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Abstract

Cl13 is a toxin purified previously from the venom of the Mexican scorpion Centruroides
limpidus. This toxin affects the function of voltage gated Na*-channels, human subtypes
Nav1.4, Navl.5 and Nav1.6 in a similar manner as other known B-toxins from scorpion
venoms. Here, we report a correction of the primary structure of Cl13, previously
published. The peptide does contain 66 amino acids, but residue 58 is a tryptophan and the
last C-terminal amino acid is an amidated lysine, instead of arginine. The main contribution
of this communication is the determination of the 3D-structure of Cl13, by solution NMR,
showing that C113 has the classical cysteine-stabilized o/f3 (CSa/P) folding. It has a triple
stranded antiparallel beta sheet commonly present in scorpion sodium channel a-toxins. In
addition, we report and discuss a comparison of C113 structure with two other toxins (Cn2

and Css2) from scorpions of the same genus Centruroides, which shows important surface
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similarities with the structure reported here. Finally, the lack of neutralization of Cl13 toxin
by two single-chain antibody fragments (scFvs), named LR and 10FG2, which are capable
of neutralizing various toxins from Mexican scorpions, is revised. In particular, 10FG2 is
capable of neutralizing toxins Cll1 and Cl12 of the same scorpion C. limpidus. The reasons

why LR and 10FG2 are unable of neutralizing C113 toxin are discussed.

Keywords: NMR solution structure; scorpion toxins; sodium channels; toxin C113.
1. Introduction

Mexico is the country where a very high number of human stings by scorpions occurs
(Chippaux and Goyffon, 2008).1t is estimated to be close to 300,000 people stung per year
(Secretaria de Salud, 2015). It also harbors the highest biodiversity of scorpion species in
the world, with 289 species described until now (Santibafiez-Lopez et al., 2015). From this
number of species, only 21 are assumed to be dangerous to humans (Gonzalez-Santilldn
and Possani, 2018). Centruroides limpidus, here thereafter abbreviated C. limpidus, is
possibly the most important species in this regard, because it is extensively distributed in
the states of Morelos, Guerrero, Mexico and Michoacan. The venom of this species has
been extensively studied (Alagén et al., 1988; Cid-Uribe et al., 2019; Dehesa-Davila et al.,
1996; Lebreton et al., 1994; Riafio-Umbarila et al., 2013). Initially, two main toxic peptides
were described CII1 (Ramirez et al., 1994) and CIlI2 (Dehesa-Ddvila et al., 1996) which are
capable of impairing proper function of sodium ion-channels (Possani et al., 1999). Our
group is interested in developing human antibody fragments capable of protection against
toxins of this scorpion and others of the genus Centruroides of Mexico (Riafio-Umbarila et
al., 2019, 2016). Previous work by our group showed that a single-chain antibody (LR)
directed against toxin Cn2 of another species of scorpion (C. noxius) was capable of
neutralizing the entire soluble venom of this species (Riafio-Umbarila et al., 2011).
Similarly, a single-chain antibody of human origin (10FG2) showed to be adequate for
complete neutralization of the above mentioned toxins Cll1 and CII2 (Riafio-Umbarila et
al., 2019). Besides, a mixture of these antibody fragments was not capable of fully
protecting against the entire soluble venom of C. limpidus, contrary to what it was shown
with toxin Cn2 and the corresponding whole venom as well as some other venoms. The

experimental mice injected with these two single-chain antibodies survived the challenge,
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but still showed symptoms of intoxication. This prompted us to conduct further
characterization of possible minor toxic components present in the venom of C. limpidus,
which were not protected by our newly developed antibodies. In fact, a minor component,
denominated Cl113 was found. It is very toxic to mice. The peptide was isolated, sequenced,
physiologically characterized and published (Olamendi-Portugal et al., 2017). For the scFv
10FG2 that recognizes Cll1 and ClI2, the cognate epitope on the toxins have been located.
Since the amino acid sequence similarity of C113 compared to that of Cll1 and ClI2 is over
70% identical, it suggests the need for further knowledge of their 3D-structures. For this
reason the determination of the three-dimensional structure of Cl13 was undertaken. With
this information, we hoped conducting comparative studies with the various scorpion toxins
of the genus Centruroides, for which the structure and function are known. The NMR
analysis of Cl13 indicated that a discrepancy in the reported primary structure of peptide
was found. The sequence analysis by Edman degradation of the peptide was repeated with
more material and the discrepancy was elucidated. The conduction of this work was very
important, as we describe below, because the NMR results helped solving an ambiguity
found in the primary structure of Cl13, as earlier published. Position 58 corresponds to a
tryptophan and position 66 was identified as an amidated lysine, instead of an arginine. In
addition, the determination of C113 3D-structure allowed to conduct a comparative analysis

with the other known toxic peptides, which is the main contribution of this manuscript.

2. Material and Methods
2.1 Source of material

Scorpions of the species C. limpidus were collected in Iguala (latitude 17.850, longitude
100.367) with official permit of SEMARNAT (number 004474/18), brought to the
laboratory and milked for venom extraction. The soluble venom was fractionated, as earlier
described by our group (Olamendi-Portugal et al., 2017) for obtaining purified CI113. The

pure peptide was used for NMR studies and de novo peptide sequencing.

2.2 Amino acid sequence

A PPSQ-31A Protein Sequencer from Shimadzu Scientific Instruments, Inc. (Columbia,
MD, USA) was used for automatic Edman degradation. The peptide Cl113 was used in

native and alkylated format for sequence determination. In order to obtain overlapping
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segments of the Cl13 the peptide was enzymatically digested and processed as earlier

described (Olamendi-Portugal et al., 2017).
2.3 Mass spectrometry

The molecular weights of toxins and peptides after digestion were obtained by mass
spectrometry measurements using a LCQFleet apparatus, from Thermo Fisher Inc, (San

Diego, CA, USA).

2.4 NMR procedures

NMR experiments were recorded on an either 800 MHz Avance NEO (Bruker Biospin,
Billerica, MA, USA) spectrometer with an 18.1 Tesla magnetic field or a 600MHz Avance
IIT HD spectrometer with a 14.1 Tesla magnetic field. The two spectrometers were
equipped with a cryogenically cooled triple resonance 1H[13C/15N] probe. Spectra were
recorded using TOPSPIN 4.05 (Bruker Biospin). The lyophilized toxin (about 4 mg) was
dissolved in 180 pl of 10% D20 20 mM acetate pH 5 buffer (Euriso-Top, Saclay, France)
to produce a 2.8 mM (7846 MW) sample that was studied by NMR using a 3 mm Shigemi
tube (Shigemi, Alison Park, PA, USA). Experiments were run at 283, 288, 298, 303, 313
and 318 K with either a 9615 Hz or 7194 Hz sweep widths. Spectra were referenced to
external DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid). The 2D proton NMR spectra
were collected with 4 K data points in the t2 dimension and 512 or 1024 tl increments,
with typically 32-64 scans per increment. For spin system identification and sequential
assignment, the following 2D NMR homonuclear experiments were recorded: (a) total
correlation spectroscopy or Clean TOCSY (Griesinger et al., 1988) using a MLEV-17 pulse
scheme with 80 ms or 40 ms isotropic mixing period (Bax and Davis, 1985; Levitt et al.,
1982), (b) double-quantum spectroscopy (DQCOSY) (Wagner and Zuiderweg, 1983), (c)
double-quantum filtered COSY (DQFCOSY) (Piantini et al., 1982; Rance et al., 1983) and
(d) nuclear Overhauser effect spectra (NOESY) (States et al., 1982). NOESY spectra were
acquired with mixing times of 100, 150 and 250 ms. Water suppression was achieved either
by pre-saturation during the recycle delay or, in the NOESY experiment, by double pulsed-
field gradient spin echoes (DPFGSE) (Dalvit et al., 1991; Hwang and Shaka, 1995).

Assignment of signals to peptide protons was achieved by the standard method developed
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by Wiithrich (Wiithrich, 1986). HN-Ha coupling constants were measured using the
modified J-doubling method in the frequency domain (Delrioportilla et al., 1994; Garza-
Garcia et al., 2001) from 2D-TOCSY at 303 K traces. To satisfy the J-doubling method
requirement, TOCSY experiment was re-transformed using 1024 X 65,536 complex points

to have a resolution of 0.20 Hz / point for each trace used.

In addition, two dimensional heteronuclear experiments were run at 308K on the 800 MHz,
namely N HSQC, Multiplicity edited '*C HSQC, '*C HSQC-TOCSY and '3C HMBC, to
back up the proton assignments (Medvedeva et al., 1993). 13C and >N chemical shift
assignments were used to obtain Phi and Psi angles using the TalosN web server (Shen and

Bax, 2013).

2.5 Structural calculation

A homonuclear '"H-'H NOESY spectrum acquired at 308 K with a 150 ms mixing time
was used to obtain distance constraints for structure calculations. The experimental results
obtained by NMR were processed with the software nmrPipe (Delaglio et al., 1995). CARA
1.5 (Keller, 2004) software was used for spin system identification, peak picking and NOE
derived distance constraints assignments. The structural calculation was run using CYANA
2.1 (Downing and Giintert, 2004) with chemical shift tolerance between 0.02 and 0.015
ppm. The 20 protein’s models with the lowest energy values and without violations were
selected between 500 structures. Additionally, 20 models with the lowest energy values
were minimized and refined using molecular dynamic calculations with AMBER 9, the
protocol applied was as described by Gurrola (Gurrola et al., 2012). The refined structural
model of the toxin CI13 was validated and deposited in the Protein Data Bank (PDB:
6VXW). Structures were analyzed and visualized with UCSF Chimera (Pettersen EF,
Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, 2004).

3. Results

3.1 Extraction and sequence

Due to the ambiguity found between the earlier published amino acid sequence

regarding position 58 of the primary structure of CI13, it was decided to purify a greater
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amount of toxin and repeat the determination of the Edman degradation. For the sequence
reported in Olamendi-Portugal (Olamendi-Portugal et al., 2017), we used 75 pg of purified
C113; for the present communication we used 250 pg. The C-terminal fragment obtained by
digesting the peptide with Asp-N endopeptidase allowed determining the full sequence
from residue number 53 to 66. To our surprise the last residue was lysine, instead of
arginine, as earlier surmised based on mass spectrometry results. The first time the
sequence was obtained by Edman degradation did not allow the identification of residue in
position 66. The molecular mass obtained from the purified peptides of the C-terminal
segments Glu53 to Lys66 was 1723.5 Da (see Olamendi-Portugal et al., 2017) and under
the repeated experiment reported here is 1722.9 Da, which within the experimental error of
our mass spectrometer means that it corresponds to the same molecular weight. These
results agree with the expected molecular mass of the peptide found. It is important to
mention that this C-terminal peptide had the cysteine reduced and alkylated. Knowing that
the last residue was an amidated Lys66 and that in position 58 there was Trp, as shown on
the NMR results, the fully corrected amino acid sequence of Cl13 was obtained. The
molecular mass experimentally observed is (7846.6) and the expected molecular mass for
the newly determined sequence is (7846.0), thus confirming the right amino acid sequence

of CI13.

3.2 NMR assignments and structure calculations

The sequence specific assignment of Cl13 were acquired according to a standard
procedure (Wiithrich, 1986) using spectra recorded at different temperatures ranging from
283 to 313 K to solve ambiguities due to overlapping signals. Although, linewidths of
amide resonances are quite broad at 283 K for all the amide protons those sharpened up
differentially when increasing the temperature the ultimate case being Phe44 amide proton
only detectable at 313 K. Briefly, spin systems of all amino acid residues were identified
via their through-bond connectivities observed in DQFCOSY, TOCSY and DQCOSY
whereas sequential assignments were obtained using the through space connectivities (NH;-
NHi.1, Hoi-NHit1 and HBi-NHis1) observed between neighboring residues in the NOESY
spectra. While fairly strong NOEs sequential interactions were observed between the HO
proton of Leu60 and the H® of Pro61 allowing to assign the trans conformation for the

Leu60-Pro61 peptide bond. Although unambiguous NOE sequential interaction could not
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be stated between the Ha protons of Trp58 and Pro59 as a result of unfortunate overlap
between Phe44 Ha and HP3 protons with TrpS8Ha and Pro59 Ha protons respectively, the
up-field shifted value of the Pro59 Ha chemical shift, 3.62 ppm together with the lack of
NOE interaction between Trp58 Ha and Pro59 Hd protons are in favor of a Trp58-Pro59

peptide bond in the cis conformation (Dyson et al., 1988).

To complete the proton assignments 2D *C-"H HSQC, HSQC-TOCSY and HMBC were
acquired using the natural unlabeled protein. The carbon chemical shifts displayed
characteristic ranges for each amino acid providing sufficient information to back up the
proton assignments. The *C-HSQC with multiplicity editing was of significant importance
because it allowed direct identification of Gly Ha protons, Val, Ser and Thr H3 protons.
The 3C-'H HSQC-TOCSY was quite helpful to complete side chain assignments of Pro,
Lys, Arg whereas the HMBC was used to complete carbon signals of aromatic side chains

(Medvedeva et al., 1993).

The Cl13 HN-Ha coupling constants, proton, carbon and nitrogen chemical shifts are
deposited in the Biological Magnetic Resonance Bank (BMRB: 30727). The 150 ms
mixing time NOESY and 80 ms TOCSY at 308 K spectra showed a reasonable signal
dispersion which allowed identifying the 66 spin systems of all amino acid residues;
however, the dispersion was not good enough to measure Ha-H3 coupling constants. The
'H, 3C and "N completeness assignment are 93%, 66% and 72% respectively at natural
abundance sample used. The solution structure of Cl113 (Figure 1) was obtained from 2,102
NOEs with off diagonal assignment; 253 of them are long-range NOEs |i-j [>= 5, 132
medium-range NOEs 1 <|i-j|< 5 and 1,717 short-range NOE:s [i-j|<= 1 (Figure 2), 67 angle
restrictions from TalosN and 48 HN-Ha coupling constants. Figure 1A shows the CI13
NMR solution structures, which comprise an a-helix (Tyr24-Arg32), a triple stranded
antiparallel B-sheet (Lys1-Tyr4, Ala45-Leu51 and His38-Tyr42), three loops (B1-al, al- f2
and B2-B3) and four disulfide bridges. Figure 1B shows the superposition of the 20 lowest
energy structures. The final average backbone RMSD to mean was 0.66 and considering
the heavy atoms RMSD to mean was 1.04. A summary of the experimental constraints and
structure calculation statistics are shown in Supplementary Material Table S1. Temperature

coefficients of amide proton as a function of temperature were measured from 10°C to
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45°C (1D spectra are shown in the Supplementary Material Figure S1). The sample in H2O
was freeze dried and dissolved in D20 to assign the remaining amide assuming they are

hydrogen bonded.

Figure 1. A) NMR solution structure of Cl13 with the lowest energy. The disulfides are
painted in yellow. B) Backbone superposition of the 20 lowest energy structures of Cl13.
The C-terminus is amidated. Structure calculation without disulfide bonds and
superposition of the C113 with and without disulfide bond restrictions are in Supplementary
Material Figure S2-3 respectively.
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Figure 2. NOE’s used in the structure calculations. Thick, medium and thin lines
correspond to short, medium and long range NOE’s. It could be seen clearly the a-helix in
between residues Asp23-Tyr33, a double (3-stranded antiparallel 3-sheet (His38-Tyr42 and
Ala45-Leud49. The [-strand between Glu2-Leu5 is hardly seen; however, the angle
measurement and proximity found with the second [3-strand shows its existence. NMR
statistics and Ramachandran plot are in Supplementary Material Figure S4.

We performed two different structure calculations to define the disulfide bonds: the first
one, without S—S bond constraint; and, the second one with S-S bonds (C1-C8, C2-CS5,
C3-C6, and C4—-C7) relative to the primary structure. The two calculations converged to
very similar structures, see Figure S-2. The S-S bonds used for the second calculation were
those observed by NMR. Indeed, NOE’s were clearly observed between Hp;-Hp; and Hou-
HB; of the cysteines present in each disulfide bond. We present the Cys29H[3 and-Cys48 H[3
NOE correlation in Figure 3. It can be seen that no overlap can hinder the interpretation.
These calculations and the NOE’s indicate that the specific cysteines are close by and
therefore should be forming a bond between them. Also, the other Hf3 regions (Cys16-
Cys41, Cys25-Cys46 and Cys65-Cys12) can be observed in Figure S-3. Ho/Ha, Ho/H3

NOEs between C41 and C46, which are not covalently linked each other, were also
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observed as a result of beta strand formation. Considering these two results and the fact that
this disulfide bond arrangement is similar to all other B-toxin whose structures are known,

we added those restrictions to the calculation.

25 1 .25
C48HB2-C29HB2

24
|c29HB2-C48HB L

26 1. :
— J « — h---“' |
» gn* C29HB2-CABHB2
- - -
=

3I0 .....

3.2

W= 'H (ppm)
Figure 3. HB-HP region of Cys29-Cys48 2D NOESY disulfide correlation obtained for
Cl113 experiment at 150 ms mixing time, 308 K. pHS and 2.8 mM toxin concentration;

assignments are labeled in black. The whole NOE correlation regions of cysteines forming
disulfide bonds are in the Supplementary Material Figure S3. It can be seen that those
correlations are well defined. This figure was made with NMRFAM-SPARKY software
(Lee et al., 2015).

Figure 4 shows the sequence alignment of ClI1, ClI2, Cl113, Cn2, Css2 and CsEv2 toxins
which have high identity percentage and tertiary structures reported in the PDB for CI113,
Cn2, Css2 and CsEv2 toxins only. The amino acids that form [3-strands are highlighted in
blue meanwhile those that form a-helices are highlighted in red. The differences found in
the secondary structure elements are highlighted in Figure 4. Additionally, C113 shows a
well defined first [3-strand. Figure 5 shows Cn2, Css2 and C113 backbone superposition of

their structures. All of these toxins have a CSa/(3 folding motif.
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C113 KEGYLVDYHTGCKYTCAKLGDNDYCVRECRLRYYQSAHGYCYAFACWCTHLYEQAVVWPLPNKRCK 100.0 1 6VXW
Cn2  KEGYLVDKNTGCKYECLKLGDNDYCLRECKQQYGKGAGGYCYAFACWCTHLYEQAIVWPLPNKRCS ~ 80.0  0.67  1CN2
Css2 KEGYLVSKSTGCKYECLKLGDNDYCLRECKQQYGKSSGGYCYAFACWCTHLYEQAVVWPLPNKTCN  78.5 0,12  2LI7
Clll KEGYLVNHSTGCKYECYKLGDNDYCLRECKQQYGKGAGGYCYAFGCWCTHLYEQAVVWPLPKKTCN 75.4 NA NA
Cll2 KEGYLVNHSTGCKYECFKLGDNDYCLRECKQQYGKGAGGYCYAFGCWCNHLYEQAVVWPLPKKTCN 78.5 NA NA
CSEv2 KEGYLVNHSTGCKYGCLKLGENEGCDKECKAKNQGGSYGYCYAFACWCEGLPESTPTYPLPNKSCS ~ 56.9  0.70  1JZA
* %k k%% *kkkk * ***.*_ * .**. . . ******.*** * % R ***.* *
N SRR
| | J I
L
B) 10 20 30 40 50 60
Cl13  KEGYLVDYHTGCKYTCAKLGDNDYCVRECRLRYYQSAHGYCYAFACKCTHLYEQAVVWPLPNKRCK
YOV Y YYIYYIYY YV OVY vy
Cn2 KEGYLVDKNTGCKYECLKLGDNDYCLRECKQQYGKGAGGYCYAFACWCTHLYEQAIVWPLPNKRCS
YRV Addd A idod

Figure 4. A) Sequence alignment of beta toxins Cl13, Cn2, Css2, ClI1, ClI2 and CsEv2.
The two amino acids corrected of Cl113, Trp58 and Lys66, are colored in pink. The [3-sheet
region is colored in blue and the a-helix in red. Disulfide bonds are marked as C1-C8, C2-
C5, C3-C6 and C4-C7. The corrected residues in toxin CI13 are colored in magenta.
Secondary structures were determined via Chimera software. Cll1 and CII2 do not have
their 3D structures reported yet. The asterisk ( * ), colon ( : ), and dot ( . ) indicate identical
amino acid residues, conserved substitution, and semi-conserved substitutions in all
sequences used in the alignment, respectively. Below, it is shown the disulfide bonds
connectivity. This alignment was made with the server T-coffee (Notredame C, Higgins
DG, 2000). %E is the identity percentage value considering exact match between amino
acids. The TM score (Xu and Zhang, 2010) compares 3D structures, it is convenient to
consider not only the sequences alignments, but also 3D structures to see their similarities.
TM score makes this comparison and produces a number between 0 and 1. The value is 0
when they do not match. The value is 1 if they match perfectly. B) Sequence alignment of
Cn2 and CI13 highlights the amino acid residues recognized in Cn2 by scFv LR in red
triangles and the ones recognized by scFv 10FG2 in blue triangles. Differences between
aminoacids C113 and Cn2 are highlighted in bold.
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Figure 5. Structure comparison between Cn2 (pink), Css2 (green) and Cl13 (blue) where
can be observed that all these toxins have similar structure. We have eliminated the His tag
for Css2. Differences in activity should be due to specific amino acid positions.

The structures being established, we did calculate the hydrophobic (figure 6) and the
coulombic (figure 7) regions of CI13, as well as those of Css2 of Centruroides suffusus
suffusus (Saucedo et al., 2012) and Cn2 of Centruroides noxius Hoffmann (Pintar et al.,
1999), as these are highly similar in activity and have their 3D structure solved in order to

contrast those regions which have been relevant for the toxin function.
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Figure 6. The hydrophobic surfaces were calculated using UCSF Chimera (Pettersen EF,
Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, 2004) of the toxins A)
Cl13, B) Css2 and C) Cn2. The surfaces were colored according to a scale of three colors
where blue indicates a polar region, white a neutral region and orange a hydrophobic
region.
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Figure 7. Comparison between the coulombic surfaces of A) Cl13 and B) Cn2 and C) Css2.
Positively charged regions are in blue, negatively charged regions are in red. We use UCSF
Chimera software (Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM,
Meng EC, 2004) to create this figure.

4. Discussion

Cid-Uribe et al. (Cid-Uribe et al., 2019) in their recent published transcriptomic analysis
of venom components from C. limpidus reported the presence of a gene that possibly codes
for the toxin Cl13. The authors report the identification of 59 transcripts with similar amino
acid sequence as those described for known Na*-channel specific toxins. One of them

(CLiNaTbet37, COHK69) was exactly the same as the sequence now corrected for C113.

Taking into account the high sequence homology with two other beta-scorpion toxins Css2
of Centruroides suffusus suffusus (Saucedo et al., 2012) and Cn2 of Centruroides noxius
Hoffmann (Pintar et al., 1999) whose structures have been solved by our teams, we used the
two NMR experimental beta-scorpion toxin structures in order to compare them with the
resulting structure of Cl113 (Figure 1A). Indeed, all of them are toxic to mammals; however,
while Cl13 and Css2 have a strong activity over hNav1.5 channel (Olamendi-Portugal et
al., 2017; Schiavon et al., 2006), Cn2 has a strong activity over hNav1.6 channel. An
intrinsic property of toxin Cl13 is that although it also affects hNav 1.6 channels it displays

some interesting and unusual effects on the inactivation process.

The sequence identity of the toxins shown in Figure 4 is higher than 56% (78% with Cn2
and 56.9% with Css2). The 3D structures differed in limited regions, see Figures 3-6.
Indeed, sequence alignment of Cl13, Cn2, Css2 and CsEv2 toxins shows a high identity
percentage which correlates with their conserved tertiary structures reported in the PDB
sharing the typical CSa/f folding. The TM score is 0.67 for Cn2 and Cl113, indicating that
there is a good match between these two structures (see Figure 4). The differences between
these toxins are only in the length of amino acid segments which form the secondary
structure elements. However, the alignment between Cl13 and Css2 produces very different
results because there is some extra amino acids present in Css2 which give a small TM
score value; nevertheless, these two structures are very similar considering visual

comparison (Figure 5). It is interesting to note that the first B-strand in Cl13 involving
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residues 2 to 4 while for Cn2 and Css2 only two amino acids are involved. We are thus
expecting that binding differences are due to exposed amino acids which results in the lack
of antibody recognition. Glul5 in Cn2 was replaced with Thrl5 in Cl13 which is exposed
(Figure 4.B, 6 and 7). These key differences between Cn2 and CI13 could help to explain

the lack of interaction between scFv LR and toxin Cl113.

Lior Cohen et al (Cohen et al., 2005) while describing the common features in the
functional surface of scorpion [-toxins highlighted the role of some hydrophobic amino
acids of the Css4 toxin in the interaction with the sodium channel receptor site 4. Some of
these residues are conserved in the hydrophobic surfaces of Cl113, Cn2 and Css2 as shown
Figure 6. The largest hydrophobic patch is formed by the amino acids Alal7, Leul9 and
Phe44, which are conserved in the three toxins. This hydrophobic patch is situated in the
loop preceding the helix. The two amino acids Alal7 and Leul9 are also conserved within
a hydrophobic patch in Css4 which was demonstrated, introducing some point mutations,
that this toxin segment is important for the Css4 function. Another small hydrophobic patch
is formed by the amino acid Val26 (Leu26 for Cn2 and Css2) which is conserved in the
three toxins and is located on one side of the helix. Finally, there is a third hydrophobic
patch in CI13 formed by Ala45 and Cys65, which is also observed in Cn2 and Css2, but in
these toxins it is formed by Cys12 and Cys65.

Relevance of positive residues in the biological activity of the cysteine-stabilized proteins
for their binding to channels has been widely studied (Clairfeuille et al., 2019; Estrada et
al., 2011; Goldstein et al., 1994; Hidalgo and MacKinnon, 1995; Krezel et al., 1995; Loret
et al., 1994; MacHado et al., 2018; Stampe et al., 1994), using different methods like
chemical modifications and mutational analysis (Hidalgo and MacKinnon, 1995; Kharrat et
al., 1990). For that reason, we compared the coulombic surface of Cl13 with that of other
beta toxins which are highly similar in structure and activity namely Cn2 and Css2 (Figure
7). Several positive patches were observed. The first patch in the C-terminal region

includes Lys63 for the three toxins, Arg64 for Cn2 and C113 and Lys66 for C113.

Previously, mutagenesis studies and a neutralizing monoclonal antibody have shown the
relevance of His64 in Nav channel modulation which help to guide the a-toxin into a stable

binding pose (Clairfeuille et al., 2019). For CI13 and Cn2 toxins, in this position, it is filled
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with an Arg64 which forms a positive patch in C-terminal region with Lys63. In Cn2, this

patch is less conserved and is formed by Lys63 and Pro61.

Then, there is a second positive patch formed by the amino acids 30 and 35 that is more or
less conserved in the three toxins considering that there is difference in the amino acid
composition, this patch is situated in the loop al-f2. Finally, the amino acid Lys 8 which
has been shown to play an important role for the interaction with the channel (Clairfeuille
et al., 2019; Fabrichny et al., 2012) in the case of a-toxin, is conserved in Cn2 and Css2,
whereas it is replaced by a tyrosine followed by a histidine in CI13. This leads to the
presence of a third positive patch that is not present in Cl113 as clearly observed in Figure 4.
It clearly appears that Cl113 displays the largest negative surface as compared to Cn2 and
Css2.

It is important to remember the fact that only 10FG2 single-chain antibody fragment of
human origin is able to completely neutralize the two [-toxins Cll1 and CII2, (Riafio-
Umbarila et al., 2019) and that a mixture LR and 10FG2 antibody fragments are not
capable to fully protect against the entire soluble venom of C. limpidus, contrary to what it
was shown with toxin Cn2 of C. noxius. For this reason the minor component C113 was
isolated, sequenced and physiologically characterized (Olamendi-Portugal et al., 2017). It is
very toxic to mice. The residue Glul5 known to have a crucial role in the action of [-toxins
in term of toxicity (Izhar et al., 2004; Schiavon et al., 2012) is replaced here by a threonine.
Cl13 is one of the most toxic components that we have studied together with Cn2, which
suggests that there are other residues in the toxin that contribute to the binding and

alteration of the functioning of the above mentioned sodium channels.

The study described here shows that the three-dimensional structure of Cl13 is very similar
to that of Cn2 and Css2 and therefore is likely to be similar to that of Cll1 and ClI2 taking
into account the high sequence similarity among these toxins, although the 3D structures of
these two last toxins are not known yet (Figure 4). As reported earlier (Olamendi-Portugal
et al., 2017), the three stretches namely positions 7-9, 30-38 and 62-66, that have been
reported to be different for C113 as compared to the two toxins Cll1 and ClI2, might be
responsible for the lack of its interaction with the single chain neutralizing antibodies. In

previous studies of the 3D structure of the ternary complex of the scFv LR, Cn2 and the
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predecessor scFv of 10FG2 (RU1), it was found that the core of the binding site of scFv LR
is located near the N-terminus of the a-helix's region of toxin Cn2 whereas that of scFv

RU1 is located near the corresponding C-terminus(Riafio-Umbarila et al., 2016).

The alignment shown in figure 4B highlights the amino acid residues recognized in Cn2 by
scFv LR in red and the ones recognized by scFv 10FG2 in blue. In CI13 toxin, the amino
acid residues that differ between Cn2 and CI13 are highlighted in bold with respect to the
sequence of the Cn2 toxin, Figure 4B. These differences coincide with important anchor
sites of the LR scFv in the Cn2 toxin, since the different contacts formed with Glul5 (a
saline bridge with His35 of the VH domain of the scFv, hydrogen bonds with Ala33,
Gly102, van der Waals contacts with A33H, G99H, V101H in LR) (Canul-Tec et al., 2011).
In the same way, scFv 10FG2 has a very important anchorage with residues GIn31 and
Glu32 of Cn2 (Riafio-Umbarila et al., 2019), which are different in CI13 (Leu31 and

Arg31) indicating that these interactions could not be established with toxin Cl113.

5. Concluding remarks

Having assigned all protons chemical shifts and also most of carbon and nitrogen
chemical shifts for CI13 at natural abundance, its NMR solution structure was solved
showing a cysteine-stabilized o/f3 (CSa/3) motif commonly found in sodium channel [3-
toxins. The structural comparison analysis shows that the three-scorpion sodium 3 toxins
active on mammals share a similar hydrophobic surface and some conserved positive
regions, but also a large negative region for Cl13 which suggest that the activity of these
disulfide-stabilized proteins is regulated by different interaction interfaces. Indeed, the three
stretches already pointed out as well as the nature of residue at position 15, which in Cl113 is
a Thr whereas in most of the others is Glu, which might be responsible for the lack of
interaction of CI13 toxin with LR. The changes in positions 30, 31 and 32 do not permit the
interaction with 10FG2 and as a consequence, the null neutralization of Cl13 and the

deficient neutralization of the Centruroides limpidus whole venom.
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