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ABSTRACT: The third variable region (V3) of HIV-1 gp120
plays a key role in viral entry into host cells; thus, it is a
potential target for vaccine design. Human monoclonal
antibody (mAb) 447—52D is one of the most broadly and
potently neutralizing anti-V3 mAbs. We further characterized
the 447—52D epitope by determining a high-resolution crystal
structure of the Fab fragment in complex with a cyclic V3 and
interrogated the antigen—antibody interaction by a combina-
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tion of site-specific mutagenesis, isothermal titration calorim- ®AH
etry (ITC) and neutralization assays. We found that 447— ;'TAS
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52D’s neutralization capability is correlated with its binding
affinity and at 25 °C the Gibbs free binding energy is
composed of a large enthalpic component and a small favorable entropic component. The large enthalpic contribution is due to
(i) an extensive hydrogen bond network, (ii) a 7—cation sandwiching the V3 crown apex residue Arg’"*, and (iii) a salt bridge
between the 447—52D heavy chain residue Asp™ and Arg’"°. Arg®'® is often harbored by clade B viruses; thus, our data
explained why 447—52D preferentially neutralizes clade B viruses. Interrogation of the thermodynamic signatures of residues at

the antigen binding interface gives key insights into their contributions in the antigen—antibody interaction.

he third variable loop (V3) of gp120 is a promising AIDS

vaccine target because it mediates HIV-1’s contact with
coreceptors CCR4 or CXCRS." It is very immunogenic and
readily accessible to antibodies.> Passive immunization with
anti-V3 antibodies also shows protection in nonhuman primate
studies.*® V3 is generally 35 amino acids in length, beginning
with a disulfide bond between Cys at position 296 (Cys>®) and
Cys**! (HXB2 numberingé). It can be divided into three
structural regions: the disulfide linkage at the base in the gp120
core, the distal crown region of about 13 amino acids which
projects ~20 A from the core, and the flexible stem region
between the base and the crown.”® The epitopes of most
known human anti-V3 mAbs have been mapped to the crown
region of V3. Many of these mAbs have been carefully
characterized by functional and structural methods. Recent
structural studies have demonstrated that although the crown
often forms a f-hairpin structure, it can be further divided into
three distinct subregions: the band, the circlet, and the arch.®
The arch at the center of the V3 sequence contains the highly
conserved 4-residue motif of gp120 residues 312—31S, often
composed of the sequence GPGR for clade B or GPGQ_for
nonclade B viruses. The circlet at the middle of the crown has a
hydrophobic face and a hydrophilic face; the hydrophobic face
contains two highly conserved isoleucine residues (Ile*”” and
[e*®). The band consists of the often positively charged
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residues 304 and 305 at the N-terminus and the highly
conserved Tyr’'® at the C-terminus. Among these subregions of
V3 are four conserved structural elements: the arch, the band,
the hydrophobic face of the circlet, and the peptide backbone.
Anti-V3 antibodies that target these conserved structural
elements are broadly reactive.® Structural studies have also
revealed that there are two general modes of antigen
recognition for the human V3 mAbs: the ladle mode and the
cradle mode. The ladle mode, typified by mAb 447—52D, is
one where the antigen binding site is shaped like a soup ladle.”
The bowl of the ladle binds the arch of the V3 crown while the
handle, formed by a long CDRHS3 in the case of 447—52D,
interacts with the N-terminal half of the V3 crown by main-
chain interactions. Conversely, the cradle-binding mode,
typified by mAbs 2219, is one where the antigen binding site
is shaped like a cradle, and the V3 crown sinks into the cradle,
often burying the hydrophobic face of the circlet.®

Although mAb 447—52D (IgG3, A) has somatic mutation
frequencies of only 5.4% and 2.5% for VH and VL,
respectively,'® it harbors a sophisticated antigen binding site.
447-52D has a long CDRH3 of 20 amino acids (Kabat
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definition) that forms a f-hairpin structure standing tall at one
side of the antigen binding site (the handle of the ladle). The
antigen binding side f strand of the CDRH3, decorated with §
consecutive tyrosines (residues 100G—100K), makes main
chain interactions with the N-terminal strand of the V3 crown.
There is a shallow pocket at the base of CDRH3 that can be
considered the bowl of the ladle. On one side of the bowl, two
tryptophans, residue 91 of the light chain (Trp**') and Trp"®,
form a wall that packs against the GPG turn of the V3 arch. On
the other side of the bowl, Tyr'™'*’ and Trp"™ of the heavy
chain form perfect 7—cation stacking geometry that sandwiches
the guanidinium group of Arg’" of V3. In addition, the side
chain of Arg®'® of V3 forms a salt bridge with the side chain of
Asp™. This highly specific binding of the Arg®" side chain
with a 7—cation stacking and a salt bridge has led to speculation
that Arg®'® is the signature motif of the epitope of 447—52D."!
This might be the cause of 447—52D’s preference for
neutralizing clade B viruses over nonclade B viruses."”

Although investigated by us and other groups, analysis of the
structure—function relationship of the antigen binding site of
447—-52D still presents unanswered questions. For example,
although the crystal structures of the antigen binding fragments
(Fabs) of 447—52D in complex with V3 peptides of clade B
and nonclade B sequences have been obtained,”'® the role of
the C-terminal region of V3 crown hairpin in the antigen
antibody interaction was not clear because the residues after
316 had poor electron densities. The C-terminus was later
extended to residue 319 in another crystal structure,"® but the
diffraction data set was epitaxially twinned and the structure
was not sufficiently refined. There are also some inaccuracies of
the placement of key residue Arg*'® of the V3 loop and water
molecules within the antigen binding site.”'* Most importantly,
the contribution to antigen binding of the individual residues
cannot be determined from the structure alone because
residues at the antigen—antibody interface do not contribute
equally to the affinity and neutralization function of the
antibody. Instead, studies have indicated that the residue’s
contribution to the antibody function is not uniformly
distributed along the binding interface; rather, the majority of
the contribution is often localized to a subset of residues.'* ¢

To study the contribution of individual residues, a structure-
guided computational approach has been used.'” However, it
cannot accurately predict the affinity (kp) and Gibbs free
binding energy (AG) from atomic structures. Purely functional
studies are also limited in that they lack the precision at the
single residue level.'>'® Therefore, the best approach is to
interrogate the contribution of individual residues at the
molecular level by sensitive binding assays guided by
computational and structural studies. SPR," ELISA,* and
FRET?' assays have also been used to measure affinity with
high sensitivity, but these techniques cannot determine a
complete thermodynamic signature. Isothermal titration
calorimetry (ITC) is a unique technique that can not only
provide the accurate measurement of the binding affinities but
also sensitively quantitate the thermodynamic signatures of
individual residues at a specific temperature.””
present a detailed interrogation of the antigen binding site of
447—-52D using a combination of mutagenesis, neutralization
assays using pseudoviruses, and determination of affinity by
ITC.

23
Here, we
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B MATERIALS AND METHODS

Fab Production. Human mAb 447—52D was produced as
previously described.>** Briefly, peripheral blood mononuclear
cells derived from HIV-1-infected individuals were transformed
with Epstein—Barr virus, and the cells reactive with a 23-mer
V3yy peptide were fused with heteromyeloma cells SHM-
D33.*° The resulting hybridomas were cloned by limiting
dilution to monoclonality. mAb 447—52D was purified from
culture supernatants on a Protein G affinity column (GE
Healthcare).

Fab 447—-52D was produced by papain digestion. Papain
(Worthington) in 100 mM sodium acetate pH 5.5 was activated
with 10 mM cysteine and incubated with mAb at a 1:20 molar
ratio for 4 h at 37 °C. Papain was then deactivated using
iodoacetamide, and the Fab was then isolated by removing the
Fc fragment and undigested IgG with a Protein G column. The
Fab was further purified by size exclusion chromatography after
dialysis overnight against 50 mM sodium acetate pH 5.5, 100
mM NaCL

Fv Production. To produce the variable region (Fv)
molecules we first created single chain Fv (scFv) constructs.
Genes encoding variable fragments of the heavy and light
chains of mAb 447—52D were synthesized in a single chain
connected by a flexible linker, LVPRGSGGGGLVPRGS,*® with
2 thrombin cleavage sites and a C-terminal poly-His tag
(Supporting Information Figure S1). The scFv were cloned
into the pET30a kanamycin resistant vector. Select mutations
were made by PCR-driven overlap extension primers. Resulting
plasmids were then transformed into competent E. coli BL-21
cells (Rosetta-DE3) and protein overexpression was induced
with IPTG in an LB medium with added antibiotics. scFv
molecules were found in the insoluble fraction of the cell lysate.
Inclusion bodies were isolated by centrifugation (15000 rpm,
30 min, 4 °C) and dissolved in a denaturing buffer (6 M
guanidine HCl, 50 mM Tris pH 7.5, 20 mM EDTA, 20 mM
DTT) at 4 °C overnight. Aggregates were isolated by
centrifugation (18000 rpm, 4 °C, 30 min), and denatured
proteins were filtered through a 0.45 um filter and stored at
—80 °C.

To refold the scFv and generate functional Fv molecules,
scFv protein was denatured into 600 mL to a final
concentration of 0.08 mg/mL in 2.4 M guanine HCI and S0
mM Tris pH 7.5 and dialyzed into S0 mM Tris pH 7.5, 150
mM NaCl, and 10% glycerol for 24 h at 4 °C. The protein was
then dialyzed into 50 mM Tris pH 7.5, 150 mM NaCl, and 5%
glycerol for 48 h. Refolded scFv protein was captured by Ni-
NTA sepharose beads (Qiagen). The immobilized protein was
washed (20 mM immidazole pH 8.0, S0 mM Tris pH 7.5, 150
mM NaCl) and eluted (500 mM immidazole pH 8.0, S0 mM
Tris pH 7.5, 150 mM NaCl). Soluble refolded scFv protein was
digested with thrombin for 1 h at 37 °C to create soluble Fv
molecules. Fv was separated from thrombin by incubation with
heparin sulfate beads (4 °C, 30 min) and further purified by
size exclusion chromatography on a Superdex 75 column in 25
mM Tris pH 7.5 and 100 mM NaCl (Supporting Information
Figure S2).

Crystallization, Data Collection, Structure Determi-
nation, and Refinement. Commercially synthesized
V3uncycuie 14mer peptide (Biomatik, >99% purity) with
amino acid sequence CRIHIGPGRAFYTC was dissolved in
water to 10 mg/mL and added at a 5:1 molar ratio to purified
447—52D Fab. The mixture was concentrated to ~20 mg/mL
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for crystallization. Initial crystals were obtained by hanging
drop vapor diffusion over reservoirs containing 1.6 M
ammonium sulfate and 0.1 M Tris pH 7.5 as previously
described.”'>"® Crystals were optimized further by streak
seeding. Selected crystals were briefly soaked in their respective
mother liquor with additional 30% glycerol (v/v) prior to being
flash frozen in liquid nitrogen. X-ray diffraction data were
collected at beamline X6A, National Synchrotron Light Source,
Brookhaven National Laboratory. All data sets were processed
using the HKL2000 Package,”” and structures were solved by
molecular replacement using MolRep®® with the 447—52D
Fab/V3(W2RW020) structure (Protein Data Bank entry
3GHB) as the search model. Alternating cycles of real space
fitting and restrained refinement for each model were carried
out in Coot™” and Refmac $.%° Structural figures were generated
using PyMOL.*'

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed using an ITC200 system (MicroCal),** as
previously described by Bradshaw et al,*® at 25 °C in a buffer
composed of 25 mM Tris pH 7.5 and 100 mM NaCl. Fvs were
dialyzed against this buffer overnight before the experiment.
The peptides were dissolved in the final dialysis buffer. In a
typical binding experiment to characterize the Fv-V3
interactions, 300 mM V3 peptide was injected in 16 aliquots
of 2.43 pL into a 280 uL sample cell containing 30 4M Fv. In
all cases, data were corrected for the heat of dilution and fitted
using a nonlinear least-squares routine using a single-site
binding model with Origin for ITC version 7.0383 (MicroCal).
The reported uncertainty in all thermodynamic parameters is
the standard deviation of at least three experiments. Raw data
for representative experiments are included in Figure 2 and
Supporting Information Figures S5—S11.

Neutralization Assays with TZM-bl Target Cells. The
wild type Fv construct, its five mutants (Trp"'Ala, Trp"*°Ala,
Trp™Ala, Tyr™UThr, Asp™ Asn), IgG 447—52D (positive
control), and parvovirus B19-specific mAb 1418 (negative
control) were tested for neutralizing activity against SF162
based pseudovirus (psV) using the TZM-bl cell line as target
cells. The psV carried Env from SF162 and backbone vector
from strain NL43 lacking the Env region. Fvs were tested with
seven 2-fold serial dilutions starting at concentrations of 2—7
mg/mL. Each Fv dilution was preincubated with the psV;
subsequently, each Fv/psV mixture was incubated for 1 h with
TZM-bl cells expressing CD4, CXCR4, and CCRS at 37 °C.
Pseudovirus infectivity was determined by measuring the
luciferase activity in the cell lysates. The reduction of infectivity
was expressed as percent neutralization by comparing the
enzyme activity, as relative light units (RLU), in the presence of
antibody versus the absence of antibody.>*** The ICy, values
were determined by the standard method of least-squares.*®
The ICs, values were analyzed by one-way ANOVA analysis
using GraphPad Prism (version 5.04 for Windows, GraphPad
Software, La Jolla, CA, www.graphpad.com) (Supporting
Information Figure S4).

B RESULTS AND DISCUSSION

High-Resolution Structure of Fab 447-52D in
Complex with a Cyclic V3 Peptide. First, we sought to
obtain a high-quality structure of the 447—52D—epitope
complex that would result in an accurate visualization of its
antigen—antibody interaction. We determined a crystal
structure of Fab 447—52D in complex with a cyclic V3 peptide
with the amino acid sequence of CRIHIGPGRAFYTC (derived
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from HIV-1 strain MN) and refined it to 1.8 A resolution with
an R,/ Ree. of 0.187/0.219 (Figure 1, Supporting Information

YH100J

Figure 1. (A) Structure of Fab 447—52D (only the Fv portion is
shown) where the light and heavy chains are colored cyan and green,
respectively; the V3 peptide is colored magenta. Several residues that
are important for antibody—antigen interaction, including Pro*" and
Arg®® of V3, Trp™" and Trp™® of the light chain, and Trp™, Asp™,
and Tyr™Y of the heavy chain, are illustrated in stick representation.
(B) Side chain of Arg*® of V3 interacting with Tyr™®’ (background)
and Trp™® (foreground) through the 7—cation stacking and forms a
salt bridge with Asp™. (C) Details of the interaction between Pro*'
of the V3 epitope and Trp™! and Trp™ of the 447—52D light chain.
(D) Water-mediated hydrogen bond network at the antigen binding
site. Note that Arg315 and AspHgs of the m—cation stacking/salt-bridge
are further coordinated by the water molecules.

Table S1). All 14 amino acids in the cyclic peptide were
visualized with good electron densities. The C-terminal region
of the V3 crown forms a f§ strand (Figure 1A), antiparallel with
the N-terminal strand of the V3 crown. Together with the two
P strands of CDRH3 of 447—52D, they formed a continuous
four-strand f sheet (Figure 1A). Our structure also permitted
the accurate placement of water molecules within the antigen
binding site: the epsilon nitrogen of residue Arg®"® from the
epitope was at a good hydrogen bonding distance to one of the
water molecules (W2; Figure 1B,D). This placement of the side
chain of Arg*'® allowed it to have a better stacking with Tyr"'°Y
and Trp™ of the heavy chain of 447—52D.

Consistent with the previous data, we observed four key
antigen—antibody interactions of 447—52D: (i) a z—cation
stacking between the side chains of the aromatic residues
Tyr™'% and Trp™® and Arg®"s of the V3 loop (Figure 1B), (ii)
a salt bridge between the cationic Arg’" of the V3 loop and the
anionic Asp™ of 447—52D (Figure 1B), (iii) van der Waals
interactions of Pro®'® of the V3 loop with Trp™" in a parallel
orientation and with Trp"®® in an orthogonal orientation
(Figure 1C), and finally (iv) main chain interactions of the N-
terminal portion of the V3 crown with the CDRH3 of 447—
52D (Figure 1A). There are six main chain mediated hydrogen
bonds between the N-terminal f# strand of the V3 crown and
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the C-terminal /3 strand of CDRH3 of 447—52D (Supporting
Information Table S2). These four key interactions account for
the contacts between 447 and 52D with V3.

The accurate placement of the C-terminal strand of the V3
crown allowed us to visualize its hydrophobic core in the
context of 447—52D binding. However, the hydrophobic core
in this complex structure is on the opposite side of the hairpin
in comparison with the V3 crowns in complex with a family of
mAbs (mAbs 1006—15D, 2219, 2557, etc.)**”*® encoded by
the VHS—51 germline genes, which is preferentially used by
anti-V3 crown human antibodies and accounts for 35% of
isolated anti-V3 human mAbs.>’ In detail, when visualized from
the perspective of the C-terminal strand, the hydrophobic core
of this structure is located to the left of the V3 crown in the
447—-52D structure. However, in the case of structures of anti-
V3 antibodies encoded by VHS—S51 genes, the hydrophobic
core is located to the right of the crown. This observation
suggests the hydrophobic core can flip-flop between the two
sides of the V3 crown. The capacity for accommodating two
such drastically different conformations might play a role in the
entropic masking of the V3 crown, hiding this functionally
important motif from human immune responses.

Generation of Fv Fragment of mAb 447-52D and
Mutations of Its Antigen Binding Site. To further
understand the antigen—antibody interaction of 447—52D
and interrogate the thermodynamic contributions of individual
residues, we studied the Fv fragment of 447—52D, which solely
consists of the terminal Ig domain that is responsible for
antigen binding; in the case of 447—52D, these are residues 1—
113 of heavy chain and residues 1—109 of the light chain
(Supporting Information Figure S1 and S2). The Fv fragment
was used because we had previously noticed that the Fab
fragment of a mAb can adopt two very different elbow angles in
a crystal.*® The potential flexibility of the elbow of a Fab
fragment would increase the noise of a thermodynamic
measurement that could obscure the sensitivity of measure-
ments. Therefore, the Fv was the preferred molecule for our
thermodynamic studies.

We then created a panel of Fv 447—52D and V3 mutants
that would allow us to interrogate the contribution of individual
residues to the antigen—antibody interaction. We divided the
mutations of Fv 447—52D into three groups. The first, Tyr™'°Y
to Thr or Trp™ to Ala, would destroy the z—cation sandwich
interaction with Arg®" of the V3 epitope. We mutated Tyr"™'°Y
to Thr to preserve the polarity of this position, because it is
likely the mutated residue would still be exposed to the solvent
upon V3 binding. The second, Asp™® to Asn, would remove
this side chain’s charge and prevent the formation of the salt
bridge with the side chain of Arg*"*. The third, Trp"®" to Ala or
Trp™® to Ala, would alter the contact with Pro*"* of the GPG
turn of the V3 arch. These mutant Fv molecules were all
generated with the same procedures as the wild type Fv 447—
52D, and they all eluted from size exclusion chromatography
similarly to the wild type (WT) Fv. We also created mutations
in the V3 loop: Arg®" to Gln, which interrupts the specific 7—
cation and the salt bridge, and His*® to Arg, which is often
associated with nonclade B viruses.

Functional Analysis of Fv 447—52D and Its Mutants
by Neutralization. We tested the neutralization of the wild
type Fv 447—52D and the panel of its mutants by a TZM-bl
assay against a SF162 pseudovirus.>**' We first quantitated the
neutralization capability of Fv 447—52D in comparison with
that of the native 447—52D IgG molecule (Supporting
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Information Figure S3). Fv 447—52D is able to neutralize
SF162 pseudoviruses but with a 230-fold molar increase in ICs,
in comparison with that of IgG 447—52D. The weakening of
neutralization capability of the Fv molecule may be partly
explained by the difference in stoichiometry between IgG (two
binding sites) and Fv (one binding site). Additionally, Fv
molecules lack the constant domains of the IgG that may play
an additional role in augmenting neutralization function. We
then tested all the Fv mutants in the TZM-bl assay against the
SF162 pseudovirus. The results indicated that: (i) Mutation of
each of the aromatic residues that sandwich Arg®"*, Trp"*3Ala,
and Tyr™'%Thr, resulted in a 3.4- and 1.2-fold decrease in
neutralization capability, respectively. (ii) Mutation Asp™**Asn,
which prevented the formation of the salt bridge with Arg®'s,
resulted in a 2.2-fold decrease in neutralization capability.
Finally, (iii) mutation of each of the aromatic residues that
interact with Pro*®, Trp"”'Ala, and Trp"*°Ala resulted in a 4.0-
and 2.6-fold decrease in neutralization capability, respectively.
All Fv mutants’ ICg, values are higher than that of the wild type
Fv (Table 1, Supporting Information Figure S4).

Table 1. Neutralization and ITC Data“

mutation 1Cy, kp
WT 19 uM (+0.6) 0.023 uM (+0.001)
447-52D YHooT 23 uM (+6) 1.3 uM (+0.5)
447-52D WH33A 68 uM (+5) 3.9 uM (+0.7)
447- 52D D'N 41 uM (+4) 3.9 uM (+0.1)
447-52D WA 76 uM (+5) 5.4 uM (+0.3)
447-52D WA 50 uM (+4) 1.8 uM (+0.5)
V3 R¥*°Q ND 5.1 uM (+0.7)
V3 HR ND 0.057 uM (%0.003)
V3 cyclic ND 0.016 uM (+0.002)

“ICsy values and error were obtained from two or three replicate
experiments of Fv 447-52D WT or mutants against SF162 pseudovirus
in a TZM-bl cell assay and determined by standard methods.***" k;,
values and error were obtained from three or four replicated
experiments of Fv and V3 molecules via Isothermal Titration
Calorimetry.

Binding Affinity Measured by ITC. To determine if
changes in neutralization capability of Fv 447—52D correlate
with changes in antigen binding affinity, we measured the
binding affinities of the wild type Fv 447—52D and its mutants
with a 14-mer V3 peptide (KRIHIGPGRAFYTT) by ITC
(Figure 2). We found that (i) mutations Trp™**Ala and
Tyr™Thr, which destroy the sandwiching of Arg*®, resulted
in a 56- and a 170-fold decrease in affinity, respectively (Figures
2B and Supporting Information Figure SSB); (ii) mutation
AspH%Asn, which removed the salt bridge with Arg315, resulted
in a sizable 170-fold decrease in affinity (Supporting
Information Figure S6B); finally, (iii) mutations TrpL91A1a
and TrpL%Ala, which altered the interaction with Pro®%
resulted in a 230- and a 76-fold decrease in affinity, respectively
(Supporting Information Figures S7B and S8B). We found that
there was a slight correlation between neutralization function
and binding affinity (i.e., mutations of residues that resulted in
large changes of neutralization capability also resulted in large
changes of binding affinity and vice versa (Figure 3, Table 1)).
This is consistent with a previous study of IgG 447—52D using
SPR and ELISA." Such correlation has also been noted by a
recent study on an MPER (gp4l1) directed mAb 2FS5.*
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Figure 2. Representative ITC raw data (top) and integrated isotherms (bottom) of (A) Fv 447—52D wild type and (B) Fv 447—52D Trp™*Ala
mutant titrated with V3MN peptide. Panel A shows raw data (1Cal/s) and the integrated isotherm (kcal/M V3) for wild type 447—52D Fv binding
to a V3, peptide. From the isotherm, we are able to directly observe thermodynamic properties (AH, kp) and determine other thermodynamic
parameters (AS, AG) on the basis of the basic equations of thermodynamics (AG = AH — TAS and AG = —RT In kp).*” The steep slope of the Fv
WT and V3, isotherm coincides with a nanomolar binding affinity. Contrastingly, the slope of the isotherm for the 447—52D Fv Trp"**Ala mutant
and V3, (B) is much shallower, indicating a micromolar binding affinity. The data represented in panels A and B (as well as all others discussed

here) are representative of at least 3 replicates.
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Figure 3. Neutralization activity (ICy;) of each mutant Fv of 447—52D
is plotted against its affinity (kp) (data from Table 1). Note that
tighter binding (lower kp) results in greater neutralization activity
(lower ICy,) with a correlation R? = 0.63.

However, studies on mAb b12 have shown that there was not a
clear correlation between binding and neutralization.*

We also measured the affinity of the wild type Fv 447—52D
binding to V3 peptides mutated at two positions: (i) V3 with
Arg**GIn mutation resulted in a GPGQ motif (KRIHI-
GPGQAFYTT) (Supporting Information Figure S9B) or (ii)
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V3 with His*®Arg mutation (KRIRIGPGRAFYTT) (Support-
ing Information Figure S10B). Residues His**® and Arg’" of
the V3 crown are often associated with clade B viruses. When
compared to the wild type V3 with MN sequence (KRIHI-
GPGRAFYTT), we observed (i) a 230-fold decrease in binding
to an Arg’"*Gln peptide and (ii) a 2.5-fold decrease in binding
to a His*®Arg peptide. Thus, 447—52D antigen binding affinity
is much more contingent on Arg*, explaining the limited
neutralization ability of mAb 447—52D for nonclade B viruses
which often contain GIn®'3,

Finally, we also measured the binding affinity of the wild type
Fv 447—-52D to a cyclic V3 peptide (CRIRIGPGRAFYTC)
used in our crystallographic study (Supporting Information
Figure S11B). We observed a very modest 1.5-fold increase in
binding affinity of the cyclic peptide. The very similar affinities
of the linear and the cyclic V3 with Fv 447—52D indicates that
the cyclization of the V3 crown did not affect much of its
interaction with mAb 447—52D.**

Thermodynamic Signature of the Antigen Binding
Site of 447—52D. Our ITC measurements have also provided
the thermodynamic signature of each antigen antibody
interaction: the enthalpic (AH) and entropic (AS) contribu-
tions to the Gibbs free binding energy (AG = AH — TAS) at a
specific temperature (25 °C). The wild type Fv 447—52D
binding to V3 peptide KRIHIGPGRAFYTT gave a AG value of
—10.42 kcal/mol with an enthalpic contribution of —8.54 kcal/
mol and an entropic contribution of —1.88 kcal/mol (Figures

dx.doi.org/10.1021/bi400645e | Biochemistry 2013, 52, 6249—6257



Biochemistry

1

WT  YHIOT \WHBA  DHSN  WLTA  WLSA  R315Q  H3%R  Cyclic
0

-

O =2

=

S~

C—U -4

O

'

N 6

5 f

3 t

— 3

=

L ‘I_ {_
2 "AH ®-TAS UAG

Figure 4. Enthalpic (AH) and entropic (AS) contributions of individual amino acid side chains to the Gibbs free binding energy (AG) are shown for
the wild type (WT) interaction and each of the mutated Fv and V3 molecules. All the enthalpic contributions to binding of mutated molecules are
less than the wild type. Most entropic contributions to binding of mutated molecules are more than the wild type, with the exceptions of Fv with the
mutation Trp"*®Ala and V3 with the mutation of His***Arg. Each of these parameters is derived from raw thermodynamic binding data (Supporting

Information Table S3).

2A and 4, Supporting Information Table S3). Thus, the
majority of the binding energy is derived from the enthalpy
(AH) of the interaction. This sizable enthalpic contribution
may indicate a large number of specific contacts formed when
the antibody is complexed with the V3 epitope. These could
include the nine hydrogen bonds between the V3 epitope and
the heavy chain atoms (Supporting Information Table S2) and
the hydrogen bond network mediated by the two solvent
molecules at the base of the binding pocket (the bowl of the
ladle) (Figure 1D). The salt bridge between Asp™® and Arg®'
and the latter's 7—cation stacking with Tyr™®Y and Trp"®
likely also contribute significantly to this enthalpy (see below).
However, there is also an unfavorable enthalpic contribution,
probably due to the peptide-displacing solvent molecules that
make contact (hydrogen bonds) with the unbound paratope.
When the peptide binds, these contacts are lost, which is an
unfavorable contribution to the Gibbs free binding energy. The
peptide is able to make new contacts with the paratope, which
is a favorable contribution to the Gibbs free binding energy.
The net favorable enthalpy observed for the Fv—peptide
interaction indicates that the favorable contacts made upon
peptide binding outweigh unfavorable loss of contacts between
the paratope and solvent.

Interestingly, the V3—Fv 447—52D interaction also had a
favorable entropic contribution (—TAS) of —1.88 kcal/mol.
The ordering of the flexible V3 crown peptide upon binding
likely contributes unfavorably to the Gibbs free binding energy.
However, this unfavorable contribution is perhaps overcome by
a larger favorable contribution derived from expelling solvent
molecules present at the surface of the unbound antigen
binding site. Assuming each hydrogen bond donor/acceptor
would originally bind one water molecule, there would be at
least nine water molecules expelled from the binding site upon
antigen binding. In addition, there is a pocket of 460 A® at the
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bottom of the antigen binding site (the bowl of the ladle). It is
possible that water molecules self-assembled in this largely
hydrophilic pocket would be expelled upon V3 binding,
creating an additional favorable entropic contribution to the
binding energy AG.

We determined the thermodynamic signatures of binding
events for mutants of Fv 447—52D and V3 in comparison with
the binding of the wild type Fv and V3 at 25 °C (Figure 4,
Supporting Information Table S3). All five mutants of Fv 447—
52D had reduced enthalpic contributions to their Gibbs free
energy, which could be interpreted as reductions of side chain
specific interactions made by the mutants. Mutation
Tyr™Thr resulted in a substantial enthalpic reduction of
3.3 kcal/mol, indicating the important role Tyr'*” in the 7—
cation interaction. Trp"*’Ala resulted in an even larger
enthalpic reduction of 4.02 kcal/mol. Thus, the indole group
of Trp™? contributed more to the z—cation interaction than
the tyrosyl group of Tyr™'%). Mutation Arg’"*Gln in the V3
loop resulted in a large enthalpic reduction of 3.96 kcal/mol.
Asp™Asn also resulted in a large enthalpic reduction of 5.04
kcal/mol. These two large enthalpic reductions hint at the
importance of the Asp"”*—Arg®'* salt bridge to antigen binding.
Mutation His*®Arg resulted in a small enthalpic reduction of
0.35 kcal/mol, suggesting that if specific contacts are made at
this position, the side chain of either a His or an Arg at position
308 can bridge them similarly. Mutation Trp"'Ala resulted in
an enthalpic reduction of 4.72 kcal/mol, which is comparable to
that of the mutation Trp™*Ala. Trp"**Ala resulted in only a
small enthalpic reduction of 1.22 kcal/mol; this is under-
standable because it has the smallest contact area with the
epitope among all the residues we mutated (Supporting
Information Table S4).

All the mutants had more favorable entropic contributions
than the wild type with the exceptions of Trp"Ala and
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His*®Arg. Mutations Tyr'®?Thr and Trp"™**Ala resulted in
comparable increases in favorable entropy of 0.91 kcal/mol and
0.98 kcal/mol, respectively. The entropic increases of these
mutations were likely derived from the increased flexibility of
the Arg®'® side chain of V3 when the 7—cation sandwiching is
no longer complete. Mutation Arg**Gln resulted in a 0.75
kcal/mol increase in favorable entropy, which could reflect the
imperfect fit of the shorter Gln within the 447—52D binding
site. Similarly, Asp"®Asn and Trp"*'Ala had comparable
increases in favorable entropy of 1.99 kcal/mol and 1.49
kcal/mol, respectively. These increases in entropy possibly
resulted from increased flexibility of the complexed V3 arch in
comparison with that of the wild type. Mutation His***Arg
resulted in a very small decrease in favorable entropy of 0.19
kcal/mol, likely because the side chain of Arg**® has more
entropy than that of His®®. Interestingly, mutation Trp"*Ala
resulted in a large reduction in favorable entropy of 1.34 kcal/
mol. This mutation created a 137.9 A’ cavity lining by
hydrophobic residues Leu™**, Phe'®, and Met™" in the
antigen binding site of 447—52D (Supporting Information
Figure S12). This cavity could potentially trap solvent
molecules that will not be liberated into the free solvent
upon V3 binding, resulting in a less favorable entropic
contribution. The important role of water bridging wild type
interactions absent in a site-specific mutant was also observed
in analysis of antihen egg white lysozyme (HEL) antibody D1.3
in complex with HEL.

By the investigation of the thermodynamics signatures of
residues at the antigen binding surface of 447-52D, we
observed that its epitope binding energy is dominated by a large
enthalpic contribution. This enthalpic contribution is derived
from hydrogen bonds, a m—cation interaction, and most
importantly the salt bridge between prototypic clade B residue
Arg®® and Asp™ of 447-52D. The z—cation sandwich
surrounding Arg®'®, together with the salt bridge, created an
almost perfect binding environment for the long, positively
charged arginine side chain. Mutation of any of these three
residues resulted in a substantial reduction in the enthalpic
contribution to binding and affinity. These data explain why
447—52D strongly prefers to neutralize viruses with the GPGR
motif at the V3 crown. Interestingly, several charged residues
line the surface of the binding site and there are two stably
bound solvent molecules. These water molecules are likely a
part of the antigen binding site because they are also present in
the structure of 447—52D in complex with GPGQ V3.’ Using
water molecules to bridge interactions is a common mechanism
of increasing affinity of antibodies during affinity maturation.*®
The two highly conserved residues of the hydrophobic core,
1e*” and Tle*”, are largely exposed when the epitope is bound.
This is a very different binding topology from VHS—S51 anti-V3
crown mAbs, which bind the V3 crown using the cradle mode
and T1e*” and Tle*® are buried at the center of the cradle. This
hydrophobic-binding-dominated antigen binding can tolerate
variation on the antigen side so long as the mutations are also
hydrophobic. On the other hand, hydrophilic interactions, like
the hydrogen bonds and salt bridge discussed in this
manuscript, are more specific such that they require particular
residue functional groups to have a specific geometry and
distance. This type of antibody likely requires a long time
affinity maturation; thus, it is difficult to be elicited by
vaccination.

The favorable entropic contribution to the Gibbs free
binding energy of 447—52D differs from some other anti-
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gp120 antibodies which have a net unfavorable entropic
contribution, such as VRCO1 and PG9.*”*® This unfavorable
entropy is derived from the limitation of gp120 conformation
flexibility due to binding by antibodies such as VRCO1 that will
anchor gp120 molecules at a particular conformation, incurring
an entropic penalty. Quaternary epitope neutralizing antibodies,
such as PG9, may also stabilize the conformation of gp120
upon binding. Vaccination to induce these antibodies would
have to overcome this very unfavorable entropic contribution
with larger, favorable enthalpic contributions composed of
many specific molecular interactions. To be able to make these
large numbers of interactions, these antibodies have special
characteristics including long CDRH3 and large numbers of
somatic mutations. These types of antibodies will be
challenging to elicit by immunization. Therefore, our AIDS
vaccine development efforts should focus on generating
immune responses similar to antibodies whose binding does
not incur a large entropic penalty, such as 447—52D.
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