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Abstract

In this report we investigated, within a group of closely related single domain camelid antibodies
(VyHs), the relationship between binding affinity and neutralizing activity as it pertains to ricin, a
fast-acting toxin and biothreat agent. The V1C7-like VyHs (V1C7, V2B9, V2ES8, and V5C1) are
similar in amino acid sequence, but differ in their binding affinities and toxin-neutralizing
activities. Using the X-ray crystal structure of V1C7 in complex with ricin’s enzymatic subunit
(RTA) as a template, Rosetta-based homology modeling coupled with energetic decomposition led
us to predict that a single pairwise interaction between Arg29 on V5C1 and Glu67 on RTA was
responsible for the difference in ricin toxin binding affinity between V1C7, a weak neutralizer, and
V5C1, a moderate neutralizer. This prediction was borne out experimentally: substitution of Arg
for Gly at position 29 enhanced V1C7’s binding affinity for ricin, whereas the reverse (i.e., Gly for
Aurg at position 29) diminished VV5C1’s binding affinity by >10 fold. As expected, the V5C1Ro9g
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mutant was largely devoid of toxin-neutralizing activity. However, the toxin-neutralizing activity
of the V1C7g29r mutant was not correspondingly improved, indicating that in the V1C7 family
binding affinity alone does not account for differences in antibody function. V1C7 and VV5C1, as
well as their respective point mutants, recognized indistinguishable epitopes on RTA, at least at the
level of sensitivity afforded by hydrogen-deuterium mass spectrometry. The results of this study
have implications for engineering therapeutic antibodies because they demonstrate that even subtle
differences in epitope specificity can account for important differences in antibody function.
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INTRODUCTION

The eventual success of a given subunit vaccine for most infectious diseases and biothreat
agents will depend on its capacity to elicit a robust antibody response against key protective
epitopes on the target antigen and minimize off target interactions with non-neutralizing or
“decoy” epitopes 1-3. Ricin, a toxic glycoprotein from the castor bean (Ricinus communis),
is a biothreat agent for which no licensed therapeutic or prophylactic countermeasures
currently exist. Ricin is a heterodimer consisting of an enzymatic subunit (RTA) linked via a
single disulfide bond to a binding subunit (RTB), a Gal/GalNAc-specific lectin that
promotes attachment, endocytosis, and retrograde transport of ricin in eukaryotic cells 4. In
the endoplasmic reticulum (ER), the disulfide bond between RTA and RTB is reduced by
protein disulfide isomerase (PDI) °, after which RTA is retro-translocated across the ER
membrane. Ricin’s cytotoxic effects are due to RTA, an RNA N-glycosidase whose substrate
is a conserved A residue within the sarcin-ricin loop (SRL) of eukaryotic 28S rRNA 6.
Depurination of the SRL results in ribosome-inactivation and programmed cell death by
apoptosis .

RTA is the focus of current efforts to develop countermeasures against ricin toxin: two
enzymatically-inactive forms of RTA are being pursued as possible ricin toxin subunit
vaccines 10, while a number of RTA-specific monoclonal antibodies (mAbs) are being
evaluated as possible therapeutics 1213, However, the mechanisms by which antibodies
neutralize (or fail to neutralize) ricin toxin in vitro and in vivo are not fully understood. For
example, how do factors like binding affinity and epitope specificity contribute to overall
toxin-neutralizing activity (TNA)? RTA-specific monoclonal (mAbs) and single-domain
camelid (sdAbs or VyHs) antibodies are particularly powerful tools to begin to address these
questions 1321, Antibody R70 (UNIVAX 70/138) was one of the first RTA-specific mAbs to
be shown to neutralize ricin toxin 7 vitroand in vivo ?2. R70 recognizes a conserved
immunodominant epitope defined by a solvent exposed a-helix, referred to as a-helix B,
which encompasses residues 97-107 2324, Other mAbs and VyHs like E5 (Figure 1A) have
been identified that compete with R70 for binding to RTA and/or that have been shown by
X-ray crystallography to contact a-helix B directly 17:21.25-27  Although these antibodies
recognize overlapping epitopes, which we refer to as epitope Cluster I, on the surface of
RTA, their TNA (ICsps) range from potent (5 nM) to weak (>330 nM) to
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undetectable 21.26.27 Because differences in binding affinities (Kp) only partially account
for these differences in TNA, we have proposed that epitope specificity, notably contact with
a-helix B, may be the primary factor in determining whether a Cluster | antibody can
inactivate ricin 2627,

So-called epitope cluster 11 on RTA was originally defined by the mAb SyH7 and now
includes three other mAbs, PA1, PH12, and TB12 1920, SyH7 is roughly equivalent to R70
in its capacity to neutralize ricin in vitroand in vivo1°. We recently identified three V4Hs,
V5EL, E1 and V1C7 that we assigned to cluster 11, because they were competitively
inhibited from binding to ricin by SyH7 28. The three VyHs are interesting because their
different toxin-neutralizing activities: V5E1 has strong TNA, E1 has moderate TNA, and
V1C7 weak TNA. The X-ray crystal structures of the ViyH-RTA complexes demonstrated
that V5E1 recognizes an epitope that is distinct from that of E1 and V1C7 (Figure 1A),
suggesting that V5E1 contacts critical residues associated with ricin neutralizing activity
whereas E1 and V1C7 do not. However, this interpretation is confounded by their
differences in binding affinities: V5E1 has picomolar binding affinity for RTA, while E1 and
V1C7 have nanomolar affinities. This leaves open the possibility that binding affinity alone
is sufficient to explain the observed difference in ricin neutralizing activity. Indeed, there are
examples in the literature where increased antibody binding affinities correspond to
enhanced neutralizing activities 172%-31, Without a better understanding of the contributions
of binding affinity and epitope specificity to ricin toxin-neutralizing activity information, it
is not possible to rationally design more effective therapeutic antibodies.

The recent identification of three additional V1C7-like VyHs from our ricin-specific alpaca
phage-display single domain library (D. Vance, J. Tremblay, C. Shoemaker, and N. Mantis,
manuscript in preparation) afforded an opportunity to address the contribution of binding
affinity as it relates to toxin-neutralizing activity. As will be described in the Results section,
the three V1C7-like VyHSs, V2B9, V2ES8, and V5C1, share considerable DNA and amino
acid sequence identity with V1C7 and most certainly arose from a common B cell
progenitor. Moreover, the VyH antibodies display a range of binding affinities and toxin-
neutralizing activities. Thus, we reasoned that we could use the V1C7-RTA complex to
model the structure of the other VVyHs of the family, and then predict which specific residues
are responsible for the observed differences in binding affinity. These predictions could then
be examined experimentally.

A previous study seeking to enhance binding affinity for a different mAb-ricin complex
relied on docking to first predict the binding mode, then identify mutations to vary the
binding affinity 32. While such mutations were indeed identified, it is difficult in the absence
of structural confirmation to be certain that the underlying basis for the altered

binding affinity was indeed as designed. Rather than docking, we instead predicted the three-
dimensional (3D) structure of each VyH variant by homology modeling 33. This approach
begins from the expectation that the 3D structure of a given protein will closely resemble
that of other highly homologous proteins (e.g., those with >25-30% sequence identity 34).
Thus, the 3D structure of a homologous protein, when available, can serve as a template for
modeling the protein of interest. Most of today’s successful homology modeling methods
combine templates from multiple proteins 3536, since each template may provide distinct
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insights into different portions of the input sequence. This is especially true of antibody
modeling, where templates for the framework regions can be combined with templates for
each of the CDR loops 3741, These general principles of antibody modeling are also
expected to hold for VyHs 3842 although a dedicated assessment for VyH modeling has yet
to occur.

Here we report on the homology modeling of the V1C7 VyH family, and show how it led to
identification of a residue pairwise interaction—between Arg29 on V5C1 and Glu67 on RTA
—that was demonstrated to enhance binding affinity and be necessary, but not sufficient, for
V5C1’s higher TNA. Ultimately, a better understanding of the relationship between binding
affinity and toxin-neutralizing activity holds important implications for design of novel
therapeutic antibodies.

MATERIALS AND METHODS

VyHs, toxins, and other reagents

The RTA-specific VyHs were identified from the so-called HobJo alpaca single domain
antibody phage displayed library by repeated rounds of affinity enrichment on ricin or RTA
(D. Vance, C. Shoemaker, and N. Mantis, manuscript in preparation) 2. Ricin toxin (RCA-
I1) and biotinylated ricin were obtained from Vector Laboratories (Burlingame, CA). All
other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless
noted otherwise. Hydrogen exchange studies were conducted with an inactivated mutant of
RTA (V76M; Y80A), which is known as RiVax#3. The two point mutations do not alter the
tertiary structure of RTA, as reported by Legler and colleagues 44. RiVax was expressed and
purified as described 4°.

ELISA and surface plasmon resonance (SPR)

For competition ELISAs, Nunc-Immuno plates (ThermoScientific, Swedesboro, NJ) were
coated overnight with murine 1gGs (1 pg/mL) and then blocked with 2% goat serum in
phosphate buffered saline. Ricin (1 pg/mL) was applied to bind to the mAb-coated well, and
probed with E-tagged VyHs. The plates were developed with anti-E-horseradish peroxidase
(Bethyl, Montgomery, TX) followed by SureBlue Peroxidase Substrate (KPL). The reaction
was quenched with 1M phosphoric acid, and absorbance was read at 450 nm using a
VersaMax Microplate Reader (Molecular Devices, Sunnyvale, CA). The dissociation
constants (Kp) for each ViyH were determined by SPR using the ProteOn XPR36 (Bio-Rad
Inc. CA, USA) using ProteOn GLC sensor chips coated with ricin at high (4 ug/ml: L1) or
low (2 pg/ml: L2) density, as described 27. PBS with 0.005% Tween-20 (pH 7.4) was used as
the dilution and running buffer. All analyses were conducted at 25°C.

Computational modeling of VHH-RTA complexes

We modeled the structure of each VyH using the known crystal structure of V1C7 as the
only template, under the assumption that the four members of the family share a common
structure as well as a common RTA binding mode given their high sequence similarity. Each
VyH aligns with sequence identity of >87% (and no gaps) to V1C7, as determined by the
EMBOSS Needle implementation of the Needleman-Wunsch algorithm 46:47. This
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extremely close similarity gave us confidence that each of these family members would
share the binding mode of V1C7, as opposed to adopting one of the several other binding
modes that have been observed for VViyHs bound to RTA 27,

Threading of each V4H sequence onto the template was carried out using the Rosetta
partial_thread application. We preserved the bound pose of the V{H relative to RTA from
the crystal structure of the V1C7-RTA complex (PDB: 5J56), generating an ensemble of
5,000 energetically minimized conformations using the Rosetta refax application 48; this
procedure searches for alternate side-chain rotamers on both RTA and VyH, and also
includes gradient-based minimization of their backbones and side-chains, and the relative
orientation between them. The disulfide bond between V4H residues Cys22 and Cys100 was
enforced throughout, and the pwSHO term was included to describe polar solvation. This
modeling approach yielded models for all three VyHs that were structurally very similar to
the V1C7 template, as expected.

The average VHH-RTA interaction energy over the ensemble of 5,000 low-energy models
was then used as an estimate of the relative RTA binding affinity. The VyH-RTA interaction
energy of each model was computed as the difference between the total energy of the
complex and the total energy of the two monomers taken in isolation. We selected a
representative model of each VyH—RTA ensemble as the “center” of the largest cluster
formed by the Rosetta c/uster application, where clustering (by RMSD) was limited to the
1,000 models of lowest V{H—RTA interaction energy. In the analysis of representative
models, we identified the most favorable residue-pair interactions at the VyH-RTA interface
using the Rosetta /nterface _energy application.

HX-MS Analysis

Hydrogen exchange was performed using an H/DX PAL robot (LEAP Technologies,
Carrboro, North Carolina). MS measurements were conducted using a QTOF mass analyzer
(Agilent 6530, Santa Clara, California) with Agilent 1260 Infinity LC System. For HX, 4 uL
of RiVax prepared at 20 pM was incubated with 36 pL deuterated buffer (20 mM sodium
phosphate, 150 mM sodium chloride, pD 7.7) at 25 °C for 13 s — 24 h. For experiments in
the presence of VyH, RiVax was prepared at 20 uM with a V4H concentration of 40 uM. To
account for differences in measuring pD with a pH meter, a value 0.4 units was added to the
pH meter reading 4°. Labeling at each time point was performed in triplicate. The exchange
was quenched by a 1:1 dilution into quench buffer (4 M Gdn-HCI, 0.2 M phosphate, pH 2.5)
at 0 °C for 60 s. Fifty five pL of the quenched sample was then injected into the 100 uL
sample loop of the refrigerated compartment of the H/DX PAL, maintained at 0 °C,
containing a pepsin column (50 mm x 2.1 mm), a C8 trap (Poroshell 120 SB-C8, 2.1x 5
mm, 2.7 um particle diameter), and a reversed phase column (ZORBAX 300SB-C18, 2.1 x
50 mm, 1.8 um particle diameter). The immabilized pepsin column was prepared in-house
as described elsewhere 50. The quenched sample was carried through the pepsin column
using 0.1% formic acid at 200 pL. min~1 over 3 min. The resulting peptic peptides were
desalted on the C8 trap for an additional 60 s. The LC method used a 15 min segmented
gradient from 1% B to 95% B, with mobile phase A consisting of 0.1% formic acid and
mobile phase B consisting of 0.1% formic acid in 90% acetonitrile/10% water flowing at
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200 pL min~1. A second 15 min gradient similar to the first was used to minimize peptide
carry over from the trap and analytical column. To minimize carryover in the immobilized
pepsin column, the pepsin column was washed as described previously °1. MS/MS analysis
was used to generate a peptide map of RiVaxs that covered 100% of the RiVax sequence
with 138 peptides. The peptides are numbered sequentially from the N-terminus to the C-
terminus (Supplemental Table S1).

The HX data were processed using HDExaminer software (Sierra Analytics, Modesto,
California). The mass increase of peptides at each time point was exported from
HDExaminer. For each peptide, data from all time points was combined into a single At
value representing the average difference in HX between bound and free states, normalized
for peptide length as described 52

ST (T i — T )

AHX=
Ty Drmax )

where n . is the number of HX labeling times, p is the theoretical maximum
deuteration, 7, ; is the average mass of the peptide in the bound state and 77z, ; is the average
mass of the peptide in the free state averaged over technical replicates. The subscript 7
denotes th HX exchange time. For each peptide, p . was determined by counting the
number of exchangeable amides after neglecting the first two N-terminal residues that
undergo rapid back-exchange. The propagated standard error in A ; Was estimated using
equation (2) where s denotes the sample standard deviations from triplicate technical

replicates ( n,.,) of m, ; and 7, ;. To set the confidence interval, we have taken a “30”

confidence interval for statistically significant changes in HX, which is ‘Aﬁ‘ >3¢ .
Strong protection was defined as AT~ _ (.1 and intermediate protection as statistically

significantand _ ) o5~ ATIX> — 0.1-

[ () ()]
= TIHXDmax (2)

AHX

Cloning, expression, and purification of V1C7gogr variant and RTA for crystallization

PCR amplicons corresponding to V1C7 (residues 1-136) with a Gly to Arg mutation at
residue 29 and RTA (residues 1-267) were subcloned into the N-terminally deca-histidine
pSUMO expression vector using a standard ligase independent cloning protocol 26. Both
proteins were expressed in £. coli strain BL21(DE3)-pRARE. The transformed bacteria
were grown at 37°C in TB medium and induced at 20°C with 0.1 mM IPTG at an OD600 of
0.6 for ~16 hours. After induction, cells were harvested and resuspended in 20 mM Tris-Cl
pH 7.5 and 150 mM NaCl. The cell suspension was sonicated and centrifuged at 30,000 x g
for 30 minutes. After centrifugation, the protein-containing supernatant was purified by
nickel-affinity and size-exclusion chromatography on an AKTAXxpress system (GE
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Healthcare), which consisted of a 1 mL nickel affinity column followed by a Superdex 200
16/60 gel filtration column. The elution buffer consisted of 0.5M imidazole in HEPES pH
7.6 and 150 mM NacCl, and the gel filtration buffer consisted of 20 mM HEPES pH 7.6,
150mM NaCl, and 20mM imidazole. Fractions containing protein were pooled and
subjected to TEV protease cleavage (1:20 weight ratio) for 3 hours at room temperature to
remove the decahistidine-maltose binding protein tag. The cleaved protein was passed over a
ImL Ni-NTA agarose (Qiagen) gravity column to remove the added TEV protease, cleaved
residues, and uncleaved fusion protein. To generate V4H—RTA protein complexes, RTA was
mixed in a 1:1 molar stoichiometry with the purified V1C7go9R variant and incubated on ice
for 1 h. Purified V4H-RTA complex was concentrated to a final total concentration of 10
mg/ml for crystallization experiments.

Crystallization and data collection

Both versions of the V1C7529r—RTA complex crystals were grown by sitting drop vapor
diffusion at 20°C using a protein to reservoir volume ratio of 1:1 with total drop volumes of
0.4 uL. Crystals of the V1C7529r—RTA complex were grown under two independent
conditions with the first condition containing a high salt concentration of 1.6 M ammonium
dihydrogen phosphate along with 20% glycerol and 100 mM Tris pH 8.5 as the buffer. The
second crystallization condition for the V1C7g5295r—RTA complex contained 8% PEG 4000
and 100 mM sodium acetate pH 4.6. All crystals were flash frozen in liquid nitrogen after a
short soak in the appropriate crystallization buffers supplemented with 20-25% ethylene
glycol. Data were collected at the 24-ID-E beamline at the Advanced Photon Source,
Argonne National Labs. All data was indexed, merged, and scaled using HKL2000 23, then
converted to structure factors using CCP4 %4,

Structure determination and refinement

The structure of each VH-RTA complex was solved by molecular replacement using the
program Phaser 25, Molecular replacement calculations were performed using the
coordinates of the ricin A chain as a search model for RTA (PDB: 1RTC) for both of the
V1C7g29r—RTA complexes. The V{H coordinates used as a search model for each
V1C7529r—RTA complex were those of the native V1C7 (PDB: 5J56) with all three of the
CDRs removed from the search model. The resulting phase information was used to
manually insert the Arg 29 mutation into the native V1C7 molecule followed by iterative
manual building of each model using the program COQT 26, All structural refinement was
done employing the PHENIX package ®’. During refinement a cross-validation test set was
created from a random 5% of the reflections. Data collection and refinement statistics are
listed in Supplemental Table S2. Molecular graphics were prepared using PyMOL
(Schrodinger) (DeLano Scientific LLC, Palo Alto, CA).

Accession numbers

The structures generated in this study were deposited in the Protein Data Bank (PDB; http://
www.resh.org/pdb/) under accession numbers 5U4L for the V1C7go9R Variant crystallized
under high salt conditions and 5U4M for the V1C7g59r Variant crystallized without salt as
described in Supplemental Table S2.

Proteins. Author manuscript; available in PMC 2018 November 01.


http://www.rcsb.org/pdb/
http://www.rcsb.org/pdb/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bazzoli et al.

RESULTS

Page 8

Alignment and functional characterization of the V1C7 family of VyHs

In an effort to isolate ricin-specific VyHs beyond those described in previous manuscripts,
we subjected the so-called HobJo phage-displayed single domain VyH library to a series of
pannings using different ricin targets (D. Vance, C. Shoemaker, and N. Mantis, manuscript
in preparation). Through these screens we isolated three VyHs, V2B9, V2ES8, and V5C1,
that shared considerable amino acid sequence identity with V1C7 (Figure 1B). VyHs V2B9,
V2ES8, and V5C1 differ from V1C7 by 9, 12, and 16 amino acid residues, respectively, with
those differences occurring in both framework regions and CDRs 1, 2, and 3. Phylogenetic
analysis using MegAlign confirmed that V1C7 was most distantly related to V5C1, while
VV2E8 and VV2B9 were most similar to each other and more closely related to V1C7 than
V5C1 (data not shown). By comparison, we have recently solved the structures of several
groups of VyHs bound to RTA with nearly identical structural epitopes, but very different
primary sequences, particularly in the CDR3. VHHSs E5 and F5, for example, have nearly
identical structural epitopes but differ in primary amino acid sequence by more than 31
residues with nine insertions/deletions?5.

Competitive ELISAs with SyH7 and other cluster-11 mAbs indicated that all V1C7-like
VyHs bind overlapping epitopes on RTA (Figure 2), which was expected considering the
sequence similarity of the V1C7-like VyHs to each other. Yet, despite their sequence
similarities, the V1C7 VyH family members differed in their binding affinities and toxin-
neutralizing activities (TNAS). V5C1 had the highest binding affinity for ricin (0.4 nM)
(Table 1; Figure 3A; Supplemental Figure S1-2), as well as the most potent TNA of the four
V1C7 family members (Figure 3B). As noted above, V5C1 differs from V1C7 by 16
residues, 7 of which are localized to CDR1-3. VV2E8 had the weakest binding affinity for
ricin (~5.7 nM) and the least potent TNA, while antibody VV2B9 was functionally the most
similar to V1C7, possibly because the CDRs of V2B9 and VV1C7 differ by just 3 residues.

Using homology modeling in Rosetta to identify the structural basis of differential RTA
binding affinities

At first approximation, these results suggest that within the V1C7 family of VyHs there is a
direct relationship between ricin binding affinity and TNA. Accordingly, we predicted that
increasing V1C7’s binding affinity for ricin toxin to be more like that of V5C1 would result
in a concomitant increase in TNA. In the absence of X-ray crystal structures of V5C1,
V2B9, and V2ES8 in complex with RTA, we sought to investigate the structural basis of
differential RTA binding affinities of the V1C7 family via homology modeling. Specifically,
with the Rosetta software suite 8 we used the X-ray crystal structure of the V1C7-RTA
complex (PDB: 5J56) as a template to build ensembles of 5,000 homology models of RTA
bound to V2B9, V2E8, and VV5C1. As a reference, we also built a corresponding ensemble
of models for V1C7-RTA. For all four VyHs, models remained similar to the V1C7-RTA
template after the energy minimization stage of the modeling procedure (Figure S3),
meeting our expectation that the sequence similarity of V1C7 family members should
translate into a common RTA binding mode.
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The relative RTA binding affinity for each of the four VyHs was estimated based on the
energy of the interaction between VyH and RTA as averaged over the ensemble of models.
As shown in Figure 4A, the average interaction energy for V5C1 was at least 1.9 Rosetta
Energy Units (REUSs) lower (i.e., more favorable) than that of the other three VyHs, whose
average interaction energies fall within a comparatively narrow range. While the ranking of
V1C7, V2B9, and V2E8 did not precisely match the experimentally defined affinity
constants (Table 1), Rosetta did correctly predict that V5C1 has the highest binding affinity
among the four related VyHs.

To elucidate the structural basis for the observed differences in binding affinity among the
V1C7 family of VyHs, we considered four representative models selected by clustering each
ensemble on the basis of structural similarity. Using the four representative models we
decomposed the VHH-RTA interaction energy to pairwise residue interactions, and
identified the interactions that were ranked most favorable. As expected, a number of
favorable interactions that were common among all four VyHs were identified. For example,
the interaction between Asp59ynH and Arg197gTa Was the most favorable pairwise
interaction for all four VyHs, with values ranging from —4.6 to —4.4 REUs. Two other
interactions, Glu114yy—GIn160gTA and Glulldyyy—Thrl63gra, always ranked within the
five most favorable interactions, while Ser/Cys58y/qq—Glul45gTa and Ser55yHH—
Glul46gTa always ranked among the ten most favorable interactions. For each VyH, at least
eight of the ten most favorable interactions with RTA were mediated by antibody elements
CDR2 or CDR3. The most conspicuous difference between V5C1 and the other VyHs was
the interaction between RTA residue 67 and VyH residue 29, located within CDR1. Residue
29 is an Arg in the case of V5C1, but a Gly in V1C7, V2B9, and V2ES8. While Arg29ysc1
has a favorable interaction of —3.6 REUs with Glu67gTa, no interaction with Glu67gta
occurs when VyH position 29 is occupied by a Gly (Figure 5A).

We therefore examined whether the energetic gap in favor of the Arg29y5c1—GIlu67gta
interaction over the Gly29y,44—Glu67gTa interaction was conserved over the entire
ensembles of models (Figure 4B). We found that the presence of Gly at position 29 in V4Hs
V1C7, V2B9, and VV2ES8 resulted in no significant interaction energy with Glu67grta (i.€.,
0.0 REUs on average), as compared to a favorable energy (i.e., —3.2 REUs on average) for
the Arg29y/5c1—Glu67gTa interaction. Further, the magnitude of the Arg29y5c1-Glu67gTa
interaction fully explains the observed difference in VyH—RTA interaction energy between
V5C1 and the other V1C7 family members (Figure 4A, B). This favorable interaction
between Arg29y5c1 and Glu67gta is mostly promoted by electrostatic effects, which
contribute —2.9 REUs on average. In Rosetta, electrostatic effects are further split into those
from hydrogen bonding versus those from generic longer-ranged effects. Our models show
that hydrogen bonding contributes 24% of the electrostatic energy between Arg29ysc1 and
Glu67grTA (-0.7 REUS on average), with 97% of models containing at least one Arg29y5c1—
Glu67gTA hydrogen bond. Thus, the long side chain of Arg at position 29 may allow V5C1
to effectively salt-bridge Glu67gta While keeping the same CDR1 backbone conformation
as V1C7’s.

Based on this analysis, we reasoned that if Arg at position 29 is indeed crucial to V5C1’s
observed affinity for RTA, then reverting this position to Gly would be expected to worsen
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V5C1’s dissociation constant (Kp). Conversely, assuming that V5C1 and V1C7 interact with
RTA through a conserved binding mode (as in our models), we expected that introduction of
a Gly29Arg mutation into V1C7 would enhance binding affinity for RTA. To examine this
computationally, we applied homology modeling to V5C1gr29c and V1C7g29r (Figure 6A).
As expected, the ensemble of homology models built for V5C1g29¢ had an average VyH-
RTA interaction energy 2.4 REUs worse than V5C1. Conversely, homology modeling
indicated that V1C7g29r had an improvement of 2.5 REUs in average interaction energy
compared to V1C7. By decomposing into pairwise energetic contributions, we found that the
changes in the overall interaction energies for both V5C1g,9c and V1C7g29R Can be
attributed to the interaction between VyH residue 29 and Glu67gta. While this specific
interaction was completely lost by V5C1ro96, costing an average of 3.2 REUs relative to
V5C1 for this residue pair, it was gained by V1C7go9R, for an average improvement of 3.1
REUs relative to V1C7 (Figure 6B). These opposing energetic consequences support our
prediction that the Gly29Arg mutation is both necessary and sufficient to explain the
difference in RTA binding affinity between V1C7 and V5C1.

Contribution of V5C1 residue Arg29 to RTA binding affinity and toxin-neutralizing activity

To examine the contribution of residue Arg29 to the binding affinity of V5C1 to RTA
experimentally, we generated both of the V5C1Rro9c and V1C7g9r mutants. The
engineered VyHs were expressed in £. coli and purified to homogeneity. Their binding
affinity to RTA was then characterized by SPR (Figures S1-2). As shown in Table 1, the
dissociation constant (Kp) of the V5C1r9c mutant was reduced by >10 fold, as compared
to VV5C1 itself, an observation consistent with Arg29 being important in binding to RTA.
Conversely, introduction of arginine at position 29 (Gly29Arg) within the context of V1C7
resulted in a >5-fold increase in binding affinity for ricin. In the Vero cell cytotoxicty assay,
the toxin-neutralizing capacity of the V5C1R,9c mutant was essentially abolished compared
to V5C1 itself, which supports the notion that binding affinity is a critical determinant of
neutralizing activity (Figure 7). Surprisingly however, the TNA of the V1C7g9r mutant
was unchanged compared to V1C7, despite its having a binding affinity that is significantly
improved over V1C7. Thus, differences in binding affinity cannot completely account for the
observed differences in TNA within the V1C7 family of antibodies.

Since binding affinities cannot account for the differences in TNA between V1C7 and
V5C1, we reasoned that there must be subtle differences in epitope specificity between the
antibodies. To test this hypothesis, we applied HX-MS for epitope mapping studies of V1C7
and V5C1, as well as the corresponding V1C7g29r and V5C1ro9g mutants. By HX-MS, we
found that V1C7 strongly protected RiVax residues 60-68 (p-strand D and its adjacent -
turn) and residues 152-168 (a-helix D, a-helix E, and a p-turn between them), which is
consistent with V1C7’s epitope as defined by X-ray crystallography (Figure 8; Figure S4).
V5C1 had virtually identical protection profiles, except that V1C7 showed slightly more
protection across two additional peptides encompassing residues 58 and 69. V5C1rogg and
V1C7¢o9r Were also indistinguishable from their parental VyHs and similar, if not identical,
to each other. Thus, any differences in epitope specificity are not apparent at the resolution
provided by HX-MS.
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X-ray crystallography of V1C7529r—RTA complexes

The results from our computational modeling studies suggested that the enhanced binding
affinity of V1C7g209R for ricin is due to the interaction between the acquired Arg29 side
chain and RTA’s Glu67. In an effort to corroborate this result, we solved the X-ray crystal
structure of the V1C7g29r mutant in complex with RTA. Initially we solved the structure
using crystallization conditions that contained 1.6 M ammonium dihydrogen phosphate (pH
8.5); however, we found that the high phosphate concentration resulted in a phosphate
molecule binding on the surface of V1C7g29r and forming a salt-bridge with Arg29 (Figure
5B). The interaction between the bound phosphate and Arg29 positioned this residue ~9 A
away from Glu67grta, thereby abrogating any potential interaction between Arg29 and
Glu67gTa (Figure S5A). In this crystal structure, Glu67gTa also interacted with two arginine
residues (Arg196 and Arg235) from a symmetry-related RTA molecule, further usurping the
possible interaction between Arg29 and Glu67rta (Figure S5B). We therefore solved a
second crystal structure of the V1C7g29r—RTA complex using conditions devoid of
phosphate (pH 4.6). The overall structures of the V1C7g20r—RTA complex with phosphate
and without phosphate were very similar, as evidenced by an RMSD of 0.3 A between the
two structures. However, even in the absence of phosphate, Arg29 was still too distant
(~10.5 A) from Glu67gta to allow salt bridge formation (Figure 5B; Figure S5C). We
suspect that Arg29 was distant from Glu67gta because this crystal form was isomorphous
with the high-phosphate crystal form, thus possessed similar crystal contacts. As a result, we
found that Glu67grTa interacted with the same symmetry-related RTA residues Arg196 and
Arg235, indicating why we did not observe interaction between Arg29 and Glu67gta in this
crystal structure either (Figure S5D). For these reasons, the crystal structures of the
V1C7g29r—RTA complex did not provide insight into the role of the Arg29/ynu—GIlu67gTA
interaction in solution.

DISCUSSION

The V1C7 family of VyHs has proved to be particularly amenable for investigation into the
relationship between binding affinity and TNA, for three reasons. First, the four family
members were isolated from the same phage-displayed VyH library and, based on amino
acid sequence and phylogenetic alignment, likely derived from the same progenitor B cell.
For example, V1C7 and V5C1 differ by only 16 residues, and seven of these are situated
within the CDRs. Despite their sequence similarities, however, the four V1C7-like
antibodies display a range of binding affinities (0.4-5.7 nM) and TNAs. Second, we had
recently solved the X-ray crystal structure of V1C7 in complex with RTA at 1.8 A
resolution 28, thereby providing an excellent template to be used as a starting point for
homology modeling. Finally, because the V1C7 family consists of single domain antibodies
that lack light-chain elements, our modeling studies were confined to a single protein—
protein interface (the VHH-RTA interface). Analogous efforts directed towards a family
based on a conventional mAb, such as PB10 or SyH7, would have to contend with modeling
interactions of RTA with both Vi and V| %°.

Integral to the success of our study was the development of a modeling approach tailored for
VyHs, and to the V1C7 family in particular. Current state-of-the-art antibody structure
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prediction tools are typically very accurate for framework (FR) and CDR H1 and H2
elements, because there are straightforward sequence-to-structure rules to identify reliable
templates 40:60.61 | contrast, accurately modeling CDR H3 elements, especially those >10
residues in length, remains a formidable challenge because their conformational variability
is too large to be covered by the templates available in the PDB. These elements are
generally better modeled by physics-based, or “de nova”, strategies 41.62.63 While the
general principles of conventional immunoglobulin structure prediction should also apply to
VyHs 42, neither established methods for ViyH modeling nor rules for applying state-of-the-
art methods to single domain antibodies currently exist. For these reasons, and given the
high sequence similarity among V1C7 family members, we modeled the newly discovered
members of this family (i.e., V2B9, V2E8, and VV5C1) with the assumption that they should
have the same structure as V1C7; then by using this template to generate thousands of
energy-minimized VyH-RTA models, we sought to capture any small structural differences
between family members.

Having successfully recognized V5C1 as the family member with highest binding affinity,
this computational approach may also prove to be a generally useful tool for predicting
relative binding affinity, at least among closely related antibodies. In the context of searching
for potent neutralizers, computational modeling could be used to prioritize VyH sequences
of high predicted affinity for subsequent experimental characterization. The successful
deconstruction that allowed us to identify the Gly29Arg mutation as responsible for V5C1’s
improved affinity may also inspire additional future applications. In particular, the ability to
provide structural insights via computational modeling may facilitate rational design of
improved VyHs, as shown here for the V1C7529r mutant. Whether used prospectively for
prediction, or retrospectively to rationalize experimental observations, this approach may
accelerate epitope mapping and development of VyHs with enhanced binding affinity.

It is evident, however, from our study that the predictive power of the computational method
we employed is subject to two important limitations. The first relates to sensitivity. While
the method correctly separated the tighter binders (i.e., V5C1 and V1C7g59R) from the
weaker binders (V1C7, V2B9, V2ES8, and V5C1Rrogc), it was unable to capture more subtle
differences in relative binding affinities. For example, we were unable to discriminate V1C7,
V2B9, and V2E8 from one another, even though their experimentally-defined binding
affinities differ by more than 5-fold. The accuracy needed to recapitulate these subtle
differences in binding affinity may be possible through much more expensive (and
extensive) computational approaches, such as free energy perturbation methods 64.

The second limitation, which is inherent in our homology modeling scheme, is the
assumption that the four V1C7-like antibodies, by virtue of their similar amino acid
sequences, adopt essentially the same binding mode with respect to RTA. This assumption,
in retrospect, is largely validated by a number of the findings in our study. These are the
close similarity between the models after energy minimization and the VV1C7 template; the
identification from the resulting models of the critical Arg29yHH—Glu67grTa interaction; the
virtually indistinguishable HX-MS protection profiles of V1C7, V5C1, and their mutants;
and finally, an X-ray structure of the V1C75,9r—RTA complex that is essentially the same as
that of the V1C7-RTA complex, showing that a stronger, V5C1-like binding affinity is
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possible even by V1C7’s binding mode, and therefore suggesting that the same binding
mode is shared by V5C1 as well.

That said, if the assumption of a common binding mode were strictly true, then the observed
differences in TNA would simply be explained by differences in side-chain interactions at
the interface with RTA. But the Gly29Arg mutation, although it made V1C7g29r a strong
binder like V5C1, was insufficient for V1C7go9r to also become a stronger neutralizer like
V5C1. This suggests that V5C1 achieves higher toxin neutralization not just through the
increase of binding affinity, but also from having a slightly different epitope specificity
compared to V1C7. We presently cannot quantify precisely the degree of overlap between
the V1C7 and VV5C1 epitopes. Nonetheless, in light of our HX-MS analysis, we expect them
to overlap even more extensively than the epitopes of V1C7 and the previously identified
cluster-11 V4H E1, since V1C7 is far more similar in sequence to VV5C1 than to E1 (Figure
1).

Unfortunately, attempts to define V5C1’s exact epitope using X-ray crystallography proved
unsuccessful. Therefore, the specific interaction points between V5C1 and RTA responsible
for toxin neutralization remain unknown. While we successfully employed HX-MS to
localize the epitopes on RTA recognized by V5C1 and V1C7, as well as the V5C1R,g9c and
V1C7 gogr mutants, HX-MS did not afford sufficient sensitivity to decipher different
degrees of contact among the four antibodies; this is an inherent limitation of HX-MS as
compared to X-ray crystallography. We postulate, however, that V5C1’s CDR3 element is
responsible for the enhanced toxin-neutralizing capacity observed in the Vero cell assays.
V5C1 and V1C7 differ by four amino acids over CDR3 (residues 101-117; Figure 1). Thus,
we speculate that V5C1’s CDR3 assumes a slightly different conformation compared to
V1C7. Indeed, it is recognized that CDR3 conformations predicted by structure-based
modeling are often incorrect, even for state-of-the-art methods, because of the prevalence of
non-canonical structures in this region 49, In this case, the CDR3 of V5C1 might assume an
alternative conformation relative to VV1C7 that allows it to engage with RTA’s a-helices D
and E in a different manner. Such a conformation may be preferred over that of V1C7
because of the lack of interaction of GIn160gta With Tyrl11yscq and Thrll3yscyq, as
opposed to Serl1ly1c7 and GIn113y/qc7 (Figure S6). Even in the absence of a clear CDR3
conformational change, the Tyrl111ysc; side chain by virtue of its larger size, unlike Ser at
that same position in V1C7, might be involved in toxin neutralization.

Members of the V1C7 family of V4Hs are defined based on competitive ELISAs with
SyH?7, as targeting the epitope cluster 11 on the surface of RTA 20-28, However, all cluster |1
antibodies are not created equal in terms of toxin-neutralizing potential. As noted in the
current study, V1C7 constitutes a weak neutralizer, while VV5C1 is considered a moderate
neutralizer. V5E1, a recently described cluster I VyH, on the other hand, has an 1Csq of 0.5
nM and is therefore one of the most potent toxin-neutralizing antibodies described to date 28.
It is not known exactly how any of the cluster 11 antibodies neutralize ricin toxin, although
evidence suggests they may interfere with toxin uptake 28, intracellular trafficking 5, and/or
liberation of RTA from RTB by protein disulfide isomerase (PDI) in the endoplasmic
reticulum 6. When SyH7 was complexed with ricin and then applied to Vero cells in
culture, we observed robust uptake of antibody—toxin complexes into cells but a marked
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reduction (>50%) in the amount of toxin that gained access to the trans-Golgi network
(TGN) 65, Similarly, when tested in an /n vitro PDI-mediated reduction assay, SyH7
prevented by ~75% reduction of the single disulfide bond that links RTA and RTB 66, We
therefore propose that cluster Il antibodies neutralize ricin by occupying a face or “hotspot”
on RTA involved in interacting with host proteins that are required to mediate retrograde
transport and entry of RTA into the cytoplasm. Furthermore, we speculate that antibodies
like SyH7 and V5EL1 target the core of the cluster 1l neutralizing hotspot, whereas antibodies
like V1C7 and V5C1 likely bind at the fringe. Ultimately, discerning which exact residues
on RTA are critical for neutralizing ricin will require the solution of additional antibody-
ricin X-ray crystal structures.

As a final point of discussion, it is interesting to consider how future ricin vaccine designs
might be influenced by the results presented in our study. B cell ontogeny and antibody
maturation in response to protein subunit vaccines like RiVax are driven by somatic
hypermutation (SHM) and affinity selection that takes place in germinal centers (GC) 7.
Following a second vaccination, B cells are positively selected in the GC based on their
affinity for antigen, a process that is dependent on follicular dendritic cells (FDCs) and T
follicular helper cells. B cells that exit the GC following affinity maturation will become
plasma cells that produce the specific antibodies found in circulation. In the case of the
candidate RTA-based ricin vaccine, RiVax, the onset of high affinity ricin-specific antibodies
titers with low or often undetectable neutralizing activities. Toxin-neutralizing antibodies do
eventually appear, but they lag by several weeks and their appearance is not accompanied by
a measurable increase in overall serum 1gG2:68:69 We propose that structure-based
computational modeling, similar to that employed here and in our previous studies 4°, might
be used to identify immunodominant epitopes on RTA that trigger the onset of high-affinity,
non-neutralizing antibodies. Ablation of immunodominant non-neutralizing epitopes
through a process known as “resurfacing” would be expected to result in a dampening of
non-neutralizing antibody levels and a proportional increase in neutralizing titers following
vaccination. Indeed, structure-based vaccine design approaches have already shown promise
for subunit vaccines against respiratory syncytial virus 7%, HIV 71, and a number of other
medically important pathogens 72.
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Figure 1. Epitope cluster, alignments, and comparative 3D structures of the V1C7 family of
VQHHSs

(Pgnel A) Representative binding modes for epitope clusters | and Il on the surface of RTA.
VyHs were assigned to cluster I or Il based on whether they were competitively inhibited
from binding to ricin by the mouse mAbs PB10 (which is similar to UNIVAX R70) or
SyH7, respectively. These are the only two clusters for which our group has published X-ray
structures of bound VyHs. VyH E5 binds to a cluster-1 epitope. V1C7 and E1 bind to a
cluster-11 epitopes; these two VHs have a 69% overall sequence identity 25% over the
CDRs. (Panel B) Primary amino acid sequence alignment of the V1C7 family of VHs.
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Residues that differ from V1C7 are boxed in magenta. V1C7 has a sequence identity of
>87% overall and of >81% over the CDRs with any other member of the family. (Panel C)
Proposed structures of the four VyHs in complex with RTA. The X-ray structure of V1C7 in
complex with RTA was solved at 1.8-A resolution (PDB: 5J56). The structures of V2B9,
V2ES8, and V5C1 are computational models having the same backbone structure as V1C7.
Residues that differ from their V1C7 counterparts are represented as spheres (carbon:
magenta; oxygen: red; nitrogen: blue; sulfur: yellow).

Proteins. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bazzoli et al.

Page 21

ASF.:E—_
PRI
WECB2 ——
SyH7
I PA1
PH12

Absorbance (450nm)

Figure 2. Epitope cluster competition profiles with the V1C7 family of VyHs
Ricin was captured on microtiter plates by the surrogate receptor, asialofetuin (ASF; top

row), or individual mAbs representing epitope clusters I-1V, as indicated by the vertical bars
(left). Cluster 11 is defined by 1B2 and cluster IV by GD12, as described 20. The plates were
then probed with V1C7 (gray), V2B9 (green), V2E8 (orange), or V5C1 (blue), as described
in the Materials and Methods. The values shown are the average (with standard deviation) of
a single representative experiment done in triplicate.
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Figure 3. Relative toxin-neutralizing activities of the V1C7 family of VyHs
(Panel A) Relative affinities of V1C7 (circles), V2B9 (squares), V2ES (triangles), and V5C1

(inverted triangles) for ricin toxin, as determined by ELISA in which ricin was captured onto
plastic surface by ASF. (Panel B) Ricin toxin-neutralizing activities associated with the
V1C7-like VyHs (symbols as in Panel A), determined in a Vero cell cytotoxicity assay (see
Materials and Methods). The values shown are the average (with standard deviation) of two
separate experiments each done in triplicate.
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Figure 4. Computational modeling predicts V5C1 to have the highest RTA binding affinity due to
Gly29Arg substitution

(Panel A) Distributions of V{H-RTA interaction energy over ensembles of 5,000
computational models (|: average; o: standard deviation). The V5C1 models have lower
interaction energies than the models of any other VyH, by an average margin of 1.9 REUs or
more. (Panel B) Distributions of X29yn—Glu67grTa interaction energy (X = Gly for V1C7,
V2B9, and V2E8; X = Arg for V5C1) over the ensembles of models. While the Arg29ysc1—
Glu67gTa interaction is favorable (—3.2 REUs on average), the Gly29yyn—GIlu67gTA
interaction is essentially absent (0.0 REUs on average).
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Figure 5. Computational modeling and X-ray assessment of the Arg29yyy-GIu67rTA
interaction

(Panel A) A representative computational model chosen by clustering the V5C1 ensemble
by structural similarity has a favorable interaction of —3.6 REUs between Arg29ysc1 and
Glu67gTA. Corresponding representative models for V1C7, V2B9, and V2E8 have no
interaction between Gly29yyH and Glu67gTa. Broken lines indicate hydrogen bonds. (Panel
B) Methodological artefacts prevent X-ray crystallography from confirming the importance
of the Arg29yyH—GIlu67rTA interaction in the V1C7g,9r mutant. Crystallization in the

Proteins. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bazzoli et al.

Page 25

presence of 1.6 M ammonium dihydrogen phosphate (left) causes Arg29,yy to interact with
a phosphate molecule rather than Glu67zTa. Meanwhile, Glu67rta €ngages two arginine
residues (Arg196 and Arg235) from a symmetry-related RTA molecule (RTA’); this
interaction is also observed under crystallization conditions devoid of phosphate (right).
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Figure 6. The Arg29yHH-Glu67RrTA interaction is predicted to be both necessary and sufficient
to enhance RTA binding affinity

(Panel A) Distributions of VyH-RTA interaction energy over ensembles of 5,000
computational models for V1C7, V5C1, and respective single-point mutants at ViyH position
29, named V1C7go9r and V5C1Rro9c. The Gly29Arg mutation in V1C7gog9r Causes an
average 2.5-REU shift to more favorable interaction energies, which become more similar to
those of V5C1. Conversely, because of the Arg29Gly mutation, the interaction energies of
V5C1Rogg shift by 2.4 REU toward less favorable values, approximating more closely those
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of V1C7. (Panel B) Distributions of X29y4—-Glu67gTa interaction energy over the
ensembles of models; X = Gly for V1C7 and V5C1Rogg, X = Arg for V5C1 and V1C7g29R.
The Arg29yHH—GIlu67rTa interaction of V1C7gogR is as favorable as that of V5C1 (3.1
and —3.2 REUs on average, respectively). Such an interaction is favorable enough to explain
V1C7¢29r’s enhancement in VyH-RTA interaction energy (—2.5 REUs on average) and,
therefore, the prediction that V1C7529r and V5C1 have similar RTA binding affinities. On
the other hand, absence of the Gly29\/yH—Glu67gTa interaction (i = 0.0) can explain, for the
most part, why V1C7 and V5C1Rogg are predicted to bind RTA similarly weakly.
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Figure 7. Neutralization capacity of V1C7 and V5C1 point mutants
The two VyH point mutants at position 29 were compared against their parental VyHs in a

Vero cell cytotoxicity assay (see Materials and Methods). (Panel A) Ricin toxin-neutralizing
activities associated with V1C7 versus V1C7g,9r. (Panel B) Ricin toxin-neutralizing
activities associated with V5C1 versus V5C1rogg. The values shown are the average (with
standard deviation) of two separate experiments each done in triplicate.
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Figure 8. VyH protection analysis of RTA, as defined by HX-MS
Shown are the results of HX-MS for (Panel A) V1C7, (Panel B) V1C7g29r, (Panel C)

V5C1 (Panel D) V5C1Ro9c mapped onto the solvent accessible surface of RTA (PDB:
3SRP). Strong protection is colored dark blue, intermediate protection light blue, and
intermediate deprotection light yellow, as defined in the Materials and Methods section and
Supplemental Figure S4.
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Table 1

Binding affinities of V1C7 VyHs

VyH KDa

V1C7 2.24

VIC7grr 0.39

V2B9 1.03
V2E8 5.73
V5C1 0.37

V5Clgoes  4.08

aDissociation constants (nM) were determined by SPR.
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