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It has previously been reported that several single-chain anti-
body fragments of human origin (scFv) neutralize the effects of
two different scorpion venoms through interactions with the
primary toxins of Centruroides noxius Hoffmann (Cn2) and
Centruroides suffusus suffusus (Css2). Here we present the crys-
tal structure of the complex formed between one scFv (9004G)
and the Cn2 toxin, determined in two crystal forms at2.5and 1.9
A resolution. A 15-residue span of the toxin is recognized by the
antibody through a cleft formed by residues from five of the
complementarity-determining regions of the scFv. Analysis of
the interface of the complex reveals three features. First, the
epitope of toxin Cn2 overlaps with essential residues for the
binding of B-toxins to its Na* channel receptor site. Second,
the putative recognition of Css2 involves mainly residues that
are present in both Cn2 and Css2 toxins. Finally, the effect on
the increase of affinity of previously reported key residues dur-
ing the maturation process of different scFvs can be inferred
from the structure. Taken together, these results provide the
structural basis that explain the mechanism of the 9004G neu-
tralizing activity and give insight into the process of directed
evolution that gave rise to this family of neutralizing scFvs.

The most harmful components of scorpion venoms are tox-
ins that can selectively bind to voltage-gated ion channels and
affect their modulation. A subgroup among these toxins, the
long chain Na™ channel toxins, are formed by 60-70-amino
acid peptides, which adopt a highly packed core with a Ba33-
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fold (1). These Na* channel toxins have further been classified
into two major classes (« and ) based on their effects in the
gating mechanism of Na™ channels and their properties (2—4).
The old world toxin II from Androctonus Australia Hector
(AaHII) and the new world toxin II from Centruroides suffusus
suffusus (Css2)* are considered to be the archetypes of a- and
B-toxins active against mammals, respectively (3, 5).

The buthid scorpion, C. suffusus suffusus, is one of the most
poisonous to the rural human population in the Northwest of
Mexico. The most noxious and abundant molecule found in the
venom of this scorpion is Css2 (LD, of 0.7 ug/20 g of mice of
the strain CD1) (6). In addition, the Mexican scorpion Centru-
roides noxius Hoffmann produces toxin Cn2, one of the most
abundant and noxious peptides against mammals (LD, of 0.25
1g/20 g of mice of the strain CD1) (7). Sequence comparison
shows that Cn2 presents a high similarity with other B-toxins
from C. suffusus suffusus, such as Css2 and Css4 (around 90%,
see below). Both toxins, Cn2 and Css2, are specific to Na™ chan-
nel subtype Na, 1.6 (6, 8).

Due to the fact that scorpion stings are a considerable public
health issue in a number of countries (9), efforts have been put
forth to explore alternative technologies to generate more spe-
cific antibodies against the venom of scorpions harmful to
humans (reviewed in Ref. 10). One of the most promising alter-
natives to classical antivenoms is the use of antibodies of human
origin. Riano-Umbarila et al. (11) constructed a non-immune
human antibody library. A single-chain antibody fragment
(scFv), designated 3F, which recognizes the toxin Cn2, was iso-
lated by phage display technology. After three cycles of directed
evolution, the authors selected scFv 6009F, which binds with
picomolar affinity to Cn2. From 3F, but following a different
evolutionary route against toxin Css2, the antibody variant scFv
9004G was found (12). Notably, both antibodies neutralize the
whole venom of C. noxius and C. suffusus suffusus (12). Combi-
nations of key residue changes from both antibodies resulted in
scFv LR, an antibody fragment with a higher level of expression
and better stability.

“The abbreviations used are: Css2, C. suffusus suffusus toxin II; Cn2, C. noxius
Hoffmann toxin; ScFV, single-chain antibody fragment; CDR, complemen-
tarity-determining region; Bis-Tris, 2-(bis(2-hydroxyethyl)amino)-2-(hy-
droxymethyl)propane-1,3-diol.
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Despite previous biochemical and immunological studies,
the localization of the toxin epitope and a structural perspective
on the structure-function relationship of the different scFvs
remained elusive. Here we present the crystal structures of the
9004G-Cn2 complex in two crystal forms at 2.5 and 1.9 A res-
olution. The structure analysis shows that a common binding
region of the toxin, comprising the segments that run from the
B, strand to the a-helix (Tyr'*~Leu'®) and the B-turn (Tyr**—
Ala®) that connects the B8, and B; strands, is shared by the
antibody 9004G and the Na™ channels. These observations
imply that 9004G neutralizes Cn2 by competing for a set of
residues that form the bioactive surface of Cn2 and therefore
blocks the receptor binding site.

EXPERIMENTAL PROCEDURES

Cn2 Toxin Purification—Cn2 toxin was extracted from the
soluble venom of the scorpion C. noxius Hoffmann and was
purified by a series of chromatographic steps that included size
exclusion chromatography followed by several rounds of cation
exchange chromatography, as described previously (7). Frac-
tions containing Cn2 were pooled, lyophilized, and further
purified by high performance liquid chromatography (HPLC).
For the HPLC purification, Cn2 aliquots were loaded onto an
analytical C18 reverse-phase column (Vydac, Hesperia, CA) in
the presence of solvent A (0.1% TFA in water) and eluted with a
linear gradient from 20 to 40% of solvent B (0.1% of trifluoro-
acetic acid in acetonitrile) over 20 min at a flow rate of 1
ml/min. The homogeneity of Cn2 was verified by mass spectrom-
etry analysis using a Finnigan LCQ”Y© ion trap mass spectrome-
ter (Thermo Finnigan). Fractions containing the Cn2 toxin were
pooled, vacuum-dried, and stored at —20 °C until needed.

Antibody scFv 9004G Expression and Purification—Recom-
binant antibody scFv 9004G was expressed with a C-terminal
c-Myc tag followed by a His, affinity purification tag in Esche-
richia coli TG1 cells, as described previously (11). Cells were
grown at 37 °C until an A, of 0.9 was reached. At that time,
cells were induced for 6 h with a final concentration of 1 mm
isopropyl-B-p-thiogalactopyranoside at 30 °C and were har-
vested by centrifugation (5,515 X g for 10 min). The resulting
cell pellet from 2 liters of culture was frozen at —80 °C until
needed. For scFv 9004G purification, the cell pellet was thawed
and resuspended in 20 ml of buffer A (20 mm sodium phos-
phate, pH 7.4, 500 mm sodium chloride, 40 mm imidazole). Cells
were lysed by sonication on ice and then centrifuged at
20,410 X g for 30 min. The resulting supernatant was applied
onto a 5-ml Ni**-Sepharose FF column (GE Healthcare) con-
nected to an Akta FPLC system (GE Healthcare). The column
was then washed with buffer A to elute nonspecifically bound
proteins. The antibody was eluted with buffer A plus 160 mm
imidazole. The fraction containing scFv 9004G was applied to
two desalting columns (HiPrep 26/10, GE Healthcare) con-
nected in tandem and previously equilibrated with 40 mm Tris,
pH 8.5. Fractions containing the scFv 9004G were pooled and
then applied to a MonoQ 10/100 column pre-equilibrated with
40 mm Tris, pH 8.5. The antibody was eluted with a linear gra-
dient of NaCl from 0 to 200 mM in 40 mm Tris, pH 8.5. Fractions
containing the antibody were pooled, diluted with 3 volumes of 40
mM Tris, pH 8.5, and applied to an ANX Sepharose FF column (GE

JUNE 10,2011 +VOLUME 286+NUMBER 23

Scorpion Toxin Neutralization by scFv

Healthcare), previously pre-equilibrated with buffer B. The pro-
tein was again eluted with a linear gradient of NaCl from 0 to 200
mM in 40 mm Tris, pH 8.5. Finally, fractions containing the scFv
9004G were pooled and concentrated (Amicon Ultra filter, Milli-
pore, 30 kDa) to 1 mg/ml. The protein sample was >99% pure as
judged by denaturing gel electrophoresis.

Formation of the 9004G-Cn2 Complex—Protein aliquots of
scFv 9004G and toxin Cn2 were dialyzed in PBS (137 mm NaCl,
2.7 mm KCl, 8 mm Na,HPO,, 1.5 mm KH,PO,, pH 7.2). Com-
plex 9004G-Cn2 was formed by mixing Cn2 with scFv 9004G
(1.3:1 ratio) and incubating the reaction for 1 h at room tem-
perature with mild agitation. The complex was then concen-
trated to ~7 mg/ml (Amicon Ultra filter, Millipore, 30 kDa).
The 9004G-Cn2 complex was loaded onto a size exclusion
chromatography Superdex S-75 10/300 analytical column (GE
Healthcare) connected to an Akta FPLC system (GE Health-
care) equilibrated with PBS. The column was run at a flow rate
of 1 ml/min, and absorbance was monitored at 280 nm. Two
peaks were eluted, corresponding to the dimeric and mono-
meric forms of the complex 9004G-Cn2. The major, mono-
meric peak of the complex 9004G-Cn2 was collected and con-
centrated to ~20 mg/ml.

Crystallization of the 9004G-Cn2 Complex and Data
Collection—Crystals of the 9004G-Cn2 complex were obtained
both by vapor diffusion using a sitting-drop setup and also by
microbatch crystallization methods, at 19 °C. Via vapor diffu-
sion, crystals appeared within 1 week in a drop containing 1 ul
of a solution of the 9004G-Cn2 complex at 5 mg/mland 1 ul of
reservoir solution consisting of 100 mm Bis-Tris, pH 5.5, 25%
polyethylene glycol 3350, and 200 mm ammonium sulfate.
Crystals were cryoprotected by increasing the concentration of
polyethylene glycol 3350 in the crystal drop to 35%. Crystals
obtained with the microbatch method appeared after 2 weeks in
a drop containing 1 ul of a solution of the 9004G-Cn2 complex
at 7.9 mg/ml and 1 ul of 1.4 m Na,HPO,/K,HPO,, pH 5.6,
under paraffin oil. These crystals were cryoprotected, replacing
the water in the mother liquor by 25% glycerol (v/v). Crystals
were then flash-frozen in liquid nitrogen. Diffraction data were
collected at the Life Sciences Collaborative Access Team (LS-
CAT) 21-ID-F and G beamlines at the Advanced Photon Source
(Argonne National Laboratory). Data were indexed with MOS-
FLM (13) and XDS (14) and reduced with SCALA (15).

Structure Determination and Refinement—The structure of
the 9004G-Cn2 complex was determined by molecular replace-
ment using PHASER (16) in the P2,2,2, (data collected at 2.5 A
resolution) and F23 space groups (data collected at 1.9 A reso-
lution). The search models that gave rise to the initial phases
were generated by dividing a model of the 6009F-Cn2 complex®
into three parts (the heavy and light variable domains of 6009F
and toxin Cn2) and submitting these three partial models as
separate search ensembles (Z-scores for the rotation and trans-
lation functions, respectively: 7.0 and 10.9, 6.0 and 20.4, and 6.1
and 25.9 for the three molecules in the asymmetric unit of the
light (L) chain; 7.1 and 33.6, 6.1 and 28.1, and 5.7 and 26.5 for
the heavy (H) chain; 5.4 and 22.3, 4.4 and 18.9, and 4.4 and 33.3

> M. Dominguez-Laguna, Lidia Riafio-Umbarila, and Baltazar Becerril, unpub-
lished data.
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TABLE 1
X-ray data collection and refinement statistics
Values in parentheses are for the last resolution shell.

Parameters Values
Data collection statistics
Space group P2,2,2, F23
Unit cell dimensions
a, b, ¢ (A) 69.8,104.5, 152.5 219.7,219.7, 219.7
@, B, v angles (degrees) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution range (A) 46.20-2.55 (2.69-2.55) 54.94—1.90 (2.00-1.90)
No. of reflections 238,909 (34,895) 789,205 (113,816)
No. of unique reflections 37,179 (5,378) 68,864 (9,978)
Data completeness (%) 99.9 (100.0) 100.0 (100.0)
R, (%) 9.5 (33.4) 7.5 (29.6)
o 6.4 (2.3) 6.3 (2.5)
Mn(l)/o 14.2 (5.1) 22.2 (8.1)
No. of complexes in asymmetric unit 3 2

Refinement statistics

Resolution range (A)
R/ Ry (%)
No. of atoms, protein/ligands/solvent
Mean B value, protein/ligands/solvent (A?)
B value from Wilson plot (A?) )
Root mean square deviation bond lengths (A)
Root mean square deviation bond angles (degrees)
Cross-validated oA coordinate error
Residues in Ramachandran plot (%)

Most allowed region

Allowed region
Generously allowed region
Disallowed region”

45.72-2.55 (2.62-2.55)
19.1 (30.5)/24.6(32.5)

42.28-1.90 (1.95-1.90)
18.6 (23.1)/21.2 (26.6)

6,721/NA%/220 4,532/54/568
32.9/NA/29.0 23.4/38.6/33.3
32.8 20.1

0.01 0.01

1.26 1.12

0.48 0.12

645 (89.3%) 439 (91.1%)
74 (10.2%) 39 (8.1%)

3 (0.4%) 2 (0.4%)
0(0.0%) 2 (0.4%)

“NA, not applicable.
» No o cut-offs used on the refinement (F > 00F).

for the Cn2 toxin). Tight non-crystallographic symmetry
restraints were imposed at the beginning of the refinement of
the structure at 2.5 A resolution among the three copies of the
complex in the asymmetric unit. The restraints were released
during the last cycles of refinement. Since initial refinement,
difference maps showed the 10 changes that exist between
9004G and 6009F scFvs (see Fig. 1). The structure of the 9004G-
Cn2 complex in space group F23, with two complexes in the
asymmetric unit, was solved using the coordinates of the first
9004G-Cn2 complex as the search model (Z-scores: 9.3 and
29.9 for the rotation and translation functions, respectively, for
one complex and 10.8 and 55 for the second complex in the
asymmetric unit). Refinement was performed using REFMAC
(15) and Phenix (17). Refinement was alternated with manual
building/refinement in COOT (18). Five percent of the data were
used to validate the refinement. Water molecules were first located
using the program ARP/wWARP (19) and then validated in COOT.
Refinement concluded in REFMAC after the addition of alternate
side-chain conformations. cA-weighted F, — F, simulated anneal-
ing omit maps were used to further validate the quality of the
model and the presence of water molecules. Data collection and
refinement statistics are summarized in Table 1.

Structure Analysis—Quality of the final model was evaluated
using PROCHECK (20) and the RCSB validation server ADIT!.
Superposition and location of invariant water molecules were
made using the program 3dss (21). Interfacial water molecules
were located with the program Water Analysis Package (22).
Geometric parameters (S, and the gap volume index) were cal-
culated with Sc (15) and the protein-protein interaction server
(23), respectively. Analysis of the interface was made using the
PISA server (24). Interface residues were identified using
CONTACT (15). Hydrogen bonds and salt bridges were iden-
tified using the programs WHAT IF and ESBRI (25, 26), respec-
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tively. Hydrophobic and non-canonical contacts were identi-
fied using the PIC server (27) with the following criteria: 5 A for
hydrophobic contacts, 4.5-7 A for aromatic-aromatic interac-
tions, and 6 A for cation- interactions. Electrostatic potentials
were calculated with APBS (28). Figures were prepared using
PyMOL (The PyMOL Molecular Graphics System, Version 1.2,
Schrédinger, LLC) and ALINE (29).

RESULTS

General Features of the scFv 9004G-Cn2 Complex—Crystal
structures of the scFv 9004G-Cn2 complex were determined in
two different space groups. One structure, with three com-
plexes in the asymmetric unit, was determined in the
orthorhombic space group P2,2,2, at 2.5 A resolution. A sec-
ond structure, with two complexes in the asymmetric unit, was
determined in the cubic space group F23 at 1.9 A resolution
(Table 1). Although the contacts of the two structures into the
crystalline matrix are different (supplemental Fig. S1), the
superposition of the scFv 9004G-Cn2 complexes gives a root
mean square deviation value of ~0.6 A (288 common residues).
Each complex is composed of one Cn2 molecule and one scFv
chain (V;; and V; domains). The final model comprises resi-
dues 1-65 of Cn2 toxin, residues 1-117 of the heavy variable
domain (Vy;), and residues 132—239 of the light variable domain
(V1) of 9004G (residues of Vi; and V; are designated with
superscripts " and ", respectively). The overall model geometry
is good; residue A183" in the structure at 1.9 A is the only amino
acid located in a disallowed region of the Ramachandran plot
(Table 1) due to its presence in a classic y-turn of complemen-
tarity-determining region (CDR) L2 (30).

In the structure at 1.9 A resolution, no electron density was
observed for residue R240" of 9004G, the C terminus of Cn2
(Ser®®), and the residues in the interdomain linker between the
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FIGURE 1. Amino acid sequence of the neutralizing scFvs 9004G and 6009F. The alignment of scFvs 9004G and 6009F with sequence changes is highlighted
in light purple. Below the sequence of 6009F, the V, (light magenta stripe) and V| (cyan stripe) domains, as well as the 15-residue peptide (Gly,Ser), linker that
connects V,,and V, domains, and the c-Myc and His, tags (gray stripes) are marked. Secondary structure elements of 9004G are depicted with brown arrows. Blue
boxes indicate the CDR regions of scFvs, whereas green triangles above the sequence of 9004G mark the residues that make direct or water-mediated

interactions with Cn2 toxin in the reported scFv 9004G-Cn2 complex structure.

Vi and V; domains (Fig. 1). In both structures, no electron
density was visible for the C-terminal c-Myc and His, tags of
scFv 9004G. Importantly, all regions not visible in the electron
density maps are located far away from the complex interface
(Fig. 2a) and are normally disordered in other scFvs crystal
structures (31-34). The regions that comprise the interface of
the complex are well defined, as indicated by the inspection of a
simulated annealing difference omit map (Fig. 2b). Given the
similarities between the two crystal structures, most of the anal-
yses and conclusions presented herein will be those taken from
the 9004G-Cn2 complex at the higher resolution.

The overall structure of the 9004G-Cn2 complex is shown in
Fig. 2a. The complex involves five of the scFv CDR loops, which
protrude into the concave surface of the Cn2 toxin. The V,; and
V;. domains of the scFv 9004G exhibit the typical fold of the
variable domains of an immunoglobulin, whereas Cn2 adopts
the highly packed scaffold typical of scorpion B-toxins. The
toxin a-helix (Asp>*~Tyr*?) is packed against a three-stranded
antiparallel B-sheet, with four disulfide bridges stabilizing the
core. These regular secondary structural elements are con-
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nected by irregular loops that cover much of the surface of the
toxin. The B-turn (Asp”’—Thr'°) following the B, strand (Gly*-
Tyr*) and the B-turn (Gly**~Ala®*’) running between the a-he-
lix and the B, strand (Gly**~Tyr*?) can be characterized as type
I B-turns, whereas a type I’ B-turn (Tyr**—~Ala®®) connects 3,
and B; (Ala®-Tyr"") strands.

The Cn2 structure in the complex is similar to the structure
determined by NMR (PDB code 1CN2 (35)). The superposition
of the structure of Cn2 bound to scFv 9004G and the 15
reported NMR structural models gives an overall root mean
square deviation value of 1.4 + 0.1 A (65 common residues).
However, some differences exist between the crystal and the
NMR structures (supplemental Figs. S2 and S3). In particular,
the segment between residues Lys'® and Asp®' undergoes a
significant rearrangement, which is probably due to the binding
of the antibody (supplemental Figs. S2 and S3). In this region,
the 15 reported NMR structural models compare much more
closely with each other than they do with the crystal structure
reported here. This rearrangement may result from steric hin-
drances between Lys'® and D59'" and the repulsion between
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FIGURE 2. Crystal structure of the complex between the scFv 9004G and the Cn2 toxin. g, overview of the scFv 9004G-Cn2 complex at 1.9 A resolution. The
complexinvolves five of the scFv complementarity-determining region (CDR) loops, which interact with protruding loops of Cn2 toxin. Cn2 is colored in green.
CDRs 1, 2, and 3 of the 9004G V,, domain (magenta) are colored orange, brown, and green, and CDRs 1, 2, and 3 of the V, domain (cyan) are colored lime, light
magenta, and blue. b, representation of several residues around the interface of the 9004G-Cn2 complex on a cA-weighted, 2F, — F_simulated annealing omit
map, shown as a gray mesh. Residues are represented in green (Cn2), magenta (V,; domain), and cyan (V, domain). The density for some water molecules (orange
spheres) that mediate hydrogen bonds at the interface of the complex is located in the map. c and d, the chemical complementarity of the surfaces that build
the interface of the complex contribute to the binding between 9004G and Cn2. The solvent-accessible surface of the proteins is colored according to its
electrostatic potential. The antibody binding site is seen from the perspective of Cn2 (c) and from the perspective of 9004G (d). Note the highly negative (red)
surface that protrudes from Cn2 (d) and interacts with the highly positive (blue) surface of the small grove at the center of the antigen binding site formed by
the V,, and V, domains of 9004G (c). Cn2 (green) and the V,, (magenta) and V| (cyan) domains are drawn as loops and superposed on c and d, respectively. The

segments of Cn2 that contact 9004G are colored in violet, and the segments of 9004G that contact Cn2 are colored in yellow.

opposite electrostatic surfaces between Asp** and D57' after
binding of 9004G (supplemental Figs. S2 and S3).

Shape and Chemical Complementarity between scFv 9004G
and Cn2—Two parameters commonly used to characterize
shape complementarity were calculated for the 9004G-Cn2
complex. One is the gap volume index, which evaluates how
tightly the two subunits are packed by measuring the volume of
empty space between them. The gap volume index for the
9004G-Cn2 complex is 2.4, indicating a shape complementarity
similar to that found, for example, in enzyme-inhibitor com-
plexes. This value is also within the average of 3.0 = 0.8
reported for other antigen-antibody complexes (36, 37).

The second calculated parameter was the shape complemen-
tarity statistics score (S,), a measure of the geometric fit at mac-
romolecular interfaces. Its value for the scFv 9004-Cn2 com-
plex is 0.78, which is higher than the average value (0.64—0.68)
that has been reported for antibody-antigen complexes (37).

Moreover, the electrostatic potential, as seen in the solvent-
accessible surface at the 9004G-Cn2 interface, is strikingly
complementary (Fig. 2, ¢ and d). On Cn2, the negatively
charged epitope surface (Fig. 2c) complements with the posi-
tively charged paratope surface (Fig. 2d). Taken together, these
parameters provide a quantitative characterization of the com-
plex interface and indicate shape and electrostatic complemen-
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tarity that are consistent with the known high affinity interac-
tion observed between 9004G and Cn2 (12).

The scFv 9004-Cn2 Interface—Details of the scFv 9004G CDR
contacts with Cn2 are presented in Figs. 1-3 and supplemental
Table S1. The total buried surface area at the interface between
scFv 9004G and Cn2 is ~1,700 A2 This value is similar to the
average size for antigen-antibody complexes (38). The scFv
9004G contributes with 829 A of surface area (70% belongs to
V,; domain; V101*, R53", and D57" contribute with 37%), and
Cn2 provides 873 A2 (Glu'®, Leu'?, and Phe** contribute with
43%). Residue Leu'” contributes ~143 A2 to the buried surface
area of Cn2, much more than any other residue in the complex
(supplemental Table S3). As such, it qualifies as the “anchor”
residue around which the remainder of the complex then
adapts (39). At the center of the antigen binding site of 9004G,
V101" protrudes from the cleft to interact with residue Glu'® in
a small cavity surrounded by the hydrophobic cluster of Cn2
formed by Tyr**-Ala*® (Fig. 3¢). Residue V101" contributes to
the total buried surface area with ~111 A% and could be con-
sidered as an additional anchor residue (supplemental Table
S3). At the periphery of the complex, R53" and D57" cooperate
with 101 and 93 A2 respectively, and also act as molecular
“latches” that lock the complex together (39).
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FIGURE 3. The 9004G-Cn2 complex interface is mainly stabilized by char-
ge-charge and hydrogen-bonding interactions involving five 9004G
CDRs. a, view of the charge-charge and hydrogen-bonding interactions
between residues of the interface of the 9004G-Cn2 complex. Toxin Cn2 is
coloredin green, and V,, and V| domains of 9004G are colored in magenta and
cyan, respectively. The yellow and orange dashes represent hydrogen and
charge-charge interactions, respectively. b, water-mediated hydrogen bonds
at the 9004G-Cn2 interface. There are 15 water molecules (blue spheres) that
interact with the same number of residues at the 9004G-Cn2 interface. The
magenta and cyan dashes represent hydrogen bonds between residues of the
V,, and V, domains, respectively. Residue Glu'? is attached to the binding site
of 9004G trough three water-mediated hydrogen bonds between 3 residues
of 9004G. The other water-mediated hydrogen bonds are distributed along
the interface. ¢, hydrophobic, aromatic-aromatic (Y164" with Tyr*?), and cat-
ion- interactions (R53" with Tyr'* and R228" with Phe*?) at the 9004G-Cn2
interface. Note that these interactions are less represented than polar inter-
actions and are located in the periphery of the interface of the complex. Inter-
actions at the interface of the 9004G-Cn2 complex include 6 hydrogen bonds,
4 charge-charge interactions, 15 water-mediated contacts, and 45 van der
Waals contacts. Details of these interactions are shown in Table 2 and supple-
mental Tables S1 and S2.
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TABLE 2
Polar interactions between residues at the scFv 9004G-Cn2 interface
9004G location  9004G residue (atom) Cn2 residue (atom) Distance

A
Hydrogen bonds”
CDR H2 R53" (NH,) Tyr'* (OH) 3.4
R53" (0O) Tyr** (OH) 3.4
G56' (0) Arg” (NH,) 3.0
D57 (OD2) Lys'® (N) 3.0
D57 (OD2) Asn® (ND2) 2.9
CDR H3 V101H (N) Glu'® (OE2) 2.9
CDRL1 R162" (NH1) Tyr*2 (OH) 3.0
Y164 (OH) Tyr*> (OH) 26
Salt bridges”
Framework H2  H35" (NH1) Glu'® (OE1) 2.7
CDR H2 R53" (NH,) Asp” (OD1) 3.2
R53" (NH1) Asp’ (OD1) 2.9

“ Criteria based on donor-acceptor distances < 3.5 A.

Polar and Hydrophobic Interactions of the scFv 9004-Cn2
Interface—CDRs H2 and L3 make the majority of the antigenic
contacts (Fig. 2a). Four residues of the framework regions H2
(H35", W47", and G50™) and H3 (D59") also participate in the
binding of Cn2 (Fig. 3, 2 and c). The epitope of Cn2 recognized
by 9004G is distributed through the segment that runs from the
B, strand to the a-helix (Tyr*, Asp’, Tyr'*~Leu’?, and Asn??)
and includes part of the a-helix (Tyr** and Arg®’) and the
B-turn (Tyr*>~Ala®) that connects the 8, and B, strands. Two
segments of Cn2, Lys'*~Leu'® and Tyr**~Ala*®, form most of
the contacts with 9004G (Fig. 3, a—c). Residue Glu'®, in the
middle of the segment that runs between the 8, strand and the
a-helix, protrudes from the core of Cn2 and inserts into a cleft
in the scFv binding site. The side chain of Glu'® nestles into a
small cleft formed by hydrophobic and basic residues contrib-
uted by CDRs H1, H3, and L3: A33", G99", G100", V101",
G102", and R228". Glu'® also forms a salt bridge with residue
H35', which forms the cleft base. The side chain of Leu'” also
inserts into a small cavity formed by residues from CDR H2:
151", D57", and D59". W47 and G50 form the cleft base
(supplemental Table S2). The segment Tyr**~Ala*® is flanked
by CDR L1 and L3. Tyr*? forms an aromatic-aromatic interac-
tion with Y164", and Phe** rests over R228", forming a cation-
interaction (Fig. 3¢). This segment also makes several polar
interactions with 9004G (Table 2 and supplemental Tables S1
and S2).

The antigen binding site of 9004G is composed of the small
cleft and three hydrophilic patches that surround it. Two
patches have a positive electrostatic potential in their solvent-
accessible surface. One of them is composed of several residues
of CDRs L1 and L3: R162", Y164", Y223", R224", Y225", and
S226". These residues form polar and hydrophobic interactions
with Leu'?, Tyr*?, and Phe™* of Cn2 (Fig. 3, @ and c). Residue
Tyr** nestles its side chain into a shallow cavity on the surface of
V. and forms hydrogen bonds with R162" and Y164" in addi-
tion to an aromatic-aromatic interaction with Y164" (Fig. 3a
and Table 2). The second positive patch is composed by resi-
dues of CDRs H1 and H2: Y32, S52H, R53", and G56'. R53M
forms two salt bridges with Asp” and a cation-7 interaction
with Tyr'* (Fig. 3a and Table 2). The main chain of G56"" forms
a hydrogen bond with Arg?”. This patch also makes several van
der Waals interactions that involve Tyr'* and Tyr** (supple-
mental Table S2). A patch with a negative electrostatic poten-
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tial is located at the periphery of the binding site. This is com-
posed by residues of CDR H2: D57, 158", and D59"' that
interact with a positive solvent-accessible surface patch of Cn2
formed by residues Leu'”, Lys'®, and Asn*? (Fig. 3). D57" forms
two hydrogen bonds with Lys'® and Asn®?, as well as van der
Waals interactions with Lys'® and Tyr** (Fig. 32 and Table 2).

Water-mediated Hydrogen Bonds of the scFv 9004-Cn2
Interface—There are 15 invariant water molecules involved in
water-mediated contacts at the interface of the 9004G-Cn2
complex. Invariant water molecules are defined as those that
were observed among both complexes in the asymmetric unit
of the structure at 1.9 A resolution and interact with scFv
9004G and Cn2. Most of these are shown in Fig. 3b (see also
supplemental Fig. S4). There are 15 hydrogen bonds between
invariant water molecules and 9004G (10 with residues of Vi,
domain and 5 with residues of V| domain) and the same num-
ber of additional bonds between the invariant water molecules
and Cn2 (Fig. 3b and supplemental Table S1). These water mol-
ecules fill voids between the two proteins, although only a few of
them contribute substantially to stabilize the antibody-toxin
interface through enhancing the number of hydrogen bonds
that knit the two proteins together. The invariant water mole-
cules at the interface of the complex 9004G-Cn2 can be divided
in two groups based on their locations and its B-values (supple-
mental Fig. S2 and supplemental Table S1). The five more
ordered water molecules (those with lower B-values) are par-
tially buried in a cavity at the center of the interface of the
complex and are likely the most important for the stabilization
of the complex (supplemental Fig. S2).

DISCUSSION

A combination of parameters that describe protein-protein
interfaces shows that the interface of the scFv 9004G-Cn2 com-
plex has a significant level of shape and chemical complemen-
tarity. The analysis of the interface of the complex identified
residues in both proteins that dominate the formation and sta-
bilization of the complex. The segments that run from the 3,
strand to the a-helix (Tyr'*~Leu'®) and the B-turn (Tyr**-
Ala®) that connects the 8, and S, strands interact with five of
the 9004G CDRs (Fig. 2a). The most important Cn2 anchor
residue is Leu'”, which inserts into a small cavity formed by
residues of the V,; domain of 9004G. As in most of the protein-
antibody interfaces (38), the analysis of the interface of the
9004G-Cn2 complex revealed that its stability is provided by
van der Waals interactions, hydrogen bonds and, to a lesser
extent, salt bridges. The salt bridges at the binding site probably
are involved in the initial protein-protein association trough
long range electrostatic interactions, whereas hydrogen bonds
are the dominant force for the docking of the final complex (40).

Structural Basis of Scorpion Toxin Neutralization—Many of
the biochemical details describing the residues of scorpion
B-toxin Css4 from C. suffusus suffusus involved in its interac-
tion with receptor site 4 of mammalian voltage-gated Na™
channels have been recently uncovered (41). Indeed, a model
depicting how Css4 might interact with the voltage sensor of
Nav1.2 has been proposed (Fig. 4a and supplemental Fig. S5),
(42). Cohen et al. (41) also suggested residues Glu®® and GIn**
as “hot spots” in the surface of interaction of Css4 with rat brain
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Na" channels. Residue Glu'® is conserved in mammalian scor-
pion B-toxins of the genus Centruroides (Fig. 4a) and plays a
subtle role in the interception of the voltage sensor, according
to the mechanism of the “voltage sensor-trapping” model of the
voltage-gated sodium channels (43). When Glu'® is mutated to
Arg on the recombinant toxins Css2 and Css4, the left shift of
the voltage-dependent current assayed at rat brain channel
Na,1.2a and rat brain channel Na 1.6 is abolished (41, 44). In
Cn2, residue Glu'® protrudes from the core of the toxin and is
sequestered within a cavity at the center of the antigen binding
site of 9004G (Fig. 4c).

Comparison of the functional surface of Css4 and the inter-
face of the 9004G-Cn2 complex provides important clues for
the molecular basis of the antibody-mediated toxin neutraliza-
tion. Cohen et al. (41, 45) have shown that single substitutions
in Phe'*, Phe'?, Leu'®, Asn??, Tyr24, Arg27, Glu?®, Asn®?, Tyr42,
Phe™, and Trp®® with alanine considerably decrease Css4 bind-
ing affinity to rat brain synaptosomes. In close correlation to
these findings, here it is clearly demonstrated that residues
Tyr'*, Leu'’, Leu'?, Asn®?, Tyr**, Arg®’, Glu®%, Tyr*?, and Phe™*
from Cn2 form part of the epitope recognized by 9004G (Fig.
4a). Because Css2, Css4, and Cn2 recognize Na, 1.6 channels (6,
8), it is highly likely that these toxins interact with a similar
region of Na™ channels and that Css2, Css4, and Cn2 share a
similar region for the binding to Na, 1.6 channels (see supple-
mental Fig. S5).

The equivalent positions of Css4 that interact with rat brain
Na™ channels (41) are shown on Fig. 4b mapped on Cn2, whereas
the epitope of Cn2 that is recognized by 9004G is shown on Fig. 4c.
The epitope is located in one major segment around the a-helix
and the region that connects the 3, with 85 of Cn2 and overlaps
with the toxin region involved in the interaction of Na™ channel,
although this latter seems to cover a slightly larger area. Thus, the
binding of 9004G to Cn2 precludes the interaction of a substantial
part of the functional surface of Cn2 with Na™* channels (43). In
terms of structure-function relationships, we propose that this
competition results in the potent neutralization effect of toxin Cn2
by the antibody scFv 9004G.

Structural Basis of Cross-reactivity of scFv 9004G—As scFv
9004G proved to neutralize both toxins, Cn2 and Css2, we
mapped the sequence differences between them into the crystal
structure of the complex 9004G-Cn2 (supplemental Fig. S6).
Only residue 7 belongs to the interface region. The side chain of
Asp” makes a salt bridge with the side chain of R53" in the
scFv9004G-Cn2 complex (supplemental Fig. S6a). As this resi-
due is substituted by serine in Css2, this interaction is probably
lost in the putative complex (supplemental Fig. S6b). The loss of
this interaction is probably reflected in the slightly different K,
values of 9004G for Cn2 and Css2, which are 0.21 and 0.81 nw,
respectively (12).

Structure-Function Insight into the Evolution of the Different
scFvs—We have analyzed a key change that took place during the
maturation process of scFv 9004G. Mutation G59D (supplemental
Fig. S8, cand d) increases recognition to Css2 in a significant man-
ner (12). Both an increase in electrostatic interactions, in particular
with residue Lys'® from the toxins, and an increased interaction
surface with the toxin can be attributed to this higher affinity.
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FIGURE 4. The binding site of the Cn2 toxin to the scFv 9004G overlaps with its binding site to the mammalian Na™ channels. g, sequence alignment of
representative scorpion B-toxins. The top group shows amino acid sequences of specific mammalian Na™ channels B-toxins of the genus Centruroides. Amino
acid residues highly conserved are highlighted in red. Dots indicate gaps inserted to maximize alignment. Numbering and secondary structure motifs in Cn2
(from this work) are indicated along the top of the alignment. Blue triangles in Cn2 mark residues that form the interface of the 9004G-Cn2 complex. Purple
triangles below Css4 mark residues that are most important for the binding of Css4 to rat brain synaptosomes (41, 45). Abbreviations correspond to specific
scorpion species: Cn, C. noxius; Css, C. suffusus suffusus; Cll, Centruroides limpidus limpidus; Cell, Centruroides elegans. The lower group shows sequences from
B-toxins active on insects and mammalian Na™ channels. Abbreviations correspond to scorpions: Ts, Tityus serrulatus; Tz, Tityus zulianus; Lgh, Leiurus quinques-
triatus hebraeus. This group of toxins shares few of the residues that are important for the interaction of specific mammalian B-toxins with their receptors. Toxin
sequences were compiled by Refs. 1,49 and 50. b, toxin Cn2 is shown as a graphic representation and colored in green, whereas scFv 9004G is shown as surface
presentation, with the V,; and V, domains colored in magenta and cyan, respectively. Residues of Cn2 equivalent to residues important for the binding of Css4
to rat brain synaptosomes are colored in purple. c, the 9004G-Cn2 complex represented as in b. Residues of Cn2 that interact with 9004G are colored in blue.
Residues Cys'?and Cys'® are not shown for clarity. Acommon binding region, comprising the segments that run from the $, strand to the a-helix (Tyr'*~Leu'®)
and the B-turn (Tyr*>-Ala*®) that connects the 8, and 35 strands, is shared by the antibody 9004G and the Na™ channels. These observations imply that 9004G
neutralizes Cn2 by competing for a set of residues that form the bioactive surface of Cn2 and therefore blocks the receptor binding site.

We also modeled mutation V101F* (supplemental Figs. S6
and S7). This change on scFv 9004G, proposed from the
sequence context and properties of scFv 6009F, yields scFv LR
(12). This antibody has the highest protein yield of all scFvs
previously tested, is more stable when compared with scFvs
6009F and 9004 G, rescues mice from severe envenomation, and
presents an increased affinity toward Css2 and Cn2. We
detected two factors that could contribute to these properties.
First, F101" could form a small, hydrophobic cluster with res-
idues Y164"™ and Y223" (supplemental Fig. S7). It has been pre-
viously shown that the presence of this type of cluster can con-
tribute to the stability of different proteins (46 —48). Second,
F101" could increase the number of atomic interactions with
the toxin when compared with V101 in 9004G (supplemental
Fig. S8, a and b), in particular by stacking interactions with
Lys'? from the toxin. These examples show how the maturation
process leads to progressively better antibodies with increased
recognition and/or stability.

In summary, the 9004G-Cn2 interface has two principal fea-
tures: complementarity between the interacting residues and
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the anchoring of essential residues for the binding of B-toxins
to its receptor sites (Na™ channels) into the antibody combin-
ing site. This identification of the first epitope of Cn2, a scor-
pion B-toxin that affects mammalian voltage-gated sodium
channels, will certainly allow for the design of better antibodies
against the venom of C. noxius and other scorpion venoms.
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