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Abstract

Antibody-antigen interactions are governed by recognition of specific residues and structural
complementarity between the antigen epitope and antibody paratope. While X-ray crystallography
has provided detailed insights into static conformations of antibody—antigen complexes, factors
such as conformational flexibility and dynamics, which are not readily apparent in the structures,
can also have an impact on the binding event. Here we investigate the contribution of dynamics in
the HIV-1 gp120 glycoprotein to antibody recognition of conserved conformational epitopes,
including the CD4- and coreceptor-binding sites, and an inner domain site that is targeted by
ADCC-active antibodies. Hydrogen/deuterium-exchange mass spectrometry (HDX-MS) was used
to measure local structural dynamics across a panel of variable loop truncation mutants of HIV-1
gp120, including full-length gp120, AV3, AV1/V2, and extended core, which includes AV1/V?2
and V3 loop truncations. CD4-bound full-length gp120 was also examined as a reference state.
HDX-MS revealed a clear trend toward an increased level of order of the conserved subunit core
resulting from loop truncation. Combined with biolayer interferometry and enzyme-linked
immunosorbent assay measurements of antibody—antigen binding, we demonstrate that an
increased level of ordering of the subunit core was associated with better recognition by an array
of antibodies targeting complex conformational epitopes. These results provide detailed insight
into the influence of structural dynamics on antibody—antigen interactions and suggest the
importance of characterizing the structural stability of vaccine candidates to improve antibody
recognition of complex epitopes.
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HIV-1 gp120 epitope
structural dynamics

Interaction of antibody and antigen involves the recognition of residues with a specific three-
dimensional organization on the antigen (epitope) by a set of residues on the antibody
(paratope). Understanding the structural basis of antibody recognition and immune response
against antigens is important for optimization of vaccine immunogens and for understanding
mechanisms of neutralization. High-resolution X-ray crystal structures have illustrated the
complementary nature of the epitope—paratope coupling. This type of information has
permitted epitopes to be mapped with atomic detail and suggested modifications to the
antibody paratope as well as changes on the antigen that can enhance the affinity of
antibody—antigen binding in optimizing potential vaccine immunogens.1:2 Structural
dynamics and conformational variability of immunogens can also influence the presentation
of epitopes and impact the affinity and specificity of binding. These are fundamental
structural and biophysical properties that are at play essentially in all protein—protein
interactions.

A correlation among structural dynamics, solvent accessibility, antigenicity, and
immunogenicity has been proposed for a variety of different antigens.3-9 Directly testing the
effect of structural dynamics of the antigen or antibody on the binding interaction has often
proved to be challenging. Most studies that report a linkage between dynamics and
antibody-antigen affinity have relied upon measurements that provide global
thermodynamic parameters but little structural dynamic information for epitopes and
paratopes.1%-12 Fluorescence methods have examined the influence of antibody structural
dynamics on recognition of relatively simple target antigens.2314 NMR has been used for
the study of antibody fragments and small antigens, providing information about structural
as well as dynamic changes during binding.15-18 It remains difficult, however, to apply
similar approaches to large, complex antigens, let alone to study their association with
antibodies.

In the case of the majority of broadly neutralizing antibodies targeting the HIV envelope
glycoprotein (Env), the target epitopes are often formed by discontinuous peptide segments,
loops, and glycan chains.19:20 These types of epitopes in some cases may exhibit a high
degree of flexibility in the absence of a stabilizing ligand. Indeed, in Env, conformational
switching and structural flexibility appear to be key mechanisms the virus uses to evade
immune recognition, particularly to hide conserved epitopes such as the chemokine
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coreceptor-binding sites from detection. Prior to the primary CD4 receptor binding event,
the structural elements that will form the conserved coreceptor-binding site are sequestered
and maintained in an organization distinct from that observed in the CD4-bound state. CD4
binding induces major structural rearrangements in Env, leading to formation of the bridging
sheet and exposure of V3 that together are needed to engage the coreceptor.10:21-23 Even at
equilibrium, prior to receptor binding, recent studies have demonstrated that Env can sample
a range of conformational states.2425 The frequency with which these states are sampled
varies depending on specific viral isolate, with more neutralization resistant isolates
remaining in the “closed” prefusion state in which the coreceptor-binding site is masked to a
greater extent, while neutralization sensitive variants frequently sample more “open” states,
transiently exposing the binding site as well as additional epitopes throughout Env.

The Env gp120 receptor-binding subunit provides a highly suitable construct for
investigating links between epitope structural dynamics and antibody recognition. gp120
bears a number of epitopes that are targets for neutralizing antibodies against HIV, and it has
been intensively investigated as a component in HIV vaccines.26-29 |t has been suggested
via past thermodynamic measurements that the intrinsic conformational flexibility of the
gp120 subunit can impact antibody recognition. Calorimetry experiments revealed that
unliganded gp120 subunits exhibit a high degree of conformational flexibility.11 This led to
the hypothesis that epitope disorder and structural dynamics in gp120 may hinder antibody
binding and serve as a mechanism of immune evasion.10:30:31 Supunit flexibility becomes
constrained when CD4 binds and orders the conserved subunit core.11:31:32 |n a recent study,
it was shown that gp120 variable loop truncation can modulate the antigenicity and structure
of the gp120 core to the extent that the extended core lacking variable loops (Coreg)
crystallized in a conformation nearly identical to that of the CD4-bound state.33 Kwon and
colleagues reported that the loop truncation mutants displayed stronger binding affinities
than full-length gp120 for antibodies recognizing the receptor-bound state. While the
previous study used antibody binding to covalently cross-linked gp120 constructs to assess
the structure of the panel of truncation mutants, strong antibody-antigen interactions, cross-
linking, and crystallization can themselves impose significant influences on antigen
structure, rendering such approaches rather invasive probes of structure.

While a number of studies have examined the effect of the overall conformational stability
of HIV Env on antibody binding,3*3° to date, it has been difficult to directly demonstrate the
link between local structural dynamics and the affinity and specificity of antibody binding to
those local structural features.2530 Here we selected HIV-1 gp120 as a prime example of a
complex antigen and used a combination of solution-phase biophysical methods to
investigate the underlying relationship among local epitope structural order, structural
dynamics, and antigenicity under native solution conditions. Hydrogen/deuterium-exchange
mass spectrometry (HDX-MS) was used to probe the local structural dynamics in the panel
of variable loop truncation mutants of gp120, revealing significant changes in structural
dynamics of epitopes resulting from variable loop truncation. We show that antibody
recognition of conserved conformational epitopes, such as the CD4- and coreceptor-binding
sites, correlates inversely with the degree of local dynamics. The findings suggest that it may
be beneficial to optimize the dynamic profile of antigens to enhance the presentation of
complex epitopes and improve their immune recognition.
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MATERIALS AND METHODS

Reagents

The expression vectors for HIV-1 clade B YU2 gp120 glycoproteins, including FL, AV1/V2,
AV3, and Coreg, were kindly supplied by P. D. Kwong.33 Antibodies 17b,21:36 48d,36 A32,37
VRCO01,38 NIH45-46,1 VRC03,28 F105,3° and b1240 were obtained from the NIH AIDS
Reagents Program. sCD4 and CD4-1gG2 were obtained from the NIH AIDS Reagents
Program.#! Antibodies N5i5 and B18 were generously provided by Y. Guan and G. Lewis
(University of Maryland, College Park, MD).42:43

High-Density Transfection and Expression of YU2 gp120 Envelope Glycoproteins

293F cells were grown in HyClone SFM4Transfx-293 medium (Fisher Scientific). The
various HIV-1 Clade BYU2 gp120 glycoproteins were expressed in human embryonic
kidney cell line HEK293F by high-density (HD) transient transfection as previously
described.** Briefly, 293F cells were resuspended at a density of 2 x 107 cells/mL in fresh
SFM4Transfx-293 medium. Sterile filtered plasmid DNA (20 g/mL) was added into the
cells directly, immediately followed by PEI MAX (40 tg/mL, Polysciences, Inc.) (1:2
DNA:PEI MAX). After being gently mixed, the cells were incubated at 37 °C for 4 h. The
culture volume was expended 20-fold by adding fresh medium containing 20 mM Hepes
(pH 7.3) (Life Technologies) and 1x GlutaMAX (Life Technologies). Seventy-two hours
after transfection, the supernatant was collected and filtered by a 0.45 zm filter (Fisher
Scientific). A cocktail of protease inhibitors (Roche Diagnostics) was added. The
supernatant was concentrated 20-fold by being passed through a KvickLab ultrafiltration flat
sheet cassette (30 kDa, GE Healthcare) using a Masterflex L/S Easy-Load Il system (Cole-
parmer). Then the concentrated supernatant was diluted 30-fold with Galanthus nivalis lectin
affinity (GNA) binding buffer [20 mM Tris-HCI (pH 7.4), 100 mM NacCl, 1 mM EDTA, and
1 mM EGTA]. Finally, the sample was concentrated to 50 mL before being loaded on a
GNA affinity column.

Purification of HIV Envelope Glycoproteins

The initial purification was conducted by using the affinity technique with G. nivalis lectin
(GNA) (Sigma). Subsequent purification of HIV envelope glycoproteins was achieved by gel
filtration using a HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with
phosphate-buffered saline (1x PBS, pH 7.4, 1 mM EDTA, 0.02% NaNs). Fractions (500 z1)
were collected and analyzed by using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and Blue-native PAGE (BN-PAGE). Quantification of proteins
was conducted by checking the absorbance at 280 nm. The purified HIV envelope
glycoproteins were pooled and stored in appropriate buffer for further experiments (Figure
S1).

SDS-PAGE and BN-PAGE

For SDS—PAGE, the gp120 envelope glycoprotein samples were loaded on a NUPAGE
Novex 4-12% Bis-Tris gel (Invitrogen) and run at 180 V for 50 min. The gel was fixed with
50% methanol and 7% acetic acid for 10 min, stained with SYPRO Ruby protein gel stain
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(Invitrogen), and washed with 10% methanol and 7% acetic acid. Benchmark protein ladder
(Invitrogen) was used for SDS-PAGE. For BN-PAGE, the protein samples were loaded on a
3-12% Bis-Tris Native PAGE gel (Invitrogen). The gel was run at 150 V for 1 h and 250 V
for 2 h, fixed for 15 min with 50% methanol and 10% acetic acid, and destained using
dH,0. Native Mark protein standard (Invitrogen) was used for BN-PAGE.

Light Scattering Measurements

Dynamic and static scattering of gp120 envelope glycoproteins were measured using a
Dynapro Nanostar (Wyatt Technology, Santa Barbara, CA) at 20 °C. A total of 30
acquisitions of 5 s were collected for each sample. The data were analyzed by using the
Dynamics analysis software package (Wyatt Technology), assuming a spherical model. The
theoretical expected molecular mass for each gp120 envelope glycoprotein was calculated as
the sum of the molecular mass of the polypeptide and the mass of the glycans (Man8, 1.7
kDa, for the high-mannose type and fucosylated monosialylated biantennary, 2.1 kDa, for
the complex type).

Hydrogen/Deuterium-Exchange Mass Spectrometry

As previously described,3! hydrogen/deuterium (H/D) exchange was initiated by mixing 100
a/mL gp120 envelope glycoprotein in phosphate buffer [10 mM phosphate and 144 mM
NaCl (pH 7.4)] with 85% D,0 (Cambridge Isotope Laboratories). The solution was
maintained at room temperature for 3 s, 1 min, 30 min, and 20 h for the H/D exchange to
occur. At each time point, the solution was quenched by a 1:1 dilution in 1 M tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) in 0.02% formic acid with a final pH of 2.5.
The quenched sample was immediately digested with pepsin (Worthington Laboratories)
(2:1 by mass) on ice for 5 min. The samples were frozen in liquid nitrogen and stored at
-80 °C for future data collection. To correct for H/D exchange during pepsin digestion, a
zero time point sample was prepared by mixing the gp120 with prequenched PBS and D50.
To correct for back exchange, a fully deuterated sample was prepared by mixing denatured
gp120 in 50 mM Tris-HCI (pH 8.0), 4 M GndHCI, and 50 mM dithiothreitol with 85% D,0
at 40 °C for 4 h. The FL+sCD4 complex was prepared by mixing FL with a 3-fold molar
excess of sCD4 at room temperature for 1 h. The final concentration for FL in the FL+sCD4
complex was 100 pg/mL. The FL+sCD4 complex was deuterated under the same conditions
as those for the unliganded gp120 samples.

All spectra were obtained by liquid chromatography and mass spectrometry (LC-MS) on a
Synapt HDMS system (Waters, Milford, MA) integrated with a Waters Acquity Ultra-
Performance LC (UPLC). The frozen samples were thawed on ice for 5 min and directly
injected into a BEH C18 trap column [1.7 4m, 2.1 mm x 5 mm (Waters)] in 0.1%
trifluoroacetic acid (TFA) at a rate of 100 gL/min. After being washed for 3 min, the
peptides were resolved on a Hypersil C18 column [1.9 4m, 50 mm x 1 mm (Thermo
Scientific)] with a linear gradient of 5 to 100% solvent B for 15 min [solvent A, 5%
acetonitrile (ACN) and 0.05% TFA, solvent B, 80% ACN and 0.05% TFA]. Between
injections, the syringe, loop, and trap column were washed with 10% formic acid, 80%
methanol, a 2:1 2-propanol/ACN mixture, and 80% ACN sequentially.
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Data Analysis

Mass shifts were analyzed by using HX Express,*® and the percent deuteration was
calculated by#®

m —moy

mi00% — Mo%

%D=100 x

where mis the peptide mass centroid at a given time point, /7o, is the zero time point
peptide mass centroid, and /771ggo4 is the fully deuterated peptide mass centroid.

No obvious differences were observed between different glycoforms of the same peptide.
The centroids for the different glycoforms of each peptide were averaged. Binomial
distribution fitting was applied for overlapped and noisy H/D-exchange data.*>47

Small Angle X-ray Scattering (SAXS)

SAXS measurements were conducted on beamline 4-2 at the Stanford Synchrotron
Radiation Laboratory.#® The data collection procedure was as described previously.30:31
Briefly, each sample (3-5 mg/mL, 100 y1.) was injected into a Sepharose 200 column (GE
Healthcare) pre-equilibrated with PBSE [1x PBS, 1 mM EDTA, and 0.02% NaN3 (pH 7.4)]
at a flow rate of 50 pL/min. The eluted sample was passed through in a thin-wall quartz
capillary cell and irradiated by focused 11 keV X-ray. One s exposures were recorded by an
MX 225HE detector (Rayonix, Evanston, IL) placed 1.7 m upstream of the quartz cell. The
detector pixel numbers were converted into the momentum transfer (Q), Q=4 X sin /A,
where 28is the scattering angle and A is the X-ray wavelength of 1.127 A, calibrated with
silver behenate powder at the capillary position. Protein scattering data were processed by
using MarParse, scaled for the transmitted beam intensity integrated for each exposure, and
azimuthally averaged.*8 Buffer scattering data were averaged from the first 100 data points
(before the void volume) and subtracted from the corresponding protein scattering data. The
ATSAS software suite was used to analyze SAXS parameters and patterns.*%50 The
approximate radius of gyration (Ry) was determined from the Guinier plot (gRy < 1.3)°L in
Primus.>2 AutoGNOM was used to estimate Dpax for the A plot, the pairwise distance
distribution histogram.>3 The final A7) plot was generated by GNOM version 4.5.50 Ab
initio shape reconstruction was conducted with the generated A7) plot using DAMMIN
version 5.3i.54 The bead models were aligned using SUPCOMB13 with enantiomers
considered®® and averaged using DAMAVER. Sites of low bead occupancy in the
averaged model were filtered using DAMFILT.5” The final models were converted into a
volume envelope using pdb2vol in the SITUS2.2 package.>® Molecular weights were
calculated with SAXSMoW.>9

Enzyme-Linked Immunosorbent Assays (ELISAS)

For ELISAs, the gp120 envelope glycoproteins (50 ng/well) in phosphate-buffered saline
(PBS) were immobilized onto an Immulon 2HB plate (Thermo Scientific) at 4 °C overnight.
The following day, the plates were blocked by PBS with 2% bovine serum albumin (BSA)
and 0.01% Tween 20 for 2 h at room temperature and washed with Tris-buffered saline
(TBS) with 0.02% Tween 20 subsequently. The primary antibodies with a starting
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concentration of 10 zg/mL for human antibodies or 5 pg/mL for mouse antibodies were
added and then diluted into 4-fold dilution series by antibody dilution buffer (PBS with 1%
BSA and 0.01% Tween 20) and incubated for 1 h at room temperature. After several washes,
the horseradish peroxidase (HRP)-conjugated goat anti-human or goat anti-mouse secondary
antibodies (Jackson ImmunoResearch) (diluted 1:5000) were added to the wells for 1 h at
room temperature. After a final set of washes, the plates were developed with SureBlue
Reserve trimethylbenzidine (KPL, Inc.) and stopped with 1 M HCI. The absorbance at 450
nm was measured using a Tecan Infinite M200 plate reader.

Kinetic Assay by Biolayer Interferometry (BLI)

RESULTS

A FortéBio (Menlo Park, CA) Octet RED biolayer interferometry system was used to
measure the binding of each gp120 (FL, AV3, AV1/V2, and Coreg) to different antibodies.
Anti-Human IgG Fc Capture (AHC) biosensors were hydrated for at least 10 min prior to
antibody loading. Human anti-HIV antibody (10 zg/mL) in HBS-EP™* buffer [10 mM
HEPES, 150 mM NaCl, 3 mM EDTA, and 0.05% P-20 (pH 7.4)] was then bound to the
AHC tips for 4 min and washed in buffer for 1 min to remove any unbound antibody and
reach a stable baseline. The antibody—AHC tips were then dipped into gp120 samples, which
were prepared independently with a 2-fold dilution series. After association for several
minutes, the tips were then placed back into the baseline buffer to allow dissociation to
occur. The time ranges for antibody loading, association, and dissociation were optimized
according to different antibodies. FortéBio’s Data Analysis 7.0 was used to analyze changes
in refractive index. The averaged reference measurements were subtracted prior to data
processing. The association and dissociation curves were fit using a 1:1 binding model. The
final association (4,) and dissociation (kg) rate constants were used to calculate the ensemble
dissociation constants (Kp = kg/ky). Standard deviations were calculated from the results of
two independent measurements.

Deletion of Variable Loops Does Not Alter the Large-Scale Morphology of the gp120 Core

Small angle X-ray scattering (SAXS) was used to study the overall structural features of
unliganded full-length YU2 gp120 monomer (FL) and its truncated variants (AV3, AV1/V2,
and Coreg). Size exclusion chromatography in-line with the sample cell was used to gather
SAXS data from monodisperse gp120 constructs (Figure 1). The Guinier regions showed
good linearity for all data sets, indicating all the specimens were well-behaved in solution.
Radii of gyration (/) obtained from Guinier analysis agreed well with those derived from
AP pairwise distance distribution plots.>0 Differences in SAXS measurements were
consistent with values obtained by static light scattering and with the size of the different
YU2 gp120 proteins expected on the basis of their composition (FL > AV3 > AV1/V2 >
Coreg) (Table 1).

To determine whether the variable loop truncations led to large-scale conformational
changes, ab /nitio shape reconstruction was applied to SAXS data for the gp120 constructs
(Figure 1). As shown in Figure 1A, the FL showed the same features of a ventral stalk,
central core, and a crest as observed in previous studies.3%:31 SAXS models of the gp120
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truncation mutants, including AV3, AV1/V2, and Core,, lost density in the crest region
(Figure 1B-D). Overall, the raw SAXS data and the reconstructed models confirmed the
reduced size due to truncations of different variable loops. However, no obvious
conformational changes of the core domain were detected from the low-resolution SAXS
measurements.

H/D-Exchange Mass Spectrometry Profiles of Structural Dynamics in gp120 Constructs

To detect more detailed local structural changes resulting from variable loop truncations,
HDX-MS was used to examine structural ordering in FL, AV3, AV1/V2, Core,, and FL with
sCD4 bound (FL +sCD4). Deuterium exchange could be monitored for peptides covering
73% of the YU2 full-length sequence (Figure S2). The loss of coverage for certain segments,
including most of V1/V2, part of V3, part of the CD4-binding loop, and a portion of V4, is
most likely due to the high level of heterogeneous glycosylation in these regions. Here we
primarily compared deuterium uptake of identical peptides in the conserved core domain
that are shared by the truncation mutants.

To establish a baseline for the changes in dynamics we might expect to see in the set of
gp120 constructs, we first compared FL in unliganded and sCD4-bound forms. Consistent
with previous studies of full-length gp120 monomers,39:31 binding of CD4 to FL induces a
dramatic decrease in the rate of deuterium uptake in the gp120 subunit, reflecting an
increased level of structural order in the three layers of the inner domain, bridging sheets,
and CD4-binding site (Figures 1F and 3 and Figures S3-S5). Interestingly, a small V2 loop
peptide (residues 173-176, sequence YALF) showed some exchange protection in
unliganded gp120 but rapid deuterium exchange at the earliest time point in CD4-bound
gp120 (Figure 3A,J). This hints that a portion of the V2 loop may undergo a transition from
being partially ordered in unliganded gp120 to a disordered state upon CD4 binding,
echoing changes observed in trimeric forms of Env.2> The high degree of glycosylation of
V1/VV2 prevented additional portions of the loops from being monitored by HDX-MS.

Deletion of Variable Loops Progressively Stabilizes Unliganded gp120 Constructs

Truncation of the V3 loop led to detectable increases in the level of ordering at sites distal to
the loop region itself (Figure 2 and Figures S3-S5). Modest ordering was observed in select
regions of the inner domain, including in layer 2 (residues 101-111) and layer 3 (residues
467-479 and residues 480-483) (Figure 3C,H,I). A peptide covering layer 1 (residues 66—
83) showed exchange protection at the 3 s time point (Figure 3B). The 52 peptide (residues
112-127), which forms part of the bridging sheet, remained highly dynamic with only a
slight measurable increase in protection from solvent exchange in AV3 gp120 at 3 s (Figure
3D). 820 and B21 peptides (residues 417-426 and 427-433, respectively) by contrast
showed significant protection in AV3 gp120, indicating that loop truncation led to partial
ordering of the bridging sheet (Figure 3F,G). The CD4-binding loop also experienced an
increase in its level of order compared to that in unliganded FL (Figure 3E).

The AV1/V2 truncation mutant, like the V3 truncation mutant, exhibited an increase in the
level of structural order of the conserved core (Figure 2 and Figures S3-S6). The inner
domain in AV1/V2, including layers 1-3, showed exchange protection measurably greater
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than that of the AV3 variant (Figures 2 and 3 and Figure S6C). The same trend was observed
in the 520 and 21 peptides of the bridging sheet subdomain in the AV1/V2 variant (Figure
3F,G and Figure S6C). By contrast, in AV1/V2, the CD4-binding loop exhibited local
dynamics similar to that in unliganded full-length gp120 and did not exhibit the same
protection as in AV3 (Figure 3E and Figure S6C).

The gp120 Core, construct with V1/V2 and V3 loops truncated showed a high degree of
protection from solvent exchange and exhibited an H/D-exchange profile more similar to
that of SCD4-bound than unliganded full-length gp120 (Figure 2 and Figures S3-S5). All of
the available inner domain peptides (Figure 3B,C,H,I), bridging sheet peptides (Figure
3D,F,G), and the CD4-binding loop peptide (Figure 3E) showed increases in protection from
deuterium uptake, indicating that deletion of V1/V2 and V3 loops led to substantially
increased levels of structural ordering of the inner domain, formation of the bridging sheet,
and stabilization of the CD4-binding site. These findings mirror the observation that
unliganded Core, adopts a structure nearly identical to that of the sCD4-bound core when
crystallized.33 Though we note that while some structural elements such as layer 1 of the
core exhibited the same protection from solvent exchange as that of FL+sCD4, overall the
unliganded core retained a greater level of deuterium exchange and conformational
flexibility in solution than sCD4-bound gp120 (Figures 2 and 3 and Figures S3-S5). Thus, it
is likely that crystallization helped to lock in the receptor-bound conformation of the core,
while in solution it is more conformationally dynamic than suggested by the crystal
structure.

Taken together, these data suggest that the greater the extent of variable loop V1/V2 and V3
truncation, the greater the level of ordering of the gp120 core domain elements toward a
conformation and ordered profile resembling the receptor-bound gp120. However, only
sCD4 binding induces the full extent of structural ordering consistent with the reported
crystal structures.

Deletion of Variable Loops Stabilizes CD4-Induced Epitopes and Improves Recognition by
CD4-Induced Antibodies

To determine whether the differences in the structural ordering of FL, AV3, AV1/V2, and
Core, detected by HDX-MS correlated with changes in antigenicity of the glycoproteins, we
used ELISAs to assess binding of the antibody to gp120s and Fortébio Octet biolayer
interferometry (BLI) to measure the kinetics of antibody—gp120 binding.

Bridging sheet-specific antibodies 17b and 48d and inner domain-specific antibodies A32
and N5i5 recognize CD4-induced (CD4i) epitopes36:42.60-62 (Figure 4A). On the basis of the
HDX-MS analysis, the bridging sheet (recognized by 17b and 48d) and gp120 inner domain
(recognized by A32 and N5i5) become more ordered with more extensive variable loop
truncation (Figure 4B—F); hence, we anticipated these antibodies might exhibit enhanced
binding to the truncation mutants. First, monoclonal antibody B18 that recognizes the linear
epitope VEQMHEDIIS in helix 1, shared by all the gp120 constructs, was used as a control
in ELISA experiments.#3:60.63 |ndeed, differences in binding of antibody B18 to the four
gp120s were negligible as determined by an ELISA (Figure 5A). The gp120 FL displayed
the weakest binding to 17b among the four gp120s and Core, showed the strongest binding.
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In an ELISA, the level of binding of 17b increased in the following order: FL < AV3 <
AV1/V2 < Core, (Figure 5B). Similarly, Octet BLI kinetic analysis showed that gp120 FL
had the lowest association rate while Core, had the highest on-rate with CD4i-binding
antibodies. The association rates of the four gp120s with CD4i antibodies 17b, 48d, A32,
and N5i5 increased in the following order: FL < AV3 < AV1/V2 < Core, (Figure 5C and
Table 2).

To examine the correlation of structural dynamics and binding of the antibody to the CD4i
epitopes, we plotted the equilibrium dissociation constant (Kp) and on-rate versus deuterium
exchange of a set of peptides located in the epitopes (% exchange). As shown in Figure 6,
Kp increased in concert with increased levels of local dynamics measured by HDX-MS,
suggesting that enhanced structural flexibility within antibody epitopes correlates with
weaker binding affinities. This appeared to be driven primarily by differences in on-rates, as
the rate of antibody association decreased as structural dynamics of the peptides increased.
A significant linear regression negative correlation (R2 > 0.7) was observed between the on-
rate of binding to CD4i antibodies and deuterium exchange (Figure 6). The dissociation
rates (Figure 5D) by contrast did not show a detectable correlation with local structural
dynamics.

Taken together, the conformational changes resulting from variable loop truncation led to
greater ordering of the gp120 core and, as a result, more effective presentation of CD4-
induced epitopes, resulting in stronger binding of 17b, 48d, A32, and N5i5 to the more
ordered gp120 constructs.

Deletion of Variable Loops Stabilizes CD4-Binding-Site-Specific (CD4bs) Epitopes and
Improves Recognition by CD4-Binding-Site Antibodies

The binding interface for CD4 on gp120 includes portions of the inner domain, bridging
sheet, and outer domain,21:64 with the majority of critical residues located on the outer
domain of gp120 (Figure 4A). Deuterium uptake plots for the CD4-binding interface
peptides that could be monitored by HDX-MS are shown in Figure 4. These include
bridging sheet strands (Figure 4E-G), the CD4-binding loop (Figure 4H), 523 and 24 of
the outer domain, V5, and part of helix 5 (Figure 41). As with peptide segments in the CD4i
epitopes, the CD4bs epitopes follow a rank order of structural flexibility as assessed by
deuterium uptake: FL > AV3 > AV1/V2 > Core,.

As determined by an ELISA, the most highly ordered gp120 construct, Core,, was observed
to bind to CD4-1gG2%5 slightly better than the less truncated constructs (Figure 7A). As
determined by Octet BLI, the differences were more prominent. Core, had the highest
association rate and lowest dissociation rate upon CD4-1gG2 binding with a Kp for Coreg
reflecting an affinity ~10-fold greater than those for FL and AV3 and ~3-fold greater than
that for AV1/V2 (Figure 7B-D and Table 3). To probe for correlations between structural
order in the gp120 constructs and CD4-binding site antibody recognition of gp120, we also
examined binding of a panel of CD4-binding site-directed (CD4bs) antibodies to the gp120
truncation variants by an ELISA and Octet BLI. Antibodies VRCO01, NIH45-46, VRCO03,
b12, and F105 share critical interface residues on gp120 such as those on the CD4-binding
loop and bridging sheets but differ in some specific contact residues and angles of
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approach.21:36.66-69 Ag shown in Figure 4A, the important interface residues for the CD4bs
antibodies overlap substantially with the binding interface of CD4.12:67.68.70 As with CD4-
1gG2, Core, displayed the strongest binding to VRCO1 as monitored by an ELISA, while FL
displayed the weakest binding (Figure 7A). The same trend was reported by Octet BLI with
association rates and binding affinities: FL < AV3 < AV1/V2 < Core, (Figure 7B,D). The
dissociation rates of FL and AV3 were higher than that of AV1/V2 or Core, (Figure 7C). A
similar trend was observed for NIH45-46, a more potent variant of VRC01 with greater
breadth! (Figure 7).

Although the VRCO03 gp120-binding interface is similar to that of VRCO1 (Figure 4A),
VRCO03 behaves differently; for example, binding of VRCO03 to gp120 does not increase the
level of binding of 17b.38.71 It has also been reported that the binding affinity of VRCO3 for
gp120 is lower than that of VRC01.38 As shown in Figure 8D, the Kp for binding of AV3 to
VRCO03 was much higher than those of the other truncations and even higher than that of the
unliganded full-length gp120. The association rates of the four gp120s with VRC03 were
ranked like those for binding to CD4-1gG2 or VRCO1 (FL < AV3 < AV1/V2 < Core,)
(Figure 7B). This is consistent with the dynamic differences among the four gp120s (Figure
4). However, the dissociation rate of AV3 upon binding to VRCO03 was the highest among
those of the four gp120s (Figure 7C). This indicates that the AV3-VRC03 complex is
relatively unstable. Two possible factors may contribute to destabilize the AV3-VRCO03
complex. First, the truncation of V3 may remove a constraint upon the large V1/VV2 loop
region and increase the spatial occupancy of V1/V2 loops, which possibly increases the
number of steric clashes with the VRCO03 heavy chain and destabilizes the AV3-VRC03
complex. Second, at the binding interface between VRC03 and the gp120 core, a B-sheet
involving an extra residue inserted into the heavy chain of VRCO3 that is not present in the
VRCO01 complex is formed.38 This may increase the number of steric clashes between AV3
and VRCO03 and lead to destabilization of the AV3-VRC03 complex.

CD4bs Ab F105 is capable of neutralizing only a small subset of relatively neutralization
sensitive viruses.3 In the crystal structure of F105 Fab bound to the gp120 core, it was
observed that the peptides involved in bridging sheet formation were displaced and the
V1/V2 stem tips were shifted relative to the conformation observed in the sCD4-bound
conformation.58 In both ELISA and Octet BLI analysis, Core, exhibited the strongest
interactions with F105 (Figure 7A,D and Table 3). The unliganded full-length gp120 showed
the weakest binding to F105 resulting from a combination of a low association rate and a
high dissociation rate (Figure 7). The F105 antibody binding trend of the four gp120
constructs was as follows: FL < AV3 < AV1/V2 < Core,. This is consistent with the results
of previous antigenicity studies, which indicated that F105 bound to AV1/V2 and
AV1/V2/\V/3 gp120s more strongly than to full-length gp120.72

1gG1-b12 is another CD4bs neutralizing antibody that also recognizes a small portion of
V1/V225.73 (Figure 4A). As shown in Figure 7, AV1/V2 gp120 exhibited a low association
rate and a high dissociation rate in b12 binding. Additionally, the Kp for AV1/V2 was
greater than those of the other three gp120s. This is consistent with previous observations
that deletions of V1/V2 lead to a reduction in the level of b12 binding. Additionally, possibly
because of the deletions of both VV1/VV2 and V3 loops, Core, exhibited the highest
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association rate because of reduced steric hindrance, but also a high dissociation rate
because of the deletion of contact residues that contribute to the stability of the complex.
This resulted in relatively strong binding of Core, to b12, on par with what was measured
for AV3 and full-length gp120.

It is perhaps notable that the more poorly neutralizing CD4bs antibodies F105 and b12 in
ELISA measurements were observed to exhibit differences in binding to the panel of gp120
constructs greater than those of the antibodies with greater neutralization breadth (Figure
7A). The trend could be inferred to reflect improved focusing of the NAbs with greater
breadth on conserved features of the CD4bs, resulting in less sensitivity to variations and
dynamic fluctuations in structural features outside of the binding site. Such features
influence the interactions of VRCO3 (involvement of bridging sheet38) and b12 (involvement
of a small element of 22581y with gp120. However, the CD4bs mAbs showed more similar
binding trends in BLI measurements where the glycoprotein is the soluble analyte and
presented in a more native state than in the ELISA experiments where gp120 is adsorbed to
substrates prior to antibody binding. We generally consider the BLI experiments to yield
more definitive measures of antibody—antigen interaction.

To assess whether a correlation exists between gp120 structural dynamics and CD4bs
antibody binding, we plotted Kinetic parameters of binding versus deuterium uptake of a set
of peptides located in the epitopes (% exchange). As shown in Figure 8, a negative
correlation (R2 > 0.5) was observed between the on-rate of binding of the gp120 construct to
CD4-1gG2, VRCO01, and NIH45-46 and the measured deuterium uptake of peptides within
the antibodies’ epitopes. The negative correlation between F105 association rate and
deuterium exchange was weaker (A2 > 0.4). Overall, increased structural dynamics within
the CD4bs was associated with lower on-rates and weaker affinities of gp120s for the CD4bs
antibodies, while dissociation rates did not show a detectable correlation with the level of
local structural dynamics.

DISCUSSION

The relation of structural flexibility and antigenicity is of fundamental significance and long-
standing interest for understanding the structural basis of antibody recognition of target
epitopes.”75 In past studies in which linear epitopes were investigated, conformational
flexibility was generally observed to positively correlate with increased antigenicity.64:65
This led to the conclusion that antibodies bind more readily to linear epitopes that displayed
high B factors in crystal structures, representing high local flexibility.3.76.77 Other studies,
however, indicated that antibodies do not always bind isolated peptides more effectively than
the antibodies bind the same peptide in the context of the intact antigen, possibly because of
the tertiary context constraining the peptide into a conformation recognized by the
antibody.”>78

Relatively few studies have examined the direct correlation of local structural dynamics and
antigenicity for complex, discontinuous conformational epitopes such as those targeted by
broadly neutralizing antibodies against native antigen on the surface of pathogens. In HIV
Env, the conserved epitopes that are of greatest interest for targeting by broadly neutralizing
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antibodies are these types of complex conformational epitopes, including the CD4-binding
site, V1/V2 loops, and around the base of \/3.7980 The coreceptor-binding site, involving
bridging sheet and V3 elements, is highly conserved, as well, but in general not highly
accessible until CD4 has bound, though in more neutralization sensitive isolates, it appears
that conformational sampling and breathing by Env provide some degree of accessibility to
the binding site.242° Likewise, a conformational epitope on the inner domain is highly
conserved and targeted by ADCC-active 1gG antibodies, such as N5i5 and A32. All of the
sites in the gp120 constructs examined here exhibited measurable differences in structural
ordering as probed by HDX-MS.

By connecting kinetic parameters versus deuterium exchange, we observed that inclusion of
the variable loops, from AV1/V2 and AV3 to FL, was associated with increased deuterium
exchange, greater conformational flexibility (Figure 9), and slower on-rates of binding. This
finding is consistent with the observation that compared to AV1/V2, AV3, and Coreg, full-
length gp120 with variable loops showed a significantly reduced level of recognition by
antibodies that specifically target the CD4-bound conformation.33 In a previous study of
four full-length gp120 subunits from distinct HIV-1 isolates, we observed that one
particularly dynamic gp120 was poorly recognized by CD4 and antibodies directed against
conformational epitopes.3? A thorough comparison of local epitope structural dynamics and
antigenicity was not straightforward, however, in that case, because of differences in
sequence among the four variants. In the study presented here, the differences in structural
dynamics among gp120 constructs all based upon the YU2 isolate allow us to compare
dynamics and antigenicity where the epitope residues and subunit core are identical.

The association of increased conformational stability of truncated mutations with faster on-
rates was particularly prominent for CD4i and CD4bs antibodies in this study. A similar
observation was made in previous studies that indicated a correlation between a faster on-
rate and a greater affinity of, for example, CD4i mAb 17b to a series of gp120 cores that
were engineered for greater global stability.68:82 We did not, however, observe significant
correlation between dissociation rates and local dynamics. Other factors such as the loss of
some intermolecular interactions likely influenced the dissociation rates in certain
constructs. For example, AV1/V2 and Core, showed the fastest dissociation rates from 1gG1-
b12 due to the loss of important binding interface residues in the VV1/V/2 loops.2>81 In the
case of binding to CD4bs bNAb VVRCO03, we infer that the rapid dissociation of the antibody
from gp120 AV3 may be due to the greater degree of freedom afforded to V1/V2 in the
absence of interactions with the V3 loop. This may result in greater spatial sampling and
steric clashes with the VRCO3 heavy chain.

Our results provide evidence of a correlation between local structural dynamics and
recognition of those epitopes by a diverse panel of neutralizing antibodies. Env proteins
derived from the stabilized gp120 core with surface modifications and masking glycans to
focus the immune response on broadly neutralizing epitopes have been proposed as possible
immunogens.12:38:67 By constraining the immunogen’s structure and biasing it toward a
state that is recognized by desirable antibodies, 1gG and B cell receptors have a more
focused target and would pay less of an entropic cost to induce the fixed epitope
conformation. Support for this is found in studies by Dey et al, which indicated that
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stabilization of the gp120 core by the introduction of additional disulfide bonds was
associated with a significant increase in the on-rate of binding to 17b, CD4, and CD4bs
antibodies and increased immunogenicity of the coreceptor-binding site.82 In combination
with selection for suitable quaternary structural considerations and angles of approach to
epitopes on complex, large antigens such as HIV Env trimers,®® presentation of a
conformationally constrained target for antibodies in vaccine immunogens, may help to
elicit a better response against the more ordered epitopes.

Indeed, we note that while we have demonstrated the link between structural dynamics and
antigenicity in the context of gp120 subunits, the fundamental physical effects linking
epitope dynamics and antibody—antigen recognition are general and affect recognition of
conformational epitopes on any antigen. Significant attention in HIV vaccines is currently
directed toward new constructs that mimic the nativelike trimer structure of the Env
ectodomain. These constructs, termed “SOSIP” trimers, have been engineered to maintain
the native, prefusion organization of the Env trimer ectodomain through the addition of a
gp120-gp41 disulfide bond and mutation of an isoleucine to a proline residue in the HR1
segment.3%:83.84 The nativelike SOSIP trimer presents multiple epitopes for broad
neutralizing antibodies but few non-neutralizing antibody epitopes.35:85 Although the SOSIP
trimer has the ability to induce tier 2 autologous neutralizing antibodies, the induced cross-
reactive tier 1 neutralizing antibody response was biased to targeting the V3 epitope.86:87
More recently, two groups have further modified the SOSIP trimer to conformationally fix
them in the prefusion, closed state.88:89 In one study, the additional stabilization aimed at
reducing conformational sampling and V3 exposure indeed were reported to yield a weaker
immune response against \VV3.89 Similar strategies of stabilizing antigens to more effectively
present neutralizing antibody epitopes have been reported for respiratory syncytial virus
immunogens®9 as well as for influenza A virus hemagglutinin-based immunogens.1:92 We
thus anticipate that in addition to elucidating a relatively cryptic but important structural
property underlying antibody recognition of complex conformational epitopes, an improved
understanding of the impact of local structural dynamics on antigenicity and
immunogenicity may aid in the further optimization of vaccine immunogens.
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Figure 1.
Global gp120 subunit structures determined by small angle X-ray scattering. (A) SAXS

pattern (black) for unliganded YU2 FL. The orange line represents the SAXS pattern from a
DAMMIN ab initio SAXS reconstruction. Insets show the linear Guinier fit. DAMMIN
reconstruction for FL. The structure of the gp120 monomer from the BG505 SOSIP trimer
structure (PDB entry 4TVP)93 was fitted into the SAXS density. The V1/V2 residues are
colored green. The V3 residues are colored yellow. The contact residues at the CD4-binding
site are colored orange. (B) SAXS pattern (black) for unliganded AV3 and DAMMIN model
for AV3. (C) SAXS pattern (black) for unliganded AV1/V2 and DAMMIN model for
AV1/V2. (D) SAXS pattern (black) for unliganded Core, and DAMMIN model for Core,.
AV3, AV1/V2, and Core, SAXS models show a loss of crown density leading to a poorer fit
of the V1/V2 and V3 regions in the gp120 subunit as organized in the SOSIP trimer crystal
structure. (E) Pairwise distance distributions [Ar)] for FL (blue), AV3 (purple), AV1/V2
(green), and Core, (red) show changes in size consistent with variable loop truncation. (F)
HIV gp120 architecture (PDB entry 4NCO). Different regions in gp120 are highlighted by
color: outer domain (blue); inner domain (gray), including layer 1 (yellow), layer 2 (pink),
layer 3 (dark red), and seven-stranded B-sandwich (cyan); bridging sheets (red); CD4-
binding loop (orange); V1/V2 loop (green); and V3 loop (purple).
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Figure 2.
Stabilization of gp120 monomers caused by deletions of variable loops as detected by H/D

exchange. (A) Deuterium exchange for FL, AV3, AV1/V2, Core,, and FL+sCD4 at 1 min
plotted on the heat map (from left to right). (B) Differences in deuterium exchange between
FL and AV3, FL and AV1/V2, FL and Coreg, and FL and FL+sCD4 at 1 min plotted on the
heat map. The degrees of change between the two proteins are colored from white (<20%
difference) to orange (20-50% difference) to red (>50% difference).
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Figure 3.

Deuterium-exchange profiles for individual peptides show significant differences in local
structural order in variable loop truncation variants. (A) Mapping of selected peptides
showing differences in deuterium exchange between FL and other proteins (AV3, AV1/V2,
Coreg, and FL+sCD4) on the structure of the gp120 monomer (PDB entry 4NCO). (B-J)
Individual deuterium uptake profiles for different peptides from layer 1 (B), layer 2 (C), and
layer 3 (H and I) of the inner domain; the bridging sheets (D, F, and G); the CD4-binding
loop (E); and the V2 loop (J). HXB2 numbering is applied for the primary sequence.
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Figure 4.

*FL ©AV3 “AV1/V2 eCoree

Deuterium-exchange profiles for conformation-dependent antibody epitopes. (A) Indication
of 17b or 48d,%4 A32, or N5i542:62.95 gpitopes on the gp120 monomer (PDB entry 4NCO).
The CD4-binding site?1:52 js targeted by CD4-binding antibodies, including VRCO01,12
VRC03,57 F105,58 and b12.73 The peptides detected in H/D exchange, which cover the
epitopes, are colored. (B-I) Individual deuterium uptake profiles for selected peptides
positioned at conformation-dependent antibody epitopes. HXB2 numbering is applied for

the primary sequence.
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Figure 5.
gp120 loop truncation variants show dramatic differences in the binding of the antibody to

conserved CD4i conformational epitopes. (A) Binding of FL, AV3, AV1/V2, and Core, to
B18 antibody as determined by an ELISA. B18 binds a linear epitope in the inner domain.
(B) Binding of FL, AV3, AV1/V2, and Coreg to 17b, 48d, A32, and N5i5 as determined by
an ELISA. The binding curves are colored by different gp120s. Antibody concentrations are
shown on the x-axis. The absorbance at 450 nm is shown on the )~axis, representing
antibody binding levels. The error bars represent standard deviations from duplicate
independent measurements. (C—-E) Binding to CD4i-binding antibodies measured by a
Fortebio Octet biolayer interferometry platform. (C) Association rates (on-rate) for binding
of FL, AV3, AV1/V2, and Core, to 17b, 48d, A32, and N5i5. (D) Dissociation rates (off-
rate) for binding of the four gp120s to 17b, 48d, A32, and N5i5. (E) Kp values for binding
of the four gp120s to 17b, 48d, A32, and N5i5. Raw data and fitted curves are shown in
Figure S6. Error bars represent standard deviations of two independent measurements.
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Figure 6.
Correlation of binding of antibodies to CD4-induced epitopes and local structural dynamics.

(A) Peptides detected via H/D exchange, which cover the critical interface residues on the
gp120 monomer (PDB entry 4ANCO) of A32 or N5i5, are colored.*2 (B) Peptides detected in
H/D exchange, which cover the interface residues on the gp120 monomer (PDB entry
4NCO) of 17b or 48d (crayon blue), are colored.94 (C-G) Plots of deuterium exchange at a
single time point, where the largest differences were observed for the four gp120s, of
different peptides covering the binding interface of 17b or 48d vs Kp (left) or association
rates (on-rate) (right) with linear regression. Data for FL, AV3, AV1/V2, and Core, are
shown as triangles, squares, circles, and diamonds, respectively. Error bars represent
standard deviations for two independent measurements.
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Figure 7.

gp120 loop truncation variants show dramatic differences in binding of the antibody to the
CD4-binding site epitope. (A) Binding of FL, AV3, AV1/V2, and Core, to CD4-1gG2,
NIH45-46, VRCO01, VRCO03, F105, and b12 (from left to right, respectively) as determined
by an ELISA. The binding curves are colored by different gp120s. Antibody concentrations
are shown on the x-axis. The absorbance at 450 nm is shown on the y~axis, representing
antibody binding levels. The error bars represent standard deviations of duplicate
independent measurements. (B—-D) Binding to CD4bs antibodies measured by a Fortebio
Octet biolayer interferometry platform. (B) Association rates (on-rate) for binding of FL,
AV3, AV1/V2, and Core, to CD4-1gG2, NIH45-46, VRCO1, VRCO03, F105, and b12. (B)
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Dissociation rates (off-rate) for binding of the four gp120s to CD4-1gG2, NIH45-46,
VRCO01, VRCO03, F105, and b12. (C) Kp values for the four gp120s with CD4-1gG2,
NIH45-46, VRCO01, VRCO03, F105, and b12. Raw data and fitted curves are presented in
Figure S7. Error bars represent standard deviations of two independent measurements.
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Figure 8.

Correlation of CD4-binding site antibody binding and local structural dynamics. (A)
Peptides detected in H/D exchange, which cover the critical interface residues on the gp120
monomer (PDB entry 4NCO) upon binding of CD4bs antibodies, are colored. (B-D) Plots
of deuterium exchanges at a single time point, where the largest differences were observed
for the four gp120s, of different peptides covering the binding interface of CD4bs-binding
antibodies vs Kp (left) or on-rate (right) with linear regression. Data for FL, AV3, AV1/V2,
and Core, are shown as triangles, squares, circles, and diamonds, respectively. Error bars
represent standard deviations for two independent measurements.
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FL+sCD4

Figure 9.
Model of conformational and dynamic changes in the unliganded gp120 monomer upon

deletion of VV1/V2 and V3 loops. The unliganded wild-type full-length gp120 (FL) (left) had
the highest dynamics in three layers of the inner domain with unfolded bridging sheets and
masked immature coreceptor-binding site.%¢ Upon deletion of the V1/V2 and V3 loops, the
three layers of the inner domain became less dynamic and more ordered. Core, without all
V1/V2 and V3 loops showed more stability toward the CD4-bound state with an ordered
inner domain and well-folded bridging sheets. The CD4 engagement (right) induced a fixed,
stable conformation with formation of the bridging sheets and movement of V1/V2 loops to
expose a mature coreceptor-binding site on the bridging sheet and V3 loop.
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