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The evolution of venom resistance through coevolutionary chemical arms
races has arisen multiple times throughout animalia. Prior documentation
of resistance to snake venom α-neurotoxins consists of the N-glycosylation
motif or the hypothesized introduction of arginine at positions 187 at the
α-1 nicotinic acetylcholine receptor orthosteric site. However, no further
studies have investigated the possibility of other potential forms of resistance.
Using a biolayer interferometry assay, we first confirm that the previously
hypothesized resistance conferred by arginine at position 187 in the honey
badger does reduce binding to α-neurotoxins, which has never been function-
ally tested. We further discovered a novel form of α-neurotoxin resistance
conferred by charge reversal mutations, whereby a negatively charged
amino acid is replaced by the positively charged amino acid lysine. As
venom α-neurotoxins have evolved strong positive charges on their surface
to facilitate binding to the negatively charged α-1 orthosteric site, these
mutations result in a positive charge/positive charge interaction electrostati-
cally repelling the α-neurotoxins. Such a novel mechanism for resistance has
gone completely undiscovered, yet this form of resistance has convergently
evolved at least 10 times within snakes. These coevolutionary innovations
seem to have arisen through convergent phenotypes to ultimately evolve a
similar biophysical mechanism of resistance across snakes.
1. Introduction
Antagonistic interactions, such as predator–prey relationships, are drivers of
evolutionary novelty in the coevolution of many organisms, with reciprocal
selection pressures leading to genotypic changes [1,2]. This reciprocal evolution
allows positive selection pressures to drive defensive and offensive adaptations
in both predators and prey. A prime example of this is the evolution of venom
which leads to the development of resistance in an opposing predator or prey [3].

A prominently evolved form of resistance is seen within the muscle-type α-1
nicotinic acetylcholine receptor (nAChR) of some animals. The presence of
specific amino acids reduces the relative sensitivity to neurotoxins that target
the nAChRs (α-neurotoxins) found in some snake venoms [4–9]. The acetyl-
choline binding region (orthosteric site) is located around amino acid positions
187–200 [10] of the α-1 nAChR subunit, with positions 187, 189, 190, 191, 194
and 195 having been identified, to varying degrees, to play a role in α-neurotoxin
binding [9,11–13].

Biochemically distinct residue changes at positions 187 and 189, thought to
confer resistance to α-neurotoxins due to steric inhibition, had been found in
mammals which predate upon neurotoxic snakes, such as the honey badger
(Mellivora capensis), hedgehog (Erinaceus spp.), mongoose (Herpestes ichneumon)
and wild pig (Sus scrofa) [4,7–9], as well as within cobras (Naja) as autoresistance
to their own venom [4–6,14]. First discovered in the mongoose, a major predator
of neurotoxic cobras, was a steric hindrance form of resistance conferred by the

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2020.2703&domain=pdf&date_stamp=2021-01-13
mailto:bgfry@uq.ed.au
https://doi.org/10.6084/m9.figshare.c.5252378
https://doi.org/10.6084/m9.figshare.c.5252378
http://orcid.org/
http://orcid.org/0000-0002-4412-2275
http://orcid.org/0000-0001-6661-1283


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20202703

2
evolution of N-glycosylation at position 187 [4,7]. This same
form of resistance, but at position 189, was later found in
elapid snakes thought to be as autoresistance to their own
neurotoxins [5,6,15]. Other minor forms of resistance thought
to act synergistically with these primary forms are the substi-
tutions at position 189 from non-polar aromatic phenylalanine
(F) to non-polar aliphatic isoleucine (I) or leucine (L) [4]. How-
ever, this reduced binding is only thought to occur when both
187 and 189 (aromatic subsite) ancestral amino acids are sub-
stituted out [9], thus acting in a synergistic manner rather
than directly driving the resistance. Another synergistic contri-
bution to resistance are mutations at the proline (P) subsite
(residues 194P and 197P) which were shown to cause a signifi-
cant binding decrease toward α-bunagrotoxin when these
prolines were substituted out [9]. It was suggested that
the substitutions at the proline subsite play a critical role in
α-neurotoxin binding while substitutions to the aromatic
subsite might determine the specificity of toxin resistance [9].

Another key biochemical change thought to confer resist-
ance is that of the positively charged arginine (R) which has
convergently evolved three times in mammals at position 187
from the ancestral aromatic tryptophan (W) in honey bad-
gers, hedgehogs and wild pigs [4,15]. The mechanism by
which 187R is suspected to cause the significant reduction
in binding to positively charged α-neurotoxins such as
three-finger toxins (3FTxs) [16] has been postulated to be
through electrostatic repulsion [4,11] or, more recently,
hypothesized as being due instead to steric hinderance by
the introduction of this bulky amino acid [17].

The N-glycosylation at positions 187 (mongoose) and 189
(cobra) have been tested and confirmed to confer resistance
[5–7,9]. By contrast, the evolution of 187R in the honey badger
has onlybeenhypothesized to confer resistance toα-neurotoxins
[4], due to them being predators of cobras (Naja) and based on
natural history observations of them surviving cobra bites
[4,18]. However, this hypothesis has never been functionally
tested. Thus, it remains unclear if the proposed resistance is
through the positively charged R causing electrostatic repulsion
of the equally positively charged α-neurotoxins from cobras.

Until recently, the 187R residue change was the only posi-
tively charged substitution seen in any sequenced nAChR
orthosteric site [4]. However, a comprehensive examination of
published nAChR sequences across the animal kingdom [15]
revealed that within Serpentes (an assessment of 76 different
snake species), the positively charged amino acid lysine (K)
has convergently evolved on at least 10 separate occasions by
replacing a negatively charged amino acid; aspartic acid (D) or
glutamic acid (E) at positions 191 or 195 (with 195 being hyper-
variable in having the negative amino acid). The ancestral
negatively chargedDandEwouldbe highly susceptible to bind-
ing from the positively charged α-neurotoxins from snakes
[19,20] especially since these positions have been shown to be
crucialα-neurotoxinbinding sites [9,11–13]. Indeed, the selection
pressure exertedby these negatively charged sites has resulted in
positively chargedmolecular surfaces being a general character-
istic of neurotoxins binding to this site as the opposite-charge
interactions would facilitate binding. Therefore, we hypothesize
that evolving a positively charged residue in their place would
likely cause electrostatic repulsion of the positively charged
residues to the positively charged α-neurotoxins.

We first set out to functionally test and confirm if the posi-
tively charged 187R of the honey badger does in fact induce
resistance/reduced susceptibility toward α-neurotoxins. We
then tested our hypothesis that these charge reversals may
confer resistance to α-neurotoxins through a novel charge
reversal electrostatic form of repulsion.

We tested these by assessing the binding of venoms rich
in α-neurotoxins from sympatric and allopatric snake species
to native and site-specific amino acid point mutants of
the nAChR orthosteric sequences that contain positively
charged substitutions from the honey badger (M. capensis)
and snakes (Atractaspis bibronii/A. microlepidota, Pseudaspis
cana and Python bivittatus). These snake species were chosen
based on them having critical K mutations at key positions
and also being likely prey of sympatric elapid species. By
further testing sympatric and allopatric snake venoms, we
can also assess if any resistance is likely caused by local adap-
tation due to coevolution. To assess these, we used a biolayer
interferometry (BLI) assay platform that has been previously
validated to measure α-neurotoxic binding to nAChR orthos-
teric mimotopes (a small amino acid sequence representative
of part of the epitope) [21–23].
2. Results and discussion
(a) Assessing the arginine (R) resistance
The honey badger differs from the ancestral mammalian state
at two positions—187R in place of the ancestral tryptophan
(W) (the denotation of ancestral changes will be displayed as
W187R throughout the manuscript) and leucine (L) in place
of the ancestral phenylalanine (F) at 189 (L189F). We tested
the influence of these changes to the native honey badger
sequence, as well as mutants with one amino acid changed
back to the ancestral state (figure 1a). As expected, the native
state was not bound by the three sympatric cobra venoms
tested, or the α-neurotoxic venom of the viper Tropidolaemus
wagleri used as an allopatric outgroup to test for generalized
resistance to α-neurotoxins by the honey badger. The 189F
mutant did not show any binding increase, suggesting that
this change in the honey badger is not responsible for the
resistance toward cobra venoms. By contrast, changing the
derived 187R back to the ancestral 187W resulted in a strong
increase in the binding by the venoms (figure 1b). Thus, our
data suggest that the resistance is solely conferred by 187R
rather than both aromatic subsite positions. The resistance to
both sympatric and allopatric α-neurotoxic snake venoms
suggests that although the coevolutionary selection pressures
are likely due to the honey badger predating on cobras, the
reduced susceptibility is also present across the allopatric
α-neurotoxin types (T. wagleri) signifying similar binding
mechanisms of these toxins, thus reinforcing the paradigm
that sensitivities in the target provides the selection pressure
for the evolution of the toxin. Therefore, while the two types
of neurotoxic snake venoms tested evolved independently,
their convergent evolution for the same target resulted in con-
vergent biochemical mechanisms. The 187R has convergently
evolved in some caecilians [15] that are sympatric and poten-
tial prey items for the South American members of the
Elapidae snake genus Micrurus and thus may represent
another independent evolution of this form of resistance.

(b) Assessing the charge reversal lysine (K) resistance
To assess the lysine form of resistance, we first tested
the Burmese python (Python bivittatus), a slow-moving,
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Figure 1. The effects of venom from four Naja species against the honey badger (Mellivora capensis) native and mutant mimotope sequences. (a) Amino acid
sequences of native and mutant mimotopes. (b) Bar graphs represent the mean area under the curve (AUC) values of the adjacent curve graphs. Curve graphs show
the mean wavelength (nm) shift in light with increased binding of venoms over a 120 s association phase. Each venom was tested in triplicate (n = 3). Error bars on
all graphs represent the SEM. AUC values were statistically analysed using a one-way ANOVA with a Dunnett’s multiple comparisons post hoc test comparing to the
native mimotope. Statistical significance is indicated by an asterisk above the corresponding bar with a significance threshold of p < 0.01. All raw data and statistical
analyses outputs can be found in electronic supplementary material, data S1. (Online version in colour.)
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predominantly terrestrial snake which when young would be
vulnerable to predation by sympatric snake-eating neurotoxic
venomous snakes such as cobras (Naja spp.), kraits (Bungarus
spp.) and king cobras (Ophiophagus spp.). The Burmese
python α-1 nAChR orthosteric site has 189K, 191K and 195K
positions (figures 2 and 3). The mutations at 191 and 195 are
particularly significant as they represent charge reversals, as
the positively charged K replaces the negatively charged
amino acids found in other pythons at position 191 (aspartic
acid [D]), and position 195 (glutamic acid [E]) (figure 2). We
tested both native and mutant orthosteric site sequences of P.
bivittatus as well as the native sequences of closely related
Pythonidae representatives: Aspidites melanocephalus, Liasis
mackloti, Morelia spilota and Malayopython reticulatus, which
all lack the K mutations present in P. bivittatus (figure 3a).
First, the 187Smutantwas used to confirm that the uncommon
187Aof theP. bivittatus sequence does not induce α-neurotoxin
resistance. Python bivittatus has also lost the 197P, thus this
mutantwas tested to assess if the removal of the 197P interferes
with α-neurotoxin binding since the removal of one or both
194P/197P (the proline subsite) in mammal assays
significantly reduced α-bungarotoxin binding [9]. Neither of
these two changes increased binding (figure 3b). Further,
therewas no change in bindingwhen the 189Kwas substituted
out; however, changing the 191K or 195K together simul-
taneously increases binding across all venoms tested seeming
to conform the majority of the resistance. However, it appears
that substitutions of all three K significantly increase the bind-
ing more than the 191K and 195K changes alone (figure 3b).
Further, these results also suggest that the charged residues
might work synergistically to reduce toxin susceptibility
since there was an increase when both 191K and 195K were
removed (figure 3a). These positions together may induce an
intensity effect by where the sum of their charge is greater at
α-neurotoxin repulsion.

From an evolutionary perspective, P. bivittatus (and other
members of the Python genus) are slow moving (usually due
to their large girth) and predominantly terrestrial snakes [24]
that are potential prey for many species of African and Asian
elapids, particularly neonate and juvenile stages. Thus, they
might be under a high selection pressure to evolve resistance
toward α-neurotoxins. Conversely, Malayopython reticulatus
showed no reduced susceptibility; however, there may not
be a sufficient resistance selection pressure since as juveniles
they mostly occupy the arboreal niche [24] which is devoid of
elapid snakes. By adulthood Malayopython reticulatus are very
large (the largest of all living snakes at up to 10 m [24]) and
thus not likely to be prey. Morelia spilota are also predomi-
nantly/frequently arboreal [25], while Liasis mackloti is
deemed a semi-aquatic species, habitually entering water
[24,26]. However, similarly to Aspidites melanocephalus, they
both inhabit geographical regions that are mostly lacking in
neurotoxic snake-eating venomous snakes, and thus not
under a strong selection pressure to evolve resistance.

Pseudaspis cana has evolved a charge reversal D191K, and
with the introduction of an additional 196K which does not
represent a charge reversal at this hypervariable position
(figure 4a). Venoms from the sympatric neurotoxic snakes:
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Hemachatus haemachatus, Naja mossambica, and N. nivea were
tested to ascertain if these substitutions reduce α-neurotoxin
binding. Naja nubiae venom was tested to determine if there
were any differences in binding patterns of sympatric and
allopatric venoms. While Naja species are well described as
feeding on other snakes [27], due to data deficient natural
history observations, the degree to which H. haemachatus
feeds upon snakes is unresolved, previous laboratory research
has shown the venom had a greater affinity toward a snake
(Coelognathus radiata) orthosteric mimotope than other taxa
tested [22]. The native P. cana mimotope had significantly
reduced susceptibility toward all the venoms tested (figure 4b).
The 187Wmutant was again tested to ensure the introduction
of a serine (S) in place of the W typically present at position
187 did not affect binding, and that the resistance is indeed
conferred by the presence of the positively charged
191K and 196K residues, (figure 4b). As with P. bivittatus
(figure 3b), the substitution with the ancestral 191D signifi-
cantly increased the binding across all venoms (figure 4b).
Conversely, the substitution with the ancestral 196T increased
binding marginally by N. nivea and N. mossambica, while the
allopatricN. nubiae had a strong increase in binding (figure 4b).
These data suggest that for sympatric venoms both the 191K
and 196K play a role in providing the reduced susceptibility
to the venoms albeit to varying degrees, with the 191K
charge reversal providing a significantly greater resistance
than 196K mutation which did not result in a charge reversal.
The large difference in binding of the 196T analogue between
N. nubiae and the other species venoms further supports the
idea that proportions of specific 3FTx isoforms play a role in
the overall target specificity of the crude venom [22]. Mole
snakes are sympatric to many ophiophagus Naja, and P. cana
was found in stomach contents of Naja anchietae [27]. Yet,
little research has been conducted on the predation of mole
snakes by Naja. There is a non-peer reviewed observation
of N. nivea repeatedly biting P. cana with no noticeable
envenomation effects and P. cana escaping seemingly
unharmed after an hour of battling with the cobra [28].
Although this observation is unpublished, this natural history
observation supports our laboratory finding that that P. cana
has a reduced susceptibility toward Naja venom due to the
coevolutionary arms race for resistance to evolve.

The last common ancestor of Atractaspis bibronii and
A. microlepidota have evolved 195K and 196K at adjacent pos-
itions. It is only the 195K which is a charge reversal from their
closest relative, with the positively charged K replacing the
negatively charged D (figure 2). Again, the 187S mutant
was tested to ensure this replacement of the ancestral 187 W
played no role in reduced α-neurotoxin binding (figure 5b).
Venoms from sympatric species, N. katiensis and N. nigricollis
that are potential predators of A. bibronii/A. microlepidota
were tested across the native and mutant mimotopes. There
was no difference in binding from the native mimotopes
with the 195K and 196K when each position individually
replaced with the corresponding ancestral amino acid
(figure 5b). However, once both positions were replaced by
ancestral residues, a significant increase in the binding of
both venoms occurred (figure 5b). This again suggests a
synergistic effect of the multiple charged residues. Evolving
Ks in adjacent positions might allow for resistance to be main-
tained if a random mutation removes one of the Ks at either
position. It is uncertain if Naja spp. are predators of Atractaspis
since natural history dietary data is deficient, however, since
Naja are known to be non-specialist snake-eaters then such
predation events are certainly possible. Future natural history
field studies will be required to confirm this. Further to this,
Atractaspis are also highly venomous [29–32], having been
shown to contain 3FTxs [32] and thus these mutations may
have evolved as a form of autoresistance to their own neuro-
toxins, as suggested for the N-glycosylation mode of
autoresistance in elapids [5,6,15]. Similarly, Azemiops feae has
the same KK doublet at positions 195 and 196 (figure 5)



50 0.8 160

Naja sputatrix

Ophiophagus hannah Tropidolaemus wagleri

Naja nigrichincta

Acanthophis antarcticus Bungarus flaviceps

2.0

1.5

1.0

0.5

0

120

80

40

0

0.6

0.4

0.2

0

*

*
* *

*
*

*

*
* ***

40

30

A
U

C

A
U

C

w
av

el
en

gt
h 

(n
m

)

w
av

el
en

gt
h 

(n
m

)

20

10

0
20 40 60

time
80 100 120 20 40 60

time
80 100 120

1.5

1.0

0.5

0

w
av

el
en

gt
h 

(n
m

)

20 40 60
time

80 100 120

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

160

120

80

40

0

* *

*

* *

A
U

C

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

40

30

20

10

0

* *

*

*
*A

U
C

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

150

100

50

0

* *

*

*
*

*

A
U

C

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

120

100

80

60

40

20

0

* *

* *

* * *

A
U

C

na
tiv

e
18

7S
18

9T
19

1D
19

5E
19

7P

19
1D

/19
5E

Asp
id

ite
s

M
or

eli
a
Lia

sis

M
al

ay
op

yth
on

2.0

1.5

1.0

0.5

0

w
av

el
en

gt
h 

(n
m

)

20 40 60
time

80 100 120

2.0

1.5

1.0

0.5

0

w
av

el
en

gt
h 

(n
m

)

20 40 60
time

80 100 120

0.5

0.4

0.2

0.3

0.1

0

w
av

el
en

gt
h 

(n
m

)

20 40 60
time

80 100 120

187(a)

(b)

S.............
AVKYKCCPKT–YLD

..T...........

....D.........

........E.....

..........P...

....D...E.....
S.T.D...E.....
S.T.D...EI....
S.T.S...EI....
S.T.G..SEI....

191 195 200
Python bivittatus native
Python bivittatus 187S mutant
Python bivittatus 189T mutant
Python bivittatus 191D mutant
Python bivittatus 195E mutant
Python bivittatus 197P mutant
Python bivittatus 191D/195E mutant
Aspidites melanocephalus
Morelia spilota
Liasis mackloti
Malayopython reticulatus

(i) (ii) (iii) (iv)

(v) (vi) (vii) (viii)

(ix) (x) (xi) (xii)

Figure 3. The effects of venom from six elapid species against the Python bivittatus (native and mutants) and other Pythonidae representative mimotope sequences.
(a) Amino acid sequences of native and mutant mimotopes. (b) Bar graphs represent the mean area under the curve (AUC) values of the adjacent curve graphs.
Curve graphs show the mean wavelength (nm) shift in light with increased binding of venoms over a 120 s association phase. Each venom was tested in triplicate
(n = 3). Error bars on all graphs represent the SEM. AUC values were statistically analysed using a one-way ANOVA with a Dunnett’s multiple comparisons post hoc
test comparing to the native mimotope. A statistical significance is annotated by * above the corresponding bar with a significance threshold of p < 0.01. All raw
data and statistical analyses outputs can be found in electronic supplementary material, data S2. (Online version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20202703

5

which in light of its documented neurotoxicity [21,33] is also
suggestive of neurotoxicity autoresistance.
3. Conclusion
In summary, we have documented, for the first time, a novel
form of resistance to snake venom neurotoxins that is driven
by the replacement of ancestral negatively charged amino
acids with the positively charged amino acid lysine (K)
within the orthosteric site of the α-1 nicotinic acetylcholine
receptor. The negatively charged α-1 orthosteric site provided
the selection pressure for the evolution of snake venom
neurotoxins with positively charged molecular surfaces that
facilitate binding via opposite-charge interactions. Thus,
mutations which result in a charge reversal, with the α-1
orthosteric site now having a net positive charge, electrostati-
cally repel the positively charged neurotoxins. We have not
only described this evolutionary novelty for the first time but
suggested that this has occurred either as resistance by prey
or as a mechanism of a snake being resistant to its own venom.

Conspicuously, our data also suggest that although the
key positions confer reduced susceptibility individually,
the majority of the resistance comes from a synergistic effect
imposed by multiple positively charged positions at these
key sites. Residue changes at these positions might also
confer resistance through conformational shape change of
the orthosteric site. If this conformational shape change does
occur, futurework should investigate how this affects the bind-
ing of acetylcholine since evolutionary trade-offs usually come
at a fitness disadvantage and are selected against in the
absence of a correspondingly greater benefit [34,35], as has
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been suggested for the N-glycosylated form of resistance
described previously [15].

The resistance to both sympatric and allopatric α-neurotoxic
snake venoms suggests that although the coevolutionary
selection pressures are likely due to predator–prey interactions
between these species, the reduced susceptibility is also present
across the allopatric α-neurotoxin types (figures 1 and 3–5),
signifying similar targeting mechanisms of these toxins,
reinforcing the paradigm that sensitivities in the target provides
the selection pressure for the evolution of the toxin.

Any discussion regarding the functional and evolutionary
aspect of venom must be viewed in conjunction with the ecol-
ogy of the venomous species and its natural predator/prey.
This would give the most prospective interpretation of the
results since in the majority of instances antagonistic relation-
ships between predator and prey are what drive the evolution
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of such traits. This study documenting novel forms of resist-
ance to snake venom neurotoxins provides an excellent
foundation upon which to build more expansive evolution-
ary theories. It is clear that there is a huge gap in the
literature regarding the predatory ecology of many of the
species investigated in this study, and further work should
include natural history observations to fill these knowledge
gaps. Future research should sequence additional species
across the animal kingdom in order to document how preva-
lent such charge reversal mutations are, beyond the 10
convergent evolutionary events, and if these correspond
with other predator and prey coevolutionary arms races
involving species that use α-neurotoxins.
Proc.R.Soc.B
288:20202703
4. Materials and methods
(a) Venom collection and preparation
All venomworkwas undertaken under University of Queensland
Biosafety Approval #IBC134BSBS2015. Venoms were sourced
from the pre-existing, long-term cryogenic collection of the
Toxin Evolution Lab. All venom samples were lyophilized and
reconstituted in double deionized water (ddH2O), and centri-
fuged (4°C, 10 min at 14 000 relative centrifugal force (RCF)).
The supernatant was made into a working stock (1 mg ml−1) in
50% of glycerol at −20°C. The concentrations of experimental
stocks were determined using a NanoDrop 2000 UV-Vis Spectro-
photometer (Thermo Fisher, Sydney, Australia) at an absorbance
wavelength of 280 nm.

(b) Mimotope production and preparation
Following methods from a previously developed assay [22,23], a
13–14 amino acid mimotope of the vertebrate α-1 nAChR orthos-
teric site was developed by GenicBio Ltd. (Shanghai, China)
designed upon specification. Mimotopes from Python bivittatus,
Pseudaspis cana and Atractaspis bibronii/A. microlepidotus were
based on already published sequences[15]. The mimotope for
Mellivora capensis was obtained from UniProt public database
(accession A0A0P0D4F3).

The C-C of the native mimotope is replaced during peptide
synthesis with S-S to avoid uncontrolled postsynthetic thiol oxi-
dation. The C-C bond in the nAChR binding region does not
participate directly in analyte-ligand binding [12,36,37], thus
replacement to S-S is not expected to have any effect on the
analyte-ligand complex formation. However, the presence of
the C-C bridge is key in the conformation of the interaction site
of whole receptors [38]. As such, we suggest direct comparisons
of kinetics data, such as Ka or KD, between nAChR mimotopes
and whole receptor testing should be avoided, or at least
approached with caution. Mimotopes were further connected to
a biotin linker bound to two aminohexanoic acid (Ahx) spacers,
forming a 30 Å linker.
Mimotope dried stocks were solubilized in 100% dimethyl
sulfoxide (DMSO) and diluted in ddH2O at 1 : 10 dilution to
obtain a stock concentration of 50 µg ml−1. Stocks were stored
at −80°C until required.

(c) Biolayer interferometry
BLI is a label-free, microfluidics-free, optical technique that pre-
cisely measures the thickness of biomolecules accumulating on
the interaction surface of an optical fibre-coated biosensor. The
binding of molecules to the biosensor causes a measurable spec-
tral shift in the wavelength of light being reflected through the
fibre optic biosensor, which yields quantitative, kinetic inter-
action information.

Full details of the developed assay, including all methodology
and data analysis, can be found in the validated protocol [23] and
further data using this protocol [21,22]. In brief, the BLI assay was
performed on the Octet HTX system (ForteBio, Fremont, CA,
USA). Venom samples were diluted 1 : 20, making a final con-
centration of 50 µg ml−1 per well. Mimotope aliquots were
diluted 1 : 50, with a final concentration of 1 µg ml−1 per well.
The assay running buffer was 1X DPBS with 0.1% BSA and
0.05% Tween-20. Preceding experimentation, Streptavidin biosen-
sors were hydrated in the running buffer for 30–60 min, while on a
shaker at 2.0 revolutions per minute (RPM). The dissociation of
analytes occurred using a standard acidic glycine buffer solution
(10 mM glycine (pH 1.5–1.7) in ddH2O). Raw data are provided
in electronic supplementary material, data S1–S4.

(d) Data processing and analysis
All data obtained from BLI on Octet HTX system (ForteBio)
were processed in exact accordance to the validation of this
assay [23]. The association step data (a recording of the wave-
length shift (nm) at 0.2 second intervals over a 120 s period)
were obtained and imported into Prism 8.0 software (GraphPad
Software Inc., La Jolla, CA, USA) where area under the curve
(AUC) and one-way ANOVAwith a Dunnett’s multiple compari-
sons analyses were conducted and graphs produced. Statistical
analysis data is available in electronic supplementary material,
data S1–S4.
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