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SUMMARY

Antibody somatic hypermutation (SHM) and affinity maturation enhance antigen recognition by
modifying antibody paratope structure to improve its complementarity with the target epitope.
SHM-induced changes in paratope dynamics may also contribute to antibody maturation, but
direct evidence of this is limited. Here, we examine two classes of HIV-1 broadly neutralizing
antibodies (bNAbs) for SHM-induced changes in structure and dynamics and delineate the effects
of these changes on interactions with the HIV-1 Envelope glycoprotein (Env). In combination with
new and existing structures of unmutated and affinity matured antibody Fab fragments, we used
hydrogen/deuterium-exchange mass spectrometry to directly measure Fab structural dynamics.
Changes in antibody structure and dynamics were positioned to improve complementarity with
Env, with changes in dynamics primarily observed at the paratope peripheries. We conclude that
SHM optimizes paratope complementarity to conserved HIV-1 epitopes and restricts the mobility
of paratope-peripheral residues to minimize clashes with variable features on HIV-1 Env.

eTOC

Hydrogen/deuterium-exchange mass spectrometry (HDX-MS) and X-ray crystallography were
combined to study the impact of somatic hypermutation (SHM) on HIV-1 broadly neutralizing
antibody structure and dynamics. SHM-induced stabilization and structural changes improve
epitope complementarity and may minimize clashes with dynamic glycans on HIV-1 Env.
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INTRODUCTION

Antibodies recognize their cognate antigens through specific intermolecular interactions
between contact residues in the antibody paratope and the antigen epitope. During antibody
affinity maturation, these interactions are refined to enhance binding affinity and specificity
for the target antigen. Affinity maturation begins when the unmutated B cell receptor (BCR),
encoded by recombined immunoglobulin gene segments and expressed on antigen-naive B
cells, becomes activated as a result of antigen binding and subsequent T cell help. This
activation drives sequential rounds of somatic hypermutation (SHM), which optimize
contact residues and immunoglobulin variable domain conformation such that the mature
BCR recognizes its target antigen with higher affinity than the naive, unmutated BCR
(Victora and Nussenzweig, 2012).

Structural differences between unmutated (sometimes called “germline”) and affinity-
matured antibodies have been observed in the context of a number of antibody lineages
using x-ray crystallography (Fera et al., 2014; Li et al., 2003; Schmidt et al., 2013;
Wedemayer et al., 1997). Paratope flexibility and structural dynamics also impact the affinity
and specificity of antibody-antigen interactions (Foote and Milstein, 1994; Jimenez et al.,
2004; Manivel et al., 2000), but these features have been difficult to characterize using
techniques such as crystallography. Previous work on antibody maturation to model antigens
including haptens (Adhikary et al., 2012; Jimenez et al., 2004; Wedemayer et al., 1997;
Zimmermann et al., 2006), peptides (Manivel et al., 2000; 2002), and hen egg lysozyme
(Mohan et al., 2009) suggests that unmutated antibodies exhibit relatively high levels of
paratope flexibility that may improve their ability to recognize diverse antigens (James et al.,
2003; Yin et al., 2003), and that the paratope becomes increasingly rigid as the antibody
matures to become specific for a given antigen. In this model of antibody maturation to a
discrete immunogen, flexibility and poly-reactivity in the immature antibody are exchanged
for a well-ordered paratope in the high affinity mature antibody. Here, we test whether this
model applies to HIV-1 broadly-neutralizing antibodies (bNAbs) — antibodies capable of
recognizing structurally diverse variants of the HIV-1 envelope glycoprotein (Env), which
are of substantial interest for HIV-1 vaccine design (Hoxie, 2010; Mascola and Montefiori,
2010). The interplay between antibody paratope flexibility and specificity observed for
affinity maturation to model antigens raises a number of considerations for HIV-1 bNADs.
Specifically: how do these antibodies develop high affinity interactions with an
exceptionally variable, conformationally dynamic, and continuously evolving glycoprotein
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antigen? Do they require greater flexibility to accommodate structural variability in diverse
Env isolates, or do they exhibit increased stability to favor focused recognition of a single
highly conserved epitope, while avoiding variable features?

Many bNADbs undergo extensive somatic hypermutation (SHM) on the path to achieving
neutralizing breadth and potency (Klein et al., 2013b; Kwong and Mascola, 2012). The
mutations 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 (FW) regions, which are generally distal to the antigen-combining site, although
some HIV-1 bNAbs use FW regions to contact antigen (Wu et al., 2011). Somatic
hypermutation outside of the antibody paratope is critical for the development of
neutralization breadth and potency in a number of HIV-1 bNAbs (Georgiev et al., 2014;
Klein et al., 2013a). These observations and recent structural studies (Fera et al., 2014;
Finton et al., 2014; Garces et al., 2015) suggest that, in addition to optimizing contact
residues, affinity maturation may improve bNAb-Env interactions by tailoring CDR loop
stability, flexibility, and orientation however no study has directly measured changes in
solution-phase local flexibility and structural dynamics in maturing HIV-1 bNADs.

We used hydrogen/deuterium exchange with mass spectrometry (HDX-MS) in combination
with x-ray crystallographic data to study how affinity maturation modifies HIV-1 bNAb
paratope structure and dynamics. HDX-MS measures local protein dynamics by monitoring
backbone amide deuterium uptake. Dynamic, solvent-exposed regions of a protein take on
deuterium rapidly, while stable secondary structures and highly ordered or buried, core
regions take on deuterium relatively slowly (Engen, 2009, Skinner et al., 2012). X-ray
crystallography was used to study differences in three-dimensional structure between
unmutated and mature VRCO03, and HDX-MS was used to compare the local dynamics of
antigen binding fragments (Fabs) derived from the unmutated and mature sequences for the
CD4-binding site-directed bNAbs VRCO03 (Wu et al., 2010) and VRC-PG04 (also called
PGV04) by HDX-MS (Wu et al., 2011). We also studied the conformational development of
the V1/V2-quaternary epitope-specific antibody CAP256-VRC26 (Figure 1) by measuring
differences in local dynamics between Fabs derived from the predicted CAP256-VRC26
unmutated common ancestor (UCA) sequence, and three CAP256-VRC26 antibodies from
distinct branches of the VRC26 phylogenetic tree, isolated at multiple time points after
infection (Doria-Rose et al., 2014). The antibodies chosen for this study were selected in
order to explore SHM-induced structural changes in bNAbs with distinct specificities and
ontogenies. Our data provide direct evidence that SHM modifies HIV-1 bNAb structural
dynamics as well as structure, with changes in dynamics primarily observed at the paratope
periphery, at sites adjacent to Env glycans. In this way, SHM may enhance recognition of
conserved epitopes on HIV-1 Env by restricting antibody dynamics to minimize non-
productive interactions with disordered and variable features of the Env glycoprotein

Structure of unliganded Fabs from unmutated and mature VRCO03

The VRCO0L1 class of antibodies (Zhou et al., 2010; 2013) refers to CD4-binding site-directed
antibodies, isolated from multiple donors, that share structural and sequence similarities
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including: usage of the IGVH1-2*02 heavy chain variable gene segment, light chains
containing a five amino acid CDRL3 loop, mimicry of CD4 in binding to gp120, high levels
of SHM, and avoidance of clashes with gp120 via SHM sequence changes that decrease the
effective size of CDRL1 (Scheid et al., 2011; West et al., 2012; Wu et al., 2011; Zhou et al.,
2013). Structural differences between unmutated and mature VRCO01-class antibodies
VRCO01 and NIH45-46 have been previously described and revealed changes primarily
within CDRH3 and CDRL1. Notably, unmutated VRC01 and NIH45-46 exhibited CDRH2
loops — which make essential contacts with the gp120 CD4-binding loop - that are
essentially identical to their mature counterparts, with a number of critical residues pre-
configured to bind gp120 (Jardine et al., 2013; Scharf et al., 2013).

To further define the structural changes that occur during affinity maturation of VRCO1-class
antibodies, we determined the unliganded structures of mature VRCO03 and its unmutated
precursor (Figures 2A, 3, S1 and Table S1). The three-dimensional structures were largely
similar, with a few notable features. As observed for VRCO01 and NIH45-46 (Jardine et al.,
2013; Scharf et al., 2013), unmutated VRCO3 displays an extended CDRL1, which is
positioned to clash with the gp120 N276 glycan (Figure 2B). The CDRL1 loop is truncated
in mature VRCO3, where it adopts a conformation nearly identical to that of gp120-bound
mature VRCO03. The CDRH2 loop — which makes critical backbone H-bonds and a salt-
bridge with the conserved Asp368 of the gp120 CD4-binding loop - is nearly identical in
unmutated and mature VRCO03 (with and without gp120) (Figure 2C). Unlike NIH45-46 or
VRCO01, the FWH3 loop is dramatically extended in mature VRCO3 relative to its unmutated
precursor. Comparison of the unliganded and gp120-bound mature VRCO03 structures reveals
that the bridging sheet of gp120 core displaces the elongated FWH3 loop in mature VRCO03.
While this FWH3/bridging sheet interaction likely does not occur in the context of trimeric
Env, it highlights the potential for plasticity within the VRCO3 paratope (Figure 2D).
Notably, for the unmutated as well as mature VRCO03 and the other Fabs discussed in this
study, crystal contacts did not appear to influence B factors or loop structures (Figure S1).
Overall, we conclude that affinity maturation improves VRCO3 paratope complementarity
with HIV-1 Env.

Somatic hypermutation stabilizes the light chain of VRCO01-class antibodies

To directly measure SHM-induced changes in VRCO01-class antibody paratope flexibility, we
performed HDX-MS on Fab fragments of the antibodies VRCO03 and VRC-PG04 (Wu et al.,
2011). These antibodies were isolated from two separate individuals and exhibit substantial
sequence differences, but both make critical contacts with gp120 through their CDRH2,
CDRH3, CDRL1, and CDRL3 loops (Wu et al., 2011). We identified peptic fragments
covering over 94% of the unmutated and mature VRCO03 and VRC-PG04 Fab sequences
(Figures S2 and S3). While nearly all of the heavy (CH) and light (CL) chain constant
domain sequence could be monitored by HDX-MS and compared between Fabs, mutations
in the variable domains (VH and VL, for heavy and light variable domains, respectively) led
to distinct digestion patterns that hindered a complete comparison of deuterium uptake
between unmutated and mature Fabs. In comparing HDX results from proteins with
divergent sequences, certain caveats need to be considered, since a peptide sequence can
potentially influence its intrinsic rate of exchange (the rate at which unstructured amides
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exchange) (Wales et al., 2016). For this reason we limited our comparative analysis to
peptides with an equal number of exchangeable amides and identical N and C termini in the
aligned protein sequence. Furthermore we calculate percent deuteration relative to fully
deuterated samples to correct for sequence-dependent differences in rates of D-to-H back
exchange. Finally, we calculated intrinsic rates of H-to-D exchange for relevant peptides to
ensure that measured differences in deuteration were not an artifact of sequence-dependent
differences in rates of intrinsic exchange. By these criteria, we were able to compare the
local dynamics of peptides spanning three key regions of the VRC03 VH domain (FW2/
CDRH2, CDRH2/FW3, and CDRH3/FW4) and three regions of its VL domain (N-term/
FW1, CDRL2/FW3, CDRL3/FW4) (Figure S2). For VRC-PGO04, three regions of the VH
domain (N-term/FW1, FW3/CDRH3, and FW4) and four regions of the VL domain (N-
term/FW1, CDRL2/FW3, FW3, and FW4/CL) could be compared between unmutated and
mature Fabs (Figure S3).

Heatmap summaries of unmutated and mature VRCO03 deuterium uptake revealed
differences in structural dynamics primarily within the VL domain (Figure 4A). All
comparable VH and VL domain peptides were deuterated at a similar or faster rate in
unmutated VRCO3 as compared to mature VRCO3 (Figures 4A and S4). In agreement with
the structural conservation of the CDRH2 loop in unmutated and mature VRCO03 crystal
structures, two peptides spanning FW2/CDRH2 and CDRH2/FW3 showed nearly identical
dynamics in unmutated and mature VRCO3 (Figure 5A peptide 1). Peptides spanning
CDRH3/FW4 were slightly more dynamic in unmutated VRCO3 relative to mature VRC03
(Figure 5A peptide 2). The VL peptides showed more dramatic differences: light chain N-
terminus, CDRL2/FW3, and CDRL3/FW4 peptides were distinctly more dynamic in
unmutated VRCO3 (Figures 5A peptides 3 and 4, and S4 peptide 5). Patterns of deuterium
uptake correlated well with solvent-accessible surface area (SASA) in unmutated and mature
VRCO3 crystal structures, and, to a lesser extent, H-bond patterns in unmutated VRCO03, but
correlated poorly with residue depth and B-factor (Figure S5A and B). Consistent with the
stabilization of CDRL2/FW3 in mature VRCO03 observed by HDX-MS, mature VRCO03
exhibited more predicted H-bonds in this region relative to the unmutated VRCO03 crystal
structure (Figure 5B).

As for VRCO03, the CDRL2/FW3 loop of mature VRC-PG04 was dramatically more stable
than that of unmutated VRC-PGO04 (Figures 4B, and 5A peptide 4). Importantly, these
differences in deuterium uptake did not appear to be attributable to differences in rates of
intrinsic exchange (Bai et al., 1993) as a result of primary sequence differences (Figure
S6C). There were only minor differences in the dynamics of the VRC-PG04 VH domain. A
number of peptides including one spanning CDRH3 were slightly more stable in unmutated
VRC-PGO04 relative to the mature Fab (Figures 5A peptide 2 and S6) - a subtle difference
compared to VRCO03, where all comparable regions of unmutated VRCO03 were either
similarly or more disordered than the mature Fab (Figures 4 and S4). Peptides from CH and
CL domains were identically deuterated in unmutated and mature VRC-PG04 and were
nearly superimposable with CH and CL peptides from VRCO03 (Figures S4 and S6),
indicating that the dynamics of the Fab constant region are largely uncoupled from the
changes in sequence and structural dynamics we observed in the Fab variable domains.
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The SHM-induced changes in VRC03 and VRC-PGO04 heavy chain stability were relatively
subtle, including regions that make direct contact with gp120 (e.g. CDRH2/FW3) — a finding
consistent with the structural conservation of these regions in unmutated and mature
VRCO03, and other VRCO01-class antibody crystal structures. By contrast, the magnitude and
conservation of the change in structural dynamics within the CDRL2/FW3 region for both
VRCO03 and VRC-PGO04 suggests that these changes may be functionally important in
modifying VRCO01-class antibody interactions with HIV-1 Env. Indeed, residues in the
CDRL2/FW3 region have been shown to be critical for the neutralizing breadth and potency
of mature VRCO1 (Georgiev et al., 2014). Examination of high-resolution structural data for
VRCO03 and VRC-PG04 complexed with Env demonstrates that stabilization of the
CDRL2/FW3 region is reasonably positioned to improve interactions with Env by
minimizing potential clashes with the nearby Env glycan at position N276 (Figure 5C), a
glycan that hinders unmutated VRCO01-class antibody binding to Env (Jardine et al., 2013).
Together, these data support the idea that the CDRL2/FW3 loop, and changes in the
structural ordering of this region, may influence VRCO1-class antibody interactions with
Env.

Changes in structural dynamics within the CAP256-VRC26 antibody family

To better understand the generality of changes in bNAb dynamics during maturation, we
also explored changes in structural dynamics over the course of affinity maturation in
CAP256-VRC26 antibodies isolated from an HIV-1 superinfected individual who developed
broadly neutralizing antibodies (Doria-Rose et al., 2014; Moore et al., 2011). CAP256-
VRC26 antibodies are descended from the IGHV3-30*18 and IGLV1-51*02 variable gene
segments and interact with Env in a manner very similar to the quaternary antibodies PG9/
PG16 and CHO3, which bind the V2 beta strand of Env through their CDRH3 loops and
associate intimately with conserved Env glycans at positions N160 and N156 or N173
(Figure 1) (Gorman et al., 2016; McLellan et al., 2011; Pancera et al., 2013). We studied the
dynamics of the predicted unmutated common ancestor (UCA) of CAP256-VRC26
antibodies, as well as three CAP256-VRC26 variants: CAP256-VRC26.01, CAP256-
VRC26.03, and CAP256-VRC26.10, which were isolated at 59, 119, and 206 weeks post-
infection (wpi), respectively (Doria-Rose et al., 2014). We identified peptic fragments
covering over 99% of the antibodies’ primary sequence (Figure S7). While most of the CH
and CL domain sequence could be compared by HDX and showed nearly identical
deuterium uptake among the CAP256-VRC26 antibodies (Figures 6A and S8), comparisons
of deuterium uptake in VH and VL were more limited due to differences in pepsin cleavage.
With the exception of the CDRH1 loop, all regions of the variable domains were represented
by at least one peptide that could be compared between at least two CAP256-VRC26 Fabs.
Comparison of CAP256-VRC26 Fab deuterium uptake patterns with previously determined
x-ray crystal structures showed strong correlations with SASA, an inverse correlation with
residue depth, and weaker correlations with H-bonding and B-Factor (Figure S5C and D).

Heatmap summaries of the HDX-MS results for CAP256-VRC26 lineage Fabs revealed that
the most dramatic differences in deuterium uptake occurred in the VH domain FW1 and
CDRH2/FW3 regions (Figures 6B and 7A, peptides 1 and 2). Notably, crystal structure-
predicted backbone H-bonding was nearly identical in these regions (Figure 7B and C),
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perhaps reflecting a low-energy conformation stabilized in the crystal that is less ordered in
solution (as measured by HDX-MS). As for VRC03 and VRC-PGO04, the observed
differences in deuterium uptake did not appear to be attributable to differences in rates of
theoretical intrinsic exchange due to primary sequence differences among the Fabs (Figure
S8C and D). Though the rank order of CAP256-VRC26 antibody stability based on FW1
differed slightly from that based on CDRH2/FW3, overall, CAP256-VRC26.UCA and
CAP256-VRC26.01 peptides were consistently more disordered, CAP256-VRC26.10 was
intermediate, and CAP256-VRC26.03 was the most stable of the antibodies tested here
(Figures 7A, peptides 1, 2, 4).

Given that the CDRH3 is likely to be a critical element of the CAP256-VRC26 paratope
(Doria-Rose et al., 2014; Gorman et al., 2016), it was unfortunate that differences in pepsin
cleavage limited the direct comparison of deuterium uptake in this immediate region among
all four antibodies. Despite this, it was apparent that the extended CDRH3 loop was quite
dynamic in all four antibodies (Figure 6A). Additionally, because of similarities in cleavage
for CAP256-VRC26.UCA, .10, and .03, it could be seen that the C-terminal half of CDRH3
was similarly - or slightly more - stable in CAP256-VRC26.03 and .10 relative to the UCA
(Figures 6B and 7A, peptide 4). It is also notable that the deuteration of a CDRH3 peptide
from CAP256-VRC26.03, which contains a disulfide-linked cysteine that emerges during
CAP256-VRC26 maturation (Doria-Rose et al., 2014), was similar to that of a matching
peptide from CAP256-VRC26.UCA, which lacks this disulfide bond (Figures 6B and 7A,
peptide 3). This suggests that although the emergent disulfide bond may constrain the three-
dimensional movement of the CDRH3 loop in CAP256-VRC26.03, it does not dramatically
alter its stability as probed by HDX-MS.

To understand how differences in stability observed by HDX-MS might relate to CAP256-
VRC26 binding and neutralizing activity, we used biolayer interferometry to measure
binding of the CAP256-VRC26 Fabs to soluble, trimeric BG505.SOSIP Env (Sanders et al.,
2013). The rank order of binding affinity paralleled the stability rankings we observed, with
CAP256-VRC26.01 binding weakly, and CAP256-VRC26.10 binding well, though not as
well as CAP256-VVRC26.03 (Table 1 and Figure S9). CAP256-VRC26.UCA did not bind
appreciably to BG505.SOSIP, reflecting the absence of SHM-acquired contact residues.
Previously reported CAP256-VRC26 neutralizing activity mirrors the binding affinities
measured here: CAP256-VRC26.03 was reported to have the highest breadth and potency of
the antibodies; CAP256-VRC26.10 was intermediate, and CAP256-VRC26.01 had the
weakest neutralizing activity (Doria-Rose et al., 2014). Though contact residue differences
are critical in determining binding and neutralizing activity, these data also support a
relationship between CAP256-VRC26 variable domain stability and enhanced recognition of
HIV-1 Env.

The magnitude of the differences in stability within FW1 and CDRH2/FW3 and the similar
rank orders of stability and binding affinity/neutralizing activity suggest that stabilization of
FW1 and CDRH2/FW3 may influence CAP256-VRC26 antibody interactions with Env
(Figures 6 and 7 and Table 1). This is supported by the observation that residues in the
CDRH2/FW3 region of PG16 make extensive contact with the Env N156/N173 glycan
(Pancera et al., 2013), and some of these residues, including Trp64, contribute to the breadth
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and potency of neutralization for CAP256-VRC26 antibodies (Gorman et al., 2016) as well
as PG9 and PG16 (McLellan et al., 2011). Examination of crystal structures for the related
quaternary epitope specific antibodies PG16 and CHO3 in complex with glycosylated V1/VV2
scaffolds shows that the CDRH2/FW3 loops of PG16 and CHO3, though oriented differently
in complexes with V1/V2 scaffolds, are positioned to make contact with Env glycans in
either orientation (Figure 7D,E): N156/173 for PG16 (Pancera et al., 2013), and N160 and
N130 for CHO3 (Gorman et al., 2016). If CAP256-VRC26 antibodies interact with Env in a
manner similar to CHO3 or PG9/PG16, as most of the available data suggests, then the
differences in dynamics within the CDRH2/FW3 region would be reasonably positioned to
impact CAP256-VRC26 binding to Env by modifying the antibody’s interactions with these
glycans (Figure 7D,E).

DISCUSSION

In the conventional model of antibody affinity maturation, a flexible, low-affinity, poly-
specific unmutated precursor incorporates mutations during SHM that improve its affinity
and specificity for the target antigen by optimizing contact residues and rigidifying the
paratope through both proximal and distal amino acid changes (Jimenez et al., 2004;
Wedemayer et al., 1997; Yin et al., 2003; Zimmermann et al., 2006). Most of the support for
the conventional model comes from studies of antibodies that develop in response to a
single, invariant immunogen — typically small molecules and peptides. However, antibodies
appear to mature to large protein antigens differently than small molecules (Li et al., 2003),
and it is therefore critical to re-examine the conformational maturation model in the context
of more complex antibody-antigen pairings such as those between HIV-1 bNAbs and the
highly variable Env glycoprotein.

A number of studies have explored antibody conformational maturation to viral glycoprotein
antigens. Some of these suggest that the conformational equilibrium of the antibody
paratope shifts over the course of maturation to favor a single, more stable conformation that
is optimized for antigen binding (Schmidt et al., 2013). Other studies indicate that this basic
model may not always apply. For example, Finton and colleagues observed that the mature
HIV-1 Env-specific bNAb, 4E10, exhibited decreased thermostability relative to a panel of
predicted 4E10 precursors (Finton et al., 2014). A similar decrease in thermostability was
observed for mature 3BNC60 (an HIV-1 CD4-bs antibody) relative to a partial ‘germline’-
revertant 3BBNC60 P61A (Klein et al., 2013a). Thermal stability is a global metric of
structural ordering, however, and does not provide insight into specific differences in
antibody structure under native, physiological conditions. To address this gap, we used
HDX-MS to measure changes in structural dynamics with sequence-specific detail. This
analysis revealed that SHM alters variable domain flexibility in a site-specific manner, often
outside of the paratope, with different patterns of stabilization among distinct antibody
specificities. Though patterns of deuterium uptake within a given Fab correlated well with x-
ray structure parameters including SASA, residue depth, and H-bonding to a lesser extent,
differences in solution-phase Fab structural dynamics between Fabs measured by HDX-MS
were not readily apparent from the crystal structures, highlighting the importance of HDX-
MS as a complementary structural technique.
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The simplest mechanism by which antibody structural dynamics might impact antigen
binding would be through stabilization of the paratope in a conformation close to that of the
antigen-bound state to increase the rate of association and/or minimize the entropic cost of
antigen binding. In light of this, the minimal differences in dynamics within the unmutated
and mature antibodies’ primary contact sites (CDRH2 and 3 for VRC03 and VRC-PG04 and
CDRH3 for CAP256-VRC26) observed here were somewhat unexpected. The most
significant changes in stability we observed for antibodies studied here occurred in sites
peripheral to the antibody paratope (CDRL2/FW3 in VRC03 and VRC-PG04, and FW1 and
CDRH2/FW3 in CAP256-VRC26). In all three cases, the regions of interest were more
disordered in the unmutated/early antibodies and increased in stability at late time points of
affinity maturation. These data are consistent with the finding that framework mutations are
critical for the neutralizing activity of many HIV-1 bNAbs (Georgiev et al., 2014; Klein et
al., 2013a) and the observation that unmutated/early antibodies are conformationally distinct
from their mature descendants in sites both central and peripheral to the paratope (Fera et al.,
2014; Li et al., 2003; Thomson et al., 2008; Wedemayer et al., 1997; Zimmermann et al.,
2006). In combination with the data presented here, these studies suggest that changes at the
paratope periphery are likely to impact antibody binding to antigens in general, but changes
at the paratope periphery may be especially relevant in the context of antibody affinity
maturation to complex antigens, where the antibody must accommodate structures
surrounding the epitope, while still making critical binding interactions mediated by the
primary paratope.

We interpret the observed changes in structural dynamics for VRC03, VRC-PG04, and
CAP256-VRC26 under a similar conceptual model: local stabilization of antibody variable
domains minimizes clashes with dynamic, structurally heterogenous glycans or variable
loops on the Env surface (Figure 8). We note that based on the current data, we cannot
exclude the possibility that the peripheral stabilization we observed may reflect epistatic
stabilization of the Fab variable domain, as was recently reported for a hapten-specific
antibody (Wang et al., 2013). Rather than directly improving Env interactions, stabilization
of regions peripheral to the antibody paratope may improve the ‘evolvability’ of the variable
domain, facilitating optimization of paratope contact residues. This possibility is intriguing,
given the recent evidence that CAP256-VRC26.01 — the most disordered among the VRC26
antibodies tested here — represents a dead-end sub-lineage of the CAP256-VRC26 family
(Bhiman et al., 2015). It is conceivable that the relative disorder of the CAP256-VRC26.01
variable domain may have contributed to its diminished capacity for evolution. Stabilization
of these regions may also reduce entropic costs of binding if they interact allosterically with
the paratope itself.

One potential caveat of this study is that germline and UCA sequences are predicted
sequences that may differ from the true unmutated precursor antibody sequences. It is
important to note, however, that the most dramatic differences in dynamics we observed
occurred in regions (CDRH2/FW3 and CDRL2/FW3) where we have high confidence in the
true unmutated precursor sequence because these regions are encoded by their respective
variable gene segments alleles, not at a gene segment junction. Furthermore, changes in
dynamics within the CDRH2/FW3 of CAP256-VRC26 Fabs were observed among real
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antibody sequences from isolated B cells, which were not predicted. It is thus unlikely that
errors in immunoglobulin sequence prediction would alter our observations.

If the date of isolation corresponded with the time that each B cell emerged, it would appear
that variable domain flexibility fluctuated over time within the CAP256-VRC26 family. The
CAP256-VRC26 family is not a single, successive lineage, however, and there are multiple
sub-lineages, which undergo SHM in parallel. It is likely that just as contact residues are
optimized by trial-and-error during affinity maturation, so too is the stability of the antibody
variable domain. Our data suggest that increases in local stability are favorable for improved
Fab-Env interactions and should be positively selected overall because of increased antigen
capture and recruitment of T-cell help during affinity maturation.

In future work, it may be informative to examine the effect of stabilizing mutations within
the CDRL2/FW3 region of VRC03 and VRC-PG04 and the CDRH2/FW3 of CAP256-
VRC26, to test how these changes impact binding and neutralizing activity. It is conceivable
that rational modification/optimization of antibody stability may be useful in optimizing
therapeutic antibody binding (in addition to pharmacokinetic parameters such as half-life in
circulation). Furthermore, these data, combined with Fab-Env co-crystal structures, provide
indirect information on the regions of Env that present challenges to the maturing antibody;,
which should be considered for modification in vaccine immunogens. Overall, this work
demonstrates that selective pressures during affinity maturation tailor the structure and
structural dynamics of the antibody variable domain to enhance the ability of bNAbs to
target the highly variable HIV-1 Env glycoprotein.

EXPERIMENTAL PROCEDURES
Antigen Binding Fragments (Fab)

Antibodies VRC03, VRC-PG04, and CAP256-VRC26 were isolated from HIV-infected
individuals with broad neutralizing activity by single-cell sorting, and unmutated “germline”
antibody sequences were inferred using next-generation sequencing (NGS) data from donor
B cell repertoires (Doria-Rose et al., 2014; Wu et al., 2011). Unmutated VRCO03 and VRC-
PGO04 sequences were approximated by reverting the regions of the variable domain
corresponding to the heavy and light \-gene regions. Fab fragments were prepared from
full-length 1gGs expressed and purified as previously described (Wu et al., 2010).

Crystallization and Structure Determination

Mature and unmutated “germline heavy/germline light” (gHgL) VRCO3 Fabs, were
robotically screened for crystallization using 0.1 pL of protein and 0.1 pL of Hampton,
Wizard and Precipitant-Synergy screen (Majeed et al., 2003). Hits were optimized manually.
Data from single cryoprotected crystals were processed by HKL2000 (Otwinowski and
Minor, 1997), and the structures determined by molecular replacement using Fab
coordinates extracted from previously determined Fab-gp120 complex structures using
Phenix (Adams et al., 2010). Methods for correlating crystal structures with HDX-MS data
are presented in Supplemental Experimental Procedures.
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Hydrogen-Deuterium Exchange with Mass Spectrometry (HDX-MS)

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). Fab peptides
generated by pepsin digestion were manually identified from tandem mass spectrometry
fragmentation data and accurate mass. Deuteration of intact Fabs, including undeuterated,
“zero” time-point, and fully-deuterated controls, was carried out as described previously
(Guttman et al., 2012) with minor modifications. Exchanges were prepared with 7 pL of Fab
at 1 mg/mL, 5 pL of a 20X-concentrated PBS solution (3M NaCl and 200 mM Phosphate)
and 88 L of D,O (Cambridge Isotope Labs). 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 the addition of
100 pL quench solution (3M urea, 500 mM tris(2-carboxyethyl)phosphine (TCEP), 0.1%
formic acid, pH 2.5) and pepsin digestion on ice using a 2:1 mass ratio of pepsin:Fab for 5
minutes prior to freezing in liquid nitrogen. Pepsin fragments were resolved and analyzed by
LC-MS on a Waters Synapt mass spectrometer (Guttman et al., 2012). Exchanges for mature
and unmutated antibodies were prepared and analyzed side-by-side. Data was collected in
duplicate for independently prepared deuteration samples and analyzed using HX-Express 2
(Guttman et al., 2013; Weis et al., 2006). Glycan modeling in Figure 5C was performed
using allosmod (Weinkam et al., 2012).

Octet Biolayer Interferometry (BLI)

Measurement of CAP256-VRC26 antibody family member binding to BG505.SOSIP.664
soluble HIV-1 Env trimer, purified as described elsewhere (Sanders et al., 2013), was
performed on a FortéBio Octet Red96 (Pall Life Sciences). All proteins were diluted into
BLI running buffer: 1X HBS-EP (GE Lifesciences) with 0.01% bovine serum albumin, and
0.02% sodium azide. For kinetic analysis of CAP256-VRC26 binding to BG505.SOSIP.664,
CAP256-VRC26 Fabs were diluted to 10 pg/mL and were captured on ForteBio Anti-
Human Fab-CH1 capture tips (7 min capture, 1000 RPM). After a 3 min baseline step,
CAP256-VRC26-captured tips were dipped into seven wells containing BG505.SOSIP.664
(450 nM -7 nM, two-fold dilution series) as well as a buffer reference for baseline
subtraction for a 3 min association step (1000 RPM). Dissociation was carried out in BLI
running buffer for 3 min at 2000 RPM. Tips were regenerated between experiments using 10
mM glycine pH 1.5 (GE Lifesciences). Binding measurements were carried out in duplicate,
with independently prepared dilution series. No binding was observed for CAP256-
VRC26.UCA at the highest BG505.SOSIP.664 concentration tested (450 nM). The top five
concentrations were fit for CAP256-VRC26.01, whereas the 225 nM — 14 nM curves were
fit for CAP256-VRC26.03 and CAP256-VRC26.10. Kinetic data was analyzed globally in
ForteBio Data Analysis software using 1:1 langmuir model fits.
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HIGHLIGHTS

X-ray crystallography and HDX-MS reveal SHM-induced changes in HIV-1
bNAbs

HDX-MS revealed changes in bNAb dynamics not apparent in crystal
structures

Dynamics of sites peripheral to paratopes are tuned during SHM in two bNAb
families

SHM changes bNADb structure and dynamics to improve complementarity
with HIV-1 Env
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Figure 1. Overview of bNAb Epitopes and Variable Domain Structure
A) The CD4-binding site epitope targeted by VRC-PG04 and VRCO03 is shown in purple on

the Env trimer structure (PDB 4TVP). The V1V2/quaternary epitope targeted by PG9 -
similar to that bound by CAP256-VRC26 - is indicated in green. B) Complementarity
determining (CDR) and framework (FW) regions of the Fab heavy and light chain variable
domains are indicated in color on the gp120-bound VRCO3 crystal structure (PDB 3SES8).
C) A linear representation of B, with matching color: CDRH1, 2, and 3 loops are colored
yellow, orange, and red, while CDRL1, 2, and 3 loops are colored cyan, blue, and dark blue.
Intervening framework regions, FW1, FW2, FW3, and FW4 are shown in white, light gray,
dark gray, and black, respectively. Fab heavy and light chain constant regions are shown in
gray outline.
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Figure 2. Structures of Unmutated and Mature VRCO03 (+/- gp120)

A) Unliganded x-ray crystal structures of the variable domain regions of unmutated (yellow)
and mature (orange) VRCO03 are superimposed with the structure of mature VRCO03 bound to
gp120 (PDB: 3SES8, light grey). Strand width corresponds to crystal structure B-factors.
Complementarity determining regions are indicated. B) Affinity maturation minimizes
clashes between VRC03 CDRL1 and the gp120 N276 glycan. C) CDRH2 loop structure and
gp120-interactive residue position is conserved throughout affinity maturation. D) FWH3 of
mature VRCO3 is displaced by the bridging sheet upon binding to gp120 core. This
displacement is likely not observed in VRCO3 interactions with trimeric Env, but it reveals
plasticity within the VRCO03 paratope. See also Table S1.
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Sl

Figure 3. Electron density of complementarity-determining regions (CDRs)
for the unmutated VRCO3 (A, B) and mature VRCO3 Fab structures (C, D). The electron

density for each CDR is shown in mesh format in separate panels for each CDR. Residues
that make up each CDR are shown in stick representation with the antibody shown in ribbon
representation. See also Figure S1.
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Figure 4. VRCO03 and VRC-PG04 HDX-MS Heatmap Summaries
A) Deuterium uptake heatmaps for unmutated (far left) and mature (middle left) VRCO03.

Colors mapped onto the 3SES8 structure indicate % deuteration for VRCO03 peptides after 1
minute of incubation in D,0. Grey indicates missing peptide coverage. Difference heatmap
(middle right) indicates regions that are more disordered in unmutated relative to mature
VRCO3 (red), regions that are similarly ordered in unmutated and mature VRCO03 (white),
and regions that are more ordered in unmutated VRCO3 (blue). Black indicates missing
coverage on the difference heatmap due to missing or incomparable peptides. Black and grey
numbers correspond to peptides in Figure 5 and supplemental information, respectively (see
also Figures S2, S3, S4 and S6). Far right; VRCO3 residues positioned to contact Env in
PDB 3SE8 are highlighted in pink (Wu et al., 2011). B) Corresponding heatmaps for VRC-
PG04 mapped onto PDB 3SE9.
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Figure 5. Deuterium Uptake and Structure Analysis for Select VRCO03 and VRC-PG04 Peptides
A) Deuterium uptake curves for selected VRCO03 (orange) and VRC-PGV04 (blue) variable

domain peptides are shown for unmutated (dashed lines) and mature (solid lines) Fabs. The
peptide sequence, position, and antibody region are indicated above each graph. Yellow dots
indicate that unmutated and mature Fab peptide sequences are not identical; green dots
indicate that the compared peptides are identical in sequence. Circled numbers correspond to
peptides in Figure 4. Error bars show standard deviation from duplicate samples. B) Focus
on the differentially-stabilized CDRL2/FW3 peptide in VRCO03 unmutated and mature
structures. Strand width indicates B-factor. * indicates predicted H-bonds present in mature
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— but not unmutated — VRCO3 (see also Figure S5). C) The CDRL2/FW3 region (orange
spheres) — disordered in unmutated VRC03 and VRC-PGO04 - is proximal to the gp120 N276
glycan. Man5 glycans modeled onto gp120 (from PDB 4NCO (Julien et al., 2013)) in the
presence (blue) and absence (red) of PGV04 show that displacement of N276 by CDRH3,
CDRL1, and CDRL2 is required for PGV04 binding. A similar displacement of the N276
glycan is observed for VRCO03 (not shown).
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Figure 6. CAP256-VRC26 Fab HDX-MS Heatmap Summary
A) Colors mapped onto the CAP256-VRC26.03 crystal structure (PDB 40D1) indicate

percent deuterium uptake for peptides throughout each CAP256-VRC26 antibody after 1
minute of deuteration as in Figure 4. Values for % mutation (nt) relative to germline VH and
VL gene segments are indicated from (Doria-Rose et al., 2014) B) Difference heatmaps
focusing on the CAP256-VRC26 variable domains show regions that are more disordered
(red), similarly structured (white), or more stable in the UCA (blue) at the 1 minute time
point. Regions that could not be compared are indicated in black. Black and grey numbers
refer to peptides in Figure 7 and supplemental information, respectively (See also Figures S7
and S8).
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Figure 7. Deuterium Uptake and Crystal Structure Analysis for Select CAP256-VRC26 Peptides
A) Percent deuterium uptake curves (green = UCA, red = 01, cyan = 10, purple = 03) for

select CAP256-VRC26 regions. Data is shown for all antibodies with comparable peptides.
Peptide location and length are indicated above each graph. Yellow dots indicate that the
compared VRC26 Fab peptide sequences are not identical; green dots indicate that at least
two of the compared VRC26 Fab peptides are identical in sequence (see also Figures S7 and
S8). Circled numbers correspond to peptides from Figures 6 and S7. Peptide 3 contains one
of the emergent disulfide cysteine residues (Doria-Rose et al., 2014), indicated by an asterisk
in Figure 6. Error bars show standard deviation from duplicate samples. B) Comparison of
structure, B-factors and predicted H-bonds in the heavy chain N-terminus (peptide 1) from
the four CAP256-VRC26 crystal structures PDB 40DH (UCA), 40CR (01), 40D1 (03),
40CS (10). Strand width corresponds to B-factor; each Fab is colored as in A). C) Structure,
B-factor and H-bond comparison of the CAP256-VRC26 CDRH2/FW3 region (peptide 2). *
indicates an H bond absent in UCA, but present in all other CAP256-VVRC26 structures. See
also Figure S5. X-ray crystal structures for the CAP256-VRC26-like antibodies D) PG16
(PDB 4DQO) and E) CHO03 (PDB 5ESV) bound to glycosylated VV1/V2 scaffolds, with
V1/V2 strands B and C superimposed. The CDRH2/FW3 region is oriented differently in
these structures, but it is positioned to interact with glycans in either orientation.
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Figure 8. Model of the Influence of SHM-Induced Changes in Local Stability on Antibody-Env
Interactions

Unmutated bNAbs exhibit increased disorder in regions peripheral to the paratope, which
may limit interactions with HIV-1 Env. Hypermutation and affinity maturation stabilize these
regions (blue arrow), minimizing clashes with disordered glycans and loops at the epitope
perimeter and improving Env binding.
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Table 1

Binding Constants for CAP256-VRC26 Antibodies to BG505.SOSIP.664 Env Trimer

Fab Kon (1/M-s) kott (115)  Kp (NM)
CAP256-VRC26.UCA nb.d n.b. nb.

CAP256-VRC26.01 1 0(1)x 1044 7.1(2)x 1073  680(80)
CAP256-VRC26.03 6.3(4)x 10*  4.1(1)x 107  64(5)
CAP256-VRC26.10  54(3)x10* 4.5(1)x 107  84(6)

an.b. - no hinding was observed at the highest concentration of Env tested. See also Figure S9.

Number in parentheses indicates error on last significant figure (standard error of two experiments)
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