 glycans) was not expressed well on the
yeast cell surface (supplemental Fig. S1B), did not bind b12, b6,
and CD4 (data not shown), and bound VRCO01 with a signifi-
cantly reduced binding affinity (Table 5). Hence, it can be
inferred that removal of all the glycans from core gp120 has an
adverse effect on the folding of the molecule. To identify the
glycosylation sites adversely affecting core gp120 folding and
generate minimally glycosylated gp120 molecules, we gradually
removed glycosylation sites from core gp120 as described
below.

Design, yeast cell-surface expression, and binding of AG11
core gp120 (core gp120 devoid of eleven outer domain
glycans) and its single-site mutants

As described above, the studies with AG14-ODy o showed
that outer domain glycans are not necessary for the folding of
the isolated OD fragment in vivo (Table 2 and supplemental Fig.
S3). Therefore, we characterized the construct AG11 core
gp120, wherein 11 glycosylation sites from the outer domain
were mutated simultaneously (Fig. 4 and Table 4). This con-
struct retained only four out of 15 glycosylation sites present in
JREL core gp120: two in the inner domain of gp120 (at residues
88 and 241) and two at the interface of the inner and outer
domains of gp120 (at residues 262 and 276). These four PNGS
were not mutated in the initial constructs as we expected one or
more of these to be critical for core gp120 folding due to their
structural positioning. AG11 core gpl20 expression on the
yeast cell surface was comparable with WT core gp120 (supple-
mental Fig. S1C). This construct bound CD4D12, b12, VRCO1,
and b6 with affinities comparable with WT core gp120 (Table 5,
CD4D12 and b12 binding affinities in Table 5 footnote). Cor-
rect folding of AG11 core gp120 in the absence of 11 OD glycans
combined with the lack of folding of core gp120 lacking all 15
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Figure 4. lllustration of the glycosylation site mutants of V1/V2 and V3 loop-deleted JRFL gp120 (core gp120). The CD4-binding site (CD4bs) epitope is
shown in red, and Asn residues at PNGS are shown as green spheres. OD fragment from residues 255 to 474 is shown in yellow, and the rest of the protein is in
gray. Mutated amino acids in each construct are shown in blue (PDB code 2B4C) (56). Individual mutants or mutant libraries at PNGS were screened using yeast

surface display and FACS. Additional details of mutants are given in Table 4.

Table 5

K, values for the binding of yeast cell surface displayed WT core gp120 and its PNGS mutants with various CD4-binding site antibodies as

determined by FACS titrations

K, is equilibrium dissociation constant determined using FACS; S.D. is standard deviation for the data from two independent experiments; b12/VRCO1 is broadly

neutralizing antibodies against HIV-1; b6, non-neutralizing anti HIV-1 antibody.

Construct Mutations K, = S.D. (nm)”
VRCO1 b6
WT core gp120 243+ 04 1.75*£0.2
AG15 core gp120 all 15 PNGS mutated >500 -t
AG4 core gp120 N276D + N386D + N392S + N463D 2.33%0.3 0.1 = 0.006
E168K AG4 full-length gp120° E168K + N276D + N386D + N392S + N463D 20.5 5.3 2.8 0.7
AGL11 core gp120 11 PNGS mutated (*). PNGS at positions 88, 241, 262, 17 + 0.25 0.4 = 0.03
and 276 retained.

AG12a core gp120 (*) + N88Q 435+ 5 1.87 = 0.7
AG12b core gp120 (*) + N241K 94.2 = 19.2 1.82 £0.7
AG12c core gp120 (*) +N262D 26 £5.3 0.3 = 0.04
AG12d core gp120 (*) + N276D 2809 0.3 = 0.07
AG13 core gp120 (*) + N262D + N276D 49 + 0.7 0.5+ 0.1
AG14a core gp120 (*) + N262D + N276D + N88G 4.2 +0.25 0.35 = 0.006
AG14b core gp120 (*) + N262D + N276D + N241H 49 * 1.8 0.45 £ 0.01

“ K, values for the binding of WT core gp120, AG4 core gp120, E168K AG4 full-length gp120, and AG11 core gp120 with CD4D12 (two-domain CD4) were found to be 27 +
1.9,22 + 0.4, 18.2 * 2, and 32 * 2.3 nM, respectively; whereas K, values for binding with bNAb b12 were found to be 1.2 = 0.6, 0.4 = 0.06, 11.2 = 6.9, and 0.6 * 0.3 nM,

respectively, as determined by FACS.
? _ indicates no detectable binding.
¢ This contains V1/V2 and V3 variable loops, all other gp120 constructs lack these.

glycans indicates that one or more of the four remaining gly-
cans are important for gp120 folding. To determine which of
the four remaining glycans are important for the proper folding
and activity of the core gp120 molecule, these four glycosylation
sites were individually mutated resulting in the following
constructs: AG12a core gp120 (N88Q), AG12b core gpl20
(N241K), AG12c core gp120 (N262D), and AG12d core gp120
(N276D) (Fig. 4 and Table 4 describe these constructs in
greater detail). Cell-surface expression of all four constructs
was found to be similar (supplemental Fig. S1D). However,
the former two constructs bound b6 with ~6-fold lower and
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VRCO01 with much lower affinity than AG12c core gp120 and
AG12d core gp120 (Table 5). Hence, another mutant AG13
core gpl120 was made, which contains only two glycans at
residues 88 and 241 in the inner domain (Fig. 4 and Table 4).
AG13 core gpl20 retained surface expression similar to
AG11 core gp120 (supplemental Fig. S1E), AG13 core gp120
bound b6 with similar affinity, and VRCO1 with ~3-fold
improved affinity as compared with AG11 core gp120 (Table
5) indicating that glycan removal from positions 88 and 241
is affecting proper folding of core gp120, resulting in reduced
mAb binding.
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Site-directed saturation mutagenesis and screening of
mutants at Asn-88 and Asn-241 positions

To examine whether any other residues at positions 88 and
241 can compensate for the loss of glycans and improve anti-
body binding, both positions were individually randomized to
all other residues except Asn. The Asn-88 position was ran-
domized in AG12a core gp120 background, whereas Asn-241
position was randomized in AG12b core gp120 background
(Table 4). Thus, two yeast-surface display libraries with 19
mutants in each were made and screened by FACS for binding
to the conformation-specific mAb b6 to select properly folded
core gp120 mutants (supplemental Fig. S10). We used b6 rather
than VRCO1becauseb6bindswith muchhigheraffinitytomono-
meric gp120 than VRCO1 and thus allows screening of folded
variants at low antibody concentrations (61, 78). Two mutants
N88G and N241H were isolated after three rounds of sorting.
These mutants show surface expression and binding with b12,
b6, and VRCO1 comparable with that of AG11 core gp120 (data
not shown). These two mutations were incorporated individu-
ally and in combination in the AG13 core gp120 background.
The resulting mutants, AG14a core gp120 and AG14b core
gp120, contain only one glycan each at either residue 241 or 88,
respectively (Table 4 and Fig. 4). AG15F core gp120 is devoid of
all 15 core gp120 glycans and contains the N88G and N241H
mutations selected through yeast library screening instead of
N88Q and N241K mutations that are present in AG15 core
gp120 (Table 4). VRCO1 and b6 affinities with AG14a core
gp120 and AG14b core gpl20 are comparable with AG13
core gp120 (Table 5). However, AG15F core gp120 shows poor
surface expression (supplemental Fig. S1E) and reduction in
bNAD binding (data not shown). Representative FACS histo-
grams and titration curves for the binding of mAbs with yeast
surface-displayed AG14a core gp120 glycosylation site mutant
are shown in supplemental Figs. S11 and S12, respectively. Both
Asn-88 and Asn-241 belong to the inner domain of gp120,
which interacts with gp41 (79—81). Because gp41 is absent in
the present constructs, we hypothesized that removal of inner
domain glycans may result in the exposure of hydrophobic sur-
face and aggregation of core gp120. In summary, when dis-
played on the yeast surface, we found that core gp120 with just
a single glycan either at residue number 88 or 241 still retained
the ability to bind VRCO1 and is likely to be properly folded.

Mammalian cell-surface display of WT gp160 and its glycosyla-
tion site mutants from JRFL isolate

Following yeast-surface display of glycosylation mutants in
the context of monomeric core gp120 as described above, we
examined the effect of glycan removal in the context of native
trimeric Env on the mammalian cell surface. WT gp160, AG11
gpl60, AG12 gpl60, AG13 gpl60, AG14 gpl60, and AG15F
gp160 were displayed on the mammalian cell surface (Fig. 5)
(see Table 6 and under “Experimental procedures” for more
details of gpl60 constructs). All variants of AG11 gpl60,
including AG15F gp160, which lacks all 15 core gp120 glycans,
bound conformation-specific CD4bs bNAbs b12 and VRCO1
with apparent affinity similar to that of WT gp160, indicating
that removal of all the glycans from core gp120 did not disrupt
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the native fold of oligomeric Env on the mammalian cell surface
(Fig. 6). A native trimer-specific bONAb PG9 bound AG11 gp160
with an affinity similar to that of WT gp160 indicating that the
native Env trimer can form in the absence of most outer domain
glycans. Removal of additional glycans from AGI11 gpl60
resulted in an ~2-fold decrease in PG9 interaction (Fig. 6). In
contrast to monomeric gp120 variants displayed on the yeast
surface, trimeric envelope molecules are not expected to show
significant binding with the non-neutralizing antibody b6 if
they are properly cleaved and well folded (82, 83). Similar to
WT gpl60, all the AG11 gp160 variants showed poor binding
with the non-neutralizing antibody b6, indicating limited expo-
sure of this non-neutralizing epitope in the context of glycan-
deficient trimeric envelope molecules (Fig. 6). We have previ-
ously shown that a cleavage-defective Env (SEKS gp160) shows
higher binding with anti-gp120 polyclonal sera as compared
with WT gp160, indicating increased exposure of non-neutral-
izing epitopes in SEKS gp160 (82). To determine whether
removal of core gp120 glycans also results in such increased
exposure of non-neutralizing epitopes, we examined the bind-
ing of various glycan-deficient gpl60 constructs with anti-
gp120 polyclonal sera. Binding of anti-gp120 polyclonal sera
with glycan-deficient Envs was found to be comparable with
WT gpl60 (supplemental Fig. S13). This is expected only if
glycan removal does not cause a significant increase in the
exposure of non-neutralizing epitopes because gp120 antisera
consist primarily of non-neutralizing antibodies that do not
bind well to properly folded Env trimers (83). As expected,
unlike all the glycan-deficient gp160 derivatives described
above, WT Env bound 2G12 and PGT128, whose epitopes are
glycan-dependent (Fig. 6) (9, 11, 84). Reintroduction of the
Asn-332 PNGS into the AG15F gp160 background (devoid of
all 15 core gp120 glycans) resulted in the recovery of PGT128
binding (Fig. 6), illustrating the usefulness of these glycan-defi-
cient envelopes in epitope mapping studies. We also monitored
the binding of an anti-gp41 bNAD (2F5) with WT gp160 and its
glycosylation site variants and found that 2F5 binding is largely
retained in the absence of all core gp120 glycans (Fig. 6).

Pseudoviral infectivity and neutralization assays

To assess the effect of glycan removal on HIV-1 viral infec-
tivity, JRFL Env glycan mutants were incorporated in pseudo-
viruses. Pseudoviral concentrations were normalized after mea-
suring p24 levels, and equal concentrations were used for
infectivity assays. All these pseudotyped viruses having glyco-
sylation-deficient Env showed significant infection in TZM-bl
cells (Fig. 7). Pseudoviruses having AG13 gp160 Env with only
two glycosylation sites in the core gp120 region showed infec-
tivity levels similar to that of WT gp160 Env-containing pseu-
doviruses (Fig. 7). Further removal of the remaining two glycans
from the inner domain of core gp120 resulted in a reduction in
the infectivity. However, a significant amount of infectivity was
retained even after the removal of all core gp120 glycans from
Env (Fig. 7). These results demonstrate that all core gp120 gly-
cans are dispensable for an infectious virion, in the context of a
single-round pseudoviral infectivity assay. Neutralization sen-
sitivity of JRFL pseudoviruses containing either WT or a gly-
can-deficient Env was measured against VRC01, GL-VRCO01,
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Figure 5. Schematic representation of JRFL gp160 glycosylation site mutants. PNGS in variable loops (V1/V2 and V3), in the core gp120 region, and in the
gp41 subunitare indicated by green, red, and blue asterisks, respectively. The gp120 sequence is from residue 31 to 511, and the cytoplasmic tail truncated gp41
is from residues 512 to 712. A, WT gp160 retains all 15 PNGS located in the core gp120 region. B, in AG11 gp160 construct, asparagines at most OD PNGS were
rationally mutated. C-F, four remaining PNGS, two at the interface of the inner and outer domains of gp120 (at residues 262 and 276) and two in the inner
domain of gp120 (at residues 88 and 241), were sequentially mutated in the AG11 gp160 background to finally generate a mutant lacking all 15 core gp120
glycans (AG15F gp160). G, in AGQ11 gp160 construct, asparagines at 11 outer domain glycosylation sites were mutated to glutamine. This AG11 gp160 variant
was designed as a control to understand the importance of rationally designed mutations for glycan removal. H, gp120-gp41 cleavage site REKR was mutated
to SEKS in WT gp160 background to generate a cleavage-defective gp160 variant (SEKS gp160). Mutated core gp120 glycosylation sites are indicated by
replacement of red asterisks with single letter amino acid codes for the residues introduced in place of asparagines. E168K mutation was introduced in all JRFL
gp160 constructs to confer binding of the trimer-specific, broadly neutralizing antibodies PG9 and PG16. Additional details of gp160 mutants are given
in Table 6.

Table 6

Nomenclature and description of HIV-1 gp160 constructs
All gp160 constructs were expressed in mammalian cells.

No. Construct name Description

1“ WT gpl60 Full-length WT gp160 from the JRFL strain with all PNGS intact. It contains 15 PNGS in the core gp120 region

2 AG11 gpl160 A WT gpl60 variant lacking 11 OD PNGS. It contains only four core gp120 PNGS: two at the interface of the
inner and outer domains of gp120 (at residues 262 and 276) and two in the inner domain of gp120
(at residues 88 and 241)

3 AG12 gp160 Asn-276 glycan removed in AG11 gp160 background.

4 AG13 gp160 Devoid of all OD PNGS including two (Asn-262 and Asn-276) present at the interface of inner and outer
domains of gp120

5 AG14 gp160 Devoid of all OD PNGS + mutation at inner domain PNGS position 88 (N88G)

6 AG15F gpl160 Devoid of all 15 core gp120 glycans. Mutations at inner domain positions 88 (N88G) and 241 (N241H) in this
construct were selected using yeast library screening of core gp120

7 T332N AG15F gp160 AG15F gp160 with T332N mutation to reintroduce PGT128 bNADb epitope

8 AGQ11 gp160 A variant of AG11 gp160 wherein Asn residues at 11 OD PNGS were mutated to structurally similar Gln
instead of rational mutations

9 SEKS gp160 Cleavage defective JRFL gp160. Furin cleavage site REKR is mutated to SEKS in WT gp160 background

10° Q842 WT gpl60 WT gpl60 from subtype A strain Q842env.d16

11 Q842 AG13 gp160 GlIn-842 gp160 variant lacking 13 OD PNGS

12 QH343 WT gpl60 WT gpl60 from subtype A strain QH343.21M.ENV.B5

13 QH343 AG12 gp160 QH343 gp160 variant lacking 12 OD PNGS

14 DU WT gp160 WT gpl60 from subtype A strain DU422.1

15 DU AG10 gp160 DU gp160 variant lacking 10 OD PNGS

16 CAP WT gpl60 WT gpl60 from subtype A strain CAP45.2.00G3

17 CAP AG12 gp160 CAP gp160 variant lacking 12 OD PNGS

“ Constructs 1-9 are based on the JRFL isolate. All JREL gp160 molecules have the E168K mutation. The E168K mutation confers PG9/PG16 (trimer-specific bNAbs) bind-
ing on JRFL Env. All JRFL gp160 constructs have a cytoplasmic tail deletion (ACT) that is known to improve expression on the mammalian surface. Mutations introduced
in JRFL gp160 constructs were the same as in core gp120 constructs and are described in supplemental Table S3.

® Constructs 1017 are based on different HIV-1 strains from clade A and clade C HIV-1 reference panel of Env clones. These construct names bear the initial of the strain
from which they are derived. A variable number of OD glycosylation sites are present in different strains, and the nomenclature reflects the number of PNGS mutations in
each construct. Mutations introduced in these gp160 variants are described in supplemental Table S4.

PGY, and the non-neutralizing CD4bs antibody b6. Sequential

resulted in detectable neutralization with b6 (Fig. 8D and Table

removal of glycans increased neutralization sensitivity for both  7), probably due to better exposure of the CD4bs. WT, AG13,

VRCO1 (Fig. 84) and GL-VRCO1 (Fig. 8B and Table 7) and also
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and AG15F pseudoviruses show neutralization of ~37, 50, and
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Figure 6. FACS-based mammalian cell-surface staining plots of JRFL
cleavage-competent WT gp160 and its glycan derivatives for binding to
various anti-HIV-1 antibodies. AG11 gp160 (devoid of 11 outer domain
glycans) binds to the anti-gp120-neutralizing monoclonal antibodies b12,
VRCO1, PGY, and anti-gp41 mAb 2F5 similar to the WT gp160, and like the WT
it binds poorly to the non-neutralizing mAb b6, confirming that it is properly
folded. It does not bind to the neutralizing mAb PGT128 as it lacks the Asn-
332 glycan. Other glycan-deficient derivatives of JRFL gp160 also show a
binding pattern similar to AG11 gp160. Reintroduction of the Asn-332 glycan
in AG15F gp160 (bottom panel) restores PGT128 binding. Error bars represent
standard deviation for the data from two independent experiments.

80%, respectively, with b6 antibody at a concentration of 2
png/ml. Although the GL-VRCO1 curves showed clear pre-tran-
sition baselines and a distinct transition, the b6 data had a larger
scatter and no clear baseline and thus could not be fit to obtain
an IC,, estimate. A previous study suggests that mutating gly-
cosylation sites at residue positions 295, 332, and 339 decreases
the sensitivity to PG9 neutralization (85). In agreement with the
previous study, PG9 neutralization was found to be sensitive to
the loss of PNGS (85) with a 5—6-fold increase in IC, value on
the removal of 13 out of 15 PNGS (Fig. 8C and Table 7) in core
gp120. Thus, the decreased neutralization sensitivity of glycan-
deficient pseudoviruses to PG9 could be due to the loss of gly-
cans at these positions rather than altered Env conformation.

Significance of rationally designed mutations at glycosylation
sites in maintaining Env conformation

In most earlier studies that probed the contribution of glyco-
sylation to HIV-1 Env function (45, 54, 55), Asn residues at
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Figure 7. Pseudoviral infectivity assay. Comparison of infectivity for pseu-
doviruses containing WT or differentially glycosylated JRFL gp160 Env using
the TZM-bl assay, which gives the readout of infectivity as relative lumines-
cence units (RLUs). The relative amount of pseudotyped virus in cell superna-
tants was normalized following a p24 assay, and an equal amount of each
pseudovirus was used for the infectivity assay. Mutant pseudoviruses lacking
some or all core gp120 glycans retained significant infectivity. Error bars rep-
resent standard deviation for the data from two independent experiments.

PNGS were mutated to uncharged Gln/Ala residues. The
rationale for selection of these substitutions is not clear. In con-
trast, in this study, we rationally mutated Asn residues at PNGS
as described in Fig. 2 and could achieve JRFL gp160 folding even
in the absence of all 15 core gp120 glycans (Figs. 6-8). To
demonstrate that the mutations selected through our method
are superior to the widely used GIn mutation, which is struc-
turally similar to Asn, we designed a JRFL gp160 derivative
where all Asn residues at the outer domain glycosylation sites,
except 262 and 276 which interact with the inner domain, were
mutated to Gln residues. This construct was named AGQ11
gpl60 (see Fig. 5 and Table 6 for a complete description
of gp160 constructs). AGQ11 gp160, rationally designed AG11
gpl60, WT gpl60, and cleavage-defective SEKS gp160 were
displayed on the mammalian cell surface, and their binding
with CD4bs targeting bNAb VRCO01 was monitored using
FACS (Fig. 9). SEKS gp160 was used as a negative control
because it lacks significant binding with cleavage-dependent,
trimer-specific, broadly neutralizing antibodies and is known to
show substantial binding with non-neutralizing antibodies
(82, 83, 86). WT gpl60 and AG11 gpl60 (rationally mutated)
showed comparable binding to VRCO1 (Fig. 9). In contrast, Asn
— Gln mutations at 11 outer domain glycosylation sites
(AGQ11 gp160) resulted in a significant reduction in the bind-
ing of bNAb VRCO1 (Fig. 9). A properly cleaved native-like
trimer binds CD4bs-directed neutralizing antibodies such as
b12 considerably better than non-neutralizing ones such as b6
(82, 83). Thus a high ratio of b12:b6 binding indicates the pres-
ence of native-like trimers. Rationally mutated AG11 gp160
showed the best b12:b6 binding ratios among all the constructs
tested (Fig. 9). The minimal binding observed with non-neu-
tralizing antibodies targeting CD4i (17b), V3 (447-52D),
C1/C5(C11), and gp41 cluster I (Asp-49) epitopes further indi-
cated that removal of OD glycans from gp160 does not expose
non-neutralizing epitopes or significantly perturb the confor-
mation of the native Env trimer (Fig. 9). A recently discovered
bNADb (PGT151) targets the gp120-gp41 interface region and
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Figure 8. Pseudoviral neutralization assays. Neutralization activity of VRCO1 (A), germline-reverted VRCO1 (GL-VRCO1) (B), PG9 (C), and b6 (D) antibodies
against JRFL-E168K pseudoviruses with either WT envelope or PNGS mutant envelopes. Lines represent sigmoidal logistic, four parameters fit using Sigma
Plot™ software. In the case of non-neutralizing antibody b6, the data could not be fit, so no lines are shown. Removal of glycans resulted in a significantly
increased neutralization sensitivity for VRCO1 (A) and GL-VRCO1 (B) antibodies. Pseudoviruses containing WT gp160 failed to show neutralization with GL-
VRCOT1, indicating that glycans restrict interaction with this germline antibody. Error bars represent standard deviation for the data from two independent

experiments.

Table 7

Comparison of neutralization activity of VRC01, GL-VRCO1, and PG9
antibodies against JRFL E168K pseudoviruses with differentially gly-
cosylated gp160 Env

IC,, indicates antibody concentration required to inhibit pseudoviral activity by
50%; S.D. is standard deviation for the data from two independent experiments.

IC;, £S.D. (ng/ml)

Pseudovirus
Env VRCO1 GL-VRCO01 PG9
WT gpl60 0.0061 =+ 0.001 “ 0.004 + 0.001
AG11 gpl160 0.00073 =+ 0.001 2.95*0.12 0.02 + 0.003
AG13 gp160 0.00074 * 0.001 0.19 + 0.05 0.02 + 0.003
AG15F gp160 0.0004 *= 0.001 0.64 + 0.07 0.58 = 0.5

“ There was no detectable neutralization until 10 pug/ml.

selectively binds to properly cleaved native trimers. Binding
with PGT151 is considered as a good marker for the presence of
the native HIV-1 Env trimer as it shows minimal binding with
cleavage-defective Envs (86, 87). AG11 gp160 and WT gpl160
showed similar binding to PGT151 bNADb, confirming that both
constructs are properly cleaved and maintain a native-like tri-
meric structure (Fig. 9). In contrast, binding of AGQ11 gp160
with PGT151 bNAb was comparable with that of cleavage-de-
fective SEKS gp160, which cannot form native functional trim-
ers, indicating that mutations chosen by our method are supe-
rior to Asn — Glu substitutions in maintaining the native
trimeric structure (Fig. 9). A representative FACS histogram
overlay for the binding of PGT151 antibody is shown in supple-
mental Fig. S14. A similar binding pattern was observed with
V1/V2 loop targeting trimer-specific antibodies PG16 (88) and
PGT145 (Fig. 9) (11). A marginal decrease in the binding of
PGT151 and PG9 with AG11 gp160 relative to WT gp160 could
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be attributed to the fact that binding of both these trimer-spe-
cific antibodies is dependent on the presence of certain core
gp120 glycans (45, 80, 86, 90), some of which are absent in our
designs. For example, a recent cryo-EM structure for the trim-
eric Env in complex with PGT151 antibody clearly demon-
strates that Asn-241, Asn-262, Asn-276, and Asn-448 glycans
from the core gpl20 region significantly contribute to the
PGT151 epitope (80).

As described above, the AG11 gp160 and AG13 gp160 pseu-
doviruses lacking outer domain glycans retain WT-like infec-
tivity. In contrast, consistent with mammalian cell-surface dis-
play data (Fig. 9), the AGQ11 gpl160 pseudoviruses show a
drastic reduction in infectivity, indicating that our designed
mutations are superior to Asn — GIn mutations for maintain-
ing pseudoviral infectivity in the absence of OD glycosylation
(Fig. 10). As expected, pseudoviruses with cleavage-defective
SEKS gp160 Env were not infective due to the lack of a properly
cleaved, native-like trimeric envelope required for infection
(Fig. 10). This negative control demonstrates the specificity of
the binding and neutralization experiments.

Replication fitness of glycan-deficient HIV-1 viruses in a
multiple-cycle infectivity assay

Pseudoviral infectivity assays (Fig. 7) show that all core gp120
glycans are dispensable for producing an infectious virion.
However, TZM-bl cell-based pseudoviral infectivity experi-
ments are single-cycle infection assays. It is still possible that
removal of core gp120 glycans might affect the replication fit-
ness of infectious viruses derived from full-length HIV-1
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Figure 9. Effect of rationally designed versus Asn — Gln glycosylation
site mutations on HIV-1 Env conformation probed by binding of anti-
HIV-1 neutralizing and non-neutralizing mAbs to mammalian cell sur-
face-expressed HIV-1 Env variants. WT gp160 and AG11 gp160 show sim-
ilar binding profiles to CD4bs targeting neutralizing mAbs b12 and VRCO1 as
well as to the trimer-specific neutralizing antibodies PG16, PGT145, and
PGT151. In contrast to the designed mutations, conventional Asn — GIn
mutations at outer domain glycosylation sites (AGQ11 gp160) result in a sig-
nificantly reduced binding of all neutralizing antibodies tested. Binding of
AGQ11 gp160 with PGT145 and PGT151 is comparable with that of cleavage-
defective SEKS gp160. A representative FACS histogram overlay for the bind-
ing of PGT151 antibody is shown in supplemental Fig. S14. A marginal
decrease in the PGT151 and PG16 binding of rationally designed AG11 gp160
relative to WT gp160 could be attributed to the fact that binding of both these
trimer-specific antibodies is dependent on the presence of certain core
gp120 glycans (56, 86, 90). Both WT gp160 and AG11 gp160 show minimal
binding to a number of different non-neutralizing mAbs with epitopes in
diverse regions of the Env structure. In contrast, the cleavage-defective SEKS
gp160 molecule shows high binding with the non-neutralizing mAb b6 but
binds poorly to the trimer-specific neutralizing mAbs PGT145 and PGT151. All
mAbs were used at a concentration of 1 ug/ml. Error bars represent standard
deviation for the data from two independent experiments.
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Figure 10. Effect of rationally designed versus conventional Asn —
GIn glycosylation site mutations on pseudoviral infectivity. Infectivity
of pseudoviruses containing WT or differentially glycosylated JRFL gp160
Env was measured using a TZM-bl assay. The relative amount of pseu-
dotyped virus in cell supernatants was normalized following a p24 assay,
and equal amounts of each pseudovirus were used for the infectivity
assay. Pseudoviruses with AG11 gp160 Env retain WT-like infectivity, and
pseudoviruses displaying AGQ11 gp160 show a drastic reduction in infec-
tivity. As expected, pseudoviruses incorporating cleavage-defective SEKS
gp160 Env show loss of infectivity because they lack a properly cleaved,
native-like trimeric envelope. Error bars represent standard deviation for
the data from two independent experiments. RLUs, relative luminescence
units.

10208 . Biol. Chem. (2017) 292(24) 10197-10219

1e+6
mm WT gp160
e AG13 gp160
=== AG15F gp160
—~ 1e+5 -
2
|
e
2 1e+4 |
2
S
o
2
c
= 1e+3 -
1e+2 -
% Y A\ N > () A
NN A @ (& v 3
N N \\q' '\(\ ,\\’b\

Virus dilution

Figure 11. Single-round viral infectivity assay in TZM-bl cells. Compari-
son of infectivity for full-length viral clones containing WT or differentially
glycosylated JRFL gp160 Env using the TZM-bl assay. This assay gives the
readout of infectivity as relative luminescence units (RLUs). The relative
amount of virus in cell supernatants was normalized following a p24 assay,
and an equal amount of each virus was used for the infectivity assay. Mutant
viruses lacking either all outer domain glycans (AG13 gp160) or all core gp120
glycans (AG13 gp160) retained infectivity comparable with that of viruses
having WT gp160 Env. Error bars represent standard deviation for the data
from two independent experiments.

molecular clones in a multiple-round infection study. To assess
the effect of glycan removal on viral replication fitness, pLAI-
JREL (91, 92)-based full-length molecular clones (MCs) of Env
glycan mutants were generated. Concentrations of infectious
viral stocks were normalized by measuring p24 antigen levels.
Equal viral amounts were first used in a single-cycle TZM-bl
infectivity assay. In agreement with pseudoviral infectivity
assays, infectivity of WT gp160, AG13 gp160, and AG15F gp160
Env-containing molecular clones in TZM-bl cells was found to
be comparable (Fig. 11).

Replication fitness of these infectious viruses was subse-
quently tested in a multiple-cycle infectivity assay in the
HUT-R5 cell line (93-95). Infected cells were split every 3rd
day, and virus replication was quantitated by measuring the HIV-1
p24 antigen released in culture supernatants at different time
points, post-infection. In agreement with the single-round viral
infection studies, glycan-deficient full-length viruses were infec-
tious in multiple-cycle assays as well. All the full-length molecular
clones of HIV-1 that were tested, viz. AG13 (devoid of all OD gly-
cans), AG15F (lacks all core gp120 glycans) and WT exhibit high
p24 concentrations even after 21 days post-infection, indicating
productive virus replication and infection in this multicycle assay
(Fig. 12). In fact, removal of core gp120 glycans was shown to
enhance infectivity relative to WT (Fig. 12).

Mammalian cell surface display of WT and corresponding
AG11gp160s from subtype A and subtype C HIV-1 strains

HIV-1 Env glycoprotein shows very high sequence diversity.
HIV-1 subtype A is mainly found in Africa; subtype B is most
prevalent in North America and Europe; and subtype C is com-
monly found in Africa and Asia (96). All the glycan-deficient
OD fragment constructs described above were made from sub-
type B, HXBc2 strain, and all the gp120 and gp160 constructs
described above were based on the subtype B, JRFL strain. To
test whether our approach of glycan removal is generally appli-
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Figure 12. Multicycle viral infectivity assay in HUT-R5 cells. HIV-1 viruses
derived from full-length molecular clones incorporating WT (black), AG13
(red), or AG15F (green) gp160 were produced from 293T cells and used to
infect HUT-R5 cells. Infected cells were split every 3rd day, and virus replica-
tion was quantitated by measuring the HIV-1 p24 antigen released in the
culture supernatants at different time points post-infection. In agreement
with the single-round pseudoviral infection studies, glycan-deficient full-
length viruses were found to be infectious in the multiple-cycle assay as well.
All the viruses are capable of productive replication. The glycan-deficient
viruses exhibit higher p24 levels and faster replication kinetics than the WT,
confirming that core gp120 glycans are not essential for HIV-1 viral infectivity.

cable, we designed outer domain glycan-deficient Env deriva-
tives for four additional HIV-1 strains, two from subtype A and
two from subtype C (see Table 6 for a complete description of
these constructs). These outer domain glycan-deficient Env
derivatives were designed using the frequency-based approach
as described above for the subtype B constructs (Fig. 2). The
complete list of glycosylation site mutations introduced in sub-
type A and subtype C sequences is given in supplemental Table
S4. The supplemental Table S4 suggests that a number of
mutated glycosylation sites are unique to each strain. To exam-
ine the effect of glycan removal on the native Env structure, W'T
and glycan-deficient subtype A and subtype C constructs were
displayed on the mammalian cell surface, and their binding
with various bNAbs was monitored using FACS (supplemental
Fig. S15). All these gp160 constructs could bind trimer and
cleavage-specific bBNAb PGT 151, similar to their correspond-
ing WT gp160s (supplemental Fig. S15A). Binding with a trimer
and V1/V2 loop-specific bNAb PG16 was also found to be sim-
ilar for glycan-deficient and WT gp160 variants (supplemental
Fig. S15B). We also monitored binding of these molecules with
a CD4bs targeting bNAb VRCO1 and found that the VRCO1
epitope is maintained in the absence of most OD glycans for
subtype A and C Envs also (supplemental Fig. S15C). Thus, our
approach for glycan removal is not strain-restricted and in prin-
ciple can be applied to other glycoproteins.

Discussion

Glycan-mediated surface coverage plays an important role in
immune evasion by HIV-1 (37). Glycosylation is essential for
HIV-1 infectivity (37, 45, 54) and is also widely believed to be
essential for the folding of gp120. Early evidence for a glycan
requirement for gp120 folding came from a study in which non-
glycosylated forms of gp120 were generated either by deletion
of the signal sequence of gp120 or by synthesis in the presence
of tunicamycin. This non-glycosylated gp120 failed to bind
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CD4, whereas enzymatic removal of glycans from gp120 had no
effect on CD4 binding. This led to the conclusion that N-linked
glycosylation is essential for the proper folding of gp120 (34). It
is not known how many of the ~25 glycans present on the
gp120 surface are essential for folding. This is an important
question as these glycans mask various conserved epitopes on
the viral surface, prevent recognition of germline-reverted
bNADbs, and thus impede the development of an effective Env-
based vaccine. In addition, several recently isolated bNAbs bind
to specific glycans on gp120 (11, 86, 97-99). If the importance
of multiple PNGS in maintaining the structural and functional
integrity of gp120 could be determined, this information can be
used to modulate coverage of Env by glycans.

The isolated OD fragment is an important target for vaccine
design (25, 60, 61). We demonstrate that all 14 glycans are dis-
pensable for folding in the context of the OD fragment. It is
important to note that apart from complete lack of glycosyla-
tion, AG14-OD. is also devoid of the inner domain, part of the
bridging sheet, and V1/V2/V3 loops and has a 5-fold lower
molecular weight than full-length gp120. However, it can still
bind the b12, VRCO01, and CD4 ligands with affinities compara-
ble with that of full-length gp120. These results are encouraging
as in a previous study the WT ODg. molecule, which binds
CD4bs ligands weakly, was able to elicit sera in rabbits with
measurable cross-clade neutralization of some easy to neutral-
ize tier 1 viruses (66).

Broadly neutralizing antibodies against HIV-1 show a very
high level of affinity maturation, and it has been proposed that
targeting the germline precursors of these bNAbs is a pre-
requisite for generating such bNAbs against HIV-1 (57, 61,
100-103). Germline-reverted bNAbs typically do not bind
recombinant gp120s for most HIV-1 strains or neutralize the
corresponding pseudoviruses (60, 62, 104, 105). Epitope design
targeting a particular germline can potentially activate the cor-
responding B-cell precursors for affinity maturation (60).
Recently, it was demonstrated that the VRCO01-class precursor
naive B cells can be isolated from HIV-1 uninfected donors
using a germline-targeting OD-based immunogen, again indi-
cating the possible usefulness of germline-targeting immuno-
gens in eliciting VRCO1-type antibodies (103). Various immu-
nization strategies are currently being tested in transgenic
mouse models to further understand the usefulness of germ-
line-targeting immunogens in directing affinity maturation
toward neutralizing antibody response (106 -109). gp120 gly-
cans have been shown to contribute to lack of binding to GL-
VRCO1 (62). As bacterially expressed ODp and AG14-OD
fragments are devoid of all glycans, binding of these to GL-
VRCO01 was monitored using SPR. Both these molecules bound
GL-VRCO1 with ~5-10 nm K,,, whereas glycosylated full-
length WT gp120 failed to show any detectable binding. These
molecules are therefore important tools to test the usefulness of
germline-targeting in HIV-1 vaccine design.

In the context of core gp120 from the JRFL isolate, we found
that 14 of the 15 glycosylation sites are dispensable for proper
folding. The gp120 outer domain is the primary target for non-
glycan-dependent anti-HIV-1 broadly neutralizing antibodies.
However, non-outer domain glycosylation sites in core gp120
were also mutated in this study to identify dispensable inner
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domain glycans. This information could be useful in the future
for the purification of Env-derived immunogens from low-cost
expression systems where glycosylation is either absent or dif-
fers from mammalian systems. In the recent past, a number of
new bNAbs targeting the gp120-gp41 interface have been dis-
covered, for example PGT151 and 8ANC195 (80, 86, 87, 110).
Such antibodies often interact with glycans from the inner
domain (80); thus, removal of glycans from the inner domain
while retaining proper conformation can help in mapping and
targeting such epitopes. In this study, inner domain glycosyla-
tion sites Asn-88 and Asn-241 were found to be the least dis-
pensable for proper folding of gp120. It is interesting to note
that these two potential N-linked glycosylation sites are among
the most conserved in core gp120 (44). Recent cryo-EM and
crystal structures of glycosylated native HIV-1 Env trimers
show that Asn-88 and Asn-241 glycans are in close proximity to
the gp120-gp41 interface (80, 81). The Asn-88 glycan shields
the conserved MPER region, whereas the Asn-241 glycan limits
access to the PGT151 epitope (80).

A number of bNADs target specific glycans on the V1/V2 and
V3 loop regions. Among them, PG9 and PG16 are the founder
members of this class of bNAbs (85, 98,99, 105, 111). Hence, we
used AG11 core gpl20 as a starting point to re-introduce
important neutralization epitopes present in the V1/V2 and V3
variable loops and expressed the AG11 gp160 molecule and its
PNGS variants on the mammalian cell surface. Similar to native
WT gpl60, glycan-deficient gp160 constructs bound well with
multiple bNAbs, including b12, VRCO01, PG9, PG16, PGT145,
PGT151, and 2F5, and poorly to non-neutralizing mAbs b6,
17b, 447-52D, C11, and D49 (Figs. 6 and 9), which have
epitopes located in diverse regions of the Env structure (82).
The binding of PGT151 and PGT145 bNAbDs to glycan-defi-
cient Envs is particularly interesting because PGT145 is consid-
ered to bind only native-like trimers (11), whereas PGT151
selectively binds to properly cleaved native trimers (86, 87). The
low-affinity binding of glycan-deficient gp160 constructs with
b6 shows that removal of all glycans from core gp120 does not
expose non-neutralizing epitopes or perturb the conformation
of the native Env trimer significantly (Fig. 6). However, in-
creased neutralization with b6 was observed in a more sensitive
pseudoviral neutralization assay, indicating that glycan
removal at least partially relieves some steric constraints for the
approach of various CD4bs antibodies. This can possibly dis-
tract the immune system from neutralizing epitopes because
charged and bulky mutations introduced at PNGS can be more
immunogenic (112). A number of gp160 mutants described in
this study retain all glycans in the variable loops of gp120 but are
glycan-deficient in the core gp120 region and therefore should
allow better exposure of conserved CD4bs while retaining
important glycan-dependent neutralization epitopes in the
variable loop region (Fig. 1D).

Reintroduction of the Asn-332 glycosylation site into AG15F
gp160 (lacking all 15 PNGS) led to a recovery of PGT128 bind-
ing (Fig. 6). It has been shown that viruses lacking the glycan at
the Asn-332 position acquired this glycan to escape certain
strain-specific antibodies and thus became sensitive to the
bNAb PGT128 (97). Our result is a proof of principle that these
deglycosylated molecules can be used to reintroduce glycans at
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desired positions to generate or map epitopes for glycan-depen-
dent bNAbs. Such knock-in glycan mutants in a largely glycan-
free background can be used as complementary tools to knock
out mutants. They can be useful in determining the minimal
glycosylation requirement for a particular antibody epitope.
Furthermore, minimally glycosylated Env mutants are likely to
be more homogeneous in their chemical composition and
would be useful for mass spectrometry and cryo-EM-based
approaches to probe Env structure, stability, and function. They
can also be useful in determining the exact glycan chemistry
required for interaction with a particular glycan-dependent
antibody, as they will facilitate mass spectrometric glycan anal-
ysis due to a reduced background.

In the current designs, ~70-90% of the Asn residues at core
gp120 glycosylation sites for Envs from subtypes A, B, and C
were rationally substituted with charged or polar amino acids,
and the resulting molecules were well folded. In contrast, in
most of the earlier studies (45, 54, 55) Asn residues at PNGS
were mutated to uncharged Gln/Ala residues. It is likely that
simultaneously mutating multiple glycosylation sites with non-
optimal amino acids could have led to the loss of infectivity in
the previous studies. Our results indeed suggest that Asn — Gln
mutations at glycosylation sites are not optimal for proper
cleavage, for maintaining a native trimeric structure, and for
retaining infectivity. In contrast, mutations identified by us
could rescue Env folding and viral infectivity in both single- and
multiple-cycle assays in the absence of core gp120 glycans.
However, the widely used Asn — Gln mutations do not support
even single-cycle infection in TZM-bl cells, indicating the use-
fulness of the glycan removal method employed in this study.
Indeed sequence analysis reveals that Asn — Gln substitutions
are quite rare at HIV-1 Env PNGS in natural isolates and occur
at ~10-fold lower frequency than the substitutions (Ser, Thr,
Asp, and Lys) selected in this study (http://www.hiv.lanl.gov).
The present data conclusively demonstrate that glycans in core
gp120 are not directly involved in maintaining the infectivity of
the HIV-1 virion, and hence their primary role is likely to be in
immune evasion.

Whereas VRCO1 class antibodies arise from a restricted set of
germline precursors, other CD4bs antibodies are less restricted
(113, 114). Hence, it might be useful to have priming immuno-
gens that activate a large number of diverse antibody precur-
sors. The molecules described in this study retain native-like
Env conformation despite extensive glycan removal (as far as
five major epitopes targeted by bNAbs are concerned, see Fig.
13). Thus, these molecules can potentially be used in DNA
immunizations as priming immunogens because they can likely
bind to a large number of germline precursors, including those
of bNAbs. This can be followed by boosting with glycosylated
Env molecules to elicit cross-reactive antibodies. This line of
approach is supported by recent molecular dynamics studies on
crystal structures of fully glycosylated trimeric Env molecules
(81). Whereas glycan removal may also result in exposure of
non-neutralizing epitopes, the use of appropriately glycosy-
lated or hyper-glycosylated boosting immunogens can be used
to focus the immune response to desired neutralizing epitopes.
In addition, combinations of the molecules reported in this
study with fully glycosylated WT Env in various prime/boost
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Figure 13. Probing the conformational integrity of mammalian cell sur-
face displayed HIV-1 native trimer using antibodies targeting important
neutralization epitopes. gp120-gp41 trimer (PDB code 4NCO (142)) isfitinto
the model of the cryo-EM density of the HIV-1 spike (gray mesh) (89). gp120 is
multicolored, and gp41 is shown in red. As shown by checkmarks, antibodies
targeting five major conformational epitopes: CD4bs (b12 and VRC01), V1/V2
loop (PGY, PG16, and PGT145), V3 loops (PGT128), gp120-gp41 interface
(PGT151),and MPER region (2F5) bound various glycan-deficient gp160s and
WT gp160 with comparable affinities indicating that native-like trimeric struc-
ture can be maintained in the absence of core gp120 glycans.

regimes will be helpful in expanding our understanding regard-
ing the role of glycosylation in modulating the gp120-directed
immune response (115). It has previously been shown (116)
that removal of glycans from the surface of influenza hemag-
glutinin results in an enhanced neutralization response, and in
another study, we found that a bacterially expressed glycan-free
fragment bound b12 and when combined with a gp120 boost
induced a broad and potent neutralizing antibody response
against a limited number of tier 2 as well as tier 3 HIV-1 viruses
(117).

A single virus known as the transmitted/founder (T/F) virus
is generally responsible for the establishment of around
70— 80% of heterosexually transmitted HIV-1 infections (118).
T/F viruses differ substantially from chronic strains in having
shorter variable loops and a lower level of glycosylation (119 —
121). Lower glycan coverage helps the T/F virus in the estab-
lishment of initial infection, possibly by increasing affinity for
various mucosal receptors (122). Using mass spectrometry, it
was shown that more than 50% potential N-linked glycosylation
sites in T/F viruses are either variably glycosylated or com-
pletely unutilized (123). Recently, it has been shown that elici-
tation of sera with broad neutralization is dependent on early
Env characteristics such as a shorter V1 domain and decreased
glycosylation (124). Thus, it has been proposed that vaccine
design should focus on generating immunogens with T/F virus-
like properties to expose conserved epitopes in order to elicit
broad neutralization (124-127). However, this approach is
largely unexplored, in part due to the difficulty in generating
glycan-deficient envelopes. A number of immunogens de-
scribed here lack V1/V2 and V3 loops and/or are glycan-defi-
cient and show high affinity for CD4bs ligands. As a result, they
are close mimics of the T/F virus envelope. Pseudoviruses gen-
erated in this study show greatly increased neutralization sen-
sitivity for germline VRCO1 with progressive loss of glycans.
Our results, coupled with the studies listed above, support the
idea that limited glycosylation might play an important role in
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HIV-1 infection establishment as well as in the evolution of the
immune response against the virus.

In summary, using a large number of OD fragments, core
gp120, full-length gp120, and gp160 Env mutants in a variety of
expression systems such as E. coli, yeast, and mammalian cells,
we were able to show that gp120 folding can be largely made
independent of glycosylation and such glycan-deficient virions
retain infectivity and replication fitness. We employed a com-
bination of frequency-based rational and random mutagenesis
methods to achieve this goal. N-Linked glycosylation has been
shown to accelerate protein folding and improve stability by
native state stabilization and decreasing the activation barrier
for folding (104, 128). Glycosylation is also known to prevent
protein aggregation by reducing the interaction between sur-
face-exposed hydrophobic patches (129, 130). A large number
of mutations identified by us were charged mutations, possibly
preventing aggregation in a manner similar to that of glycosyl-
ation. The ability to engineer glycan-free protein derivatives
allows for protein expression in inexpensive, prokaryotic, or
yeast systems where glycosylation is absent or different from
mammalian cells, but it has been difficult to achieve previously
(131). The methodology outlined in this work can in principle
be used to probe the role of glycans in the stability and folding of
any glycosylated protein and to construct glycan-free protein
variants.

Experimental procedures
Construct descriptions

OD-based constructs from HXBc2 strain—The OD sequences
used in this study were derived from the previously described
OD¢ molecule (66), which was based on the subtype B
CXCR4-tropic HXBc2 strain. Various glycosylation site mu-
tants of ODg were designed (Table 1). Descriptions of these
OD constructs are provided in Fig. 3 and Table 1.

Core gp120-based constructs from JRFL isolate—The gp120
sequences used in this work were all derived from the subtype
B, CCR5-tropic JREL isolate. Gene sequences were codon-op-
timized for expression in S. cerevisiae. All gp120 glycosylation
site mutants were made in the core gp120 background except
one (Table 4). Core gp120 lacks V1/V2 (residues 128 —194) and
V3 (residues 298 —329) loops, which are replaced by three resi-
due amino acid (GAG) linkers. The core gpl20 sequence
contains the following residues 31-127-GAG-195-297-GAG-
330-507, unless stated otherwise. The WT core gp120 con-
struct retains all 15 PNGS of the core region of the JRFL isolate.
A description of the various core gp120-based mutants is pro-
vided in Table 4.

gp160-based trimeric Env constructs from JRFL isolate—Con-
struct WT gpl60 consists of the gp160 nucleotide sequence
from the JRFL isolate, harboring the E168K mutation. Descrip-
tions of the various gp160 mutant constructs are provided in
Fig. 5 and Table 6. The glycosylation mutations introduced in
the JRFL gp160 variants were identical to the mutations intro-
duced in the core gp120 glycosylation site mutants described
above and are listed in supplemental Table S3.

To understand the importance of rational mutations at gly-
cosylation sites, we designed a JRFL gp160 derivative, wherein
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11 Asn residues in the outer domain glycosylation sites were
mutated to structurally similar Gln residues. This construct was
named AGQ11 gpl60 (Table 6, no. 8). A cleavage-defective
JREL gp160 construct (SEKS gp160) was also made, where the
gp120-gp41 cleavage site region REKR was mutated to SEKS
using site-directed mutagenesis (Table 6, no. 9, and Fig. 5) (83).
All JRFL gpl60 constructs have a cytoplasmic tail deletion
(ACT), which is known to improve expression on the mamma-
lian surface (132-134). JRFL gp160 constructs were cloned into
the pSVIII vector (83) for mammalian cell-surface expression
studies.

Cloning of OD and gp 120 glycosylation site mutants into yeast
surface display vector

Yeast codon-optimized genes for ODyco, AG14-ODycq,
AG4-ODy o, AG14-ODyo-D368R, WT core gpl20, AG15
core gp120, AG4 core gp120, E168K AG4 full-length gp120, and
AG11 core gp120 having ~50-bp homology at each end with
Sfil-digested pPNLS vector were synthesized by GenScript
(135). These gene products were PCR-amplified with pPNLS-
specific primers and individually recombined into Sfil-digested
linear pPNLS vector by yeast homologous recombination in the
EBY100 strain of S. cerevisiae (73, 75, 135). All other gp120
mutants described in Table 4 were also cloned in a similar
manner.

Yeast-surface display of glycosylation variants

pPNLS vector contains an AGA2p fusion at the N terminus
of the surface-displayed protein along with two epitope tags,
HA (YPYDVPDYA) and c-Myc (EQKLISEEDL) for detection
(135). All constructs were displayed on the cell surface of S.
cerevisiae strain EBY100 using a standard protocol (75).
Briefly, EBY100 cells were transformed with plasmids, and col-
onies were grown in glucose-containing liquid SDCAA media
(pH 4.0) until mid-log phase at 30 °C, followed by induction in
galactose-containing SGCAA (pH 4.0) media at 20°C for
16-36 h.

Strains, antibodies, and reagents

Monoclonal antibodies IgG-b12, IgG-b6, IgG-C11, IgG-D49,
IgG-17b, IgG-PGT151, IgG-PGT145, IgG-PGT128, gp120, and
sCD4 were obtained from the Neutralizing Antibody Consor-
tium of the International AIDS Vaccine Initiative (IAVI), New
York. IgG-447-52D was obtained from AIDS Reagent Program,
National Institutes of Health. VRC01 and germline VRCO1
antibody plasmids were transfected into HEK-293T mamma-
lian cells, and antibodies were purified using protein G affinity
chromatography. Antibodies PG9 and PG16 were kindly pro-
vided by Dr. S. Phogat. The HUT-R5 T-cell line was a kind gift
from Dr. Ritu Gaur (South Asian University, New Delhi, India).
Two-domain CD4 protein with a C-terminal FLAG tag for
detection (CD4D12-FLAG) was purified from E. coli as
described previously (136).

Flow cytometry analysis for proteins displayed on yeast
surface

Surface expression of yeast-displayed proteins was moni-
tored using chicken anti-c-Myc antibody (1:300 dilution) (Life
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Technologies, Inc.) as the primary antibody and anti-chicken
Alexa Fluor 488 (1:300 dilution) as the secondary antibody.
Binding to various ligands was determined using an anti-gp120
antibody (b12/b6/VRC01/PG9) as a primary antibody and goat
anti-human PE (1:100 dilution) (Sigma) as the secondary anti-
body. All labeling was done for 30 min at 4 °C. After each step,
cells were washed with labeling buffer (0.5% BSA in PBS (pH
7.4)). Cells were analyzed using Accuri C6 cytometer (BD
Accuri Cytometers, Ann Arbor, MI), Canto II cytometer (BD
Biosciences), or an ARIA III instrument (BD Biosciences). Sort-
ing was performed on an ARIA III instrument (BD Biosciences).
For monitoring the interaction with CD4D12-FLAG, yeast cells
were first labeled with CD4D12-FLAG protein followed by
incubation with mouse anti-FLAG antibody (1:300 dilution)
(Sigma). Secondary labeling was performed with rabbit anti-
mouse Alexa Fluor 633 (Life Technologies, Inc.) (1:1200 dilu-
tion). Binding affinities of yeast surface-displayed proteins with
various anti-HIV-1 antibodies were determined as described
previously (75).

Protein purification

An E. coli, codon-optimized version of the AG14-OD¢ gene
was synthesized and cloned into the pET28a(+) vector (Nova-
gen) between the Ndel and BamHI sites and contained an
N-terminal His tag. E. coli BL21(DE3) cells transformed with
the plasmid were grown in 1 liter of Luria-Broth (LB) at 37 °C
until an A, of 0.6. Cells were then induced with 1 mm isopro-
pyl B-p-1-thiogalactopyranoside and grown for another 6—-8 h
at 37 °C. Cells were harvested at 3500 X gand resuspended in 35
ml of PBS (pH 7.4) containing 100 um PMSF and 0.2% Triton
X-100. The cell suspension was lysed by sonication on ice and
centrifuged at 15,000 X g. The supernatant was discarded, and
the pellet was washed with 35 ml of 0.2% Triton X-100, PBS (pH
7.4), and subjected to centrifugation at 15,000 X g. The pellet
was solubilized in 40 ml of 8 M guanidine hydrochloride (Gdn-
HCI) in PBS (pH 7.4) overnight at room temperature. The solu-
tion was centrifuged at 15,000 X g for 30 min. The supernatant
was bound to 3 ml of Ni-NTA beads (GE Healthcare) and
washed twice with 25 ml of 50 mMm imidazole containing 8 M
GdnHCl in PBS (pH 7.4), and finally, the denatured protein was
eluted with 8 M GdnHCI in PBS (pH 7.4) containing 500 mm
imidazole at room temperature.

The first two elution fractions (each 5 ml) were pooled
together and then rapidly diluted 10-fold with 0.5 M arginine
hydrochloride in PBS containing 1 mm EDTA at 4 °C to reduce
the denaturant concentration from 8 to 0.8 M. The resulting
solution was again concentrated back to the original volume
using an Amicon concentration cell. The concentrated solution
from the first two elution fractions was combined (total 10 ml)
and dialyzed once against 1 liter of 0.5 m arginine hydrochloride
in PBS containing 1 mm EDTA at 4 °C to remove the denaturant
(GdnHCI) and then dialyzed extensively (three times) against
PBS, 1 mMm EDTA (using 2 liters of buffer each time) at 4 °C to
remove arginine hydrochloride. The dialyzed protein was con-
centrated to a final concentration of 0.2 mg/ml, flash-frozen in
liquid nitrogen, and stored in aliquots at —80 °C. The yield was
determined by densitometry analysis from SDS-PAGE using
standard proteins of known concentrations.
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Far-UV CD and fluorescence spectroscopy

Circular dichroism (CD) spectra were recorded on a Jasco
J-715C spectropolarimeter flushed with nitrogen gas. The con-
centration of protein sample was 5 M, and the buffer used was
PBS (pH 7.4). Measurements were recorded in a 1-mm path
length quartz cuvette with a scan rate of 50 nm/min, a response
time of 4 s, and a bandwidth of 2 nm. Each spectrum was an
average of three scans. Mean residue ellipticities were calcu-
lated as described previously (137). Buffer spectra were also
acquired under similar conditions and subtracted from protein
spectra before analysis. All fluorescence spectra were recorded
at 25 °C on a Jasco FP-6300 spectrofluorimeter. The concentra-
tion of protein used was 1 uM either in PBS (pH 7.4) or in the
presence of 4 M GdnHCl in PBS (pH 7.4). The excitation was at
280 nm, and emission was recorded from 300 to 400 nm. The
excitation and emission slit widths were 3 and 5 nm, respec-
tively. Each spectrum was an average of three consecutive
scans. Buffer spectra were also acquired under similar condi-
tions and subtracted.

Gel filtration analysis

Approximately 50 ug of protein was analyzed under non-
denaturing conditions by gel filtration chromatography in PBS
(pH 7.4) at room temperature on a Superdex-75 analytical gel
filtration column. As a control, OD.. having almost the same
mass as AG14-ODg. (~23 kDa) (66) was used to determine the
expected position of the monomeric peak.

HPLC

20 ug of native protein in PBS (pH 7.4) was injected into a
Discovery C5 analytical column (150 X 4.6 mm, 5-um particle
size) (Supelco), and for reduced samples, 20 ug of protein was
incubated with 4 M GdnHCl in PBS (pH 7.4) and 5 mm DTT at
37 °C, prior to injection. Proteins were eluted with a gradient of
5-95% acetonitrile containing 0.1% formic acid at a flow rate of
2%/min.

Mass spectrometric analysis to determine disulfide
connectivity

In solution, digestion of AG14-OD was performed under
non-reducing conditions using proteomics grade trypsin
(Sigma) as per the manufacturer’s protocol. The peptides were
separated on an Agilent Zorbax C18 RP-HPLC column and
fragmented by collision-induced dissociation on Bruker maXis
Impact™ mass spectrometer. lon masses were analyzed both
manually and by using the MS2DB+ software (138) to deter-
mine the disulfide connectivities. The molecular mass of the
uncleaved protein was also determined to ensure that all cys-
teines were oxidized.

SPR experiments

All SPR experiments were performed with a Biacore 2000
or Biacore 3000 (Biacore, Uppsala, Sweden) optical biosen-
sor at 25 °C. 700-1300 resonance units of either 4-domain
soluble CD4 (sCD4), mAb b12, VRCO01, or GL-VRCO01 were
attached by standard amine coupling to the surface of a
research-grade CM5 chip. A sensor surface (without CD4 or
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any antibody) that had been activated and deactivated served
as a negative control for each binding interaction. Different
concentrations of full-length WT gp120 from the YU2 strain
of HIV-1, AG14-OD¢, or OD; were run across each sensor
surface in a running buffer of PBS (pH 7.4) containing
0.005% P20 surfactant. Protein concentrations ranged from
1 um to 25 nM. For competition experiments, 250 nm AG14-
ODy was pre-incubated with 125 or 500 nm VRCO1 before
passing over the chip surface. Both association and dissoci-
ation were measured at a flow rate of 30 wl/min. In all cases,
the sensor surface was regenerated between binding reac-
tions by one to two washes with 4 M MgCl, for 10-30 s at 30
pl/min. Each binding curve was corrected for nonspecific
binding by subtraction of the signal obtained from the neg-
ative control flow cell. The kinetic parameters were obtained
by fitting the data to a simple 1:1 Langmuir interaction
model by using BIA EVALUATION 3.1 software as
described previously (117).

Generation of saturation mutagenesis library at positions Asn-
88 and Asn-241

The glycosylation sites at amino acid positions 88 and 241 in
core gpl20 sequence were individually randomized using a
combination of random primers containing NNR and BNT
codons to avoid asparagine at these positions (N = A/T/G/C,
R = A/G, and B = C/G/T). The Asn-88 position was random-
ized in AG12a core gp120 background, and the Asn-241 posi-
tion was randomized in AG12b core gp120 background (Table
4). The mutated gp120 genes for both the libraries were gener-
ated using overlap PCR. These mutant genes were then intro-
duced into the yeast display vector pPNLS using homologous
recombination in the EBY100 strain of S. cerevisiae to generate
mutant libraries for positions 88 and 241. Both these libraries
were screened and sorted to isolate core gp120 mutants with
improved surface expression and b6 mAb binding. First, sec-
ond, and third rounds of sorting were done with 100 and 10 nm
and 500 pm b6, respectively. Those clones that showed
improved binding with 500 pm b6 as compared with the corre-
sponding N88Q or N241K starting mutants were sequenced to
identify more suitable substitutions at Asn-88 and Asn-241
positions.

Mammalian cell surface display of WT and variants of AG11
gp160 from the JRFL isolate

One day prior to transfection, 2.5 X 10° HEK-293T cells were
seeded in a T75 culture flask. On the following day, cells were
transfected with pSVIII expression plasmids encoding wild-
type and mutant Envs and pSVIIItat using either PolyFect (Qia-
gen) or PEI (Sigma) according to the manufacturer’s instruc-
tions. For mammalian cell display analysis of JRFL strain-based
constructs, the cytoplasmic tail of gp160 was deleted. This has
been shown previously to enhance cell-surface expression of
Env oligomers (132-134). FACS staining was performed as
described previously (32). 48 h post-transfection, the cells were
harvested with PBS containing 5 mm EDTA and washed with
FACS buffer (PBS, 5% FBS and 0.02% sodium azide). The har-
vested cells (4 X 10°) were stained with the desired antibody
for 1 h at 4 °C. The antibody/cell mixture was washed with
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FACS buffer followed by incubation with anti-human PE
(Sigma) (1:100 dilution) for 1 h at 4 °C. The cells were again
washed with the FACS buffer and analyzed on a FACS ana-
lyzer (BD Accuri).

Pseudovirus generation and single-round infectivity assay

HIV-1 Env pseudoviruses were generated as described previ-
ously (139, 140). Briefly, HEK-293T cells were co-transfected
with a plasmid containing the virus backbone (pSG3Aenv) and
a plasmid (pSVIII) for different envelope derivatives in 1:3
molar ratio using PolyFect transfection reagent (Qiagen) or PEI
reagent (Sigma). The relative amounts of p24 protein in pseu-
doviral stocks were estimated using HIV-1 p24 fourth genera-
tion Microlisa kit (J. Mitra & Co. Pvt. Ltd.) according to the
manufacturer’s protocol, and this was used to normalize pseu-
doviral stock concentrations used for the infectivity assay.
Supernatants containing pseudoviruses were harvested 48 h
post-transfection and tested for infectivity, using a luciferase-
based assay in TZM-bl cells as described previously (139, 140).
Briefly, dilutions of pseudoviruses were mixed with TZM-bl
cells, plated in 96-well flat bottom plates, and incubated at 37 °C
in a CO, incubator. 48 h post-transfection, 100 ul of media was
removed from each well, and 80 ul of Britelite plus reagent
(PerkinElmer Life Sciences) was added. Plates were left at room
temperature for 2 min for complete lysis of cells. Lumines-
cence was measured in a Victor X2 luminometer (Perkin-
Elmer Life Sciences). The infectivity was reported on the
basis of relative luminescence units (RLUs) at various dilu-
tions of pseudoviruses.

Neutralization assay

Pseudoviruses having glycan-deficient Env were tested for
neutralization with mature bNAb VRCO01, germline VRCO1
(GL-VRCO1), mature bNAb PGY, and the non-neutralizing
CD4bs mAD b6 as described previously (139, 140). Pseudovi-
ruses were incubated with various dilutions of antibody at 37 °C
for 1 h. After incubation, TZM-bl cells were added to pseudo-
viruses in 96-well plates and further incubated for 48 h at 37 °C
ina CO, incubator. The reduction in infectivity in the presence
and absence of an antibody was quantitated by the luciferase
assay using Britelite plus reagent as mentioned and described
previously (139, 140).

Generation of full-length HIV-1 molecular clones and multiple-
round infectivity assay

MCs pLAI-AG13 gp160 and pLAI-AG15F gp160 were gen-
erated by replacement of the Env region of the pLAI-JRFL plas-
mids (91, 92) with the corresponding glycan-deficient Env (see
Table 6 for AG13 and AG15F gp160 description). MCs were
produced in HEK-293T cells as described above for pseudoviral
production, by transfection of pLAI-JRFL, pLAI-AG13 gp160,
or pLAI-AGI15F gp160 plasmid using PEI. HUT-R5 cells were
infected with these MCs to analyze spreading multiple-cycle
HIV-1 infection as described previously (93-95). HUT-R5 cells
refer to the human T-cell line HUT-78, which is stably trans-
duced with CCR5 co-receptor. These cells were propagated in
RPMI 1640 medium supplemented with 10% FBS. For multiple-
cycle viral replication assays, 5 X 10° HUT-R5 cells were
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infected with 5 ng of HIV-1 p24 equivalent stocks of MCs using
DEAE-dextran. Following infection, cells were split in a 1:2
ratio every 3rd day, and virus replication was quantitated by
measuring the HIV-1 p24 antigen released in the culture
supernatants at different time points post-infection. The rel-
ative amounts of p24 protein were estimated using HIV-1
p24 fourth generation Microlisa kit (J. Mitra & Co. Pvt. Ltd.)
using the manufacturer’s protocol in combination with
absolute viral copy number estimation by RT-PCR. Virus-
containing supernatants were also tested for infectivity,
using a luciferase-based assay in TZM-bl cells as described
previously (139, 140).

Outer domain glycan-deficient gp160 constructs from HIV-1
subtypes Aand C

To understand the effect of glycan removal on non-subtype B
HIV-1 Env, two sequences each from subtype A (Q842env.d16
and QH343.21M.ENV.B5) and subtype C (DU422.1 and
CAP45.2) virus reference panels of Env molecular clones were
selected (Table 6, nos. 10-17). WT subtype A genes were avail-
able in the pCI-neo vector cloned between Mlul and Notl
sites, and WT subtype C genes were available in the
pcDNA3.1D/V5-His TOPO® vector (AIDS Reagent Program,
National Institutes of Health). Glycosylation sites in these
strains were identified, and Asn residues at all outer domain
glycosylation sites, except 262 and 276, which interact with the
inner domain, were mutated to the second most frequent
amino acid at that site in the HIV-1 multiple sequence align-
ment using the approach described above for the subtype
B-based constructs (Fig. 2). These constructs are described in
Table 6, and a list of glycosylation site mutations for each strain
is given in supplemental Table S4. Genes for the glycan-defi-
cient outer domain for each strain having a 33-bp homology at
each end with the adjoining gp160 sequence were synthesized
by GenScript and supplied in pUC vectors. Glycan-deficient
OD regions were PCR-amplified from the corresponding pUC
vectors. Vectors containing gpl60 sequences were amplified
using inverse PCR. Primers were designed to amplify the gp160
region, excluding the OD region along with the vector back-
bone. This generated a gapped vector containing a gpl60
sequence except the OD region. In vitro Gibson assembly reac-
tion was performed to recombine the gapped vectors and cor-
responding glycan-deficient ODs (141). Recombined products
were transformed into E. coli and plasmids were purified. All
glycan-deficient gp160 constructs were further confirmed by
sequencing.

Mammalian cell surface display of WT and corresponding
glycan-deficient gp 160 mutants from subtype A and subtype C
strains

WT gpl60s and OD glycan-deficient gp160s from Gln-
842, QH343, DU422, and CAP45.2 strains were displayed on
the surface of HEK-293T cells, and their binding with vari-
ous bNAbs targeting trimeric and monomeric epitopes was
monitored using FACS as described above for the JRFL-
based gpl60 derivatives. Unlike JRFL-based constructs,
these subtype A and C gp160s do not have the cytoplasmic
tail deletion.
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