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Background: The antibody 6C2 exhibited an unusually potent neutralizing ability against ricin.

Results: We determined the crystal structure of 6C2 Fab in complex with RTA and mapped the epitope on RTA.
Conclusion: The binding of 6C2 hinders the interaction between RTA and the ribosome, thus inhibiting the activities of RTA.
Significance: Our findings further confirm the role of ribosomal elements in ricin activity and specificity.

Ricin belongs to the type II ribosome-inactivating proteins
that depurinate the universally conserved a-sarcin loop of
rRNA. The RNA N-glycosidase activity of ricin also largely
depends on the ribosomal proteins that play an important role
during the process of rRNA depurination. Therefore, the study
of the interaction between ricin and the ribosomal elements will
be better to understand the catalysis mechanism of ricin. The
antibody 6C2 is a mouse monoclonal antibody exhibiting
unusually potent neutralizing ability against ricin, but the neu-
tralization mechanism remains unknown. Here, we report the
2.8 A crystal structure of 6C2 Fab in complex with the A-chain of
ricin (RTA), which reveals an extensive antigen-antibody inter-
face that contains both hydrogen bonds and van der Waals con-
tacts. The complementarity-determining region loops H1, H2,
H3, and L3 form a pocket to accommodate the epitope on the
RTA (residues Asp®®~Thr'!®). ELISA results show that GIn®%,
Glu®?, Glu'%?, and Thr!% (RTA) are the key residues that play an
important role in recognizing 6C2. With the perturbation of the
6C2 Fab-RTA interface, 6C2 loses its neutralization ability,
measured based on the inhibition of protein synthesis in a cell-
free system. Finally, we propose that the neutralization mecha-
nism of 6C2 against ricin is that the binding of 6C2 hinders the
interaction between RTA and the ribosome and the surface plas-
mon resonance and pulldown results confirm our hypothesis. In
short, our data explain the neutralization mechanism of mAb
6C2 against ricin and provide a structural basis for the develop-
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ment of improved antibody drugs with better specificity and
higher affinity.

Ribosome-inactivating proteins (RIPs),* mostly from plants,
are N-glycosidases (E.C. 3.2.2.22) that damage ribosomes irre-
versibly by removing one or more adenine residues from the
rRNA (1). Damaged ribosomes are rendered unable to bind
elongation factor 2, thus losing the ability to synthesize proteins
(2). RIPs are usually divided into two classes (3). Type I RIPs are
monomers, strongly basic proteins of ~30 kDa with enzymatic
activity. Type II RIPs are heterodimers with an approximate
molecular mass of 60 kDa, in which one polypeptide of ~30kDa
with enzymatic activity (A-chain) is linked by a disulfide bridge
to another polypeptide of ~35 kDa with lectin properties
(B-chain).

Some type 2 RIPs are potent toxins, the best known of these is
ricin, which is a potential biological weapon. Surprisingly, ricin
also can be harnessed for biomedicine. Scientists have used a
portion of the ricin toxin to develop a new class of therapeutics
called “immunotoxins.” Over the past few decades, immuno-
toxins have been taken from discovery to clinical trials in
patients with a variety of cancers. From another perspective,
ricin is a good prototype to investigate the N-glycosidase mech-
anism of RIPs because of its powerful catalytic ability for mam-
malian ribosomes. Endo and colleagues (4) discovered that the
ricin A-chain (RTA) catalyzes the depurination of an invariant
adenosine A4324, which is located within a GAGA sequence in
a universally conserved sarcin-ricin loop of eukaryotic 28S
rRNA. The x-ray crystallographic structure of the heterodimer
plant toxin ricin has been determined at 2.8 A resolution by
Montfort and colleagues (39), revealing that RT A has a promi-
nent cleft that recognizes the target rRNA stem loop. Site-di-
rected mutagenesis has identified five residues (Tyr®’, Tyr'*3,
Glu'”?, Arg"®°, and Trp>'") within or near the active site cleft
that are critical for the enzymatic activity of RTA (5, 6).

“The abbreviations used are: RIP, ribosome-inactivating protein; PDB, Protein
Data Bank; Ab, antibody; CDR, complementarity-determining region.
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Recently, the structure of ricin was solved with transition state
analogues bound, confirming that these invariant residues of
the RIPs in the catalytic active site of ricin were essential for
efficient catalysis by RTA (7). Although the biochemical prop-
erties of RIPs have been extensively studied, the enzymatic
mechanism of RIPs remains elusive.

Exploiting the extraordinary capacity of ricin to provoke an
immune response, Erhlich (40) and others (8) were the first to
demonstrate the potential of Abs to completely inactivate ricin
in the late 1880s. Since those early studies, dozens of polyclonal
antibodies derived from different animal species (e.g. mouse
and rabbit) have been tested on a diversity of cell types (e.g
human, non-human primate, and mouse) and animal models
(e.g. mice, rats, and rabbits) (9-19). These results have con-
firmed that Abs directed against the holotoxin are generally
sufficient to neutralize ricin in vitro and to confer passive
immunity in vivo.

To better protect against ricin, we have developed a potent
neutralizing antibody called 6C2 that has more effective thera-
peutic immunotoxins (19). The antibody 6C2 is obtained from
individual mice immunized with RTA. Our results indicate that
6C2 can efficiently inhibit the enzymatic activity of ricin
through the cell-free translation assay in vitro and the ability of
6C2 to protect against the cytotoxic effect of ricin in vivo is also
substantial. One of the most striking findings is that the epitope
is distant from the previously reported catalytic active site of
ricin, but 6C2 exhibits more marked neutralizing ability than
the Ab binding to the enzymatic active site of RTA.

To map the epitope accurately on RTA and to elucidate the
neutralization mechanism of 6C2 against ricin, we determined
the crystal structure of 6C2 Fab-RTA. The structure presents
the first detailed atomic level description of the RTA complex
with a monoclonal antibody and reveals that the complemen-
tarity-determining region (CDR) loops H1, H2, H3, and L3
form a pocket to accommodate the epitope on the RTA (resi-
dues Asp?®~Thr''®). We further confirm the residues on the
epitope that play an important role in interacting with 6C2 by
ELISA. The inhibition of protein synthesis experiment also
indicates that perturbation of the 6C2 Fab-RTA interface will
eliminate the protective efficacy of 6C2. Combining the surface
plasmon resonance (SPR) and pulldown results, we propose
that the binding of 6C2 hinders the interaction between RTA
and the ribosome, thus inhibiting the activities of RTA.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of Recombinant
RTA—The gene encoding RTA was chemically synthesized by
Sangon (Shanghai, China) and then subcloned into expression
vector pGEX-4T-2. The recombinant RTA was expressed in
Escherichia coli BL21(DE3) under induction by isopropyl--p-
thiogalactopyranoside. The expressed product was purified
using a B-PER GST fusion protein purification kit (Pierce,
Rockford, IL). Then, the GST fusion sequence was digested
by enterokinase (Sino Biological, Inc., Beijing, China). The
digested proteins were dialyzed against 10 mm Tris-HCI, pH
7.5, 200 mMm NaCl, and then applied to a Superdex-75 column
(2.6 X 100 cm). The mutant RTA-M1 represented the muta-
tions of residues GIn”®, GIu”®, GIu'®?, and Thr'% to alanine; the
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mutant RTA-M2 represented the mutations of residues GIn''?

and Thr''® to alanine; the mutant RTA-M3 represented the
mutations of residues GIn®®, Glu®®, Glu'°?, Thr'°®, GIn''?, and
Thr''® to alanine; the mutant RTA-M4 represented the muta-
tion of residue GIn® to alanine and the mutant RTA-M5 rep-
resented the mutation of residue GIn®® to leucine (see Fig. 2C).
All of these RTA mutations were produced by the MutanBEST
kit (TaKaRa) and purified in the same way as that of the wild-
type proteins.

Preparation of 6C2 Fab Fragment—The mAb 6C2 IgG was
produced according to our previous method (14, 20). The 6C2
IgG was proteolysed for 4 h at 37 °C with immobilized papain
(Roche Applied Science) in buffer A (0.05 m Bis-Tris, pH 6.3).
After this reaction was stopped with E-64, the proteolysed 6C2
was dialyzed overnight at 4 °C in buffer B (0.025 M sodium ace-
tate, pH 5.0), and the Fab fragments were separated from the Fc
fragments by protein A affinity chromatography. Further puri-
fication was achieved through cationic exchange chromatogra-
phy and gel filtration on a Superdex 200 column (GE
Healthcare).

Crystallization and Diffraction Data Collection—The puri-
fied 6C2 Fab and the RTA were mixed in a molar ratio of 1:1 at
4 °C for 6 h. The mixed protein was purified with HiLoad 16/60
Superdex 200 (GE Healthcare). The purified protein was dia-
lyzed into buffer A (50 mm Tris-HCI, pH 7.5, 80 mm NaCl) and
concentrated to 20-30 mg/ml. Co-crystallization was per-
formed using the hanging drop vapor diffusion method by mix-
ing equal volumes of the RTA-6C2 Fab mixture solution and a
reservoir solution at 16 °C. After 5-7 days, crystals in 0.1 M
sodium citrate, pH 5.0, and 8% PEG 8000 grew to a size suitable
for x-ray diffraction. The crystals were then soaked in a cryo-
protection solution (0.1 M sodium citrate, pH 5.0, 8% PEG 8000,
25% glycerol) prior to data collection. Unfortunately, these
crystals diffracted x-rays only weakly. We attempted dehydra-
tion to help improve the diffraction. Finally, x-ray diffraction
data of the crystal were collected on beamline 17U1 of the
Shanghai Synchrotron Radiation Facility. The data were pro-
cessed and scaled with HKL2000 (21) and programs in the
CCP4 package (22). The statistics for the diffraction data are
summarized in Table 1.

Structure Determination and Refinement—The structure of
the 6C2 Fab in complex with RTA was solved using the molec-
ular replacement method in Molrep (23). The structures of the
ricin A-chain (Protein Data Bank code 3HIO) and Fab antibody
(Protein Data Bank code 3EOA) were used as the search mod-
els. The initial model was refined by using the maximum likeli-
hood method implemented in Refmac5 (24) as part of the
CCP4i program suite and refined interactively using the
o ,-weighted electron density maps with the coefficients 2F, —
F,and F, — F, in the program COOQOT (25). During the latter
stage, the restrained positional and B-factor refinement was
performed using the program PHENIX.refine (26) during the
refinement. The final models were evaluated with the programs
MOLPROBITY (27) and PROCHECK (28). The final coordi-
nates and structure factors were refinement converged to an
R-factor of 23.84% and R-free of 28.89% at a resolution of 2.8 A.
The final coordinates and structure factors were deposited in
the Protein Data Bank under the accession code of 4KUC. The
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data collection and structure refinement statistics are listed in
Table 1. All structure figures were created using the program
PyMOL.

ELISA—The microtiter wells were coated with 100 ul of anti-
RTA antibody 13G6 (1 ug/ml) in PBS (pH 7.4) overnight at 4 °C,
washed three times with PBST (PBS-Tween 20; 0.1%v/v), and
blocked with 10% skim milk in PBST for 2 h at 37 °C before the
addition of RTA and its mutants in 10 concentration scales
(0.031-16.00 pg/ml). The wells were washed six times in PBST,
and chimeric 6C2 consisting of mouse antibody variable
domain and human antibody conservation domain was added
and incubated for 3 h at room temperature. The plates were
again washed, and HRP-conjugated goat anti-human IgG anti-
body was added. The wells were again washed sixtimes, and the
colorimetric HRP substrate was added. The absorbance at 450
nm was read 5 min later. In a standard ELISA, each bar is the
average of three wells. The results are the means=S.E. for three
independent experiments, p < 0.05.

Inhibition of Ricin Enzymatic Activity— The ability of 6C2 to
inhibit the enzymatic activity of RT A and its mutants was meas-
ured in a cell-free in vitro translation system using rabbit reticu-
locyte lysates (Promega) as the source of both ribosomes and
luciferase mRNA. The protein translation efficiency was deter-
mined by measuring the relative activity of luciferase. After pre-
incubating 0.5 ug of RTA or RTA mutants with (or without) 5
pgof 6C2,0.5 ug of luciferase template mRNA was added to the
rabbit reticulocyte lysates containing intact ribosomes and
incubated for 90 min. The relative luciferase activity was meas-
ured by GloMaxTM 96 microplate luminometer (Promega).
BSA, which could not bind to the ribosomes and impact the
translation activity of ribosomes, was used as a control.

SPR—The Biacore T200 (GE Healthcare) was used to analyze
the change in the interaction between the ribosomes and
the RTA in the presence and absence of the antibody 6C2. The
GST-RTA was used as the ligand, and the rabbit reticulocyte
80S ribosomes purified from untreated rabbit reticulocyte
lysate as described (29) were used as the analyte under condi-
tions both with and without 6C2. The GST-RTA was diluted in
the running buffer at 50 nM and injected at a flow rate of 20
pl/min to generate a resonance signal of 150 resonance units.
Ribosomes at the concentrations of 25, 16.67, 11.11, 7.41, and
4.94 nm were passed through both the target and the reference
surfaces at a flow rate of 30 wl/min for 3 min to monitor the
association. The dissociation was monitored at the same flow
rate in the running buffer for another 3 min. The signal from the
reference surface was subtracted for nonspecific binding. After
each ribosome binding, regeneration was executed using a 60-s
injection of 10 mm glycine/HCI (pH 2.0). For the antibody-
blocking experiments, the 6C2 antibody was passed through at
an abundance of 200 resonance units before the ribosomes
were used. Then ribosomes at 40, 26.67, 17.78, 11.85, and 7.90
nM were passed through both the target and the reference sur-
faces as described above. The data were analyzed using the Bia-
core T200 Evaluation software. The curves were modeled
assuming a simple 1:1 interaction to generate the kinetic data.

Pulldown Assays—After preincubation with 0.5 ug of RTA or
RTA mutants, rabbit reticulocyte 80S ribosomes were purified
from untreated rabbit reticulocyte lysate (Promega). A volume
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TABLE 1
Statistics of x-ray diffraction data collection and structure refinement
Values in parentheses are for last resolution shell.

Data collection

Space group 1222
Unit cell parameters (A) a = 108.52, b = 151.80, ¢ = 208.42
Wavelength (A) 0.9792
Resolution limits (A ) 50.00-2.80 (2.85-2.80)
No. of unique reflections 40,594 (1188)
Completeness (%) 93.6 (55.6)
Redundancy 7.1 (4.9)
R erge (%)° 9.4 (34.5)
Mean I/o(I) 19.0 (3.2)
Refinement statistics
Resolution limits (A ) 50.00-2.80
RonIRees (%) 23.84/28.89
r.m.s.d. for bonds (A) 0.009
r.m.s.d. for angles 1.217°
Mean B factor (A?) 49.98
No. of non-hydrogen protein atoms 8287
Ramachandran plot (%)
Most favored regions 87.4
Additional allowed regions 11.9

Generously allowed regions 0.7

“Rinerge = 22\l = (IW)|/%,%, (Ih), where Ihl is the Ith observation of reflection
h and (Zh) is the weighted average intensity for all observations / of reflection .

b Ryor factor = 3, |Foy ()] — |Foa(1) [I/2 4] Eops(h)], where F, (1) and F. (k) are
the observed and calculated structure factors for reflection 4, respectively.

€ R factor was calculated similar to the R, factor using 5% of the reflections,

which were selected randomly and omitted from refinement.

of 100 ul of lysate was layered onto 50 ul of sucrose cushion (1
M sucrose, 20 mMm Tris-HCl pH 7.5, 500 mm KCl, 2.5 mm MgCl,,
0.1 mm EDTA, and 0.5 mm DTT) and centrifuged at 100,000
rpm in a TLA 120.2 rotor for 2 h at 4 °C. The glassy pellet was
washed twice on ice with ribosome storage buffer (20 mm
Hepes-KOH, pH 7.7, 100 mm KCI, 5 mm MgCl,, 0.1 mMm EDTA,
250 mM sucrose, and 1 mM DTT) and suspended in 10 ul of the
same buffer. The solution was analyzed by Western blot using
the anti-RTA antibody 13G6 as a recognizing antibody and the
HRP-anti-mouse-Fc antibody as a detecting antibody. As con-
trols, 10 ug of extra 6C2 or BSA was added to the untreated
rabbit reticulocyte lysate (Promega) when the samples were
preincubated.

RESULTS

Overall Structure of the 6C2 Fab-RTA Complex—RTA was
co-crystallized in complex with the 6C2 Fab fragment. The
dataset was severely anisotropic, and the high-resolution dif-
fraction spots were very weak. The structure of the complex
was solved using molecular replacement and refined to a reso-
lution of 2.8 A with an R, of 23.84% and Ry, of 28.89%
(Table 1). There are two Fab-RTA complexes (A and B) in the
crystallographic asymmetric unit (Fig. 1A4). Due to the better
electron density, the structure model of complex A will be used
for further structural analysis and discussion. The length of the
complexis ~110 A, and the width of the complexis ~50 A. The
complex contains one molecular RTA (chain A) and one molec-
ular 6C2 Fab (chain D and H) (Fig. 1B). The RTA contains
residues 5-263, adopting a similar globular fold as in a previ-
ously described structure (PDB code 2AAI). Due to their flexi-
bility, four residues at the N terminus and four residues at the C
terminus are not observed (Table 2). The 6C2 Fab has a canon-
ical immunoglobin fold consisting of 43-barrel domains, a VL
(variable domain) and a CL (constant domain) consisting of
residues 21-228 from the light chain (chain D), and a VH (vari-
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FIGURE 1. Overall structure of the 6C2 Fab-RTA complex. A, crystal structure of 6C2 Fab-RTA complex in an asymmetric unit. B, crystal structure of 6C2
Fab-RTA (complex A). The RTA is colored magenta, the light chain (VL) and the heavy chain (VH) of 6C2 Fab are colored green and cyan, the light chain (CL) and
the heavy chain (CH) of 6C2 Fab are colored yellow and orange, respectively, and the CDRs of 6C2 Fab are also labeled. C, surface of the 6C2 Fab-RTA complex
and the relative role of each CDR loop in the interaction with the RTA. The residues on RTA are shown as sticks and colored magenta, the light chain (VL) and
the heavy chain (VH) of 6C2 Fab are labeled and colored green and cyan, respectively. The 2F, — F_ electron density map (contoured at 10) for the bound
epitope peptide is shown as blue. D, binding interface between the 6C2 Fab and the epitope of the RTA. The important residues on the interface are shown as

sticks, and hydrogen bonds are indicated by dashed lines. RTA and the CDRs are colored similarly on Fig. 1B.

able domain) and CH (constant domain) consisting of residues
24-237 from the heavy chain (chain H) (Fig. 1B). The heavy
chain and light chain are connected by four pairs of disulfide
bonds. Due to their flexibility, the N-terminal 20 residues in the
VL domain and 23 residues in the VH domain could not be
traced, and the loops (residues 154—161, 196 -199) in the CH
domain are also not observed (Table 2). Note that as the elec-
tron density quality of complex B is poor, the CL domain (res-
idues 130-231) in chain E and CH domain (residues 143-237)
in chain F could not be observed (Fig. 14, Table 2, and supple-
mental Fig. S1). The details of the refinement statistics and
model quality of the final model are summarized in Table 1.
Overview of the Interface of 6C2 Fab and RTA—The 6C2 Fab-
RTA complex structure reveals that the CDRs of the heavy
chain (H) and light chain (L) of 6C2 Fab form a pocket to inter-
act with the epitope on the RTA (residues Asp”®-Thr''®) (Fig. 1,
C and D). The interaction interface buries 828 A2 of 6C2 Fab
and 783 A2 of the surface area of RTA, which represent ~6.7%
of the total accessible surface area (21,234.1 A2) of 6C2 Fab and
9.7% of total accessible surface area of RTA (11,770.7 A2),
respectively. The value is also within the range for other anti-
body-antigen interactions. The CDR loops H1, H2, H3, L1, and
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TABLE 2
Summary of the missing residues of the RTA-6C2 complex
Complex A
RTA (chain A) Residues 1-4, 264—267
Light chain (chain D) Residues 1-20, 229-231
Heavy chain (chain H) Residues 1-23, 154—161, 196-199
Complex B
RTA (chain 1) Residues 1-4, 264—267
Light chain (chain E) Residues 1-20, 130-231(CL domain)

Heavy chain (chain F) Residues 1-23, 143-237(CH domain)

L3 contribute 61.5 A* (7.4%), 2403 A* (29.0%), 1134 A’
(13.7%), 139.6 A” (16.9%), and 254.7 A> (30.8%) of the buried
surface area, respectively. The data are very consistent with the
structure: as shown in Fig. 1C, the CDR loops H1, H2, H3, and
L3 form a pocket to accommodate the epitope on the RTA, and
L1 also makes direct contact with RTA. The heavy chain of 6C2
Fab contributes more interface area for RTA binding than the
light chain. The L2 loop of the light chain does not protrude
from the 6C2 Fab surface and makes no contact with RTA. A
limited role of L2 in antigen-antibody interaction is frequently
observed in many antigen-antibody complexes (30).
Interactions between 6C2 Fab and RTA—In total, the inter-
actions between 6C2 Fab and RTA consist of seven hydrogen
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FIGURE 2. Validation of the RTA-6C2 Fab interface. A, binding ability of 6C2 with RTA and RTA mutants are measured by ELISA. B, inhibition of RTA and RTA
mutants enzymatic activities by 6C2. After RTA or RTA mutants were preincubated with (or without) 6C2 antibody, luciferase template mRNA was added to the
rabbit reticulocyte lysates containing intact ribosomes. The relative luciferase activity, which was linear with the concentration of luciferase, was measured by

GloMaxTM 96 Microplate Luminometer. C, table showing the RTA mutants.

bonds and 106 van der Waals contacts (<4 A) and can be ana-
lyzed in two parts. First, H1, H2, H3 and L3 (6C2 Fab) form a
pocket to interact with residues Asp®*~His'®® (RTA). As shown
in Fig. 1D, GIn®® (RTA) is a key residue of RTA, embedding its
side chain in a hydrophobic pocket formed by residues Tyr®"
(H1), Trp®* (H1), Tyr”' (H2), Tyr'*° (H3), and Val''® (H3).
GIn®® contributes two hydrogen bonds and 17 van der Waals
contacts. The main chain carbonyl of GIn*® forms a hydrogen
bond with the side chain atoms NH1 of Wrp>* (H1), and the
side chain atoms OE1 form hydrogen bond with the main chain
carbonyl of Tyr'*° (H3). Glu®® (RTA) forms two hydrogen
bonds with the side chain of Arg”® (H2) and Ser”* (H2), respec-
tively. Glu'®? is another important residue that embeds its side
chain in a cleft formed by residues Trp>* (H1), Arg’® (H2),
Asn”® (H2), and Tyr'?® (H3). It contributes 20 van der Waals
contacts and forms two hydrogen bonds. The side chain atoms
OE2 of Glu'? form two hydrogen bonds with the side chain of
Arg”® (H2). Near Glu'®?, the main chain carbonyl of Thr'®
forms a hydrogen bond with the main chain amide of Tyr'*?
(L3) and contributes 15 van der Waals contacts. Second, the
interactions between L1 and the B-sheet on the RTA (Val'''—
Thr''®), GIn''?, Arg''%, and Thr''® contribute another 15 van
der Waals contacts (Fig. 1D).

Perturbation of the 6C2 Fab-RTA Interface Affects the Protec-
tive Efficacy of 6C2—To further validate the interface and to
understand the determinant interaction elements, we gener-
ated three mutants, RTA-M1 (Q98A, E99A, E102A, T105A),
RTA-M2(Q112A,T116A),and RTA-M3 (Q98A, E99A, E102A,
T105A, Q112A, T116A) (Fig. 2C). The ELISA results showed
that RTA-M1 and RTA-M3 fail to bind 6C2, but the binding
capacity of RTA-M2 decreased only slightly compared with
that of the wild type RTA (Fig. 24). The data indicated that the
interaction between RTA and 6C2 was mainly mediated by the
first binding pocket, and GIn®®, Glu®®, Glu'°?, and Thr'®® (RTA)
were the key residues in recognizing 6C2. As discussed above,
GIn®® (RTA) embeded its side chain in a hydrophobic pocket

AUGUST 30, 2013 +VOLUME 288+NUMBER 35

formed by residues Tyr®! (H1), Trp°? (H1), Tyr”* (H2), Tyr'*°
(H3) and Val''® (H3). To further validate the role of residue
GIn®® in the interface, we mutated Gln to Ala (RTA-M4) and
Leu (RTA-M5) (Fig. 2C). The ELISA results showed that the
binding capacity of RTA-M4 decreased moderately, but the
binding capacity of RTA-M5 decreased substantially compared
with that of the WT-RTA (Fig. 24), indicating that the interac-
tion was not dependent on the hydrophobic properties of the
side chain. This result was consistent with our analysis that the
interaction between 6C2 and RTA mainly relied on hydrogen
bonds.

Studies have shown that 6C2 exhibits potent neutralizing
ability against RTA. To investigate whether perturbation of the
6C2 Fab-RTA interface will affect the protective efficacy of 6C2,
we tested the ability of 6C2 to inhibit the enzymatic activity of
RTA and its mutants, which was measured as the inhibition of
protein synthesis in a cell-free system using rabbit reticulocyte
lysates. When the ribosomes and luciferase mRNA were mixed,
the ribosome would translate the mRNA to luciferase in the
absence of RTA, resulting in a high luciferase signal (Fig. 2B).
However, in the presence of RTA (and no 6C2), ribosome was
inactivated by RTA and could not translate the mRNA to lucif-
erase, leading to a low luciferase signal (Fig. 2B). The presence
of 6C2 antibody would suppress the enzymatic activity of RTA,
leading to an active ribosome to translate luciferase and a high
luciferase signal (Fig. 2B). However, 6C2 almost lost the neu-
tralizing ability against RTA-M1, RTA-M3, and RTA-MS5 (Fig.
2B). The neutralizing ability against RTA-M2 decreased slightly
compared with that against the wild type RTA, and the neutral-
izing ability against RTA-M4 was weaker than that against the
RTA-M2 (Fig. 2B). These results were very consistent with the
ELISA data, indicating that the specific interaction between
6C2 and RTA was vital for the protective efficacy of 6C2.

Structural Comparison of RTA before and after 6C2 Binding—
As mentioned above, we identified the exact epitope on the
RTA that was recognized by 6C2 Fab. The epitope mainly con-
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FIGURE 3. Superposition of RTA in the free form (PDB code 2AAl, yellow), in the complex with 6C2 (PDB code 4KUC, magenta) and in the complex with
cyclic G (9-DA) GA2’-OMe (PDB code 3HIO, blue). Cyclic G (9-DA) GA2’-OMe (which contains the tetranucleotide sequence of the GAGA sarcin-ricin loop but
with the ricin-susceptible adenosine replaced with 4’-deaza-1'-aza-2'-deoxy-1'-(9-methylene)-immucillin-A (9-DA), a transition state mimic) serves to mimic
the substrate and is shown as sticks (green). 6C2 is colored the same as described in the legend to Fig. 1A. The overall structures are almost identical. Changing

of the residues on the epitope is highlighted by the red dashed lines.

tains the residues Asp®®~Thr''®, which forms the substrate
binding pocket together with the residues Gly'?>°~Asn'*® and
residues Asp®*'~Ser**' (7). To investigate whether 6C2 binding
to RTA will change its structure near the enzyme activity center
and eliminate the rRNA depurination activity of RTA, we com-
pared the apo-form RTA (PDB code 2AAI) with the RTA in
complex with 6C2 and a substrate analog (PDB codes 4KUC
and 3HIO). The structural superposition indicates that there
are no obvious changes in the main chain, especially the enzyme
activity center (root mean square deviation of 0.397 A for 232
comparable Ca atoms), but there is a small difference at the C
terminus because of the flexibility of three tandem Pro residues
(Fig. 3). The changes are mainly focused on the side chains of
the residues on the epitope, which participate in the interaction
with 6C2 Fab (Fig. 3). However, the side chains of these residues
neither participate in recognizing the substrate nor are neces-
sary for the enzymatic activity of ricin (Fig. 2B). In particular,
changing these residues does not affect the residues that are
important for substrate binding. Therefore, we conclude that
the loss of the rRNA depurination activity of RTA does not
result from the structural rearrangements caused by 6C2
binding.

6C2 Hinders the Interaction between RTA and Ribosome—
Although the sarcin-ricin loop has been established as a com-
mon substrate for all RIPs, several studies have suggested that
ribosomal proteins proximal to the sarcin-ricin loop also played
an important role in promoting ribosome depurination. It was
observed that although the K, values of RTA for the rat ribo-
some and naked 28S rRNA were similar, RTA exhibited 10°-
fold higher catalytic activity (K_,,) on the rat ribosome than on
naked 28S rRNA (31). A subsequent study revealed that RTA
could interact with the C-terminal region of the ribosomal P
stalk proteins (PO, P1, and P2), and yeast ribosome with the P
stalk protein mutants were depurinated less than the wild-type
ribosomes (32, 33). To examine whether 6C2 interfered with
the interaction between RTA and ribosome, and thus inhib-
ited the activities of RTA, we performed an SPR experiment.
Briefly, the purified GST-RTA was immobilized onto the sur-
face of a CM5 chip. Then, purified ribosomes were passed over
the surface of the chip at a range of concentrations, and the
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binding kinetics was determined using the Biacore T200 Eval-
uation software. In another situation, 6C2 antibody was passed
over the GST-RTA connecting CM5 chip, obtaining a reaction
of ~200 resonance units before the injections of ribosomes
were carried out (Fig. 4, A and B). The results showed an affinity
that is ~500-fold less than that in the direct interaction situa-
tion (Fig. 4C), indicating that the binding of 6C2 to RTA sub-
stantially influenced the interaction between RT A and the ribo-
some, at least in terms of kinetics.

To further confirm the SPR results, we performed pulldown
assays. Briefly, the WT-RTA, 6C2 Fab-RTA complex, and
WT-RTA+BSA were mixed separately with untreated rabbit
reticulocyte lysates (Promega). Then, the rabbit reticulocyte
80S ribosomes were purified, and the solution was analyzed by
Western blot. The results showed that WT-RTA and
WT-RTA+BSA could bind 80S ribosomes normally, but RTA
was not detected after preincubating with 6C2 Fab (Fig. 4D).
This result was very consistent with the SPR results, indicating
that 6C2 disrupted the interaction between RTA and the ribo-
some. Next, to determine whether the residues on the interface
between RTA and 6C2 were also involved in interacting with
the ribosome, we performed pulldown assays to test the inter-
actions of the mutants RTA-M1, RTA-M2, and RTA-M3 with
the ribosome. The results showed that these mutants could
bind the ribosome similarly to WT-RTA, indicating that these
residues may not directly interact with the ribosome (Fig. 4D).

DISCUSSION

To date, 27 crystal structures of RTA have been reported in
the PDB database, which were mainly complexes of RTA with
small molecule antagonists. The structure of 6C2 Fab-RTA
determined and refined at 2.8 A resolution presented the first
detailed atomic level description of RTA in complex with a
monoclonal antibody. Based on the structure, we determined
the interface between 6C2 Fab and RTA, and we further
mapped the residues on RTA that played an important role in
interacting with 6C2 Fab by an ELISA experiment. The results
of the inhibition of protein synthesis also showed that disrup-
tion of the 6C2 Fab-RTA interface eliminated the protective
efficacy of 6C2. To elucidate the neutralization mechanism of
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FIGURE 4. 6C2 hinders the interaction between RTA and ribosome. SPR
analysis of ribosome binding to RTA in the presence (A) and absence of the
antibody 6C2 (B). The signal obtained from the reference surface is subtracted
to avoid the binding of non-specificity. C, table showing the binding kinetic
parameters. D, pulldown analysis of ribosome binding to RTA in the presence
and absence of the antibody 6C2. Mutants disrupting RTA-6C2 binding retain
ribosome binding ability. RU, resonance units.

6C2 against ricin, we compared the structure of apo-form RTA
(PDB code 2AAI) with RTA in the complex with 6C2 and with
asubstrate analog (PDB codes 4KUC and 3HIO). The structural
superposition indicated that the residue conformation changes
caused by 6C2 binding did not affect the residues that were vital
for substrate binding and catalysis.

Molecular Mechanism of Inhibition of Ricin Enzymatic Activ-
ity by 6C2—To our knowledge, the catalytic subunit of ricin was
an N-glycosidase that depurinated a universally conserved ade-
nine residue within the sarcin-ricin loop of the 28S rRNA. How-
ever, several studies had established the importance of the ribo-
somal proteins in facilitating the depurination activity and
ribosome specificity of ricin (34, 35). Thus, targeting ricin accu-
rately to the ribosome was a prerequisite for the RNA N-glyco-
sidase activity. As discussed above, the complex structure
showed that the 6C2 binding site was very close to the substrate
binding pocket of RTA, and the length of the complex was
~110 A, whereas the width of 6C2 was ~50 A. According to the
structure of a eukaryotic ribosome that was determined and
refined at 2.8 A resolution (36), we speculated that there was
not enough space for the sarcin-ricin loop region of the ribo-
some to accommodate the RTA-6C2 complex, in contrast to
RTA alone. The SPR and pulldown results also confirmed this
hypothesis. Based on our data, we proposed that the binding of
6C2 sterically hindered the interaction between RTA and the
ribosome, thus inhibiting the activities of RTA. However, a
detailed model for the interaction of RTA with the ribosome
remained elusive. RTA mutants with defects in binding 6C2
retained the ability to bind the ribosome, indicating that these
residues may not directly participate in interacting with the
ribosome. The interaction of ricin with the ribosomal elements
may represent a promising target for protection against ricin
and further experimental approaches were still needed to
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understand the relationship between the ribosomal elements
and the relative activity of ricin.

Significance of the 6C2 Antibody for Further Clinical Drug
Development—TFirst, the structure of the 6C2 Fab-RTA com-
plex showed the detailed interface between the antibody and
the epitope on the RTA. Based on this valuable structural data,
we could develop improved antibodies with much higher bind-
ing affinity and specificity against RTA. Second, the epitope on
the RTA that 6C2 Fab recognized was different from the recog-
nition epitopes for other antibodies. For instance, murine IgG1
mAb GD12 recognized the residues Leu'®*~Ile'”® on the RTA
(37); mAb FGA12 recognized the residues Asp®”—Arg*® on the
RTA; BD7 recognized the residues Cys>**~Phe”*” on the RTA
and some others recognized the peptides on the RTB (38), so we
could use 6C2 in combination with these antibodies to achieve
an improved therapeutic effect. Third, the neutralization
mechanism of mAb 6C2 against ricin was also different from
that of the small molecule antagonists, which depended on
blocking the enzyme activity center. Therefore, 6C2 could also
be used in combination with the small molecule antagonists.

In short, ricin cytotoxicity is a multistep event. Although a
number of antibodies have been reported to bind specifically to
the ricin and inhibit the rRNA depurination activity, most of
the neutralization mechanism remains unknown. Here, we
are the first to reveal the mechanism of mAb 6C2 against ricin
through structural biology method, the results indicate that
6C2 binding to RTA greatly affects the interaction between
ribosome and RTA via steric hindrance. Our findings also con-
firm the role of ribosomal elements in ricin activity and
specificity.
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