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Ricin toxin is a heterodimer consisting of RTA, a ribosome-
inactivating protein, and RTB, a lectin that facilitates receptor-
mediated uptake into mammalian cells. In previous studies, we
demonstrated that toxin-neutralizing antibodies target four
spatially distinct hot spots on RTA, which we refer to as epitope
clusters I–IV. In this report, we identified and characterized
three single domain camelid antibodies (VHH) against cluster II.
One of these VHHs, V5E1, ranks as one of the most potent ricin-
neutralizing antibodies described to date. We solved the X-ray
crystal structures of each of the three VHHs (E1, V1C7, and
V5E1) in complex with RTA. V5E1 buries a total of 1,133 Å2 of
surface area on RTA and makes primary contacts with �-helix A
(residues 18 –32), �-helix F (182–194), as well as the F-G loop.
V5E1, by virtue of complementarity determining region 3
(CDR3), may also engage with RTB and potentially interfere
with the high affinity galactose-recognition element that plays a
critical role in toxin attachment to cell surfaces and intracellular
trafficking. The two other VHHs, E1 and V1C7, bind epitopes
adjacent to V5E1 but display only weak toxin neutralizing activ-
ity, thereby providing structural insights into specific residues
within cluster II that may be critical contact points for toxin
inactivation.

Ricin toxin, a 65-kDa heterodimeric glycoprotein from the
castor bean plant (Ricinus communis), is one of the most potent
biological toxins known. The toxin’s A subunit (RTA)4 is a ribo-

some-inactivating protein that cleaves the N-glycosidic bond of
a single conserved adenosine residue within the sarcin-ricin
loop of 28S rRNA that is required for ribosomal elongation (1,
2). RTA (267 residues) is joined via a single disulfide bond to
RTB (262 residues), a galactose-specific lectin that attaches to
glycoproteins and glycolipids on the surface of mammalian
cells (3). RTB promotes the uptake and retrograde trafficking of
the toxin to the endoplasmic reticulum (ER), where RTA is
liberated from RTB through the action of protein-disulfide
isomerase (4). RTA is then dislocated (retro-translocated)
across the ER membrane with the assistance of the ER-associ-
ated protein degradation system. Once in the cytoplasm, RTA
triggers ribosome inactivation and programmed cell death (5).

Structurally, RTA is a globular protein that can be divided
into three distinct folding domains (6). Folding domain I (resi-
dues 1–117) is dominated by a six-stranded �-sheet that termi-
nates in a prominent solvent-exposed �-helix, known as �-helix
B (residues 97–108). Folding domain II (residues 118 –210) is
dominated by five �-helices (C–G), with �-helix E being at the
core of the molecule. Folding domain III (residues 211–267)
forms a protruding element that associates with RTB through a
disulfide bond as well as extensive non-polar interactions (6).
Five residues, Tyr-80, Tyr-123, Glu-177, Arg-180, and Trp-211,
define RTA’s active site, which consists of a shallow pocket in
the central portion of the protein (7). With the exception of the
region spanning �-helices F (residues 182–194) and G (residues
202–219), which is rich in arginine residues and thought to
promote ribosome binding through electrostatic interactions,
no other functionality has been ascribed to RTA’s secondary
elements or solvent-exposed surface.

Establishing a comprehensive molecular B cell epitope map
of RTA is of importance in terms of facilitating design of more
effective RTA-based immunotoxins for cancer therapy (8 –10)
and ricin toxin subunit vaccine antigens for use in the military
and in certain civilian populations in the event that ricin were to
be used as a biological weapon (11–13). Toward this end, we
have generated a large collection of murine monoclonal anti-
bodies (mAbs), as well as single domain heavy chain-only cam-
elid antibodies (VHHs) against linear and discontinuous
epitopes on RTA (14 –16). The camelid library (referred to as
“HobJo”) has an estimated diversity of �107 independent
clones and was generated from two animals that had been
repeatedly immunized with a mixture of recombinant non-
toxic RTA, RTB, and ricin toxoid (16). Analysis to date has
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suggested that there are (at least) four immunodominant
regions on RTA, which we refer to as epitope clusters I–IV. The
four clusters are represented by the following toxin-neutraliz-
ing mAbs: PB10 (I), SyH7 (II), IB2 (III), and GD12 (IV) (14).
Competition ELISAs with the four representative mAbs
enabled us to readily categorize new mAbs and VHHs into their
respective clusters (14 –17).

To date, we have solved the X-ray crystal structures of seven
different cluster I VHHs in complex with RTA (18) and comple-
mented these studies with epitope mapping of three different
cluster I mAbs by hydrogen deuterium exchange.5 Another
group has reported the X-ray crystal structure of a Fab fragment
in complex with cluster I (19). At the structural level, cluster I
epitopes encompass �-helix B (residues 98 –106), �-strand h
(residues 113–117), and the C terminus of �-helix D (residues
154 –156). In general, we found that within cluster I, ricin
toxin neutralizing activity correlated with the degree of
interaction between the VHH and RTA, particularly �-helix
B (17, 18). Moreover, the interactions between the different
VHHs and RTA were largely dictated by the CDR3 elements.
Finally, our original assumption that neutralizing and non-
neutralizing antibodies would occupy spatially distinct
structural epitopes on the surface of RTA was proven incor-
rect. Instead, we found several examples in which non-neu-
tralizing antibody epitopes were nested within the footprints
of neutralizing antibodies.

In this study, we have embarked on an effort to define struc-
tural B cell epitopes within cluster II. As noted above, cluster II

is defined by SyH7, a toxin-neutralizing mAb that was first
identified based on its reactivity with a peptide spanning RTA
residues 187–198 (15). In addition to its in vitro activities, SyH7
is able to passively protect mice against systemic 10� lethal
dose 50 (LD50) ricin challenge. We subsequently identified
three additional toxin-neutralizing mAbs, TB12, PA1, and
PH12, that recognize discontinuous epitopes within cluster
II (14). The epitopes recognized by SyH7, TB12, PA1, and
PH12 are distinct from each other, as determined by
HX-MS.5 Because all four cluster II mAbs neutralize ricin in
vitro and in vivo, we have proposed that their epitopes rep-
resent a particular site of vulnerability on the toxin. We
report here the X-ray crystal structures of three different
cluster II VHHs in complex with RTA, including one VHH
whose epitope possibly spans the interface between RTA and
RTB. This study affords the first structural insight into the
nature of epitope cluster II and reveals possible mechanisms
by which antibodies directed against this region of RTA neu-
tralize the toxin.

Results

Isolation of VHHs against Epitope Cluster II on RTA—As part
of this study, the HobJo phage-displayed single domain VHH
library was panned against several different ricin-derived tar-
gets, including RTA directly immobilized on polystyrene plates
and ricin holotoxin captured via the surrogate receptor (ASF).
However, to specifically enrich for cluster II-specific antibod-
ies, the library was panned against ricin captured via JIV-F5 to
broadly mask epitope cluster I and in the presence of saturating5 R. Toth, D. Weis, D. Volkin, and N. Mantis, manuscript in preparation.

FIGURE 1. Amino acid sequences and toxin neutralizing activities associated with E1, V1C7, and V5E1. A, primary amino acid sequence alignments of
VHHs E1, V1C7, and V5E1. Highlighted are the conserved cysteine residues (green), two additional cysteine residues in V5E1 (pink), CDR1 (blue), CDR2 (yellow),
and CDR3 (red). B, ricin toxin neutralizing activities associated with E1 (circles), V1C7 (squares), and V5E1 (triangles), as determined in a Vero cell cytotoxicity assay
(see “Experimental Procedures”). The values shown are the average (with standard deviation) of two separate experiments each done in triplicate.
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amounts of JIV-F6 to occlude epitope cluster III (16).6 The
screening approaches yielded three different RTA-specific
VHHs as follows: E1, V1C7, and V5E1. The antibodies were
unique from all other previously identified VHHs based on the
primary amino acid sequence of their respective CDR1–3 ele-
ments (Fig. 1A). The VHHs also differed in binding affinities
(KD) for ricin toxin, as determined by SPR; V5E1 had the highest
affinity (KD 20 pM), followed by E1 (690 pM) and V1C7 (3.17 nM)
(Table 1). In a cell-based toxin-neutralizing assay, V5E1 was a
potent inhibitor of ricin (IC50 �1 nM), whereas E1 and V1C7
were classified as weak inhibitors (IC50 �100 nM) (Fig. 1B).

The three VHHs, E1, V1C7, and V5E1, each recognized
receptor-bound ricin, as well as ricin that had been captured
with representative cluster I (PB10 and WECB2), III (IB2),
and IV (GD12) mAbs (Fig. 2). However, the VHHs were inhib-
ited from binding to ricin that had been captured by cluster
II-specific antibodies SyH7, PA1, PH12, and TB12 (Figs. 2A and
3). V5E1 was interesting in this regard because binding to ricin
holotoxin was inhibited by SyH7, PA1, and TB12 but not by
PH12 (Fig. 2B), revealing a previously unrecognized spatial
complexity within cluster II. In pairwise competition ELISAs,
E1 and V1C7 inhibited each other from binding to ricin but had
little or no effect on V5E1 (Fig. 4). Conversely, V5E1 had little or
no effect on E1 or V1C7, although it did (of course) inhibit itself
from binding ricin. In summary, the three cluster II-specific

VHHs, E1, V1C7, and V5E1, likely represent two distinct struc-
tural epitopes within cluster II as follows: E1 and V1C7 bind
epitope(s) associated with weaker toxin neutralizing activity
and V5E1 binds an epitope associated with stronger neutraliz-
ing activity.

The observation that two VHHs (E1 and V1C7) with weak
toxin neutralizing activities recognized epitopes within cluster
II prompted us to investigate whether they might competitively
interfere with the ability of cluster II mAbs to neutralize ricin.
To test this hypothesis, SyH7, PA1, PH12, or TB12 was mixed
with a molar excess of E1 or V1C7 and then tested in a cell-
based toxin neutralizing assay. We observed that E1 and V1C7
interfered (to varying degrees) with the neutralizing activities of
PA1, PH12, and TB12 but had only a marginal effect on SyH7
(Fig. 5). For example, Vero cell viability was 100% in the pres-
ence of ricin and 0.8 nM PA1. In contrast, upon addition of
molar excess amounts of E1 and V1C7, Vero cell viability in the
presence of 0.8 nM PA1 declined to �20% (Fig. 5B). For reasons
that are not immediately apparent, SyH7 was largely refractory
to the effects of E1 and V1C7, as evidenced by only a slight
change in SyH7’s IC50 value upon addition of E1 and V1C7.

X-ray Crystallography of VHH-RTA Complexes—To eluci-
date the exact epitopes recognized by the three cluster II VHHs,
we solved the X-ray crystal structures of E1, V1C7, and V5E1 in
complex with RTA, at 3.1, 1.8, and 1.7 Å, respectively (Tables 1
and 2; Fig. 6). In all three complexes, the VHHs assumed a
classical immunoglobulin fold consisting of nine �-strands

6 D. Vance, J. Tremblay, C. Shoemaker, and N. Mantis, manuscript in
preparation.

FIGURE 2. Competition ELISAs demonstrating that E1, V1C7, and V5E1 recognize epitopes within cluster II. A, ricin was captured on microtiter plates via
ASF (top row) or mAbs representing epitope clusters I–IV, as indicated by colored vertical bars (left) and then probed with E1 (black bars), V1C7 (gray bars), and
V5E1 (white bars), as described under the “Experimental Procedures.” The values shown are the average (with standard deviation) of a single representative
experiment done in triplicate. B, competition ELISAs in which biotinylated ricin was mixed with indicated concentrations (x axis) of V5E1 in solution and then
applied to microtiter plates coated with the four cluster II mAbs as follows: SyH7 (circles); PA1 (squares); PH12 (triangles); TB12 (inverted triangles). The plate was
then washed and probed with avidin-HRP to detect bound ricin. The values shown are the % inhibition (y axis) as compared with mAb capture of biotinylated
ricin without addition of VHH.

TABLE 1
Summary of RTA-VHH binding data and interface information

VHH KD
a Ka

a Kd
a IC50

a CDR3b

H-bondsc

BSATotal CDR1/2/3

Å2

E1 0.7 3.5 � 105 2.4 � 10�4 170 19 16d 4/0/10 1634
22d 8/0/12 2029

V1C7 3.2 9.1 � 104 2.9 � 10�4 NDe 17 12 0/5/7 1440
V5E1 0.02 2.2 � 105 4.2 � 10�6 0.5 19 10 2/0/5 1133

a KD (� 10�9 M); Ka (1/ms); Kd (1/s); IC50 (� 10�9 M).
b Amino acid length of CDR3 is given.
c H-bonds are between RTA and VHH (total) and CDR1, CDR2, and CDR3, respectively.
d 16 and 22 refer to different RTA-E1 copies in the asymmetric units, as shown in the supplemental material.
e An actual IC50 value is not reported for V1C7 because at 330 nM (the highest antibody concentration tested) it displayed only 30 – 40% toxin neutralizing activity, as shown

in Fig. 1.
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arranged in two �-sheets with all three CDRs on one face of the
molecule (Fig. 7). E1 displayed the canonical disulfide bond
between Cys-22 and Cys-96 that links FR1 to FR3 (20), whereas
V1C7 did not (Figs. 1 and 7). We postulate that the absence of
this disulfide bond in V1C7 is due to the low pH (pH 4.6) of the
crystallization conditions of the V1C7-RTA complex. Low pH
is known to favor the reduction of disulfide bonds, and this was
the only relative condition that differed among the three VHH-
RTA complexes.

V5E1, however, has two intramolecular disulfide bridges: the
canonical disulfide bond between Cys-22 and Cys-96 and the
less frequently observed disulfide bond between Cys-50 and

Cys-109 that links CDR2 and CDR3 (Fig. 1). Two other potent
ricin toxin-neutralizing VHHs, E5 and F5, exhibit this same sec-
ondary disulfide bond (17, 18), which makes it tempting to
speculate that stabilizing CDR2-CDR3 through a covalent link-
age positively impacts toxin neutralizing activity. Finally, we
noted that RTA assumed a very similar conformation in all
three RTA-VHH complexes, as evidenced by root mean square
deviation values of 0.5 to 0.6 Å when C� atoms of RTA (PDB
code 1RTC) were superimposed onto each of the RTA-VHH
crystal structures. Thus, RTA does not undergo any significant
conformational changes upon complex formation with E1,
V1C7, or V5E1. As an aside, shape complementarity is not a
strong predictor of either relative binding affinity or toxin neu-
tralizing activity, as evidenced by the fact that V5E1 had a shape
complementarity score of 0.66, as compared with E1 and V1C7,
which had higher shape complementarity scores of 0.76 and
0.75, respectively (data not shown). Thus, other factors must
account for differences in toxin neutralizing activity observed
among the three different VHHs.

Molecular Interactions between RTA and VHHs E1 and
V1C7—The region of RTA that contains SyH7’s linear epitope,
residues 187–198, is in close proximity to secondary structural
elements that are likely to constitute the epitopes of other clus-
ter II mAbs like PA1, PH12, and TB12, as well as E1, V1C7, and
V5E1 (Fig. 3). These structural elements include six �-helices
(A and C–G), three loop regions between �-helices C-D, D-E,
and F-G, a single 310-helix between �-helices C and D (referred
to as 310-helix C-D), the loops between �-helix A and �-strand
a, and �-strands e and d (referred to as loops A-a and e-d) (6, 21,
22).

Analysis of the VHH-RTA crystal structures revealed that E1
and V1C7 recognize overlapping but distinct epitopes on RTA.
E1 makes contact with �-helix C (residue 130), �-helix D (res-
idues 142 and 145–147), and �-helix E (residues 166, 167, and
170). E1 also interacts with loops e-d (residues 65– 67), C-D
(residues 131–132), D-E (residues 156,158), F-G (residues
197,199), as well as the 310-helix C-D (residues 135–136) (Fig.
8A). V1C7’s interface with RTA is limited to �-helix D (residues
141–142, 145–146, 149, and 153) and �-helix E (residue 163),
along with several additional interactions with loops e-d (resi-
dues 65– 68), C-D (residue 138), D-E (residues 157–160), and
F-G (residues 195, 197) (Fig. 8B). As compared with V1C7, E1
forms as many as 10 additional hydrogen bonds with RTA (12
versus 22), depending on which of the six RTA-E1 complexes
within the asymmetric unit is used to analyze the RTA-E1 inter-
face (Table 1; supplemental Fig. S1). E1 establishes a buried
surface area (bsa) with RTA of �2,000 Å2, composed of 63%
non-polar and 37% polar atoms. This is in contrast to V1C7,
which has a bsa of 1,440 Å2 with RTA, consisting of 59% non-
polar and 41% polar atoms (Fig. 8, D and E). Altogether, the
larger E1-RTA interface with more H-bonds likely contributes
significantly to the 5-fold stronger binding affinity of E1 for
ricin toxin, as compared with V1C7 (Table 1). E1 and V1C7
each form one salt-bridge with RTA as follows: E1 residue Lys-
114 interacts with Arg-166 of RTA, and V1C7 residue Asp-59
binds Arg-197 in RTA. It is unclear at this time whether the
differences in toxin neutralizing activity between E1 and V1C7
are associated with E1’s greater degree of interaction with RTA,

FIGURE 3. Characterization of epitope cluster II mAbs. A, ribbon diagram of
RTA (PDB 1RTC) with relevant secondary structures labeled. The linear
epitope recognized by SyH7 is shown in blue. B, competition ELISA in which
SyH7 (at indicated concentrations) was mixed with biotinylated ricin in solu-
tion and then applied to microtiter plates coated with mAbs SyH7 (circles),
PA1 (squares), PH12 (triangles), and TB12 (inverted triangles). The plates were
then probed with avidin-HRP, and the amount that SyH7 that blocked biotin-
ricin capture by the plate-bound mAbs is indicated on y axis (% inhibition). C,
ricin toxin neutralizing activity of SyH7 (circles), PA1 (squares), PH12 (trian-
gles), and TB12 (inverted triangles), as described under the “Experimental
Procedures.”
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different contact residues on RTA, and/or its enhanced affinity
for ricin holotoxin.

Molecular Interactions between RTA and V5E1—There is lit-
tle overlap between the structural epitope recognized by V5E1
and the E1 and V1C7 epitopes, even through all three antibod-
ies are, by definition, situated within cluster II. The distinctive-
ness of V5E1’s epitope, as compared with V1C7 and E1, is most
apparent when the RTA subunit in the V5E1-RTA crystal
structure is independently superpositioned onto the RTA sub-
units within the corresponding structures of RTA-V1C7 and
RTA-E1 (Fig. 4, D and E). V5E1 makes contact with loops A-a
(residues 14 –20) and e-d (residue 65), �-helix D (residue
141,145), and loop F-G (residues 192–196) (Fig. 8C). The inter-
face between V5E1 and RTA contains 55% non-polar and 45%
polar atoms and is relatively small (bsa � 1,133 Å2), considering
its tight binding affinity for ricin (Kd � 0.02 nM) and its potent

toxin-neutralizing capacity (IC50 � 0.5 nM) (Table 1). V5E1
forms a total of 10 hydrogen bonds and two salt bridges with
RTA. The salt bridges occur between CDR1 residue Arg-28 and
RTA residue Glu-145 and CDR3 residue Glu-101 with RTA
residue Arg-193.

A closer examination of V5E1’s interaction with RTA resi-
dues 187–198 is warranted considering that these residues are
proposed to constitute the core of SyH7’s epitope (15). V5E1
buries 481 Å2 of this region of RTA and establishes three
H-bonds between framework residue Gln-3 and RTA residues
Tyr-194 and Asn-195, as well as the salt bridge between CDR3
residue Glu-101 and RTA residue Arg-193, as noted above (Fig.
9C). By comparison, V1C7 forms only a single H-bond with this
region (i.e. CDR2 residue Ser-57 interacts with RTA residue
Arg-197) and buries just 241 Å2 (Fig. 9A). E1 forms two hydro-
gen bonds with this area of RTA (i.e. CDR1 residue Arg-31 with

FIGURE 4. V5E1 recognizes an epitope on RTA that is spatially distinct from E1 and V1C7’s epitopes. Competition ELISA in which E1 (A), V1C7 (B), or V5E1
(C), at indicated concentrations, was mixed with biotinylated ricin in solution and then applied to microtiter plates coated with E1 (circles), V1C7 (squares), or
V5E1 (triangles). The plates were then probed with avidin-HRP, and the amount that the soluble VHH blocked biotin-ricin capture by the plate bound antibody
is indicated on y axis (% inhibition). D and E, structure of RTA-V5E1 complex was superpositioned onto the RTA-E1 or RTA-V1C7 structures to demonstrate the
distinct binding profiles. RTA is colored green; V5E1 is magenta, and E1 and V1C7 are in cyan.
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RTA residue Arg-197 and CDR3 residue Lys-100 with RTA
residue Arg-197) and buries 260 Å2 (Fig. 9B). We speculate that
contact with RTA residues 193–195 may be critical for toxin
neutralizing activity for reasons that will be described under the
“Discussion.”

Another striking feature of the RTA-V5E1 complex is that
the entire central region of the CDR3 (residues 105–111) is
positioned away from the surface of RTA, making it accessi-
ble for potential interactions with other molecules, notably
RTB. Indeed, superpositioning the RTA subunit within the
RTA-V5E1 complex onto RTA within ricin holotoxin (PDB
code 2AAI) reveals that V5E1 could contact RTB residues

147–149, 237–239, and 254, resulting in a potential gain of
237 Å2 of bsa, as compared with the V5E1-RTA complex
(Fig. 10). The association with RTB would also create an
additional H-bond between V5E1 CDR3 residue Arg-110
and RTB residue Ala-237, which may be consequential in
terms of V5E1’s toxin neutralizing activity. Arg-110 is �4.0
Å from RTB residue Ser-238 of RTB, which, in turn, forms an
H-bond with Asn-255 (Fig. 10, inset). Asn-255 is involved in
direct interaction with Gal/GalNAc ligands (23). Thus, per-
turbation of the position of Asn-255 by Arg-110 in V5E1
would be expected to interfere with RTB’s ability to adhere
to Gal/GalNAc substrates.

FIGURE 5. VHHs E1 and V1C7 interfere with neutralizing activity of cluster II mAbs. VHH E1 (squares) and V1C7 (triangles) mixed with indicated concentra-
tions (x axis) of SyH7 (A), PA1 (B), PH12 (C), or TB12 (D) were incubated with ricin toxin and then applied to Vero cells, as described under the “Experimental
Procedures.” For each panel, the circles represent mAb without the addition of E1 or V1C7. The VHHs were at a constant concentration of 133 nM (2 �g/ml). Cell
viability was determined 48 h later. The values shown are the average (with standard deviation) of a single representative experiment done in triplicate.

FIGURE 6. X-ray crystal structures of RTA-VHH complexes. Structures of RTA in complex with VHHs E1 (A), V1C7 (B), and V5E1 (C). RTA (green) is presented in
a similar orientation for each panel with �-helices D–G indicated, as necessary. VHHs are shaded in cyan with CDR1–3 colored blue, yellow, and red, respectively.
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To address this experimentally, we performed a solid phase
binding assay in which microtiter plates coated with ASF were
probed with biotin-ricin in the absence or presence of V5E1.
V5E1 reduced ricin-ASF interactions in a dose-dependent
manner with maximal inhibition being �60% when antibody

concentrations were equal to or in excess of 30 nM (Fig. 11A). In
contrast, V1C7 (Fig. 11A, squares) had no effect on the ricin-
ASF interaction, even at 330 nM. We also performed toxin bind-
ing assays in which fluorescently labeled ricin was mixed with
V5E1, applied to THP-1 monocyte cells on ice (to enable bind-
ing but not internalization), and then subjected to flow cytom-
etry. Similar to the ASF assay, V5E1 demonstrated a dose-de-
pendent reduction (�60%) in ricin binding to cell surfaces (Fig.
11B).

Finally, we reasoned that if V5E1 has an increased binding
affinity for ricin holotoxin (as compared with RTA) then solu-
ble ricin would be more effective than soluble RTA at compet-
itively inhibiting V5E1 attachment to surface-immobilized
ricin. V5E1 was mixed with equimolar amounts of RTA or ricin

FIGURE 7. X-ray crystal structures of VHHs E1, V1C7, and V5E1. The structures of VHHs E1 (A), V1C7 (B), and V5E1 (C) are drawn as ribbon diagrams colored cyan
with CDR1–3 colored blue, yellow, and red, respectively. The VHHs are oriented with CDR3 projecting out front.

FIGURE 8. Interfaces of E1, V1C7, and V5E1 with RTA. A–C, RTA (green) is drawn as a ribbon diagram with E1- (A), V1C7- (B), and V5E1 (C)-interacting regions
colored red. RTA secondary structural elements are labeled as follows: �-helices A and C–G, �-strands a, d, e, and the 310-helix between �-helices C-D. D–F,
surface representations of RTA (gray) with E1 (D), V1C7 (E), and V5E1 (F) contact points highlighted in red.

TABLE 2
Summary of RTA-VHH structures

E1a V1C7a V5E1a

dmin (Å) 3.1 1.8 1.7
Space group F222 P3221 P21
Rb/Rfree

c (%) 22.4/27.5 17.3/20.9 20.0/24.8
PDB code 5BOZ 5J56 5J57

a All complexes were formed by co-crystallization.
b R � ��Fo� � �Fc�/��Fo�, where Fo and Fc denote observed and calculated struc-

ture factors, respectively.
c Rfree was calculated using 5% of data excluded from refinement.
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in solution and then subjected to SPR using a ricin-coated sen-
sor. In the absence of soluble ricin or RTA, V5E1 elicited an RU
value of 140 (supplemental Fig. S2). When V5E1 was mixed
with 60 nM RTA or 60 nM ricin, the RU values dropped to 100
and 40, respectively, indicating that on a molar basis ricin holo-
toxin is more effective than RTA at competitively inhibiting
V5E1 binding. The RU values were reduced to 40 and �5 when
V5E1 was mixed with 120 nM RTA or ricin, further indicating
that V5E1 preferentially associates with soluble ricin over RTA.
In contrast, soluble ricin and RTA were equally effective at
inhibiting VHH E1 from binding to plate-bound ricin (supple-
mental Fig. S3). We conclude from these studies that V5E1 is
able to functionally interfere with ricin attachment to cellular
receptors, possibly through an interaction with residues within
domain 2� of RTB.

Discussion

We have previously proposed that ricin toxin-neutralizing
antibodies are directed against four distinct “hot spots” on the
surface of RTA, which we refer to as epitope clusters I–IV.
Cluster II is defined by SyH7, a mAb that recognizes a linear
epitope within RTA’s �-helix F (residues 187–198). Three addi-

tional mAbs, PA1, PH12, and TB12, were grouped within clus-
ter II based on their abilities to interfere with SyH7 binding to
ricin toxin, as determined by ELISA and SPR (Fig. 3) (14). TB12,
PA1, and PH12 are some of the most potent toxin-neutralizing
mAbs in our collection (Fig. 3C), and each has been shown to
passively protect mice against ricin challenge. Thus, so-called
epitope cluster II appears to represent a particularly vulnerable
region on ricin toxin.

In this study, we provide the first structural insights into
epitope cluster II, as well as clues to contact points on RTA that
are associated with toxin neutralizing activity. We solved the
X-ray crystal structures of three different cluster II-specific
VHHs, each in complex with RTA. The two VHHs with weak
toxin neutralizing activities, E1 and V1C7, have overlapping
structural epitopes on RTA that primarily encompass residues
within �-helix D (residues 141–152) and �-helix E (residues
161–180). E1’s slightly lower dissociation constant may explain
its marginally better toxin neutralizing activity as compared
with V1C7. In contrast, V5E1’s structural epitope is focused on
the N terminus of �-helix A (residues 18 –32) and the C termi-
nus of �-helix F (182–194), as well as residues in the F-G loop.
Thus, we tentatively conclude that differences in the structural
epitopes recognized by E1, V1C7, and V5E1 are primarily
responsible for the observed differences in toxin neutralizing
activities among the three antibodies.

V5E1 ranks as one of the most potent toxin-neutralizing sin-
gle chain antibodies in our collection (16, 24, 25). V5E1 was
isolated from the so-called HobJo phage-displayed single
domain camelid antibody library, which was generated from
two alpacas (Vicugna paco) that had been repeatedly immu-
nized with RiVax, RTB, and ricin toxoid in the presence of alu-
minum salts and CpG as adjuvants (16). Although it is esti-
mated that the HobJo library consists of �107 unique VHH
clones,7 exploiting the diversity of the antibody repertoire has
not been trivial. The first ricin-specific VHHs isolated from the
HobJo libraries were based on affinity enrichments using RTA
or RTB bound directly to polystryrene surfaces (16). These ini-
tial screens were biased toward epitopes in cluster I, as evi-

7 C. Shoemaker, unpublished results.

FIGURE 9. Close-up of the VHH interactions with the SyH7 epitope on RTA. RTA (green), the SyH7 epitope (colored pale cyan), and VHHs (cyan), V1C7 (A), E1
(B), and V5E1 (C) are drawn as ribbon diagrams. CDR1–3 are colored blue, yellow, and red, respectively. Key side chains are drawn as sticks and color-coordinated
to the main chain. Hydrogen bonds are represented as red dashes.

FIGURE 10. Potential interactions of V5E1 with ricin holotoxin. RTB from ricin
holotoxin (PDB code 2AAI) was superpositioned onto RTA-V5E1. RTA is colored
green, V5E1 in cyan, and RTB in magenta. Lactose bound to RTB is shown as red
sticks. The inset illustrates the proximity of V5E1 residue Arg-110 with RTB resi-
dues Asn-255 and Ser-238 involved in lactose recognition. Key residues forming
interactions are drawn as sticks and color-coordinated to their respective main
chain color. Hydrogen bonds are represented as red dashes.
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denced by the fact that 12 out of first 18 anti-RTA VHHs that we
characterized were competitively inhibited from binding to
RTA by PB10 (16 –18). To circumvent this issue, we devised five
different screening/masking/capture strategies, which will be
detailed in a separate manuscript.6 V5E1 was isolated from a
screen in which ricin holotoxin was captured with a cluster
I-specific antibody (VHH F5) and masked with a cluster III anti-
body (VHH F6) (16, 17). It is unlikely that V5E1 would have been
isolated without masking cluster I and, possibly, cluster III
epitopes.

The X-ray crystal structure of the V5E1-RTA complex offers
several clues as to the possible mechanism(s) underlying V5E1’s
toxin neutralizing activity. First, V5E1 contacts loop F-G (resi-
dues 192–196), a region located within an electrostatically pos-
itive patch of RTA involved in mediating contact with ribo-
somes (21, 26). In a yeast model, site-directed mutagenesis has
implicated Arg-193 and Arg-196 as being important in ribo-
some binding (27). It is therefore notable that V5E1 forms a salt
bridge with Arg-193, as well as H-bonds with Tyr-194 and Asn-
195. �-Helix F and loop F-G also constitutes the core of SyH7’s
epitope, as initially suggested by pepscan analysis (15) and con-
firmed by hydrogen deuterium exchange/mass spectroscopy.8
In an in vitro translation assay, SyH7 reduces RTA’s ability to
inactivate ribosomes by �1,000-fold, presumably because the
mAb buries RTA’s electrostatic positive patch and/or physi-
cally occludes RTA-ribosome contact (15). Preliminary evi-
dence indicates that V5E1 also partially interferes with the ribo-
some-inactivating properties of RTA in vitro.9

Second, superpositioning of the X-ray crystal structure of the
V5E1-RTA complex onto ricin holotoxin revealed that V5E1
would be able to contact RTB’s subdomain 2�, near one of two
galactose-binding pockets involved in ricin uptake into host
cells (23). RTB’s two galactose-binding pockets are located on
opposite ends of the molecule (28). Although the two elements
are homologous to each other, they have slightly different sub-
strate specificities and affinities; subdomain 1� is specific for galac-
tose (Gal) and is of low affinity, whereas subdomain 2� recognizes
Gal and N-acetylgalactosamine (GalNAc) and is of higher affinity
(29, 30). Our experimental results are consistent with V5E1 affect-

ing the lectin activity of subdomain 2�, as the antibody reduced the
attachment of ricin to plate-bound ASF and cell surface receptors
by �60%. It is also possible that V5E1, by virtue of its potential
interaction with subdomain 2�, alters the dynamics of ricin uptake
and/or intracellular transport (29, 31).

The V5E1-RTA crystal structure reveals a potential short-
coming of two candidate ricin toxin subunit vaccines, RiVax
and RVEc (13). As noted above, V5E1 appears to recognize a
quaternary epitope in which CDR1 makes contact with RTA,
whereas CDR3 makes contact with RTA and RTB. From an
immunological perspective, V5E1 most certainly arose as a con-
sequence of affinity maturation and somatic hypermutation in
response to ricin toxoid vaccination and not in response to
either of the individual subunits. The implications for vaccine
design are significant considering that the two candidate vac-
cines being tested are derivatives of RTA, without RTB. RiVax is
a recombinant full-length version of RTA with point mutations
at residues Tyr-80 and Val-76 to abolish RTA’s RNA N-glyco-
sidase activity and to eliminate the protein’s propensity to
induce vascular leak syndrome, respectively (10, 32). RVEc is a
truncated derivative of RTA that lacks a small hydrophobic
loop in the N terminus (residues 34 – 43), as well as C-terminal
residues 199 –267 (33–35). Thus, neither RiVax nor RVEc
would be expected to elicit V5E1-like antibodies. In an effort to
overcome this issue, we reconstituted RiVax with RTB in vitro
and used this novel toxoid immunogen to vaccinate mice, as
well as two additional alpacas.10 Although these studies are still
ongoing, preliminary analysis of the antibody responses in mice
suggests that RiVax toxoid does indeed boost toxin-neutraliz-
ing titers as compared with RiVax alone.

Although the crystal structure of the V5E1-RTA complex
offers clues as to the mechanisms by which V5E1 neutralizes
ricin, it is not obvious from the E1-RTA and V1C7-RTA struc-
tures why E1 and V1C7 have only weak (not strong) neutraliz-
ing activity. They each recognize structural epitopes nested
within cluster II, as defined by competition ELISAs with SyH7,
PA1, TB12, and PH12 (Fig. 2). In the case of V1C7, one possible
explanation relates to its relatively low binding affinity for ricin,
as compared with V5E1 (3.2 nM versus 0.02 nM). It is tempting to

8 R. Toth, N. Mantis, D. Weis, and D. Volkin, manuscript in preparation.
9 T. Czjaka, D. Vance, M. Rudolph, and N. Mantis, unpublished results. 10 D. Vance, C. Shoemaker, and N. Mantis, unpublished results.

FIGURE 11. V5E1 partially interferes with ricin attachment to terminal galactosides. A, dilutions of V5E1 (triangles) and V1C7 (squares) were mixed with
biotinylated ricin and then applied to microtiter plates coated with ASF, as described under the “Experimental Procedures.” The % inhibition (y axis) values are
based on ricin binding in the absence of antibodies. B, V5E1 at indicated concentrations was mixed with FITC-ricin and then applied to THP-1 cells at 4 °C. After
30 min, the THP-1 cells were washed, and the amount of bound ricin was determined by flow cytometry. The % inhibition (y axis) values are based on ricin
binding in the absence of antibodies. Each panel is a representative experiment conducted in triplicate.
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speculate, for example, that a 10-fold improvement in V1C7’s
binding affinity would result in a corresponding increase in
toxin neutralizing activity. In a separate study, we have identi-
fied three V1C7-like family members from the HobJo VHH
library that differ in their relative affinities and toxin neutraliz-
ing activities. The three new family members were subjected to
homology modeling by Rosetta using the V1C7-RTA complex
as a template to identify residues in CDR1–3 that account for
differences in affinity.11 Our long term goal is to engineer
higher affinity variants of V1C7 as a means to parse out the
relative contributions of affinity and epitope specificity in ricin
toxin neutralization.

Experimental Procedures

Materials—Ricin toxin (RCA-II), biotinylated ricin (b-ricin),
and RTA were obtained from Vector Laboratories (Burlingame,
CA). HRP-anti-E-tag antibodies (Bethyl, Montgomery, TX)
and HRP-anti-M13 antibodies were purchased from GE
Healthcare. All other chemicals and reagents were purchased
from Sigma unless noted otherwise. Epitope-tagged VHHs
were produced and purified as described (24).

ELISA, Surface Plasmon Resonance, and Flow Cytometry—
The basic ELISA protocol has been described (16). Nunc-Im-
muno plates (ThermoScientific, Swedesboro, NJ) were coated
overnight at 4 °C with target antigen (1 �g/ml), blocked for 2 h
with 2% goat serum in 0.1% PBST, and then incubated for 1 h
with 5-fold serial dilutions of VHHs and then anti-E-HRP anti-
bodies diluted 1:10,000. For competition assays, murine IgGs (1
�g/ml) were coated onto wells overnight and then blocked for
2 h. In a separate dilution plate, VHHs were diluted into bioti-
nylated ricin at the fixed EC90 concentration for each individual
coated mAb. These mixtures were then transferred into the
mAb-coated plates and allowed to bind for 1 h. After washing,
bound biotinylated ricin was detected with streptavidin-HRP
(1:1000) (Thermo Fisher) and developed with SureBlue Perox-
idase Substrate (KPL). The reaction was quenched with 1 M

phosphoric acid, and absorbance was read at 450 nm using a
VersaMax Microplate Reader (Molecular Devices, Sunnyvale,
CA). VHH affinity for ricin was determined by SPR using the
ProteOn XPR36 (Bio-Rad), as described previously (18). Ricin
binding assays to THP-1 cells were described previously (36).

Identification of Cluster II VHHs—The RTA-specific VHHs
were identified using the basic panning strategy described pre-
viously with some modifications (16). JIY-E1 (referred to as E1)
was identified in a pan against RTA-coated immunotubes,
essentially as described (16). V1C7 was identified using a screen
in which ricin was captured by surrogate receptor ASF to retain
proper conformation of ricin. V5E1 was identified in a pan
against ricin captured by the cluster I-specific VHH JIV-F5 (16),
to mask that immunodominant region. Cluster III was also
masked with an excess of VHH JIV-F6. The details of the screens
are described elsewhere.12

Vero Cell Cytotoxicity Assays—The Vero cell cytotoxicity
assay has been described in detail elsewhere (37). Vero cells

grown in DMEM containing 10% FBS were seeded (5 � 104 per
ml) in 96-well cell culture plates and incubated at 37 °C over-
night. 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 was applied. Cell viability was assessed 45– 48 h later
using CellTiter-Glo (Promega, Madison, WI). In cytotoxicity
assays in which VHH was competed against mAb, VHH con-
centration was held steady, although the mAb concentration
was diluted 2-fold.

Cloning, Expression, and Purification of Untagged VHHs for
Crystallization—PCR amplicons corresponding to E1 (residues
1–134), V1C7 (residues 1–136), V5E1 (residues 1–134), and
RTA (residues 1–267) were subcloned into the N-terminally
deca-histidine maltose-binding protein-tagged MCSG9 ex-
pression vector using a standard ligase-independent cloning
protocol. All four proteins were expressed in Escherichia 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

isopropyl 1-thio-�-D-galactopyranoside at an A600 of 0.6 for
�16 h. After induction, cells were harvested and resuspended
in 20 mM Tris-Cl, pH 7.5, and 150 mM NaCl. The cell suspen-
sion was sonicated and centrifuged at 30,000 � g for 30 min.
After centrifugation, the protein-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 0.5 M im-
idazole in binding buffer, and the gel filtration buffer consisted
of 20 mM HEPES, pH 7.6, 150 mM NaCl, and 20 mM imidazole.
Fractions containing protein were pooled and subjected to
tobacco etch virus protease cleavage (1:20 weight ratio) for 3 h
at room temperature to remove the deca-histidine maltose-
binding protein tag. The cleaved protein was passed over a 1-ml
nickel-nitrilotriacetic acid-agarose (Qiagen) and a 1-ml amy-
lose-agarose gravity column to remove the added tobacco etch
virus protease, cleaved residues, and uncleaved fusion protein.
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 h. Purified RTA-VHH complex was
concentrated to a final total concentration of 10 mg/ml for crys-
tallization experiments.

Crystallization and Data Collection—All three 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-E1 complex were
grown against crystallization buffer containing 1.5 M ammo-
nium sulfate and 25% glycerol. Crystals of the RTA-E1 complex
nucleated within 24 h and grew slowly to a full size of �60 �m
over a period of 10 –14 days. Crystals of the RTA-V1C7 com-
plex were grown with a crystallization buffer containing 100
mM sodium acetate, pH 4.6, and 8% PEG 4000. Crystals of the
RTA-V1C7 complex nucleated within 24 h and grew to full size
of �100 �m within 5 days. Crystals of the RTA-V5E1 complex
were grown using a crystallization buffer containing 100 mM

Tris, pH 7.0, and 20% PEG 1000. Crystals of the RTA-V5E1
complex took 8 days to nucleate and continued growing very
slowly for another 7 days until they reached a full size of �60

11 A. Bazzoli, D. Vance, M. Rudolph, J. Karanicolas, and N. Mantis, manuscript in
preparation.

12 D. Vance, J. Tremblay, C. Shoemaker, and N. Mantis, manuscript in
preparation.
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�m. All crystals were flash-frozen in liquid nitrogen after a
short soak in the appropriate crystallization buffers supple-
mented with 20 –25% ethylene glycol. Data were collected at
the 24-ID-C and 24-ID-E beamlines at the Advanced Photon
Source, Argonne National Laboratory.

Structure Determination and Refinement—The structures of
each RTA-VHH complex was solved by molecular replacement
using the program Phaser (38). Molecular replacement calcu-
lations were performed using the coordinates of the ricin A
chain as a search model for RTA (PDB code 1RTC) in all three
RTA-VHH complexes. The VHH coordinates used as a search
model for all three RTA-VHH complexes was D10 (PDB code
4LGR) with all three of the CDRs removed from the search
model. For the RTA-V1C7 and RTA-V5E1 structures, the
resulting phase information was used to autobuild most of the
model for the both RTA-VHH structures using the program
ARP (39). Some additional manual building of each model was
performed with COOT (40). For the RTA-E1 structure, the
resulting phase information was used insert the E1 sequence
and manually build the mode in COOT. All structural refine-
ment was done employing the PHENIX package (41). Twinned
refinement was performed for the RTA-E1 complex using the
twin operator -k,-h, -l with a twinning fraction of 0.015. During
refinement a cross-validation test set was created from a ran-
dom 5% of the reflections. Data collection and refinement sta-
tistics are listed in supplemental Table S1. Molecular graphics
were prepared using PyMOL (Schrödinger, LLC, New York).

Antibody-Antigen Shape Correlation—We examined the
shape correlation parameter Sc (42) to see whether there was a
correlation between toxin neutralizing capacity, binding affin-
ity (Kd), and shape complementarity within the RTA-VHH
interfaces described here.

Accession Numbers—The structures generated in this study
were deposited in the Protein Data Bank under accession num-
bers 5BOZ (E1), 5J56 (V1C7), and 5J57 (V5E1) as described in
Table 1.
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