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Several peptide families, including insect antimicrobial pep-
tides, plant protease inhibitors, and ion channel gating modifi-
ers, as well as blockers from scorpions, bear a common CSaf3
scaffold. The high structural similarity between two peptides
containing this scaffold, drosomycin and a truncated scorpion
B-toxin, has prompted us to examine and compare their biolog-
ical effects. Drosomycin is the most expressed antimicrobial
peptide in Drosophila melanogaster immune response. A trun-
cated scorpion f3-toxin is capable of binding and inducing con-
formational alteration of voltage-gated sodium channels. Here,
we show that both peptides (i) exhibit anti-fungal activity at
micromolar concentrations; (ii) enhance allosterically at nano-
molar concentration the activity of LqhaIT, a scorpion alpha
toxin that modulates the inactivation of the D. melanogaster
voltage-gated sodium channel (DmNa,1); and (iii) inhibit the
facilitating effect of the polyether brevetoxin-2 on DmNa,1 acti-
vation. Thus, the short CSaf scaffold of drosomycin and the
truncated scorpion toxin can maintain more than one bioactiv-
ity, and, in light of this new observation, we suggest that the
biological role of peptides bearing this scaffold should be care-
fully examined. As for drosomycin, we discuss the intriguing
possibility that it has additional functions in the fly, as implied
by its tight interaction with DmNa,1.

The cysteine-stabilized af3 scaffold, CSa3, contains an a-he-
lix packed against a two-stranded -sheet stabilized by three
spatially conserved disulfide bonds (reviewed in Ref. 1). The
CSaf motif appears in a number of polypeptide families that
can exert various biological functions such as: short chain
(30-50 residues long) and long chain (60-76 residues long)
scorpion toxins that affect voltage-gated ion channels, antimi-
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crobial peptides (of insect and plants) as well as plant protease
inhibitors (see Fig. 1) (2, 3).

Analysis of the structure-function relationships of several
representatives of a subclass of the long chain scorpion toxins
family, the scorpion B-toxins (activators of voltage-gated
sodium channels (Na,s)®), elucidated their bioactive surfaces
including those of the anti-insect excitatory and depressant
toxins Bj-xtrIT and LqhIT2 (from Hottentota judaica and Leiu-
rus quinquestriatus hebraeus, respectively (4 - 6)) and the anti-
mammalian B-toxin Css4 (from Centruroides suffusus suffusus
(7)). These studies highlighted a conserved pharmacophore
positioned on the CSaf3 protein core (7). The C-tail, loops,
turns, and unstructured stretches that connect to the CSaf3
protein core in long chain scorpion toxins constitute a large
portion of their exteriors and bear residues that participate in
bioactivity (reviewed in Ref. 8). We have recently reported that
truncated scorpion B-toxins, lacking the N- and C-terminal
regions of the parental peptides but maintaining the CSaf3
motif (AAB-toxins), are able to interact at high affinity with
Na,s (9). Although by themselves, the AAB-toxins (AACss4 and
AAB;j-xtrIT) were nontoxic and did not bind at the receptor
sites of the parental toxins, they exhibited an unexpected ability
to allosterically facilitate the activity of a scorpion a-toxin (inhi-
bition of Na, fast inactivation), which binds at receptor site-3
on insect Nas (10), and the effect of the marine polyether toxin
brevetoxin-2 (PbTx-2, facilitator of Na, activation), which
binds to receptor site-5 (11). However, a short chain potassium
channel blocker (charybdotoxin) with a CSaf3 structural fold
did not exert any of these effects (9). These results indicated
that it is not only the CSa8 motif but that specific amino acids
at key sites on the protein exterior that can interact with ion
channels and either block voltage-gated potassium channels or
induce conformational alteration of voltage-gated sodium
channels. From a structural viewpoint, the ability of AABj-xtrIT
and AACss4 to bind to the Na,, as manifested in modulation of
the interaction of receptor site-3 and -5 ligands, suggests that by
truncation of the two 3-toxins, a masked functional surface was
exposed. Because the CSaf3 motif appears in several protein
families including antimicrobial peptides, potassium channel
blockers, and sodium channel gating modifiers (Fig. 1) (2, 3), we
explored the possibility that a well characterized CSa3 peptide

® The abbreviations used are: Na,, voltage-gated sodium channel; DRS, droso-
mycin; AABj-xtrIT, truncated Hottentota judaica excitatory toxin; AACss4,
truncated Centruroides suffusus suffusus toxin 4; DmNa,, 1, Drosophila mela-
nogaster voltage-gated sodium channel; PbTx-2, brevetoxin-2.
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FIGURE 1. Diversity of peptides containing the CSa3 motif. Representatives from each of five major groups of peptides containing a CSa8 motif are aligned
according to their conserved disulfide bridging and common structural features: two B-strands packed against an a-helix. The featured molecules are from a
diverse array of organisms. Scorpion a-toxins: P01484 (Aah2 of the North African scorpion Androctonus australis hector), AAB30413 (Ts4 of the Brazilian scorpion
Tityus serrulatus); Scorpion B-toxins: P60266 (Css4 of the Mexican scorpion Centruroides suffusus suffusus), 1BCG_A (Bj-xtrIT of the Israeli black scorpion
Hottentota judaica); Scorpion potassium channel blockers: P13487 (charybdotoxin of the Israeli yellow scorpion Leiurus quinquestriatus hebraeus), POC194
(a-KTx 6.11 of the scorpion Opisthacanthus madagascariensis of Madagascar); Insect antimicrobial peptides: NP_523901 (drosomycin of the fruit fly Drosophila
melanogaster), 112U_A (heliomicin of the tobacco budworm Heliothis virescens); plant y-thionins: TN4N (defensin of the garden petunia Petunia hybrida),
AALB5480 (defensin of peach Prunus persica), AAM62652 (protease inhibitor Il of the thale cress Arabidopsis thaliana).

may exert an additional function known for other peptides
bearing this scaffold.

For this aim, we tested the ability of a well characterized
Drosophila melanogaster anti-fungal peptide drosomycin
(DRS) to interact with voltage-gated sodium channels. The
solution structure of DRS indicates that this 44-amino acid pep-
tide is cross-linked by four disulfide bonds, of which three
render a CSaf3 structural fold (Fig. 2) (12). Sequence compari-
son of the truncated scorpion -toxin AACss4 with DRS indi-
cates moderate identity (34%) and similarity (50%), including
conservation of six cysteine residues that stabilize the CSaf3
motif, which is manifested by a remarkable structural similarity
(Fig. 2). Moreover, Lys-3, Asp-11, Asn-12, Glu-13, GIn-21, and
GIn-22 of AACss4, which are involved in the interaction with
insect Nas, are spatially conserved in DRS (Fig. 2) (9) but not in
potassium channel blockers (Fig. 1). In light of the resemblance
between the truncated scorpion -toxin and DRS, we tested
whether DRS is able to interact with the D. melanogaster volt-
age-gated sodium channel DmNa,1.

EXPERIMENTAL PROCEDURES

Neuropeptides—The expression and purification of DRS
were carried out as described previously for a disulfide-bridged
neurotoxin (13). Briefly, the sequence encoding the mature
drosomycin was amplified via PCR from D. melanogaster
genomic DNA and cloned into the Ncol and BamHI sites of
a pET-32b expression vector derivative used for transforma-
tion of Escherichia coli strain Rosetta-gami (Novagen). The
recombinant DRS, fused to thioredoxin and a His, tag, was
purified on a HisTrap® affinity column (GE Healthcare), and
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FIGURE 2. Sequence alignment and three-dimensional structures of
AACss4 and DRS. A, schematic diagrams of the Ca model structures of
AACss4 and DRS covered by semitransparent molecular surfaces. The struc-
ture of DRS (right panel) is derived from the Protein Data Bank code TMYN.The
AACss4 model (left panel) is based on the NMR structure of Cn2 (Protein Data
Bank code 1Cn2) and is spatially aligned with that of DRS. A was prepared
using PyMOL. B, sequences were aligned according to the conserved cysteine
residues, and the disulfide bonds formed between cysteine pairs are marked
insolid lines. Dashes indicate gaps. Amino acid residues that were identified as
part of the interacting surface of AACss4 with insect Na,s (9) are shown in
sticks according to their chemical nature (blue, positive charge; red, negative
charge; green, nonpolar) and are also highlighted in the sequence alignment.
Corresponding residues in DRS according to sequence and structural align-
ments are also shown in sticks.

the tag and thioredoxin were cleaved with thrombin. DRS
was purified using a Resource® 3-ml reverse phase high pres-
sure liquid chromatography column (GE Healthcare). The
molecular mass of the recombinant DRS was confirmed by
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mass spectroscopy (predicted, 5,252.1 g/mol; measured,
5,251.9 g/mol).

The truncated scorpion B-toxins AACss4 and AABj-xtrIT
were produced as described previously (9). The scorpion
a-toxin LghalT was produced in recombinant form as was
described previously (14). Brevetoxin 2 (PbTx-2) was pur-
chased from Latoxan (Valence, France).

Antifungal Activity—Botrytis cinerea strain B05-10 was cul-
tured on potato dextrose agar at 22 °C. Colletotrichum gloeos-
porioides forma specialis aeschynomene strain 3.1.3 was cul-
tured on Emerson YpSs agar medium at 28 °C. Spores were
collected from 7-day old (B. cinerea) or 5-day old (C. gloeospo-
rioides) cultures by washing the plates with 5 ml of potato dex-
trose broth or regeneration medium, respectively. The spores
were counted, diluted to a final concentration of 10° spores/ml,
and then dispensed into 48-well plates (0.5 ml/well). The plates
were incubated under continuous light at 22 °C (B. cinerea) or
28 °C (C. gloeosporioides) with constant agitation at 150 rpm.
The AAB-toxins or DRS were added to the wells (in dupli-
cate) from stock solutions, and the effect on growth was
determined by measuring the absorbance at 600 nm after 24
and 48 h. The inhibition of growth was normalized to the
growth without peptides. Heat-inactivated spores were used
as a blank reference.

Toxicity Assays—Third instar D. melanogaster larvae (wild
type Canton-S strain) were injected with 100 nl of toxin or
toxins mixture by a pooled glass capillary mounted on a micro-
dispenser under a x40 magnification. Four-day-old Sar-
cophaga falculata larvae (150 = 20 mg body weight) were
injected intersegmentally with five to seven concentrations of
each toxin or mixture of toxins (nine larvae in each group) in
three independent experiments. ED, (effective dose) values for
both species were calculated as was described previously (15). A
positive result for LqghalT was scored when a characteristic
contraction paralysis was observed 1-5 min postinjection.
(Longer durations did not change the ED, values.) LghaIT and
DRS were mixed at various ratios, and the ED, of each mixture
was scored. When a mixture of a toxin and DRS was injected
at doses close to its ED;, value, the contraction paralysis
developed at a slower rate, and, therefore, it was scored after
10-15 min.

Two-electrode Voltage Clamp Experiments—The cloned
c¢DNA encoding for the D.melanogaster sodium channel
a-subunit (DmNa,1) and the auxiliary TipE subunit were
kindly provided by J. Warmke, Merck, and M. S. Williamson,
Division of Plant and Invertebrate Ecology-Rothamsted, UK,
respectively. These cDNAs were transcribed in vitro using T7
RNA-polymerase and the mMESSAGE mMACHINE™ sys-
tem (Ambion, Austin, TX), and the cRNAs were injected into
Xenopus laevis oocytes as was described (16). Currents were
measured 1-2 days after injection using a two-electrode voltage
clamp and a GeneClamp 500 amplifier (Axon Instruments,
Union City, CA). Data were sampled at 10 kHz and filtered at 5
kHz. Data acquisition was controlled by a Macintosh PPC
7100/80 computer equipped with ITC-16 analog/digital con-
verter (Instrutech Corp., Port Washington, NY), utilizing Syn-
apse (Synergistic Systems). Capacitance transients and leak
currents were removed by subtracting a scaled control trace
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utilizing a P/6 protocol. Bath solution contained 96 mm NaCl, 2
mm KCl, 1 mm MgCl,, 2 mm CaCl,, and 5 mm HEPES, pH 7.85.
Oocytes were washed with the bath solution using a BPS-8 per-
fusion system (ALA Scientific Instruments, Westbury, NY)
with 4 p.s.i. positive pressure. Toxins were diluted with bath
solution and applied directly to the bath to the final desired
concentration.

RESULTS

To clarify whether the structural similarity between DRS and
the truncated scorpion toxins is manifested at the functional
level, we examined their antifungal and sodium channel activi-
ties. The recombinant DRS inhibited the growth of two fungal
species, B. cinerea (~50% inhibition at 1.5 um) and C. gloeospo-
rioides (~50% inhibition at 15 um), similar to the inhibition of
fungal growth reported for the recombinant (17) and native
DRS (isolated from flies after septic injury) (18). Notably, both
AACss4 and AABj-xtrIT also inhibited the growth of C. gloeos-
porioides (~50% inhibition at 15 uMm) but not the growth of
B. cinerea. Different patterns of preference toward various spe-
cies of fungi were previously reported for DRS and its homo-
logues (17, 18).

Analysis of DRS at concentrations up to 5 um on DmNa,1
expressed in X. laevis oocytes has shown no effect on the con-
ductance and gating properties (Fig. 3). However, as we have
recently demonstrated, the interaction of various peptides with
Na,s can be monitored indirectly by the allosteric effects
imposed upon the activity of another channel ligand (9, 15).
Using this sensitive assay, we examined whether the inhibitory
effect of the scorpion a-toxin LghalT (a site-3 Na, ligand) on
DmNa,1 inactivation would be modulated by DRS. LghalT
increased the Na™ peak current and inhibited DmNa,1 fast
inactivation with an EC.,0f 2.6 = 0.2 nm (Fig. 44) (9, 13). When
LghodT was applied together with DRS in a 1:50 molar ratio, the
EC;,0f LqghalT in the context of the mixture dropped markedly
to 0.9 = 0.2 nm (Fig. 4A4). Analysis of the enhancement induced
by DRS at a constant LghalIT concentration indicated facilita-
tion of the a-toxin activity in a dose-dependent manner with an
EC,, of 56 = 11 nm (Fig. 4B). These data implied that DRS
interacted with DmNa,1, and, therefore, we examined its allo-
steric effect on the activity of PbTx-2 (a site-5 Na, ligand).
Whereas PbTx-2 at a concentration of 0.5 uM shifted the volt-
age dependence of DmNa, 1 activation to more hyperpolarizing
membrane potentials, pre- or co-application of PbTx-2 in a 1:2
molar ratio with DRS strongly suppressed this effect (Fig. 4C).
Thus, the ability of DRS to allosterically modulate the activity of
various Na, ligands indicates that it binds to the sodium chan-
nel and induces a conformational alteration.

We further examined the interaction of DRS with the
D. melanogaster Na, in vivo. LgholT, DRS, or a mixture of both
were injected into third instar larvae, and the paralytic effects
were monitored. LqhalT induced contraction paralysis of the
larvae with half-maximal ED,, of 35 pg/larva. The effect of
LghodT was strongly enhanced by co-injection with DRS (1:20
molar ratio), and the mixture ED,, dropped ~4-fold to 8
pg/larva. It should be noted that DRS by itself induced weak
symptoms of contraction paralysis in the larvae only at doses
>5 ng/larva (>30-fold higher than those required for facilita-
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FIGURE 3. DRS has no effect on the gating properties of DmNa, 1. A, cur-
rents induced by a test pulse (50 ms) ranging from —80 to 0 mV (5 mV incre-
ments) of oocytes expressing DmNa, 1/TipE. Left panel, control; right panel, 5
um DRS. B, conductance-voltage relationship of DmNa, 1 (open circles; Vo s =
—19.1 £0.5mV,K= 5.5 % 0.4),and in the presence of 5 um DRS (black circles;
Vos = —20.7 = 0.7 mV, K = 5.5 * 0.5). G/Gmax, relative conductance.
C, steady-state fast inactivation was determined from holding potential of
—80 mV using a series of 50 ms prepulses from —80to —0 mVin 5 mV incre-
ments prior to the test pulse (50 ms) to — 10 mV. The steady-state inactivation
of DmNa, 1 (open circles) fits a Boltzmann function with V, s = —45.6 = 0.1 mV
(k =3.4 = 0.1),and in the presence of 5 um DRS (black circles) Vo s = —44.7 +
0.1 mV (k = 4.3 = 0.1). I/Imax, relative current.
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tion of LqhalT activity). To better quantify this enhancing
effect, toxicity assays were performed on the larger and more
robust larvae of S. falculata. Although S. falculata belongs to a
different fly superfamily, DRS increased by 6-fold the toxicity of
LgholT toward these larvae in a dose-dependent manner, with
an EC,, of 14 ng/100 mg larvae (~30 nm, assuming that the
weight of the larva equals its volume) (Fig. 5).

DISCUSSION

Here we show that a naturally occurring antifungal peptide
with a structural scaffold common to toxins that target ion
channels interacts with a voltage-gated sodium channel. Droso-
mycin enhances allosterically the activity of LqhalT, a scorpion
a-toxin that modulates the inactivation of the D. melanogaster
voltage-gated sodium channel (DmNa,1), and inhibits the facil-
itating effect on DmNa,1 activation induced by the marine
polyether brevetoxin-2 (Fig. 4). These results are highly similar
to those obtained for the truncated B-toxins (9), probably due
to the remarkable structure similarity as well as the spatial con-
servation of residues important for these activities in DRS and
AACss4. This supports the hypothesis that drosomycin and
scorpion toxins that affect ion channels, both harboring the
CSaf motif, might have evolved from a common progenitor
(2, 3). Moreover, DRS, AACss4, and AABj-xtrIT induce both
antifungal activity and allosteric conformational alteration of
Na,s. These intriguing results suggest that a peptide with a
CSap scaffold can exert two different functions, and it seems
that the chemical nature of the amino acid presented on this
scaffold determines the peptide activities. Indeed, charybdo-
toxin, which adopts a CSa scaffold, lacks the ability to modu-
late Nas as the positions that enable the activity of AACss4 are
not conserved in this potassium channel blocker (Fig. 1) (9).
Because CSaf3 peptides may support more than a single bio-
logical activity with different potencies, we suggest that the
biological role of such peptides should be carefully reexam-
ined to explore other potential functions that might have
been overlooked.

The systemic antimicrobial response of D. melanogaster is
triggered by pathogen infiltration through the cuticle, causing
transient synthesis of antibacterial and antifungal peptides (19).
Septic injury of D. melanogaster larvae or adults induces the
transcription and translation of these peptides, of which DRS is
the most prominent (18). The gene encoding DRS is a member
in a family of seven homologous clustered loci (17, 20), of which
the transcription of Drs, dro3, dro4, and dro5 was demonstrated
(21), and microarray analysis has shown that fungal infection of
D. melanogaster leads to notable up-regulation of Drs and droS
transcription (22). Remarkably, DRS concentration in the fly
hemolymph can reach 100 um ~24 h postinfection (23, 24),
probably to compensate for its relatively low antifungal potency
(this work and Ref. 17). Still, despite the extensive documenta-
tion of its effect on fungi, the mechanism of action of DRS and
its molecular targets are unknown at present.

The ability of DRS to interact with DmNa,1 suggests that it
might affect this channel as a result of pathogen infiltration, but
the biological outcome of this interaction is yet to be deter-
mined. The sensitivity of available drosomycin-deficient strains
such as Drs knock-out and knockdown or Toll receptor
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FIGURE 5. Enhancement of LghalIT toxicity by DRS. Dose-response curve
for toxicity of LghalT upon injection to S. falculata larvae in the presence of
increasing concentrations of DRS. Forty larvae were used to generate each
data point, which represents the ED., equivalent of LghalT in the presence of
the indicated dose of DRS. The half-maximal dose of DRS (ECs,) that increases
the toxicity (decrease in EDs,) of LghalT is 14 ng/100 mg larvae. Maximal
enhancement in LghalT toxicity (~600%) is achieved in the presence of less
than 200 ng of DRS.

(upstream regulator of drosomycin) knock-out strains, to
LghodT injection will probably be similar to the sensitivity of
wild type flies used in this study, as the expression of drosomy-
cin is already very low in noninfected wild type strains (18).
Therefore, such strains will not be effective in testing the in vivo
existence and biological role of the suggested interaction
between the native DRS and DmNa,1. Ideally, a Drosophila
strain that mimics specifically the response of the Drs locus to
an immune challenge (exclusive overexpression of Drs under
inducible conditions) may help answer these questions. How-
ever, as far as we are aware, only a constitutively expressing DRS
strain has been reported thus far (25).

As DRS effect at the fly Na, is observed at nM concentrations
(Figs. 4 and 5), it is plausible that already at low concentrations

FIGURE 4. Modulation of the effects of gating modifiers at DmNa,1 by
DRS. Oocytes expressing DmNa, 1/TipE were clamped at —80 mV, and cur-
rents were elicited by step depolarizations of 50 ms to —10 mV. A, increasing
concentrations of the toxin and toxin mixture with DRS were applied, and
their relative effects on the current inactivation (sustained current) at —10 mV
were determined after 50 ms. Activity of LghalT (empty symbols; ECs, = 2.6 +
0.2 nm; n = 4) and LghalT in a mixture with DRS (filled symbols; 1:50 molar
ratio) on DmNa, 1 provided an EC., value of 0.9 = 0.2 nm, n = 3. Inset, repre-
sentative current traces from a single cell. g, control; b, 0.5 nm LghalT; ¢, 25 nm
DRS + 0.5 nm LghalT. B, dose-response curve for the enhancement of LghalT
effectinduced by increasing concentrations of DRS with an EC5, value of 56 =
11 nm (n = 4). LghalT at 0.5 nm induces 8% inhibition of channel steady-state
fast inactivation (see inset and the @*). Inset, traces from a single cell used for
the analysis of the dose response shown in Fig. 2B. C, inhibition of PbTx-2
effect by DRS. Alteration in conductance-voltage relations of DmNa, 1/TipE by
PbTx-2 in the presence and absence of DRS. Toxin concentrations and the
activation parameters (Vi,, in mV and k value, respectively) are: control,
—15.9 = 0.2 and 5.1 = 0.2; PbTx-g (0.5 um) —27.7 = 0.3 and 7.3 = 0.9; Drs
(5 um), —14.9 = 0.6 and 5.3 = 0.4; PbTx-2 + DRS (0.5 + 1 um, respectively),
—14.9 £ 0.9and 5.5 + 0.3. The datarepresent the mean = S.E. of at least three
independent experiments. Inset, DmNa, 1 currents from a single cell induced
by a test pulse to —25 mV in the presence of control (a); 0.5 um PbTx-2 + 1 um
DRS (b); 0.5 um PbTx-2 (c).
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in the fly hemolymph, shortly after an environmental stimulus,
such as infection, DRS triggers a distinct response via interac-
tion with DmNa_ 1. Notably, Drs and drs4 transcripts have been
identified by microarray analysis in the Drosophila brain and
thoracic-abdominal ganglia (FlyAtlas (21)). Moreover, Drs is
highly transcribed in the BG2 cell line, which has originated
from a D. melanogaster neuronal source (26; FLIGHT Data-
base), suggesting that it might also be expressed next to its
neuronal target. This observation suggests that DRS might act
as a neuropeptide in the fly central nervous system. In this
respect, it is interesting that some DRS homologues do not
display any noticeable antifungal activity but are still tran-
scribed (17) and therefore may possess other physiological
roles. Interestingly, a study involving dozens of alleles of Drs
and its homologues from several Drosophila species indicated
that these loci were mostly subjected to purifying selection dur-
ing their evolution, which resulted in strong conservation of the
sequence of their peptide products (20). This may seem puz-
zling as many immune system related genes in insects are sub-
jected to positive selection, which results in accelerated evolu-
tion and high sequence variability, thereby increasing the
number of pathogen targets recognized and eliminated by the
immune system (e.g Ref. 27). Such unexpected conservation
may be explained if DRS or some of its homologues also bind to
a conserved target such as DmNa_1. Overall, the ability of DRS,
a major component of the Drosophila innate immune system,
to bind and induce conformational alteration of the fly voltage-
gated sodium channel is highly intriguing and paves new ave-
nues in the study of the cellular targets and mode of action of
peptides of this category. Additionally, this study raises ques-
tions regarding a possible interaction between the fly immune
and nervous system.
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