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Abstract

Structural Diversity in Antibody Interactions with HIV-1 Env Immunogens
Thaddeus M. Davenport
Chair of the Supervisory Committee:
Asst. Professor Kelly K. Lee
Medicinal Chemistry

Due to the impressive diversity of human immunodeficiency virus type 1 (HIV-1), control
of the HIV-1 pandemic will likely depend on the design of a vaccine that can elicit broadly
neutralizing antibodies (bNAbs) that can prevent transmission of diverse HIV-1 isolates.
Although bNAbs have been observed in HIV-infected individuals, we are currently unable to
elicit them through vaccination. The difficulty associated with eliciting broadly reactive
antibodies is rooted in the exceptional sequence, structural, and conformational diversity of the
HIV-1 Envelope glycoprotein (Env), the sole target of neutralizing antibodies. In addition, we
have an incomplete understanding of the factors that govern Env-antibody interactions, and we
are poorly equipped to rationally manipulate these interactions in order to obtain desired
antibody specificities through vaccination. This thesis explores structural heterogeneity in
purified soluble Env immunogens and the antibodies that recognize them, in order to
understand how structural diversity — generated through post-translational modifications or
conformational flexibility — impacts Env-antibody interactions.

First, | measured soluble Env ectodomain immunogen binding to the antibodies PG9 and
PG16, which were reported to preferentially recognize the native Env trimer. | tested the impact
of glycosylation, proteolysis, and oligomerization state on exposure of the PG9/PG16 epitope
and demonstrated that PG9/PG16 are less specific for the native trimer than previously
reported. Next, | used small angle x-ray scattering (SAXS) and hydrogen-deuterium exchange

with mass spectrometry (HDX-MS) to characterize the solution structure and conformational



dynamics of soluble monomeric gp120 Env proteins from four diverse HIV-1 isolates. This work
showed that while the overall subunit morphology is similar among diverse gp120 proteins,
there are distinct differences in conformational dynamics. | observed that more dynamic gp120
proteins were poorly recognized by conformation-dependent antibodies. Finally, to examine the
potential influence of antibody conformational dynamics on Env recognition, | measured
changes in antibody paratope stability over the course of affinity maturation for the bNAbs
VRCO03 and VRC26, which target the CD4-binding site and a V2-quaternary epitope,
respectively. | observed that paratope stability does not increase uniformly or linearly over the
course of affinity maturation for either antibody, although germline antibodies were relatively
more dynamic than mature antibodies. Altogether, this work provides useful insight into the
structural heterogeneity of purified Env immunogens and the role of conformational dynamics in
modifying Env-antibody interactions. These data suggest that targeted stabilization may

facilitate rational manipulation of Env-antibody interactions during vaccination.
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Introduction

Overview:

Human immunodeficiency virus (HIV), the causative agent of acquired immunodeficiency
syndrome (AIDS), was discovered in 1983 (1, 2), following reports of unusual clusters of
opportunistic infections in seemingly healthy demographic groups (3, 4). In the time since the
virus’ discovery, over 70 million people have become HIV-infected, and 35 million have died as
a result of AIDS-related complications (5). There are currently around 35 million people living
with HIV worldwide (5). As a result of a concerted, global effort to stem the pandemic through
education and increased access to anti-retroviral therapy (ART), the incidence of new HIV
infections has fallen from 3.4 million in 2001 to 2.3 million in 2012 (5). As will be reviewed in the
following paragraphs, there are limitations to these strategies, and successful control of the HIV
pandemic will likely depend on novel interventions, among which, an effective HIV vaccine is of
the highest priority. The design of a vaccine that is capable of preventing transmission of
diverse HIV-1 isolates has been complicated by the enormous global diversity of HIV, our
limited understanding of the detailed structural differences among isolates, and our poor
understanding of the molecular processes that determine immunogenicity. At its very essence,
the goal of vaccine design is to educate the immune system to recognize and bind to foreign
antigens with high affinity. All macromolecular interactions are governed by the same forces,
but the interactions at the core of antibody-based HIV vaccine design — between antibodies and
the HIV-1 Envelope glycoprotein — are distinguished by the unique structural diversity of the
molecules involved. This thesis is focused on understanding how structural diversity — within
HIV and the humoral immune response that counteracts it — impacts antibody recognition of HIV

and immunogens designed to elicit protective immunity against the virus.



Virion Structure:

Based on its life cycle, virion structure, genome structure, and characteristically slow
pathogenesis, HIV is categorized as a lentivirus within the retrovirus family (6). Itis an
enveloped virus that carries two copies of a positive-stranded RNA genome. Because of the
possibility that these two copies may not be identical as a result of error-prone replication or co-
infection of a single cell by two viruses, HIV is often described as having a “pseudo-diploid”
genome (7). Like other retroviruses, HIV possesses genes that code for structural proteins
(Gag), replication enzymes (Pol), and a surface protein required for cell entry (Env). Gag is
cleaved post-translationally in the budded virion by the viral protease to generate the
membrane-associated matrix protein (MA, p17), the capsid protein (CA, p24), which condenses
to form the conical shell containing the viral RNA, the nucleocapsid protein (NC, p7) which coats
the viral RNA, and the p6 protein, which appears to play a critical role in virus budding and
release (8). Similarly, the poly-protein encoded by the Gag-Pro-Pol transcript, and which
contains the viral protease (Pr) undergoes auto-proteolysis to produce the RNA-dependent DNA
polymerase known as reverse transcriptase (RT), the protease itself (PR), and the integrase
enzyme (IN), which facilitates integration of the viral cDNA genome into the host genome (9).
The Env gene product is also translated as a pre-protein, which is cleaved post-translationally
by the cellular protease, furin, to produce the gp120 surface protein and the gp41
transmembrane protein (10-13). It is estimated that there are roughly 10-20 Env spikes on the
surface of each virus particle (14). The Env glycoprotein is central to the work presented in this
thesis, and will be discussed in greater detail below. In addition to these central proteins, HIV
possesses a number of accessory genes including Tat, Rev, Nef, Vif, Vpr, and Vpu, which are
required for productive infection in humans (15, 16). All of these viral proteins, with the

exception of Tat, Rev, and Vpu are incorporated into the mature virus particle (8).



Structural Overview of HIV-1 Envelope Glycoprotein (Env):

HIV-1 Env exists as a trimer of non-covalently associated gp120-gp41 heterodimers on
the virus surface (17-19). Env plays a central role in the viral lifecycle and HIV-1 vaccine design
because it is required for viral entry into the host cell (20), and it is also the sole target of HIV-1
neutralizing antibodies (nAbs) (11, 21). Env mediates viral entry following sequential
interactions with the virus receptor, CD4, and co-receptor, commonly CCR5 or CXCR4 (20).
Interactions between gp120 and CD4/CCRS5 trigger a conformational change in Env, which
exposes the metastable pre-fusion gp41 transmembrane subunit. Subsequently, the gp41
fusion peptide inserts into the host cell membrane, and a large-scale, highly-favorable refolding
event in gp41 leads to the formation of a stable, post-fusion six-helix bundle, which drives fusion
of the host and virus membranes (22). Itis likely that more than one Env trimer is necessary for
this process, but it is unknown exactly how many spikes are required to efficiently open a fusion
pore (23, 24).

The gp120 surface subunit exhibits the most diversity of any gene in the HIV-1 genome,
and most of this sequence diversity is concentrated within five hypervariable regions (V1-V5),
which protrude from five relatively conserved sequences (C1-C5) that fold together to form the
gp120 core (18, 25, 26). With the exception of V3, the variable loops are heavily glycosylated.
Loops V1/V2 and V3 occupy density at the crown of the Env trimer where they likely participate
in inter-subunit quaternary interactions (27-30). Loops V4 and V5 are thought to project away
from the trimer’s three fold axis, shielding conserved elements of the Env trimer (18, 19). The
gp120 core contains nine highly-conserved disulfide bonds (31), which direct folding of the
gp120 core into two distinct domains: a relatively conserved inner domain, composed of three
mobile “layers” protruding from a seven-stranded beta sandwich at the base of gp120, and a
conformationally inert outer domain, which is heavily glycosylated (25) (Figure 1). The domains
are named according to their hypothesized positions in the mature trimer. The inner domain

faces the center of the spike and interacts with gp41, while the outer domain faces outward and



would be vulnerable to neutralizing antibodies, but for its dense glycosylation (18). A third
“micro-domain”, known as the bridging sheet, forms upon CD4 binding. This CD4-induced
structure is a four-stranded antiparallel beta sheet made up of strands beta 2 and 3 in the V1/V2
stem protruding from the inner domain and beta strands 20 and 21, which are proximal to the
CD4-binding site on the gp120 outer domain (25). The CD4 binding site is a conformational
epitope within gp120 that involves residues from the inner and outer domains as well as the
bridging sheet (18, 25). Similarly, the co-receptor binding site is a highly conserved
conformational epitope involving elements of V3 and the bridging sheet that is only briefly
exposed following the CD4-induced conformational change that leads to bridging sheet

formation (18, 25, 36).

Figure 1. Structural overview of the HIV-1 Envelope Trimer. Model of an HIV-1 virion with
Env trimers highlighted in orange from www.visualscience.ru (32)(left panel). Side (top
center panels) and top (bottom center panels) views of the Env trimer observed by cryo-
electron tomography (33). The approximate position of gp120 core glycans in the context of
the trimer are modeled according to (34)(orange, left center panels). The x-ray crystal
structure of gp120 core with N and C-terminal extensions (PDB 3JWD) (35) is docked into
the density of the Env trimer (33). Two gp120 subunits are colored orange, and one is
colored to match the structure on the right (gray mesh, center-right panels). The PDB 3JWD
structure is colored to highlight the N- and C-termini (gray), 7-stranded beta sandwich (red),
layers 1, 2, and 3 of the inner domain (pink, cyan, and blue, respectively), bridging sheet
(green), CD4-binding loop (yellow), gp120 outer domain (orange) (right panel). The position
of the V1/V2 and V3 loops, which are absent from the structure are indicated with the
asterisks (** and *, respectively). These variable loops likely occupy the empty density at the
top of the trimer within its three-fold axis (28), as shown in the center-right panels.



The pre-fusion structure of the gp41 transmembrane subunit is poorly understood. The
only crystallographic data that is available for this region is from a post-fusion six-helix bundle
containing the N- and C-terminal gp41 helices (37), which likely adopt a distinct conformation in
the pre-fusion structure of gp41 (38). These helices are separated by a disulfide-linked,
glycosylated loop, known as the immunodominant loop of gp41. Two regions of gp41 have a
preponderance of hydrophobic amino acid residues, which facilitate membrane interactions: the
fusion peptide proximal region (FPPR) at the N-terminus of gp41, just downstream of the furin
cleavage site, and the membrane proximal external region (MPER) just prior to the gp41
transmembrane helix (13). The cytoplasmic tail of gp41 is quite long, and likely interacts with
the matrix (p17) layer beneath the membrane. Truncations of the cytoplasmic tail alter levels of
Env expression on the virus surface and Env sensitivity to neutralizing antibodies (13). As will
be discussed in depth below, the Env glycoprotein is structurally heterogenous, which makes it
a challenging target for the humoral immune system, structural study, and HIV-1 vaccine

design.

Strategies for the Control of HIV-1

Antiretroviral Therapy, Low-Tech Interventions, and The Need for a Vaccine:

In contrast to Env, the Pol gene products - reverse transcriptase, protease, and
integrase - are quite well conserved (39). Small molecule inhibitors of these enzymes, broadly
grouped under the umbrella of antiretroviral therapy (ART), have been incredibly effective in
controlling viremia, extending the lifespan and improving the quality of life for HIV-infected
individuals (40). Anti-retroviral therapy administered to the infected individual, and to the
uninfected partner of an HIV-infected individual, has also proven to be effective in limiting
transmission (41-46). In combination with low-technology interventions such as male
circumcision (47), education, counseling, and condom usage, ART has played a critical role in

limiting the spread of the HIV-1 pandemic (5). These strategies are not perfect: circumcision,



education, and condom usage are only as effective as the level of participation, and even with
complete participation, these methods are not completely effective in blocking transmission (43,
48). Additionally, ART is expensive and not everyone who needs it has access to it (5). There
are also issues with drug resistance (49), and toxicity as a result of prolonged use (50). These
issues become especially complex in considering the use of ART in pre-exposure prophylaxis.
Can we justify providing ART to healthy people when HIV-infected individuals do not have
access? What amount of toxicity is tolerable for preventing progression to AIDS? What amount
of toxicity is tolerable for a healthy individual who may never become infected?

All of these considerations highlight the need for novel interventions against HIV.
Among the many possible strategies, it is believed that an effective vaccine will be critical in
halting the HIV-1 pandemic. This belief is rooted in the success of vaccines against other viral
pathogens, including poliovirus (51), measles (52), and human papilloma virus (53), among
others. One major advantage to immunization is that, in contrast to pre-exposure prophylaxis
with ART, which would require life-long adherence, immunization, at its best, would require only
one or a few administrations to achieve life-long protection. An effective vaccination series
against HIV could be highly cost-effective, replacing potential costs of life-long ART, hospital
fees, as well as drugs to manage the toxicity of long-term ART usage (54). This consideration is
not irrelevant, given that the burden of the HIV pandemic is disproportionately placed on
developing countries. It is, therefore, a central priority to identify, through rational design or
empirical testing, a vaccine that is capable of eliciting protective immunity against the

enormously diverse pool of global HIV-1 variants.

HIV-1 Vaccine Design:
Although there is still no effective vaccine against HIV-1, human clinical trials have
provided valuable information about the type of immune response that will be required of an

effective vaccine. Because live-attenuated HIV-1 vaccines are thought to be unsafe, and whole-



inactivated HIV-1 vaccine showed little efficacy in non-human primates, all human clinical trials
to date have focused on subunit vaccines (55). In light of early studies, which showed that
chimpanzees immunized with recombinant gp120 were protected against infection by both
homologous and heterologous HIV-1 isolates (56, 57), two HIV-1 vaccine trials, VAX003 and
VAX004 (among others) were designed to test the ability of gp120 proteins to elicit neutralizing
antibodies and protect against HIV-1 infection in humans. Although the vaccines elicited nAbs,
they provided no protection against infection (58, 59), likely due to the inability of those
antibodies to neutralize diverse primary isolates (60, 61). Indeed, the variability of the Env
glycoprotein is thought to be a major impediment to the design of an effective antibody-based
HIV-1 vaccine. In contrast, T cell-based vaccines have the potential to focus the CD8+ T cell
response against functionally conserved epitopes within the HIV-1 genome (39). The Step
clinical trial was designed to test the ability of T cells targeting conserved HIV-1 genes — gag,
pol, and nef — to protect against HIV-1 infection. While this vaccine was immunogenic, it did not
protect against infection, and the clinical trial was stopped early based on evidence that the
vaccine increased risk of infection in vaccinees with pre-existing antibodies to the adenovirus
serotype 5 (ad5) vector used in the vaccine (62).

The RV144 “Thai Trial” was designed to test the role of cell-mediated immunity in
combination with antibodies in protection against HIV-1 infection. This trial made use of a DNA-
prime/protein boost strategy, in which, participants were primed with canarypox vectors
containing genes for gag, protease, and the gp41 portion of Env, and boosted with monomeric
gp120 proteins from clades B and E (63). Although protection was modest (~31%), and the
significance of the protection was sensitive to the specific statistical analysis used, it was the
first clinical trial to show that it may be possible to elicit protective immune responses against
HIV-1 acquisition through vaccination (64). Notably, binding antibodies to the V1/V2 loop of
gp120 correlated with protection in RV144, while levels of neutralizing antibodies were similar in

protected and non-protected vaccinees (65-67). This observation suggests that both



neutralizing and non-neutralizing (e.g. antibody-dependent cellular cytotoxicity (ADCC)-active)
antibody responses may be protective. In the context of previous HIV-1 vaccine studies, the
RV 144 trial highlights the likely importance of eliciting a balanced immune response that

incorporates both humoral and cell-mediated immunity.

The Role of Antibodies in HIV-1 Infection:

The goal of vaccination is to induce long-lasting immunity against a pathogen in the
absence of, or while mitigating, symptoms of a true infection. Understanding the immune
response to natural infection and other effective vaccines is, therefore, informative for vaccine
design. There is substantial evidence that cell-mediated immunity plays a critical role in
controlling acute HIV-1 infection and progression to AIDS (68, 69), and a large fraction of HIV
vaccine research is devoted to T-cell-based vaccines (70), however, there will be little presented
on these topics here. In this thesis and elsewhere, a major focused is placed on antibodies as a
critical component of an HIV-1 vaccine for a number of reasons: 1) because HIV-1 is integrated
into the host genome and establishes a pool of latently-infected cells that is difficult to clear (71),
it would be desirable to prevent infection altogether, and this would only be possible through
neutralizing antibodies; 2) passive immunization of non-human primates with neutralizing
antibodies can prevent SHIV (an HIV-1 Env gene in an SIV genome backbone) infection (72-
75); 3) high antibody titers are the primary correlate of protection in most licensed vaccines
against other viral pathogens (76); and 4) binding antibodies against HIV-1 Env V1/V2 were
correlated with the modest protection observed in the RV 144 trial (65).

Antibodies are elicited against nearly all HIV-1 gene products during natural infection,
but only Env-specific antibodies are capable of blocking HIV-1 entry (77). There is evidence that
antibodies may exert selective pressure on the infecting HIV-1 population as early as two weeks
post-infection (78). The earliest measurable anti-Env antibodies are typically non-neutralizing

antibodies targeting gp41, which emerge at roughly four weeks post-infection. Neutralizing



antibodies appear to develop more slowly, reaching measurable levels at around ten weeks of
infection (79). Although these antibodies may effectively neutralize the infecting HIV-1 isolate
(also known as the “autologous” virus), they are typically unable to recognize antigenically
diverse - so-called “heterologous” — isolates that the immune system has not previously
encountered (79).

While nearly all HIV-infected individuals develop autologous neutralizing antibodies, only
10-20% of infected individuals will develop “broadly neutralizing antibodies” (bNAbs) that are
capable of neutralizing heterologous isolates (80, 81). These antibodies target structurally-
conserved epitopes on HIV-1 Env and typically only develop after 2-3 years of infection (80). In
most cases, broad serum neutralizing activity can be attributed to a single bNAb specificity (81).
The development of breadth is associated with high viral load and viral diversity within the
infected host (82-86), and recent evidence suggests that features of the infecting virus and its
evolutionary trajectory may contribute to the development of bNAb specificities (87). Thus,
prolonged exposure to diverse antigenic structures seems to be critical for bNAb development.
In light of the enormous global diversity of HIV-1 (discussed below), it is believed that a truly
effective antibody-based vaccine against HIV-1 would need to elicit bNAbs, and it is of great

interest to understand the factors that contribute to bNAb development.

Antibody-Based Protection Against HIV-1 Transmission:

In agreement with the ease of Env escape from neutralizing antibodies (88-91), most
evidence indicates that even broad and potent nAbs do not control viral replication or delay
disease progression in patients who develop such responses (92-95). The inability of
antibodies to control viral replication is likely due to the late development of antibody responses
- after the establishment of a pool of latently infected cells and substantial viral diversification as
a result of weeks of error prone replication in the infected host, which complicate viral clearance

and facilitate immune escape. In contrast, viral diversity is extremely low in the early stages of



infection, with the majority of infections initiated by a single HIV-1 isolate (96-98). Thus, pre-
existing antibodies, such as those elicited through immunization have the potential to block
infection, with little opportunity for viral escape.

The potential protective efficacy of pre-existing neutralizing antibodies has been
demonstrated clearly in non-human primate models of HIV-1 infection. Chimpanzees
immunized with gp120 or passively immunized with nAbs from HIV-infected individuals were
protected from HIV-1 infection by the neutralization sensitive isolates HIV-1 IIIB (56, 99).
Similarly, rhesus macaques passively immunized with high concentrations of broadly
neutralizing antibodies were protected from infection following challenge with chimeric simian-
human immunodeficiency viruses (SHIVs) sensitive to neutralization by the same antibodies
(73-75). In contrast, macaques immunized with weak or non-neutralizing antibodies were just
as likely to become infected following challenge (100). This latter scenario likely reflects the
lack of efficacy observed in antibody-based HIV-1 vaccine clinical trials, such as VAX003, in
which the antibody response was not sufficiently broad to neutralize, and therefore, prevent the
transmission of, diverse circulating isolates. Thus, the enormous diversity of circulating viruses
in natural HIV-1 transmission presents an additional challenge not captured in these proof of
concept animal models, and a vaccine capable of eliciting high titers of neutralizing antibodies
may still be effective in limiting HIV-1 transmission.

Two natural models of vaccination — mother-to-child transmission (MTCT) and
superinfection — provide insight into the ability of pre-existing antibodies to protect against the
transmission of diverse viral variants. In MTCT, an HIV-infected mother can passively transfer
neutralizing antibodies to her infant in utero and during breast-feeding (101), which may prevent
the infant from becoming infected by the virus circulating in the mother. There appears to be
little impact of passively transferred antibodies on the likelihood of HIV-1 transmission to the
infant (101), but viral variants that are transmitted from mother to infant are typically resistant to

neutralization by maternal antibodies, which suggests that these antibodies limit transmission
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and select against neutralization sensitive viruses (102). Similarly, in superinfection, an HIV-
infected individual develops antibodies against the infecting virus, and these antibodies have the
potential to prevent transmission of a second isolate to the same individual. Recent work
suggests that primary HIV-1 infection reduces the likelihood of superinfection (103), although it
remains uncertain whether this partial protection is antibody-mediated (104-106). Thus these
two natural models of vaccination provide evidence that pre-existing antibodies may be effective
in limiting transmission of diverse HIV-1 isolates. However, because protection is incomplete in
these settings, these models further illustrate that if an antibody-based vaccine is to be truly
effective in preventing infection, it must elicit antibodies with sufficient potency and breadth to

prevent transmission of diverse isolates at even low antibody titers.

HIV-1 Immune Evasion Strategies:

In spite of the host immune responses described above, HIV is a highly effective
pathogen. Its success depends critically on its slow pathogenesis, which is characteristic of
other lentiviruses, and its facile evasion of host immunity (6). For many pathogens, the disease
state is linked to transmission, and this is true for HIV as well. HIV infection is effectively
permanent following integration into the host cell genome and the establishment of latency (107,
108), and it has evolved to moderate its pathogenesis and evade host immunity in order to
maximize its chances of transmission (71, 109, 110). Whereas a virus that induced rapid onset
of disease might prevent an infected individual from interacting with other potential hosts, the
long asymptomatic phase of HIV infection increases its likelihood of transmission from an active,

long-lived and social carrier.

Active Imnmune Evasion and Passive Antigenic Drift
In order to persist over the course of a chronic infection HIV must continually evade host

immunity. It accomplishes this through both active and passive mechanisms of evasion. For
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example, HIV actively disrupts host adaptive immune responses by targeting CD4 T-cells for
infection and killing (111). Additionally, the HIV accessory proteins Nef, Vif, Vpr, and Vpu
facilitate immune evasion by counteracting host restriction factors and down-regulating cellular
immune receptors (109). In addition to these active mechanisms of counteracting the host
immune response, HIV escapes immune recognition by antigenic drift, a passive process of
diversification and selection by the host immune system. This immune evasion strategy, which
is common to many pathogens, occurs rapidly in HIV as a result of error-prone replication by
reverse transcriptase and RNA pol Il and the mutagenic activity of APOBEC3G, which,
altogether, yield an error rate of ~3 x 10 mutations/base pairs/replication cycle, or roughly one
incorrect nucleotide for every three HIV genomes in each round of replication (112). Because of
the chronic nature of HIV infection, the large number of new virus particles produced every day
(estimated to be ~10""), and the constant selective pressure of host immunity, exceptional
diversity emerges within the HIV population (113). Bette Korber and colleagues placed this
diversity in context, noting that the diversity of HIV-1 Env sequences isolated from an HIV-
infected individual at a single time point is greater than the global diversity of all influenza
hemagglutinin sequences isolated in a given year (26). This substantial intra-host diversity

increases the likelihood that viral variants persist in spite of host adaptive immune responses.

Global HIV-1 Diversity:

Just as HIV diversity within an infected individual poses a challenge to the host adaptive
immune response, so does the global diversity of HIV present a challenge for the design of an
effective intervention to block transmission of diverse circulating variants. The majority of the
~35 million individuals currently infected with HIV-1 were infected with viruses descended from
a single simian immunodeficiency virus (SIVcpz) that was transmitted from the chimpanzee
species Pan troglodytes troglodytes to humans, likely during the slaughter of a chimpanzee for

food sometime before 1930 (114-116). This single transmission event gave rise to the ‘main’
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group of HIV-1 viruses (HIV-1 group M) that has diversified through error-prone replication into 9
subtypes (A, B, C, D, F, G, H, J, K) and through recombination into over 55 circulating
recombinant forms (CRFs) (117). Subsequent, independent cross-species transmission events
initiated smaller outbreaks of HIV-1 (groups N, O, and P) (118). In contrast, the less-pathogenic
HIV-2 is descended from SIVsm transmitted from sooty mangabeys to humans (118).

The subtypes of HIV-1 group M are now globally distributed in a manner that reflects the
founder virus that initiated each regional epidemic (119). The greatest subtype diversity is
observed in the Democratic of Congo, which supports the hypothesis that the virus originated in
this region (70). Within a given HIV-1 group M subtype, Env amino acid sequence diversity is
typically around 17%, however 35% of the Env sequence may differ among isolates from two
distinct subtypes (26). Korber and colleagues place this level of diversity in context, again,
through a comparison with influenza, which exhibits comparatively low levels of sequence
diversity in hemagglutinin at around 2% (120). And yet, they point out, that even this level of
diversity generates sufficient antigenic variability to disrupt antibody recognition and require

yearly influenza vaccinations with the most current circulating isolate (26, 120).

Env Structural Diversity:

The sequence diversity of HIV-1 Env generates impressive functional differences among
HIV isolates, including variable sensitivity to neutralizing antibodies (121), co-receptor usage
(122), and dependence upon CD4 (123, 124). Such functional diversity presumably reflects
isolate-specific structural differences, but the underlying structural basis for Env functional
diversity remains poorly defined, and this is a motivation for the work presented in chapter 2. In
addition, there is dramatic structural heterogeneity even within a single HIV-1 Env isolate, due to
the glycoprotein’s intrinsic flexibility and fragility and the inherent variability associated with post-

translational modification and protein folding. Not only does this heterogeneity complicate the
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elicitation of broadly-protective immune responses, but it also hinders detailed structural studies

of the native Env trimer.

Glycosylation:

Glycans account for approximately fifty percent of the mass of the gp120 surface subunit
(10, 125). Depending on the primary sequence of a given Env isolate, there may be twenty to
thirty potential N-linked glycosylation sites (PNGS; encoded by the N-x-S/T motif, where “x” is
any amino acid besides proline) per gp120 subunit (77, 126). The relatively well-conserved
gp41 transmembrane subunit typically encodes 4 PNGS (126). Although a number of PNGS
are highly conserved among Env isolates and appear to be critical for viral fithess, the majority
of PNGS are variable among isolates (127). Due to their large size, glycans have the potential
to dramatically alter epitope exposure, in a way that amino acid mutations cannot. By adding,
subtracting, or shifting potential N-linked glycosylation sites within the primary sequence during
evolution, Env is able to introduce exceptional antigenic variability, that would not be possible by
simply changing amino acid side chains. In addition, some regions of Env contain PNGS that
are closely spaced within the primary sequence, which leads to variability in PNGS occupancy
presumably because the large glycan moiety of an occupied PNGS hinders
oligosaccaridetransferase enzyme access to neighboring sites (128). In regions with many
densely-spaced PNGS, not all sites will be glycosylated (128-130).

In addition to this heterogeneity in PNGS occupancy, there is also site-specific variability
in glycosylation pattern. It is possible for a given site to exhibit either high-mannose or complex-
type glycans. Patterns ranging from Man5 to Man9 may all be observed at a site that commonly
possesses high-mannose glycans, whereas sialylated, fucosylated, bi-antennary, tri-antennary
patterns may all be present at a site that commonly presents complex-type glycans (128-130).
High-mannose glycans appear to be the major glycoform, on HIV-1 Env(131), although diverse

glycoforms exist on the native Env trimer (132). The specific glycosylation pattern of HIV-1 Env
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has been shown to be critical for bNAb recognition(133) and modifies Env antigenicity and
immunogenicity (134). Because there are 20-30 glycosylation sites per trimer, 10-20 Env
trimers per virus particle and billions of virus particles circulating within a host, it is likely that all
of these possible glycosylation patterns exist simultaneously, generating substantial

heterogeneity and complicating Env recognition by neutralizing antibodies.

Furin Cleavage and Disulfide Bonding:

Because of the stochastic nature of protein-protein interactions within the crowded
environment of the cell, all post-translational modifications exhibit a degree of heterogeneity.
Soon after the discovery of HIV, it was noted that Env undergoes incomplete cleavage into
gp120 and gp41 (10, 11, 135). Uncleaved gp160 Env expressed on the virus surface is not
functional for fusion (136), because the fusion peptide is not free to enter the target membrane,
and it appears to be antigenically distinct from cleaved Env trimers (137). In addition, it is
common for non-native, unintended intra and intersubunit disulfide linkages to form during Env
maturation (31). Many of these incorrect bonds are resolved by disulfide isomerases (31, 125)
although some bonding heterogeneity remains in virion-associated Env (138). Aberrant
disulfide bonding patterns are frequently observed in soluble Env and generate substantial
conformational heterogeneity (139-141). Both cleavage and improper disulfide bonding have
complicated the design, expression, and purification of soluble Env immunogens that mimic the

native trimer.

Conformational Mobility:

The intrinsic mobility of the Env glycoprotein contributes to its heterogeneity as well (19,
142). It has been hypothesized that the trimer naturally “breathes” between its unliganded
“closed” conformation and an “open” conformation similar to that observed following CD4-

binding (33, 38, 143). The equilibrium between the “open” and “closed” trimeric forms appears
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to vary in an isolate-specific manner (28), but a given Env isolate is likely to sample all of the
conformational intermediates between “open” and “closed” over time. Transitions between
multiple quaternary conformations would limit the sustained exposure of potential neutralizing
epitopes on the Env trimer (143). In addition to this quaternary structural mobility, there appears
to be substantial conformational flexibility within the gp120 subunit itself (142, 144, 145), which
generates structural heterogeneity at a finer scale. It has been proposed that this disorder is
unfavorable for antibody-gp120 interactions because it imposes a large entropic cost on
antibody binding (145). Additionally, by fluctuating among multiple conformations, gp120 may

limit its presentation of potential neutralizing epitopes (142).

Disassembly:

One consequence of the dynamic nature of the Env glycoprotein is that it is a highly
labile molecule (12). Non-covalent interactions between gp120 and gp41, and between
protomers within the trimer, are broken with relative ease, and this fragility introduces additional
heterogeneity within the Env population. It is common for gp120 to be shed from the trimer (10,
146), yielding monomeric and trimeric gp41 stumps. Unincorporated protomers may also be
present as monomers in the viral membrane (147, 148). Dissociation of subunits from the Env
trimer not only decreases the number of “native” Env spikes on the viral surface, it also
increases exposure of immunodominant epitopes that have been shown to be irrelevant and
inaccessible in the context of the native Env trimer, including the gp120 inner domain and
regions of gp41 (147, 149). Similarly, monomeric gp120 is likely to be differentially stabilized
relative to gp120 in the context of the trimer. Therefore, although shed gp120 monomers are
immunogenic, the antibodies elicited may not recognize the conformation of gp120 in the
context of the trimer (150, 151). In this way, the sequence diversity of HIV-1 Env is
compounded by heterogeneity due to glycosylation, disulfide bonding, proteolysis,

conformational flexibility, and relatively labile non-covalent interactions.
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“Self” Antigen Cloak:

In addition to their role in generating structural heterogeneity, glycans restrict antibody
access to the underlying, potentially immunogenic, protein surfaces of Env (152). Because Env
glycans are manufactured by host glycosylation machinery, they are largely — though not
completely - indistinguishable from the glycans on host glycoproteins. Immunological tolerance
to “self” antigens - molecules expressed naturally by the host - reduces the immunogenicity of
the glycans on the surface of HIV-1 Env (153), although a number of antibodies have been
identified, which target glycan-specific epitopes on Env (30, 154, 155). Similarly, the MPER
region of gp41 is targeted by the broadly neutralizing antibodies 2F5 and 4E10 (156, 157).
These antibodies exhibit cross-reactivity with lipid, and their MPER binding and neutralization
activity appear to depend on this cross-reactivity (158, 159). Such cross-reactivity with lipid,
another “self” antigen, complicates the development of 2F5 and 4E10-like antibodies, because
the self-reactive germline antibodies are deleted during B cell maturation (160). Through its
close association with “self” antigens, HIV-1 Env reduces the exposure of surfaces that might be

recognized as “non-self” and decreases the immunogenicity of nearby epitopes.

Low Levels of Env Expression on the Virus Surface:

It has been proposed that the low levels of Env expression on the virus surface prevent
bivalent antibody binding to the virus particle (161). In contrast to influenza, which is densely
coated with hemagglutinin molecules, it is estimated that there are only 10-20 Env spikes per
virus particle. Assuming that these spikes are randomly distributed over the virus surface, the
distance between Env trimers would be great enough that the F(ab) arms of an IgG molecule
could not crosslink two adjacent trimers. Thus, in contrast to anti-influenza antibodies, which
may bind with high avidity to two adjacent spikes, anti-Env antibodies must develop higher

affinity monovalent interactions if they are to remain bound at equilibrium (161). This would
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impose a more stringent requirement on the degree of affinity maturation for anti-Env antibodies

than for antibodies targeting other viruses that present their spike proteins at a high density.

Weak Interactions with “Germline” Antibodies:

It was recently observed that most Env proteins interact poorly with the predicted
germline precursor B cell receptors of bNAbs (162, 163). As will be discussed below, mature
bNAbs typically undergo extensive somatic hypermutation to increase their binding affinity and
their potency and breadth of neutralization (164, 165). If these mutations are reverted to the
germline sequence, Env binding and neutralization activities are lost (162, 163). Although there
is some uncertainty in predicting the germline ancestor sequence, if true, these observations
suggest that many HIV-1 isolates may have evolved to occupy a sequence and structural space
that cannot be recognized by the germline precursors of broad and potent antibodies. This
would significantly hinder bNAb development and the ability to elicit bNAbs through vaccination
using purified Env proteins. Altogether, these strategies for avoiding activation of the humoral
immune response in combination with the exceptional sequence and structural diversity of Env
yield an immensely variable molecule, which is a uniquely challenging target for humoral

immunity, vaccine design, and structural study.

Antibody Structural Diversity:

In spite of its great sequence, structural, and conformational heterogeneity, HIV-1 Env is
vulnerable to neutralizing antibody recognition. The humoral immune system is able to
recognize a nearly infinite array of potential foreign antigens, including the variable surface of
HIV-1 Env, because of the immense diversity of the naive B cell receptor (BCR) repertoire. This
diversity is generated through the random recombination of gene segments, non-templated
addition of nucleotides at gene segment junctions during recombination, and pairing of heavy

and light chains, which undergo these processes separately (166). The human genome
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contains more than 40 heavy chain variable (Vy), 25 diversity (Dn), and 6 joining (Ju) gene
segments, and one of each gene segment is randomly recombined with the heavy chain
constant gene segments to produce a full-length heavy chain gene (167, 168). A similar process
of recombination occurs separately for the light chain, in which one variable (V) and one joining
(JL) segment are recombined from a number of possible V_and J. gene segments with a
constant gene segment to produce the full-length light chain. Random addition of non-
templated nucleotides between gene segments during recombination further expands the
diversity of the BCR repertoire (166, 167, 169). The majority of antibody sequence diversity is
concentrated in the complementarity determining regions (CDR) 1, 2, and 3 on both the heavy
and light chains, which typically make contact with the antigen. The CDR1 and CDR2 loops are
encoded by each Vj and V| gene segment, while the CDR3 loop is encoded at the junction of
VDJ recombination in the heavy chain and the site of VJ recombination in the light chain. The
heavy chain CDR3 (CDRH3) typically plays a critical role in antigen binding (167).

Following recombination, junctional diversification, heavy and light chain pairing, and
elimination of autoreactive B cells, the remaining mature naive B cells express “germline”
encoded B cell receptors. It has been proposed that germline BCR are uniquely dynamic and
polyreactive (170), and that this conformational and functional diversity increases the likelihood
that a germline BCR will recognize a foreign antigen (171). This hypothesis motivates the work
presented in chapter 3. Should the germline B cell encounter antigen and receive T cell help,
the BCR will diversify further through somatic hypermutation and affinity maturation to optimize
its affinity for the target antigen (167). In this way, the human B cell repertoire achieves
dramatic sequence and structural diversity that facilitates recognition of unknown pathogens
and the exceptionally variable Env glycoprotein. Broadly neutralizing antibodies against HIV-1
commonly possess unusual features, including exceptionally long CDRH3 loops, extensive
somatic hypermutation, and even moderate levels of autoreactivity with self-antigens (164, 165).

These rare features reflect the difficulty of identifying and accessing conserved features on HIV-
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1 Env, and the importance of sequence, structural, and functional diversity in antibody

recognition of an antigen like HIV-1 Env, that is itself, so uniquely variable.

Challenges of Rational Antibody-Based HIV-1 Vaccine Design:

In the context of non-human primate studies, which showed that neutralizing antibodies
can block transmission of neutralization sensitive isolates, the lack of protection afforded by
nAbs in human clinical trials suggest that these vaccines did not elicit the correct “type” of
neutralizing antibodies. The goal of rational antibody-based vaccine design is not only to elicit
neutralizing antibodies, but to generate select broad and potent antibody specificities through
vaccination (172, 173). This ambitious goal depends on a detailed structural understanding of
conserved epitopes on the native Env trimer and soluble Env immunogens, and the recognition
of these epitopes by neutralizing antibodies. While there has been considerable progress in
these areas, significant gaps remain in our understanding of soluble Env immunogen structure,
the accuracy with which these immunogens recreate the structure of the native Env trimer, and

the factors governing their immunogenicity.

Epitopes Targeted by HIV-1 Broadly Neutralizing Antibodies:

By screening sera from HIV-infected individuals for broad neutralizing activity and
isolating monoclonal antibodies from these individuals, we have gained a detailed appreciation
of highly conserved and vulnerable epitopes on the Env trimer that are targeted by naturally-
occurring bNAbs (174). The first broadly neutralizing antibodies that were identified were found
to target three separate regions within Env: the CD4-binding site (bound by IgG1-b12) (175,
176), a conserved cluster of mannose sugars on the gp120 outer domain (bound by 2G12)
(155), and the conserved, linear epitope in the gp41 MPER (bound by 2F5 and 4E10) (177,
178). In addition to these epitopes, two other regions of Env were observed to be bound by

less-broadly neutralizing antibodies: a CD4-induced epitope overlapping the co-receptor binding
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site (bound by 17b and 48d, among others) and the conserved tip of the V3 loop (bound by 447-
52D) (179-181). These early bNAbs, exhibit modest breadth - neutralizing ~40% of isolates -
and weak potency, requiring high concentrations of antibody to achieve neutralization (30).
Recent advances in technologies for isolating monoclonal antibodies(174) led to the
discovery of a new panel of bNAbs with greater breadth and potency than the early bNAbs:
neutralizing up to 91% of viruses at high concentrations in the case of VRCO01 (182), and
neutralizing 50% of viruses at concentrations less than 0.1 ug/mL for PGT128 (154). The
“second generation” bNAbs recognize epitopes including the CD4-binding site (VRCO01, NIH45-
46, and PGV04, among others) (182-185), conformational, glycan-dependent epitopes involving
the V2 loop that are preferentially exposed in native trimeric Env (PG9, PG16, PGT141-145),
and glycan-dependent epitopes overlapping that of 2G12 at the base of the V3 loop (PGT125-
128, 130-131) (30, 154). These antibodies have dramatically improved our understanding of
conserved structures on trimeric Env and mechanisms of antibody neutralization, providing

important targets for rational vaccine design.

Limitations in Our Structural Understanding of HIV-1 Env:

The flexibility and heterogeneity of HIV-1 Env discussed above, make it difficult to study
by x-ray crystallography because this technique requires large amounts of stable, homogenous
material. To achieve this high level of conformational purity, nearly all gp120 crystal structures
focus on truncated, deglycosylated gp120 “core” proteins stabilized with soluble two-domain
CD4 and/or the antigen-binding fragment of an antibody (Fab) (25, 35, 186-192). Because of
their flexibility and dense glycosylation, the large V1/V2 loops are truncated in all gp120 crystal
structures, and the V3 loop is frequently truncated as well, although it has been resolved in a
crystal structure of gp120 core in complex with CD4 and the co-receptor binding site antibody
X5 (187). Although structures have been solved for gp120 core proteins from diverse isolates,

these structures are highly convergent, possibly as a result of the modifications required for
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crystallography (192). Therefore, we have little understanding of the structural features that
distinguish Env isolates, generate substantial functional diversity (121, 193, 194), and
complicate the development of broadly reactive neutralizing antibodies. This critical gap in our
understanding motivates the work presented in chapter 2.

In addition, there is currently no high resolution crystal structure available for the Env
trimer (although, a moderate resolution structure was recently reported for a highly stable
soluble Env trimer from the clade A isolate BG505 at the AIDS Vaccine 2013 conference by lan
Wilson and colleagues), so it is unclear whether the structures described for the gp120 core
reflect the conformation of gp120 in the context of the trimer. In light of the functional diversity
of the native Env trimer, and the heterogeneity of the molecule as discussed above, it is likely
that, as with the gp120 core structures, static crystal structures may select for uniquely stable
constructs and underrepresent the structural variability within and across isolates of HIV-1 Env.
Complementary structural techniques have provided valuable information about the structure
and dynamics of unmodified, trimeric Env and soluble Env constructs. Cryo-electron microscopy
(Cryo-EM) revealed the likely position of the variable loops at the trimer apex and quaternary
structural rearrangements within the trimer upon sCD4-binding (28, 33). Small-Angle X-ray
scattering (SAXS) has facilitated study of the subunit morphology of unmodified soluble Env
immunogens in solution (142, 195). Hydrogen-deuterium exchange with mass spectrometry
(HDX-MS) is a technique central to this thesis, which provides information on the local stability
of protein secondary structure and the degree of solvent accessibility (142, 196, 197). Previous
studies of full-length glycosylated gp120 by HDX-MS indicated that the protein is quite
disordered in solution and provided insight into potential mechanisms by which CD4-binding
may allosterically trigger gp41 reorganization prior to fusion (142). In combination with x-ray
crystallography, these techniques critically expand our capacity to study unmodified,
conformationally-heterogenous Env constructs, which better reflect the structure and diversity of

the “native” Env trimer.
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Figure 2. Diagram of Soluble Env Immunogens. Full-length, membrane-associated,
trimeric gp160 Env is shown in the top left corner, and a linear representation of the gp160
sequence including the variable (V1-V5), and conserved regions (C1-C5) is shown directly
beneath it. An ideal, soluble trimeric gp140 Env ectodomain immunogen is illustrated in the
middle panel, with a linear representation below. The furin cleavage site, indicated with the
red arrow, is mutated to prevent furin cleavage in gp140F constructs. A soluble monomeric
gp120 immunogen is illustrated on the right, with a linear representation below. The blue
oval indicates an epitope that is typically buried in the context of the native trimer.

Design of Authentic Env Imnmunogens:

With no detailed structure of the native Env trimer or the Env immunogens used to elicit
antibodies against it, it is difficult to assess the authenticity of commonly-used Env immunogens.
One common explanation for the lack of efficacy observed in antibody-based vaccine trials is
that Env immunogens do not accurately reflect the structure of the native trimer (55). For
example, gp120 immunization typically elicits antibodies highly specific for the immunogen
isolate variable loops or the sparsely-glycosylated gp120 inner domain, which is not accessible
in the native trimer (55). Therefore, antibodies elicited by such immunogens target irrelevant or

isolate-specific epitopes, and it is to be expected that these antibodies would be poorly
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neutralizing and poorly cross-reactive. In light of this, substantial work has been done towards
identifying Env immunogens that accurately reflect the native Env trimer (149, 198).

To better mimic the native Env trimer and hopefully improve the quality of the antibodies
elicited through vaccination, researchers tested the ability of soluble oligomeric gp140 Env
ectodomain constructs to focus the antibody response on epitopes that are only exposed in the
trimer (Figure 2) (565). These immunogens elicited improved antibody titers as compared to
gp120 proteins but showed little improvement in breadth of the neutralizing response (55, 199).
Recent work suggests that the weak antibody response to oligomeric gp140 may be partially
explained by the fact that many gp140 oligomers do not accurately reflect the structure of the
native Env trimer, and rather resemble non-native, disulfide-linked dimers (141). This structural
dissimilarity is especially problematic because an important class of bNAb, the PG9/PG16-like
antibodies, are some of the most potent and broad antibodies that have been identified, but they
do not bind to many soluble Env constructs, including many gp140 constructs designed to better
mimic the native trimer (30). Thus, many oligomeric gp140 immunogens appear to be
inauthentic, with distinct antigenic profiles compared to that of the native trimer. These
observations inspired the work in chapter 1, to improve the exposure of the PG9/PG16 epitope

in soluble gp140 constructs, in order to develop a more native mimic of the Env trimer.

The Missing Link between Antigenicity and Immunogenicity:

It has been repeatedly demonstrated that antigenicity does not predict immunogenicity
(200-202). Many commonly used immunogens bind with high affinity to bNabs, but these
immunogens do not elicit bNAbs through vaccination. Perhaps the largest bottleneck in HIV-1
vaccine design stems from our limited ability to rationally manipulate antibody-based immune
responses to an epitope of interest. It is still beyond the reach of the scientific community to
predict the antibody response to an immunogen, and still further out of reach lies an ability to

design an immunogen that would elicit a specific monoclonal antibody. This problem is
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sufficiently challenging even for relatively simple, discrete protein epitopes, such as the MPER
helix that is targeted by bNAbs 2F5 and 4E10 (201, 202). However, most of the epitopes
recognized by bNAbs are far more complex than the linear, helical epitope targeted by 2F5 and
4E10 — all of the other bNAb epitopes are discontinuous, conformational epitopes, and many of
them involve both protein and carbohydrate residues — making them exceptionally challenging
targets for rational vaccine design. Among the many factors that may influence immunogenicity
is the ability of germline antibodies to bind immunogens and activate B cell affinity maturation.
In chapter 3, | explore the role that antibody conformational dynamics may play in modifying

antigen binding.

Goals of This Dissertation:

Sequence, structural, and conformational diversity are essential for antibody recognition
of HIV-1 Env and Env escape from humoral immunity. Post-translational modifications and
conformational dynamics contribute to the structural diversity of HIV-1 Env immunogens and the
antibodies that recognize them. The goal of this thesis is to explore the influence of these
factors on interactions between antibodies and HIV-1 Env immunogens. In chapter 1, | test the
impact of sequence, glycosylation, proteolytic cleavage, and oligomerization on PG9/PG16
binding to gp140 proteins, with the goal of identifying modifications to improve the presentation
of the PG9/PG16 epitope in order to design more authentic gp140 immunogens. In chapter 2, |
explore structural variability among a panel of four full-length glycosylated gp120 proteins and
test the relationship between conformational dynamics and antigenicity. In chapter 3, | studied
changes in conformational stability over the course of affinity maturation for two broadly
neutralizing antibodies, VRCO03 and VRC26. With an improved understanding of the molecular
factors that influence antibody-Env interactions, it may be possible to design enhanced Env
immunogens that are able to effectively stimulate the development of broad and potent

antibodies that will be required of a protective antibody-based HIV-1 vaccine.
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Chapter 1
Binding interactions between soluble HIV envelope glycoproteins and

quaternary-structure-specific MAbs PG9 and PG16*

*This work was performed in the laboratory of Dr. Leonidas Stamatatos. He has graciously
allowed me to include it in this thesis.
The text in this chapter has been modified slightly from © American Society for Microbiology,

Journal of Virology, Vol. 85(14), 2011, p.7095-107. doi: 10.1128/JVI.00411-11

Introduction
It is currently widely accepted that an effective vaccine against HIV must elicit broad

anti-viral neutralizing antibody responses: antibodies that can prevent infection from diverse
circulating primary HIV-1 isolates (55, 203). Such broad anti-HIV neutralizing antibody
responses have not yet been achieved by immunization (204-218). Initially, it was thought that
such anti-viral responses are extremely rare, even in the context of natural HIV-1 infection, and
therefore, their elicitation by vaccination would be extremely difficult, if not impossible. However,
recent evidence suggests that approximately a third of those infected with HIV-1 develop broad
and potent neutralizing antibody responses (83, 84, 86, 92, 219). Such responses typically
develop within the first 2-3 years of infection, and as early as the first year of infection (80).

The neutralizing antibody response against HIV-1 exclusively targets the viral envelope
glycoprotein (Env), which is the only virally-encoded protein on the surface of viral particles. Env
is initially expressed as a 160 kDa precursor protein (gp160), which is cleaved post-

translationally into two non-covalently associated subunits: the extracellular subunit gp120 and
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the transmembrane subunit gp41. This cleavage is performed by furin-like cellular proteases.
On the surface of infectious virions, the functional Env is expressed as a trimer of gp120/gp41
heterodimers. Gp120 is responsible for binding to the CD4 and CCR5/CXCR4 cell surface
proteins, while gp41 mediates fusion of the virion and host cell membranes.

The earliest Env-based immunogens that aimed at the elicitation of anti-HIV NAbs were
based on the gp120 subunit alone and derivatives of that protein (61, 212, 220-228). This type
of immunogen elicited binding antibodies that were largely non-neutralizing or primarily
displayed neutralizing activity against the virus from which the Env immunogen was derived, but
not heterologous primary isolates. The elicitation of non-neutralizing antibodies by such
immunogens is due to the exposure on soluble gp120 immunogens of epitopes that are
normally occluded within the functional HIV Env trimer. The elicitation of strain-specific NAbs is
primarily due to the natural immunodominance of variable epitopes (i.e., epitopes that are not
conserved among diverse HIV isolates) on soluble gp120 proteins but also due to improper
presentation of more conserved neutralization epitopes (i.e., epitopes that are present on
diverse isolates (see reviews, (172, 229)).

Second generation soluble HIV Env immunogens were based on the entire extracellular
part of gp160, i.e., not only the gp120 subunit but also the extracellular part of the gp41 subunit.
These constructs are commonly referred to as gp140s and can be trimeric. Soluble trimeric
gp140 Env immunogens were shown by several groups to elicit antibody responses with
broader neutralizing activities than those elicited by soluble monomeric gp120 immunogens
(204, 218, 230). Overall, however, gp140s elicit NAbs with a breadth that is much narrower than
those antibodies we wish to elicit by vaccination and those that are generated by approximately
a third of those infected with HIV-1 (83, 84, 86, 92, 219). It was hoped that the trimeric nature of
soluble gp140 constructs would better present epitopes that are also present on the virion-
associated gp160 Env trimer. However, even in the context of soluble gp140 trimers, the

presentation of conserved neutralization epitopes differs from that on the native virion-
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associated gp160 Env trimers. This is particularly true for gp140 constructs on which the gp120-
gp41 cleavage site was artificially eliminated in order to increase the stability of these soluble
gp140 trimers (137, 230). The imperfect design of soluble gp140 trimers became even more
evident recently, with the isolation of several anti-Env monoclonal antibodies (MAbs) that
potently neutralize diverse HIV-1 isolates, but do not bind soluble versions of Env. These MAbs
include 2909, a human MAb, which has a very narrow breadth of neutralization (neutralizes the
clade B SF162 isolate) (29), several MAbs, 1.6F, 2.2G, 2.3E, 2.5B, 2.8F, and 3.10E, isolated
from SHIV-infected macaques (collectively referred to here as “RhMADbs”) that also display
exclusive neutralizing activity against SF162 (231), and PG9 and PG16, both human MAbs,
which neutralize diverse HIV-1 isolates (30). Despite the distinct neutralizing properties of
PG9/PG16, 2909 and the RhMADs, these antibodies recognize overlapping epitopes. Several
recent studies have discussed key differences in the epitopes recognized by these antibodies
(232, 233). For example, neutralization by PG9 and PG 16 requires the presence of an
asparagine at position 160 within the V2 loop, while neutralization by 2909 and the RhMAbs
requires a lysine at that same position (231). The vast majority of circulating viruses possess an
asparagine at position 160, while SF162 is among a minority of viruses which possess a lysine
at that same position (30). The epitopes recognized by these MAbs are currently referred to as
‘quaternary’ and, at least in the cases of PG9 and PG16, appear to exist on individual protomers
that form the functional trimeric Env (30). Whether this is also true for 2909 and the RhMADbs is
currently unknown.

The fact that all of the above-mentioned MAbs can neutralize virions but bind
inefficiently, if at all, to recombinant soluble gp120 or gp140 Env, provides additional evidence
of structural dissimilarities between these soluble constructs (that are routinely used as
immunogens to elicit broad anti-HIV NAbs) and the functional, virion-associated Env spike. The
engineering of soluble Env proteins whose structure more accurately mimics that of the virion-

associated Env trimer could improve the immunogenic properties of soluble Env proteins,
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specifically their ability to elicit broadly neutralizing antibodies with quaternary epitope
specificities. Recent studies indicate that broadly neutralizing antibody responses with
quaternary epitope specificities, similar to those of PG9 and PG16, appear within the first 1-3
years of infection and are not infrequent among those patients who develop broad anti-HIV
neutralizing antibodies (80, 81). These observations suggest, therefore, that the elicitation of
similar types of NAbs by immunization may be feasible once appropriate immunogens are
designed.

Here, we identified several soluble gp140s that are recognized by MAbs PG9 and PG16
and factors that are important for that recognition. Specifically, we investigated the effect of Env
trimerization, the requirement for specific amino acids at position 160 within the V2 loop, and the
importance of proper gp120-gp41 cleavage for MAb-binding to soluble gp140s. Finally, we
investigated whether and how the kinetics of PG9 and PG16 binding to soluble gp140 correlates

with the neutralizing potency of these MADbs.

Materials and Methods

Cell Lines

Human embryonic kidney 293T and 293F cells were cultured as previously described
(234). The HelLa-derived TZM-bl cell line (David Montefiori, Duke University, Durham, NC)
expressing CD4, CCR5, and CXCR4 and containing B-Gal and Luciferase reporter genes under
the control of the HIV LTR promoter was cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% FBS, Penicillin, Streptomycin and L-glutamine, as previously

described (235).

Antibodies and HIV+ sera
Human MAbs PG9 and PG16 (30)were provided by Matthew Moyle (Theraclone).

Human mAb 447-52D (236) was provided by Susan Zolla-Pazner and Mirek Gorny (New York
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University, New York, NY). The Fab versions of the antibodies 447-52D, PG9, and PG16 were
provided by Pamela Bjorkman and Paola Marcovecchio (CalTech, Pasadena, CA). A plasma
pool from 30 primarily clade A-infected individuals (between 1998-2000) in Mombasa, Kenya
(237) was provided by Julie Overbaugh and Catherine Blish (University of Washington, Seattle,

WA).

Env-Expressing Plasmids and Mutagenesis

The HIV-1 gp160 Env gene of four clade A isolates (Q168a2, Q259d2.17, Q461e2, and
Q769h5) (237), and that of the clade B SF162 isolate (238), were previously cloned in the
pEMC* mammalian DNA vector for pseudovirus production (239). Gp140 versions of these
Envs were generated by introducing stop codons immediately upstream from the
transmembrane region (240). As these constructs possess a wild-type gp120-gp41 furin
cleavage site, these constructs are referred to as “cleaved” or gp140C. We also generated the
corresponding cleavage-defective gp140 constructs, on which the gp120-gp41 furin cleavage
site was eliminated by mutagenesis (241). These constructs are termed as “non-cleaved” or
gp140F for ‘fused’. Codon-optimized versions of the gp140F clones were synthesized by
Genscript and cloned into the pTT3 vector for high-level mammalian expression (242).

The K160N mutation was generated on the gp160, gp140F, and gp140C versions of
SF162 Env. Mutagenesis of the gp160, of the non-codon-optimized gp140F and of the non-
codon-optimized gp140C constructs was performed with primers previously described (231).
Introduction of the K160N mutation into the codon-optimized SF162 gp140F construct was
performed using the forward primer: K160NF (5-CAA AAA CTG CAG CTT TAA CGT GAC AAC
GAG CAT TAG -3’) and reverse primer: K160NR (5-CTA ATG CTC GTT GTC ACG TTA AAG
CTG CAG TTT TTG -3’). The inverse mutation, N160K, was introduced on the codon-optimized
Q259d2.17 gp140F construct using the forward primer: Q259N160K (5’-AAG AAC TGT AGC

TTC AAG ATT ACA ACA GAG CTG-3’) and the reverse primer: Q259N160K-r (5-CAG CTC
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TGT TGT AAT CTT GAA GCT ACA GTT CTT-3’). Mutagenesis of Q259d2.17 gp140F was
performed to create Q259d2.17 gp120. The primers used for this reaction were:
259gp120stopF (5’-CCC TAC ACG GGC CTA GTAAAT TTC CTC TGT G-3’) and
259gp120stopR (5'-CAC AGA GGA AAT TTA CTA GGC CCG TGT AGG G-3’). The reaction
mixture contained 60 ng of gp140F template (Codon optimized), 125 ng of each respective
primer, and 22 yL AccuPrime™ Pfx SuperMix (Invitrogen) for a total reaction volume of 25

ML. The reaction conditions consisted of 1 hold at 95° C for 30 s, followed by 18 cycles of
successive denaturation, annealing, and elongation steps performed at 95° C for 30 s, 60° C for
1 min, and 68° C for 8 min, respectively, and 1 final hold at 68° C for 10 min. All reactions were
digested with Dpn-I for 3 hr at 37° C. The mixture was purified and concentrated to 10 pL using
the MinElute PCR Purification Kit (Qiagen), and was subsequently used to transform competent
cells (One Shot MAX Efficiency DH5a-T1R; Invitrogen). Successful mutagenesis was confirmed

by sequencing.

Expression and purification of soluble Env gp140

Small-scale transient transfection of 293T cells with plasmids expressing gp120 and
gp140 proteins was performed as previously described (234), with minor modifications. Briefly,
3x10° 293T cells per well of a 6 well plate were transfected for 4 hours with 2 pg of plasmid
DNA using GenedJuice and Optimem serum free-medium. After transfection, the media were
replaced with fresh media and the cells cultured for 48 hours. The culture supernatants were
harvested and clarified by centrifugation at 2000 RPM for 5 min. Protease inhibitors Pepstatin
A, E-64, Aprotinin, and EDTA were added to final concentrations of 2 yM, 2 yM, 0.6 uM, and 2
mM, respectively. Supernatants were then aliquoted and frozen at -20° C until further use.

Large-scale expression and purification of gp140F Env constructs was performed as
previously described in detail (234). Briefly, the cell transfection supernatants were

concentrated and buffer exchanged using a 30kDa mwco TFF membrane cassette (Pall Life
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Sciences, CA) and lectin purified (GNA, Vector Laboratories). The eluate was concentrated
using a 30kDa mwco Amicon Ultra centrifugal concentrator (2,500 x g) and loaded on to a
Superdex 200PG size exclusion column (GE Healthcare) and run at 1 ml/min in 1 x PBS. Eluted
fractions were analyzed by Native PAGE using the Invitrogen NativePAGE system. Fractions
containing monomeric gp140 were pooled separately from those fractions containing trimeric
gp140 Env. Q461e2gp140 is almost exclusively expressed as a trimer and we were unable
therefore to investigate the interactions of PG9 and PG16 with the corresponding monomeric
gp140 from of that protein. Protein concentration was determined by BCA or by absorbance at

280 nm.

Quantification of gp140 Env in Transfection Supernatants by Odyssey Western

Licor Odyssey Western blotting was used to quantify the concentration of gp140 Env in
transfection supernatants, using the protocol described previously (243). Samples were
prepared using 4x loading buffer and 10x reducing agent and were heated at 95° C for 10 min.
Gels-NuPAGE 4-12% Bis-Tris gel (Invitrogen) - were run in 1X MOPS buffer with antioxidant at
200V for 60 min. Quantification was performed using purified SF162 gp140 (25, 75, and 150
ng) to establish a standard curve. Transfection supernatants were loaded at two volumes (7.5
puL and 15 L) and the integrated intensity of protein bands was determined.

Transfer of the proteins from the SDS gels to nitrocellulose membranes (Pall) was
performed by applying current at 375 mA (constant current) for 90 minutes in 2X NuPAGE
transfer buffer (Invitrogen) with 15% methanol and antioxidant. The membranes were air-dried
briefly, then blocked for 1 hour in Odyssey Block Buffer (Licor) at room temperature. The
membrane was then incubated in PBS with 50% Odyssey Block Buffer, 0.2% Tween-20, and
pooled rabbit polyclonal anti-Env sera (diluted 1:8000) for 1 hour shaking at room temperature.
The membrane was washed in Odyssey Wash Buffer (PBS with 0.1% Triton X-100). After

washing, the membrane was incubated with the secondary antibody mixture containing PBS

33



with 50% Odyssey Block Buffer, 0.2% Tween-20, 0.02% SDS, and goat anti-rabbit IR Dye680
(diluted 1:15,000) at room temperature, protected from light. The membrane was washed again
and scanned using a Licor Scanner at a wavelength of 700 nm. Quantification was performed

using Licor Software.

Immunoprecipitation and Western Blotting of gp140 Env

Immunoprecipitations of soluble Env present in transfection supernatants (SF162 or
SF162 K160N as gp140F or gp140C, as well as Q259d2.17 or Q259d2.17 N160K gp140F), or
of size-exclusion purified gp120 Env (SF162, SF162 K160N, Q259d2.17, and Q461e2) and
monomeric and trimeric gp140 Env proteins (Q168a2, Q259d2.17, Q461e2, Q769h5, SF162
and SF162 K160N) were performed as follows. In all cases, to 100 yL of DMEM supplemented
with 10% FBS and containing 100 ng Env, MAbs PG9 and PG16 were added to a final
concentration of 10 ug/mL. No antibody was added to the negative control samples (‘beads
alone’). Incubations took place at room temperature for 1.5 hours before adding 50 uL of
protein G-agarose beads resuspended in PBS with 0.3% Tween-20 and incubated for an
additional hour, rotating at room temperature. The beads were then pelleted by centrifugation at
4,000xg and washed seven times in 1 mL cold PBS with 0.2% Tween-20. Finally, the proteins
were eluted from the pelleted beads by resuspension in 60 ul of 2x SDS-PAGE loading buffer
with BME and heating at 95° C for 10 minutes. After re-pelleting the beads at 13,000xg for 5
min, 20 yL of eluted and denatured protein sample was loaded onto a 4-12% Bis-Tris NUPAGE
gel (Invitrogen).

The proteins were transferred from the SDS-PAGE gels to PVDF membranes as
described above (Pall). The PVDF membranes were incubated for 1.5 hours in PBS with 10%
non-fat milk, and 0.6% Tween-20. The membrane was probed for 1 hour with a polyclonal goat

anti-Env sera raised against denatured SF2 gp120 (diluted 1:1000). Following an intermediate
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wash, the membrane was incubated with protein-G-horseradish peroxidase (1:10,000) for one
hour. The membrane was then washed and developed using Amersham ECL-plus (GE) and

Amersham Hyperfilm Chemiluminescence film (GE) or a Storm Phosphoimager.

Enzyme Linked Immunosorbant Assay (ELISA)

Purified gp120 monomers, gp140 monomers or gp140 trimers were adsorbed onto 96
well ELISA plates at a concentration of 0.75 ug/mL in 100 mM NaHCO3; pH 9.6 by an overnight
incubation at 4° C. Plates were then washed 4x in a plate washer and blocked for 2 hours at
room temperature in PBS with 10% NFM, and 0.3% Tween-20. After blocking, the plates were
washed 4x, and the primary antibodies (PG9, PG16, 447-52D, or VA plasma pool) were titrated
into the wells starting at a concentration of 20 ug/mL for mAbs or 1:1000 for VA plasma pool,
and making 5-fold serial dilutions (or 10-fold dilutions for 447-52D and plasma pool) into PBS
with 10% NFM and 0.03% Tween-20. Plates were incubated at 37° C for 1 hour, washed 4x,
and the secondary goat anti-human (whole molecule) IgG was added to each well at a dilution
of 1:3,000 and incubated at 37° C for an additional hour. Following a final wash, the plates were
developed with SureBlue Reserve TMB microwell peroxidase substrate (KPL) for 3 minutes and
stopped using 1N H,SO,. Plates were read on a Versamax microplate reader, and analysis was
performed using the Prism package (GraphPad Software). Binding was measured in duplicate

in two independent experiments.

Surface Plasmon Resonance Analysis

Surface plasmon resonance (SPR) measurements were carried out on a Biacore T100
instrument at 25° C. Gp140F constructs were immobilized on CM5 sensor chips using standard
amine-coupling chemistry immediately following repurification by size-exclusion chromatography
(SEC) to remove any contaminating degradation or oligomerization products. Flow cell 1 on

each chip was activated/deactivated and left blank as a reference surface. Analyte (PG9,
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PG16, 447-52D Fabs) and buffer blank injections were randomized and run in duplicate at 50
uL/min in HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant P20, pH
7.4). Specific immobilization conditions, analyte concentrations and interaction parameters are
summarized in Appendix A, Supplemental Table 1. Surfaces were regenerated with 10 mM
glycine, pH 1.5 at 50 uL/min for 5 seconds. Where fitting was possible, double-referenced data
were fit with 1:1 interaction models by global analysis with BiaEvaluation 2.0 software. SPR
responses to surfaces coupled with Q259d2 trimers and Q769h5 monomers and trimers were
too low to permit quantitative analysis (Appendix A, Table S1).

In order to confirm the validity of the numbers derived from experiments performed by
amine-coupling gp140F constructs, a capture assay was also performed in which goat anti-
human Fcy IgG was amine-coupled to two flow cells of a CM5 chip. Approximately 115
response units (RU) of PG9 IgG was captured by flowing a 1 ug/mL stock over one anti-IgG
surface for 60 seconds at 10 uL/min leaving the other anti-lgG surface as a reference.
Duplicate injections of buffer and 300 nM monomeric or 100 nM trimeric Q168a2 gp140 were
used as analytes at 50 uL/min, with an association time of 7 minutes and a dissociation time of
30 or 60 minutes, respectively. The surface was regenerated by injecting two 30 second pulses
of 10 mM glycine, pH 1.5 at 50 uL/min. Double-referenced data was fit globally with a 1:1

binding model using BiaEvaluation 2.0 software.

Production of single round competent virions

Single round competent virions (pseudoviruses) expressing the gp160 of interest were
produced as previously described by co-transfection of 293T cells with a pNL4-3 Luc+Env-Rev-
backbone and a mammalian expression vector containing the gp160 gene (239). Transfection
supernatants were harvested 72 hours later, clarified at 2000xg, aliquoted and stored at -80° C

until further use.
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Neutralization Assays

Neutralization assays were performed in a TZM-bl reporter cell line as previously
described (207, 239). Briefly, cells were plated at a density of 3x10° cells/well in 96 well flat-
bottom plates 24 hours prior to the addition of pseudovirus and antibodies. Antibodies or Fabs
were serially diluted six-fold and were incubated with virus for 1 hour at 37° C. Predetermined
amounts of viruses to produce roughly 10° RLU after infecting TZM-bl cells in the absence of
antibody were used. The virus/antibody mixture (as well as virus in the absence of any antibody
as a positive control) was then added to TZM-bl cells that had been treated with polybrene at 2
pg/mL for 30 minutes at 37° C. Infection was allowed to proceed for 72 hours at 37° C. Virus-
entry and percent neutralization were measured by luciferase activity using Steady-Glo
Luciferase reagent (Promega). Neutralization was measured in duplicate in two independent
experiments by determining the cell-associated luciferase activity in the absence and presence
of antibodies using the following mathematical equation: [(RLUpos-RLUmab)/RLUpos]*100,
where RLUpos is the average RLU measured for cells infected with pseudovirus in the absence
of any antibody, and RLUmab is the average RLU measured for cells infected with pseudovirus

that had been pre-incubated with MAb.

Results
PG9 and PG16 Bind Preferentially to Soluble Monomeric gp140 by ELISA

PG9 and PG16 were isolated from an HIV-1-infected subject based on their ability to
neutralize diverse HIV-1 isolates without binding to soluble Envs in ELISA experiments (30). In
the original study by Walker and colleagues, a limited number of soluble gp120s or gp140s were
evaluated for PG9/PG16 recognition and it was reported that none of these Envs were
recognized by PG16, while PG9 weakly recognized gp120 from the DU422 and ADA isolates

and the gp140-foldon protein from the YU2 virus.
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Figure 1.1. PG9 and PG16 binding to monomeric and trimeric gp140 by ELISA. Binding
of PG9, PG16, 447-52D, and pooled plasma binding (as indicated in the inset) to SEC
purified trimeric (squares and diamonds, dashed lines) and monomeric (circles, solid lines)
gp140 molecules for the indicated Env is shown. Only trimeric gp140 Env was available for
Q461e2 and SF162.

With the goal of identifying previously unreported strong binding interactions between
PG9 / PG16 and soluble Env, we examined whether PG9 and PG16 were capable of binding to
four well-characterized clade A gp140 Envs (Q168a2, Q259d2.17, Q461e2 and Q769h5),
isolated between 28 and 75 days post-infection (244). As PG9 and PG16 were isolated from a
clade A HIV-1-infected individual, we hypothesized that these MAbs may display a favored
recognition of soluble Envs derived from clade A viruses. In addition to these clade A Envs, we

also evaluated the binding of PG9 and PG16 to gp140 constructs derived from a clade B isolate,
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SF162, which is resistant to neutralization by these two antibodies, as well as the SF162 K160N
mutant, which is sensitive to neutralization by these two MAbs (30). Importantly, the clade A
Envs express an asparagine at position 160 within the V2 loop, while the clade B SF162
expresses a lysine at that position (which is mutated to an asparagine in the case of the SF162
K160N construct). The presence of an asparagine at position 160 creates a potential N-linked
glycosylation site, which is absent from the Env of SF162.

We first investigated the binding of PG9 and PG16 to this panel of gp140 Envs by
ELISA. We observed that PG9 bound to both the monomeric and trimeric forms of Q168a2,
Q259d2.17 and SF162 K160N gp140, although the binding to the monomeric forms was
superior to that of the corresponding trimeric forms (Figure 1.1). Interestingly, PG9-binding to
SF162K160N was superior ric forms of SF162 K160N gp140 and weakly to the monomeric form
of Q168a2 gp140. As observed for PG9, PG16 preferentially recognized the monomeric gp140
forms and more efficiently bound SF162K160N than Q168a2. To our knowledge, this is the first
evidence of PG16 binding to a soluble gp140 molecule (SF162 K160N gp140).

In some cases, such as PG9 binding to monomeric Q168a2, Q259d2.17, and SF162
K160N gp140s and trimeric SF162 K160N gp140, or PG16 binding to monomeric SF162 K160N
gp140, the affinities of PG9/PG16 binding were comparable (within 1.5 fold) to that of the V3-
specific MAb 447-52D. It appears, therefore, that the PG9 / PG16 epitope is not universally
absent from soluble Env proteins, rather, as with other antibody epitopes, it is presented on

soluble gp140 Env in an isolate-dependent manner.

Binding of PG9 and PG16 to several monomeric and trimeric gp140s in solution

Binding interactions in an ELISA format occur on a solid surface, with the antigen (in this
case, gp140 Env) non-specifically adsorbed on the well surface. This may lead to occlusion of
certain epitopes or alter the conformation of Env in such a way that antibodies, which may bind

well to the native protein molecules in solution, fail to bind or bind very inefficiently to the ELISA-
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adsorbed protein molecules. To determine whether the selective binding of PG9 and PG16 to a
subset of the gp140 molecules tested here was due to the absence of the appropriate epitopes
on the constructs that did not bind, or due to artifacts of the ELISA assay, we characterized the
interaction of PG9 and PG16 with monomeric and trimeric gp140 in solution (Figure 1.2).

During those experiments, the antibodies and the Env proteins are allowed to interact in solution
and then the antibodies (and any bound Env molecules) are immunoprecipitated. Any
immunoprecipitated Env is then detected by Western blot analysis.

Results from the immunoprecipitation experiments confirmed those obtained by ELISA,
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Figure 1.2. In solution interaction of PG9 and PG16 monomeric and trimeric gp140 .
Shown are Western blots, with protein bands corresponding to gp140 Env
immunoprecipitated by PG9 and PG16. Immunoprecipitations of purified monomeric (A-D)
and trimeric (E-J) gp140 molecules for Q168a2 (A and E), Q259d2.17 (B and F), Q769h5 (C
and G), Q461e2 (H), SF162 K160N (D and I), and SF162 (J) are indicated in the inset. Lines
designate molecular weights (250, 130, and 100 kDa for the Top, Middle, and Bottom lines,
respectively). Beads: Env was incubated with Protein G-Agarose beads in the absence of
MADb. Input: 10 ng of protein were directly applied to the SDS-PAGE gels.



in that PG9 recognizes Q168a2, Q259d2.17 and SF162 K160N and that PG16 recognizes the
SF162 K160N envelope. However, additional weak interactions became evident during
immunoprecipitation experiments. For example, PG9 bound to Q461e2 and Q769h5 in solution.
Also, PG16 bound to Q168a2 and to a lesser extent, Q259d2.17 in solution. The relative levels
of PG9 and PG16 binding to gp140 Env were similar in the case of SF162 K160N, however, for
Q168a2 and Q259d2.17, PG9 appeared to bind at a higher level than PG16 (especially in the
cases of trimeric Q168a2 and Q259d2.17 gp140).

Similar to what we observed by ELISA, here too, the monomeric gp140 forms of Q168a2
and Q259d2.17 were more efficiently recognized by PG9 than the corresponding trimeric gp140
forms. Overall these results confirm the observations made by Walker et al., (30) that the
epitope of PG9 is present on the protomer forming the Env trimeric spike, but also indicate that
the PG9 / PG16 epitope is either partially occluded in the context of soluble trimeric gp140
molecules, or that monomeric and trimeric gp140 represent distinct populations of Env that are
differentially recognized by PG9 / PG16, perhaps as a result of distinct post-translational
modifications between the two populations, as will be discussed further in the following sections.

During these immunoprecipitation experiments, 100 ng soluble gp140s were first
incubated with MAbs and the MAb-gp140 complexes were then immunoprecipitated with the
use of agarose beads. The beads were resuspended in loading buffer, and a third of the
resuspension volume was loaded on the SDS-PAGE gel. In parallel, 10 ng of gp140 was directly
applied to the same gel, as an internal control. Based on the intensity of the protein bands
shown in Figure 1.2, it appears that in most cases, PG9, and especially PG16, were able to
immunoprecipitate only a fraction of the available gp140 molecules in solution. This was
particularly true for the trimeric gp140 forms. Potentially, this is related to poor accessibility of
the PG9 and PG16 epitopes on soluble trimeric gp140s by the IgG versions of these antibodies.

However, it is also seems likely that only a fraction of the gp140 molecules produced in 293
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cells display the necessary glycosylation profiles that are required for the binding of PG9 or

PG16, as recently reported (131, 133).

PG9 and PG16 Binding to gp120 and gp140 proteins

Given that PG9 and PG16 IgGs preferentially bound to monomeric Q259d2.17 gp140 as
compared to the trimeric gp140 form, we examined the possibility that these antibodies would
also interact with monomeric Q259d2.17 gp120 molecules. To test this hypothesis, we again
performed immunoprecipitation experiments and compared the binding of PG9 and PG16 to
purified Q259d2.17 gp120 and the corresponding monomeric and trimeric gp140s (Figure 1.3A).
We observed that PG9 bound better to monomeric gp140 than it did to the monomeric gp120
form. PG16 bound the monomeric gp140 but not gp120. Similarly, PG9 did not recognize the
Q461e2 gp120, while it weakly recognized the trimeric gp140 form. We were unable to
investigate the binding of PG9 to the monomeric Q461e2 gp140 form, since (as discussed
above) this Env is predominantly expressed as a trimer. In contrast to these two examples, the
predominant recognition of the gp140 over the gp120 form was not evident in the case of the
SF162K160N Env. In that case, PG9 (and PG16) recognized with an apparent equal efficiency
the gp120, monomeric gp140 and trimeric gp140 forms. As expected, the SF162 gp120 or
trimeric gp140 forms were not recognized by either PG9 or PG16. These results were confirmed
by ELISA (Figure 1.3B). Here we also examined the binding of PG9 and PG16 to monomeric
gp140 as well and observed that PG9 binds more efficiently to the monomeric gp140 form than

the corresponding monomeric gp120 form.

Proper gp120-gp41 cleavage is not required for PG9 and PG16 binding to gp140
Because immunoprecipitation appears to be a more sensitive test of the ability of PG9
and PG16 to recognize soluble gp140 constructs, we used this method to characterize PG9 and

PG16 binding to a series of mutated gp140 Env proteins. This allowed us to investigate 1)
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Figure 1.3. PG9 and PG16 binding to gp120 and gp140 proteins. (a) Purified monomeric
gp120 (m-gp120), monomeric gp140 (m-gp140) or trimeric gp140 (t-gp140) were incubated
with PG9 or PG16 and immunoprecipitated as described in Materials and Methods.
Molecular weight markers are indicated. Lane 1: PG9; lane 2: PG16; lane 3: 10 ng of protein
were directly applied to the SDS-PAGE gels. (b) ELISA binding curves are shown for
monomeric gp120 as well as monomeric gp140 and trimeric gp140 derived from Q259d2.17.
HIV+ plasma pool was used as control to confirm the presence of equal amounts of gp120
and gp140 on the ELISA plates.

whether Asn 160 is required for PG9 and PG16 recognition of gp140 Env examined here (as
reported in the case of virion-associated Envs) (30), and 2) whether cleavage of Env at the
gp120-gp41 furin cleavage site impacts the binding of PG9 and PG16 to soluble gp140
constructs (Figure 1.4).

Our immunoprecipitation and ELISA results discussed above, indicated that the

replacement of the lysine by an asparagine at position 160 in the V2 loop of the SF162 Env,
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Figure 1.4. Post-translational modifications affecting the binding of PG9 and PG16.
(a) Western blot of gp140 Env immunoprecipitated by PG9 or PG16, from transfection
supernatants containing Q259d2.17 or Q259d2.17 N160K gp140. Input: supernatant was
directly loaded onto the indicated wells. Beads: supernatants were incubated with protein
G agarose beads in the absence of MAb. (b) Western blot of either uncleaved (gp140F;
Top) or cleaved (gp140C; Bottom) gp140 Env proteins immunoprecipitated from
transfection supernatants containing either SF162 or SF162 K160N. Molecular weights
are indicated on the vertical axis.

was sufficient to confer very efficient binding by both PG9 and PG16 (Figure 1.2). The reverse
mutation (N160K) on the backbone of the Q259d2.17 gp140, abolished recognition of that Env
by PG9 and PG16 (Figure 1.4A). These results indicate that, as reported for the case of virion-
associated Env gp160, the recognition of soluble gp140 constructs by PG9 and PG16 depends

on the presence of an asparagine at position 160 (30).
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Intracellular enzymatic cleavage of HIV-1 Env gp160 into gp120 and gp41 optimizes the
presentation of certain neutralization epitopes (137, 245-247). Apparently, gp160 cleavage into
gp120 and gp41 alters the conformation of Env. The gp140 constructs used in the above-
discussed experiments were artificially modified so that the natural gp120-gp41 cleavage site
was removed, to increase the stability of the expressed trimeric gp140 (248, 249). We reasoned
that potentially, PG9 and PG16 may recognize properly cleaved gp140 molecules more
efficiently than the above-discussed non-cleaved gp140 molecules. To address this, we
compared the binding of PG9 and PG16 to two versions of SF162 K160N gp140: one containing
the REKR furin cleavage site (denoted gp140C) and one with a mutated cleavage site (denoted
gp140F) (Figure 1.4B).

Gp140C and gp140F were expressed in the supernatant of transiently transfected cells,
and the MAbs were added to those supernatants. It is well established that during transient
transfection of cell lines with plasmids expressing the ‘cleavable’ form of gp140 (gp140C) a
mixture of cleaved gp140s as well as non-cleaved gp140s can be found in the cell supernatant
due to insufficient intracellular amounts of endogenous furin-like enzymes (250). Assuming that
both cleaved and non-cleaved gp140s are recognized by MAbs PG9 and PG16, then two
protein bands will be visible after western blotting (when anti-gp120 antibodies are used as the
detecting reagent): a band of approximately 140kDa, corresponding to the uncleaved gp140
(designated as ‘ U’ in Figure 1.4B) and a second band of approximately 120kDa (designated as
‘C’in Figure 1.4B), corresponding to the gp120 part of the cleaved gp140 (during sample
denaturation prior to SDS electrophoresis, the gp120 subunits dissociate from their gp41
counterparts).

PG9 and PG16 recognize both the cleaved and non-cleaved versions of SF162 K160N
gp140 (Figure 1.4B). Based on the intensity of the Env bands, it does not appear that PG9 and
PG16 recognized the ‘cleaved’ Env significantly more efficiently than the corresponding non-

cleaved Env.
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Quantitative determination of PG9 / PG16 binding to gp140 Env by SPR

ELISA and immunoprecipitation methodologies do not provide ‘real time’ binding
information. The relatively inefficient binding of PG9 and PG16 to certain constructs, such as the
clade A gp140s, and the more efficient binding to the SF162K160N gp140, could be due to
differences in the dissociation, association, or both binding rate constants. To better understand
the binding kinetics between gp140 and PG9 and PG16 we used SPR to determine equilibrium
dissociation constants (Kp), association rate constants (k,) and dissociation rate constants (ky)
(Figure 1.5). In cases where no binding of PG9/PG16 to specific gp140s was detected by ELISA
or immunoprecipitation, SPR may reveal transient and weak interactions. The V3 loop-specific
MAb 447-52D (236) was used as an internal control to confirm the activity of Env on SPR
sensor chips.

Despite high densities of amine-coupled gp140 monomer or trimer ligands (~1500 RU
and ~3000 RU, respectively), the SPR responses by PG9 and PG16 Fabs were low (Figure
1.5). PG9 and PG16 Fab binding to Q168a2 or Q259d2.17 monomeric or trimeric gp140 was
less than 50 RU, while in the case of the SF162K160N gp140 it reached approximately 115 RU.
These responses were substantially lower than that of 447-52D Fab, which commonly
approached RU values 1.3 - 50 times greater than that of PG9 Fab after 7 minutes of
association (Appendix A, Table S1). The observed lower activities of gp140 ligands to
PG9/PG16 than 447D binding could be due to several reasons. For example, as discussed
above, only a fraction of gp140 molecules may express the PG9/PG16 epitopes due to
heterogeneity in glycosylation. Also, coupling conditions may stochastically interfere with gp140
binding selectively, for instance by a greater number of lysine residues at or near PG9 or PG16
binding sites than 447-52D binding site. This would lead to inaccessibility of the PG9 and PG16

epitopes on the chip, while not affecting the accessibility to the 447D epitope.
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Figure 1.5. PG9 and PG16 Fab binding to gp140 by SPR. Sensorgrams of PG9 and
PG16 Fab analyte series binding to immobilized gp140 ligands. PG9 binding curves are
shown in black with corresponding kinetic fits in red; superimposed PG16 binding curves
are shown in blue. Serial two-fold dilutions of analytes were used, starting at 1 uM for PG9
Fab in panels A through C, E and F and 500 nM for PG9 Fab in panel D. PG16 Fab
concentration ranges started at 1 uM in panels A through C and F and 2 uM in panel D. A
single PG16 Fab concentration of 2 uM was run in panel E.
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In all cases, for any given gp140 construct, the maximum observed response for PG16 Fab was
less than that of PG9 Fab. In addition to distinct levels of binding, the PG9 and PG16 Fab
sensorgrams were qualitatively different, in that most PG9 Fab binding curves could be well-
approximated by a 1:1 binding model whereas the binding curves for PG16 Fab deviated
significantly from a 1:1 model and could be better approximated by two-state binding interaction,
heterogenous analyte, or heterogenous ligand models.

As summarized in Table 1.1, the Kp values for PG9 Fab binding to gp140s were typically
on the order of 25 nM for both monomeric and trimeric gp140 constructs, with the exception of
the Q461e2 trimer (Kp ~ 130 nM). A Kp value could be determined for the interaction between
PG9 Fabs and Q259d2.17 monomers (29 nM), but not the trimer, because SPR responses of
PG9 Fab analytes to trimeric Q259d2.17 gp140 ligands were too low (<10 RU) to confidently
parameterize. In contrast, the Kp values for PG9 Fab binding to monomeric Q168a2 and SF162
K160N (27 nM and 33 nM, respectively) were similar to those observed for PG9 Fab binding to
the trimeric versions of each isolate (20 nM and 26 nM, respectively). Kp values of qualitatively
the same order of magnitude were observed when reverse SPR experiments were performed
by capturing PG9 IgG on the chip and using Q168a2 gp140 as the analyte, though this flipped
arrangement could not be used for precise, quantitative measurements (data not shown).

Therefore, despite the observation that the IgG versions of PG9 and PG16 recognize

monomeric gp140s more efficiently than the trimeric gp140s by ELISA and immunoprecipitation

Table 1.1 PG9 Fab Binding to gp140 by SPR

gp140 monomer gp140 trimer
gp140 Kb (nM) ko (M's™) kg (s™) Kb (nM) ko (M's™) kg (s™)

Q168a2 26.81(3) 1.731(2) x 10° 4.640(2) x 10| 20.21(3) 1.950(2) x 10* 3.940(2) x 10™*
Q259d2.17 29.30(3) 9.658(9) x 10° 2.830(2) x 10™* Signal < 10 RUs
Q461e2 ND 130.3(2) 1.557(2) x 10* 2.029(2) x 10
Q769h5 Signal < 10 RUs Signal < 10 RUs
SF162 K160N | 33.24(4) 1.746(2) x 10* 5.805(4) x 10* | 26.46(4) 1.855(2) x 10* 4.910(4) x 10™
SF162 ND Did not bind

*Standard error on the last significant figure is reported in parentheses
ND: not determined
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(as discussed above), this preferential binding to gp140 monomers was not observed in SPR
measurements, when the Fab versions of these antibodies were used, though quantitative
analyses for only two monomer/trimer pairs (Q168a2 and SF162 K160N) were available for

direct comparison.

Correlation between PG9 and PG16 neutralizing activities and binding affinities to
soluble trimeric gp140

We performed neutralization experiments with the IgG and the Fab versions of PG9 and
PG16 against viruses expressing the Envs described above, including those Envs that were not
recognized by these antibodies as gp140 molecules (Figure 1.6). The results are summarized in
Table 1.2. With the exception of SF162, all the other viruses tested were susceptible to
neutralization by PG9 and PG16 (Figure 1.6). Therefore, even in cases where binding of PG9 or
PG16 to the soluble trimer was not observed, neutralization of the corresponding virus took
place, similar to previous reports (30, 81). This was the case, for example, with PG16, which
neutralized Q769h5 and Q461e2, but did not bind to these soluble Envs (Figures 1.1, 1.2 and
1.6).

There was no instance where PG9 or PG16 bound to a given soluble gp140 Env but did
not neutralize the corresponding virus. This was observed, however, for the control MAb, 447-
52D, which binds to an epitope within the V3 loop of gp120 and interacts very efficiently with
monomeric gp120. MAb 447-52D bound to all clade A Env gp140 tested (Figure 1.1 and
additional data not shown) but did not neutralize the corresponding viruses (Figure 1.6). As
previously reported, 447-52D neutralized the clade B SF162 virus (239), but interestingly the
anti-SF162 neutralizing activity of 447-52D decreased when the lysine at position 160 was
replaced by an asparagine. The presence of an asparagine at that position creates an N-linked
glycosylation site and the presence of sugar molecules on that site may partially occlude the

epitope of 447-52D on the virion-associated Env spike. Alternatively, the presence of the amino
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Figure 1.6. Neutralization by the IgG and Fab versions of PG9, PG16, and 447-52D.
Shown are neutralization curves representative of two independent experiments. The form

of antibody used, IgG or Fab, is indicated in the inset. The target virus is indicated above
each insert.

acid asparagine, and/or the attached sugars, may alter the conformation of Env in a way that
reduces the accessibility of the V3 loop.

PG9 and PG16 IgG neutralized with similar potencies, overall. Across the panel of
isolates, the IC50 values for PG9 and PG16 neutralization each spanned a 2 Logsgrange. In
contrast, the binding affinities measured by SPR were quite similar between isolates for which
data was available (Table 1.1). Additionally, PG9 and PG16 potently neutralized the isolate
Q769h5, despite their poor recognition of soluble gp140 in ELISA, IP and SPR experiments

(where estimation of PG9 Fab binding affinity was not possible due to its low specific activity).
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Despite the fact that a correlation between PG9 / PG16 neutralizing potency and binding
affinity to soluble Env was not observed in all cases examined here, in certain instances the
pattern of neutralization potency and binding affinity were similar. For example, Fab PG9 bound
to the trimeric Q461e2 gp140 with approximately 7 fold lower affinity than to the trimeric Q168a2
gp140 (Table 1.1) and neutralized the Q168a2 virus approximately 2 Logso more efficiently than
the Q461e2 virus (Figure 1.6). Also, Fab PG9 bound to the trimeric Q168a2 gp140 with a similar
affinity to the trimeric SF162K160N gp140, and neutralized both viruses with very similar

potencies.

The Role of Avidity in Neutralization by PG9 and PG16

Our binding results indicate that the epitopes of PG9 and PG16 are present on each
protomer within the trimeric spike and that trimerization of Env is not required for their formation,
although it may decrease their relative exposure. Anti-HIV antibodies that bind to epitopes on
Env that are present and are readily exposed on monomeric gp120, appear to neutralize the
virus by binding to the Env spike without cross-linking protomers within that spike (161). It is
unknown whether this is also true for PG9 and PG16 whose epitopes appear to be preferentially
exposed on the virion-associated Env spike. To test whether avidity plays any role in the
neutralization properties of PG9 and PG16, we compared the potency of neutralization by the
IgG and Fab versions of these two antibodies, using a Molar Neutralization Ratio (MNR = [Molar
IC50 Fab)/[Molar IC50 IgG]), which has been previously used to assess the role of avidity in the
potency of neutralization by other HIV-1 and influenza-specific antibodies (161). A large MNR
value indicates that more Fab is required to produce the same amount of neutralization (50% in
this case) as a smaller quantity of IgG, potentially due to the absence of avidity effects in the
Fab. For all isolates tested, the molar IC50 neutralization value for Fab was greater than that
observed for IgG, and MNR values typically ranged between 2 and 10 (Figure 1.7A). These

values are very similar to those reported for other broadly-neutralizing antibodies, including 2F5,
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Figure 1.7. Contribution of avidity to the neutralizing activity of PG9 and PG16. (A)
Neutralization assays were performed as described in materials and methods, using 1gG or
Fab versions of PG9 or PG16. The neutralization data was transformed as x=Log[x], and fit
using a sigmoidal-dose response curve to calculate IC50 neutralization values. MNR = [IC50
Fab] / [IC50 IgG]; an MNR value >1 indicates that a higher molar concentration of Fab is
required to achieve 50% neutralization as compared to IgG. (b) Neutralization curves of
SF162K160N by the IgG and the Fab versions of PG16 from three independent experiments
(each conducted in duplicate) are shown.
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Table 1.2: Neutralizing potencies of the IgG and Fab forms of PG9, PG16 and 447-52D (nM)

Isolate PG9 PG16 447D
6842 0.094 + 0.028(IgG) 0.013 + 0.004(IgG)
0.232+ 0.035 (Fab) 0.07 + 0.017(Fab)
0.35 + 0.15(IgG) 2.6+ 3.5(1gG)
(259d2.17 1.5+ 1(Fab) 14 % 15.5(Fab)
6.07 + 0.17(IgG) 6.31 + 2.53(IgG)
Q46162 13.26 + 3.61(Fab) 15.8 + 9.12(Fab)
0.063 + 0.01(IgG) 0.07 + 0.05(IgG)
Q769h5 0.147 + 0.067(Fab) 0.567 + 0.27(Fab)
0.041 + 0.003(IgG) 0.058 + 0.02(IgG) 537.8 (IgG)
SF162 K160N 0.39 + 0.095(Fab) 9.15 + 0.85(Fab)
SF162 2.3 (IgG)

The IC50 neutralizing titers for the IgG and Fab forms are shown. The values shown are the mean
and standard deviation for the mean, of two independent experiments each performed in duplicate. (-
-): neutralization was not recorded.

4E10, and b12, that are thought to bind with one Fab per Env spike (161). Interestingly,
however, the MNR of PG16 for SF162 K160N was 150. To our knowledge, this is the highest
reported MNR observed for an HIV-specific neutralizing antibody, and it is on the order of some
anti-influenza NAbs, for which, avidity is thought to play an important role in neutralization. We
note however that the Fab neutralization curves do not reach complete saturation, which
renders the determination of the IC50 values difficult (Figure 1.7B). Overall, these results
suggest that in most cases avidity likely does not play a major role in the potency of PG9 / PG16
neutralization, but our data suggest that there is a possible role for avidity in the potency of

PG16 neutralization of SF162 K160N.

Discussion

The discovery of PG9 and PG16 expanded our understanding of the epitopes targeted
by broadly neutralizing antibody responses which develop during natural HIV-1 infection and
spurred an active investigation into the design of Env-based immunogens that better mimic the

functional virion-associated HIV-1 Env spike. The characterization of binding and neutralizing
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properties of these two MAbs provided direct evidence of the dissimilarities between soluble
Env-based immunogens and the corresponding virion-associated Env form. Neutralizing
antibody specificities similar to those of PG9 and PG16 have been recently identified in
numerous HIV-1+ sera (80, 81). These observations potentially suggest that the corresponding
epitopes are immunogenic in the setting of natural HIV-1 infection. This last point provides hope
that PG9- or PG16-like neutralizing antibody specificities may be more easily elicited by
vaccination than other types of broadly neutralizing antibody specificities, which are rarely
identified in HIV-1-positive sera. The absence, or inefficient presentation, of epitopes similar to
those of MAbs PG9/PG16 on soluble Env immunogens, is however a significant obstacle in the
elicitation of the corresponding antibodies by immunization.

With the goal of furthering our understanding of the overlapping epitopes recognized by
PG9 and PG16, we used multiple, complementary techniques, including ELISA and
immunoprecipitation methodologies, to identify a number of soluble gp140 Env proteins which
are recognized by PG9 and PG16. It was previously reported that while PG9 and PG16
efficiently recognized cell surfaced expressed Env, they rarely recognized the corresponding
soluble monomeric gp120 by ELISA (30, 81). Here we report that, in some cases, binding
interactions between PG9 / PG16 and soluble Env (gp120 or gp140) that are not observed by
ELISA, may be detected through other binding assays such as immunoprecipitation or SPR.
Our data also indicate that the presence of the extracellular part of gp41 on some (but not all)
gp140 constructs, improves the recognition of the PG9 and PG16 epitopes on the gp120
subunit. Potentially, gp120 and gp140 molecules undergo distinct post-translational
modifications, such as glycosylation, which greatly influences the binding of PG9 and PG16
(133). Alternatively it is possible that the gp41 ectodomain of certain Envs stabilizes the
conformation of the PG9 / PG16 epitopes. We note, however, that the comparison of
PG9/PG16-binding to gp120 and gp140 was only made with a small number of Envs, and

among these, SF162 K160N gp120 bound at a high level to both PG9 and PG16. Similar
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studies with a greater number of Envs derived from other isolates are required to better define
the contribution of the gp41 ectodomain in the proper formation of the PG9/PG16 epitope in the
context of soluble gp140.

Our observation that PG9 and PG16 recognize the monomeric form of gp140 supports
the initial observation made by Walker et al., (30), that the epitopes for PG9 and PG 16 exist on
the individual protomers forming the Env trimer. Our current data however also reveal that the
PG9 / PG16 epitope is poorly presented in soluble, trimeric gp140 Env as compared to
monomeric gp140 Env. When considered simultaneously, the ELISA/IP results and the binding
affinities estimated by SPR can be interpreted in at least two ways. By one interpretation, Env
trimerization may restrict the accessibility of these two overlapping epitopes to the full-length
IgG versions of PG9 and PG16 used in IP/ELISA experiments. Such accessibility restrictions
appeared to be eliminated when the smaller, Fab versions of these antibodies were used in
SPR. Alternatively, it may be that PG9 IgG (like Fab) binds to monomeric and trimeric gp140
Env with equal affinity, but the fraction of Env proteins that are capable of binding to PG9 /
PG16 within the population of trimeric gp140 molecules is smaller than that within the population
of monomeric gp140. This may be explained by differences in post-translational modification
(e.g. glycosylation or disulfide bonding) between the monomeric and trimeric populations.
Further studies will be required to differentiate between these two possibilities. These
observations may be important for the design of soluble Env immunogens that aim at the
elicitation of PG9- and PG16-like antibody responses. If epitope-immunogenicity is positively
associated with epitope-exposure on the surface of an immunogen, then our data suggest that
appropriately designed soluble monomeric gp140s may be more appropriate for the elicitation of
PG9- or PG16-like neutralizing antibody specificities than soluble trimeric gp140s.

From the small number of soluble gp140 Envs tested here, the one most efficiently
recognized both by PG9 and PG16 was the modified SF162 Env, SF162K160N. The SF162

virus is susceptible to neutralization by numerous antibodies; including antibodies against the
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variable as well as antibodies to conserved regions of Env (239). Presumably the virion-
associated SF162 Env trimeric form has an ‘open’ configuration, that is unlike the ‘closed’
configuration of Envs from typical tier 2 primary isolates. The only reason for the absence of
SF162-neutralizaiton by PG9 or PG16 is the presence of a lysine at position 160 instead of an
asparagine. Once the K to N mutation is introduced, the virus becomes very susceptible to PG9
and PG16 and the MAbs very efficiently recognize the soluble gp140 versions of that Env. It
appears therefore that the trimeric SF162 K160N Env adopts a configuration that is not
dissimilar to that of Envs from viruses that are susceptible to PG9 or PG16.

PG9 and PG16 recognize overlapping epitopes and display very similar breadths and
potencies of neutralizing activities, although differences in both binding and neutralizing
activities have been reported (30). We observed that PG16 recognized a smaller number of
gp140s tested here than PG9. Potentially, despite the overlapping nature of the PG9 and PG16
epitopes, any structural differences between the virion-associated Env form and the soluble
gp140 form, have a greater impact on the PG16 epitope than the PG9 epitope.

Although ligand specific activities were low in SPR experiments, the kinetics of
association and dissociation of PG9/gp140 interactions revealed a relatively tight binding: Kp
values on the order of 25 nM. This affinity is comparable to values previously reported for the
anti-V3 loop antibody 447-52D Fab binding to SF162 gp140 molecules (Kp values in the order of
90 nM) (251). The SPR analysis also revealed that only a fraction of Env molecules that were
available for antibody binding were engaged by PG9 (low ligand specific activities).
Explanations for low activities include ligand heterogeneity (for instance, differential Env
glycosylation (131, 133) or temporal fluctuations in the exposure of the PG9 epitope on gp140
(either soluble monomers or within the context of soluble trimers), and incomplete stochastic
ablation of analyte binding sites during primary amine coupling, potentially reflecting the

presence of lysine residues at or near PG9 and PG16 binding sites.
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PG16 sensorgrams are only adequately modeled by higher-order binding models
including additional fitting parameters. While multiphasic sensorgrams are common, they are
not necessarily biologically relevant and are often the result of heterogeneous or oligomeric
analytes (though oligomers are unlikely the problem because of careful SEC purification just
prior to analysis) or chemically or conformationally heterogeneous ligand surfaces (252). PG16
exists in both sulfated and non-sulfated forms and the extent of PG16-sulfation greatly affects
the neutralizing potential of this antibody (253) and potentially the interaction kinetics with
gp140s. However, PG9 also exists in sulfated and non-sulfated forms, and yet the PG9-gp140
SPR sensorgrams are adequately fit with simple 1:1 binding models. Therefore the multiphasic
PG16-gp140 binding curves may not be related to the relative proportion of the sulfated and
non-sulfated antibody molecules in our preparation. Another explanation for the observed SPR
binding curve shapes for PG16 could be related to the glycosylation heterogeneity of our gp140
preparations. The neutralizing activity of PG16, and presumably the efficiency with which it
binds its epitope, is sensitive to changes in the type and extent of Env glycosylation (133).
Gp140 glycosylation heterogeneity in our preparations could lead to a wide range of binding
kinetics. Since Env glycosylation is known to affect PG9 neutralizing activity as well (133), Env
glycosylation heterogeneity must affect PG9 binding to a lesser degree, consistent with the very
distinct overall binding properties of these two related antibodies. The combination of
heterogeneity in antibody-sulfation and gp140-glycosylation may be responsible for the
observed differences in binding kinetics between PG9 and PG16.

It is proposed that, due to the scarcity of functional Env spikes on HIV-1 viral particles,
antibodies that neutralize HIV, do so without cross-linking Env spikes, but rather by one
antibody binding to one Env spike (161). The binding of an antibody to an individual Env spike is
mediated by only one of the two antibody arms. In other words, the antibody binds to a single
protomer within the spike, without cross-linking two protomer within that spike. Therefore, avidity

does not appear to play a major role in antibody-mediated neutralization of HIV. Our data
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indicate that PG9 and PG16 neutralize with a similar mechanism. Only in the case of the
PG16/SF162K160N virus combination, we observed a significant contribution of avidity in
neutralization. It is unclear whether this effect would be unique to the PG16 / SF162 K160N
combination, or a similar observation will be made once additional viruses are examined in this
manner. At this time it is not known why avidity does not appear to be involved in the
neutralization of SF162K160N by PG9. The distinct manner in which SF162K160N is
neutralized by PG9 and by PG16, is another indication that these two antibodies may differ
structurally, that their post-translational modification differs, and that their epitopes, despite
significant similarities, display important differences.

In summary, the results presented here indicate that the epitopes of PG9 and PG16 are
presented in the context of some, but not all, soluble gp140s. The identification of several
soluble gp140 Env constructs that are recognized by PG9 and by PG16 is important because it
facilitates studies to better define similarities and differences in the epitopes of these two MAbDs.
It will also allow us to investigate how post-translational Env modifications affect the formation
and exposure of these two overlapping epitopes. Such studies are crucial to our efforts that aim
at engineering soluble Env-based constructs that would accurately express conserved HIV

neutralization epitopes which are naturally immunogenic.
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Chapter 2

Isolate-Specific Differences in the Conformational Dynamics and Antigenicity of

HIV-1 gp120

The text in this chapter has been modified slightly from © American Society for Microbiology,

Journal of Virology, Vol. 87(19), 2013, p.10855-73. doi: 10.1128/JVI1.01535-13.

Introduction
The HIV-1 Envelope glycoprotein (Env) facilitates viral entry into host cells through a

series of receptor-mediated conformational changes that lead to fusion of the viral and host
membranes. Env is a heavily glycosylated trimer of gp120 surface subunit and gp41
transmembrane subunit heterodimers. As the primary target of the humoral immune response
against HIV-1 (11, 21, 254), Env is the focus of intensive vaccine design efforts (203). HIV-1
escape from neutralizing antibodies generates exceptional diversity within the Env gene, which
is particularly concentrated within the variable loops of gp120 (V1-V5) (26, 88-90). It is widely
believed that an effective antibody-based HIV-1 vaccine would need to elicit antibodies capable
of recognizing diverse Env isolates, ideally including “broadly” neutralizing antibodies (NAbs) as
well as non-neutralizing antibodies with antibody-dependent cellular cytotoxicity (ADCC) effector
functions that appeared to correlate with protection in the RV144 HIV-1 vaccine trial (65).
Indeed, the hopeful results of the RV 144 trial, which provided evidence that vaccine-induced
protection against HIV-1 may be possible (64), suggest that monomeric gp120 is a relevant HIV-
1 vaccine immunogen and highlight the importance of understanding the structural features that
distinguish gp120 proteins and influence gp120 reactivity with neutralizing and ADCC-active

antibodies (66, 134, 255).
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Although the sequence and functional diversity of HIV-1 Env have been well-described
(26, 121, 193), the degree of structural variability among global Env isolates, which must be
overcome by broadly cross-reactive neutralizing and ADCC-active antibodies, is poorly
understood. Similarly, it is unclear what structural features are associated with improved
antibody recognition of Env immunogens and how these features vary among immunogens
derived from distinct HIV-1 isolates. Cryo-electron microscopy studies have provided evidence
that trimeric Env from distinct isolates can adopt different quaternary conformations on the virus
surface (28, 33), but the detailed structural differences underlying these large-scale
morphological rearrangements have not been resolved. Crystal structures of HIV-1 gp120 core,
with variable loops and glycosylation largely removed, have been determined for a number of
Env isolates from multiple clades (25, 35, 186-192). The available structures indicate that the
gp120 core is organized into a conserved inner domain composed of three layers (35), a
heavily-glycosylated outer domain, and a bridging sheet subdomain that forms upon CD4
binding (25). Furthermore, these truncated gp120 structures revealed a striking degree of
structural conservation in the gp120 core across clades (19, 192). This conservation contrasts
with the significant functional variability among diverse Env isolates, including differences in
sensitivity to neutralizing antibodies (121), co-receptor usage (122, 256), CD4-reactivity (257),
dependence upon CD4 (123, 124), antigenicity (193) and immunogenicity (194). This
discrepancy between the functional diversity of Env and the apparent structural conservation of
gp120 has often been attributed to quaternary structural differences in trimeric Env, which may
not be apparent in monomeric gp120 (28, 188). However, differences in the antigenicity (193)
and immunogenicity (194) of gp120 proteins from diverse isolates suggest that there is
substantial conformational heterogeneity among isolates even in the context of monomeric
gp120.

The apparent homogeneity of the available gp120 core structures is rooted in the fact

that the most divergent features of gp120, the variable loops and glycans (258) are truncated in
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order to facilitate crystallization. This is problematic for understanding the relationship between
gp120 structure and antigenicity because these elements are the primary regulators of antibody
binding to Env (259-261). Variable loop truncation has also been reported to allow the core to
adopt the receptor-bound state even in the absence of receptor, potentially favoring uniformity
among the core structures (192). Additionally, most structures feature gp120 core in complex
with a stabilizing ligand such as sCD4 or antigen binding antibody fragments (Fabs) which may
influence the observed core structure (188). The available crystal structures of truncated core
constructs thus provide a detailed picture of how antibodies and receptors recognize the
conserved elements of gp120, but the structural basis for isolate-specific antigenic and
immunogenic differences among gp120 proteins remain poorly characterized.

To better understand the structure-function relationship that governs gp120 Env
antigenicity, it is necessary to study constructs with intact variable loops (V1-V5) and
glycosylation under native conditions. The critical importance of characterizing gp120 in solution
is supported by previous work, which suggests that the global disorder of gp120 Env may
disfavor antibody and receptor binding (145). Conformational flexibility is difficult to assess by
x-ray crystallography, however, and requires complementary approaches, such as hydrogen-
deuterium exchange with mass spectrometry (HDX-MS) that can elucidate the dynamic
character of proteins in solution. HDX-MS was used in two recent studies to examine disorder
and structural flexibility in gp120 and to demonstrate that regions throughout the subunit,
including the CD4 and co-receptor binding sites, are disordered in unliganded minimal core and
full-length gp120 in solution (142, 144). Additionally, a recent study used molecular dynamics
modeling to identify isolate-specific differences in residue communication networks within gp120
that contribute to differences in coupled motions among isolates. The study highlighted the role
that molecular movements may play in generating conformational diversity among isolates,

even within the conserved gp120 core (262).
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Here, we investigate the extent of isolate-specific structural differences in a panel of full-
length gp120s in their unliganded and CD4-bound forms, and we examine whether site-specific
differences in dynamics relate to differences in association with sCD4 and antibodies directed
against a variety of linear and conformational epitopes. Four Env isolates with widely divergent
phenotypes were compared (Table 2.1): SF162 (263), HXB2 (264), 1084i (265), and 1157ip
(266). These isolates are derived from clades B and C, exhibit differences in co-receptor usage,
vary in their sensitivity to neutralization by the CD4-binding site-directed antibody IgG1-b12, and
exhibit a range of variable loop lengths and number of potential N-linked glycosylation sites
(PNGS) (Table 2.1). Of these, HXB2 and 1084i are the most divergent isolates with a sequence
identity of 71.4% based on 486 overlapping amino acids. Given the functional diversity of these
Env isolates and the variability of their gp120 amino acid sequences, we hypothesized that
there would be measurable isolate-specific differences in solution structure and stability among
the gp120s, and that differences such as these might contribute to the antigenic variability of
gp120 proteins.

We used complementary biophysical methods to characterize the structure of full-length,
glycosylated gp120 monomers in solution: small angle x-ray scattering (SAXS) and HDX-MS.
SAXS provides a low-resolution structure for proteins in solution (267-269) and can identify the
location of the large V1/V2 loops relative to the conserved core (142). HDX-MS provides

complementary information on solvent accessibility and local structural dynamics by measuring

Table 2.1. Characteristics of the four Env isolates
Isolate Source Clade Co-R*** b121C50 Loop Length (# AA) Number of PNGS (#)

(vg/mL) V1V2 V3 V4 V5 C1 V1/V2 C2 V3 C3 V4 C4 V5 C5 Total

1157ip Plasma C CCR5® 0.7¢ 2143 35 28 13 1 6 8 1 3 4 2 2 0 27
1084i Plasma C CCR5® 20° 1644 35 21 10 1 6 6 1 3 4 2 1 0 24
HXB2 TCLA* B CXCR4° 0.01' 2640 36 34 11 1 5 8 1.3 4 1 1 0 24
SF162 CSF** B CCR5° <001 2540 35 28 12 1 3 6 1 3 5 1 1 0 21

* T-cell line adapted, ** Cerebrospinal fluid, *** Coreceptor usage, From references * (266), ° (265), ¢
(271),°(272), ° (273), " (274)

62



the rate of deuterium incorporation into the amide groups of the protein backbone (197). Amide
groups that are buried deep within a protein’s hydrophobic core or that participate in stable
hydrogen bond networks, such as those in protein secondary structures, take on deuterium
slowly, while those in solvent-accessible, flexible or dynamic regions of the native protein take
on deuterium rapidly (270).

We observe that while the overall architecture of full-length, glycosylated gp120 is similar
among diverse isolates, there are clear isolate-specific differences in the conformational
dynamics of both unliganded and CD4-bound gp120, particularly within the gp120 inner domain.
Our results provide insight into the structural factors that contribute to naturally-occurring
antigenic differences among full-length, glycosylated gp120 proteins and suggest that
conformational dynamics should be considered in the selection and design of enhanced HIV-1

Env immunogens.

Materials and Methods

Antibodies and CD4 constructs

Antibodies 1IgG1-b12 (175, 176, 275, 276), 17b (18, 25, 179, 180, 259), VRCO01 (182),
A32 (259, 277) and soluble two-domain CD4 (278) and CD4-1gG2 were obtained from the NIH
AIDS reagents program. The antibodies N5i5, B18, and C4 were generously provided by
Yongjun Guan and George Lewis (U. Maryland) (279, 280). Antibody M90 was purchased from
Advanced BioScience Laboratories, Inc. (Rockville, MD) (281). Antibody CA13 (ARP3119) was
obtained through the Programme EVA Center for AIDS Reagents of the National Institute for

Biological Standards and Control (NIBSC,Hertfordshire, UK).

Expression and Purification of gp120 glycoproteins
Full-length gp120 glycoproteins HXB2, SF162, 1084i, and 1157ip K197N (referred to

simply as 1157ip throughout this text) were expressed in African green monkey kidney cells
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(BSC40) infected with vaccinia virus encoding the corresponding gp120 sequence within the
thymidine kinase locus as described previously (282). Plasmids encoding Env sequences for
HXB2 and SF162 were kindly provided by Leo Stamatatos, while those for 1157ip and 1084i
were kindly provided by Ruth Ruprecht. All gp120 constructs possessed the same signal
sequence derived from HXB2. Briefly, cells were maintained at 37°C and 5% CO; in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (pen/strep). Infection of BSC40 cells was carried out using a multiplicity
of infection of 3, after which the cells were cultured in DMEM with 5% FBS and 1% pen/strep for
48 hours. The culture supernatant was clarified by centrifugation and Empigen BB was added to
a final concentration of 0.25% to inactivate virus particles. After clarification, gp120 was purified
by Galanthus nivalis lectin affinity, DEAE ion exchange, and size-exclusion chromatography on
a HighLoad 26/600 Superdex 200 column (GE Healthcare). Purified monomeric gp120s were
homogenous as determined by denaturing and reducing as well as blue native polyacrylamide

gel electrophoresis (PAGE) (Appendix B, Figure B.S1).

Hydrogen-Deuterium Exchange with Mass Spectrometry

HDX-MS was carried out as described previously (142) with a few modifications.
Specifically, full-length, glycosylated gp120 proteins were diluted into a D,O-based phosphate
buffer (10 mM phosphate, 144 mM sodium chloride, 85% D,0, pH 7.4) to a final gp120
concentration of 100 ug/mL. The sCD4-complexes of 1084i, 1157ip, and HXB2 were formed by
incubating gp120 with a 3-fold molar excess of sCD4 for 1084i and HXB2 or both 3-fold and 5-
fold molar excesses of sCD4 for 1157ip at room temperature for 1 hour and 4°C overnight.
Soluble CD4-bound SF162 expressed in CHO cells was previously studied by HDX-MS (142).
CD4-bound gp120 samples were diluted to a final gp120 concentration of 100 ug/mL and were
deuterated under conditions that were identical to the unliganded gp120 samples. Exchange

reactions were quenched at 12 seconds, 1 minute, 5 minutes, 30 minutes, and 4 hours by
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adding an equal volume of ice cold 1M tris(2-carboxyethyl)phosphine (TCEP) in 0.2% formic
acid, titrated with sodium hydroxide such that the pH of the final solution was 2.5. The quenched
exchange reaction was digested with pepsin (2:1 mass ratio) on ice for 5 minutes prior to flash
freezing in liquid nitrogen. In addition to these experimental samples, three control samples
were prepared in parallel as previously described (142): an undeuterated sample, a “zero”
exchange sample to correct for H-to-D exchange during pepsin digestion, and a fully-deuterated
sample to correct for D-to-H back-exchange during digestion and chromatography. Quenched
and digested HDX samples were frozen in liquid nitrogen and stored at -80°C.

Deuterium uptake was monitored by LC-MS using a Waters ACQUITY UPLC system
connected to a Waters Synapt HDMS Q-TOF instrument. HDX samples were thawed on ice
rapidly and loaded onto a 100-uL injection loop within a closed, insulated box with all lines and
columns kept on melting ice to minimize back exchange. Peptides were trapped on an
ACQUITY UPLC BEH Shield Reverse-Phase C-18 guard column (2.1 x 5mm, 1.7 uym particle
size, Waters) in a running buffer of 0.1% TFA. Peptides were eluted from the guard column and
further resolved on a Hypersil Gold Reverse-Phase C18 UPLC column (50x1mm, 1.9 uym
particle size) (Thermo Scientific) using a 15-minute linear gradient from 5%B to 80%B (A: 5%
ACN 0.05% TFA; B: 80% ACN 0.05%TFA). To minimize sample carryover between runs, three
“sawtooth gradients” from 5% to 80% acetonitrile over the course of 1 minute were used to
wash the main column while the trap column was washed with successive injections of 10%
formic acid, 80% methanol, 2:1 isopropanol:acetonitrile, and 80% acetonitrile between samples
(283). Mass shifts were analyzed using HX Express (284) and percent deuteration was
calculated as shown in Equation 1 (where m is the peptide mass centroid at a given time point,
Moy, is the “zero” time point peptide mass centroid, and myqo is the fully deuterated peptide

mass centroid):

%D =100 —"""0%) _ (Equation 2.1)

(My00, — My,
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Estimated standard deviation on percent deuteration values was calculated from independently
prepared duplicate deuteration experiments using Equation 2 as implemented in Microsoft Excel

(where n is the number of replicates, x;is the measured value, and X is the average value):

s = \/(nl—l)g(xi —-X)> (Equation 2.2)

Peptic fragments were identified using a combination of MS/MS and exact mass with the aid of

Protein Prospector (http://prospector.ucsf.edu) as previously described (142). While glycan

moieties on glycopeptides can retain deuterium, potentially affecting the observed rate of
deuterium uptake (285), we observed that variability in site-specific glycosylation patterns
(changes in the number of mannose, galactose, and fucose groups) had only a minor impact on
the rate of deuterium exchange. Therefore, glycopeptide deuteration plots reflect the average
deuterium uptake values for all available glycoforms. Heat map figures were generated in Pymol

(286).

Surface plasmon resonance

All surface plasmon resonance (SPR) experiments were carried out on a Biacore T100
instrument (GE Healthcare) at 25°C in HBS-EP+ buffer (10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, and 0.05% P-20 at pH 7.4). Interactions between each gp120 isolate and sCD4 were
measured by immobilizing sCD4 (1-2 uyg/mL in 10 mM sodium acetate pH 5.5) to densities of 85
RU and 185 RU on a CM5 chip by standard-amine coupling with EDC/NHS. Flow cell 1 was
activated with EDC/NHS and capped with ethanolamine as the reference surface. After testing a
variety of analyte flow rates to minimize potential mass transfer effects, gp120 injections were
performed at 30 ul/min with a 4 min association phase and an 11 min dissociation phase.

Duplicate gp120 samples were prepared independently with a 2-fold dilution series ranging from
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1 UM to 15 nM. Regeneration of the sCD4 surface was performed with a 30 second injection of
10 mM glycine pH 1.5 at 10 pl/min.

Interactions between gp120 isolates and gp120-specific antibodies were measured
using an antibody capture method. The four flow cells of a CM5 chip were immobilized with
either goat anti-human or goat anti-mouse Fc-specific antibodies (Jackson Immunoresearch
Laboratories, Inc.) at 30 uyg/mL in 10 mM sodium acetate buffer (pH 5.5) to a final density of
~15,000 RU by amine coupling. Flow cell 1 was used as a reference surface, and flow cells 2, 3,
and 4 were used to capture gp120-specific antibodies by injecting antibodies (diluted to 0.1-2
pg/mL in HBS-EP) at a flow rate of 10 pl/min with empirically-determined contact times to
achieve the desired surface density (typically around 60 RU). Independently prepared duplicate
samples of gp120 were then injected over the captured antibody surface. The specific
conditions for capture and gp120 injection, including flow rates, contact and dissociation times,
and analyte concentrations are summarized in Appendix B, Table B.S1. Injections of sCD4-
bound gp120 were performed using gp120 concentrations from 125 — 1.9 nM all in the presence
of 625 nM sCD4 (a 5-fold molar excess at minimum). Blank injections contained the same
concentration of sCD4. The goat anti-human or goat anti-mouse surface was regenerated with a
30-40 second injection of 10 mM glycine pH 1.5 at 10 ul/min. All data was double reference-
subtracted and curves were fit using a 1:1 langmuir binding model in Biacore Evaluation
software. The dissociation of gp120 from 17b and N5i5 was too slow to obtain a reliable fit of the
off rate, even after more than an hour of dissociation. However, by fixing the dissociation rate to
zero in a custom binding model within the Biacore Evaluation software, it was possible to obtain
estimates of the association rate. Fits of the experimental data using the 1:1 binding model and
the fixed off-rate model produced comparable results as judged by similar chi® values (Appendix
B, Table B.S2). Estimated error on rates and dissociation constants was calculated from
independently prepared duplicate concentration series for each analyte-ligand pair using

Equation 2.
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Enzyme-Linked Immunosorbance Assay (ELISA)

ELISA assays were performed by immobilizing 50 ng of gp120 per well of an Immulon
2HB plate (Thermo Scientific) in PBS at 4°C overnight. The following day, plates were blocked
in a solution of PBS with 2% BSA and 0.01% Tween-20 for two hours at room temperature and
washed with TBS with 0.02% Tween-20. Primary antibody was added at a starting
concentration of 10 pg/mL for human antibodies or 5 ug/mL for mouse antibodies, diluted with a
four-fold dilution series into antibody dilution buffer (PBS with 1% BSA and 0.01% Tween-20)
and allowed to incubate at room temperature for 1 hour. Plates were washed, and secondary
horseradish peroxidase (HRP)-conjugated goat anti-human or goat anti-mouse secondary
antibodies (Jackson Immunoresearch) were added to wells at 1:5000 in antibody dilution buffer
for 1 hour at room temperature. After a final set of washes, the plates were developed with
SureBlue Reserve TMB (KPL, Inc.), stopped with 1M HCI, and absorbance at 450 nm was
measured on a Tecan Infinite M200 plate reader. Methods used in the peptide competition

ELISA (Appendix B, Figure B.S19) are described in Appendix B.

Small angle x-ray scattering

Small-angle X-ray scattering (SAXS) measurements were conducted on Beam Line 4-2
at the Stanford Synchrotron Radiation Laboratory (287). In-line size-exclusion with SAXS was
used to generate high quality data sets for each gp120 protein. In these experiments, 100 pL of
each sample at 3-5 mg/mL was injected onto a highres Sepharose 200 column (GE Healthcare)
with a flowrate of 50 uL/min in PBS. The focused 11 keV X-ray beam irradiated the eluted
sample flowing through a thin-wall quartz capillary cell, placed at 1.7 m upstream of the Rayonix
MX 225HE detector (Evanston, IL). One second exposures were collected every 5 seconds
through the course of each run. The detector pixel numbers were converted to the momentum

transfer q=4n*sind/A, where 2*0 is the scattering angle and A the X-ray wavelength of 1.127 A,
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calibrated with silver behenate powder at the capillary position. Protein scattering data were
processed by MarParse and scaled for the transmitted beam intensity integrated for each
exposure, and azimuthally averaged (287). A buffer blank was obtained from the average of the
first 100 data points (before the void volume) and subtracted from the subsequent protein
scattering data. Rg and 1(0) for each frame were batch analyzed using autoRg (288), and
frames with a stable Rg values were merged in Primus (289). The 1-D SAXS curves were
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Figure 2.1. Similar architecture of gp120 across isolates by Small-Angle X-ray Scattering
(SAXS). (A) SAXS curves and (B) Pairwise distance distribution, P(r), plots show that the four
full-length gp120s are similar in shape and size. Guinier plots (A, inset) indicate the gp120
specimens did not exhibit aggregation or inter-particle effects, which would complicate analysis
(C) DAMMIN shape reconstructions of unliganded 1084i (left) and 1157ip (right) full-length
gp120 (gray envelopes) with gp120 extended core from 3JWD.pdb and containing V3 loop
from 2B4C.pdb (blue spheres) docked into the SAXS shape envelope. The V1/V2 stem in
CD4-bound conformation does not fit into the unliganded SAXS density. Instead a lobe of
mass atop the gp120 core is attributed to V1/V2 proximal to the likely V3 position in unliganded
full-length gp120 (142). Two-domain sCD4 was not present in the SAXS experiment, however
it is shown in red ribbon to aid in the interpretation of the SAXS envelopes.
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processed using GNOM to determine Rg and Dmax values from the P(r) plots, the pairwise
distance distribution functions (290-292). Low-resolution shape reconstructions were performed
following the procedure described previously (142). In brief, DAMMIN (293) was used to
generate a set of bead models, which were then aligned with each other. Positions of low-

occupancy were filtered using DAMAVER and DAMFILT to generate the final model (294).

Results
Full-Length, glycosylated gp120s exhibit similar morphologies by SAXS

Small angle X-ray scattering was used to study large-scale structural differences among
the four isolates. Previous studies have used this technique to observe changes in the position
of V1/V2 loops upon sCD4 binding (142). If any of the isolates exhibited a distinct difference
with regard to variable loop position, we would expect to observe this by SAXS. Because minor
populations of dimeric contaminant can lead to large changes in the scattering profile, scattering
data was collected with on-line size exclusion chromatography to ensure that only the
homogenous monomeric population was sampled. The averaged scattering patterns for the four
gp120s are shown in Figure 2.1A and are essentially superimposable. The Figure 2.1A inset
shows that the Guinier plots for each gp120 sample are linear, confirming that the SAXS data
from SEC-eluted samples were free of artifacts due to aggregation or interparticle effects, and
hence suitable for further analysis (195). Radii of gyration (Rg) - the root-mean squared
distance from the molecules’ center of mass - calculated from the slope of the Guinier plot and
from the P(r) pairwise distance distribution histogram (195) (Figure 2.1B) were in excellent
agreement. The SAXS data suggest that only slight differences in radius of gyration and
maximal dimensions exist among the four gp120s examined, with general dimensional trends
mirroring the expected increases in size based upon V1/V2 size and degree of glycosylation
(Tables 2.1 and 2.2). Ab initio shape reconstruction was also performed for the gp120

monomers in their unliganded state. A comparison of reconstructions for 1157ip and 1084i
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Table 2.2. SAXS-derived gp120 dimensions
Rg (A) Guinier Rg (A) GNOM Dmax (A)

1157ip 37.4 +/- 0.1 37.7 +/- 0.1 132
1084 36.6 +/- 0.1 36.8 +/- 0.1 130
HXB2 37.7 +/- 0.1 37.9 +/- 0.1 130
SF162 36.6 +/- 0.1 367. +/- 0.1 130

gp120 is shown in Figure 2.1C; all four gp120 reconstructions are compared in Appendix B,
Figure B.S2A. Overall the raw SAXS data and reconstructions indicate that the gp120
monomers possess similar morphologies. Additionally, the subunit organization observed for
these gp120s matched previous observations with SF162 gp120 from Chinese hamster ovary
(CHO) and 293E cell expression systems, with a prominent bulge positioned atop the gp120
core proximal to the likely V3 loop position. We infer that this bulge corresponds to the position
of V1/V2 in unliganded gp120 (142). The Porod-Debye region of the scattering curve along with
Kratky plots were also compared (Appedix B, Figures B.S2B and B.S2C) as these can report
differences in the degree of globular character and compactness (195, 295). These plots are
nearly superimposable for the isolates indicating that they exhibit similar degrees of globular
structure. Therefore, it appears that on a global scale, the four gp120s are similar in their overall
architecture, and the differences in deuterium uptake observed by HDX-MS (presented below)

largely reflect local differences in structural stability and dynamics.

Isolate-specific differences in unliganded gp120 conformational dynamics measured by
HDX-MS

For the set of gp120s studied here, observable peptides provided deuteration
information for 62-69% of the residues in the mature gp120 sequences: 62% for 1157ip, 67% for
HXB2, and 69% coverage for both 1084i and SF162 (Appendix B, Figures B.S3-B.S6). There
was excellent peptide coverage of the gp120 inner domain sequence (~98%, on average). In
contrast, coverage of the outer domain and variable loops was lower and differed substantially

among the isolates due to greater sequence variability and abundant glycosylation in these
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Figure 2.2. Summary of isolate-specific differences in unliganded gp120 conformational
dynamics. (A) The organization of monomeric gp120 into inner, outer, and bridging sheet
domains is indicated by color on the gp120 core with N- and C-terminal extensions (PDB ID:
3JWD). The inner domain is further divided into mobile layers 1, 2, and 3 (magenta, cyan, and
blue, respectively) that protrude from the 7-stranded beta sandwich (red) (35). Variable loops
V1/V2 and V3 (from PDB 3U4E and PDB 2B4C respectively) are included for reference. The
position of these elements in the context of the gp120 core is indicated by an asterisk for V3
and a green circle for V1/V2. The approximate location of the CD4-binding site is indicated with
a black oval. The structures shown here and throughout the text reflect that of gp120 in a
receptor-bound conformation because no structure is currently available for full-length,
unliganded gp120. These structures may not necessarily reflect the unliganded structure of
full-length gp120 in solution. (B) Heat maps of HDX-MS data for unliganded gp120
conformational dynamics reveal the general profile of isolate-specific differences in structural
dynamics. Colors mapped onto gp120 core (PDB ID: 3JWD) indicate percent deuteration of
peptides after 1 minute of incubation in a deuterated buffer for the panel of gp120s; warm
colors correspond to high levels of deuterium uptake (dynamic regions) and cool colors
correspond to low levels of deuteration (ordered or “protected” regions). Regions where
peptide information is missing are indicated in gray.

regions (Appendix B, Figure B.S7). For example, an L369P mutation between the clade C and B
isolates likely disrupted a potential pepsin cleavage site (296) in the clade B isolates and yielded
differential coverage of the CD4 binding loop across clades. Similarly, peptides spanning V1

and V4, the most densely glycosylated regions of gp120, were not observed for any isolates.
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Overall, differences in peptide coverage limited, but did not eliminate, our ability to characterize
the stability of certain regions of gp120 and to compare the stability of those regions across
isolates (Appendix B, Figure B.S8).

In order to measure the local dynamics of each full-length, glycosylated gp120, we
quantified deuterium incorporation for every observable peptide in each isolate as a function of
deuteration time (Appendix B, Figures B.S9-B.S512). This data is summarized in the form of heat
maps (Figure 2.2 and Appendix B, B.S13) in which the percent deuterium uptake values for
each peptide are indicated by color on the gp120 core crystal structure with N- and C-terminal
extensions (35). These heat maps make it possible to identify regions of order and disorder
within full-length gp120 in solution. Notably, a number of peptides from layer 1 and the bridging
sheet, which map to ordered alpha helices and beta-sheets in core crystal structures (Figure
2.2A), were found to be rapidly deuterated in HDX-MS analysis of unliganded, full-length
gp120s in solution (Figure 2.2B). Such discrepancies illustrate that secondary structures within
the core regions of gp120 may be quite dynamic in the context of full-length gp120 in solution.

Heat maps also enable a qualitative comparison of overall differences in stability among
the four isolates. Figure 2.2B shows that there are many similarities among the isolates, for
example, the CD4 binding loop, bridging sheets, and portions of the inner domain exhibit a
relatively high degree of structural dynamics in all isolates. Additionally, similar regions of gp120
are protected in all four isolates (e.g. portions of the outer domain and the seven-stranded beta-
sandwich, Figures 2.2, 2.3, and 2.4). While there are general similarities, there are also
abundant differences that can be observed among the four gp120s. Of the four isolates, 1157ip
stands out as being the most dynamic, however, additional apparent differences in deuterium
uptake over time (Appendix B, Figure B.S513) among the other gp120s suggest that each isolate

may have a unique stability profile.
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Specific comparison of peptides that are common to multiple isolates reveals increased
disorder within the inner domain of 1157ip gp120

A more focused, direct comparison of individual peptides that are similar or identical
among the isolates is shown in Figures 2.3 and 2.4. Excluding glycoform variants, we identified
60, 49, 51, and 53 unique peptides for 1084i, 1157ip, HXB2, and SF162, respectively. Of these
peptides, 29 were present in all four isolates, 9 were common to three isolates, and 10 were
common to 2 isolates. Altogether, these peptides allowed us to compare deuterium uptake for
91% of residues within the inner domain and 42% of residues within the outer domain, bridging
sheet, or variable loops across at least two isolates. However, it was only possible to compare
deuterium uptake among four isolates for 81% of the inner domain residues and 17% of the
residues in the outer domain, bridging sheet, or variable loops (Appendix B, Figure B.S8).

The stability of the gp120 inner domain varied substantially among the four isolates
(Figure 2.3). Layer 1 peptides were saturated with deuterium at the earliest time point in every
isolate (Figure 2.3A), indicating that this region is poorly-ordered in the solution structure of full-
length gp120. Because the deuterium uptake was so fast for these peptides, we could not
detect differences among the isolates in this region. In contrast, layer 2 peptides (AA 96-104,
105-111, and 211-222) showed varying degrees of protection from deuterium uptake at early
time points in 1084i, HXB2, and SF162 but the corresponding peptides from 1157ip gp120 were
nearly fully-exchanged at matched time points (Figures 2.3B and Appendix B, B.S14). Layer 3
peptides (AA 227-258, and 467-483) (Figure 2.3C) and peptides from the 7-stranded beta
sandwich (AA 84-95, 223-225, and 484-501) (Figure 2.3D) showed a similar trend, in which
1157ip peptides were rapidly deuterated relative to those derived from other isolates. Therefore
it appears that inner domain secondary structures, which exhibit similar, though not identical,
stabilization in the other three isolates, are substantially more dynamic in the context of 1157ip

gp120.
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Figure 2.3. Deuterium exchange profiles of homologous inner domain peptides. Each
graph shows the deuterium uptake (% deuteration) over time for peptides throughout the
gp120 inner domain, which are either identical or homologous among the four gp120s. Each
line in the graph reflects the deuterium uptake for that peptide in the context of a different
isolate as indicated in the figure legend. The peptide sequence and amino acid position
(HXB2 numbering) are indicated for each graph. (A-C) Peptides from layers 1, 2, and 3 are
color-coded in the ribbon diagram and deuteration uptake plots are grouped within the
magenta, cyan, and blue boxes, respectively. (D) Peptides from the 7-stranded beta-
sandwich are bounded by a red box. A comparison of the deuterium uptake curves for a
given peptide from multiple isolates reveals differences in stability, for example, the
WKNDMVEQM peptide is more dynamic in 1157ip as compared to the other isolates. (**)
indicates deuteration data obtained by subtraction of overlapping peptides. Error bars reflect
standard deviation calculated as described in materials and methods.

Although few outer domain peptides could be directly compared across all four isolates,
much of the outer domain sequence was comparable between at least two isolates (Figures 2.4
and Appendix B, B.S15). Most peptides from the outer domain were similarly stabilized among
those isolates for which comparable peptides were available (e.g. AA 270-283 and 446-453).
However, the LLLNGSL peptide (AA 259-265), which is directly linked to the inner domain, was
deuterated more rapidly in 1157p as compared to the other isolates (Figure 2.4A). The CDA4-

binding loop peptide (AA 369-382) was only slightly more dynamic in 1157ip as compared to
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Figure 2.4. Deuterium exchange profiles for homologous outer domain, bridging sheet,
and variable loop peptides. Each graph shows deuterium uptake (% deuteration) over time
for peptides in (A) the gp120 outer domain (B), CD4-binding loop (CD4-bl, (C), variable loop
V2 and (D) V3, (E) and bridging sheets. Each line on the graph corresponds to deuterium
uptake for that peptide in the context of a different isolate, as indicated in the figure legend
The peptide sequence and amino acid position (HXB2 numbering) are indicated for each
graph. Each graph is color-coded according to the position of the peptide in the gp120
structure as indicated in the ribbon diagram and legend to the left. (*) indicates that the listed
peptide sequence is from an isolate other than HXB2, because peptide coverage was
missing for HXB2 (**) indicates deuteration data obtained by subtraction of overlapping
peptides. Error bars reflect standard deviation calculated as described in materials and
methods.

1084i (Figure 2.4B). Interestingly, the CD4-binding site-proximal peptide (AA 350-361) was
significantly more stable in SF162 as compared to HXB2 (Appendix B, Figure B.S15). Overall,
these results reveal conformational variation of the outer domain across isolates, although the
extent of this variation appears limited relative to that observed for the inner domain.

Peptides from the variable loops and bridging sheet that were common to multiple
isolates revealed few isolate-specific differences in deuterium uptake, partially due to the fact
that these peptides were typically saturated with deuterium at the earliest time point of

deuteration (Figure 2.4C-2.4E). The peptides FYKL (Figure 2.4C) and YATGDIIGD (Figure
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2.4D) from V2 and V3, respectively, showed subtle differences in protection across isolates but
more complete coverage of these regions is needed to better characterize the extent of
structural differences in the variable loops. Peptides within bridging sheets beta 2, 3, and 21 (AA
112-127, 191-213 and 427-445, respectively) exhibited rapid deuterium uptake that was similar
among all available isolates (Figure 2.4E and Appendix B, B.S15). The PCRIKQIINM peptide
(AA 417-426), which reports on beta strands 19 and 20 of the bridging sheet, showed slight
protection at early time points in all available isolates (Figure 2.4E) perhaps due to hydrogen
bonding with beta sheet 17, downstream of the CD4 binding loop as observed in the core crystal
structure (35).

In summary, significant isolate-specific differences in stability could be observed
throughout gp120. Most notably, peptides mapping to the gp120 inner domain were consistently
more disordered in 1157ip as compared to matched peptides from other isolates. Many (but not
all) peptides from the outer domain were similarly protected among the isolates that could be
directly compared. Peptides mapping to the variable loops and bridging sheets were typically
disordered, but poor peptide coverage and rapid saturation with deuterium made it difficult to

discern differences in dynamics in these regions.

Isolate-specific differences persist in CD4-bound gp120

Because CD4-binding has been shown to stabilize gp120 (145, 297) and induce
ordering of the conserved CD4 and co-receptor binding sites (142, 144) we hypothesized that
the CD4-bound form of gp120 might be more structurally similar among isolates than
unliganded gp120. To test this, we performed HDX-MS on pre-formed sCD4-gp120 complexes
for each isolate (Figure 2.5). Overall, sCD4-bound gp120s were stabilized relative to their
unliganded forms, taking on less deuterium than unliganded gp120s at matched time points
(Appendix B, Figures B.S9-B.S11). This is likely a result of multiple factors including solvent

occlusion, hydrogen bonding between sCD4 and the gp120 backbone, and a conformational
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change within gp120 that leads to the formation of more stable secondary structures. For
regions of gp120 outside of the CD4-binding site, for example, the bridging sheet and layers 1
and 2 of the inner domain, CD4-induced HDX protection is likely to be explained entirely by
stabilization of secondary structures. The impact of sCD4 binding on deuterium uptake by
gp120 is shown in the difference maps of Figure 2.5A, in which blue colors indicate protection
relative to unliganded gp120. Similar patterns of protection were observed among the four
isolates - most notably in the CD4-binding loop, the bridging sheet, and layers 1, 2 and 3 of the
inner domain (Figure 2.5A and Appendix B, B.S16). However, the degree of protection as a
result of sCD4-binding - the downward shift in deuterium uptake between unliganded and sCD4-
bound gp120 - varied among the isolates (Figure 2.5B). Deuterium uptake plots for matched
peptides from the sCD4-bound gp120s revealed that in contrast to 1084i and HXB2, 1157ip was
poorly stabilized in the presence of sCD4 (Figure 2.5B, and Appendix B, B.S17, B.S18). For
example, 1084i and HXB2 peptides from the inner domain (e.g. AA 61-83, 105-111, 454-483),
bridging sheet (e.g. 112-126 and 427-445), and the CD4-binding loop for 1084i (AA 369-382)
were dramatically stabilized in the presence of sCD4 relative to 1157ip. Notably, the sCD4-
induced stabilization of 1084i and HXB2 was comparable to that observed for CHO-cell
expressed SF162 gp120 (dark blue lines, Figure 2.5B) from previous work (142). Increasing
sCD4 in the 1157ip-sCD4 mixture from a 3-fold to a 5-fold molar ratio did not increase the
apparent protection of sCD4-stabilized peptides (data not shown), which suggests that sCD4
was present at saturating concentrations, and all available gp120 was bound by sCD4. Thus, it
appears that while similar regions of gp120 are stabilized as a result of sCD4-binding to diverse
isolates, the sCD4-bound gp120s maintain different levels of structural dynamics and, as in the

unliganded state, 1157ip gp120 remains relatively dynamic even with sCD4 bound.
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Figure 2.5. Isolate-specific differences in sCD4-induced stabilization of gp120. (A)
Difference heat maps show the spatial profile of sCD4-induced stabilization of gp120. The
colors mapped onto the 3JWD structure indicate the quantitative difference in percent
deuteration between unliganded and CD4-bound full-length gp120s. Darker blue colors
correspond to greater CD4-induced stabilization. Missing peptide coverage is shown in gray.
Difference heat maps for 12 sec, 5 min and 4 hr time points are shown. (B) Deuterium uptake
plots (% deuteration vs time) for identical or homologous peptides that are stabilized upon
sCD4-binding. The peptide sequence and amino acid position (HXB2 numbering) are indicated
for each graph. Dashed lines with circles show data for unliganded gp120, solid lines with
squares show deuterium uptake for sCD4-bound gp120. The traces are color-coded by
isolates as defined in the figure legend. Stabilization as a result of sCD4-binding is observed
as a downward shift in the deuterium uptake curve. Error bars reflect standard deviation
calculated as described in materials and methods.

Epitope stability and antigenicity: linear-epitope specific antibodies
In order to determine whether differences in structural dynamics observed by HDX-MS

affect ligand association with gp120, we used surface plasmon resonance (SPR) to quantify the
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kinetics of sCD4 and antibody binding to the four gp120s and enzyme-linked immunosorbance
assays (ELISA) to measure the levels of antibody stably bound to gp120. The determinants of
antigenicity are complex and include the minimal requirements that 1) the residues that make up
the antibody epitope be present in the primary amino acid sequence, and 2) these residues,
which form the antibody epitope, must be exposed or accessible for antibody recognition (298).
Beyond these basic requirements, we hypothesized that the local conformational stability of an
antigen might also impact the kinetics and/or the affinity of an antibody’s interaction with its

epitope, as has been previously proposed (298).
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Figure 2.6. Linear epitope-specific antibody binding to a region of gp120 differentially
stabilized across isolates (A) Linear-epitope-specific antibody (CA13, B18, and C4) binding
to gp120 proteins by ELISA. The curves are color-coded by Env isolate as defined in the
figure legend. Concentrations of monoclonal antibody are shown on the x-axis for C4 and
B18, reciprocal dilution of antibody supernatant is shown on the x-axis for CA13. Curves are
representative of at least two independent experiments; error bars indicate standard
deviation from duplicate measurements. (B) The primary sequence recognized by antibodies
CA13, B18, and C4 is absolutely conserved among the four gp120 isolates; (-) indicates that
the residue is conserved in a given isolate, amino acid differences are indicated. This region
is differentially stabilized in the four gp120s by HDX-MS (see Figure 2.3B) (C) Summary of
SPR-derived binding constants for CA13 and C4 binding to the four gp120 isolates. Raw and
fitted SPR curves are shown in Figure B.S20. The B18-gp120 SPR binding curves did not fit
well to a 1:1 binding model, therefore estimates of affinity are not available, although
qualitative isolate specific differences in binding to B18 were similar to that observed for
CA13 and C4 (Figure B.S20). Error bars indicate standard deviation calculated as described
in materials and methods.
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Table 2.3. SPR binding parameters for linear-epitope specific antibodies

1157ip 1084i HXB2 SF162

CA13 ka (1/M-s)  1.8(1) x10™  1.96(9) x10*  0.9(1) x10*  0.36(1) x10*
kd (1/s) 5.31(4) x10™  4.3(2) x10*  2.03(1) x10™*  4.32(9) x10™
KD (nM) 29(2) 22(2) 22(3) 121(1)

C4 ka (1/M-s)  2.6(2)x10*  3.2(1) x10* 1.1(1) x10*  0.42(5) x10*
kd (1/s) 3.1(2) x10®  1.34(1) x10®  1.29(3) x10®  2.8(1) x107
KD (nM) 118(1) 42(2) 110(10) 600(100)

*Error on the last significant figure is presented in parentheses (for example, 1.9(1) x10* is
equivalent to 19000 +/- 1000)

The antibodies B18, C4, and CA13 were reported to recognize linear epitopes within
helix 1 of gp120 (280, 299), and we confirmed their specificity by peptide competition ELISA
(Appendix B, Figure B.S19). The core epitopes of the three antibodies were absolutely
conserved in all four isolates (Figure 2.6B), yet exhibited significant differences in
conformational dynamics by HDX-MS (Figure 2.3B). There was no detectable difference in
linear epitope-specific antibody binding to the four gp120 isolates by ELISA (Figure 2.6A). We
also investigated isolate-specific differences in the kinetics of gp120 binding to captured B18,
CA13, and C4 by SPR (Appendix B, Figure B.S20). Although 1157ip stood out among the four
isolates with a more dynamic helix 1 by HDX-MS, it was not distinguished by substantially
different rates of association with or dissociation from these linear epitope-specific antibodies
(Table 2.3). Furthermore, the affinities of C4 and CA13 for 1157ip were comparable to those
observed for 1084i and HXB2, both of which feature a more ordered helix 1(Table 2.3 and
Figure 2.6C). In contrast, SF162, which was similar to 1084i and HXB2 in helix 1 stability, had
an affinity for CA13 and C4 that was at least 4-fold weaker than those of the other isolates. This
suggests that the weaker recognition of SF162 by this panel of helix 1-specific antibodies may
be due to factors other than the conformational stability of helix 1 (e.g. tertiary structural

differences).
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Dynamics and conformational epitope antigenicity: CD4-binding site

Because the majority of broadly cross-reactive HIV-1 NAbs and ADCC-active antibodies
target discontinuous epitopes within gp120, we sought to determine whether differences in the
stability and structural dynamics of gp120 correlated with differences in the antigenicity of
conformational epitopes such as the CD4 binding site. A summary of the differences in the
primary sequence and dynamics of peptide segments involved in conformational antibody
epitopes is shown in Figure 2.7. Many of the peptides that are directly involved in CD4-binding
site ligand interactions (Figure 2.7A) are either saturated with deuterium at the earliest time
point (peptides 4 and 10 in Figure 2.7B) or are similarly disordered in the isolates for which data
was available (e.g. peptides 7 and 8 in Figure 2.7B). However, peptide 12, which contains a
number of CD4 contact residues and helix 5 is significantly more dynamic in 1157ip (Figure
2.7B). By ELISA, the CD4-binding site ligands CD4-1gG2 and IgG1-b12 bound strongly to the
two clade B isolates, SF162 and HXB2 and relatively weakly to the clade C isolates (Figure 2.8).
This pattern of differential binding across clades was particularly evident for IgG1-b12 and
suggested that the observed differences in CD4-binding site ligand recognition of gp120 might
be partly due to clade-specific primary sequence differences within the CD4-binding site (Figure
2.7C). Therefore, we collected SPR data for sCD4, CD4-1gG2, and IgG1-b12 binding to all four
gp120s (Appendix B, Figure B.S21), but focused our comparison on the isolates 1084i and
1157ip, which are closely-related in their primary amino acid sequences (Figure 2.7C), yet
exhibit dramatic differences in the stability of peptides both proximal (e.g. peptide 12 in Figure
2.7B) and distal (e.g inner domain peptides in Figure 2.3) to the CD4-binding site. This pair of
isolates presents an opportunity to study the impact of gp120 dynamics on recognition by CD4-
binding site ligands while limiting confounding amino acid changes.

CD4-1gG2 bound poorly to 1157ip gp120 as compared to 1084i by ELISA (Figure 2.8).
These results were confirmed by SPR, which indicated that 1157ip had the weakest affinity for

sCD4 and CD4-1gG2 of the four isolates, showing five-fold and two-fold weaker affinities for
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Figure 2.7. Summary of isolate-specific differences in conformational dynamics and
primary sequence for peptides involved in conformation-dependent antibody epitopes.
(A) Colors and numbers mapped onto the 3JWD crystal structure indicate peptides within
conformation-dependent antibody epitopes that can be tracked by HDX-MS. The structure is
annotated to indicate the CD4-binding site (targeted by sCD4, IgG1-b12, and VRCO01) as well
as N5i5, A32, M90, and 17b epitopes. (B) Deuteration profiles (% deuteration vs time) for
peptides within conformation-dependent antibody epitopes. Plots are color-coded and
numbered as in (A). (C) Amino acid alignment of the four isolates for regions of gp120
involved in conformation-dependent antibody binding. (-) indicates that the residue is
conserved in a given isolate relative to HXB2; (.) indicates an insertion in a separate
sequence. N5i5 and A32 recognize a similar epitope involving Layers 1 and 2 (279). Layer 1
and the C-terminus are thought to be involved in the M90 epitope (281, 300). Critical
residues for CD4, IgG1-b12, VRCO01, and 17b binding are indicated with dots as shown in the
figure legend based on references (179, 188, 190). Peptides are indicated with colors and
numbers as in (A) and (B).
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sCD4 and CD4-1gG2, respectively, as compared to 1084i (Figure 2.9C and Table 2.4). IgG1-b12
binding to 1084i fit poorly to a 1:1 binding model, which complicated a direct comparison of
1084i and 1157ip binding to this antibody by SPR. The weak affinity of 1157ip for CD4-binding
site ligands was largely due to slower rates of association (Figure 2.9A), although 1157ip also
showed a slightly faster rate of dissociation from sCD4 as compared to 1084i (Figure 2.9B).
Thus it appears that the increased conformational flexibility of 1157ip is associated with slower
association rates, and an overall weaker affinity for CD4 mimetics (Figure 2.9C). This effect
appears to be most prominent in CD4-binding site ligands that require contact with both the
inner and outer domains of gp120 because while 1157ip bound to CD4-1gG2 at a very low level
in ELISA, the potent and broad CD4 binding site antibody, VRCO01, which primarily makes
contact with the gp120 outer domain (190), bound to 1157ip at only a slightly reduced level
relative to 1084i (Figure 2.8).

The few observable differences in the stability of peptides involved in the CD4-binding
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Figure 2.8. Conformation-dependent antibody binding to gp120 isolates by ELISA.
Conformation-dependent antibodies specific for different regions of gp120 were tested:
CD4-binding-site ligands (CD4-1gG2, 1IgG1-b12, and VRCO01), conformational inner-domain
antibodies (M90 and Nb5i5), and the co-receptor binding site antibody (17b). Each graph
corresponds to a different antibody binding to the four gp120 isolates. The ELISA traces
are color-coded by HIV isolate as shown in the legend. Antibody binding levels (measured
as absorbance at 450 nm) versus antibody concentration are shown. Curves are
representative of at least two independent experiments; error bars indicate standard
deviation from duplicate measurements.
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site across isolates (Figure 2.7) suggests that differences in conformational stability of regions
outside of the CD4 binding site (for example, the gp120 inner domain) likely exert a strong
influence on gp120’s affinity for CD4 and binding-site targeted antibodies. This model is
supported by previous work, which showed that layers 1, 2 and 3 of the inner domain — regions
that are dramatically destabilized in 1157ip relative to the other isolates — significantly impact

gp120 interactions with CD4 and CD4 mimetics (301-303).

Dynamics and the antigenicity of conformational inner domain epitopes

Because isolate-specific differences in gp120 stability were most apparent in the inner
domain (Figures 2.3 and 2.7B), we measured binding of the four gp120s to antibodies that have
been reported to target conformational epitopes within this region: M90, A32, and N5i5 (Figure
2.7A). M90 is thought to recognize a conformational epitope involving layer 1 and the N and C
termini of gp120 (281, 300). N5i5 is a potent ADCC-active antibody that binds to a CD4-
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Figure 2.9. Summary of conformation-dependent antibody binding to gp120
measured by SPR. (A) Rate of association of the four gp120 proteins with immobilized
sCD4 or captured antibodies. Because of slow dissociation rates for 17b and N5i5, only on-
rates could be derived for these antibodies. (B) Rates of dissociation of the four gp120s
from immobilized sCD4 or captured antibody ligands. Reliable off-rates could not be
determined for 17b or N5i5. (C) Summary of binding constants for gp120 binding to
immobilized sCD4 or captured antibody ligands. Large Kb values reflect weaker binding
interactions. Raw data and fitted curves for gp120 binding to conformation-dependent
ligands are presented as supplementary information. The (*) indicates that the experiment
could not be reliably performed or that the signal could not be fit with a 1:1 binding model.
Error bars indicate standard deviation calculated as described in materials and methods.

85



induced, discontinuous epitope similar to that of A32 (279) that includes layers 1 and 2 of the

inner domain, and its contact residues are absolutely conserved in the isolates tested here

(George Lewis, personal communication). Because of the high level of sequence conservation

within the epitopes recognized by these antibodies, and in the N5i5 epitope, in particular, we

were able to test the impact of gp120 dynamics on inner domain antigenicity with limited

confounding effects from amino acid variability in the antibodies’ epitopes (Figure 2.7C).

Antibodies M90, A32, and N5i5 bound well to 1084i, HXB2, and SF162 but only weakly

to 1157ip gp120 by ELISA (Figure 2.8). These results were supported by SPR data, which

showed that 1157ip bound to both N5i5 and M90 with the slowest on-rate of the four gp120s

(Figure 2.9A). Additionally 1157ip had the fastest off-rate and weakest affinity for MO0 of the

four isolates (Figures 2.9B-C, Table 4, and Appendix B, Figure B.S21). The rate of N5i5

dissociation was too slow to obtain reliable estimates of the off-rate or binding affinity, even

using dissociation times of greater than 1 hour (Appendix B, Figure B.S22). Overall, the

relatively high degree of disorder within the 1157ip gp120 inner domain appears to correlate

with a slower rate of association with and a weaker affinity for inner domain-specific,

conformation-dependent antibodies.

Table 2.4. SPR binding parameters for conformation-dependent antibodies

1157ip 1084i HXB2 SF162

sCD4 ka (1/M-s)  2.67(1) x10®* 8.5(2)x10°  37(5) x10° 13.1(4) x10°
kd (1/s) 7.41(3) x10™  4.9(1)x10*  3.3(2)x10*  2.46(6) x10™
KD (nM) 277(1) 58(2) 9(2) 18.8(2)

CD4-gG2  ka (1/M-s)  3.91(8) x10®°  10.5(1) x10°  n.d. 25(4) x10°
kd (1/s) 5(2) x10° 7.1(6) x10°  n.d. 0.9(5) x10°
KD (nM) 13(4) 6.8(6) n.d. 0.4(3)

lgG1-b12 ka (1/M-s)  2.6(1) x10° 430(40) x10°  150(10) x10°
kd (1/s) 9.4(5)x10* - 5.4(1) x10*  9.2(2) x10™
KD (nM) 362(1) - 1.3(1) 6.2(6)

M90 ka (1/M-s)  1.18(4) x10*  1.7(3) x10*  4.9(4) x10*  3.89(7) x10*
kd (1/s) 5.41(7) x10™  2.4(1)x10*  0.9(2)x10*  1.88(5) x10™
KD (nM) 45.7(8) 14(3) 1.9(6) 4.8(2)

*Error on the last significant figure is presented in parentheses as in Table 2
(-) Data fit poorly to a 1:1 binding model, n.d. experiment not done
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Antibodies recognizing CD4-induced epitopes bind slowly to 1157ip in both the
unliganded and CD4-bound states

HDX-MS analysis of sCD4-bound gp120 revealed that many regions of gp120 are
stabilized as a result of sCD4 binding, including the bridging sheet microdomain and the gp120
inner domain (Figure 2.5). Notably, these same regions are targeted by antibodies such as 17b
and N5i5, which preferentially recognize CD4-bound gp120 (179, 279, 304). Because HDX-MS
indicated that differences in stability are maintained in sCD4-bound gp120 (Figure 2.5B), we
sought to test the antigenicity of CD4-induced epitopes and the antigenic consequences of
sCD4 binding across isolates using SPR.

As with N5i5, 17b off-rates were slow for all isolates (with the exception of 1084i), and
we were limited to estimates of the on-rate for 1157ip, HXB2 and SF162 (Appendix B, Figure
B.S23). Notably, 1157ip had the slowest rate of association with 17b in its unliganded state and
was poorly recognized by 17b in ELISA (Figure 2.8), despite having well-conserved 17b-contact

residues (Figure 2.7C). Many peptides containing residues critical for 17b binding were
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Figure 2.10. Changes in CD4i antibody binding to gp120 in the presence of sCD4 by
SPR. (A) On-rates of N5i5 binding to the four gp120 isolates in the presence and absence of
sCD4. Unliganded gp120 on-rates are shown in black, and sCD4-bound gp120 on-rates are
shown in gray. (B) On-rates of 17b binding to the four gp120 isolates in the presence and
absence of sCD4. Rates for unliganded and sCD4-bound gp120 are shown in black and gray,
respectively. (C) Change in rates of association of 17b (horizontal stripes) and N5i5 (vertical
stripes) with the gp120 isolates as a result of sCD4-binding. Data is presented as a fold-
increase relative to the rate of association with unliganded gp120. (*) Indicates that the
experiment could not be reliably performed. Error bars indicate standard deviation calculated
as described in materials and methods.
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saturated with deuterium at the earliest time point (peptides 4, 5, and 10 in Figure 2.7B) or were
similarly disordered in the isolates for which data was available (peptides 8 in Figure 2.7B).
Notably, SF162 exhibited stabilization in peptide 9 (Figure 2.7B) - which contains a number of
residues critical for 17b binding (Figure 2.7C) - and bound strongly to 17b by ELISA and SPR
relative to the other isolates (Figures 2.8 and 2.9). Conversely, peptide 6, which contains a
residue critical for 17b binding at position 262 (HXB2 numbering) (179), was more disordered in
1157ip, as were peptides 2 and 3 (Figure 2.7B), which are directly linked to beta strands 2 and 3
of the bridging sheet (highlighted as peptides 4 and 5 in Figure 2.7A, respectively). Given the
few differences in stability observed for peptides containing residues critical for 17b binding, it
seems plausible that increased disorder observed in the inner domain of 1157ip is
communicated to the bridging sheet, with implications for 17b binding to unliganded gp120.
Consistent with the stabilization of the 17b and N5i5 epitopes in sCD4-bound gp120 by
HDX-MS (Figure 2.5 and Appendix B, Figure B.S524), we observed a dramatic increase in 17b

and N5i5 binding to all four gp120s upon addition of sCD4 (Figure 2.10). It is worth noting that,

Table 2.5. SPR binding parameters for CD4i-epitope specific antibodies

1157ip 1084i HXB2 SF162

N5i5 ka (1/M-s)  9.7(2) x10°  31.2(4) x10°  21.2(6) x10° 39.4(2) x10°
kd (1/s) - - - -
KD (nM) - - - -

N5i5 + sCD4  ka (1/M-s)  6.1(2) x10*  15.1(3) x10"  n.d. 29(2) x10*
kd (1/s) - - n.d. -
KD (nM) - - n.d. -

17b ka (1/M-s)  4.38(3) x10° 9.5(1)x10°  15.1(3) x10° 50.6(7) x10°
kd (1/s) - 2.72(1) x10° - -
KD (nM) - 2.86(4) - -

17b +sCD4  ka (1/M-s)  5.5(1)x10*  5.8(5)x10*  n.d. 41.9(6) x10*
kd (1/s) - 1.3(1)x10*  n.d. -
KD (nM) - 2.2(4) n.d. -

* Error on the last significant figure is presented in parentheses as in Table 2
(-) Because of slow dissociation, it was not possible to reliably fit dissociation rates or binding
constants for these interactions, n.d. experiment could not be reliably performed
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in addition to epitope stabilization, tertiary structural changes, not readily detectable by HDX-
MS, are also likely to contribute to the increase in 17b and N5i5 binding to sCD4-bound gp120.
This may be especially true for 17b, as the lateral movement of V1/V2 upon sCD4 binding
appears to lead to ordering of the bridging sheet and formation of the 17b epitope (142).

We investigated whether the differences in 17b and N5i5 reactivity across isolates
observed in unliganded gp120 would be similarly apparent in the context of sCD4-bound gp120.
SPR was used to measure the rate of gp120 binding to 17b and N5i5 in the presence of a 5-fold
molar excess of sCD4. The rates of association with 17b and N5i5 increased for all isolates in
the presence of sCD4, and the isolate rank order of fastest (SF162) and slowest (1157ip) rates
of association with the two antibodies was identical in unliganded and sCD4-bound gp120
(Figure 2.10A-B and Table 2.5). Importantly, the increase in the rate of 1157ip binding to 17b
and N5i5 upon addition of sCD4 was similar to that of the other isolates (Figure 2.10C),
indicating that although 1157ip gp120 wasn’t as dramatically stabilized by sCD4 as the other
gp120s, it remains capable of binding to sCD4 and undergoing a transition to a CD4-induced
state. Overall it appears that isolate-specific antigenic differences within CD4-induced epitopes
are maintained in the sCD4-bound state, in agreement with the conformational stability profiles

observed for the sCD4-bound gp120s by HDX-MS.

Consideration of potential caveats of sCD4-induced stabilization of gp120 by HDX-MS
Two factors we considered that could potentially complicate interpretation of the HDX-
MS results for sCD4-bound gp120 are isolate-specific differences in kinetics and affinity of
binding to sCD4 and isolate-specific variability in the fraction of “active” gp120 within a purified
gp120 preparation. Because 1157ip has the weakest affinity for sCD4, we considered the
possibility that the greater levels of deuterium uptake by this isolate in the presence of sCD4
reflect a difference in the amount of time a molecule of 1157ip would spend in the sCD4-bound

state or a lower level of sCD4 occupancy at equilibrium. However, given the affinity values
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calculated by SPR (Table 2.4) and the concentration of sCD4 used in complex formation, we
estimate that only 0.01% more 1157ip would remain unbound at equilibrium as compared to
1084i (0.28% vs 0.27% unbound gp120 for 1157ip and 1084i, respectively), an insignificant
difference. Similarly, using a standard first-order rate equation to model the exponential decay
of the gp120-sCD4 complex, and the dissociation rates calculated by SPR (Table 2.4), after 12
seconds of deuteration, only 0.3% more dissociation would occur for 1157ip as compared to
1084i, yet we observed dramatic differences in deuterium uptake at this time point (Figure 2.5).
Furthermore, we attempted to account for the weaker affinity of 1157ip for sCD4 by using a
higher concentration of sCD4 in complex formation (5-fold molar excess) as compared to the
other isolates (3-fold molar excess). The absence of additional stabilization in the 5-fold vs. 3-
fold molar excess samples suggests that sCD4 is saturating the available 1157ip gp120
population. Thus differences in CD4 occupancy at equilibrium or kinetic differences in sCD4
dissociation are unlikely to explain the dramatic differences in stability observed for sCD4-bound
1157ip as compared to the other isolates.

Similarly, if purified 1157ip gp120 contained a relatively large fraction of inactive gp120,
as a result of heterogeneity in disulfide bonding or glycosylation, for example, then addition of
sCD4 would only weakly stabilize gp120 at the population-level (although it may be capable of
dramatically stabilizing individual molecules of active gp120). However, there is no indication
that such a population exists in 1157ip, for example, Kratky plots of 1157ip indicate that the
gp120s have similar global structure (Appendix B, Figure B.S2). Furthermore, addition of sCD4
to 1157ip produces a similar increase in its rate of association with 17b and N5i5 as is observed
for the other gp120s (Figure 2.10C). Because the rate of association is sensitive to the active
concentration of analyte, this suggests that the fraction of gp120 that is active for sCD4 binding
is similar among the four gp120s. Thus, we considered these caveats, but conclude that they

are unlikely to be responsible for the observed isolate-specific differences in the stability and
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antigenicity of sCD4-bound gp120. Instead, the differences appear to reflect inherent structural

features of each gp120.

Discussion

Our understanding of the structural basis for antigenic and immunogenic differences
among gp120 proteins from diverse isolates has been hindered by our inability to extract
detailed structural information for intact Env glycoprotein constructs containing the variable
loops and glycans, which are major determinants of isolate antigenicity and neutralization
sensitivity. Crystal structures of truncated core constructs provide valuable information about the
conserved elements of gp120 and their recognition by receptor and antibodies, but they do not
elucidate how the conserved features are masked by the dominant variable elements or how
these variable elements affect the conformation of distal, conserved epitopes in the context of
full-length gp120 (305). Furthermore, x-ray crystallography cannot probe protein dynamics in
solution, which may be an important determinant of Env antigenicity (145).

Here, we used HDX-MS and SAXS in combination with antibody binding studies to
investigate the structural and antigenic variability among full-length, glycosylated gp120 proteins
from diverse HIV-1 isolates in order to understand the role of structural differences such as
variable loop position and conformational dynamics in modifying the antigenicity of gp120
proteins from diverse isolates. A comparison of the four full-length gp120s by SAXS (Figure 2.1
and Appendix B, Figure B.S2) indicated that the overall morphologies of the gp120 monomers
were similar and that they were comparable to SF162 gp120 expressed in 293E and CHO cells,
with the large V1/V2 loops likely occupying a similar position atop the gp120 core (142). Radii of
gyration differed by only ~1A and appeared to be in good agreement with expected sizes
related to variable loop length and glycosylation. Kratky plots of the SAXS data also indicated
that the gp120s were similarly ordered, and none of the isolates appeared to be unfolded or

noticeably different in global structure by this measure (Appendix B, Figure B.S2).
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Implications of Inner Domain Conformational Variability for CD4-reactivity

In contrast to the similar global organization observed for the gp120 monomers by
SAXS, HDX-MS revealed significant differences in local dynamics among the four unliganded
gp120 proteins (Figure 2.2). This is the first report, to our knowledge, of experimentally
measured, naturally occurring structural heterogeneity among full-length, glycosylated gp120
monomers from diverse isolates. Many of the differences were concentrated in the inner domain
and at the interface of inner and outer domains (Figures 2.3 and 2.4). This is consistent with
previous computational (306) and structural studies, which suggest that the inner domain is
capable of substantial structural variability. For example, layers 1 and 2 of the unliganded SIV
core inner domain (307) adopt a conformation that is distinct from that observed in unliganded
extended cores from multiple isolates (192) as well as CD4-bound HIV-1 isolates (25, 186).
Similarly the inner domain exhibits substantial variability as compared to the relatively inert outer
domain in the crystal structures of gp120 bound to antibodies b12 and F105 (188). Our
observation that diverse, full-length gp120s can exhibit significant differences in structural order
contrasts with a recent structural study of unliganded extended core constructs, which found
that extended core proteins from diverse isolates were nearly superimposable (192). The results
are not necessarily contradictory, however, given that variable loop truncation appears to favor
a more uniform CD4-bound-like conformation (192). The crystal structures also lack
glycosylation and are subject to packing constraints in the crystal, which could suppress isolate-
specific differences in local dynamics and flexibility.

The gp120 inner domain is critical for maintaining gp120-gp41 interactions and
mediating CD4 reactivity (35, 301, 303). In addition, recent work suggests that it is an important
target for ADCC-active antibodies (279, 308). Site-directed mutagenesis studies have shown
that residues in layers 1, 2, and 3 of the inner domain participate in a network of critical

interactions in both soluble, monomeric gp120 and in the context of trimeric Env, and this
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network is required for stabilizing the transition to the CD4-bound state and maintaining non-
covalent gp120-gp41 interactions in the Env trimer (301-303). Our results are consistent with
these reports and provide a direct probe of the structural ordering in layers 1, 2, and 3 of the
gp120 inner domain as a result of CD4-binding. The key residues that have been shown to
mediate the transition to the CD4-bound conformation are absolutely conserved among the four
isolates studied here, including H66, P212, and S375 (301). Although these residues are
present in the primary sequence, our HDX-MS results suggest that the regions containing these
residues are ordered to different degrees in the four gp120s and are notably disordered in
1157ip (Figure 2.3). That disorder may preclude the formation of a stable bond network. Indeed,
1157ip had the weakest affinity for CD4-binding site ligands of the four isolates (Figures 2.8,
2.9), and HDX-MS analysis of the 1157ip gp120-sCD4 complex indicated that 1157ip was
poorly stabilized in the presence of sCD4 relative to the other isolates (Figure 2.5). While
addition of sCD4 stabilized the gp120s to different degrees, the pattern of sCD4-induced
ordering was found to be conserved among the four isolates. Specifically, the CD4-binding site,
bridging sheet and inner domain of gp120 were protected from deuterium uptake in all isolates
in the presence of sCD4. CD4-induced ordering of the gp120 inner domain thus appears to be
critical for viral entry, just as bridging sheet ordering is conserved and required for co-receptor

binding (36).

Epitope dynamics and antibody binding

In order to determine whether the differences in structural dynamics we observed by
HDX-MS were related to antigenic differences among the gp120 proteins, we measured
antibody binding to the panel of full-length gp120s. Only subtle differences in linear epitope-
specific antibody binding were observed across isolates (Figure 2.6) despite differences in the
structural dynamics of the antibodies’ epitopes among the four gp120s (Figure 2.3B). This

contrasts somewhat with early studies in non-HIV systems, which concluded that linear epitope
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flexibility correlates with improved recognition by antibodies. However, the conclusions of these
previous studies were based on correlations between crystal structure temperature factors and
the antigenicity of regions within a single protein, where antibodies raised against peptides from
highly mobile protein elements bound to the protein better than antibodies to regions of the
same protein with low B factors (309, 310). There are a number of potential caveats associated
with this type analysis, including differences in the immunogenicity of peptide sequences and
differences in tertiary structural context, which may alter antibody recognition. In contrast, our
study looked at the binding of monoclonal antibodies to a common linear epitope, differentially
stabilized among the gp120 proteins. While relatively minor differences in linear epitope
recognition were observed, one exception was relatively poor recognition of SF162 gp120 by
helix 1-specific antibodies. The stability of helix 1 as monitored by HDX-MS was similar in
SF162, HXB2 and 1084i, thus the difference in linear epitope-specific antibody recognition of
SF162 may reflect a difference in SF162 tertiary structure or possibly epitope occlusion by
adjacent glycans.

Antibodies targeting discontinuous and conformational epitopes showed dramatic
isolate-specific differences in gp120 binding (Figures 2.8 and 2.9). Importantly, the isolate with
the most dynamic inner domain, 1157ip, was poorly recognized by every conformation-
dependent antibody tested with an epitope that either wholly (A32, N5i5 and M90) or partially
(IgG1-b12, sCD4, CD4-1gG2, and 17b) involves the inner domain. The potential importance of
inner domain disorder in limiting the antigenicity of the CD4- and co-receptor-binding sites is
further highlighted by the observation that many peptides in the CD4- and co-receptor binding
sites were similarly disordered among the four isolates (Figure 2.7B). Notably, VRCO01 binding
to 1157ip was only slightly reduced as compared to other CD4 binding-site ligands (Figure 2.8).
These data support a proposed model for the impressive breadth of VRCO01 neutralization,

which is that because VRCO01 predominantly makes contact with the gp120 outer domain, it is
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less sensitive to naturally-occurring structural heterogeneity within the gp120 inner domain (190,
311).

Increased conformational dynamics appeared to correlate with reduced binding by
multiple antibodies with distinct specificities, thus it is unlikely that the effects we detect are
simply due to amino acid changes within antibody contact sites. The contact residues of N5i5, in
particular, were absolutely conserved among the four isolates (George Lewis, Personal
Communication), yet substantial differences in N5i5 association with gp120 were observed
among the four isolates. Additional support for the proposal that structural stabilization leads to
improved recognition by conformation-dependent antibodies is found in the observation that
sCD4-binding induces ordering within the epitopes targeted by N5i5 and 17b (Figure 2.5 and
Appendix B, Figure B.S24), which correlates with increased N5i5 and 17b binding to sCD4-
stabilized gp120 as compared to the relatively dynamic unliganded gp120 (Figure 2.10).

Overall the data suggest that antibodies recognizing discontinuous epitopes are
sensitive to differences in the structural dynamics of elements both proximal and distal to the
antibody binding site. The data presented here, and previous studies (142, 301) suggest that
conformational epitopes in the CD4 binding site, bridging sheet and inner domain are coupled to
one another. Thus, it is conceivable that enhanced conformational dynamics in specific regions
of HIV-1 gp120 Env due to distal amino acid changes could provide an additional pathway for
escape from neutralizing and ADCC-active antibodies targeting conserved, conformational
epitopes — allowing for structural heterogeneity in regions where amino acid changes are not
tolerated due to functional requirements.

It will be valuable to extend this work to trimeric Env constructs in order to test the
influence of conformational dynamics within the Env trimer on the neutralization phenotype of
virion-associated Env. However, such a study would depend on the identification of
homogenous, native Env trimers that are suitable for structural comparisons among isolates.

Such constructs remain elusive despite substantial effort (312). Soluble oligomeric gp140
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ectodomain constructs, which are often thought to mimic the native Env trimer appear to exhibit
substantial heterogeneity from one isolate to another (299), and in many cases, adopt non-
native conformations especially within gp41 (Guttman et al., in preparation). At present, full-
length gp120s are the most tractable system for comparing structural order among isolates. In
many respects, full-length gp120 appears to recapitulate the subunit organization of gp120 in
the context of the trimer (142) and can provide valuable insight into the structure-function
relationship of HIV-1 Env. Furthermore, because monomeric gp120 is likely to be immunogenic
in the course of natural HIV-1 infection due to the labile interactions between gp120 and gp41,
which allow for gp120 shedding (146), and because monomeric gp120 proteins are commonly
used vaccine immunogens, including in the RV144 trial, it is important to understand the
structural factors that influence antibody reactivity to monomeric gp120 proteins as well as

trimeric Env constructs.

Significance for gp120 as a prospective vaccine immunogen

The RV144 HIV-1 vaccine trial provided the first evidence that vaccine-induced
protection against HIV-1 acquisition is possible and has rekindled interest in gp120 proteins as
vaccine immunogens. Analysis of samples collected in the RV 144 trial revealed that among
other correlates of protection, ADCC activity was negatively associated with risk of infection in
individuals with low levels of IgA antibodies (65). Notably, vaccinees with strong IgA responses
to C1 in the gp120 inner domain were at greater risk of infection as compared to vaccinees
without these antibodies, suggesting that IgA may inhibit ADCC-active antibody binding to this
region. Thus it was proposed that inner domain-specific, ADCC-active IgG antibodies, similar to
those A32-like antibodies commonly elicited during HIV-1 infection (308), may play an important
role in protection from HIV-1 acquisition (313). We observe that the stability of the C1 region
targeted by these antibodies varies among gp120 proteins from diverse isolates and the

differences in stability correspond to differences in antibody binding to this region, including
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N5i5, which potently mediates ADCC (279). In light of previous studies, our results suggest that
conformational dynamics may play a role in facilitating evasion of antibodies targeting this
functionally conserved gp120 epitope and highlight the potential importance of characterizing
the local conformational stability of future gp120 vaccine immunogens.

The relationship between gp120 conformational flexibility, antigenicity, and
immunogenicity is likely to be complex. The data presented here, and in previous studies (145)
suggest that flexibility modifies gp120 antigenicity, however, antigenicity is not equivalent to
immunogenicity, and it remains to be determined what effect flexibility may have on the
immunogenicity of Env constructs. Indeed, previous work reveals that the opposing influences
of stability and dynamics are both likely to influence epitope immunogenicity. For example, Dey
and colleagues demonstrated that the immunogenicity of the gp120 coreceptor binding site can
be enhanced using cavity-filled, disulfide-stabilized gp120 core proteins (314). Similarly, a single
glycan deletion at the base of V2, which appears to shift the conformational equilibrium of Env
towards a CD4-bound-like state (124) has been shown to elicit improved antibody titers with
increased neutralization breadth in macaques (315). In contrast, a recent study by Liao et al.
identified a conformationally-variable linear epitope in V2 to be an important immunogenic target
of antibodies isolated from vaccinees in the RV144 trial (66). In the design of improved
antibody-based HIV-1 vaccines, the appropriate balance between immunogen stability and
flexibility should be carefully evaluated in the context of both immunogenicity (the ability to elicit
high titers of antibodies) and quality (the ability to elicit broad and potent antibodies). Our
results support a role for HDX-MS in testing the relationship between the local stability of
immunogens, their recognition by antibodies, and their immunogenicity, with the goal of

improving antibody-based HIV-1 vaccine efficacy.
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Chapter 3
Changes in Broadly Neutralizing Antibody Paratope Dynamics Over

the Course of Affinity Maturation

Introduction
Diversity of sequence, structure, and specificity facilitate antibody recognition of diverse

foreign antigens. This diversity is generated through the recombination of variable (Vy),
diversity (Dy), joining (Jy4) and constant (Cy) gene segments that code for the antibody heavy
chain and the V|, J., and C. gene segments that code for the light chain (166). With many
distinct copies of each gene segment in the human genome, there is substantial opportunity for
combinatorial variability through this process (168). Non-templated incorporation of nucleotides
at gene segment junctions and pairing of the heavy and light chains dramatically increase the
structural diversity of the antibody paratope as well (316, 317). After contact with antigen, B
cells undergo further diversification and selection during affinity maturation, in which the B cell
receptor accumulates mutations that increase its affinity for a select epitope (318). It has been
proposed that affinity maturation alters the conformational flexibility of the antibody paratope
(170, 319). However, the site-specific changes in paratope stability are poorly defined, and it is
unclear what role conformational flexibility may play in balancing the affinity and specificity with
which an antibody binds to a complex viral antigen.

The factors that influence antibody binding affinity and specificity are of substantial
interest for antibody-based HIV-1 vaccine design because of the enormous antigenic variability
of the HIV-1 Envelope glycoprotein (Env), the sole target of neutralizing antibodies and the most

diverse gene in the HIV-1 genome (26, 55). It is believed that an effective HIV-1 vaccine would
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elicit so-called “broadly-neutralizing” antibodies (bNAbs) that are capable of recognizing diverse
HIV-1 Env isolates (55, 203). These antibodies target structurally conserved epitopes on the
Env trimer, and develop high affinity binding interactions in spite of variability within and
surrounding the target epitope (81, 190). Nearly all bNAbs have undergone extensive somatic
hypermutation, highlighting the importance of persistent stimulation by diverse antigens in bNAb
development (164, 165). The changes acquired over the course of affinity maturation occur in
both the complementarity determining regions (CDR) that make direct contact with the antigen
and in the antibody framework regions (FWR) distal to the antigen-combining site (162, 163).
Although FWR residues typically do not interact with antigen, mutations in this region have been
shown to be critical for efficient binding and neutralization by mature bNAbs (163). Itis
hypothesized that mutations in these regions indirectly affect antibody binding by changing the
stability, flexibility, or orientation of the CDR loops. However, the structural consquences of
these mutations has never been directly examined.

While bNAbs are observed in 10-20% of infected individuals after more than two years of
infection, we are currently unable to elicit these antibodies through vaccination (80, 81). Soluble
Env immunogens elicit narrow antibody responses that are specific for the immunogen isolate,
and exhibit little, if any, neutralizing activity against neutralization-resistant “Tier 2” isolates,
which would likely be required of an effective antibody-based HIV-1 vaccine (55). A number of
hypotheses have been presented as to why vaccination fails to generate broad neutralizing
responses. Recently, it was proposed that bNAbs are not elicited through vaccination because
Env immunogens bind poorly to the predicted germline precursors of known broadly neutralizing
antibodies (162, 163, 320). In this way, bNAbs may not have an opportunity to develop
because the germline B cells that give rise to broadly neutralizing B cell lineages are rarely
activated to proliferate and undergo affinity maturation. However, there are rare examples of

Env isolates that are capable of binding to bNAb germline precursors (66, 162, 321). Itis of
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primary interest to understand the structural basis for the poor recognition of Env immunogens
by predicted bNAb germline precursors.

Here we tested the hypothesis that antibody paratope stability changes over the course
of affinity maturation. Specifically, we hypothesized that predicted germline and early bNAb
precursor antibodies would be more dynamic than mature bNAbs because flexibility has been
associated with binding promiscuity. To maximize the likelihood that a germline B cell receptor
would be able to recognize the nearly infinite set of possible foreign antigens, it would be
favorable to possess some degree of binding promiscuity. We examined how local
conformational dynamics may modify binding affinity and specificity (or lack thereof) in
germline/early, intermediate and mature broadly neutralizing antibodies that target distinct
epitopes on HIV-1 Env.

These hypotheses are based on previous reports, which observed that affinity
maturation contributes to rigidification of the antibody paratope as the antibody becomes
specific for a given antigen (319, 322). The relative conformational flexibility of germline
antibodies is thought to permit expanded recognition of diverse antigens (170), although the
interactions are thought to be of lower affinity than those of mature antibodies. Recent
computational work demonstrated that germline antibodies likely do, in fact, exhibit non-specific
binding behavior (323). In most cases, the polyspecificity of germline antibodies is likely traded
for high affinity binding to a single epitope during B cell receptor maturation. In light of these
observations, the question arises: how does breadth develop in HIV-1 bNAbs? Do these
antibodies mature and rigidify to bind with high affinity to a very specific epitope that is
structurally-conserved among HIV-1 isolates? Or do they mature to become relatively flexible in
order to tolerate structural variability within their target epitope?

Hydrogen-deuterium exchange with mass spectrometry (HDX-MS) provides information
on the stability of protein secondary structures and the degree of solvent accessibility (197).

More dynamic, solvent-exposed regions take on deuterium rapidly, while structured, buried
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regions of a protein take on deuterium relatively slowly (270). To better understand the
conformational development of antibodies over the course of affinity maturation, we used HDX-
MS to measure the local dynamics of antigen binding fragments (Fab) derived from germline
and mature sequences for the bNAbs VRC03(182) and VRC26K, which was isolated from the
HIV-infected individual CAP256 (324, 325). For VRC26K, we also measured the local
conformational dynamics of an intermediate antibody sequence (VRC26D). Given the cross-
sectional nature of many studies, and the randomness associated with V(D)J recombination, it
is challenging to predict the “true” germline sequence for a mature antibody. The antibodies
studied here were specifically selected because there was sufficient data from deep sequencing
the donor B cell repertoires, to predict the germline and early/intermediate precursor sequences
with a high level of confidence (183).

By measuring changes in conformational dynamics for two distinct bNAb specificities —
CD4-binding site and V2-quaternary, for VRC03 and VRC26K, respectively — we hoped to
address whether there are distinct changes in flexibility that occur on the pathway to the
development of divergent broadly neutralizing antibody specificities. In addition, we hoped to
better understand the structural basis for the weak recognition of Envimmunogens by predicted
germline and early precursors of broadly neutralizing antibodies. We observed that paratope
stability does not increase monotonically throughout the course of affinity maturation. Rather,
changes in conformational dynamics occur in a site-dependent manner with some regions
becoming more dynamic in the mature antibody and others becoming more ordered.
Additionally, VRC26 samples both high and low levels of conformational flexibility on its path
toward optimal binding affinity and breadth. This work provides insight into biophysical
mechanisms by which the human immune system may tailor the affinity and specificity of

antibody binding to diverse foreign antigens.
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Materials and Methods

Antigen Binding Fragments (Fab):

All Fabs were generously provided by Jason Gorman, Gordon Joyce, Peter Kwong, and
John Mascola of the VRC, NIAID, NIH. Antibodies VRCO03 and VRC26K were isolated from
HIV-infected individuals with broad neutralizing activity by single-cell sorting techniques that
have been previously described (VRC26 details are in preparation for publication) (30).
Germline and early/intermediate precursor antibody sequences were predicted computationally
using deep sequencing data from donor B cell repertoires (183). Fab fragments were prepared

from full-length 19Gs expressed and purified as previously described (182).

Hydrogen-Deuterium Exchange with Mass Spectrometry (HDX-MS):

Prior to HDX-MS, all Fabs were buffer-exchanged into an identical phosphate buffered
saline solution (150 mM NaCl, 10 mM Phosphate, 1 mM EDTA, 0.02% Sodium Azide, pH 7.4).
Deuteration of intact Fabs was carried out in triplicate, exactly as described in Chapter 2, with
some minor modifications. Specifically, each exchange reaction was prepared with 7 uL of Fab
at 1 mg/mL, 5 uL of a 20X-concentrated PBS solution and 88 uL of D,O (Cambridge Isotopes).
Fabs were allowed to exchange at room temperature for 3 sec, 12 sec, 1 min, 5 min, 30 min, 4
hr, and 20 hr prior to addition of the quench solution (4M Urea, 500 mM TCEP, 0.1% TFA, pH
2.5) and pepsin digestion on ice using a 2:1 mass ratio of pepsin:Fab for 5 minutes prior to flash
freezing in liquid nitrogen. Pepsin fragments were resolved and analyzed as described in
chapter 2. Undeuterated, “zero” second, and fully-deuterated controls were prepared as
described previously (142). Exchanges for mature and germline/early/intermediate antibodies

were prepared and analyzed side-by-side.
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Data Analysis:

Rates of deuterium uptake for each observable peptide were analyzed in batch using
HD-Examiner (Sierra Analytics) in combination with HX-Extreme (Mike Guttman), a batch-
processing macro, which takes mass spectra from HD-Examiner and interfaces with HX-
Express 2 (David Weis and Mike Guttman) to identify mass envelope centroids at each
deuteration time point (326). Messy or overlapped mass spectral data was analyzed manually
in MassLynx software (Waters) and centroids were calculated in HX-Express 2. Percent
deuteration values were calculated using Equation 2.1. Heatmaps were prepared using PyMol

Molecular Visualization Software (286).

Results

Conformational Dynamics in Germline and Mature VRCO03:

Antibody dynamics has been shown to modify the affinity and specificity of antibodies in
model systems (322). Here we tested the hypothesis that conformational dynamics plays a role
in shaping antibody affinity and specificity in the context of the HIV-1 specific CD4-binding site-
directed broadly neutralizing antibody, VRC03. We monitored changes in the conformational
stability of VRCO3 over the course of affinity maturation by comparing the local flexibility of Fabs
derived from the predicted germline and mature VRCO03 sequences using HDX-MS.

We observed peptic fragments corresponding to ~80% of the primary sequence by
MS/MS for both germline (Appendix C, Figure C.S1) and mature (Appendix C, Figure C.S2)
VRCO03 Fabs. Amino acid changes in the variable domains led to distinct digestion patterns for
germline and mature Fabs, which, in some cases complicated a direct comparison of the
conformational dynamics in that region. However, there were 13 peptides that were similar
between the germline and mature VRCO03 sequences, and these could be used to compare
differences in local conformational dynamics for 40% of the residues in the VRCO03 heavy chain

and 56% of the residues in the VRCO3 light chain (Figure 3.1). There was only one peptide in
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the VRCO3 heavy chain variable domain (V) and three peptides in the light chain variable
domain (V\) that could be compared between germline and mature sequences. The remaining
nine peptides provided good coverage in the Fab constant regions for both heavy (C41) and

light chains (Cy).

VRC03 Heavy Chain:

gL QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVROAPGOGLEWMGWINPNSGGTNY
m QVQLVQSGAVIKTPGSSVKISCRASGYNFRDYSIHWVRLIPDKGFEWIGWIKPLWGAVSY

khkkhhkhkdk ok Fdkokkhghkkohhhk * ok gkkkk * sk egkkghkkk gk *,..*
Fw1 FW2 —CDR2—=>

gL AQKFQGRVTMTRDTSIS—-————-— TAYMELSRLRSDDTAVYYCARRGSCDYCGDFPWQYW
m ARQLQGRVSMTRQLSQDPDDPDWGVAYMEFSGLTPADTAEYFCVRRGSCDYCGDFPWQYW
Kggakkkkgkhky * Jkkkkgk k| kkk kg kkkkkkkkkkkkkkkk
FW3 CDR3 >

gL GQGTVVVVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGV

m GQGTVVVVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGV

kkhkkhkhhkhkhkhhhkhhhhhkhhhhhhhhhhhhdhhhhhhdhhdrrdrhdrhdrhdrhrdrhdx

C,I >
gL HTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSC
m HTFPAVLQSSGLYSLSSVVTVPSSSLGTOTYICNVNHKPSNTKVDKKVEPKSC
LR R R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES]

VRC03 Light Chain:

gL EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIP

m EIVLTQSPGILSLSPGETATLFCKASQ--GGNAMTWYQKRRGQVPRLLIYDTSRRASGVP
Khkkkkkkhkk Khhkhkhkhkkk khkk kokkk . sakkkgs kk_ kkkkkk gk Kkkgkgk

FW1 FW2 CDR2 >

gL DRFSGSGSGTDFTLTISRLEPEDFAVYYCQQFEFFGLGSELEVHRTVAAPSVFIFPPSDE

m DRFVGSGSGTDFFLTINKLDREDFAVYYCQQFEFFGLGSELEVHRTVAAPSVFIFPPSDE
hokk ckkkkkkkk hkk  gkg hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk*

FW3 CDR3 =— >

gL OLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSK

m OQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQODSKDSTYSLSSTLTLSK
ek e e e e e e ke e ke ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok sk ok sk ok sk ok sk ks ko k ok k ok ok ok k ok ok ok ok ok ok ok ok ok ko k ok ok

C >
gL ADYEKHKVYACEVTHQGLSSPVTKSFNRGEC Missing Residues
m ADYEKHKVYACEVTHQGLSSPVTKSFNRGEC Comparable Residues

khkkkkhhkhkkhkhhkkhhhkhkdhhhhhhkhhhhhhhhhhkx

Figure 3.1. VRC03 Fab Residues Comparable by HDX-MS. A clustal-W alignment of the
VRCO03 germline and mature Fab sequences is shown for the heavy and light chains. The
framework and complementarity determining regions of the VH and VL domains as well as
the CH and CL domains are indicated below the alignment. Residues comparable by HDX-
MS are indicated in blue, residues that can’t be compared due to missing or dissimilar
peptide fragments are indicated in black text.

105



A VRCO3 germline VRCO3 mature B  VRCO3 Difference
(germline - mature)

Bl Missing Coverage I Missing Coverage
[ - m
0% 20% 40% 60% 80% 100% -15% 0% +15%

C | —e—VRCO3 germline —e—VRCO03 maturel
- 100 (DVRL...GAVSY @ LIY..TDF @) FLT...EDF (@) FEFFGLGSEL
2 80
©
g 10 /
< 20
0

1 10 10210%10410° 1 10 10%210%10410° 1 10 10%210°10410° 1 10 10210%10%10°
Time (Sec)

Figure 3.2. Germline and Mature VRC03 Deuteration Profiles. (A) Deuteration heatmaps:
Colors mapped onto the VRCO03 Fab structure (PDB 3SES8) indicate percent deuteration of
peptides after 5 minutes of incubation in D,O as shown in the legend. Gray indicates missing
peptide coverage. The green surface displayed for VRCO03 germline indicates the position of
gp120 relative to the Fab variable loops in the mature VRC03-gp120 co-crystal structure. (B)
Difference heatmaps: colors mapped onto the VRCO03 Fab structure indicate the difference in
deuterium uptake between VRCO03 germline and mature after 5 minutes of incubation in
D20. Red colors indicate regions that are more deuterated in germline VRCO03, blue colors
are less deuterated; white indicates similar deuterium uptake, and gray is missing coverage.
(C) Deuterium uptake plots show the percent deuteration vs time for comparable variable
domain peptides. Blue lines: VRCO03 germline, Yellow lines: VRCO03 mature.

A comparison of heatmaps indicating percent deuteration of peptides throughout the
VRCO03 Fab revealed that the local stability of germline VRCO03 was qualitatively similar to
mature VRCO3 (Figure 3.2A). The Vy peptide that could be compared in germline and mature
VRCO03 provided coverage of residues in the second framework region (FW2) and the second

complementarity-determining region (CDRH2). These residues appeared to be similarly stable
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in germline and mature VRCO03 (Figure 3.2B and 3.2C). In contrast, there were measurable
differences in deuterium uptake for the three V| peptides, and these differences varied in a site-
specific manner. While the two peptides that provided coverage of residues in the CDRL2 and
CDRL3 loops were more rapidly deuterated in germline VRCO03, a peptide from the light chain
FW3 took on deuterium more slowly in the germline Fab (Figure 3.2B and 3.2C). Constant
region peptides were deuterated at identical rates in germline and mature VRCO03 (Figure 3.2B).
Overall this data suggests that conformational differences between germline and mature
VRCO03 are confined to the antibody variable domains. There were measurable differences in
the dynamics of the VRCO03 V| domain, which supported a trend of increased CDR loop
flexibility in the germline antibody. However, the germline Fab was not uniformly more dynamic,
as a peptide from the light chain FW3 region was more stable in germline VRC03. These
differences in stability were largely distal to the gp120 contact site. While it is possible that
differences exist in the V4 domain as well, we were unable to detect these differences due to

poor peptide coverage and differences in pepsin cleavage in this region.

Conformational Evolution of VRC26:

It is possible that the VH1-2*02 gene segment from which VRCO03 is derived exhibits
unique stability characteristics. Therefore, we explored conformational changes over the course
of affinity maturation for a distinct antibody specificity descended from a distinct Vy gene
segment. VRC26 is descended from V gene segment VH30-3*02, and targets a V2-quaternary
epitope similar to PG9 and thus presents an opportunity to test the generalizability of changes in
stability over the course of affinity maturation in a distinct antibody system. Additionally,
because we have a more detailed understanding of the VRC26 developmental pathway, we
have the opportunity to measure the flexibility of intermediates along the pathway to the mature
bNAb. This allows us to test the hypothesis that a paratope becomes continually more stable as

an antibody becomes increasingly specific for a foreign antigen. If this were true, we would
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VRC26 - Heavy Chain
M EVQVVESGGGVVQPGRSLRLSCTASGFTFSNFAMGWVROAPGKGLEWVAFISSDGSNKNY

D EVQLVE LRLSCAASRFSFNRYGMHWVRQAPGKGLEWVAAISYDGTDKYH
K OQAILVE LRLSCAASQFTFSGHGLHWVRQAPGKGLEWVASISFAGTKMDY
s, shkkkkkkkkkkgkhhkhkkgkhkh kek, 3 Kkkkkkkkkkkkkk *kk kg .
FW1 — FW2 —CDR2—=>
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K ADSVKGRFAISRDNSKNTLYLQMNSLR LYYCAKDMREYECEYWTSDYYDFGRPQP
.*‘* ***:*********::*******.***********: H s . * ::***:. *
FW3 CDR3 =—>
M WGQGTMVTVSPASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEP
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* :.* * % **********.************************************

. .
>
>

M VTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK
D VTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK

K VTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK
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C,1 >
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VRC26 — Light Chain
M QSVLTQPPSVSAAPGQKVTISCSGSSSTIGNNYVSWYRLLPGTAPKLLIYKNDNRPSGIP

D QSVLTQPPSVSAAPGQKVTISCSGSSSNIGNNFVSWYQ IYENNKRPSETP
K QSVLTQPPSVSAAPGQKVTISCSGSSSNIGDNYVSWYQ LIYENTRRPSGIP
dhkhhkhdhkhhhhhhdhhhhdhhdhdhdd *hkghohhhd, khkkkkkghkkok _kk%k *
FW] ——— FW2 CDRY ——>

M DRFSGSKSGTSATLGISGLOTGDEADYYCGTWDTSLSG
DRFSGSKSGTSATLAITGLOTADEAEYYCATWSASLSS
K DRFSGSKSGTSATLAITGLOTGDEADYYCGTWDVRPNRGAVFGTGTKVTVLGQPKANPTV

Hokkkkkkhhkhhkk Kgkkkk Kkkghkk k% Kkkkkk g ghkkkkhkkkhkk
3
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FW3 — CDR3 >
M QANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAAS
D QANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAAS
K TLFPPSSEELQANKATLVCLISDFYPGAVITVAWKADSSPVKAGVETTTPSKOSNNKYAAS
IR E RS S SR SRR LRSS SR SRR SR SRR SRR RS SR SR EEEE R SRR EEEEEEREEEEEEEEEESS
C >
M SYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS Missing Residues
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Figure 3.3. VRC26 Fab Residues Comparable by HDX-MS. A clustal-W alignment of the
VRC26 early (M), intermediate (D), and mature (K) Fab sequences is shown for the heavy
and light chains. The framework and complementarity determining regions of the VH and VL
domains as well as the CH and CL domains are indicated below the alignment. Residues
comparable among all three fabs by HDX-MS are indicated in blue, residues that can be
compared between two fabs are indicated in red, orange or yellow text, and residues that
can’t be compared due to missing or dissimilar peptide fragments are indicated in black text.

108



expect the intermediate Fab to demonstrate an intermediate level of stability relative to the early
and mature antibody sequences.

Here, we compared the conformational dynamics of early, intermediate, and mature
versions of the antibody VRC26: VRC26M, VRC26D, and VRC26K, respectively. Pepsin
digestion produced fragments corresponding to nearly 100% coverage of the antibodies’
primary sequences (Appendix C, Figures C.S3-C.S5). Of these peptides, 16 were comparable
between at least two Fabs, and 15 were comparable among all three Fabs — two in the VH
domain, four in the VL domain, and the remainder in the constant region. We were able to
compare the dynamics of residues corresponding to 83% of the heavy chain and 90% of the
light chain sequence across at least two Fabs. However, only 60% of the heavy chain and 71%
of the light chain sequence could be compared across all three Fabs, with the majority of these
comparable residues occurring in the constant regions (Figure 3.3).

There were notable changes in post-translational modifications that were observed over
the course of VRC26 somatic hypermutation. For example, VRC26M and VRC26D possess a
DYYD sulfation motif in the CDRH3, but this motif is mutated to EYYD in VRC26K. We
observed sulfotyrosine residues in MS/MS of VRC26M and VRC26D, but not for VRC26K.
Similarly, there is an additional disulfide bond that is acquired over the course of somatic
hypermutation within the CDRH3, which is present in VRC26D and VRC26K, but absent in
VRC26M. Differences in sulfation had little impact on peptide dynamics (not shown).
Differences in pepsin cleavage between VRC26M, D, and K prevented a direct comparison of
peptide dynamics in the absence (VRC26M) and presence (VRC26D and K) of the additional
disulfide bond.

Heatmaps indicating percent deuteration of peptides throughout the early, intermediate,
and mature VRC26 revealed similar patterns of local stability throughout affinity maturation
(Figure 3.4A). There were many similarities between VRCO03 and VRC26, with regard to

changes in conformational dynamics throughout affinity maturation. First, all of the measurable
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Figure 3.4. VRC26 Fab Deuteration Profiles. (A) Deuteration heatmaps: Colors mapped onto the
VRC26-like Fab, PG9 structure (PDB 3U4E), indicate % deuteration of peptides after 5 minutes of
incubation in D,O. Gray indicates missing peptide coverage. (B) Difference heatmaps: colors mapped
onto the PG9 Fab structure indicate the difference in deuterium uptake between early and mature (M-
K, left), intermediate and mature (D-K, middle), and mature vs mature (K-K, right) after 5 minutes of
incubation in D,O. Red colors: more deuterated in the early/intermediate Fab relative to the mature
Fab, blue colors: less deuterated in the early/intermediate Fab relative to the mature Fab; white:
similar deuterium uptake, and gray: missing coverage. (C) Deuterium uptake plots show the %
deuteration vs time for comparable variable domain peptides. Red lines: VRC26M (early), Purple
lines: VRC26D (intermediate). and Blue lines: VRC26K (mature).
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conformational differences between early, intermediate, and mature VRC26 Fabs were confined
to the variable domains. Peptides from the constant regions were deuterated identically in all
three Fabs (Figure 3.4B and 3.4C). In contrast, many - though not all - VH and VL peptides
demonstrated substantial differences in deuterium uptake among the Fabs for which data was
available. Second, as in VRCO03, differences in conformational dynamics between early,
intermediate, and late VRC26 appeared to vary in a site-specific manner. Some peptides
demonstrated greater flexibility in the early Fab than in the mature, while others were more
stable in the early Fab than in the mature VRC26K (Figure 3.4B and 3.4C).

Analyzing the intermediate VRC26D Fab conformational dynamics provided a unique
opportunity to see whether changes in peptide flexibility from the early VRC26M to the mature
VRC26K followed a monotonic path from flexible to stable. Contrary to expectations, many
comparable peptides from Vy, were observed to progress from being dynamic in VRC26M to
stable in VRC26D to an intermediate stability in VRC26K (Peptides 2, 3, 4, 5, 7, and 9 in Figure
3.4B and 3.4C). However, a few peptides from V_appeared to follow a different path in which
the early and intermediate VRC26 showed high flexibility, and the mature VRC26K was
substantially more stable (Peptide 8 in Figure 3.4B and 3.4C). Thus, as with the overall spatial
trends of stabilization/destabilization observed from early to late VRC26, it seems that the
conformational path to the mature Fab varies in a site-specific manner as well. However, there
is a predominant trend from high, to low, to intermediate stability over the course of affinity
maturation, which suggests that the antibody samples different levels of stability in order to

identify an optimal level that facilitates efficient recognition of diverse foreign antigens.

Discussion
Here we attempted to address the question of whether Fab conformational dynamics
evolves over the course of affinity maturation, in order to understand the role paratope flexibility

may play in defining the affinity and specificity with which an antibody recognizes a foreign
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antigen. To this end, we measured changes in the local stability of two distinct HIV-1 bNAb
specificities over the course of affinity maturation. Our results suggest that the evolution of
paratope stability does not occur in a uniform, unidirectional fashion, but rather appears to occur
in a site-specific manner along a non-linear path in which paratope stability is optimized to
maximize antigen recognition.

For both VRCO03 and VRC26, a majority of comparable peptides were similarly or more
dynamic in the germline/early Fab than in the mature Fab. There were a limited number of
variable domain peptides that could be compared in VRCO03 (n=4), so it is possible that with
increased peptide coverage, this trend would change. However, of the 23 variable domain
peptides in VRC26 that were comparable between the early VRC26M and a later Fab, 14 of
them were similarly dynamic, and 5 were distinctly more dynamic in VRC26M. There were
critical gaps in the data within the CDRH3 that prevented a comparison of VRC26M to other
Fabs. Additionally, differences in peptide amino acid sequences could conceivably contribute to
observed differences in rates of deuterium uptake. Therefore, it will be valuable to explicitly test
the impact of amino acid sequence on the intrinsic rates of HDX, by comparing the observed
rates to theoretical rates of deuterium uptake for each peptide sequence. Overall, these data
support previous observations from model systems that early/germline antibodies are relatively
dynamic as compared to their mature descendants (322). As in other protein-ligand systems,
the increased flexibility of early/germline antibodies may favor increased polyreactivity (327),
which been proposed for germline antibodies based on in silico analyses (323). However, it has
yet to be explicitly demonstrated that predicted germline bNAb precursors are more
promiscuous binders than mature bNADbs. In light of our work, if flexibility is associated with
polyreactivity, we would expect the predicted germline/early sequences of VRC03 and VRC26
to be more polyreactive than the mature antibody sequences.

The results from VRC26, for which we were able to measure the stability of an

intermediate Fab, suggest that there may be an increase in conformational dynamics for many
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Fab peptides in the mature antibody relative to the intermediate VRC26D. We currently do not
know when VRC26 developed its broadly neutralizing activity or whether the increase in
flexibility between VRC26D and VRC26K correlated with a change from isolate-specific to broad
neutralization activity. Previous work from Klein et al. identified a destabilizing A61P mutation in
the framework region of bNAb 3BNC60, which disrupted a beta sheet and decreased the
melting temperature of the Fab but increased the breadth and potency of 3BBNC60 neutralization
(163). Thus, it is possible that bNAbs may be uniquely dynamic relative to other mature
antibody specificities, and that the increased flexibility of bNAbs contributes to their breadth of
antigen binding. It will be valuable in future work to study the changes in antibody flexibility
during the transition from isolate-specific to broadly-neutralizing activity. It would also be
informative to explore differences in stabilization associated with antigen binding over the
course of affinity maturation.

Overall, this work supports previous observations that germline/early antibodies are
more conformationally dynamic than mature antibodies. It remains unclear whether this
flexibility contributes to germline BCR polyreactivity or whether increased flexibility and/or
polyreactivity is inversely associated with affinity for Env immunogens. The identification of a
successful antibody-based vaccine against HIV-1 will require potent stimulation of germline B
cells for subsequent affinity maturation into broadly neutralizing antibody specificities. This work
provides an understanding of changes in antibody stability over the course of affinity maturation,
and the biophysical factors that should be considered in rationally designing an optimal vaccine

to stimulate the development of broadly neutralizing antibodies from germline precursor B cells.
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Chapter 4

Discussion and Conclusions

The design of an effective antibody-based vaccine will depend on the identification of
immunogens that can bind BCR with high affinity and stimulate the development of long lived
plasma cells and memory B cells expressing antibodies with broad neutralizing activity. In the
work presented here, | have attempted to understand the molecular factors that hinder and
enhance antibody binding to soluble Env immunogens. In chapter 1, | tested the impact of
glycosylation, cleavage of gp160 into gp120 and gp41, and oligomerization state on soluble
gp140 Env immunogen recognition by the newly discovered broadly neutralizing antibodies PG9
and PG16. More recently, | tested the role that gp120 (chapter 2) and antibody (chapter 3)
conformational dynamics may play in modifying Env — antibody interactions. In the context of
recent work from other groups, these findings suggest novel avenues for future research, which
will ideally inform the design of enhanced immunogens to better guide B cell development

toward desired bNAb specificities.

The Glycan-Dependent Quaternary Epitope Recognized by mAbs PG9 and PG16:

Our understanding of the epitope recognized by the antibodies PG9 and PG16 has
improved dramatically in recent years. The results in chapter 1 revealed that the epitope
targeted by PG9 is efficiently presented in the context of monomeric gp140 proteins, while
PG16 exhibited greater specificity for the native Env trimer. The results for PG9 suggested that
the antibodies do not absolutely require that the epitope be presented by the native trimer,

although they may recognize it preferentially in that context. Indeed, subsequent x-ray
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crystallography studies identified minimal scaffold proteins containing glycosylated V1/V2 loops
that are capable of binding efficiently to PG9 and PG16 (132, 328). This work revealed intimate
contacts between the long CDR3 loop of PG9 with a conserved beta sheet structure and
glycans in the V2 loop. Both PG9 and PG16 make contact with a Man5GIcNAc2 glycan at
position N160, but the antibodies differ in their recognition of a second glycan: PG9 appears to
preferentially bind a high mannose glycan at position N156, whereas PG16 preferentially
recognizes a complex-type, sialylated glycan at position N173 (132, 328). The N156 and N173
glycans are described as “spatially equivalent” because although they occur at different
positions in the primary sequence, the glycans occupy similar positions in the three dimensional
structure, which satisfy similar requirements for PG9 and PG16 binding. Although PG9 may be
capable of recognizing complex-type glycans in the N156/N173 position as well, mutations in
the PG16 light chain appear to favor efficient recognition of sialylated glycans (132). From
these data and the data in chapter 1, it seems that certain Env isolates are naturally capable of
binding to PG9 and PG16 with high affinity, even as gp120 or minimal scaffold proteins.
Additionally, recent structural work provides insight into the mechanism by which PG9
and PG16 achieve broad neutralization in spite of their recognition of the highly variable V2
loop. Breadth of neutralization appears to be accomplished by targeting a conserved glycan-
peptide-glycan epitope, in which glycan structures are limited to a relatively small number of
possible patterns as defined by host-cell glycosylation machinery, and where peptide
interactions are mediated by many sequence-independent contacts involving backbone
hydrogen bonds between the PG9/PG16 CDRH3 and a structurally-conserved beta sheet in V2
(132, 328). Recent work indicates that the V2 epitope targeted by PG9/PG16 is likely to be
structurally heterogenous (66). This suggests that the beta-sheet conformation observed in
crystal structures may be induced by PG9/PG16 binding. However, it is also possible that the
V1/V2 loops may be stabilized in a beta-sheet structure, similar to that observed in the V1/V2

scaffolds, by quaternary contacts in the context of the native trimer. Trimer-dependent

115



stabilization of V1/V2 secondary structure may contribute to the quaternary “preference” of PG9
and PG16. Furthermore, the structural variability of the V2 loop may explain why certain
isolates are naturally well-suited to interaction with PG9/PG16 even in the context of gp120
proteins, as these isolates may possess inherently stable V2 beta-sheet structures.

An alternative or complementary explanation for the “quaternary preference” of PG9 and
PG16 is that the antibodies recognize an epitope that is made up of more than Env subunit.
Data presented in chapter 1 and the initial description of PG9 and PG16 suggested that this was
an unlikely explanation, however recent work suggests that these observations were likely
based on experimental artifacts. For example, monomeric gp140 proteins bound to PG9/PG16
even better than trimeric gp140s in chapter 1, but these trimeric gp140 constructs were recently
shown to be disulfide-linked oligomers, rather than trimers (141). Nevertheless, the PG9/PG16
epitope was sufficiently presented within monomeric gp140 proteins to be efficiently bound by
PG9 and PG16. Similarly, in the initial description of PG9 and PG16, the authors used a mixed
trimer experiment in which they transfected cells with different ratios of wild-type gp160 and a
gp160 N160A mutant that could not bind PG9/PG16 (30). It is important to note that this
assumes that that the quaternary preference of these antibodies is due to bivalent recognition of
two independent, identical epitopes involving N160. These mixed-trimer experiments could not
address the increasingly likely model that PG9/PG16 bind in a monovalent fashion to the N160
glycan from one protomer and other non-N160 elements from an adjacent protomer. Indeed,
data from chapter 1 demonstrated that the quaternary preference of PG9/PG16 was unlikely to
be explained by bivalent antibody binding to two separate protomers.

The hypothesis that PG9 and PG16 recognize a complex epitope composed of elements
from at least two adjacent subunits is supported by recent electron microscopy and small-angle
x-ray scattering experiments. This work showed that PG9 binds to the crown of soluble trimeric
Env constructs, with one F(ab) molecule bound at the three-fold axis of each trimer (198, 329).

These low-resolution structural experiments do not definitively demonstrate interactions
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between PG9 and elements from multiple protomers, but such interactions are very likely given
that the variable loops from the three protomers are thought to converge within crown of the Env
trimer (19). And while a single protomer may achieve many of the contacts required for
successful binding of PG9/PG16, as has been demonstrated by multiple, independent studies
(132, 133, 328, 330), including this one, it seems likely that additional contacts are satisfied in
the context of the trimer that make PG9/PG16 binding even more efficient. The molecular
explanation for the quaternary epitope preference of PG9/PG16 is not fully resolved and the
specific details of this interaction may, in fact, vary among isolates. The work presented in
chapter 1 and recently published data have helped to clarify the nature of the PG9/PG16
epitope, which has provided valuable insight into mechanisms of broad neutralization, molecular

features of the “native” Env trimer, and desirable features of future Env immunogens.

The Authenticity of gp140 Trimers:

The existence of PG9/PG16 - antibodies that are capable of neutralizing diverse HIV-1
Env isolates, but which bind poorly to most soluble Env trimers - provides important evidence
that most soluble Env immunogens do not accurately recapitulate the structure of the native,
virion-associated Env trimer. Importantly, PG9-like antibodies with distinct specificities have now
been isolated from a number of donors (29, 30, 154, 324). The existence of multiple quaternary
antibody specificities from a number of individuals suggests that the quaternary epitope is
frequently immunogenic and a relevant target for vaccine design.

In chapter 1, | observed that PG9 and PG16 bound well to uncleaved monomeric gp140
proteins but bound relatively poorly to oligomeric gp140. This was an unexpected finding in light
of the reported quaternary preference of PG9/PG16. As discussed above, recent work has
provided a possible explanation for the poor reactivity of PG9/PG16 with oligomeric gp140.
Using SAXS and dynamic and static light scattering (DLS and SLS) Guttman et al. observed

that many oligomeric gp140 proteins that are commonly assumed to be trimeric (including the

117



gp140 constructs used in chapter 1) are likely to be dimeric (141). Notably, these gp140
oligomers resembled aberrant, disulfide linked gp120 dimers as measured by HDX-MS (141).
Work from other groups has shown that the gp120 dimer interface likely involves the gp120
N/C-termini and the V2 loop (139). Thus, given the similarities observed between gp120 dimers
and gp140 oligomers, it is likely that the gp140 oligomers that were assumed to be trimeric,
were likely to be dimeric, and that the PG9/PG16 epitope within the V2 loop may have been
poorly accessible within the dimer interface. It is understandable, then, that PG9 would bind
poorly to oligomeric gp140 constructs relative to monomeric gp140 proteins.

Recent work surrounding PG9 and PG16 has also provided insight into questions
surrounding the “true” glycosylation pattern of HIV-1 Env. It has been proposed that our lack of
success in designing an effective antibody-based HIV-1 vaccine is due, in part, to the fact that
Env immunogens may not accurately reproduce the “true” glycosylation pattern observed on
HIV-1 Env (131, 133, 134, 331). Earlier reports suggested that native Env trimers on the
surface of infectious virions possessed high-mannose glycans exclusively (131). However,
given the preference of PG16 for complex-type glycans observed by crystallography (132), it
appears that an antibody elicited over the course of a natural infection matured to efficiently
target sialylated glycans on Env. This suggests that although the majority of glycans on native
Env may be high-mannose, at least a few critical residues are processed into complex-type
sugars.

PG9 and PG16 have demonstrated themselves to be valuable reagents for testing the
authenticity of Env immunogens (198). However, equating PG9/PG16 binding with the
presence of a native Env trimer is certainly flawed, given that we and others have observed
efficient PG9/PG16 binding to non-native and non-trimeric constructs (132, 328, 330).
Quaternary-epitope “specific” antibody binding studies will facilitate the identification of improved
gp140 Env immunogens, however PG9 is not sufficiently specific for the native trimer to make it

a definitive test of the native-like structure. Other V2-directed antibodies appear to be truly
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specific for the native Env trimer (for example, mAb 2909) and may be useful reagents for
characterizing candidate Env immunogens (29). In future work, it will be valuable to understand
differences and similarities in the detailed epitopes recognized by 2909-like antibodies and
PG9/PG16, as this will clarify the nature of the quaternary epitope. In combination with
biophysical techniques to characterize gp140 trimer shape, size, stability, and structure, 2909-
and PG9-like antibodies will facilitate the identification of soluble, trimeric Env immunogens that

effectively recapitulate the structure and antigenicity of the native Env trimer.

Conformational Stability in Imnmunogen Design:

Two biophysical techniques have proven to be valuable for studying unmodified gp120
and gp140 proteins: HDX-MS and SAXS. These techniques were used in chapter 2 to identify
conformational differences among diverse gp120 proteins that may modify gp120-antibody
interactions. The differences in stability and antigenicity observed in chapter 2 were largely
confined to the gp120 inner domain. Recent work has shown that this region is stabilized in the
context of gp140 monomers, likely due to interactions with gp41 (141). In light of this, it is
possible that isolate-specific inner domain conformational differences would be less dramatic in
the context of gp140 trimers, due to stabilization at the gp120-gp41 interface. Conversely,
interactions between variable loops are likely to be critical in proper trimer formation (33, 192).
Whereas the variable loops were highly dynamic in the context of gp120, becoming saturated
with deuterium at the earliest time point, it is that the loops will be more structured in the context
of the gp140 trimer. This may allow subtle differences in variable loop structure to be measured
in gp140 trimers that could not be observed in the context of monomeric gp120. In order to
address whether changes in conformational dynamics mediate viral escape from neutralizing
antibody specificities, it will be critical to extend our studies to diverse trimeric Env constructs in

future work.
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A number of previous studies have attempted to understand the relationship between
flexibility and antigenicity (309, 332, 333). In general, flexible regions of a protein are observed
to be more antigenic; however, the association is confounded because surface-exposed loops,
which are accessible to antibody binding, are often more dynamic than stable peptide segments
within the protein core, which would be poorly accessible and poorly antigenic. In addition, most
previous work has focused on the antigenicity of differentially-stabilized linear epitopes. The
results presented in chapter 2 suggest that dynamics may have a larger impact on antibody
binding to conformational epitopes than to linear epitopes. The role of conformational dynamics
in modifying protein immunogenicity has only begun to be examined (334), likely due to the
dearth of techniques to easily measure this aspect of protein structure. The role of stability in
Env immunogenicity was previously tested using cavity-filled, disulfide-stabilized gp120 core
proteins by Dey and colleagues, who observed that stabilized core constructs elicited better
antibody responses to the co-receptor binding site (314). Because most HIV-1 bNAbs target
conformational epitopes on gp120, it is of exceptional relevance to better understand the
relationship between structural dynamics and the immunogenicity of conformational epitopes.

The 1157ip gp120 described in chapter 2 may prove to be a valuable reagent to further
test the role of dynamics in modifying immunogenicity. In chapter 2, we identified 1157ip as a
uniquely dynamic gp120 protein, and we observed that it was poorly recognized by antibodies
targeting conformational epitopes. However, it is well established that antigenicity does not
predict immunogenicity, and it remains to be determined if the 1157ip gp120 has a distinct
immunogenic profile relative to more stable gp120 proteins. In future work, it will be informative
to identify the residues responsible for the relative disorder of 1157ip. This would make it
possible to compare the immunogenicity of the wild-type and stabilized 1157ip gp120 proteins. |
would hypothesize that the stabilized 1157ip gp120 would elicit better antibody responses to
conformational epitopes in the gp120 inner domain. The wild-type and stabilized 1157ip gp120

proteins would also make it possible to test whether disorder influences the ability of ADCC-
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active antibodies to activate cell-killing. Additionally, these two reagents may be useful in
antibody depletion experiments to screen for inner-domain specific, conformation-dependent
antibodies similar to A32 in plasma from infected individuals, in a manner analogous to the
D368R mutant that has facilitated the identification of individuals with CD4-binding site-directed
antibodies (335). Differentially-stabilized gp120s with minimal sequence differences would be
valuable reagents for answering a number of important questions in HIV-1 vaccine design, and
the identification of 1157ip gp120 as being uniquely disordered in solution provides a critical

starting point to begin developing such reagents.

Dynamics and Evolvability of HIV-1 Env:

Protein stability has been linked with increased evolvability — increased potential for
evolution — as a result of an increased tolerance for destabilizing mutations on the evolutionary
path towards new protein sequences, specificities, or functions (336-338). Because rapid
evolution is a central component of the immune evasion strategy of HIV-1 Env, understanding
the factors that facilitate diversification may provide insight into the limitations of this process
and potential targets for intervention. In future work, it would be valuable to study the
conformational stability of native, virion-associated Env constructs, using HDX-MS, for example,
to test the role of stability in facilitating Env evolution. Other techniques, such as single-molecule
fluorescence resonance energy transfer, with site-specific labeling, may also provide useful
information about frequency of conformational fluctuations in the quaternary structure of the Env
trimer as a separate measure of trimer stability (339).

There is a critical difference between the evolvability of Env and the evolvability of other
proteins from previous studies: Env evolution occurs in the presence of neutralizing antibodies.
In this context, protein stability may be unfavorable for protein evolvability, as it may facilitate
nAb binding and neutralization and would thus reduce Env fitness. An alternative technique by

which a protein may tolerate extensive mutagenesis is through disorder. Highly flexible,
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disordered loops can tolerate mutagenesis because the altered residues do not participate in
bonding networks that are critical for protein stability (340). Furthermore, in light of data from
chapter 2, dynamic regions may be poorly recognized by antibodies, which would be beneficial
for Env fitness and facilitate Env evolution in the unfriendly environment of a humoral immune
response. The numerous disulfide bonds in gp120 may also contribute to the Env evolvability —
providing a degree of baseline stability and maintaining a core structure, while allowing the
loops of gp120 to sample a wide variety of sequences and structures. Glycosylation provides
an alternative mechanism of immune evasion by limiting antibody access, and may also
contribute to the evolvability of HIV-1 Env. Thus it is unclear what molecular features — stability,
flexibility, disulfide bonding, glycosylation, etc. — contribute to the high degree of evolvability in
HIV-1 Env. Experimental evolution of differentially stabilized or differentially glycosylated Env
trimers is a rich avenue for future investigation, which may reveal targets for novel inhibitors to

limit the ease of HIV-1 escape from humoral immunity.

Protein Dynamics and Binding Specificity:

We observed in chapter 3 that antibody conformational dynamics changes throughout
affinity maturation. In light of previous work in other systems, which showed that protein stability
increases ligand binding specificity (327, 341), we hypothesized that germline antibodies would
be measurably more flexible than mature antibodies in order to maximize the likelihood of
binding to diverse foreign antigens. In contrast, we reasoned that mature antibodies may be
more structured, as they have “differentiated” and become optimized for binding to a specific
antigen (319, 322). However, the data suggests that it is not a linear path from a highly dynamic
germline antibody to a stable mature antibody. This may be due to the fact that the antibodies
studied in chapter 3 are broadly neutralizing antibodies, which have not been optimized for
binding to a single antigen, but a diverse array of circulating Env isolates. It raises the question

of whether broadly neutralizing antibodies such as VRC03 and VRC26 are exceptionally
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dynamic relative to other mature antibodies. To address this question, it would be informative to
measure the conformational dynamics of antibody intermediates on the pathway to the
development of bNAb specificity. One could compare an antibody intermediate with isolate
specific neutralizing activity to the mature bNAb to see whether the bNAb has increased its
promiscuity by acquiring mutations that increase flexibility. Alternatively, it may be informative
to compare the conformational flexibility of mature antibodies of differing breadth. To minimize
confounding sequence changes, this comparison would ideally be limited to antibodies derived
from the same germline gene segments. Understanding conformational features of both
germline and mature broadly neutralizing antibodies would be valuable to address basic
questions in immunology and biochemistry, and it would ideally facilitate the design of improved

immunogens to guide B cell development.

Future Directions for HIV-1 Vaccine Design:

There are currently many Env immunogens that have been designed to effectively
present bNAb epitopes and to bind to these antibodies with high affinity. Our work suggests
that there is some potential to improve upon these immunogens through addition of glycans,
screening and elimination of non-native soluble Env trimers, directed stabilization, among other
methods. However, these immunogens will be ineffective, unless they are designed to activate
the naive human immune system to develop a broadly neutralizing response. Such work as this
is currently underway by Peter Kwong and others, who have proposed using a sequential
immunization strategy, to mimic the viral evolution that may have guided the humoral immune
system towards the development of broadly neutralizing antibodies in an HIV-1 infected
individual (165, 321). Along these lines, other groups are designing immunogens to bind
germline BCR of broadly neutralizing antibodies (320, 342). We have dramatically improved our
understanding of factors governing macromolecular interactions and methods to rationally

manipulate these interactions (343). The next, most critical step, towards the development of an
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effective HIV-1 vaccine will be to learn how to tailor these macromolecular interactions to

effectively communicate with the human immune system.

Summary and Conclusions:

Overall, this work reveals the importance of subtle structural modifications in regulating
interactions between antibodies and soluble Env immunogens. The identification of these
modifications opens potential paths towards the design of enhanced Env immunogens and
provides insight into feasible methods of characterizing the authenticity of existing immunogens.
In particular, the observation that naturally-occurring differences in the stability of gp120
proteins may contribute to antigenic differences provides novel evidence that HIV-1 may use
conformational dynamics to evade humoral immunity. This work demonstrates the importance
of complementary studies of Env immunogen dynamics in addition to classical, high-resolution
techniques that provide static structural information. Ciritically, it suggests novel methods of
manipulating immunogen antigenicity, and perhaps immunogenicity, through targeted
stabilization or destabilization. The design of an effective HIV-1 vaccine will require a
coordinated effort from disparate scientific fields, and in the end, time will continue to prove that
we are indeed a global community, and the life of that first person infected with HIV-1 group M
will have been directly linked not only to those 70 million people who have since become
infected, but also to the global community of researchers and health workers who will be

required to successfully halt the HIV-1 pandemic.
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Appendix A:

Chapter 1 Supplementary Information

Table A.S1. SPR Experimental Details
Figure A.S1. Characterization of purified Env gp140 proteins
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Table A.S1. SPR methods for PG9, PG16 and 447-52D Fab binding to amine- coupled gp140.

Immobilization of gp140 (Ligand)

Fab (Analyte)

. Injecti | Dissoc Maximum
ap Conc Immobilized . on iation Observed
(ng/mL) Buffer Level (RU) Fab Concentration (nM) Time Time Response
(s) (s) (RU)
10 mM PG 1000, 500, 250, 125, 62.5, 31.2, 15.6 420 1200 45
Q168a2 10 sodium 1673 PG16 2000, 1000, 500, 250, 125, 62.5, 31.2, 420 420 28
monomer acetate, 15.6
PH 5.0 447-52D | 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 420 60
10 mM PG 1000, 500, 250, 125, 62.5, 31.2, 15.6 420 1200 37
Q168a2 10 | sodium 3270 PG16 2000, 1000, 500, 250, 125, 62.5 420 420 23
trimer acetate,
pH 5.5 447-52D | 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 420 350
10 mM PG 1000, 500, 250, 125, 62.5, 31.2, 15.6 420 1200 40
sodium
Q259d2.17 30 acetate, 1670 PG16 1000, 500, 250, 125, 62.5, 31.2, 15.6 300 420 9
monomer pH 4.7
447-52D | 1000, 500, 250, 125, 62.5, 31.2, 15.6 300 420 170
PG 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 1200 9
10 mM
Q259d2.17 10 sodium 3099 PG16 2000, 1000, 500, 250, 125, 62.5, 31.2, 420 420 5
trimer acetate, 15.6
pH 5.0
447-52D | 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 420 430
PG 1000, 500, 250, 125, 62.5, 31.2 420 420 23
10 mM
Q461e2 10 sodium 2588 PG16 2000 420 420 8
trimer acetate,
pH 5.0 447-52D | 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 420 240
10 mM PG 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 1200 5
Q769h5 sodium
monomer 20 acetate, 1342 PG16 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 600 2
PHS.0 447-52D | 500 420 1200 70
10 mM PG 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 1200 8
Q769h5 10 sodium 3078 PG16 2000, 1000, 500, 250, 125, 62.5, 31.2, 420 420 3
trimer acetate, 15.6
pH 5.0 447-52D | 1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8 420 420 205
SF162 10 mM PG 1000, 500, 250, 125, 62.5, 31.2 and 15.6 420 600 115
K160N 50 s°di“m 1707 PG16 1000, 500, 250, 125, 62.5, 31.2 and 15.6 300 300 68
monomer acetate,
pH 5.0 447-52D | ND
PG 1000, 500, 250, 125, 62.5, 31.2 and 15.6 420 600 100
SF162 10 mM
K160N 50 SOd;U;" 3132 PG16 1000, 500, 250, 125, 62.5, 31.2 and 15.6 300 300 60
trimer alczie5a0e,
prS. 447-52D | ND
10 mM PG 1000, 500, 250, 125, 62.5, 31.2 and 15.6 420 1200 1
SF162 30 | sodium 3166 PG16 1000, 500, 250, 125, 62.5, 31.2 and 15.6 300 420 1
trimer acetate, ! ! ’ » 04,9, 51.2an )
pH 5.0 447-52D | 1000, 500, 250, 125, 62.5, 31.2 and 15.6 300 420 870
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Figure A.S1. Characterization of purified Env gp140 proteins

(A) SDS PAGE
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Appendix B:

Chapter 2 Supplementary Information

Figure B.S1. SDS- and Native-PAGE analysis of purified gp120 proteins.

Figure B.S2. SAXS reconstruction, Kratky plot, and Porod-Debye analysis of SAXS data.
Figure B.S3. Pepsin digestion map for 1084i gp120.

Figure B.S4. Pepsin digestion map for 1157ip gp120.

Figure B.S5. Pepsin digestion map for HXB2 gp120.

Figure B.S6. Pepsin digestion map for SF162 gp120.

Figure B.S7. Sequence coverage of all peptides for every isolate.

Figure B.S8. Sequence coverage of peptides that are comparable across isolates.
Figure B.S9. Deuteration plots of all unique 1084i peptides (+/-) sCD4.

Figure B.S10. Deuteration plots of all unique 1157ip peptides (+/-) sCD4.

Figure B.S11. Deuteration plots of all unique HXB2 peptides (+/-) sCD4.

Figure B.S12. Deuteration plots of all unique SF162 peptides.

Figure B.S13. Heat map summary of HDX-MS data.

Figure B.S14. Deuteration plots for all comparable inner domain peptides (unliganded
gp120).

Figure B.S15. Deuteration plots for all comparable outer domain/variable loop/bridging
sheet peptides (unliganded gp120).

Figure B.S16. Heat map summary of sCD4-bound gp120 deuteration and difference maps.
Figure B.S17. Deuteration plots for all comparable inner domain peptides (sCD4-bound
gp120).

Figure B.S18. Deuteration plots for all comparable outer domain/variable loop/bridging
sheet peptides (sCD4-bound gp120)

Figure B.S19. Linear epitope-specific antibody peptide competition ELISA.

Figure B.S20. Linear epitope-specific antibody SPR binding curves.

Figure B.S21. Conformation-dependent antibody SPR binding curves.

Figure B.S22. N5i5 SPR binding curves +/- sCD4.

Figure B.S23. 17b SPR binding curves +/- sCD4.

Figure B.S24. sCD4-induced stabilization of peptides within 17b and N5i5 epitopes.
Table B.S1. Summary of SPR Experimental Details

Table B.S2. Chi? error of 1:1 binding vs. fixed dissociation rate (kd = 0 s™) fits to CD4i
antibody SPR data

Supporting Methods for Peptide Competition ELISA
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Figure B.S1. SDS- and Native-PAGE analysis of purified gp120 proteins. (A) SDS-PAGE
analysis of purified gp120 proteins. (B) Blue Native-PAGE analysis of purified monomeric
gp120.
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Figure B.S2. SAXS reconstruction, Kratky plot, and Porod-Debye analysis of SAXS data.
(A) DAMMIN reconstructions of the four full-length gp120 monomers (gray density) overlayed
with a space-filling model of the gp120 core (3JWD) (35) including the V3 loop from (2B4C)
(187) (blue spheres) (B) Kratky and (C) Porod-Debye analysis of SAXS data. Each isolate is
represented by a different color, as shown in the legend. The data are superimposable for all

for gp120s, indicating similar degrees of globular structure.
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10 20 30 40 50 60
TEKLWVTVYY GVPVWKEAKT TLFCASDAKA YEREVHNIWA THACVPTDPN PQELVLENVT
— et ————————————————————————— e s
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ENFNMWENDM VDQMHEDI IS LWDQSLKPCV KLTPLCVTLN CTDVKSANST SEDMRNCSFN

130 140 150 160 170 180
VITEIKDRKK LEQALFYRLD IVPLKNSSSS NFSEYRLINC NTSTVSQACP KVNFDPIPIH
190 200 210 220 230 240
YCAPAGYAIL KCNNKTFNGS GPCNNVSTVQ CTHGIKPVVS TQLLLNGSLA EEDIIIRSEN
250 260 270 280 290 300
LTNNVKTIIV HLKDYVEIVC TRPNNNTRKS MRIGPGQAFY ATGEIIGNIR EAHCNISGSK
310 320 330 340 350 360
WNNTLQRVKE KLGEHFPNNT TIDFKPEE:SFR CRGEFFYCNT SKLFNGTSES
370 380 390 400 410 420
NSTITLPCKI KOIINMWOGY GRAMYAPPIA GNITCKSNIT GLLLTRDGGN GNGTEIFRPG
=‘t

430 440
GGDMRDNWRS ELYKYKVVKI

450 460
EPLGIAPTKA KRRVVERGKR

Figure B.S3. Pepsin digestion map for 1084i gp120. The mature 1084i gp120 amino
sequence is indicated (with numbering based on mature 1084i). Inner domain elements are
underlined (thin black line), variable loops are indicated in yellow, bridging sheet elements
highlighted in cyan, and CD4 binding loop in red. Red text indicates sites of PNGS, blue text
indicates O-linked glycosylation site. Blue and red lines beneath the sequence indicate
peptides and glycopeptides, respectively, that are observable in HDX-MS analysis.
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70 80 90 100 110 120
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130 140 150 160 170 180
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250 260 270 280 290 300
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310 320 330 340 350 360
SKENWNKTLQ WVRGKLEEHF PNKTIVFK H SFNCRGEFFY CNTSKLFNGT
370 380 390 400 410 420

DNSTHMDTGN DTVITIPCRE KOIINMWOEV GRAMYAPPIE GNITCKSNIT GLLLVRDGGQ

430 440 450 460 470
DNSTNNTETF RPGGGDMRNN WRSELYKYKV VEIKPLGMAF TKAKRRVVER EKR

Figure B.S4. Pepsin digestion map for 1157ip gp120. The mature 1157ip gp120 amino
sequence is indicated (with numbering based on mature 1157ip). Inner domain elements are
underlined (thin black line), variable loops are indicated in yellow, bridging sheet elements
highlighted in cyan, and CD4 binding loop in red. Red text indicates sites of PNGS, blue text
indicates O-linked glycosylation site. Blue and red lines beneath the sequence indicate
peptides and glycopeptides, respectively, that are observable in HDX-MS analysis.
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10 20 30 40 50 60
TEKLWVTVYY GVPVWKEATT TLFCASDAKA YDTEVHNVWA THACVPTDPN PQEVVLVNVT
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70 80 90 100 110 120
ENFNMWKNDM VEQMHEDIIS LWDQSLKPCV KLTPLCVSLK CTDLKNDTNT NSSSGRMIME

130 140 150 160 170 180
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190 200 210 220 230 240
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= =

250 260 270 280 290 300
VIRSVNFTDN AKTIIVQLNT SVEINCTRPN NNTRKRIRIQ RGPGRAFVTI GKIGNMRQAH
310 320 330 340 350 360
CNISRAKWNN TLKQIASKLR EQFGNNKTIT FRONEEEEEN:sFNCGG EFFYCNSTQL
370 380 390 400 410 420
FNSTWFNSTW STEGSNNTEG SDTITLPCRI KQIINMWOKV GKAMYAPPIS GQIRCSSNIT
430 440 450 460 470 480
GLLLTRDGGN SNNESEIFRP GGGDMRDNWR SELYKYKVVK IEPLGVAPTK AKRRVVQREKR

Figure B.S5. Pepsin digestion map for HXB2 gp120. The mature HXB2 gp120 amino
sequence is indicated (with numbering based on mature HXB2). Inner domain elements are
underlined (thin black line), variable loops are indicated in yellow, bridging sheet elements
highlighted in cyan, and CD4 binding loop in red. Red text indicates sites of PNGS, blue text
indicates O-linked glycosylation site. Blue and red lines beneath the sequence indicate
peptides and glycopeptides, respectively, that are observable in HDX-MS analysis.
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ISGEKWNNTL KQIVTKLQAQ FGNKTIVFKO SSSDBEIME HSFNCGGEFF YCNSTQLFNS
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R -

430 440 450 460 470

KEISNTTEIF RPGGGDMRDN WRSELYKYKV VKIEPLGVAP TKAKRRVVQR EKR

Figure B.S6. Pepsin digestion map for SF162 gp120. The mature SF162 gp120 amino
sequence is indicated (with numbering based on mature SF162). Inner domain elements are
underlined (thin black line), variable loops are indicated in yellow, bridging sheet elements
highlighted in cyan, and CD4 binding loop in red. Red text indicates sites of PNGS, blue text
indicates O-linked glycosylation site. Blue and red lines beneath the sequence indicate
peptides and glycopeptides, respectively, that are observable in HDX-MS analysis. Yellow lines
indicate coverage by subtraction of overlapping peptides.
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Figure B.S7. Sequence coverage of all peptides for every isolate. The four isolates are
aligned to HXB2 and numbered based on standard HXB2 numbering. HDX-MS-observable
residues are indicated in black; residues that cannot be measured as a result of missing peptide
coverage or rapid back-exchange (N-terminal residues of peptic fragments) are indicated in
grey. Variable loops, bridging sheet elements, and CD4-binding loop are colored as described
in the inset.
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Figure B.S8. Sequence coverage of peptides that are comparable across isolates. The
four isolates are aligned to HXB2 and numbered based on standard HXB2 numbering. Black,
blue and green text indicates residues that are comparable across 4, 3 and 2 isolates,
respectively; residues that cannot be compared across isolates as a result of missing peptide
coverage or rapid back-exchange (N-terminal residues of peptic fragments) are indicated in
grey. Variable loops, bridging sheet elements, and CD4-binding loop are colored as described
in the inset.
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Figure B.S9. Deuteration plots of all unique 1084i peptides (+/-) sCD4. Deuterium uptake
plots with percent deuteration vs time are shown for each unique peptide observed for 1084i
gp120. Data for unliganded gp120 is shown in blue, while data for sCD4-bound gp120 is shown
in red. Amino acid sequence and position of each peptide (using the same numbering as in
Figure S3) are indicated above each plot.
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Figure B.S10. Deuteration plots of all unique 1157ip peptides (+/-) sCD4. Deuterium uptake
plots with percent deuteration vs. time are shown for each unique peptide observed for 1157ip
gp120. Data for unliganded gp120 is shown in blue, while data for sCD4-bound gp120 is shown
in red. Amino acid sequence and position of each peptide (using the same numbering as in
Figure S4) are indicated above each plot.
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Figure B.S11. Deuteration plots of all unique HXB2 peptides (+/-) sCD4. Deuterium uptake
plots with percent deuteration over time are shown for each unique peptide observed for HXB2
gp120. Data for unliganded gp120 is shown in blue, while data for sCD4-bound gp120 is shown
in red. Amino acid sequence and position of each peptide (using the same numbering scheme
as in Figure S5) are indicated above each plot.
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Figure B.S12. Deuteration plots of all unique SF162 peptides. Deuterium uptake plots with
percent deuteration over time are shown for each unique peptide observed for SF162 gp120.
Data for unliganded gp120 is shown in blue, data was not collected for sCD4-bound SF162, as
it has been previously characterized. Amino acid sequence and position of each peptide (using
the same numbering scheme as in Figure S6) are indicated above each plot.
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Percent Deuteration

0% 20% 40% 60% 80% 100%
M missing coverage
Figure B.S13. Heat map summary of HDX-MS data. Colors mapped onto gp120 core (PDB
ID: 3JWD) (35) indicate percent deuteration of peptides throughout gp120 at each deuteration
time point (12 sec, 1 min, 5 min, 30 min, 4 hr) for each of the four unliganded gp120 proteins.
Deuteration levels are indicated in the legend, with red colors corresponding to high levels of
deuterium uptake (dynamic regions) and blue colors corresponding to low levels of deuteration
(ordered or “protected” regions). Regions where peptide information is missing are indicated in

gray.
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Figure B.S14. Deuteration plots for all comparable inner domain peptides (unliganded
gp120). Each graph shows deuterium uptake (% deuteration) over time for peptides throughout
the gp120 inner domain, which are either identical or homologous among at least two gp120
isolates. The peptide sequence and amino acid position (both according to HXB2) are indicated
for each graph. Each line on the graph corresponds to the deuterium uptake for a different
isolate, as indicated in the figure legend. The position of each peptide in the context of the
gp120 inner domain is indicated by the colored boxes surrounding the graphs, as defined in the
figure legend. Half-boxes indicate peptides that occupy a sequence spanning two separate
regions. (*) indicates glycopeptides.
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Figure B.S15. Deuteration plots for all comparable outer domain/variable loop/bridging
sheet peptides (unliganded gp120). Each graph shows deuterium uptake (% deuteration)
over time for peptides throughout the gp120 outer domain, variable loops, or bridging sheet,
which are either identical or homologous among at least two gp120 isolates. The peptide
sequence and amino acid position (both according to HXB2, unless a peptide for HXB2 was not
observed) are indicated for each graph. Each line on the graph corresponds to the deuterium
uptake for a different isolate, as indicated in the figure legend. The position of each peptide in
the context of the gp120 inner domain is indicated by the colored boxes surrounding the graphs,
as defined in the figure legend. Partial-boxes indicate peptides that occupy a sequence
spanning two separate regions. (*) indicates glycopeptides.
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Figure B.S16. Heat map summary of sCD4-bound gp120 deuteration and difference maps.
Data for each gp120 isolate (1084i, 1157ip, and HXBZ2) is presented in a separate column, and
each row reflects a different time point (12 sec, 1 min, 5 min, 30 min, and 4 hr). Within each
column, the colors mapped onto gp120 core (PDB ID: 3JWD) (35) indicate percent deuteration
(left) or difference in percent deuteration relative to unliganded gp120 (right). Deuteration levels
are indicated in the legend on the left, with red colors corresponding to high levels of deuterium
uptake (dynamic regions) and blue colors corresponding to low levels of deuteration (ordered or
“protected” regions). Regions where peptide information is missing are indicated in gray.
Deuteration difference values are indicated in the legend on the right, where white colors reflect
regions that are similarly deuterated in unliganded and sCD4-bound gp120 and blue colors
reflect regions that are stabilized as a result of sCD4-binding.
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Figure B.S17. Deuteration plots for all comparable inner domain peptides (sCD4-bound
gp120). Each graph shows deuterium uptake (% deuteration) over time for peptides throughout
the gp120 inner domain in sCD4-bound gp120, which are either identical or homologous among
at least two gp120 isolates. The peptide sequence and amino acid position (both according to
HXB2, unless a peptide for HXB2 was not observed) are indicated for each graph. Each line on
the graph corresponds to the deuterium uptake for a different isolate, as indicated in the figure
legend. The position of each peptide in the context of the gp120 inner domain is indicated by the
colored boxes surrounding the graphs, as defined in the figure legend. Half-boxes indicate
peptides that occupy a sequence spanning two separate regions. (*) indicates glycopeptides.
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Figure B.S18. Deuteration plots for all comparable outer domain/variable loop/bridging
sheet peptides (sCD4-bound gp120) Each graph shows deuterium uptake (% deuteration)
over time for peptides throughout the gp120 outer domain, variable loops or bridging sheet,
which are either identical or homologous among at least two gp120 isolates. The peptide
sequence and amino acid position (both according to HXB2) are indicated for each graph. Each
line on the graph corresponds to the deuterium uptake for a different isolate, as indicated in the
figure legend. The position of each peptide in the context of the gp120 inner domain is
described by the colored boxes surrounding the graphs, as defined in the figure legend. Partial-
boxes indicate peptides that occupy a sequence spanning two separate regions. (*) indicates

glycope

ptides.
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Figure B.S19. Linear epitope-specific antibody peptide competition ELISA. Antibody
binding curves are shown for mAbs CA13, C4, and B18 binding to SF162 gp120 in the presence
or absence of competing peptides. Peptide competition for antibody binding to gp120 is
reflected by a shift in the binding curve to lower levels relative to the “no pep” control. For each
antibody binding curve, the different lines indicate antibody binding in the presence of a different
peptide as described in the inset for each binding curve. The x-axis for CA13 shows reciprocal
dilution of antibody supernatant, and the x-axis for the B18 and C4 curves shows monoclonal
antibody concentration. The identity of each peptide number is defined below the graphs. Axes
show antibody binding levels (measured as absorbance at 450 nm) vs antibody concentration.
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Figure B.S20. Linear epitope-specific antibody SPR binding curves. Double-reference
subtracted SPR binding curves are shown for gp120 binding to captured linear-epitope specific
antibodies CA13, C4, or B18 over a series of gp120 concentrations (indicated above each
graph). Raw data is shown in blue, and best-fit 1:1 binding model curves are in red. Each
column shows data for a different gp120 isolate, and each row shows data for a different
antibody. Y-axis is SPR response (in RU) and x-axis is time. Note changes in gp120
concentration range and scale for the Y-axis for each antibody.
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Figure B.S21. Conformation-dependent antibody SPR binding curves. Double-reference
subtracted SPR binding curves are shown for gp120 binding to immobilized (sCD4) or captured
conformation-dependent ligands CD4-1gG2, IgG1-b12, and M90 over a series of gp120
concentrations (indicated above each graph, note changes in concentration range among the
isolates). Raw data is shown in blue, and best-fit 1:1 binding model curves are in red. Each
column shows data for a different gp120 ligand, and each row shows data for a different isolate.
Y-axis is SPR response (in RU) and x-axis is time. Note changes in scale for the Y-axis for
each ligand. Because IgG2-CD4 dissociation was relatively slow, a longer dissociation phase
was used. The early time scale (0-600 sec) is shown on the left, and the full time scale is
shown on the right (0-3900 sec).
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Figure B.S22. N5i5 SPR binding curves +/- sCD4. Double-reference subtracted SPR binding
curves are shown for gp120 (in the presence or absence of 625 nM sCD4) binding to
immobilized N5i5 over a series of gp120 concentrations (indicated above each graph). Raw
data is shown in blue, and best-fit curves for a 1:1 binding model with the dissociation rate fixed
at 0 s are in red. Each row shows data for a different gp120 isolate, and each column shows
data for that isolate in the absence (left) or presence (right) of sCD4. Y-axis is SPR response
(in RU) and x-axis is time. Note changes in scale for the Y-axis, and differences in gp120
concentration series used in the experiment. Because N5i5 dissociation was slow, a longer
dissociation phase was used. Within each column, the early time scale (0-600 sec) is shown on
the left, and the full time scale is shown on the right (0-3900 sec).
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Figure B.S23. 17b SPR binding curves +/- sCD4. Double-reference subtracted SPR binding
curves are shown for gp120 (in the presence or absence of 625 nM sCD4) binding to
immobilized 17b over a series of gp120 concentrations (indicated above each graph). Raw data
is shown in blue, and best-fit curves for a 1:1 binding model with the dissociation rate fixed at 0
s'areinred. In the case of 1084i, there was sufficient dissociation to fit the dissociation rate as
well using a standard 1:1 binding model. Each row shows data for a different gp120 isolate, and
each column shows data for that isolate in the absence (left) or presence (right) of sCD4. Y-
axis is SPR response (in RU) and x-axis is time. Note changes in scale for the Y-axis and
gp120 concentration series used in the experiment. Because 17b dissociation was slow, a
longer dissociation phase was used. Within each column, the early time scale (0-600 sec) is
shown on the left, and the full time scale is shown on the right (0-3900 sec).
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Figure B.S24. sCD4-induced stabilization of peptides within 17b and N5i5 epitopes.
Percent deuteration plots for peptides containing CD4-induced antibody contact residues are
shown for peptides in the 17b (A) and N5i5 (B) epitopes in the presence and absence of sCD4.
Dashed lines with circles indicate data for unliganded gp120, solid lines with squares indicate
data for sCD4-bound gp120. Each isolate is represented by a different color as indicated in the
figure legend. It can be seen that CD4i antibody epitopes are differentially stabilized in the
different gp120 isolates as a result of sCD4 binding.
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Table B.S1. Summary of SPR Experimental Details

Ligand
sCD4

1gG2-CD4

1gG1-b12

17b

17b

N5i5

N5i5

M90

B18

c4

CA13

Immobilization
EDC/NHS

G a H Fc cap*

G aHFccap

G aHFccap

G aHFccap

G aHFccap

G aHFccap

G a M Fc cap**

G a M Fc cap

G a M Fc cap

G a M Fc cap

Density
(RU)

85
185
185

Analyte

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

HXB2 + sCD4
SF162 + sCD4
1084i + sCD4
1157ip + sCD4

HXB2

SF162
1084

1157ip

HXB2 +sCD4
SF162 + sCD4
1084i + sCD4
1157ip + sCD4

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

HXB2

SF162
1084

1157ip

Flow rate Concentration
(ul/min)

40
40
40

40
40
40

Series (nM)
1000 -> 7.8
1000 -> 15.6
1000 -> 15.6
1000 -> 15.6

n.d.
250 -> 3.9
2000 -> 31.2
2000 -> 31.2

500 ->3.9
250->3.9
2000 -> 31.2
2000 -> 31.2

1000 -> 31.2
1000 -> 31.2
2000 -> 31.2
2000 -> 31.2

n.d.
125->1.9
125->1.9
125->1.9

1000 -> 31.2
1000 -> 31.2
2000 -> 31.2
2000 -> 31.2

n.d.
125->1.9
125->1.9
125->1.9

2000 -> 31.2
2000 -> 31.2
2000 -> 31.2
2000 -> 31.2

2000 -> 31.2
1000 -> 31.2
2000 -> 31.2
2000 -> 31.2

2000 -> 31.2
1000 -> 31.2
2000 -> 31.2
2000 -> 31.2

2000 -> 31.2
2000 -> 31.2
4000 -> 31.2
4000 -> 31.2

* Goat anti-human, Fc-specific antibody capture
** Goat anti-mouse, Fc-specific antibody capture
n.d. experiment not done
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On (sec)

240
240
240
240

n.d.
240
240
240

240
240
240
240

240
240
240
240

n.d.
240
240
240

240
240
240
240

n.d.
240
240
240

240
240
240
240

240
240
240
240

240
240
240
240

240
240
240
240

Off 1 (sec)

600
780
660
780

n.d.
720
720
720

480
720
720
720

600
600
600
600

n.d.
720
720
720

600
600
600
600

n.d.
720
720
720

660
660
660
660

900
720
900
900

900
720
900
900

900
720
900
900

Off 2 (sec)

n/a
n/a
n/a
n/a

n.d.
3600
1800
1800

n/a
3600
1800
1800

4200
4200
3600
3600

n.d.
4500
4500
4500

4200
4200
3600
3600

n.d.
4500
4500
4500

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

Off 2 Concs
(nM)
n/a
n/a
n/a
n/a

n.d.
125, 62.5
1000, 500
1000, 500

n/a
125, 62.5
1000, 500
1000, 500

1000, 500
1000, 500
1000, 500
1000, 500

n.d.
62.5,31.2
62.5,31.2
62.5,31.2

1000, 500
1000, 500
1000, 500
1000, 500

n.d.
62.5,31.2
62.5,31.2
62.5,31.2

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

Fitted Concs.

500 -> 31.2
500 -> 31.2
1000 -> 62
1000 -> 62

n.d.
250 -> 15.6
1000 -> 62
1000 -> 62

62 ->3.9
62 ->3.9
not 1:1
2000 -> 125

500 -> 31.2*
500 -> 31.2*
1000 -> 31.2
2000 -> 125*

n.d.
31.2->1.9*
125->7.8
125 ->7.8*

500 -> 31.2*
500 -> 31.2*
500 -> 31.2*
1000 -> 62.5*

n.d.
31.2->1.9*
62.5 -> 3.9*
125 ->7.8*

500 -> 31.2
500 -> 31.2
1000 -> 62.5
1000 -> 62.5

not 1:1
not 1:1
not 1:1
not 1:1

1000 -> 62.5
1000 -> 62.5
500 -> 31.2
500 -> 31.2

2000 -> 125
1000 -> 62.5
1000 -> 62.5
1000 -> 62.5



Table B.S2. Chi? error of 1:1 binding vs. fixed dissociation rate (kd = 0 s™) fits to CD4i
antibody SPR data

Float kd Fixed kd =0s™

Isolate ka (1/M-s) Chi2 ka (1/M-s) Chi2
17b HXB2 1.52(4) x10*  0.405(7)  1.51(3) x10*  0.36(6)

SF162 5.06(8) x10*  4.4(8) 5.06(7) x10*  4.4(8)

1084i 9.5(1) x10°  0.32(9) - -

1157ip 443(3)x10°  0.114(1)  4.38(3) x10°  0.121(2)
17b + sCD4 HXB2 - - - -

SF162 4.24(5)x10°  0.332(2)  4.19(6) x10°  0.323(1)

1084i 5.8(5) x10*  0.17(9) - -

1157ip 5.59(9) x10*  0.07(2) 5.5(1) x10*  0.08(2)
N5i5 HXB2 2.2(1)x10*  3.0(3) 2.12(6) x10*  3.28(4)

SF162 3.94(3) x10*  4.01(9) 3.94(2) x10*  3.98(8)

1084i 3.11(2) x10*  1.5(4) 3.12(4) x10*  1.50(3)

1157ip 9.6(2) x10°  0.51(5) 9.7(2) x10°  0.50(7)
N5i5 + sCD4  HXB2 - - - -

SF162 2.8(1)x10° 1.2(2) 2.9(2) x10°  1.2(2)

1084i 1.6(1) x10°  0.3(3) 1.51(3) x10°  0.1(4)

1157ip 6.1(2) x10*  0.21(1) 6.1(2) x10*  0.214(9)

(-) experiment was not performed or the fixed kd model was not applied
* error on the last significant figure is presented in parentheses as in Table 2 from the main text.
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Supporting Methods for Peptide Competition ELISA

Peptides for the peptide competition ELISA were obtained from the NIH AIDS Reagent
Program (Consensus Subtype B Env 15-mer peptide set, #9480). The peptide competition
ELISA was carried out exactly as described for the standard ELISA in the main text, with a few
modifications. SF162 gp120 was plated at 50 ng/well in PBS at 4°C overnight. All peptides
were resuspended in dimethyl sulfoxide (DMSOQ) just prior to use. During the blocking step,
antibodies C4 and B18 at 5 pg/mL (or a 1:40 dilution for the CA13 supernatant) were incubated
for 1 hour at room temperature with a 40-fold molar excess of peptide. After washing the plate,
the antibody/peptide mixture was diluted in a 4-fold concentration series into antibody dilution
buffer containing a constant concentration of peptide (~1.2 yM). Matched volumes of DMSO
were added to the “no peptide” control samples. Following incubation of the primary antibody
for 1 hour at room temperature, washing, secondary antibody, and development were carried

out exactly as described for the standard ELISA.
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Appendix C:

Chapter 3 Supplementary Information

Figure C.S1. Peptide coverage map for VRC03 germline Fab.
Figure C.S2. Peptide coverage map for VRC03 mature Fab.

Figure C.S3. Peptide coverage map for VRC26M (early) Fab.

Figure C.S4. Peptide coverage map for VRC26D (intermediate) Fab.
Figure C.S5. Peptide coverage map for VRC26K (mature) Fab.
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>Heavy
QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQGLEWMGWINPNSGGTNYAQ

——————— '

KFQGRVTMTRDTSISTAYMELSRLRSDDTAVYYCARRGSCDYCGDFPWQYWGQGTVVVVSSASTK

AYMEL

25
>

—

GPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPS
€ = 4

€

SSLGTQTYICNVNHKPSNTKVDKKVEPKSC
L ————

>Light
EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSG,

ETDFTLTISRLEPEDFAVYYCQQFEFFGLGSELEVHRTVAAPSVFIFPPSDEQLKSGTASWCLLNNFYPRE

AKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFN

Figure C.S1. Peptide coverage map for VRC03 germline Fab. The primary amino acid
sequence for the Fab region of the VRCO03 germline heavy and light chains is shown. Red lines
beneath the sequence indicate pepsin fragments identified by tandem mass spectrometry.
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>Heavy
QVQLVQSGAVIKTPGSSVKISCRASGYNFRDYSIHWVRLIPDKGFEWIGWIKPLWGAVSYAR
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A

>
r 4
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>

>Light
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TDFFLTINKLDREDFAVYYCQQFEFFGLGSELEVHRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPRE

AKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFN o

RGEC
—
Figure C.S2. Peptide coverage map for VRC03 mature Fab. The primary amino acid
sequence for the Fab region of the VRC03 mature heavy and light chains is shown. Red lines
beneath the sequence indicate pepsin fragments identified by tandem mass spectrometry.
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_ DSVKGRFTISRDNSKNTVFLQMNSLRVEDTALYYCAKDVGDYKSDEWGTEYYDISISYPIQDPR
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<€

Figure C.S3. Peptide coverage map for VRC26M (early) Fab. The primary amino acid

sequence for the Fab region of the VRC26M heavy and light chains is shown. Red lines
beneath the sequence indicate pepsin fragments identified by tandem mass spectrometry. The

blue box highlights an ammonia loss on the glutamine residue.
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>Heavy
EVQLVESGGGVVQPGKSLRLSCAASRFSFNRYGMHWVRQAPGKGLEWVAAISYDGTDKYHA

>
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>

—
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A >
GLEVLFQ
>Light
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(1 4
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< >
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Figure C.S4. Peptide coverage map for VRC26D (intermediate) Fab. The primary amino acid
sequence for the Fab region of the VRC26D heavy and light chains is shown. Red lines
beneath the sequence indicate pepsin fragments identified by tandem mass spectrometry.
Yellow box indicates the sulfation motif. The blue box highlights an ammonia loss on the
glutamine residue.
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Figure C.S5. Peptide coverage map for VRC26K (mature) Fab. The primary amino acid
sequence for the Fab region of the VRC26K heavy and light chains is shown. Red lines

beneath the sequence indicate pepsin fragments identified by tandem mass spectrometry. The
yellow box highlights the sulfation motif. Blue box indicates an ammonia loss on the glutamine
residue.
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