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ABSTRACT The HIV-1 envelope (Env) trimer is a target for vaccine design as well as
a conformational machine that facilitates virus entry by transitioning between
prefusion-closed, CD4-bound, and coreceptor-bound conformations by transitioning
into a postfusion state. Vaccine designers have sought to restrict the conformation
of the HIV-1 Env trimer to its prefusion-closed state as this state is recognized by
most broadly neutralizing, but not nonneutralizing, antibodies. We previously identi-
fied a disulfide bond, I201C-A433C (DS), which stabilizes Env in the vaccine-desired
prefusion-closed state. When placed into the context of BG505 SOSIP.664, a soluble
Env trimer mimic developed by Sanders, Moore, and colleagues, the engineered DS-
SOSIP trimer showed reduced conformational triggering by CD4. Here, we further
stabilize DS-SOSIP through a combination of structure-based design and 96-well-
based expression and antigenic assessment. From 103 designs, we identified one,
named DS-SOSIP.4mut, with four additional mutations at the interface of potentially
mobile domains of the prefusion-closed structure. We also determined the crystal
structures of DS-SOSIP.4mut at 4.1-Å resolution and of an additional DS-SOSIP.6mut
variant at 4.3-Å resolution, and these confirmed the formation of engineered disul-
fide bonds. Notably, DS-SOSIP.4mut elicited a higher ratio of tier 2 autologous titers
versus tier 1 V3-sensitive titers than BG505 SOSIP.664. DS-SOSIP.4mut also showed
reduced recognition of CD4 and increased thermostability. The improved antigenic-
ity, thermostability, and immunogenicity of DS-SOSIP.4mut suggest utility as an im-
munogen or a serologic probe; moreover, the specific four alterations identified
here, M154, M300, M302, and L320 (4mut), can also be transferred to other HIV-1
Env trimers of interest to improve their properties.

IMPORTANCE One approach to elicit broadly neutralizing antibodies against HIV-1 is
to stabilize the structurally flexible HIV-1 envelope (Env) trimer in a conformation
that displays predominantly broadly neutralizing epitopes and few to no nonneutral-
izing epitopes. The prefusion-closed conformation of HIV-1 Env has been identified
as one such preferred conformation, and a current leading vaccine candidate is the
BG505 DS-SOSIP variant, comprising two disulfides and an Ile-to-Pro mutation of Env
from strain BG505. Here, we introduced additional mutations to further stabilize
BG505 DS-SOSIP in the vaccine-preferred prefusion-closed conformation. In guinea
pigs, our best mutant, DS-SOSIP.4mut, elicited a significantly higher ratio of autolo-
gous versus V3-directed neutralizing antibody responses than the SOSIP-stabilized
form. We also observed an improvement in thermostability and a reduction in CD4
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affinity. With improved antigenicity, stability, and immunogenicity, DS-SOSIP.4mut-
stabilized trimers may have utility as HIV-1 immunogens or in other antigen-specific
contexts, such as with B-cell probes.

KEYWORDS HIV-1, immunogen design, protein stabilization

An effective human immunodeficiency virus type 1 (HIV-1) vaccine has long been
sought as a means to contend with the AIDS pandemic (1). Specifically, the HIV-1

envelope glycoprotein (Env) trimer is the sole viral antigen on the surface of the HIV-1
virion and is responsible for mediating HIV-1 attachment and entry into CD4� T cells.
A soluble version of the Env trimer has been sought to serve as the basis for a B
cell-based subunit vaccine against HIV-1 (2). As the Env trimer is conformationally
flexible (3), an Env trimer-based immunogen stabilized in a conformation that presents
broadly neutralizing antibody (bNAb) epitopes and few to no nonneutralizing antibody
epitopes has been sought (4). Ideally, such a conformationally fixed Env immunogen
should have high thermostability and should remain in the desired antigenic state,
even in the presence of CD4.

Significant efforts have been made to obtain HIV-1 Env trimers with desired anti-
genicity. Sanders, Moore, and colleagues developed a soluble, cleaved Env trimer,
SOSIP.664, from the BG505 strain, which possesses multiple epitopes for bNAbs and few
epitopes for nonneutralizing antibodies (4–7). We along with others determined struc-
tures of BG505 SOSIP.664, both ligand free (8) and complexed with bNAbs (9–18), and
these show BG505 SOSIP.664 to prefer the antigenically desired prefusion-closed
conformation (8–13, 15). Furthermore, BG505 SOSIP.664 reactivity toward nonneutral-
izing antibodies, including CD4-induced (CD4i) and V3 nonneutralizing or weakly
neutralizing antibodies, could be further reduced by negative-selection purification (8,
19). However, BG505 SOSIP.664 gp140 undergoes conformational change in the pres-
ence of soluble CD4 (sCD4), which can result in the display of nonneutralizing or weakly
neutralizing CD4i and V3 epitopes (8). We along with others have succeeded in further
stabilizing BG505 SOSIP.664 in the prefusion-closed conformation (8, 20). The stabilized
version of BG505 SOSIP.664 we developed, DS-SOSIP (8), incorporates an additional
engineered disulfide bond (I201C-A443C), which locks the Env trimer in the prefusion-
closed state and impedes binding of CD4i or V3 nonneutralizing or weakly neutralizing
antibodies, even in the presence of sCD4 (8). However, DS-SOSIP retains the ability to
bind a single CD4 molecule per trimer (8, 67).

In this study, we investigated whether further stabilization of DS-SOSIP in its
prefusion-closed conformation could yield improved immunogenicity. We designed
103 variants of DS-SOSIP and screened for variants that displayed the desired antige-
nicity and suitable expression by using an enzyme-linked immunosorbent assay (ELISA)
coupled to 96-well transient expression. We characterized four candidates in detail.
Three of the four showed increased melting temperatures, and all four showed im-
proved antigenicity and reduced sCD4 affinity (to as low as �0.5 �M) while retaining
the ability to bind CD4-binding site-directed antibodies. We solved the crystal struc-
tures of two variants, DS-SOSIP.4mut (incorporating mutations L154M, N300M, N302M,
and T320L [4mut]) and DS-SOSIP.6mut (incorporating 4mut mutations as well as Y177W
and I420M), at nominal resolutions of 4.1 Å and 4.3 Å, respectively. These structures
provided atomic details of the 201C-433C disulfide bond as well as of the designed
hydrophobic interactions. Notably, guinea pig immunization studies showed DS-
SOSIP.4mut to have an increased ratio of autologous tier-2 to V3-sensitive tier-1
neutralizing titer compared to that of BG505 SOSIP.664.

RESULTS
Design and antigenic assessment of 103 DS-SOSIP variants. We employed two

strategies to stabilize DS-SOSIP in the vaccine-preferred prefusion-closed conformation,
resulting in a total of 103 DS-SOSIP variants (Fig. 1A). One strategy was to introduce
mutations into DS-SOSIP that were predicted to form hydrophobic interactions at the
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interfaces of the mobile apex region based on computational structural modeling (see
Materials and Methods) (see Table S1 in the supplemental material). A second strategy
was to introduce mutations into DS-SOSIP that we identified previously in the BG505
SOSIP.664 context (8) to yield increased reactivity to the antibodies CAP256-VRC26.09
and PGT145 (21, 22), which recognized the trimer apex, as reactivity to these antibodies
suggested increased presentation of the prefusion-closed state (Table S2). The antige-
nicity of each design was assessed after each construct was transiently expressed with
293T cells in a 96-well plate format, and the antigenicity of supernatants was assessed
by ELISA (see Materials and Methods) (Table S3). We used the sum of the bNAbs PGT145
and CAP256-VRC26.09 reactivities divided by the sum of weakly neutralizing antibody
reactivity (for the V3-directed antibodies 447-52D and 3074 [23, 24] in the presence of
CD4) to rank each design. Based on this scoring metric, we selected four designs:
DS-SOSIP.4mut (L154M/N300M/N302M/T320L), DS-SOSIP.6mut (L154M/N300M/N302M/
T320L/Y177W/I420M), DS-SOSIP.I423F, and DS-SOSIP.A316W for further characterization
(Fig. 1B). The mutations in the DS-SOSIP.4mut design (L154M/N300M/N302M/T320L)
were predicted to form hydrophobic interactions at the interface between the first and

FIG 1 Structure-based stabilization of DS-SOSIP into its prefusion-closed conformation. (A) Amino acid mutational positions from 103 DS-SOSIP
variants evaluated antigenically and mapped onto the structure of BG505 SOSIP.664 (PDB accession number 4TVP), with one protomer shown in
rainbow colors (residues colored coded as defined in the legend) and the other two in gray ribbon representation. (B) Crystal structure of BG505
SOSIP.664 (PDB accession number 4TVP) shown in gray, with one gp120 protomer shown in green and another shown in salmon (central image).
The gp120 domains are color coded as defined in the legend on the figure. Structural models of DS-SOSIP variants with the most favorable
antigenic profiles (Table S3) are shown in the insets; for each variant, stabilizing mutations relative to DS-SOSIP are modeled in stick representation
and labeled.
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second variable (V1V2) regions and the third variable (V3) loop region interface. The
two mutations (Y177W/I420M) that were introduced in addition to the four mutations
in the DS-SOSIP.6mut design were designed to strengthen interaction between V1V2
and the mobile �20-�21 hairpin. The I423F mutation was also predicted to strengthen
the interaction between V1V2 and �20-�21. Finally, the A316W mutation was predicted
to stabilize V3 in its prefusion conformation through an aromatic interaction with Y318.
Coincidentally, A316W was reported in a prior study (31) to facilitate the stabilization of
BG505 SOSIP.664 in the prefusion-closed conformation and to reduce immunogenicity
toward the V3 loop.

DS-SOSIP variants showed improved antigenicity for the prefusion-closed
state. We expressed and purified the four DS-SOSIP variants, identified from the initial
antigenic assessment of the 103 designs. Size exclusion chromatography (SEC) profiles
of these variants were similar to that of DS-SOSIP (Fig. 2A), and all four showed
expression yields (0.9 to 1.3 mg/liter) comparable to the yield of DS-SOSIP (1.5 mg/liter)
(Fig. 2B). SDS-PAGE analysis indicated all four DS-SOSIP variants to be fully cleaved and
to run as separate gp120 and gp41 subunits under reducing conditions (Fig. 2C).

To define the antigenicity of these top four DS-SOSIP variants, we evaluated their
binding affinities to a panel of 17 HIV-1 antibodies by a Meso Scale Discovery (MSD)
Multi-Array (see Materials and Methods). Prior to negative selection with V3-directed
antibodies, we observed all four DS-SOSIP variants to exhibit lower binding affinities
toward V3-directed antibodies 447-52D and 3074 than DS-SOSIP (Fig. 3A). After nega-
tive selection with V3-directed antibodies, the four DS-SOSIP variants displayed even
lower V3-directed antibody binding, even in the presence of CD4 (Fig. 3B). The four
DS-SOSIP variants also showed higher affinity toward 35O22, a gp120-gp41 interface
antibody, than DS-SOSIP.

To determine if V3 antigenicity of stabilized DS-SOSIP variants changed over
time, we performed a time course study by evaluating the antigenicity of the trimer
variants after 0, 4, and 6 weeks of incubation at 37°C using biolayer interferometry
(Fig. S1). We observed reactivity toward antibody 3074 to increase substantially for
BG505 SOSIP.664 and DS-SOSIP, but not for the stabilized DS-SOSIP variants, after
4 weeks of incubation at 37°C.

DS-SOSIP variants formed prefusion-closed trimers. To determine whether the
introduction of the designed mutations altered structural conformation, we performed
negative-stain electron microscopy (EM) on the purified DS-SOSIP variants (Fig. 4) after
SEC and V3 negative selection. Similar to DS-SOSIP, all four DS-SOSIP variants uniformly
formed trimers in the closed prefusion conformation without monomers and aggre-
gates. In particular, visual inspection of the two-dimensional (2D) classes revealed
compact propeller-like shapes typical of the closed prefusion conformation. There were
no classes corresponding to the open conformation or nonnative trimers as defined by
Pugach et al. (25).

CD4 binding of DS-SOSIP variants. To determine whether the DS-SOSIP variants
demonstrated a difference in CD4 binding, we measured the binding of sCD4 to the
DS-SOSIP variants using surface plasmon resonance (SPR) (Fig. 5). All four DS-SOSIP variants
showed substantially lower sCD4-binding affinities (the equilibrium dissociation constant,
Kd, was reduced by 15- to 40-fold) than the binding affinity of DS-SOSIP (Kd � 11 nM), which
was already reduced substantially from that of SOSIP.664 (Kd � 1.4 nM).

Thermostability of DS-SOSIP variants. To examine whether the designed DS-
SOSIP variants displayed a difference in thermostability, we evaluated the thermosta-
bility of the DS-SOSIP variants by differential scanning calorimetry (DSC) (Fig. 6).
DS-SOSIP.6mut and DS-SOSIP.4mut showed approximately 5°C and 4°C increases in
melting temperature (Tm) (to 77.0°C and 75.8°C, respectively) relative to that of
DS-SOSIP (72.0°C). DS-SOSIP.A316W showed a 2°C increase in Tm (74.5°C), while DS-
SOSIP.I423F showed no increase in Tm (72.0°C) relative to that of DS-SOSIP.

We observed a positive correlation between CD4 Kd and Tm values (r � 0.804, P � 0.054)
for the trimer immunogens. In terms of heat absorption, DS-SOSIP.I423F and DS-
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SOSIP.4mut had the highest enthalpy values of unfolding at 1,430 and 1,320 kcal/M,
respectively, representing a substantial increase compared to the enthalpy values of
unfolding for DS-SOSIP and BG505 SOSIP.664, which are 1,190 and 1,030 kcal/M, respec-
tively.

Structure determination of stabilized DS-SOSIP variants. We determined crystal
structures of DS-SOSIP.4mut and DS-SOSIP.6mut, the two variants with the highest Tm

values, in complex with antibodies PGT122 and 35O22 (Fig. 7 and 8; Table S4). The C�

root mean square deviation (RMSD) between the DS-SOSIP.4mut and DS-SOSIP.6mut
structures was 0.76 Å, and the C� RMSDs of DS-SOSIP.4mut and DS-SOSIP.6mut versus
BG505 SOSIP.664 (PDB accession number 4TVP) were 0.95 and 0.79 Å, respectively. The
two structures revealed atomic-level detail of the engineered disulfide bond in DS-

FIG 2 Properties of stabilized HIV-1 Env trimers. (A) Size exclusion chromatography (SEC) profiles of stabilized DS-SOSIP variants prior to V3
negative selection. (B) SDS-PAGE of stabilized DS-SOSIP variants prior to V3 negative selection. R, reducing conditions; NR, nonreducing
conditions. (C) Expression yield of stabilized DS-SOSIP variants after SEC or SEC with V3 negative selection.
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FIG 3 Antigenicity of stabilized Env trimer determined by Meso Scale Discovery (MSD). (A) Antigenicity of
stabilized DS-SOSIP prior to V3 negative selection (top) or after V3 negative selection (bottom), assessed
with broadly neutralizing antibodies (VRC01 and PGT145), weakly or nonneutralizing antibodies (F105,
447-52D, and 3074), and a negative control antibody (CR9114, an influenza virus antibody with no
recognition of HIV-1 Env). AUC, area under the concentration-time curve. (B) Antigenicity of stabilized
DS-SOSIP variants after V3 negative selection assessed on a panel of CD4-induced antibodies (17b and
48d, with and without soluble CD4), CD4-binding site antibodies (VRC01, VRC13, and b12), V2 apex-
directed antibodies (PGT145 and CAP256-VRC26.25), glycan-V3 antibodies (PGT121, PGT128, and 2G12),
weakly neutralizing V3-directed antibodies (447-52D, 3074, and 2557, with and without soluble CD4), and
gp41-gp120 interface antibodies (PGT151, 35O22, and 8ANC195).
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SOSIP (201C-443C). In both structures, the conformation of the �21-strand appeared to
differ from the conformation observed in the prefusion-closed BG505 SOSIP.664 struc-
ture (e.g., PDB accession number 4TVP), possibly due to the introduction of the DS
disulfide bond proximal to �21 (Fig. 7B). Notably, none of the hydrophobic mutations
in 4mut or 6mut appeared to alter backbone conformation although these hydropho-
bic mutations did form hydrophobic interactions, as anticipated from the computa-
tional design (Fig. 7C and 8B). Despite the 4-Å resolution, a number of the bulkier side
chains could be clearly observed (Fig. 7C and 8B).

Immunogenicity of stabilized DS-SOSIP variants. To measure the immunogenici-
ties of the stabilized DS-SOSIP variants, we immunized guinea pigs at weeks 0, 4, 16,
and 28 using V3 negatively selected trimers and assessed sera at weeks �1 (1 week
prior to first injection), 2, 6, 15, 18, 27, and 30. All DS-SOSIP variants elicited trimer-
specific responses comparable to those of BG505 SOSIP.664, while DS-SOSIP.I423F and
DS-SOSIP.4mut elicited lower anti-V3 responses (Fig. 9A). Elicitation of neutralization
against heterologous tier-2 strains was not observed for any of the trimers tested in this
study (Table S5). Furthermore, each DS-SOSIP variant trended toward a decreased

FIG 4 Negative-stain electron microscopy of stabilized Env trimers. Reference-free classification and
averaging produced symmetrical propeller-like classes typical of the prefusion-closed conformation of
the HIV-1 Env trimer, indicative of high homogeneity and correct folding/assembly of the proteins. Scale
bar, 10 nm.
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V3-sensitive tier-1 (MW965.26) response and, with the exception of DS-SOSIP.6mut,
increased autologous (BG505.W6M.C2.T332N) neutralization activity at week 30 (Fig. 9B
and Table S5). Specifically, the neutralization titer (80 percent inhibitory dilution [ID80]
at week 30) elicited by DS-SOSIP.4mut was 19-fold higher than the neutralization titer
elicited by BG505 SOSIP.664 (P � 0.095) and 4-fold higher than that elicited by
DS-SOSIP. Comparison of the pooled neutralization results of the DS-SOSIP variants
with those elicited by BG505 SOSIP.664 revealed reduced MW965.26 neutralizing
activity (P � 0.024) (Fig. 9C). The ratio of BG505 neutralizing titer to MW965.26
neutralization titer for DS-SOSIP.4mut was significantly greater than the ratio of BG505
SOSIP.664 compared group-wise, with the remaining DS-SOSIP variants trending to-
ward greater ratios (Fig. 9D) than BG505 SOSIP.664. With a geometric mean ratio of 0.1,
BG505 SOSIP.664 induced a relatively high titer of tier-1 MW965.26 neutralizing activity.
The ratio for DS-SOSIP.4mut was as high as 10.2, indicating the autologous neutralizing
activity to be 10-fold higher than that of the tier-1 MW965.26. Such differences in
immunogenicity are reflected in both reduced tier-1 neutralizing activity and increased
autologous neutralizing activity for DS-SOSIP.4mut compared to the activity of BG505
SOSIP.664 (Fig. 9B). In addition, we observed the enthalpy of unfolding of the immuno-
gens (Fig. 6) to have a high degree of positive correlation with both BG505 neutralizing
titer (� � 0.829, P � 0.058) and the ratio of BG505 neutralizing titer to MW965.26
neutralizing titer (� � 0.943, P � 0.017) (Fig. 10).

FIG 5 Binding of soluble CD4 to stabilized HIV-1 Env trimers as measured by SPR with single-cycle kinetics. (A) SPR curves. For
BG505 SOSIP.664 and DS-SOSIP, the concentrations of CD4 injected were 180, 90, 45, 22.5, and 11.25 nM. For the DS-SOSIP
mutants, the concentrations of CD4 injected were 500, 250, 125, 62.5, and 31.25 nM. (B) Dissociation constant (Kd), on-rate
constant (ka), and off-rate constant (kd) values. Values in parentheses report standard errors from fitting data to a 1:1 Langmuir
binding model.
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DISCUSSION

The HIV-1 Env trimer evades the humoral immune response through three main
mechanisms: genetic variation (26, 27), conformational flexibility (3, 28), and glycan
masking (29). In terms of conformational flexibility, the HIV-1 Env trimer can exist in a
number of conformations, related to its essential role in virus cell entry as a type 1
fusion machine, which uses structural rearrangements to fuse viral and target cell
membranes (30). The conformational states accessed by HIV-1 Env trimer include the
prefusion-closed state, CD4- and coreceptor-bound conformations, and intermediate
conformations as well as a postfusion state. Of these, the prefusion-closed conforma-
tion presents mostly broadly neutralizing epitopes and few nonneutralizing or weakly
neutralizing epitopes, and it thus has been the focus of vaccine design. Here, we used
structure-based design to further stabilize DS-SOSIP in the prefusion-closed conforma-
tion.

The further stabilized DS-SOSIP trimers showed substantial reduction of weakly
neutralizing antigenicity prior to V3 negative selection, indicating reduction of spon-
taneous V3 transition. The results suggest that these trimers may be better suited for
genetic immunization, where the antigenic quality of the immunogen without purifi-
cation may be crucial, although an additional stabilization effort will be needed to
remove fully V3 reactivity. For the V3 negatively selected trimers, the further stabilized
DS-SOSIP trimers also displayed reduction of V3 antigenicity in the presence of CD4
compared to that of DS-SOSIP and BG505 SOSIP.664 without CD4.

In addition to a reduction of weakly neutralizing V3 antigenicity, we found further
stabilization of the DS-SOSIP variant of the HIV-1 Env trimer in the prefusion-closed
conformation to reduce the affinity to CD4 to submicromolar levels and to increase
immunogenicity for autologous neutralizing antibodies while reducing the immuno-
genicity for nonneutralizing and weakly neutralizing antibodies. Thus, stabilizing the
Env trimer in the prefusion-closed conformation appears to prevent the HIV-1 Env
trimer from transitioning to other intermediates beyond the prefusion-closed state
(including CD4-bound conformations). The reduced affinity of these trimers to CD4
suggests that these trimers will be less likely to interfere with or to localize to CD4� T
cells when they are used as immunogens, an advantage when these immunogens are
used to immunize humans.

In our guinea pig immunization study, we observed DS-SOSIP.4mut to have a higher
ratio of autologous tier-2 to V3-sensitive tier-1 neutralizing titer than BG505 SOSIP.664
(P � 0.032), which is due to both an increase in autologous tier-2 and a decrease in

FIG 6 Thermostability of stabilized HIV-1 Env trimers assessed by differential scanning calorimetry (DSC). At left are raw data from DSC shown in solid lines for
the Env trimers identified by color according to the scheme shown on the right. Values for Tm, ΔT1/2 (width at half peak height), and enthalpy of unfolding from
DSC (ΔH) are also shown. Cp, heat capacity at constant pressure.

Stabilization of HIV-1 Env Trimer Immunogens Journal of Virology

May 2017 Volume 91 Issue 10 e02268-16 jvi.asm.org 9

http://jvi.asm.org


V3-sensitive tier-1 neutralizing titers. A similar, significantly higher ratio for further
stabilized SOSIP.664 trimer was observed by de Taeye et al. in rabbits (31) and as a
result of PGT145 complexation in guinea pigs (32). Of note, we observed a 19-fold
increase of autologous neutralization with DS-SOSIP.4mut compared to that with
BG505 SOSIP.664 (P � 0.095) using five animals in each group; a larger group size
would be needed to further determine if the observed increase in elicitation of
autologous neutralization titer for DS-SOSIP.4mut is significant. In addition, we used the
MW965.26 strain to evaluate the anti-V3 response as most of the MW965.26 neutral-

FIG 7 Crystal structure of DS-SOSIP.4mut. (A) Crystal structure of DS-SOSIP.4mut Env trimer, as extracted from the crystallized ternary
complex with antibodies 35O22 and PGT122 (11), with amino acids displayed in ribbon representation and glycans in stick
representation. The 2Fo � Fc (observed and calculated structure factor amplitudes, respectively) electron density is displayed as a gray
mesh at 1�. (B) Structural details of the engineered disulfide in DS-SOSIP (I201C/A433C, shown in sticks). The crystal structure of BG505
SOSIP.664 (PDB accession number 4TVP) is shown in gray. DS-SOSIP.4mut residues with C� deviations greater than 2 Å from BG505
SOSIP.664 are shown in magenta. Simulated annealing (SA)-omit and 2Fo � Fc electron density map around the disulfide bond region
are also shown as gray mesh in the middle and the right panels, respectively. (C) Structural details of designed hydrophobic side chains
(shown in sticks) for DS-SOSIP.4mut; in the left panel, the crystal structure of BG505 SOSIP.664 (4TVP) is provided in gray for
comparison. The 2Fo � Fc electron density map of the four designed residues in the DS-SOSIP.4mut and BG505 SOSIP.664 (4TVP)
structures are shown in the middle and right panels, respectively, as gray mesh.
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ization was V3 mediated (32); we observed a reduction of V3 antigenicity to translate
into a reduction of anti-V3 serum response in immunized guinea pigs for the stabilized
DS-SOSIP variants (4.5-fold reduction for DS-SOSIP.4mut; P � 0.056).

Despite having similar antigenicity, thermostability, and structural conformation
characteristics as DS-SOSIP.4mut, DS-SOSIP.6mut elicited lower autologous neutraliza-
tion than DS-SOSIP.4mut and all other trimer immunogens tested in this study. While
intriguing, the lower DS-SOSIP.6mut autologous neutralization did not achieve statis-
tical significance relative to that of the other study groups; further investigation is
required to determine if Y177W and I420M, two additional mutations in DS-SOSIP.6mut
at the V1V2/�20-�21 interface, do indeed reduce the elicitation of autologous neutral-
ization in a statistically significant way.

In summary, we have developed DS-SOSIP.4mut, a BG505 SOSIP.664 variant that is
stabilized in the prefusion-closed conformation with improved antigenicity, thermosta-
bility, and immunogenicity. Importantly, DS-SOSIP.4mut displayed submicromolar af-
finity for CD4; while a number of other stabilized forms of Env have been reported
(31–36), none of these prior studies report low CD4 affinity while maintaining recog-
nition of CD4-binding site antibodies. The four stabilizing mutations (M154, M300,
M302, and L320) we identified in DS-SOSIP.4mut can be added to immunogen candi-
dates to improve their various properties. In addition, highly stabilized trimers may
have utility as serological probes to isolate antibodies that target the prefusion-closed
conformation of Env.

MATERIALS AND METHODS
Computational structure-based design to stabilize DS-SOSIP. Six sets of residues at the interface

of V1V2/V3 or V1V2/�20-�21 were selected manually for redesign based on residue properties and the

FIG 8 Crystal structure of DS-SOSIP.6mut. (A) Crystal structure of DS-SOSIP.6mut Env trimer, as extracted from the crystallized ternary
complex with antibodies 35O22 and PGT122 (11), with amino acids displayed in ribbon representation and glycans in stick
representation. The 2Fo � Fc electron density at 1� is displayed as a gray mesh. (B) Structural details of designed hydrophobic side
chains (shown in sticks) for DS-SOSIP.6mut; in the left panel, the crystal structure of BG505 SOSIP.664 (PDB accession number 4TVP)
is provided in gray for comparison. The 2Fo � Fc electron density map of the four designed residues in the DS-SOSIP.6mut and BG505
SOSIP.664 (4TVP) structures are shown in the middle and right panels, respectively, as gray mesh.
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interface cavity upon manual inspection of the BG505 SOSIP.664 trimer structure (PDB accession number
4TVP) (see Table S1 in the supplemental material). For each set of residues, Osprey, version 1.0 (37), was
used to enumerate and evaluate the lowest energy for all mutation combinations, where each residue
was allowed to mutate to any hydrophobic residue (phenylalanine, tyrosine, tryptophan, valine, leucine,
isoleucine, methionine, alanine, glycine, or histidine). Two to four mutation combinations were selected
for each set based on the energy scores. A number of designs were also developed by combining
mutations from multiple sets (Table S1).

Antigenic analysis of DS-SOSIP variants in a 96-well microplate by ELISA. Antigenicities of the
following antibodies were assayed for DS-SOSIP variants: VRC01, CAP256-VRC26.09, PGT145, PGT122,
F105, 447-52D (with and without the presence of CD4), 3074 (with and without the presence of CD4), and
17b in the presence of CD4. D7324 antibody-coated 96-well ELISA plates were prepared by incubating
2 �g/ml of affinity-purified sheep anti-HIV-1 gp120 antibody (D7324) (catalog number D7324; Aalto Bio
Reagents, Ireland) in 100 �l of phosphate-buffered saline (PBS) in a 96-well flat-bottom Nunc-Immuno
Plate (Thermo Scientific, IL) overnight at 4°C, followed by the removal of the coating solution and
incubation of the wells with 200 �l of 2% (wt/vol) dry milk in PBS overnight at 4°C. Then, the wells were
washed five times with PBS– 0.05% Tween 20. Thirty microliters of supernatant expressed in each well of
the 96-well microplate was incubated with 70 �l of PBS in each well of a D7324 antibody-coated 96-well
ELISA plate for 1 h at 60°C, after which the wells were washed five times with PBS– 0.05% Tween 20.
One hundred microliters of anti-specific-epitope primary antibody at a concentration of 10 �g/ml in
PBS with 0.2% (wt/vol) dry milk and 0.2% Tween 20 was added to each well and incubated for 1 h
at room temperature (RT), after which the wells were washed five times with PBS– 0.05% Tween 20.
One hundred microliters of horseradish peroxidase (HRP)-conjugated goat anti-human IgG antibody
(Jackson ImmunoResearch Laboratories, Inc., PA) at 1:10,000 in PBS with 1.0% (wt/vol) dry milk and 0.2%
Tween 20 was added to each well and incubated for 30 min at RT, after which the wells were washed
five times with PBS– 0.05% Tween 20. The wells were developed with tetramethylbenzidine (TMB) at RT
for 10 min, after which the reaction was stopped with 180 mM HCl. The readout was measured at a
wavelength of 450 nm. All samples were read in duplicate.

FIG 9 Immunogenicity of stabilized HIV-1 Env trimers. (A) Longitudinal V3 peptide-specific (left) and native trimer-specific
(right) serum immunogenicity. Recip Dil, reciprocal dilution. (B) Week 30 serum neutralization (ID80) of autologous (left) and
V3-sensitive tier-1 (right) pseudoviruses. (C) DS-SOSIP and its variants elicited reduced V3-sensitive tier-1 neutralization
(left) while maintaining autologous neutralization compared to neutralizing activity of BG505 SOSIP.664 (*, P � 0.05, by a
two-tailed Mann-Whitney test). (D) Autologous- to V3-sensitive tier-1 neutralization ratio of DS-SOSIP.4mut is greater than
that of BG505 SOSIP.664 (*, P � 0.05, by Kruskal-Wallis test with a post hoc Dunn’s multiple-comparison test).
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Protein expression and purification. The various BG505 DS-SOSIP trimer mutants were produced
in 293 FreeStyle cells, as described previously (4). Briefly, 600 �g of BG505 DS-SOSIP trimer construct was
cotransfected with 150 �g of furin plasmid DNA into 1 liter of cells. After 6 days, the transfected
supernatants were harvested, filtered, and loaded over a VRC01 affinity column. After being washed with
phosphate-buffered saline (PBS), the bound proteins were eluted with 3 M MgCl2 and 30 mM Tris at a
pH of 7.0. The eluate was concentrated to 2 to 3 ml using an Amicon Ultracel-50K instrument (Millipore)
and applied to a Superdex 200 16/600 gel filtration column (GE Healthcare) equilibrated in PBS. The peak
corresponding to trimeric HIV-1 Env was identified, pooled, and subjected to negative selection with
447-52D (PDB accession number 4M1D) (23) and V3 cocktail columns to remove aberrant trimer species
(8). The V3 cocktail column contains six V3-directed antibodies: 1006-15D, 2219, 2557, 2558, 3074, and
50.1 (PDB accession numbers 3MLW [38], 2B0S [39], 3MLS [38], 3UJI [40], 3MLX [38], and 1GGI [41],
respectively).

Antigenic analysis of DS-SOSIP variants by MSD-electrochemiluminescence immunoassay
(ECLIA). Standard 96-well bare Multi-Array Meso Scale Discovery (MSD) plates (catalog number L15XA-3)
were coated with a panel of HIV neutralizing antibodies (VRC01 [42], b12 [43], VRC13 [44], PGT121 [21],
PGT128 [21], 2G12 [45], PGT145 [21], CAP256-VRC26.25 [46], 35O22 [47], 8ANC195 [48], and PGT151 [49]),
nonneutralizing or weakly neutralizing monoclonal antibodies (F105 [50], 17b [51] with sCD4, 48D [52]
with sCD4, 447-52D [23] with sCD4, 3074 [24] with sCD4, and 2557 [38] with sCD4), and noncognate
antibodies (anti-influenza virus antibody CR9114 [53] and anti-respiratory syncytial virus [RSV] antibody
D25 [54]) in duplicate (30 �l/well) at a concentration of 4 �g/ml diluted in 1� PBS by incubation
overnight at 4°C. The following day, the plates were washed (wash buffer, 0.05% Tween 20 –1� PBS) and
blocked with 150 �l of blocking buffer (5%, wt/vol) (MSD blocker A, catalog number R93BA-4; MSD) by

FIG 10 Correlation between immunogenicity and thermostability. (A) Spearman correlation between
autologous neutralization (ID80 from week 30, group geometric means) and enthalpy of unfolding. (B)
Spearman correlation between V3-sensitive tier-1 neutralization and enthalpy of unfolding. (C) Spearman
correlation between autologous-to-V3-sensitive tier-1 neutralization ratio and enthalpy of unfolding.
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incubation for 1 h on a vibrational shaker (Titramax 100, catalog number 544-11200-00; Heidolph
Instruments) at 650 rpm. All incubations were performed at room temperature except the coating step.
During the incubation, BG505 DS-SOSIP trimers were titrated in serial 2-fold dilutions starting at a
concentration of 5 �g/ml of the trimer in the assay diluent (1% [wt/vol] MSD blocker A– 0.05% Tween 20).
For soluble CD4 (sCD4) induction, the trimer was combined with sCD4 at a constant molar concentration
of 1 �M before being added to the MSD plate. After the incubation with blocking buffer was complete,
the plates were washed, and the diluted trimer was transferred (25 �l/well) to the MSD plates and
incubated for 2 h on the vibrational shaker at 650 rpm. After the 2-h incubation with trimer, the plates
were washed again, and 2G12 antibody labeled with Sulfo-Tag (catalog number R91AO-1; MSD) at a
conjugation ratio of 1:15 (2G12/Sulfo-Tag), diluted in assay diluent at 2 �g/ml, was added to the plates
(25 �l/well) and incubated for 1 h on a vibrational shaker at 650 rpm. The plates were washed and read
using 1� read buffer (catalog number R92TC-1, 4� Read Buffer T; MSD) on an MSD Sector Imager 2400.

Negative-stain electron microscopy. The samples were diluted to approximately 0.02 mg/ml,
adsorbed to a freshly glow-discharged carbon film grid for 15 s, and stained with 0.7% uranyl formate
at a pH of 5. Images were collected semiautomatically using SerialEM (55) on an FEI Tecnai T20
microscope operating at 200 kV and equipped with a 2,000- by 2,000-pixel (px) Eagle charge-coupled
device (CCD) camera. The pixel size was 0.22 nm/px. Particles were selected using the swarm mode in
e2boxer from the EMAN2 software package (56). Reference-free 2D class averages were obtained using
EMAN2.

Surface plasmon resonance analysis. Binding affinities and kinetics of soluble CD4 (sCD4) to
various HIV-1 DS-SOSIP trimers were assessed by single-cycle kinetics analysis using surface plasmon
resonance on a Biacore T-200 instrument (GE Healthcare) at 25°C with HBS-EP� buffer (10 mM HEPES,
pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20). First, 2G12 antibody was immobilized on
flow cells of a CM5 chip at �2,000 response units. Next, 200 nM trimer was captured onto the sample
flow cell at a flow rate of 5 �l/min for 120 s. Finally, sCD4 at five concentrations (180 nM, 90 nM, 45 nM,
22.5 nM, and 11.25 nM for BG505 SOSIP.664 and BG505 DS-SOSIP; 500 nM, 250 nM, 125 nM, 62.5 nM, and
31.25 nM for optimized DS-SOSIP trimers) was injected incrementally in a single cycle, starting from the
lowest concentration at a flow rate of 50 �l/min for 60s, which was followed by a dissociation phase of
30 min. Blank sensorgrams were obtained by injection of the same volume of HBS-EP� buffer in place
of sCD4. Sensorgrams of the concentration series were corrected with corresponding blank curves and
fitted globally with Biacore T200 evaluation software with a 1:1 Langmuir model of binding.

Differential scanning calorimetry. A high-precision differential scanning VP-DSC microcalorimeter
(GE Healthcare/MicroCal) was employed to measure the heat capacity of the trimers. In brief, samples
were diluted to 0.3 mg/ml with PBS. Thermal denaturation scans were performed from 30°C to 110°C at
a rate of 1°C/min.

Expression and purification of BG505 DS-SOSIP trimer mutants for crystallization. BG505
DS-SOSIP trimer mutant constructs were cotransfected with furin in HEK293S GnTI�/� cells using 600 �g
of plasmid DNA and 150 �g of furin. The supernatants were harvested 7 days after transfection and run
over a VRC01 affinity column. Following a PBS wash, the proteins were eluted using 3 M MgCl2, pH 7.4.
The eluate was concentrated using a Centricon-70 and directly purified through Superdex 200 size
exclusion chromatography in 5 mM HEPES, pH 7.5, 150 mM NaCl, and 0.02% azide. The trimeric peak
was isolated, concentrated, and used directly or flash frozen in liquid nitrogen and kept at �80°C
until further use.

Fragment antigen-binding (Fab) fragment expression and purification. PGT122 and 35O22 IgG
were expressed as previously described. Heavy-chain plasmids with a human rhinovirus 3C protease
(HRV3C) cleavage site in the hinge region were cotransfected with corresponding light-chain plasmids in
the HEK293-Expi cell line using TrueFect-Max transfection reagent (United Biosystems) according to the
manufacturer’s protocol. Cultures were fed with fresh medium 4 h posttransfection and with enriched
medium containing valproic acid (4 mM final concentration) 24 h after transfection. Cultures were then
incubated at 33°C for 5 more days, and supernatants were harvested and passed though a protein A
column. After PBS wash and low-pH elution, eluate was collected. Fab fragments were obtained by using
HRV3C cleavage, and Fab fragments were purified over a Superdex 200 column (GE) in 5 mM HEPES, pH
7.5, 150 mM NaCl, and 0.02% azide.

Complex preparation. PGT122 and 35O22 Fab fragments were added to a solution of purified
BG505 DS-SOSIP trimer mutants in a 2-fold molar excess for 2 h at RT. The ternary complex was then
purified over gel filtration, and fractions of complex were pooled, concentrated down to 6 mg/ml,
and used immediately for crystal screening or flash frozen in liquid nitrogen and kept at �80°C until
further use.

Crystal screening. The ternary complexes were screened for crystallization using 572 conditions
from Hampton, Wizard, and Precipitant Synergy screens using a Cartesian Honeybee crystallization robot
as described previously (57) and a Mosquito Crystal robot. Crystals were observed and were manually
reproduced. The complex crystal of DS-SOSIP.4mut with PGT122 and 35O22 Fab fragments grew in
10.5% polyethylene glycol (PEG) 4000 (P4K), 0.2 M AmSO4, 0.1 M sodium acetate (NaOAc), pH 4.6. The
crystals were cryoprotected in 20% glycerol. Crystals of DS-SOSIP.6mut in complex with PGT122 and
35O22 Fab fragments grew in 13.2% PEG 400, 6.6% PEG 8000, and 0.1 M. sodium acetate/acetic acid, pH
4.5, and were cryoprotected in 15% 2R-3R-butanediol. Data were collected at a wavelength of 1.00 Å at
the Southeast Regional Collaborative Access Team (SER-CAT) beamline ID-22 (Advanced Photon Source,
Argonne National Laboratory).

X-ray data collection, structure solution, and model building. Diffraction data were processed
with the HKL2000 suite (58). The overall resolution was determined as the highest resolution for which
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the completeness was greater than 50% and the I/�I was greater than 2.0. Thus, for DS-SOSIP.4mut and
DS-SOSIP.6mut ternary complexes, the overall resolution was 4.1 Å and 4.3 Å, respectively. The DS-
SOSIP.4mut and DS-SOSIP.6mut ternary complex crystal diffraction data were then assessed for anisot-
ropy through use of the Diffraction Anisotropy Server (http://services.mbi.ucla.edu/anisoscale/), which
indicates the resolution at which F/sigma drops below 3.0 along a, b, and c axes; for the two lattices,
these were 4.9 Å, 4.9 Å, and 3.4 Å and 5.5 Å, 5.5 Å, and 3.5 Å, respectively. Because we sought to use as
much of the data as possible for refinement, we used the overall resolution described above to define
the resolution of the a and b axes, with the resolution limit for the c axis defined by the Diffraction
Anisotropy Server.

We note that other investigators have determined overall resolutions by the following equation:
Reseff � (high resolution)(completeness)(�1/3) (59), where Reseff is effective resolution. For DS-SOSIP.4mut
ternary complex, the untruncated data had a completeness of 61.0%, and the overall resolution is
calculated as Reseff � (3.4)(0.610)(�1/3) � 4.0 Å; the truncated data had a completeness of 58% and an
effective resolution Reseff � (3.4)(0.58)(�1/3) � 4.1 Å. For DS-SOSIP.6mut ternary complex, the untruncated data
had a completeness of 63.2%, and the overall resolution is calculated as Reseff � (3.5)(0.632)(�1/3) � 4.1 Å; the
truncated data had a completeness of 51% and an effective resolution Reseff � (3.5)(0.51)(�1/3) � 4.4 Å. These
alternatively defined resolutions are 0.1 and 0.2 Å, respectively, higher than our 50% completeness,
2 I/sigma-defined overall resolutions.

We also report the CC1/2 value (Pearson correlation coefficient between intensities averaged in two
subsets of data) of the highest resolution shell (0.345 at 3.4 Å for 4mut; 0.299 at 3.5 Å for 6mut); CC1/2

values of �0.15 are reported to be significant (60).
Structure solution was obtained by molecular replacement with Phaser using the BG505 SOSIP.664

ternary complex structure (PDB accession number 4TVP) (11) as a search model. Refinement was carried
out with Phenix (61). Model building was carried out with Coot (62). The Ramachandran plot was
determined by MolProbity (63). Data collection and refinement statistics are shown in Table S4.

Immunogenicity in guinea pig. Two-month-old Hartley guinea pigs were purchased from Charles
River and immunized intramuscularly at the hind leg muscles as previously described (32). Injections
consisted of 25 �g of immunogen formulated in 400 �l of PBS with 80 �l of Adjuplex (Sigma). The
immunizations were administered as two separate injections of 200 �l into each quadriceps muscle.
Immunizations were performed at weeks 0, 4, 16, and 28. Blood draws for immune assessment included
a prebleed week �1 sample and blood draws performed 2 weeks after each immunization. All animal
experiments were reviewed and approved by the Animal Care and Use Committee of the Vaccine
Research Center, NIAID, NIH, and all animals were housed and cared for in accordance with local, state,
federal, and institute policies in an American Association for Accreditation of Laboratory Animal Care-
accredited facility at the NIH. Collected sera were heat inactivated for 1 h at 56°C before being analyzed.

Anti-BG505 V3 peptide ELISA. Ninety-six-well plates (Costar High Binding Half-Area; Corning,
Kennebunk, ME) were coated overnight at 4°C with 50 �l/well of 2 �g/ml BG505 V3 peptide (TRPNNN
TRKSIRIGPGQAFYATG; Bio-Synthesis, Inc., Lewisville, TX). Between subsequent steps, plates were washed
five times with PBS– 0.05% Tween (PBS-T) and incubated at 37°C for 50 min, except as otherwise noted.
After being coated, plates were blocked with 100 �l/well of blocking buffer (B3T; 150 mM NaCl, 50 mM
Tris-HCl, 1 mM EDTA, 3.3% fetal bovine serum [FBS], 2% bovine albumin, 0.07% Tween 20, 0.02%
thimerosal). Next, 50 �l/well serially diluted (5-fold; starting dilution, 1:20) guinea pig serum in B3T buffer
was added. Afterward, goat anti-guinea pig IgG antibody conjugated to horseradish peroxidase (KPL,
Gaithersburg, MD) diluted 1:10,000 in B3T buffer was added at 50 �l/well for 50 to 65 min. Plates were
developed with tetramethylbenzidine (TMB) substrate (SureBlue; KPL, Gaithersburg, MD) for 10 min
before the addition of 1 N sulfuric acid (Fisher Chemical, Fair Lawn, NJ), without washing, to stop the
reaction. Plates were read at 450 nm (SpectraMax using SoftMax Pro, version 5, software; Molecular
Devices, Sunnyvale, CA), and the optical densities (OD) were analyzed following subtraction of the
nonspecific horseradish peroxidase background activity. The endpoint titer was defined as the reciprocal
of the greatest dilution with an OD value above 0.1 (10 times average raw plate background) or, when
this dilution’s OD was greater than 0.2, the reciprocal of the midpoint between this dilution and the
subsequent dilution.

Anti-BG505 SOSIP.664 ELISA. Ninety-six-well plates (Costar High Binding Half-Area; Corning, Ken-
nebunk, ME) were coated overnight at 4°C with 50 �l/well of 2 �g/ml D7324 monoclonal antibody (Aalto
Bio Reagents, Dublin, Ireland). Between subsequent steps, plates were washed five times with PBS-T (PBS
plus 0.05% Tween) and incubated at room temperature for 60 min, except as otherwise noted. After
being coated, plates were blocked with 100 �l/well of blocking buffer (5% skim milk in PBS), followed
by trimer capture with 50 �l/well of 0.5 �g/ml D7324-tagged BG505 SOSIP.664 in 10% FBS-PBS for 240
to 248 min. Following trimer addition, subsequent procedures mimicked the anti-BG505 V3 peptide
ELISA, except that the dilutions were made in 0.2% Tween-PBS instead of B3T buffer, the endpoint titer
was defined at an OD value of 0.1 (2 times average raw plate background), and the diluted guinea pig
serum was incubated for 60 min.

Neutralization assays. Single-round-of-replication Env pseudoviruses were prepared, titers were
determined, and the pseudoviruses were used to infect TZM-bl target cells as described previously (64,
65). Neutralization curves were fit by nonlinear regression using a 5-parameter Hill slope equation as
previously described (66). The 50% and 80% inhibitory dilutions (ID50 and ID80) were reported as the
serum concentrations required to inhibit infection by 50% and 80%, respectively.

Accession number(s). Atomic coordinates and structure factors of the DS-SOSIP.4mut and DS-
SOSIP.6mut X-ray crystal structures have been deposited with the Protein Data Bank (PDB) under
accession numbers 5UTY and 5UTF, respectively. In these PDB deposits, we provide the overall resolution
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in the title of the PDB entries as follows: “Crystal Structure of a Stabilized DS-SOSIP.4mut BG505 gp140
HIV-1 Env Trimer, Containing Mutations I201C-P433C (DS), L154M, N300M, N302M, T320L in Complex
with Human Antibodies PGT122 and 35O22 at 4.1 Å” and “Crystal Structure of a Stabilized DS-SOSIP.6mut
BG505 gp140 HIV-1 Env Trimer, Containing Mutations I201C-P433C (DS), L154M, Y177W, N300M, N302M,
T320L, I420M in Complex with Human Antibodies PGT122 and 35O22 at 4.3 Å.” We have also added
remarks to the PDB headers clarifying how the overall resolutions were determined.
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