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For the past 30 years, oocytes from Xenopus laevis have been extensively used to express and
characterise ion channels in an easily controlled environment. Here we report the first use of oocytes
from the closely related species Xenopus borealis as an alternative expression system for neuronal ion
channels. Using the two-electrode voltage-clamp technique, we show that a wide variety of voltage-
and ligand-gated ion channels have the same channel properties and pharmacological profiles when
expressed in either X. laevis or X. borealis oocytes. Potential advantages of the X. borealis oocytes
include a smaller endogenous chloride current and the ability to produce more intense fluorescence
signals when studied with voltage-clamp fluorometry. Scanning electron microscopy revealed a
difference in vitelline membrane structure between the two species, which may be related to the
discrepancy in fluorescence signals observed. We demonstrate that X. borealis oocytes are a viable
heterologous system for expression of neuronal ion channels with some potential advantages over

" X. laevis oocytes for certain applications.

. Xenopus frogs have been extensively used for almost a century as model organisms for a wide range
of biological applications. Xenopus have been most extensively used for developmental and genetic
studies, as external development of the embryos and their large size allows high throughput studies
on a vertebrate system. Gurdon and colleagues were the first to show that injection of heterologous

- mRNA into Xenopus laevis oocytes resulted in robust expression of exogenous proteins'. Furthermore,

. Xenopus oocytes possess much of the cellular machinery required to produce functionally important
post-translational modifications. These properties were exploited to show that Xenopus oocytes could
faithfully produce surface expressed, functional nicotinic acetylcholine receptors following injection of
mRNA from Torpedo marmorata®. Xenopus oocytes subsequently became a valuable tool for the study
of mammalian membrane proteins, receptors, and ion channels particularly in the fields of neuroscience
and pharmacology®*. With the growing number of genomic studies identifying mutations associated
with human diseases, the oocyte system continues to be of importance in determining the functional
effect of these mutations in expressed proteins™S, and as a tool to screen for and characterise novel mod-
ulators of ion channels or receptors known to be involved in poorly treated conditions such as pain”®.

There are more than 20 species of Xenopus, but the African clawed frog X. laevis appears to be the
only species that has been used for electrophysiological studies of ion channels. X. tropicalis and the
Marsabit clawed frog X. borealis are widely used in many laboratories for genetic and developmental
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Figure 1. Comparison of defolliculated stage V-VI oocytes from X. laevis (left) and X. borealis (right).
Oocytes were imaged on an Olympus SZX12 stereomicroscope in ND96 solution.

studies®!*. Although X. tropicalis is more widely used, X. borealis is more closely related to X. laevis'>.
However, heterologous ion channel expression has yet to be performed using X. borealis oocytes.

Here we present data showing the first use of X. borealis oocytes for electrophysiology studies, and
provide a comparison with X. laevis oocytes. We analysed the expression profile of a variety of voltage-
and ligand-gated ion channels using two-electrode voltage-clamp and voltage-clamp fluorometry (VCF)
methods. Furthermore, we investigated the vitelline and plasma membrane of X. laevis and X. borealis
oocytes using scanning electron microscopy (SEM), and observed a clear difference in membrane struc-
ture. We found that X. borealis oocytes can be successfully used as a heterologous expression system for
neuronal ion channel studies.

Results

Comparison of X. laevis and X. borealis oocytes. X. laevis and X. borealis oocytes can be easily
distinguished visually by their size and the pigmentation of their vegetal hemispheres (Fig. 1). Stage
V-VI oocytes from X. laevis (1.0-1.3mm diameter) have a pale yellow (sometimes pale green) vegetal
hemisphere. X. borealis oocytes are smaller (0.8-1.1 mm diameter), have a darker animal hemisphere
and brown vegetal hemisphere clearly separated by a light-yellow belt around the middle. The rest-
ing membrane potential of healthy oocytes expressing ion channels of interest from both species was
approximately -35mV over the period in which electrophysiology recordings were performed (with
the exception of voltage-gated potassium (Ky) channels that had a more negative resting membrane
potential around -60mV). The microinjection process also revealed that the defolliculated membranes of
X. borealis oocytes were stronger and more resistant to injection than those of X. laevis, suggesting a
difference in the vitelline membrane (see below).

One of the main advantages of the X. laevis expression system for ion channel studies is the low
level of endogenously expressed channels and receptors, which yields a relatively electrophysiologically
silent background. Nevertheless, the most prominent endogenous current in these cells is from the
well-characterised Ca?* -activated chloride channel (Fig. 2a)'®7. This outward current was also observed
in X. borealis oocytes when subject to high voltage pulses (greater than +80mV) (Fig. 2b). As has been
observed for X. laevis oocytes, the amplitude of this current in X. borealis was batch dependent and
present in ~85% of all oocytes tested. However, the average amplitude of this current was significantly
smaller in X. borealis oocytes (Fig. 2c). No other protocols used in this study to activate the ion channels
tested (voltage- or ligand-gated) led to the generation of observable currents in naive oocytes from either
X. laevis or X. borealis.

Voltage-gated ion channels. Two-electrode voltage-clamp electrophysiology recordings were per-
formed to compare the properties of a panel of Ky and voltage-gated sodium (Nay) channels heterolo-
gously expressed in X. laevis and X. borealis oocytes. The voltage sensitivity of Ky10.1 (hEAG) activation
(Fig. 3a) and time constants of deactivation (Supplementary Fig. S1 and Table S1) were comparable
between species. Likewise, the threshold of activation in Ky11.1 (hERG) did not differ between species
(Fig. 3b). Conductance-voltage relationship curves obtained for Nay1.2 (Fig. 3c), Nay1.5 (Fig. 3d), and
Nayl.7 (Fig. 3e) overlap well between X. laevis and X. borealis oocytes. Pharmacological modulation
of Nay channels was assessed by comparing the inhibition induced by 300nM ProTx-I, a potent and
non-selective Nay channel inhibitor'®. Comparable levels of inhibition between species were detected for
all Nay channel subtypes tested (Fig. 3f). There is no evidence of a difference in current amplitudes for
voltage-gated ion channels expressed in X. laevis as compared to X. borealis (Table 1).
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Figure 2. Endogenous Ca?" -activated chloride currents in naive X. laevis (®) and X. borealis ()
oocytes. Representative families of whole-cell currents elicited by steps from —120mV to +100mV in
20-mV increments in oocytes from (a) X. laevis and (b) X. borealis (holding potential of —100mV). (c) Peak
amplitude as measured at the end of a 2 s pulse to +100mV. A significant difference was observed between
the two species (unpaired t-test, P=8.3 x 10°). Each data point indicates recording from a single oocyte
(n=22). Several oocytes were used from each of five individual frogs of each species. Data are presented as
mean (dashed line) and 95% confidence intervals.

Ligand-gated ion channels. The two-electrode voltage-clamp method was also applied to a range of
ligand-gated ion channels expressed in X. laevis and X. borealis oocytes. The pH-sensitivity of activation
and steady-state desensitisation for homomeric acid-sensing ion channels (ASICs) were similar between
species for ASICla (Fig. 4a), ASIC1b (Fig. 4b), ASIC2a (Fig. 4c), and ASIC3 (Fig. 4d). To assess any dif-
ferences in the pharmacological properties of ASICs expressed in oocytes from each species, the activity
of two known peptide inhibitors of ASICs was tested. m-TRTX-Pcla (Pcla, also known as PcTx1) inhib-
ited rat ASICla expressed in both X. laevis and X. borealis oocytes with an ICy, of 1 nM (Fig. 4e), which
corresponds well with the reported literature value of 0.9 nM obtained using X. laevis oocytes'. APETx2
inhibited rat ASIC3 expressed in X. laevis and X. borealis oocytes with an ICs, of 65nM and 52nM
(Fig. 4f), in good agreement with the reported value of 61nM for APETx2 in X. laevis oocytes®. We
also found no difference in the concentration-effect curves for GABA activation of the «,3,7,, (Fig. 4g),
sy, (Fig. 4h), and a5y, (Fig. 4i) subtypes of «y-aminobutyric acid type A receptor (GABA,Rs)
when expressed in X. laevis and X. borealis oocytes. There is no evidence of a difference in current
amplitudes for ligand-gated ion channels expressed in X. laevis as compared to X. borealis (Table 1).

Voltage-clamp fluorometry. VCF enables study of the conformational rearrangements undertaken
by ion channels during gating. X. laevis oocytes are the most commonly used expression system for VCF
recordings®!. Although expression of the a;N203C glycine receptor (GlyR) was confirmed in X. laevis
and X. borealis oocytes, a glycine-induced fluorescence change (AF) signal was only observed in X. laevis
(Fig. 5a). Considering the difference in oocyte vitelline membrane strength between the two species
observed upon injecting cRNA, we hypothesised that a difference in this membrane may account for the
lack of AF responses in X. borealis. To test this hypothesis, oocytes were subjected to protease treatment
to disrupt the vitelline membrane. Protease treatment was used to replace manual removal of the vitelline
membrane by forceps for this experiment, as we found complete removal rendered the oocytes extremely
fragile and vulnerable to rupture.

Protease treatment of X. borealis oocytes prior to labelling substantially improved AF responses
(Fig. 5b). This was observed in a time-dependent manner, with a positive correlation between increased
AF and protease incubation time (Fig. 5¢). In contrast, protease treatment of X. laevis oocytes for 1 min
did not increase the AF (Fig. 5¢). Indeed, X. laevis oocytes treated for > 1 min became very fragile and did
not survive impalement by electrodes for VCF recordings. We further investigated the glycine-induced
AF responses and quantified the glycine-induced current (AI) and AF concentration-effect relationships
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Figure 3. Voltage-dependent properties of Ky and Nay channels expressed in X. laevis (@) and X.
borealis (.) oocytes. (a) Current-voltage relationship showing activation of Ky10.1 channels (n=12). (b)
Ky11.1 tail current plotted as a function of voltage to show activation properties (n=9-12). The normalised
deduced conductance (G)-voltage relationships for (c) Nay1.2, (d) Nay1.5, and (e) Nayl1.7 (n=12-17). (f)
The effect of 300nM ProTx-I on current evoked by a depolarisation to -15mV from a holding potential of
—80mV (n=_8-9). There is no evidence of a difference between the two species (unpaired t-test, P> 0.05).
Error bars indicate 95% confidence intervals.

for labelled o N203C (Fig. 6a,b) and a;R271C GlyRs (Fig. 6¢). Both mutants had similar EC, slope,
Al and AF,,, values in X. laevis and X. borealis oocytes (summarised in Supplementary Table S2).

In order to test if the fluorescent dyes were simply not penetrating the vitelline membrane of X. borea-
lis or if the membrane was somehow binding the dye, the level of background fluorescence was measured
for oocytes from both species under a variety of conditions. The background fluorescence of X. laevis
oocytes increased to a similar degree upon sulfo rhodamine methanethiosulfonate (MTSR) labelling
irrespective of protease treatment. In contrast, the background fluorescence of X. borealis oocytes only

increased following protease treatment then labelling (Fig. 7).

Scanning electron microscopy. It was apparent that X. laevis and X. borealis oocytes have dis-
tinct differences in their vitelline membrane properties. To gain further insights into this difference, the
oocyte surfaces were imaged using scanning electron microscopy (SEM) at each time point during the
protease treatment procedure. X. laevis oocytes without protease treatment (Fig. 8a,d) and after 1 min
treatment (Fig. 8b,e) were very similar. In contrast, treatment for 1.5min (Fig. 8c,f) completely removed
the vitelline membrane and exposed the underlying plasma membrane. At low magnification, untreated
X. borealis oocytes (Fig. 8g) largely resemble untreated X. laevis oocytes. However, protease treatment
for 1 min results in a clearly wrinkled vitelline membrane (Fig. 8h,k) and after 1.5min of treatment the
plasma membrane is exposed (Fig. 8i,1).

The higher magnification images more clearly revealed differences in the membranes of X. laevis
and X. borealis oocytes. The vitelline membrane of X. laevis (Fig. 8d) appears to be smoother yet more
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Maximal current (pA)
Ton Channel X. laevis | X. borealis | P value | n number
Ky10.1 21.0£11.8 23.6£8.5 0.49 15
Kyl11.1 1.1+0.8 0.940.2 0.31 14
Nay1.2 53+3.6 8.0+£53 0.16 11
Nay1.5 33+3.0 51+25 0.08 15
Nay1.7 22+14 1.9+05 0.38 12
ASICla 4.8+45 39+3.0 0.44 20
ASIC1b 35+£29 55+42 0.13 20
ASIC2a 3.8+3.0 3.8+37 0.96 18
ASIC3 12+1.1 1.3+£0.8 0.94 23
GABA, a,8yyn 70+23 73+27 | 077 9
GABA, asfyyn 35+17 44+22 | 035 10
GABA, a8y | 3.842.0 39+26 | 0.89 7
GIyR a;N203C 84+05 8.0£2.0 0.63 6
GIyR a,R271C 34+42 27+£12 0.69 6

Table 1. Maximal current amplitudes recorded from exogenous channels expressed in X. laevis and
X. borealis oocytes. Maximal current £ s.d. P values were calculated comparing X. laevis and X. borealis
using an unpaired t-test.

porous when compared to that of X. borealis (Fig. 8j), as evidenced by the uniform distribution of pores.
There was also a notable difference between species in the effect of protease on the vitelline membrane.
The membrane of X. laevis appears largely unaffected after 1 min exposure to protease (Fig. 8e), whereas
the integrity of the X. borealis membrane is obviously compromised and showed substantial wrinkling
(Fig. 8k). The structure and distribution of microvilli projections on X. laevis (Fig. 8f) and X. borealis
(Fig. 81) plasma membranes are also quite distinct. As previously imaged, the X. laevis microvilli show a
flattened surface and appear tightly compressed?>”. In contrast, the X. borealis microvilli are more fila-
mentous and sparsely packed, resulting in what appears to be a more porous plasma membrane structure.

Discussion

We report here the first use of X. borealis oocytes for the functional characterisation of neuronal ion
channels, and identify some potential advantages over the classic X. laevis oocyte expression sys-
tem. Voltage- and ligand-sensitivity, as well as exogenous channel expression levels, were very similar
between the two species and comparable to literature values for all ion channels tested (summarised in
Supplementary Tables S2, S3). The pharmacological profiles of channels expressed in oocytes from each
species were essentially identical in terms of efficacy and potency of small molecules agonists to larger
peptide antagonists. Our results reveal that oocytes from X. borealis are a reliable substitute for X. laevis
oocytes for functional and pharmacological characterisation of ion channels.

Interestingly, we observed reduced maximal current levels of the endogenous Ca®* -activated chlo-
ride channel in X. borealis oocytes. This endogenous current is one of the biggest drawbacks of study-
ing voltage-gated ion channels in X. laevis oocytes?. The current is observed when using high-voltage
pulses and can interfere with interpretation of electrophysiological recordings particularly when stud-
ying current-voltage relationships, or channels that are substantially permeable to Ca?". Considering
an equivalent level of endogenous channel density across the oocyte membrane of both species, it is
expected that the smaller X. borealis oocytes would have a smaller total Ca?" -activated chloride channel
current. However we show that overexpression of exogenous channels is similar between species (Table 1),
and therefore the ratio of exogenous to endogenous current levels would nevertheless be greater for
X. borealis oocytes. Thus, the significantly smaller endogenous current size in X. borealis (Fig. 2) provides
an unexpected advantage over the commonly used X. laevis oocytes.

Additionally, VCF analysis highlighted an electrophysiologically important difference between oocytes
from the two species. Despite the initial lack of fluorescence signal in X. borealis oocytes, we devised a
protease treatment protocol that resulted in an average signal much greater than that observed from X.
laevis oocytes (Fig. 5). This significant improvement in fluorescence signals has the potential to facili-
tate VCF recordings from proteins or specific channel mutants that have previously suffered from poor
fluorescence signals.

The increase in fluorescence signal observed after incubating X. borealis oocytes in protease prior to
labelling suggests that either (i) the vitelline membrane is selectively impermeable to the dyes used or
that (ii) the dye is somehow sequestered by the X. borealis membrane before it can access the channels
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Figure 4. The effect of activating and antagonist ligands on different ASIC and GABA,R subtypes
expressed in X. laevis (@) and X. borealis (M) oocytes. pH-dependence of steady-state desensitisation
(open symbols, dashed lines) and activation (closed symbols, solid lines) of (a) ASICla, (b) ASICIDb, (c)
ASIC2a, and (d) ASIC3 (n=9-12). (e) Concentration-effect curve for inhibition of rat ASICla by Pcla
(n=9-12). (f) Concentration-effect curve for inhibition of rat ASIC3 by APETx2 (n=29). Concentration-
effect curves for GABA activation of the (g) a,8,7,1, (h) as0,7,1, and (i) asB57,; subtypes of GABA 4Rs
(n=19-10). Error bars indicate 95% confidence intervals.

in the plasma membrane. If the second option were true, we would expect to see a large increase in
the background fluorescence of X. borealis oocytes following incubation with the dye prior to protease
treatment. However, we showed that this is not the case, and that the dye appears able to access the free
cysteine on the GlyR mutant only once the vitelline membrane has been compromised by the action of
protease, as we could see using SEM imaging. This suggests that the vitelline membrane of X. borealis
is somehow selectively impermeable to the thiol containing rhodamine dyes. Several ligands (ranging
in size from protons to 4.5kDa peptides) of both ligand- and voltage-gated ion channels studied were
able to freely cross the vitelline membrane and have an equal action in the same time course on oocytes
from both X. laevis and X. borealis. All the ligands used in this study that show no difference in activity
between the species have a net positive charge at physiological pH, whereas MTSR and MTS-TAMARA
are both neutral at pH 7. It could be that the vitelline membrane of X. borealis has unique properties
that impede the permeability of neutral or negatively charged molecules. We are currently investigating
this possibility further. Imaging of the surface morphology of oocytes from both species highlighted a
substantial difference in the structure of the plasma membrane. We noted a dramatic increase in the
fragility of the X. laevis oocytes after vitelline membrane removal as compared to the oocytes from
X. borealis and suggest that the difference in plasma membrane structure could account for this
observation.

Although X. laevis is the most widely used source of oocytes for ion channel studies, the oocytes of
several other species have also been assessed for their suitability as a heterologous expression system for
membrane proteins. Functional expression of the eel electroplax acetylcholine receptor was demonstrated
in oocytes from the Japanese fire belly newt, Cynops pyrrhogaster®. Despite the larger size (1.6-1.9mm
in diameter) and apparently more robust nature of Cynops oocytes as compared to X. laevis oocytes®,
this system does not appear to have been widely adopted for ion channel studies, likely due to limited
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Figure 5. Effect of protease treatment on fluorescence signals (AF) from X. laevis and X. borealis
oocytes expressing the o;N203C GlyR with current induced by 10 uM glycine. (a) Representative current
and fluorescence traces show a significantly greater AF in untreated X. laevis than X. borealis oocytes.

(b) A significant increase in AF was obtained after 1 min treatment with protease for X. borealis, but not X.
laevis, oocytes. Traces from A and B represent separate oocytes. (c) AF of X. laevis and X. borealis oocytes
in all conditions tested (n=7). X. laevis oocytes were not amenable to protease treatment for >1min as
this damaged membrane integrity. P values were calculated in comparison to untreated oocytes from each
species using an unpaired t-test with Welch’s correction (*P < 0.01, **P < 0.001). Error bars indicate 95%
confidence intervals.

availability. The cane toad, Bufo marinus, has also been assessed as a possible substitute source of oocytes,
and was shown to satisfactorily express Ky1.1 channels?”. However, the levels of endogenous background
current were slightly higher in B. marinus oocytes than those from X. laevis. This finding may explain
the observation that oocytes from B. marinus have quite leaky membranes®. Furthermore, B. marinus
oocytes were less effective than those from X. laevis at expressing human amino acid transporters®.
In contrast, oocytes from the axolotl (or Mexican salamander, Ambystoma mexicanum) appear to have
lower levels of endogenous ion channels. In particular they lack the Ca?" -activated chloride channel, a
property that was exploited to aid expression cloning of this channel from Xenopus oocytes and char-
acterisation of mouse orthologues®. Despite the promising discovery of an oocyte with an electrically
cleaner background, Ambystoma oocytes have not become a commonly used model system.

In conclusion, we demonstrated that oocytes from X. borealis are an excellent model system for
expressing exogenous ion channels for electrophysiological and fluorescence studies. We also show that
X. borealis oocytes have a reduced background chloride current, and have the potential to produce a
larger fluorescence signal for VCF recordings after protease treatment. This is of increasing importance
due to the growing number of mutant channels being identified as influential in several human diseases
that need be better characterised.
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Figure 6. Expression of GlyRs in X. laevis () and X. borealis (H) oocytes as determined by voltage-
clamp fluorometry. (a) Example AF traces from oocytes expressing labelled o;N203C GlyR. (b) and (c)
Normalised glycine concentration-effect curves for both current (closed symbols, solid lines) and
fluorescence (open symbols, dashed lines) of MTS-TAMRA labelled «;N203C GlyR and MTSR labelled
a;R271C GlyR using voltage-clamp fluorometry (n=4-6). Error bars indicate 95% confidence intervals.

Methods

Two-electrode voltage clamp of Xenopus oocytes. X. laevis (Xenopus Express) and X. borealis
(Nasco) oocytes were surgically removed from anaesthetised (Tricaine methanesulfonate, MS-222) female
frogs and treated with collagenase (1 mg/ml; Sigma type I) for defolliculation. cRNAs were synthesised
using an mMessage mMachine cRNA transcription kit (Ambion Inc., Austin, TX, USA) and injected into
stage V-VI oocytes at 4-200ng per cell. Oocytes were stored at 17°C in ND96 solution (96 mM NaCl,
1.8mM CaCl,, 2mM KCl, 2mM MgCl,, 5mM HEPES, pH 7.4) supplemented with 2.5mM pyruvic acid,
50pg/mL gentamicin, and either 2.5% horse serum or 0.5mM theophylline. Membrane currents were
recorded 2-10 days after injection under voltage-clamp (Axoclamp 900A or Geneclamp 500B, Molecular
Devices, CA, USA) using two standard glass microelectrodes of 0.5-2 M2 resistance when filled with
3 M KClI solution. Data acquisition and analysis were performed using pCLAMP software (Version 9.2
or 10, Molecular Devices, Sunnyvale, CA, USA). All experiments were performed at room temperature
(18-21°C) in ND96 solution. Experiments containing peptides were performed in ND96 solution con-
taining 0.1% fatty acid free-bovine serum albumin (Sigma). Recordings were performed as previously
described for ASICs***!, GABA ,R*%, GlyR*, K**%, and Na,* channels.

Ethics Statement. This study was carried out in strict accordance with the recommendations in
the Australian code of practice for the care and use of animals for scientific purposes, 8™ Ed. 2013. The
protocol was approved by the Anatomical Biosciences group of the Animal Ethics Committee at The
University of Queensland (Approval Number: QBI/059/13/ARC/NHMRC). All surgery was performed
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Figure 7. Protease treatment affects dye accessibility to channels in the plasma membrane. Effect of
MTS-TAMARA labelling on the background fluorescence of X. laevis (black) and X. borealis (red) oocytes
expressing o;N203C GlyR prior to (untreated, circles) and following protease exposure (1 min treated,
squares) (n=7). Fluorescence readings were normalised to oocytes that had been protease treated then
labelled. Error bars indicate 95% confidence intervals.

under anaesthesia (animals bathed in 1.3mg/ml of MS-222), and all efforts were made to minimise
suffering.

Voltage-clamp fluorometry. This technique permits the real time monitoring of conformational
changes in ion channel domains distant from the gate. It involves introducing a cysteine into the ion
channel domain of interest and covalently labelling it with a sulthydryl-reactive rhodamine deriva-
tive such as MTSR. As the quantum efficiency of the rhodamine depends on the hydrophobicity of
its environment, protein conformational changes occurring in the immediate vicinity of the attached
fluorophore are likely to change the hydrophobicity of its environment and thus produce a fluorescence
change?!. Hence, by monitoring oocyte fluorescence intensity, conformational changes in domains distant
from the channel gate can be monitored in real time. Conformational changes at the channel gate are
monitored simultaneously using two-electrode voltage-clamp. For these recordings, DNA encoding the
a1 GlyR subunit was subcloned into pGEMHE, a plasmid vector optimised for oocyte expression. Two
residues were chosen for fluorophore labelling: N203C in loop C of the glycine binding site, and R271C
at the external end of the TM2 domain. Both sites have previously been characterised extensively using
voltage-clamp fluorometry***7%8. A C41A mutation was incorporated into the a1 GlyR to eliminate the
sole non-crosslinked extracellular sulthydryl group. Site directed mutagenesis was performed using the
QuikChange mutagenesis kit (Stratagene). Successful incorporation of the N203C and R271C mutations
were confirmed through automated sequencing of the entire cDNA-coding region.

On the day of recording, oocytes were transferred into ND96 and stored on ice. For a subset of exper-
iments, a modified version of the previously described approach® for vitelline membrane disruption and
removal was performed by incubating oocytes in ND96 containing 0.5 mg/ml protease (protease type
VIII from Bacillus licheniformis, Sigma-Aldrich) for 1-1.5 min before labelling. Following this, a sequen-
tial wash step was performed by transferring oocytes into fresh ND96 solution five consecutive times. To
label with either MTSR or MTS-TAMRA (Toronto Research Chemicals), oocytes were transferred into
labelling solution containing 10 .M of either compound in ND96 for 25s. The oocytes were then washed
and stored in ND96 for up to 6h before recording. All labelling steps were performed on ice.

We recently described the experimental set up in detail*. Briefly, we employed an inverted microscope
(Eclipse TE300, Nikon Instruments) equipped with a high-Q tetramethylrhodamine isothiocyanate filter
set (Chroma Technology), a Plan Fluor X40 objective (Nikon Instruments) and an H7360-03 photomulti-
plier detection system (Hamamatsu Photonics) attached to the side port of the microscope. An excitation
filter wheel including a shutter and emission filter wheel were controlled through a Lambda 10-2 unit
(Sutter Instruments). A Lambda LS 175W xenon arc lamp served as a light source and was coupled to
the microscope via a liquid light guide (Sutter Instruments). The design of the custom-made recording
chamber has been described®. An automated perfusion system operated by a ValveBank-8 valve control-
ler (AutoMate Scientific) was used for perfusion of the recording chamber. Electrodes were moved by
automated ROE-200 micromanipulators coupled to an MPC-200 controller (Sutter Instruments). Cells
were voltage-clamped at —40mV and currents recorded using a Gene Clamp 500B amplifier (Molecular
Devices). Current and fluorescence traces were acquired at 200 Hz via a Digidata 1322A interface and
pCLAMP 9.2 software.
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Untreated

Xenopus laevis

Xenopus borealis

Figure 8. SEM images of defolliculated X. laevis and X. borealis stage V-VI oocytes prior to and
following protease treatment. Oocytes from X. laevis (a—f) and X. borealis (g-1) were viewed by SEM
following treatment with protease for 1 min (b,e;h,k) and 1.5mins (c,fi]). At higher magnifications the
typically contoured surface and pores of the vitelline membrane of untreated X. laevis (d) and X. borealis
(j) become apparent, scale bar=10pm. One minute protease treatment of oocytes affects the vitelline
membrane of X. laevis (e) and X. borealis (k) differently, scale bar = 10 pm. Microvilli projections on the
plasma membranes of X. laevis (f) and X. borealis (1) oocytes show different morphology and density, scale
bar =2pm. Each panel represents a separate oocyte.

Peptide preparation. Recombinant APETx2 and Pcla were produced as previously described®**.
ProTx-I was synthesised using Fmoc chemistry as described*~.

Data analysis and statistics. All data were analysed using Prism 6.0 (GraphPad Software, San
Diego, CA, USA). The Hill equation was fitted to normalised concentration-response curves to obtain
the half-maximal response (ECs, ICs, or pHsy) and Hill coefficient (nH). Voltage-dependent activation
curves were fit with the Boltzmann equation to obtain the V5 (the voltage corresponding to half-maximal
effect). Data are shown as mean and 95% confidence intervals, and n represents the number of oocytes
for a given experiment (taken from at least three different frogs). Most equivalence testing comparing
X. laevis and X. borealis oocytes was performed using an unpaired Student’s t-test with 95% confidence
intervals. A Welch’s t-test was performed when two populations were not assumed to have equal standard
deviations (see Fig. 5). For both t-tests, it was assumed data was sampled from Gaussian populations,
and P values were calculated from two-tailed tests. P < 0.05 was considered statistically significant, unless
stated otherwise.

Scanning electron microscopy. Oocytes were fixed in 2.5% glutaraldehyde in Modified Barth’s
Solution (88 mM NaCl, 1mM CaCl,, ImM KCl, 1mM MgSO,, 2.5mM NaHCO,;, 5mM HEPES, pH
7.6) at 4°C for 12h. Oocytes were then post fixed in 1% osmium tetroxide for 1h, dehydrated through
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ethanols and finally dried using hexamethyldisilazane (HMDS) (all from ProSciTech, Queensland,
Australia), before being coated with gold. Images were captured using a JEOL JCM5000 Neoscope scan-
ning electron microscope (Laboratory Scientific Engineering).
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