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The envelope glycoproteins (Env) are the focus of HIV-1 vac-
cine development strategies based on the induction of humoral
immunity, but the mechanisms the virus has evolved to limit the
induction and binding of neutralizing antibodies (NAbs) consti-
tute substantial obstacles. Conserved neutralization epitopes
are shielded by variable regions and carbohydrates, so one strat-
egy to increase their exposure and, it is hoped, their immunoge-
nicity is to delete the overlying variable loops. However, deleting
the variable regions from Env trimers can be problematic,
because hydrophobic patches that are normally solvent-inacces-
sible now become exposed, causing protein misfolding or aggre-
gation, for example. Here, we describe the construction and
characterization of recombinant gp140 trimers lacking variable
domains 1 and 2 (AV1V2). The design of the trimers was guided
by HIV-1 evolution studies that identified compensatory
changes in V1V2-deleted but functional Env proteins (Bontjer,
I, Land, A., Eggink, D., Verkade, E., Tuin, K., Baldwin, C., Pol-
lakis, G., Paxton, W. A., Braakman, 1., Berkhout, B., and Sanders,
R. W. (2009) J. Virol. 83, 368 —383). We now show that specific
compensatory changes improved the function of AV1V2 Env
proteins and hence HIV-1 replication. The changes acted by
reducing the exposure of a hydrophobic surface either by replac-
ing a hydrophobic residue with a hydrophilic one or by covering
the surface with a glycan. The compensatory changes allowed
the efficient expression of well folded, soluble gp140 trimers
derived from various HIV-1 isolates. The evolved AV1V2 Env
viruses were extremely sensitive to NAbs, indicating that neu-
tralization epitopes are well exposed, which was confirmed by
studies of NAb binding to the soluble AV1V2 gp140 trimers.
These evolved AV1V2 trimers could be useful reagents for
immunogenicity and structural studies.
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HIV-1 entry into target cells is mediated by the envelope
glycoprotein complex (Env).> Env is the only external viral pro-
tein component and hence the only protein relevant for the
induction of neutralizing antibodies (NAbs). Strategies to elicit
an antiviral Env-specific humoral response are a central ele-
ment of HIV-1 vaccine research. The identification of an
increasing number of broadly reactive NAbs from HIV-infected
individuals proves that Env can elicit such antibodies in
humans (2-7). Unfortunately, raising NAbs of comparable
specificity and potency with Env vaccination of animals or
humans has proven challenging (reviewed in Ref. 8). Thus the
design of Env-based vaccines requires improvement.

The functional HIV-1 Env complex consists of three gp120/
gp41 heterodimers. The first stage of viral entry into target cells
involves the binding of gp120 subunits to the CD4 receptor.
Conformational changes that involve the rearrangement of the
first, second, and third variable loops (V1, V2, and V3) then
create and expose an additional binding site, one that interacts
with the CCR5 or CXCR4 coreceptor (9-14). Further confor-
mational changes in the trimeric complex lead to exposure of
the hydrophobic fusion peptides of the gp41 subunits, which
are inserted into the target membrane to link the cellular mem-
branes prior to their fusion (15, 16).

The individual Env subunits, gp120 and gp41, have not been
successful as vaccine antigens, probably because they mimic
inadequately the native Env spike. Hence, gp120 and gp41
immunogens tend to induce antibodies that are nonreactive
with the functional Env complex and hence devoid of neutral-
izing activity against relevant HIV-1 strains. The current gen-
eration of soluble Env trimers offer modest improvements over
monomeric gp120 in respect to NAb induction but not to an
extent that solves the problem (17-20). Considerable effort is
therefore being applied to improve the design of such proteins.
However, progress in this area has been hampered by the lack of
atomic level structural data on the Env trimer.

We have previously developed a prototype recombinant tri-
mer construct, SOSIP gp140, that is stabilized by an intermo-
lecular disulfide bond between gp120 and gp41 and a substitu-
tion, I559P, in gp41 (21, 22). A unique feature of SOSIP gp140
trimers is that they are cleaved, which may make them better

2The abbreviations used are: Env, envelope glycoproteins complex; NAb,
neutralizing antibody; BisTris, 2-[bis(2-hydroxyethyl)aminol-2-(hy-
droxymethyl)propane-1,3-diol; Ni-NTA, nickel-nitrilotriacetic acid; GnTI,
N-acetylglucosaminyltransferase I.
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antigenic mimics of the native, cleaved spike than uncleaved
trimers (21, 23-26). Single particle cryo-electron microscopy
tomography studies show that SOSIP gp140 is indeed a reason-
able mimic of the virion-associated Env spike, and it undergoes
similar conformational changes upon CD4 and antibody bind-
ing to those occurring within the native spike under the same
conditions (27). Hence, SOSIP gp140 is a useful lead molecule
for vaccine development and structural studies.

HIV-1 has evolved many strategies to limit the induction and
binding of NAbs, including the shielding of conserved and
potentially vulnerable Env domains by both carbohydrates
and flexible and sequence-variable loops (8, 28, 29). Thus, the
sequences of variable domains can alter under Nab selection
pressure without compromising Env function, whereas glycan
residues are generally seen as self by the immune system and so
only very rarely elicit NAbs (3, 6, 29 —31). The variable domains
are particularly heavily glycosylated, so these two defense
mechanisms are interlinked. Deletion of the V1V2 domain
from monomeric gp120 generally improves the exposure of
underlying neutralization epitopes, particularly those around
the CD4-binding site (CD4bs), and can increase immunogenic-
ity to some extent (32—37). V1V2 deletion also facilitated the
crystallization of gp120 monomers for atomic structure deter-
mination (14, 38). Indeed, there is still no gp120 structure that
contains the V1V2 regions. However, deleting V1V2 from sol-
uble trimers, with the same goals, has proven less straightfor-
ward. One particular problem with the loop-deleted trimers is
that they can become misfolded and/or aggregated (1,39 —41).
A possible explanation is that hydrophobic regions of Env that
are normally occluded become solvent-accessible once the
V1V2 loops are no longer present (1).

To address the adverse effects of V1V2 deletion, we con-
ducted evolution experiments with AV1V2 mutants of the
HIV-1 strain LAL Similar gain-of-function studies using evolu-
tion have previously been performed with V3-deleted Env (42).
The goal was to allow the virus to find a way to accommo-
date the loss of its V1V2 loops by evolving compensatory
changes that increase trimer function and hence virus replica-
tion (1). We identified several such compensatory changes and
proposed that they could be useful for designing improved Env
trimer variants for immunogenicity and structural studies.
However, the evolution experiments were, of necessity, con-
ducted using an Env that lacked the SOS disulfide bond and the
I559P substitutions we use to make stable, cleaved gp140 tri-
mers, because these modifications are incompatible with virus
replication (43, 44). Here, we address whether we can use the
evolutionary changes that arose in AV1V2 HIV-1 LAI to
improve the design of soluble Env trimers of heterologous
sequences. We found that the forced evolution of AV1V2 LAI
reduces the exposure of a hydrophobic protein surface, either
via substitution of nonpolar amino acids by polar ones or by
masking it with an added glycan. Moreover, these strategies can
be used for expressing well folded, recombinant soluble AV1V2
Env trimers.

3. Bontjer, M. Melchers, D. Eggink, K. David, J. P. Moore, B. Berkhout, and R. W.
Sanders, unpublished results.
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EXPERIMENTAL PROCEDURES

Plasmids—The full-length molecular clone of HIV-1 LAI
(pLAI) was the source of WT and mutant viruses (45). The
pRS1 plasmid was used to introduce mutations into env, as
described previously (43). Mutant env genes were generated in
pRS1 and cloned into pLAI as Sall-BamHI fragments. To facil-
itate subcloning of V1V2 deletion variants, we introduced two
unique restriction sites into pRS1 that had silent mutations,
HindIII and BmgBI, at the N- and C-terminal ends of V1V2,
respectively. Mutations, deletions, and insertions were gener-
ated using the QuikChange mutagenesis kit (Stratagene, La
Jolla, CA), and the integrity of all plasmids was verified by
sequencing. The pPPI4 vector for expressing gp140 proteins
has been described elsewhere (21), as has the KNH1144
SOSIP.R6 construct (46). We have also previously described
modifications to JR-FL SOSIP.R6 gp140 that include the addi-
tion of a GCN4-based trimerization domain (isoleucine zipper)
and a C-terminal Hisg tag (21, 22, 47, 48). The HindIII and
BmgBI sites were also introduced into the pPPI4 plasmids
used for expressing KNH1144 SOSIP.R6 gpl40 and JR-FL
SOSIP.R6-1Z-His gpl140. The V1V2 deletion variants were
cloned into pPPI4 from pRS1 using HindIII and BmgBI. Amino
acid numbering is based on the HXB2 isolate.

Reagents—Monoclonal antibodies (mAbs) were obtained as
follows: 2G12 (3), 4E10 (5), and 2F5 (7) were from Hermann
Katinger through the National Institutes of Health AIDS
Research and Reference Reagent Program; Z13el (49), b6, and
b12 (50) were from Dennis Burton (The Scripps Research Insti-
tute, La Jolla, CA); 15e, 17b, 48d, 39F, and 19b (51) were from
James Robinson (Tulane University, New Orleans, LA); 447-
52D (52) was from Susan Zolla-Pazner through the National
Institutes of Health AIDS Research and Reference Reagent Pro-
gram; D50 (53) was from Patricia Earl through the National
Institutes of Health AIDS Research and Reference Reagent Pro-
gram; 412d (54), X5 (55), F105 (56), and F91 (51) were from
Peter Kwong (Vaccine Research Center, Washington, D. C.).
mAb PA-1 (12), recombinant gp120, soluble CD4 (sCD4), and
CD4-1gG2 (57) were all gifts from William Olson (Progenics
Pharmaceuticals Inc., Tarrytown, NY). HIVIg was acquired
from Luis Barbosa through the National Institutes of Health
AIDS Research and Reference Reagent Program. DC-SIGN-Fc
was purchased from R & D Systems (Minneapolis, MN).

Cells and Transfections—SupT1 T cells, 293T cells, and 2935
GnTI™/~ were maintained in RPMI 1640 medium and Dulbec-
co’s modified Eagle’s medium (DMEM; Invitrogen), respec-
tively, each supplemented with 10% fetal calf serum (FCS), pen-
icillin (100 units/ml), and streptomycin (100 pg/ml) as
described previously (58). TZM-bl cells were maintained in
DMEM containing 10% FCS, minimal essential medium non-
essential amino acids, and penicillin/streptomycin. SupT1 cells
were transfected by electroporation as described elsewhere
(59). 293T cells were transiently transfected with env genes
using linear polyethyleneimine (PEI) (M, 25,000), as described
previously (48, 60). Briefly, Env-encoding DNA was diluted in
DMEM to 0.1 of the final culture volume and mixed with PEI
(0.15 mg/ml final concentration). After incubation for 20 min,
the DNA/PEI mixture was added to the cells for 4 h before
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replacement with normal culture medium containing 0.01%
BSA (Sigma) and minimal essential medium nonessential
amino acids (0.1 mm, Invitrogen). Supernatants were harvested
48 h after transfection.

Viruses and Infections—Virus produced in SupT1 cells and
virus from SupT1 evolution cultures were stored at —80 °C.
The virus concentration was quantified by measuring its CA-
p24 antigen content by ELISA, essentially as described previ-
ously (61). These values were used to normalize the amount of
virus used in subsequent infection experiments, which were
performed by adding 500 pg of CA-p24 to 4 X 10° SupT1 cells
in each well of a 96-well plate. Virus production after 21 days
was measured using the CA-p24 ELISA.

Single Cycle Infection and Neutralization—The TZM-bl
reporter cell line stably expresses high levels of CD4 and HIV-1
coreceptors CCR5 and CXCR4 and contains the luciferase and
B-galactosidase genes under control of the HIV-1 LTR pro-
moter (62). The line was obtained through the National Insti-
tutes of Health AIDS Research and Reference Reagent Program
from Dr. John C. Kappes, Dr. Xiaoyun Wu, and Tranzyme Inc.,
Durham, NC. One day prior to infection, TZM-bl cells (17 X
10° cells) were added to a 96-well plate in DMEM containing
10% FCS, MEM nonessential amino acids, and penicillin/strep-
tomycin (both at 100 units/ml) and incubated at 37 °C in an
atmosphere containing 5% CO.,. A fixed amount of virus (1.0 ng
of CA-p24) was incubated for 30 min at room temperature with
various concentrations of mAbs. The mAb/virus mixture was
then added to the TZM-bl cells (70—80% confluency) in the
presence of 400 nm saquinavir (Roche Applied Science) and 40
pg/ml DEAE, in a total volume of 200 ul. Two days post-infec-
tion, the medium was removed, then the cells were washed once
with PBS and lysed in Reporter Lysis buffer (Promega, Madison,
WI). Luciferase activity was measured using the luciferase assay
kit (Promega) and a Glomax luminometer according to the
manufacturer’s instructions (Turner BioSystems, Sunnyvale,
CA). All infections were performed in duplicate, and luciferase
measurements were also made in duplicate. Uninfected cells
were used to correct for background luciferase activity. The
infectivity of each mutant without inhibitor was defined as
100%. Nonlinear regression curves were determined, and IC,
values were calculated using Prism software version 5.0c.

SDS-PAGE, Blue Native PAGE, and Western Blotting—SDS-
PAGE and Western blotting with the anti-gp120 V3 loop mAb
PA-1 (1:20,000 dilution to a final concentration of 0.2 pg/ml)
and HRP-labeled goat anti-mouse IgG (1:5,000 dilution) were
performed by following established protocols. Luminometric
detection of envelope glycoproteins was performed using the
Western Lightning ECL system (PerkinElmer Life Sciences).
Blue native-PAGE was carried out as described previously (22,
40). In short, purified protein samples or cell culture superna-
tants were diluted with an equal volume of a buffer containing
100 mm MOPS, 100 mm Tris-HCI, pH 7.7, 40% glycerol, 0.1%
Coomassie Blue, immediately prior to loading onto a 4-12%
BisTris NuPAGE gel (Invitrogen). Typically, gel electrophoresis
was performed for 2 h at 125 V (~0.07 A) using 50 mm MOPS,
50 mMm Tris, pH 7.7, as running buffer.

Immunoprecipitation Assays—Twenty-fold concentrated
supernatants from transiently Env-transfected 293T cells were
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incubated overnight at 4 °C with mAbs or CD4-1gG2 (each at
150 ng/ml) in a 500-ul volume that included 100 ul of 5-fold
concentrated RIPA buffer (250 mm Tris-HCI, pH 7.0, contain-
ing 750 mMm NaCl and 5 mm EDTA). When appropriate, sCD4
(10 pg/ml) was also included to induce the exposure of CD4i
epitopes. Next, 50 ul of protein G-coated agarose beads (Pierce)
were added, with rotation mixing, for 2 h at 4 °C. The beads
were then washed extensively with ice-cold RIPA buffer con-
taining 0.01% Tween 20. Proteins were eluted by heating the
beads at 100 °C for 5 min in 50 ul of SDS-PAGE loading buffer
supplemented with 100 mm dithiothreitol (DTT). The immu-
noprecipitated proteins were analyzed on 8% SDS-polyacryl-
amide gels (125 V for 2 h).

Analytical Size Exclusion Chromatography—Twenty-fold
concentrated, Env-containing supernatants (200 ul) from 293T
cell cultures were fractionated using a Superose-6 10/300 GL
column (GE Healthcare), equilibrated with phosphate-buffered
saline, using an Akta FPLC system (GE Healthcare). Fractions
were analyzed by SDS-PAGE and Western blot.

Ni-NTA Trimer ELISA—Supernatants from HEK 293T cells
transiently transfected with His-tagged Env proteins were
diluted 1:3 in TBS, 10% FCS and added for 2 h to pre-blocked
Ni-NTA His Sorb 96-well plates (Qiagen). After three washes
using TSM (20 mm Tris, 150 mm NaCl, 1 mm CaCl,, 2 mm
MgCl,), HIVIg, a mAb, or CD4-IgG2 in TSM, 5% BSA was then
added at a defined concentration for 2 h, followed by three
washes with TSM, 0.05% Tween 20. When appropriate, Env
proteins were incubated with sCD4 for 30 min prior to addition
of a mAb. HRP-labeled goat anti-human IgG (Jackson Immu-
noResearch) was then added for 30 min at a 1:5000 dilution
(final concentration 0.2 ug/ml) in TSM, 5% BSA, followed by
five washes with TSM, 0.05% Tween 20. Colorimetric detection
was performed using a solution containing 1% 3,3',5,5'-tetra-
methylbenzidine (Sigma) and 0.01% H,O, in a 100 mM sodium
acetate, 100 mm citric acid buffer. The colorimetric reaction
was stopped using 0.8 M H,SO, when appropriate, and absorp-
tion was measured at 450 nm.

Molecular Models—The various mutant and evolved AV1V2
gp120 core variants were modeled using SWISS-MODEL (63)
based on the coordinates of the gp120 core in complex with
CD4 and 17b (Protein Data Bank code 1G9M) (64). Three
gp120 molecules were aligned using a trimer model that was
previously generated based on quantifiable parameters (65, 66).
Glycans were modeled using GlyProt (67). Based on site-spe-
cific glycan profiling of gp120 (68-70), the most commonly
found glycans were built onto gp120 as follows: Man,GlcNAc,
at position 241; Man,GIlcNAc, at positions 234, 262, 289, 356,
and 448; MangGlcNAc, at position 230; ManyGlcNAc, at posi-
tions 295, 332, 339, 386, and 392; the sialylated diantennary
complex NeuAc,Gal,GIcNAc,Man;GlcNAc,Fuc at positions
197, 276, and 464; and the sialylated tetraantennary complex
NeuAc,Gal,GlcNAc,Man;GIcNAc,Fuc at position 88. We
realize that this assignment of N-glycans is imperfect and
incomplete. Thus, the glycan composition can be heterogene-
ous at each gp120ssite, it depends on the producer cell type, and
it can vary between virus isolates. Furthermore, experimental
determinations of the glycans on monomeric gp120 probably
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do not fully predict how a complete Env trimer is glycosylated
(48).

Glycans were built onto gp120 using the default rotation
angles computed by GlyProt. The resulting structures were
inspected for clashes with neighboring glycans, other gp120
protomers within the trimer, and CD4. Except for the 197 gly-
can, no clashes were observed using the default parameters.
The 197 glycans clashed with the other gp120 protomers at the
trimer interface, so its conformation was adjusted to prevent
both such clashes and ones with CD4. Electrostatic surface
potentials were computed using PyMol and figures were pre-
pared by PyMol (71).

RESULTS

Evolution-based Design of AVIV2 Viruses—Our aim was to
identify amino acid substitutions that could be useful for
improving the design of recombinant, soluble AV1V2 Env pro-
teins. In previous studies, we selected several evolved HIV-1
LAI variants that replicated more efficiently than the input
AV1V2 viruses. As the evolved viruses retained the V1V2 dele-
tion, it seemed likely that compensatory sequence changes had
helped overcome the adverse impact the loss of the V1V2 loops
has on the structure and function of the native Env complex (1).
Sequence analyses revealed several substitutions that could
possibly account for the increase in HIV-1 replication, based on
their frequency and the biochemical properties of the altered
amino acids. However, because the evolution studies were car-
ried out using a nonclonal virus (i.e. with quasi-species), the
relevance of the observed changes needed to be investigated.
We therefore introduced the most plausible changes into a
molecular clone of HIV-1 LAI that also contained a V1V2 dele-
tion, to allow us to directly assess the effect of specific compen-
satory changes on replication (Fig. 1).

We studied three sets of viruses from which the V1V2 loops
were deleted in slightly different ways, as well as their evolved
mutants (Fig. 1). The first set included the designed mutant
viruses AV1V2.2 and AV1V2.AGA. We did not analyze any
evolved variants of AV1V2.2 because this particular mutant was
already quite infectious and evolution yielded no improvement
(1). The AV1V2.AGA virus is a new mutant that has not been
subjected to evolution experiments. Both the AV1V2.2 and
AV1V2.AGA viruses differ from traditional AV1V2 designs in
that they lack the disulfide bond between residues 126 and 196;
instead, residues 126 —197 are replaced by an Ala-Ala-Asn or an
Ala-Gly-Ala linker to create a continuous protein backbone
(Fig. 1). The AV1V2.2 sequence contains the N-linked glycosy-
lation site at position 197, although AV1V2.AGA does not.

In contrast, the second and third sets of viruses retained the
above disulfide bond, with residues Cys-126 and Cys-196 con-
nected by a small loop (Fig. 1). The second set included the
original AV1V2.4 mutant in which residues 127-195 are
replaced by Gly-Ala-Gly, as well as its evolved variants (Fig. 1)
(1, 39). A D197N substitution was found in all four of the
evolved viruses, suggesting that the N-linked glycan at position
197 is advantageous for replication of a AV1V2 virus. The
AV1V2.4.DN variant was constructed to test this hypothesis
directly. An additional E429K substitution arose during pro-
longed passage of AV1V2.4.DN, and a G127S substitution was
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identified in a subset of the evolved clones. The E429K change,
a common polymorphism in LAI clones (72), is located in the
bridging sheet immediately adjacent to the V1V2 stem, whereas
G127S alters the linker region from Gly-Ala-Gly to Ser-Ala-
Gly. Viruses containing both these individual changes were recon-
structed (AV1V2.4.DNEK and AV1V2.4.DNGS), as well as one
containing all three changes (AV1V2.4DNGSEK) (Fig. 1).

The third set of mutants was based on the AV1V2 designs
used in the first gp120 crystal structures (38, 73) and included
viruses AV1V2.8,AV1V2.9,and AV1V2.11 (Fig. 1). InAV1V2.38,
a Gly-Ala-Gly linker replaces residues 128 —194. The AV1V2.9
design was based on a previous evolution experiment and con-
tained an amino acid change in the linker (G128D: Gly-Ala-Gly
to Asp-Ala-Gly (74)), whereas the AV1V2.11 variant has a dif-
ferent linker sequence that introduces an additional potential
glycosylation site within the V1V2 stump (Asp-Asn-Gly). Two
evolved variants of AV1V2.9 were included that contain ei-
ther a V120E or a V120K substitution (AV1V2.9.VE and
AV1V2.9.VK). Both variants emerged in evolution cultures of
the AV1V2.9 virus (1).2

Compensatory Changes Improve the Replication and Infectiv-
ity of AVIV2 Viruses—We tested the abilities of the various
viruses to replicate in SupT1 T cells in a multicycle assay and to
infect TZM-bl reporter cells in a single cycle entry assay. The
AV1V2.2 virus replicated efficiently in SupT1 cells, albeit with
slightly delayed kinetics compared with the wild type (WT)
virus (Fig. 2A). Furthermore, AV1V2.2 could infect TZM-bl
cells, although less well than WT (Fig. 2B). In contrast,
AV1V2.AGA could neither replicate in SupT1 cells nor infect
TZM-bl cells (Fig. 2, A and B). The sequence differences
between the AV1V2.2 and AV1V2.AGA viruses are only minor,
but the latter lacks a glycosylation site at position 197 (Fig. 1).

The AV1V2.4 virus was defective in replication, and the
evolved AV1V2.4.DN and AV1V2.4.DNGS variants were also
severely replication-impaired, with substantial delays in
the production of virus in the SupT1 cell cultures (Fig. 2C).
In contrast, the evolved variants AV1V2.4.DNEK and
AV1V2.4.DNGSEK, which contain the E429K change, were
both more replication-competent, although they were still
delayed compared with WT (Fig. 2C). The AV1V2.4 virus was
also inefficient at entering the TZM-bl reporter cells. In this
assay, the D197N substitution improved infectivity, but the
G127S and E429K changes did not (Fig. 2D). The replication
and infectivity data were therefore not always concordant for
this set of mutants. The varying outcomes may be explained by
differing constraints on Env function that arise between single
cycle infection assays and multicycle replication assays. For
example, cell-free virus enters the TZM-bl cells, while spread-
ing infections in T cell cultures are dominated by cell-to-cell
virus transfer. Furthermore, any effects the various mutations
have on Env synthesis will affect the single and multicycle
assays differently.

The AV1V2.8 was severely impaired in replication, and the
AV1V2.9 and AV1V2.11 viruses were quite delayed compared
with WT, but the evolved variants AV1V2.9.VE and
AV1V2.9.VK replicated efficiently in SupT1 cells (Fig. 2E).
These results were corroborated in the single cycle assay. Thus,
AV1V2.8 infected TZM-bl cells very inefficiently and AV1V2.9
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LAl gp160

LAl AV1V2 gp160
119 205 *
B E429K
_ B
ot 1] ~CVKLTPL--AA---NISVITQAC- AV1V2.2 mutant (++)
| ~CVKLTPL--AGA---TSVITQAC~ AV1V2.AGA mutant (-) y complex
[ ~CVKLTPLC-GAG-CDTSVITQAC~ AV1V2.4 mutant (+/-) .
~CVKLTPLC-GAG-CNTSVITQAC~ AV1V2.4.DN revertant  (+) ¥ oligomannose
Set 2{~CVKLTPLC-GAG-CNTSVITQAC~ AV1V2.4.DNEK revertant  (++) T unk
~CVKLTPLC-SAG-CNTSVITOQAC~ AV1V2.4.DNGS revertant  (+) HIEHIwD
| ~CVKLTPLC-SAG-CNTSVITQAC~ AV1V2.4.DNGSEK revertant  (++)
[ ~CVKLTPLCVGAGSCNTSVITQAC~ AV1V2.8 mutant (+/-)
~CVKLTPLCVDAGSCNTSVITQAC~ AV1V2.9 mutant (+)
Set 3{~CEKLTPLCVDAGSCNTSVITQAC~ AV1V2.9.VE revertant  (++)
~CKKLTPLCVDAGSCNTSVITQAC~ AV1V2.9.VK revertant  (++)
| ~CVKLTPLCVDNGSCNTSVITQAC~ AV1V2.11 mutant (+)

KNH1144 SOSIP.R6 AV1V2 gp140

E429K

-S
A501C T605C

FIGURE 1. Schematic of AV1V2 Env proteins. Constructs based on the sequences from LAI, JR-FL, and KNH1144 are indicated in orange, green, and blue,
respectively. Three sets of AV1V2 Env proteins were used, including designed mutants (indicated in black) and variants derived from evolution studies (blue).
A semi-quantitative assessment of Env function (see Fig. 2) is indicated in braces. Note that the E429K substitution is located far from the site of the V1V2
deletion. The three variants chosen for follow-up analyses are indicated in boldface. The KNH1144 SOSIP.R6 gp140 and JR-FL SOSIP.R6-1Z-His gp140s contain
several modifications that have been described elsewhere, including the A501C and T605C substitutions to create the SOS disulfide bond (21), the I559P
substitution to promote trimerization (22), and the hexa-arginine (R6) cleavage site to enhance cleavage (47). The SOSIP.R6-1Z-His gp140 also contains the
GCN4-based isoleucine zipper (IZ) to promote trimerization (48) and a polyhistidine (His) tag. The N-linked glycan sites on Env are designated as oligomannose
orcomplex, based on experimental determinations using Il1B gp120 (70). It is assumed that the glycans present at analogous sites are processed similarly in Env
proteins from other isolates, but note that the carbohydrate composition at some sites has been reported to vary (68 -70). Sites that are present on LAl, JR-FL,

or KNH1144 gp120, but not on llIB gp120, or sites that have not been characterized are designated as being of unknown glycan composition.

and AV1V2.11 with intermediate efficiency, whereas the
AV1V2.9.VE and AV1V2.9.VK variants were almost as infec-
tious as the WT virus (Fig. 2F). Hence, the V120E/K substitu-
tions improve the function of AV1V2 Env. Overall, we conclude
that the reversions identified in evolution experiments (V120E,
V120K, G127S, G128D, D197N, and E429K) do all help restore
the function of Env proteins that lack the V1V2 loops.

Virus Evolution Counters the Adverse Effects of a Hydropho-
bic Patch on Trimeric AV1V2 Env—We were interested in how
the substitutions identified in the evolution experiments acted
to improve AV1V2 Env function. When the outer layers of a
protein are deleted, hydrophobic domains that are normally

36460 JOURNAL OF BIOLOGICAL CHEMISTRY

hidden in the interior can become solvent-exposed, which
could compromise protein folding, structure, or function. We
had noted that some evolution substitutions in AV1V2 gp120
might act to counter this adverse effect (1). Two possible mech-
anisms are that the exposed hydrophobic residues can be
deleted or replaced by hydrophilic ones, or they can be buried
under a new, more hydrophilic surface.

We first used an Env trimer model to inspect the various
original and evolved AV1V2 gp120 core variants. A ribbon dia-
gram is shown for AV1V2.2, on which a red box highlights the
V1V2 stem (Fig. 34). We next computed and plotted the elec-
trostatic surface potential of each variant. The surface of the

AV DN
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FIGURE 2. Compensatory mutations improve AV1V2 virus replication and/or infectivity. A, C, and £, 4 X 10° SupT1 cells were infected with 500 pg of HIV-1,
and replication was monitored for 21 days by CA-p24 ELISA. The curves are representative for at least two independent experiments. B, D, and F, TZM-bl reporter
cells were infected with 1.0 ng of HIV-1 in the presence of SQV, and luciferase activity was measured after 48 h.

original AV1V2 mutants all contain a relatively large, nonpolar
patch located in the V1V2 stem that faces the target membrane,
to which several hydrophobic residues contribute (Fig. 3B,
shown for variant AV1V2.9). We anticipate that this patch
would not exist on full-length gp120 because it would be
occluded by the V1V2 loop and its associated N-glycans,
although no structure exists to confirm this supposition. When
we compared the electrostatic surface potentials of AV1V2.9
and AV1V2.9.VE, the V120E substitution clearly increases the
polarity of the exposed patch (Fig. 3C). The acidic nature of the
V120E substitution is probably not important per se because a
V120K substitution also enhanced the surface polarity and
improved AV1V2 Env function (Fig. 2, E and F). More likely is
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that any change from a nonpolar residue (Val) to any polar one
(e.g. Glu or Lys) has a restorative effect. The G127S and G128D
substitutions also directly increase the polarity of the AV1V2
trimer surface and are likely to improve Env folding and/or
function via a similar mechanism (data not shown).

The D197N substitution does not increase the number of
surface-associated polar amino acids, so this mechanism can-
not explain why it improves AV1V2 Env function. However, the
change creates a canonical site at position 197 that is N-glyco-
sylated (see below; Fig. 5A4). To assess the potential role of this
N-glycan in shielding the hydrophobic surface, we generated
models of mutant and revertant AV1V2 trimers containing all
the N-glycans that are expected to be present at each canonical
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FIGURE 3. Compensatory mutations affect a hydrophobic surface patch on AV1V2 Env trimers. A, ribbon
diagram of a AV1V2.2 trimer model, depicted from the perspective of the target cell. The gp120 protomers are
indicated in white, and the V1V2 stem, part of the bridging sheet, is highlighted by the red box. The two outer
domains of CD4 are in yellow. B and C, rendering of the electrostatic surface potentials of the protein-associ-
ated, solvent-accessible surfaces of the AV1V2.9and AV1V2.9.VE trimers, respectively. Acidic surfaces are in red;
basic surfaces are in blue, and neutral surfaces are in white. The white arrows in B indicate a nonpolar surface
patch, associated with hydrophobic residues, that is located at the stem of the V1V2 loop structure. The red
arrows in C show the negative charge associated with the V120E substitution. D, ribbon diagram of a glycosy-
lated AV1V2.2 trimer. The protein is depicted as in A but with the addition of N-glycans, which are represented
as sticks in cyan except the one at position 197, which is in green. E and F, rendering of the electrostatic surface
potentials of the protein-associated, solvent-accessible surfaces of the AV1V2.4 and AV1V2.4.DN trimers,
respectively. The surface coloration is as in Band C, with the glycans represented as in D. The white arrows in E
indicate a neutral surface similar to that shown in B. The N-glycan at residue 197, which partially covers the

nonpolar protein-associated surface, is highlighted in green (F).

site, based on gp120 carbohydrate analyses (68 —70). These gly-
cans were built onto the gp120 subunits and aligned in the tri-
mer (see “Experimental Procedures”). First, we added the gly-
cans to the AV1V2.2 variant (Fig. 3D, cyan and green). As
expected, much of the Env trimer protein surface is occluded by
glycans (29, 65). However, a gap in the glycan shield of the
AV1V2.4 trimer exposes the nonpolar surface patch associated
with the V1V2 stem (Fig. 3E). Inspection of the glycosylated
trimer model for the evolved variant AV1V2.4.DN shows that
the D197N substitution introduces an N-glycan that partly
occludes this nonpolar patch (Fig. 3F). We drew similar conclu-
sions from the comparison of the trimer models based on the
AV1V2.2 and AV1V2.AGA variants (data not shown). Thus the
AV1V2.AGA virus, which lacks the N-glycan at position 197, is
nonfunctional although AV1V2.2, which contains it, is infec-
tious (Fig. 2, A and B).

Hence, HIV-1 uses at least two strategies to counter the
adverse effect of a surface-exposed nonpolar patch on the
AV1V2 Env trimer. One involves an amino acid substitution
that introduces a polar residue within the patch, and the second
is the addition of a glycan that masks it.

AV1V2 Viruses Are Extremely Neutralization-sensitive—De-
letion of the V1V2 domain is known to create neutralization-
sensitive viruses on which important epitopes have become
more exposed (1, 10, 75, 76). To study the accessibility of neu-
tralization epitopes on the evolved AV1V2 viruses, we assessed
the sensitivity of the most infectious members of each class
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(AV1V2.2; AV1V24.DNGSEK and
AV1V29.VK) to polyclonal Ig from
infected individuals (HIVIg), mAbs
to various epitopes, and a CD4-mi-
metic protein, CD4-IgG2 (Fig. 4 and
Table 1).

Compared with WT virus, all
three AV1V2 variants were much
more sensitive to HIVIg, CD4-1gG2,
and mAbs b6 and b12 against the
CD4-binding site (CD4bs). mAbs
48d and 17b, which bind to a CD4-
induced epitope formed when the
V1V2 domain is rearranged, also
neutralized the AV1V2 viruses
more efficiently than WT. The
AV1V29.VK virus was an excep-
tion, but for the trivial reason that it
contains an inactivating V120K
mutation in the epitopes for both
48d and 17b (38,77). The glycan-de-
pendent 2G12 mAb and the V3
mAb 447-52D also neutralized the
AV1V2 variants more efficiently.
Overall, the AV1V2 variants were
18 —13,600-fold more sensitive to all
the reagents directed against gp120,
except when an amino acid substi-
tution directly affected a mAb
epitope. The variants were also
more sensitive to mAb 2F5 against
the gp41 MPER, but to a lesser extent (3—18-fold) than for the
anti-gp120 mAbs. Overall, our AV1V2 variants have neutraliza-
tion sensitivities that are consistent with previous reports on
broadly comparable viruses (1, 10, 75, 76).

Compensatory Changes Facilitate the Expression of Soluble,
Cleaved AV1V2 Env Trimers—The goal of the AV1V2 virus
evolution studies was to identify whether compensatory
changes, selected in the context of the native trimer, could be
useful for improving the design of soluble, cleaved trimeric
AV1V2 Env proteins. We therefore generated AV1V2 variants
of SOSIP.R6 gp140, based on the KNH1144 genotype (Fig. 1).
These subtype A trimers are relatively stable and are the basis of
our collaborative efforts to determine an x-ray crystallography
structure (46). Using a heterologous Env also allowed us to
assess whether compensatory substitutions selected in one
virus (LAI) might act more broadly. Thus, we first introduced
the V1V2 deletions described above into KNH1144 SOSIP.R6
gp140, and we then added various compensatory substitutions
(Fig. 1). The natural KNH1144 sequence contains an arginine at
position 429; hence, the E429K substitution that arose in LAI
translates to an R429K change in KNH1144 Env.

The various AV1V2 gpl40 constructs were transiently
expressed in 293T cells in the presence of furin to improve
cleavage at the gp120-gp41 juncture (47). A full-length gp140
produced in the absence of furin, and hence ~60% uncleaved,
was included for comparison (Fig. 54). There was considerable
variation in the expression levels of the different AV1V2 gp140
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constructs, but all the variants
were cleaved efficiently (Fig. 5A4).
The original mutants AV1V2.2,
AV1V2.AGA, AV1V24, AV1V2.38,
and AV1V211, as well as
the evolved variants AV1V2.4.DN,
AV1V24.DNGS, and AV1V2.9.VE,
were all expressed to similar extents.
However, the AV1V2.4.DNRK and
AV1V24.DNGSRK proteins were
produced at higher levels, indicating
that the G127S and R429K substitu-
tions have beneficial effects on gp140
folding and/or secretion. The
AV1V2.9 and AV1V2.9.VK gp140s
were also expressed more effi-
ciently, suggesting that the G128D
substitution in the linker also
improves production. The expres-
sion differences are unlikely to be
attributable to differences in mRNA
levels, because they match the
improved functional data (Fig. 2),
which were obtained using different
expression cassettes. A native PAGE
analysis showed that gp140 trimer
formation was not affected by dele-
tion of the V1V2 loops or the vari-
ous compensatory changes (Fig. 5B
and data not shown).

SDS-PAGE analyses revealed
small size differences between the
gp120 subunits of several AV1V2
gp140 variants. Because only a few
amino acids differ among these
variants, the size differences are
likely to be attributable to changes
in N-linked glycosylation. The
AV1V2.AGA and AV1V2.4 pro-
teins that lack the glycosylation
site at position 197 were slightly
smaller than the others, as ex-
pected. In contrast, the AV1V2.11
protein was indistinguishable
in size from all except the
AV1V2.AGA and AV1V2.4 pro-
teins, suggesting that although its
V1V2 stump contains two consen-
sus N-linked glycosylation sites,
only one of them is actually used.

The AV1V2 KNH1144 SOSIP.R6
gp140 proteins could also be pro-
duced in cells lacking N-acetylglu-
cosaminyltransferase I (GnTI)
(Fig. 5C). This procedure prevents
the formation of complex N-gly-
cans on Env, which reduces the
size and heterogeneity of glycans
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TABLE 1
Neutralization of AV1V2 LAl viruses
AV1V2.2 AV1V2.4.DNGSEK AV1V2.9.VK
mAb WT ICy," b - b
1C,* n-fold 1C,* n-Fold (O n-Fold
HIVIg 4.9 0.091 54 0.017 288 0.058 84
CD4-1gG2 0.23 0.0071 32 0.0040 58 0.0050 46
b12 0.57 0.018 32 0.0070 81 0.017 34
b6 13.8 0.049 282 0.036 383 0.045 307
48d 65.0 3.6 18 2.6 25 77.2 0.84
17b 39.4 0.26 152 0.32 123 36.3 1.1
2G12 3.8 0.088 43 0.098 39 0.035 109
447-52D 20.4 0.0015 13600 0.0025 8160 0.0032 6375
2F5 2.2 0.42 52 0.12 18 0.66 3.3
“1Cs values are given in pg/ml.
® The fold increase in sensitivity compared with WT is given.
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FIGURE 5. Compensatory mutations can facilitate the expression of solu-
ble cleaved AV1V2 trimers. A, SDS-PAGE analysis of KNH1144 SOSIP.R6
gp140 variants expressed transiently in 293T cells, with co-transfection of
furin to increase cleavage. Cleaved, full-length KNH1144 SOSIP.R6 and par-
tially cleaved KNH1144 SOSIP.R6 (produced in the absence of furin) gp140s
were included for comparison, as was purified KNH1144 gp120 (50 ng).
B, blue native-PAGE analysis of WT and AV1V2 KNH1144 SOSIP.R6 gp140 vari-
ants expressed in 293T cells. C, SDS-PAGE analysis of WT and AV1V2 KNH1144
SOSIP.R6 gp140s expressed in 2935 GnTI™/~ cells.

(48, 78). Hence Env proteins produced in GnTI-negative
cells might be useful for structural studies.

Soluble, Cleaved AVIV2 Trimers Expose Neutralization
Epitopes—We next investigated the exposure of selected anti-
body epitopes on the best expressing AV1V2 trimer variant
from each group. Both full-length and AV1V2 gp140 proteins
interacted efficiently with CD4-1gG2, showing that their CD4bs
were intact (Fig. 6). mAb b12 bound a little less well to the
AV1V2 trimers than the full-length proteins, which is consis-
tent with reports that components of the V1V2 stem contribute
to the bl2 epitope (Fig. 6) (79). A particular property of
KNH1144 SOSIP.R6 gpl40 is that it constitutively exposes
CD4i epitopes and therefore binds mAb 17b both in the
absence and presence of soluble CD4 (Fig. 6). The AV1V2 vari-
ants also interacted efficiently with 17b, with the exception of
AV1V2.9.VK that contains the epitope-inactivating V120K
change. Similar results were obtained with the CD4i mAbs 48d
and 412d (data not shown). One concern with deleting the
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ilarly to full-length and AV1V2 SOSIP.R6 gp140s (Fig. 6).

Generation of Soluble, Uncleaved AVIV2 Trimers—Un-
cleaved Env trimers are not faithful mimics of the functional
spike and expose a number of non-neutralizing antibody
epitopes that are not accessible on cleaved trimers (21, 23-26).
However, uncleaved trimers can be easier to produce. More-
over, it is possible to add protein domains such as stabilizing
motifs, epitope and/or purification tags, or immunostimulatory
sequences to their C termini (48).* Such C-terminal extensions
are problematic with cleaved gp140 trimers, as they interfere
with the gp120/gp41 cleavage process (48),* although we are
currently studying the reasons for this interference and ways to
overcome it.

As a template for studying the effect of the AV1V2 compen-
satory changes on uncleaved trimers, we used the SOSIP.R6-1Z-
His construct based on the subtype B JR-FL sequence. This
protein contains a GCN4-based trimerization domain (isoleu-
cine zipper) and a polyhistidine (His) tag at its C terminus (Fig.
1) (48).* The three AV1V2 variants of this construct were well
expressed in 293T cells and formed trimers as efficiently as the
corresponding full-length protein, as judged by both Native
PAGE and size exclusion chromatography (Fig. 7, A-C). The
AV1V2.9.VK gp140s were eluted from the size exclusion col-
umn slightly earlier than their full-length counterparts (Fig.

4 M. Melchers, K. Matthews, R. P. de Vries, D. Eggink, T.van Montfort, |. Bontjer,
C. E.Van de Sandt, K. B. David, B. Berkhout, J. P. Moore, and R. W. Sanders,
submitted for publication.
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FIGURE 7. Soluble, uncleaved AV1V2 trimers can be expressed efficiently. A, SDS-PAGE analysis of
uncleaved JR-FL SOSIP.R6-1Z-His gp140 variants expressed transiently in 293T cells. B, blue native-PAGE anal-
ysis of uncleaved JR-FL SOSIP.R6-1Z-His gp140 from two independent transfections (left and right panels). C, size
exclusion analysis of gp140 trimers. Uncleaved JR-FL SOSIP.R6-1Z-His gp140 trimers produced in 293T cells
were fractionated using a Superose-6 column. The fractions were analyzed by SDS-PAGE and Western blotting.

The elution peaks of reference proteins are indicated.

7C), suggesting that the average AV1V2 gp140 protein compo-
nent is larger than for full-length gp140. This difference is con-
sistent with earlier findings that V1V2 deletion can improve
trimerization at the expense of dimer formation (40).

Uncleaved AVIV2 Trimers Expose Neutralization Epitopes—
To study the exposure of neutralization epitopes on the
uncleaved AV1V2 JR-FL gp140 constructs, we used an ELISA,
in which trimers are captured onto a Ni-NTA-coated solid
phase via a C-terminal His tag (Fig. 8 and Table 2). CD4-IgG2
bound slightly better to the three AV1V2 variant trimers than
to the full-length trimer, but this was not the case with mAb b12
(Fig. 8 and Table 2). Several other CD4bs mAbs (b6, 15e, F91,
and F105) did, however, bind better to the three AV1V2 trimers
(Fig. 8 and Table 2). An exception was that F91 did not bind the
AV1V2.9.VK trimers, which is probably attributable to the
V120K change.

Different mAbs to the CD4i epitope cluster varied in their
reactivity with the uncleaved AV1V2 trimers (Fig. 8 and Table
2). mAbs 48d and X5 each bound inefficiently to the full-length
proteins and the AV1V2.2 and AV1V2.4.DNGSEK variants in
the absence of sCD4 but much more strongly when sCD4 was
added. In contrast, the AV1V2.2 and AV1V2.4.DNGSEK vari-
ants, but not the full-length trimers, bound mAb 17b efficiently
even when sCD4 was absent. Intermediate results were seen
with a fourth CD4i-epitope mAb, 412d. Thus, without sCD4,
the AV1V2.2 and AV1V2.4.DNGSEK trimers bound 412d more
efficiently than the full-length trimers, but there was still an
increase in reactivity when sCD4 was added. The variant
AV1V2.9.VK trimers bound poorly to all the CD4i antibodies,
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which again probably relates to
the epitope-impairing effect of the
V120K substitution. Among the
variants, AV1V2.2 was the one that
bound all the CD4i antibodies
most efficiently. Hence, the small
disulfide-bonded V1V2 stump in
AV1V24DNGSEK and AV1V29.VK
may interfere with the formation of
CD4i epitopes.

DC-SIGN bound similarly to the
AV1V2 variants and the full-length
trimers, as expected because the oli-
gomannose N-glycans on gp120 to
which DC-SIGN binds are not
located in the V1V2 domain (Fig. 8
and Table 2). In contrast, the
AV1V2 variant trimers bound mAb
2G12 more efficiently than the full-
length proteins (Fig. 8 and Table 2).
The AV1V2 variants also interacted
more efficiently with V3 mAbs 39F
and 19b (Fig. 8 and Table 2), which
differs slightly from observations
made using cleaved KNH1144 trim-
ers in immunoprecipitation assays
(Fig. 6; see under “Discussion”).
Finally, mAbs directed to the
MPER region and neighboring
cluster II epitopes in gp41 (2F5, 4E10, Z13el, and D50) all
interacted more efficiently with the AV1V2 variants than the
full-length trimers, although the differences were minor
(Fig. 8 and Table 2).

In summary, the global conformation of the various V1V2
loop-deleted trimers is comparable with that of the corre-
sponding full-length proteins. However, deletion of the V1V2
domain increases the exposure of several antibody epitopes, to
various extents.

wt
AV1V2.9.VK

gp120 (50ng)

=
-

- Mmonomer
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67kD

DISCUSSION

Deleting the V1V2 loops from soluble monomeric HIV-1
Env proteins can be advantageous for both immunogenicity
and structural studies (14, 32—38). However, the deletion inter-
feres with the biosynthesis and integrity of soluble Env trimers,
complicating the use of these proteins (1, 39 —41).® The princi-
pal defect caused by removing the variable loops may involve
the exposure of hydrophobic regions of the protein that are
normally occluded, leading to aggregation or misfolding (1).
Our goal in this study was to devise ways to overcome these
problems and thereby improve the design of soluble AV1V2
trimers. To achieve this, we applied lessons learned from ana-
lyzing the sequences of evolved AV1V2 viruses (1). The substi-
tutions that compensate for the loss of the V1V2 loops, and
thereby improve replication kinetics, involve changes from
hydrophobic to hydrophilic amino acids, or the addition of a
glycan site. They appear to act by reducing the extent to which
a hydrophobic region of gp120, normally occluded by the V1V2
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FIGURE 8. Soluble, uncleaved AV1V2 trimers expose neutralization epitopes. ELISA analysis of the binding of various mAbs and CD4-lgG2 to uncleaved
JR-FL SOSIP.R6-1Z-His gp140. See Table 2 for half-maximal binding values and statistical analyses.

loops, is solvent-exposed. Our detailed findings are summa-
rized as follows.

Frequently Used Replacement of V1V2 Sequences by a Gly-
Ala-Gly Linker Is Not Optimal—Replacing the first glycine with
aspartic acid improves HIV-1 LAl replication and/or infectivity
(Fig. 2, E and F, compare AV1V2.9 with AV1V2.8). The G128D
substitution also improves the expression of soluble trimers
based on the subtype A virus, KNH1144 (Fig. 54, compare
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AV1V2.9 with AV1V2.8). The serine substitution of the first
glycine had an ambiguous effect on the function of LAI Env
(Fig. 2, C and D, AV1V2.4.DNGS and AV1V2.4.DNGSEK),
but it did improve the expression of soluble KNH1144 trim-
ers (Fig. 54, compare AV1V2.4.DNGS with AV1V2.4.DN
and AV1V2.4.DNGSRK with AV1V2.4.DNRK).

Preserving the 126 —196 Disulfide Bond Is Not Necessary—Re-
placing the natural disulfide-bond loop by an Ala-Ala linker
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TABLE 2
Binding data of soluble uncleaved AV1V2 trimers
Ab WT AV1V2.2 AV1V2.4.DNGSEK AVIV2.9.VK
half maximal binding half maximal binding half maximal binding half maximal binding
Concentration 95% CI R’_| Concentration 95% CI n-fold? _ R? | Concentration __95% CI n-fold? _R® | Concentration _95% CI n-fold? R’
upper lower Upper  lower upper _lower upper lower

CD4-1gG2 0.11 0.13  0.095 0.999 0.087 0.11 0.068 0.77 0.999 0.11 0.13  0.088 0.95 0.999 0.064 0.079  0.052 0.57 0.999
b12 0.031 0.041  0.024  0.997 0.028 0.036  0.022 0.91 0.997 0.044 0.059  0.033 1.41 0.997 0.021 0.028 0.016 0.68 0.996
b6 0.021 0.026 0.018 0.999 0.010 0.012 0.009 0.48 0.999 0.021 0.023  0.020 1.01 1.000 0.007 0.008  0.007 0.35 1.000
F105 0.059 0.081 0.043 0.997 0.018 0.023  0.014 0.31 0.997 0.052 0.071  0.037 0.87 0.997 0.014 0.018 0.011 0.24 0.997
F91 0.077 0.11  0.053 0.998 0.022 0.028  0.017 0.29 0.998 0.10 0.13  0.081 1.30 0.999 >1 0.782
15e 0.076 0.10  0.057 0.998 0.032 0.040  0.026 0.43 0.998 0.049 0.062  0.038 0.64 0.998 0.021 0.024  0.018 0.28 0.999
48d >1 0.572 >1 0.998 >1 0.992 >1 0.992
48d +sCD4 0.10 0.11  0.096  0.999 0.046 0.054  0.040 0.44 0.997 0.13 015 0.12 1.28 0.998 >1 0.998
17b 0.56 0.65 049 0.996 0.030 0.048  0.019 0.05 0.972 0.074 0.079  0.069 0.13 1.000 >1 1.000
17b + sCD4 0.049 0.067 0.036  0.987 0.031 0.040  0.024 0.63 0.991 0.028 0.033  0.024 0.58 0.997 0.083 0.095  0.072 1.70 0.997
X5 >1 0.987 0.78 1.0 0.61 0.991 >1 0.985 >1 0.985
X5+ sCD4 0.023 0.025 0.021  0.999 0.022 0.026  0.020 0.98 0.998 0.053 0.066  0.043 2.34 0.993 0.16 0.18  0.15 722 0.993
412d >1 0.988 0.051 0.056  0.046 0.999 0.30 036 025 0.995 >1 0.995
412d +sCD4 0.008 0.010 0.007  0.994 0.005 0.005  0.004 0.56 0.996 0.025 0.029  0.021 2.96 0.997 0.099 011 0.092 11.71 0.997
DC-SIGN-Fc¢ 0.27 040  0.19 0.994 0.29 0.40 0.21 1.05 0.995 0.31 039 024 1.12 0.997 0.31 040 024 1.13 0.998
2G12 0.091 0.11 0.075 0999 0.048 0.060  0.038 0.53 0.998 0.050 0.066  0.038 0.55 0.998 0.049 0.060  0.040 0.54 0999
39F 0.018 0.023  0.014  0.996 0.012 0.015  0.009 0.65 0.995 0.011 0.012  0.009 0.59 0.998 0.010 0.012° 0.009 0.57 0.998
19b 0.016 0.020 0.013  0.997 0.007 0.009 0.006 0.44 0.996 0.009 0.010  0.008 0.55 0.999 0.007 0.009 0.006 0.44 0.997
2F5 2.1 3.7 1.2 1.000 0.80 1.0 0.63 0.38 1.000 0.80 096  0.67 0.38 1.000 0.89 1.0 0.77 0.42 1.000
4E10% 0.15 0.12 0.83 1.000 0.11 0.14  0.093 0.76 1.000 0.13 0.16  0.10 0.87 0.999
Z13e1® 0.12 0.15  0.088 0.999 0.14 0.15 0.12 1.19 1.000 0.087 0.093  0.082 0.76 1.000 0.080 0.14  0.038 0.70  0.996
D50 0.030 0.036_0.024 _ 0.999 0.024 0.036__ 0.015 0.81 0.998 0.019 0.036__0.009 0.64 0.995 0.016 0.020 0.013 0.55 1.000

! The fold increase in half-maximal binding concentration compared with WT is given.

2 The end point concentrations are given instead of midpoint concentrations, because the binding curve did not reach a plateau.

(variant AV1V2.2) yielded a functional Env, and we could also
generate soluble trimers based on this design. This strategy
might be useful when designing trimers that contain new disul-
fide bonds by reducing the potential for their forming aberrant
bonds with existing cysteine residues.’

Having an N-Linked Glycosylation Site at Position 197 Is
Desirable—The AV1V2.4.DN variant was more infectious than
AV1V2.4, confirming what we suspected from our earlier evo-
lution experiments (1). Furthermore, AV1V2.2 was more infec-
tious than AV1V2.AGA, and the principal difference is its pos-
session of the Asn-197 glycan. The beneficial effect of this
glycan is not necessarily linked to the presence of the neighbor-
ing 126-196 disulfide bond, despite the association between
N-glycosylation and disulfide bond formation, particularly
when the sites are proximal (81, 82). More likely is that the 197
glycan covers a hydrophobic patch that would otherwise cause
aggregation and/or protein misfolding (Fig. 3F).

Hydrophobic Surface at the V1V2 Stem and Base Should Be
Reduced by Substitutions in the V1V2 Stem and Bridging Sheet—
We confirmed that replacement of valine 120 with glutamic
acid (V120E) or lysine (V120K) substantially improved LAI
infectivity and replication. Because either a positively or a neg-
atively charged amino acid has this effect, the polar nature of
the change, and not the charge per se, is important. The V120K
substitution was particularly beneficial for enhancing the
expression of soluble, V1V2 loop-deleted gpl140 trimers
(Fig. 54).

> R.W. Sanders, |. Braakman, and P. Kwong, unpublished observations.
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Some Distant Site Changes May be Helpful—The E429K sub-
stitution improved the replication of AV1V2 LAI (Fig. 2C).
Strikingly, we also found that the more subtle substitution
R429K improved the expression of KNH1144 AV1V2 tri-
mers (compare AV1IV2.4.DNRK with AV1V2.4.DN and
AV1V2.4.DNGSRK with AV1V2.4.DNGS in Fig. 5A4).

The V1V2-deleted viruses were more sensitive to neutraliza-
tion by the mannose-specific 2G12 mAb (Fig. 4), implying that
the oligomannose N-glycans that constitute the 2G12 epitope
are more accessible to 2G12 when the V1V2 domain is deleted.
Paradoxically, V1V2 deletion apparently does not increase the
exposure of the same N-glycans to the class I mannosidases in
endoplasmic reticulum and/or Golgi that are responsible for
trimming oligomannose N-glycans during their conversion to
complex N-glycans (if this process did in fact occur, these
N-glycans would be in complex form and hence 2G12 binding
and neutralization would be lost). The explanation may lie in
the different ways that 2G12 and mannosidases recognize
oligomannose N-glycans. Thus, 2G12 interacts with the
outer mannose moieties (30, 31, 83, 84), whereas class I man-
nosidases recognize the complete N-glycan, including com-
ponents at the stem (85, 86). V1V2 deletion must therefore
improve the accessibility of the outer carbohydrate residues
but not the stems of the N-glycans that form the 2G12
epitope.

In our analyses of trimer antigenicity, we observed that V1V2
deletion affected the binding of mAbs to different (but similar)
CD4i epitopes to varying extents. Thus, 17b interacted effi-
ciently with AVIV2 Env in the absence of soluble CD4,
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although 48d and X5 did not. 48d and X5 binding to AV1V2 Env
was enhanced very efficiently by soluble CD4, but less so for 17b
because the binding of this CD4i mAb was already close to
optimal in the absence of soluble CD4. The various CD4i
epitopes may therefore be shielded to slightly different extents
by the V1V2 domain. CD4 binding drives two conformational
changes that contribute to the formation and exposure of these
epitopes. First, the two 2-stranded B-sheets, 82-83 and 320-
21, become united into the 4-stranded bridging sheet that is a
critical element of all CD4i epitopes (14). Second, there is a
repositioning of the V1V2 domain itself (9 —14). An explanation
for our observations may be that creating the 17b epitope is
more dependent on the repositioning of V1V2, although creat-
ing the 48d and X5 epitopes is more dependent on the forma-
tion of the bridging sheet.

Will AV1V2 trimers be good immunogens? Variable loops
have long been considered poor targets for broadly neutralizing
antibodies, because their variability plays into the problem of
HIV-1 sequence diversity. Furthermore, because they shield
more conserved neutralization epitopes on the underlying pro-
tein domains, their removal can be beneficial. However, the
recent isolation of the potent neutralizing antibodies PG9 and
PG16 provides a counter-perspective. These mAbs appear to
target conserved elements within the variable domains that
may be important for immunogen design (6). Another argu-
ment against deleting the variable loops is that undesirable neo-
epitopes, neutralization-irrelevant epitopes, or strain-re-
stricted neutralization epitopes (for example in V3) may
become more exposed, perhaps compromising the induction of
broadly neutralizing antibodies. Along these lines, we observed
that V1V2 deletion modestly increased Env binding and virus
neutralization by some V3 mAbs and some weakly or non-neu-
tralizing CD4bs mAbs. However, our understanding of the
determinants of Envimmunogenicity is incomplete. There may
be a trade-off between sacrificing certain potential neutraliza-
tion epitopes in favor of the optimal presentation of others,
which could only be investigated by immunization studies.
Moreover, an optimal Env-based vaccine might include more
than one protein component with different properties, for
example a protein that retains the V1V2 loops (and hence the
PG9/PG16 epitopes) mixed with a loop-deleted protein that
better exposes neutralization-relevant CD4bs epitopes.

Will AV1V2 trimers assist in structural analyses? The crys-
tallization process is rarely predictable, but structural hetero-
geneity and flexibility are two major obstacles to obtaining Env
trimer crystals. All the available gp120 structures lack the V1V2
domain and in most cases also V3, C1, and part of C5 (14, 38,77,
80, 87). Furthermore, all the gp120s were deglycosylated. Tri-
meric gp140s are much more problematic for crystallography,
even compared with gp120. The same techniques, and more,
may therefore need to be used in trimer crystallization strate-
gies. Hence, removal of the V1V2 domains and reduction or
elimination of glycan may be necessary, if perhaps not suffi-
cient, steps on the road to a trimer crystal structure. We have
shown that glycan heterogeneity can be reduced dramatically
by expressing Env proteins in a cell line lacking the GnTI
enzyme (48, 78). We have since explored whether trimers
expressed in GnTI knock-out cells can be deglycosylated, with
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encouraging results.® We now show that AVIV2 trimers can
also be produced efficiently in these cells (Fig. 5C), opening up
the possibility of combining V1V2 deletion and deglycosylation
strategies.

In conclusion, we have shown that virus evolution can guide
the design of soluble, V1V2-deleted variant gp140 trimers with
improved properties that might be valuable for immunogenic-
ity and crystallography studies.
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