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Abstract

In this report we describe the X-ray crystal structures of two single domain camelid antibodies
(VHH), F5 and F8, each in complex with the ricin toxin's enzymatic subunit (RTA). F5 has potent
toxin-neutralizing activity, while F8 has weak neutralizing activity. F5 buried a total of 1760 A2 in
complex with RTA and made contact with three prominent secondary structural elements: a—helix
B (residues 98-106), p—strand h (residues 113-117), and the C-terminus of a—~helix D (residues
154-156). F8 buried 1103 AZ in complex with RTA that was centered primarily on B-strand h. As
such, the structural epitope of F8 is essentially nested within that of F5. All three of the F5
complementarity determining regions (CDR) were involved in RTA contact, whereas F8
interactions were almost entirely mediated by CDR3, which essentially formed a seventh f—strand
within RTA's centrally located f—sheet. A comparison of the two structures reported here to several
previously reported (RTA- VyH) structures identifies putative contact sites on RTA, particularly
a-helix B, associated with potent toxin-neutralizing activity. This information has implications for
rational design of RTA-based subunit vaccines for biodefense.

Introduction

Ricin is a member of the ribosome-inactivating protein (RIP) family of toxins found

throughout the plant and microbial worlds®-2. Ricin toxin is present at high concentrations in
the beans of the castor oil plant, Ricinus communis, which is ubiquitous in tropical and
subtropical environments. In its mature form, ricin is a 65 kDa glycoprotein consisting of
two subunits, RTA and RTB, joined by a single disulfide bond3. RTA (267 amino acids) is an
RNA N-glycosidase (EC 3.2.2.22) that selectively inactivates eukaryotic ribosomes through
cleavage of a universally conserved ribosomal RNA element known as the sarcin-ricin loop

"To whom correspondence should be addressed: Dr. Michael J. Rudolph, New York Structural Biology Center, 89 Convent Avenue,
New York, NY 10027, Tel. 212-939-0660 and address: mrudolph@nysbc.org and Dr. Nicholas J. Mantis, Division of Infectious
Disease, Wadsworth Center, New York State Department of Health, 120 New Scotland Ave, Albany, NY 12208. Tel. 518-473-7487.
address: nicholas.mantis@health.ny.gov.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rudolph et al.

Page 2

(SRL)*®. RTB is a galactose-specific lectin that mediates ricin attachment and entry into
mammalian host cells®. Following uptake, RTB facilitates retrograde trafficking of ricin to
the endoplasmic reticulum. In the endoplasmic reticulum, RTA dissociates from RTB then
retrotranslocates into the cytosol where it potently inactivates ribosomal function?.

There are ongoing efforts to develop a recombinant RTA-based subunit vaccine as a
countermeasure against ricin toxin, which is classified as a biothreat agent by the Centers for
Disease Control and Prevention. The two vaccines, RiVax™ and RVEc™, were rationally
designed based on information gained through X-ray crystallography and site-directed
mutagenesis®10. Structurally, RTA consists of three distinct folding domains'1-12. Folding
domain | (residues 1-117) is dominated by a six-stranded -sheet that terminates in a solvent
exposed a-helix, known as a-helix B (residues 97-108). The a-helix B is conserved among
the family of RIPs and is a target of several well-characterized toxin-neutralizing
monoclonal antibodies (mAbs), including PB10 13-16, Folding domain 11 (residues 118-210)
is dominated by five a helices (C-G) that run through the center of RTA, while folding
domain 111 (residues 211-267) forms a protruding element that interacts with RTB 11. RTA's
active site constitutes a shallow pocket in the central portion of the protein. Five residues
(i.e., Tyr80, Tyr123, Glul77, Arg180, and Trp211) situated within or near the active site
cleft are essential for RTA's enzymatic activity. RiVax is a full-length derivative of RTA with
point mutations at position Tyr80 to disrupt RNA N-glycosidase activity and Val76 to
perturb a motif involved in vascular leak syndrome 17. RVEc is a truncated version of RTA
that lacks residues 199-267, as well as a small hydrophobic loop in the N-terminus (residues
34-43) 81819 RVEC (also referred to as RTA1-33/44-198) lacks folding domain 111 and is
only 188 residues in length.

While both RiVax and RVECc are able to stimulate protective immunity to ricin in animal
models (mouse and non-human primates), the immune response to ricin is actually quite
complex 10:20, Indeed, there is evidence to suggest that vaccination stimulates a polyclonal
antibody response consisting largely of non-neutralizing or poorly neutralizing

antibodies 16:20.21 \We have proposed that toxin-neutralizing antibodies constitute only a tiny
fraction (1-10%) of the total antibody response to RiVax or RVEc and target a limited
number of epitopes within four spatially confined regions referred to as Clusters -1V 16:22,
Cluster I, for example, is defined by mAb PB10, whose epitope is centered on a-helix B
(residues 97-108) 16:2223 The results of competition ELISAs suggested that antibodies that
compete with PB10 for binding to RTA were invariably associated with toxin-neutralizing
activity (TNA), further supporting the notion neutralizing and non-neutralizing antibodies
occupy spatially distinct structural epitopes on the surface of ricin. However, that
assumption is being reconsidered because screening of a single domain camelid antibody
(VHH) library derived from two immunized alpacas revealed an apparent overlap between
PB10 and toxin-neutralizing, non-neutralizing and weakly neutralizing VyHs 24. We
subsequently solved the X-ray crystal structures of five such VyHs in complex with RTA 23,
One VH (E5) had potent TNA, two (D10, G11) had moderate TNA, one (G12) had weak
TNA and one (A7) had no detectable TNA. Surprisingly, all five ViHs recognized
overlapping structural epitopes on RTA, although they differed in their buried surface areas
and the degree to which made contact with three prominent secondary elements within RTA:
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fB-strand h (residues 113-117), a-helix D (residues 150-156), and a-helix B (residues
98-106).

The result of that study prompted us to investigate additional RTA-V{H interactions focused
around the epitope on RTA defined by PB10. Of particular interest is VyH F5, which was
identified as being as potent as E5 in terms of TNA 24, That antibody has been characterized
extensively /in vitroand in vivo although the X-ray crystal structure has not been

solved 2426.27 \We now report the X-ray crystal structure of F5 in complex with RTA, which
we compare in detail to E5. We also rescreened our original VyH library and identified
another weakly neutralizing antibody called F8. We report the X-ray crystal structure of F8
in complex with RTA and demonstrate that F8's structural epitope is essentially nested
within F5's neutralizing epitopes on the surface of RTA.

Materials and Methods

Toxin, secondary antibodies and other reagents

Ricin toxin (RCA-II) and RTA were obtained from Vector Laboratories (Burlingame, CA).
HRP-anti-E-tag mAb and HRP-anti-M13 Ab were purchased from GE Healthcare
(Piscataway Township, NJ). All other chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO) unless noted otherwise.

ELISA and SPR

ELISA were done as previously described 24, Nunc-lmmuno plates (ThermoScientific,
Swedesboro, NJ) were coated overnight at 4°C with 1 pg/mL target antigen (e.g., ricin),
blocked for 2 h with 2% goat serum in 0.1% PBST and then incubated for 1 h with five-fold
serial dilutions of V4Hs. For competition assays, murine 1gGs (1 ug/mL) were coated onto
wells overnight, then blocked for 2 hours. In a separate dilution plate, VHHSs were diluted
into biotinylated-ricin at the fixed ECqq concentration for each individual coated mAb.
These mixtures were then transferred into the mAb coated plates and allowed to bind for 1
hour. After washing, bound biotinylated-ricin was detected with Streptavidin-HRP (1:1000)
(ThermoFisher), and developed with 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). F8's affinity for ricin
was determined by surface plasmon resonance (SPR) using the ProteOn XPR36 (Bio-Rad
Inc. CA, USA), as described previously 2.

Screening alpaca library for RTA-specific VyHs

Antibody JIV-F5 (here referred to as simply F5 was described previously 24. The RTA-
specific VyH JNM-F8 (here referred to as F8) was identified using the panning strategy
described previously 24. The original alpaca library was subjected to a low stringency (10
pg/ml target antigen) followed by a high stringency (1 pg/ml target antigen) panning on RTA
coated onto Nunc Immunotubes. Following the second round of panning, 95 individual £.
coli colonies were picked and grown overnight at 37° in a 96-well plate. A replica plate was
then prepared, cultured, induced with IPTG and the supernatant assayed for RTA binding by
ELISA.
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Vero cell cytotoxicity assays

The Vero cell cytotoxicity assay ha been described in detail elsewhere 28, Vero cells grown
in DMEM containing 10% FBS were seeded (5x104 per mL) in 96 well cell culture plates
and incubated at 37°C overnight. The cells were then overlaid with ricin (10 ng/mL, 150
pM) in the absence or presence of 5-fold serial dilutions of VHHS, and incubated at 37°C for
2 h. The cells were then washed and fresh medium applied. Cell viability was assessed
45-48 h later using CellTiter-Glo (Promega, Madison, WI).

Cloning, expression, and purification of V4H F5 and F8

PCR amplicons corresponding to F5 (residues 1-127) and F8 (residues 1-137) VHHs were
subcloned into the N-terminally deca-histidine maltose binding protein tagged MCSG9
expression vector using a standard ligase independent cloning protocol. Both VyH proteins
were expressed in £. colistrain 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 VyH-containing supernatant was purified by nickel-
affinity and size-exclusion chromatography on an AKTAxpress system (GE 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 binding buffer, and the
gel filtration buffer consisted of 20 mM HEPES pH 7.6, 150mM NacCl, and 20mM
imidazole. Fractions containing VyH were pooled and subject to TEV protease cleavage
(1:20 weight ratio) for 3 hours at room temperature in order to remove the decahistidine-
maltose binding protein tag. The cleaved protein was passed over a ImL Ni-NTA agarose
(Qiagen) and 1 mL Amylose-agarose gravity column to remove the added TEV protease,
cleaved residues, and uncleaved fusion protein. The plasmid pUTA-RTA encoding full
length RTA was provided by Dr. Jon Robertus (UT Austin). RTA was expressed and purified
as described previously 2930, In order to generate RTA-VHH protein complexes, after
purification RTA was mixed in a 1:1 stoichiometry with the purified VHH and incubated on
ice for 1 hour. Purified RTA-VH complex was concentrated to a final total concentration of
10 mg/ml for crystallization experiments.

Crystallization and data collection

Both RTA-VHH 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 L. Crystals of the
RTA-F5 complex were grown against crystallization buffer containing 100 mM Tris-Cl (pH
4.5), 15% PEG 3000, 2.2 mM zinc zcetate, and 100 mM of dimethylbenzylammonium
propane sulfonate. Crystals of the RTA-F5 complex nucleated within 24 hours and grew
slowly to full size of ~60 um over a period of 10 days. Crystals of the RTA-F8 complex
were grown against crystallization buffer containing 100 mM BisTris pH 5.5, 25% PEG
3000, 260 mM NaCl, and 10 mM Tris (2carboxyethyl)phosphine hydrochloride. Crystals of
the RTA-F8 complex nucleated within 24 hours and grew to full size of ~100 pm within 5
days. 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
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the 24-1D-C and 24-1D-E beamlines at the Advanced Photon Source, Argonne National
Labs. The RTA-F5 data was indexed, merged, scaled, and converted to structure factors
using XDS 31, The RTA-F8 data was indexed, merged, and scaled using HKL2000 32 then
converted to structure factors using CCP4 33,

Structure Determination and Refinement

The structures of both RTA- VyH complexes were solved by molecular replacement using
the program Phaser 34. Molecular replacement calculations were performed using the
coordinates of the ricin a chain as a search model for RTA (PDB: 1RTC) in both RTA- VyH
complexes. The VyH coordinates used as a search model for both RTA- VyH complexes
was D10 (PDB: 4LGR) with all three of the CDRs removed from the search model. The
resulting phase information was used to autobuild most of the model for the both RTA-VHH
structures using the program ARP 35. Some additional manual building of each model was
performed with COOT 36, All structural refinement was done employing the PHENIX
package 37. Twinned refinement was performed for the RTA-F8 complex using the twin
operator -k,-h,-1 with a twinning fraction of 0.04. During refinement a cross-validation test
set was created from a random 5% of the reflections. Data collection and refinement
statistics are listed in Table S1. 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 429K (F5) and 5E1H (F8), as described in
Table 1.

Results and Discussion

To identify additional Cluster I-specific VHHSs, a previously described ricin-specific alpaca
VyH phage display library was subjected to panning on RTA-coated immunotubes, as
described in the Materials and Methods. We identified seven new RTA-specific V{HSs,
although none had 1Cs values as potent as E5 or F5 (e.g., 5 nM) (D. Vance, C. Shoemaker,
J. Tremblay, and N. Mantis, manuscript in preparation). For this specific study, we chose to
pursue VyH F8 because of its competitive inhibition profile with PB10 but not cluster I1-1V
murine mAbs SyH7, IB2 and GD12 (Figure 1). By ELISA, F8's ECs for ricin holotoxin
was 0.5-0.8 nM and its dissociation constant (Kp) determined by SPR was 0.2 nM (Table 2;
Figure 2). In the Vero cell cytotoxicity assay, F8 had an ICgg of ~300 nM, thereby
classifying it as a weak neutralizing antibody. This is in contrast to F5, which has an ICsq of
~5nM (Figure 2).

X-ray crystallography of VyH-RTA complexes

To elucidate the exact epitopes recognized by F5 and F8, we solved the X-ray crystal
structures of each of the two VyHs in complex with RTA. The crystal structures of RTA-F5
and RTA-F8 were solved at 1.5 A and 2.0 A, respectively (Table 1; Table S1; Figure 3). In
both cases, the VyHs assumed a classical immunoglobulin fold consisting of nine B-strands
arranged in two B-sheets with CDRs 1-3 on one face of the molecule. There were two 31g
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helices in the case of F5 and five 31 helices in the case of F8 (Figure 4). Superimposing the
Ca atoms of RTA from the RTA-F5 and RTA-F8 crystal structures onto recombinant RTA
(PDB: 1RTC) revealed an RMSD of 0.6 A for each, indicating that neither F5 nor F8 induce
RTA to undergo any significant conformational changes.

F5 had two intramolecular disulfide bridges: the canonical VyH disulfide bond that links
FR1 to FR3 via Cys22 and Cys92, and the less frequently observed secondary disulfide bond
that links CDR2 and CDR3 via Cys50 and Cys97 (Figure S1A). It is interesting to note that
these two disulfide bonds are also present in E5, which we will discuss in more detail below.
F8, on the other hand, was somewhat unusual in that it did not form the canonical disulfide
bond between FR1 residue Cys22 and FR3 residue Cys96 (Figure S1B). We postulate that
this is a crystallization artifact as crystal contacts formed between residues immediately C-
terminal to Cys22 slightly perturb its position relative to Cys96 resulting in a gap of 6.8 A
that precludes formation of the disulfide bond.

Interactions of F5 with RTA

F5 made contact with RTA's a—helix B (residues 98, 101, 102, 104, and 105) along with
several residues immediately before a—helix B (residues 91, 92, 94, 95, 96, 97). F5 also
interacted with f—strand h (residues 113-117) as well as a few residues in the loops just
before and after p—strand h (residues 111,112 and 118,119), and the C-terminal region of a—
helix D (residue 154) along with the loop immediately following this helix (residues 157,
161). F5 also contacted Arg125 within a-helix C (Figure 5A).

Overall, F5 and E5 interact with RTA in a very similar manner (PDB: 4LGP) (Figure 3). As
highlighted in Table 2, F5 and ES5 buried similar amounts of solvent-exposed surface area on
RTA (1755-1760 A2). Although F5 formed fewer hydrogen bonds with RTA (9 H-bonds)
than E5 (16 H-bonds), the two antibodies are similar in that all three CDRs contribute to the
hydrogen-bonding network with RTA. For example, F5's CDR1 buried 550 A2 on RTA and
generated 4 H-bonds, including two (Asp31, Tyr32) focused on Tyr154 in RTA's a~helix D.
E5's CDR1 also H-bonds with Tyr154 by virtue of residues His31 and Tyr32. At this point in
time it is not known whether Tyr154 is significant in terms of toxin-neutralizing activity or
whether it simply affords a conveniently located solvent exposed side chain available for H-
bond formation.

F5's CDR2 buried 293 A2 and formed a single hydrogen bond between Asp53 and Ala118
located just beyond the C-terminus of RTA's f—strand h. E5's CDR2 accomplished the same
task except that contact with Alal118 was mediated by Arg52. There was also one salt-bridge
formed between Asp53 within the CDR2 of F5 and Arg125 in RTA. F5's CDR3 buried 856
A2 and formed 4 H-bonds with RTA's B—strand h (residues 112,114,116, 118), which is the
same number of H-bonds formed between E5 and p—strand h region (residues
113,115,116,118). F5 and E5's CDR3 regions also interacted to a similar extent with a-helix
B, albeit by different molecular interactions. F5's interface was mediated by van der Waals
interactions, while E5's CDR3 also formed van der Waals interactions and a single H-bond
between Arg104 and RTA's Thr105 (Table 2; Figure 5A,B).
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It should be noted that F5's CDR3, like E5's CDR3, is spatially constrained by a disulfide
bond between Cys50 and Cys97 (Cys50 and Cys100 in E5). The CDR3s of F5 and E5 are
further restrained by two hydrophobic interactions between certain CDR3 and FR residues.
In F5 those interactions occur between CDR3 residue Val10land FR residues Phe37 and
Tyr57, and CDR3 residue Leul03 with FR residues Phe37 and Trp109 (Figure 6A).
Analogous CRD3-FR residue interactions are observed in E5 (e.g., CDR3 residue Tyr101
with FR residues Trp47 and Val59, and CDR3 residue Trp103 with FR residues Val97 and
Trp107) (Figure 6B). The longer CDR3 within F5 formed an additional hydrophobic
interaction between CDR3 residue Leu99 and FR residue Tyr57 that is not present in E5
(Figure 6). Altogether, the disulfide bonds and hydrophobic interactions were evenly
distributed throughout the CDR3 of F5 and E5 with the disulfide bond occurring near the
beginning of the CDR3 segment and the hydrophobic interactions forming in the middle and
terminal regions of each CDR3 sequence. The uniformed tethering of the CDR3 region to
the VHH surface caused by these interactions made both CDR3s similarly compact, with a
comparable conformation, despite their differences in sequence length (16 residues in F5, 10
residues in E5) and low sequence identity of 19% (Figure 6C).

As mentioned above, F5 and E5 bind equivalently to a-helix B (bsa = 477 A2 and 472 A2,
respectively), a trait that we propose is associated with potent neutralizing activity. Exactly
how F5 and E5 interact with a-helix B is different, however, and is worth discussing in more
detail. The first consideration is that F5's CDR3 is six residues longer than E5's. As a result
F5's CDR3 runs along the axis of a-helix B towards its N-terminus (residues 98, 101),
resulting in the burial an additional 50 AZ relative to E5 (Figure 7A). This gain in buried
surface area is offset by Phel06 in F5's CDR3, which intercalates between RTA's a-helix B
and B-strand h and positions F5's CDR3 away from the C-terminal portion of a-helix B at
residues 105, 106. In contrast, E5's Arg104 forms an H-bond with RTA's Thr105, the
penultimate residue in a-helix B (Figure 7A). As a consequence E5 buries an additional 57
A2 of buried surface area (at RTA residues 105, 106), as compared to F5.

Other factors contribute to the structural differences between F5 and E5, which have an
RMSD of 1.8 A for all Ca atoms. For example, the last seven C-terminal residues within
F5's CDR3 (residues 103-109) assume a different configuration relative E5 (residues
102-107). F5's CDR3 residue Leul103 forms a hydrophobic interaction with FR residue
Trp109. The intervening residues, 11e104, Asp105, and Phe106, “pucker” to permit the
Leul03-Trp109 hydrophaobic interaction to occur. Incidentally, the puckering occurs in the
direction of RTA, forcing RTA to rotate away from the protruding CDR3 residues and
ultimately resulting in a rigid body rotation of RTA of ~17.3° centered around the axis of -
strand H relative to RTA within the RTA-E5 complex (Figure 7B). While there is an
analogous hydrophobic interaction between CDR3 residue Trp103 and FR residue Trp107 of
E5, the puckering effect does not occur because the intervening spacer between residues
103-107 is three residues not five.

Interactions of F8 with RTA

The RTA-F8 crystal structure revealed that it buried a total surface area of 1103 AZ on RTA.
F8's principal contacts with RTA were centered on p—strand h, with lesser interactions
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occurring with a—helix B and a—helix D. The CDR3 buried 838 A2 on RTA and accounted
for 8 of the 9 intermolecular hydrogen bonds with p—strand h (Table 2; Figure 8A). The most
notable interaction involves five main chain hydrogen bonds between the CDR3 p—strand
(residues 103-107) and RTA's p—strand h (residues 113-117). In this configuration, the
CDR3-derived p-strand becomes, in essence, the seventh p—strand within RTA's centrally
located —sheet. The ninth H-bond occurred between Tyr102 and RTA residue Tyr154. This
interaction is interesting because, as noted above, both E5 and F5 form H-bonds with
Tyrl54, albeit through residues located in CDR1 not CDR3. Other notable associations that
occur between F8 and RTA include Lys31 (CDR1) and Trp53 (CDR2) with RTA residues
His94 and Pro95, resulting in a total buried surface area of 190 A2.

The structure of the RTA-F8 complex is strikingly similar to the previously solved structure
of RTA bound to VyH G12 (PDB: 4LGS). The total surface areas buried by F8 and G12
were nearly identical (1103 A2 versus 1100 A2, respectively). The RMSD between F8 and
G12 was 1.1A for all Ca atoms, which was not expected considering that the two antibodies
share limited overall sequence identity (72.0%) and very little identity (36.4%) within CDR3
(Figure 8B; Figure S2A). The basis of the similarity between F8 and G12 can be explained
by a number of factors. First, CDR3s from both antibodies extended outward in identical
conformations from their respective VyH surfaces (Figure 8B). As a consequence, F8 and
G12's CRD3s form essentially the same f—sheet interaction with RTA's f—strand h. F8 and
G12 also display a similar pattern of hydrophobic interactions between FR and CDR3
residues, which renders the N-terminal elements of CDRs unrestrained (Figure 8C,D; Figure
S2A). Since the CDR3s of F8 and G12 are identical in length (22 residues), the two VyH s
have the same number of unrestrained N-terminal residues that interact with RTA's —strand
h in a similar fashion (Figure 9A). When those key hydrophobic interactions between the
CDR3 and FR residues are not present, as in the case of VHH G11 (PDB: 4LHJ), the entire
CDR3 extends much further away from the VyH, resulting in fundamentally different
interaction with RTA (Figure 9B). Indeed, sequence analysis of additional structural
homologs of F8 revealed that, as a rule, VyHs with a large hydrophobic residue within the
CDR3 positioned three residues from the end of their CDR3, combined with similarly
positioned hydrophobic residues within the central region of the CDR3 and FR areas results
in an overall constrained CDR3 (Figure S3).

Conclusions and significance

We have now solved the X-ray crystal structures of seven different Cluster I ViyHs in
complex with RTA 25, At the structural level, Cluster | encompasses a—helix B (residues
98-106), p—strand h (residues 113-117), and the C-terminus of a—helix D (residues 154-156).
In terms of toxin-neutralizing activities, two VyHs had potent TNA (E5, F5), one had
moderate TNA (D10), three had weak TNA (G11, G12, F8) and one was devoid of any
detectable TNA (A7). Within these seven antibodies, toxin-neutralizing activity positively
correlated with total buried surface area (Table 2) with the epitopes recognized by weak and
non-neutralizing antibodies nested within epitopes recognized by highly potent toxin-
neutralizing antibodies. For example, E5 and F5 each bury ~1760 A2 of solvent-exposed
surface area on RTA, whereas F8, G11, G12, A7 each bury only ~1100 A2, The extent to
which the VHHs interacted with a—helix B (residues 98-106) and a—helix D (residues
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154-156) accounted for the overall differences in buried surface area and, therefore, also
correlated with enhanced toxin-neutralizing capacity. The strongest neutralizers E5 and F5
make substantial contacts with a—helix B, while the moderate neutralizing antibody D10
interacts primarily with a—helix D. Overall, a-helix B, and specifically Thr105, appear to
constitute a “neutralizing hot spot” within RTA's epitope Cluster I. The weak and non-
neutralizing antibodies F8, G12, G11 and A7 interact almost exclusively with f—strand h and
have relatively long CDR3s (15-22 residues) that protruded away from the surface of the
VHH.

The observation that non-neutralizing structural epitopes are essentially nested within toxin-
neutralizing epitopes on the surface of RTA has implications for developing a surrogate
assay to measure the efficacy of ricin toxin subunit vaccines in humans. Standard cell-based
toxin-neutralizing assays are time consuming and susceptible to variability 28. In an effort to
identify additional surrogate measures of protection, we developed a direct competition
ELISA using three different Cluster | toxin-neutralizing mAbs (i.e., PB10, R70 and
WECBZ2) against sera from Rhesus macaques that had been immunized with RiVax and
challenged with ricin by the aerosol route 38. We also performed competition ELISAs with
sera from RiVax vaccinated humans. We reasoned that the degree to which an individual
serum sample inhibited a toxin-neutralizing mAb from binding to ricin might serve as a
surrogate measure of toxin-neutralizing activity in that serum sample. However,
interpretation of these ELISAs is confounded if neutralizing and non-neutralizing antibodies
recognize overlapping epitopes and can compete with each other for real estate on the
surface of RTA. While we do not have any direct evidence of neutralizing and non-
neutralizing antibodies interfering with each other /n vivo, we have demonstrated this
phenomenon /n vitro (Y. Rong, G. Van Slyke and N. Mantis, manuscript in preparation).

A more detailed understanding of what constitutes neutralizing and non-neutralizing
structural B cell epitopes on RTA may prove useful in subunit vaccine development. For
example, identifying strategies to better “present” a-helix B, and specifically residue
Thr105, through antigen “resurfacing” could focus antibody responses against this region of
RTA and possibly boost the overall proportion of toxin-neutralizing antibodies within a
polyclonal population. Resurfacing strategies (including scaffolding approaches) have
proven powerful in refining HIV subunit vaccine antigens like gp120 and gp41 3940, We
have already applied computational modeling as a means to improve the immunogenicity of
RiVax 4142, |t is interesting that factors that influenced the rigidity of a-helix B in the
context of RiVax correlated with enhanced onset of toxin-neutralizing antibodies when the
RiVax point mutants were tested as vaccines in mice. With the elucidation of the E5 and F5
structural epitopes will are now in a position to revisit computational modeling with a
specific focus on key resides that are thought to be critical in eliciting potent neutralizing
antibodies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. F8 recognizes a Cluster | epitope on RTA
VHH F8 was subject to competition ELISA with mAbs against epitope clusters | (PB10), 11

(SyH7), 111 (IB2), and IV (GD12), as described in Materials and Methods. The y-axis
indicates the degree (%) of specific mAb binding inhibition in the presence of F8.
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Figure 2. Binding and toxin-neutralizing activities associated with F5 and F8
(A) Relative affinities of F5 and F8 for ricin, as determined by direct ELISA in which ricin

was captured in its native form on the microtiter plate wells via a surrogate receptor
asialofetuin (ASF). ECs values are defined as the antibody concentration that achieved half-
maximal binding. (B) F5 and F8 were mixed at the indicated concentrations with ricin (10
ng/ml) in solution and then applied to Vero cells for cytotoxicity assessment, as described in
Materials and Methods. ICgq values were based in the antibody concentration that conferred
50% viability. A single representative experiment done in triplicate is shown. The ECsq and

ICs( determinations were done at least three independent times.
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Figure 3. Structures of RTA-VHH complexes
X-ray crystal structures of RTA (green) in complex with neutralizing VHHSs (A) F5, (B) F8

and (C) E5. The VHHSs are colored cyan, with CDRs 1, 2, and 3 colored blue, yellow, and
red, respectively. RTA secondary structural elements p—strand h (residues 113-117), a—helix
B (residues 98-106), and a—helix D (residues 150-156) are indicated, as necessary. RTA is
similarly oriented in each panel, highlighting the different VHH binding modes.
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Figure 4. X-ray crystal structures of the F5 and F8 in complex with RTA
The structures of (A) VHH F5 and (B) VHH F8, drawn as ribbon diagrams with CDR 1, 2,

and 3 colored blue, yellow, and red, respectively. Both VHHs are similarly oriented with
CDR3in front.
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Figure 5. Comparison of F5 and E5 binding mode with key RTA secondary structural elements
RTA (green) and VHHs (cyan) are drawn as ribbon diagrams. VHH CDRs 1, 2, and 3 are

colored blue, yellow, and red, respectively. Side chains are drawn as sticks and color
coordinated to the main chain color. Hydrogen bonds are represented as red dashes. (A)
Close-up of the interaction between VHH F5 and RTA's secondary structural elements a—
helix B (residues 98-106), p—strand h (residues 113-117), and a-helix D (residue 154). Only
two of the 9 hydrogen bonds are depicted for clarity. Two residues within the CDR3 (Phe94
and lle114) that interact with a—helix B in RTA are also drawn as sticks and colored red. (B)
Zoom in of the interface between VHH E5 and RTA depicting the analogous interactions
between E5 and the same region of RTA. Only three hydrogen bonds are drawn for clarity.
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Figure 6. Key residues influencing CDR3 conformation
The Ca-traces of (A) VHH F5 and (B) VHH E5. The VHHSs are colored cyan with their

CDR3 elements colored red. Key residues forming hydrophobic interactions are drawn as
sticks and color coordinated to their respective main chain color. The disulfide bond between
residues Cys50-Cys97 in VHH F5, and Cys50-Cys100 in E5, are shown in stick
representation and colored magenta. (C) Sequence alignment of F5 and E5. CDR1, 2, and 3
are highlighted with blue, yellow, and red, respectively. Cysteines forming the disulfide
between the CDR3 and FR residues are in magenta. Sequence positions of residues involved
in the hydrophobic interactions between the CDR3 and FR residues in both F5 and E5 are
highlighted with red asterisks above the sequence. Residues participating in hydrophobic
interactions for F5 alone are highlighted with a blue asterisk and E5 alone with cyan asterisk
above the sequence. Black asterisks below the sequence denote sequence identity.
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Figure 7. Different interactions with a-helix B in RTA
(A) Shown are the super positioned Ca~traces of the RTA-F5 complex with VHH E5. The

CDR3 element in F5 is colored red, while CDR3 elements of VHHs E5 is colored gray. RTA
is colored green. Key residues forming interactions are drawn as sticks and color
coordinated to their respective main chain color. (B) The super positioned Ca-traces of RTA
in complex with VHH F5 (green-cyan, respectively) and VHH E5 (gray-gray, respectively).
The green arrow illustrates direction of the 17.3° rotation of F5 relative to E5 from the center
of the RTA-VHH interface. The inset illustrates the more puckered conformation of the
CDR3 from F5 colored red relative to the CDR3 region of E5 in dark gray. The more
protracted conformation of the E5S CDR3 generates the relative rotation of the RTA subunit
within the RTA-F5 complex compared to the RTA-E5 complex.
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Figure 8. Close-up of of F5 CDR3 with RTA and key residues influencing F5 CDR3 conformation
(A) Zoom in of the interface between VHH F8 and RTA depicting the main-chain hydrogen

bond interactions between the CDR3 from F8 with f—strand h (residues 113-117) in RTA.
RTA (green) and VHHs (cyan) are drawn as ribbon diagrams. VHH CDRs 1, 2, and 3 are
colored blue, yellow, and red, respectively. Main chain atoms are drawn as sticks and color
coordinated to the main chain color. Hydrogen bonds are represented as red dashes. (B) The
super positioned Ca-traces of RTA in complex with VHH F8 (green-cyan, respectively) and
VHH G12 (gray-gray, respectively). The Ca—-traces of (C) VHH F5 and (D) VHH F5. The
VHHs are colored cyan with their CDR3 elements colored red. Key residues forming
hydrophobic interactions are drawn as sticks and color coordinated to their respective main
chain color.
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Figure 9. CDR3 conformations of VHH F8 relative to VHH G12 and VHH G11
Shown are the super positioned Ca-traces of VHH F8 with (A) VHH G12 and (B) VHH

G11. The CDR3 element in F8 is colored red, while CDR3 elements of VHHs G12 and G11
are colored dark gray.
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Table 1
Summary of RTA-VHH structures
RTA-VHH2
Parameter F5 F8
Ohin (A) 15 2.0
Space group C222, C222,

Rb/Rf,eeC(%) 17.8/19.5 20.4/25.7

PDB code 479K 5E1H

a -
, all complexes formed by co-crystallization.

b -
R=%||Fd-IFd |/ | |Fd | . where Fpand F¢denote observe and calculated structure factors, respectively.

c . ]
Rfree Was calculated using 5% of data excluded from refinement.
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