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Abstract A cDNA with 403 nucleotides encoding the precursor
of the toxin PnTx2-6 was cloned and sequenced. Subsequent
analysis revealed that the precursor begins with a signal peptide
and a glutamate-rich propeptide. The succeeding peptide con-
firmed the reported sequence of PnTx2-6. The purified toxin
exerted complex effects on Na* current of frog skeletal muscle.
There was a marked decrease of the inactivation kinetics, and a
shift to hyperpolarizing potentials of both the Na™ conductance
and the steady-state inactivation voltage dependences, along
with a reduction of the current amplitude. The concentration
dependence of the modified current suggests a Kp of 0.8 pM
for the toxin—channel complex. © 2002 Published by Elsevier
Science B.V. on behalf of the Federation of European Biochem-
ical Societies.
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1. Introduction

An important feature of normal Na® channel function is
fast inactivation. It plays a key role in keeping short the
duration of nerve and skeletal muscle action potentials and
is caused by the movement of the intracellular IIIS4-IVS1
linker [1].

The vital role of fast inactivation is unveiled by the exis-
tence of several types of toxins that inhibit it, thus causing
excitatory syndrome that leads to paralysis and death. Toxins
with different structures, and even different chemical natures,
may exert similar effects. Interestingly, many of these toxins
are polypeptides that act on the outside of the membrane, and
affect the movement of the intracellular I1IS4-IVSI1 linker.
Evidence shows that this may occur by altering the coupling
of inactivation to activation [2].

Spider venoms have been used as a potential source of new
compounds with specific pharmacological properties. The
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I Nucleotide sequence data reported are available in the GenBank
database under accession number AY054746.

Phoneutria nigriventer venom is a rich source of bioactive pep-
tides [3,4]. Recently a ¢cDNA library of the P. nigriventer
venom gland was described and used to identify peptides ex-
pressed by the gland cells [5].

Araujo et al. [6] showed that the toxic effect of fraction
PhTx2, which causes the predominant effects of P. nigriventer
venom, could be attributed to an inhibition of Na*t channel
fast inactivation. One of the PhTx2 components is the
P. nigriventer toxin Tx2-6 [7], which we will refer to as
PnTx2-6. In the present study we report the full cDNA se-
quence and the -electrophysiological characterization of
PnTx2-6 effects on Na™ currents, showing that: (1) the time
constant for fast inactivation is greatly slowed; (2) the voltage
dependence of the Na' conductance and of the steady-state
inactivation is shifted to the hyperpolarized direction; (3) the
peak current is decreased at almost all potentials. We also
propose that PnTx2-6 is synthesized as a prepropeptide,
with a signal peptide with 17 residues and a glutamate-rich
intervening propeptide with 17 amino acids. The reported se-
quence of the 48 amino acid mature toxin was confirmed,
including the presence of 10 cysteines.

2. Materials and methods

2.1. Electrophysiological assay

Sodium currents were recorded from frog (Rana catesbeiana) sem-
itendinous muscle using the loose patch clamp technique, as previ-
ously described [6]. Pipettes (tip diameters=14-29 pum) were filled
with a modified Ringer’s solution (in mM: NaCl 115, KCl 2.5, CaCl,
1.8, 4-aminopyridine 10 and HEPES 5.0, pH 7.2), with 0.1% bovine
serum albumin. PnTx2-6 was added to the pipette solution, as appro-
priate. The pipette resistances (Rp) and loose seal resistances (R;)
ranged from 0.24 to 0.62 MQ and 1.20 to 2.65 MQ, respectively.
The loose patch clamp amplifier (Dagan 8900, with probe model
8970) contains an impedance bridge that compensates for R, and
R;, thus keeping the voltage at the pipette tip under control [8]. To
avoid ‘rim currents’, the fibers were maintained depolarized in a bath
solution with 27 mM K* (in mM: sodium acetate 88, potassium
acetate 16, KCI 11, calcium propionate 1.8 and HEPES 5.0, pH 7.2,
adjusted with NaOH), which depolarizes the fibers to —43 mV, there-
by inactivating Na® channels [9]. By hyperpolarizing the membrane
patch to —93 mV (holding potential) for at least 10 min, the fast and
slow inactivation of the sodium channels under voltage control were
selectively removed [6,10]. The bath temperature was kept at 10-12°C,
to slow down Na™ current kinetics.

Tonic currents were filtered (10 kHz low-pass filter) and sampled at
30 kHz with a 12 bit analog-to-digital converter (Engenharia Eletro-
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Eletronica, Sdo Paulo, Brazil). Data acquisition and analysis were
carried out with a suite of programs written in Pascal by P.S.L. Bei-
rdao. The P/4 protocol was used to subtract linear leakage and capaci-
tative currents.

2.2. Screening and identification of PnTx2-6

Standard recombinant DNA techniques were carried out as de-
scribed elsewhere [11]. Using the cDNA library and the methodology
described previously [5], the cDNA encoding PnTx2-6 was obtained.
The clone was sequenced on both strands using the chain termination
method [12] with an automated ALF DNA sequencer (Pharmacia).
Nucleic acid sequences were analyzed and compared using both the
BLAST-X algorithm [13] and PC/GENE software system.

Northern blots were carried out as described previously [5], using
total RNA purified from the venom gland and from the spider body
(without the glands) [14].

2.3. Toxin purification

The venom was fractionated by sequential molecular filtration and
reverse phase chromatography to obtain the neurotoxic fraction
PhTx2, which was chromatographed by reverse phase HPLC on an-
alytical Vydac C18, using an extended linear gradient of acetonitrile
0.1% (v/v) in aqueous solution of trifluoroacetic acid. PnTx2-6 eluted
in a homogeneous peak at 37% acetonitrile (for details see [7]).

2.4. Statistics
The results are expressed as means*S.E.M. Student’s ¢-test
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was used to calculate the statistical significance of differences be-
tween means, considering P < 0.05 an indication of statistical signifi-
cance.

3. Results

3.1. P. nigriventer toxin PnTx2-6 inhibits inactivation of
sodium currents

Control and toxin-treated Na' currents are shown in Fig.
1A. The marked slowing of inactivation can be better appre-
ciated in Fig. 1B, where two representative records are super-
imposed, which also shows that the time course of Na* cur-
rent activation is not altered.

Fig. 1C shows a significant decrease of the peak inward
current density at all potentials, except those lower than
—40 mV. Under control conditions, inward currents activated
in response to depolarizing test pulses at about —45 mV, and
reached a maximum at —13 mV. A close examination of this
figure indicates that PnTx2-6 shifted the activation threshold
to hyperpolarizing potentials, whereas the peak inward Na*
current, although decreased (45% at —13 mV), was not
shifted.
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Fig. 1. Effects of PnTx2-6 on Na™ currents. A: Representative records of Na™ currents in response to step depolarizations, as shown in the in-
set. Left panel: control. Right panel: in the presence of 1 uM PnTx2-6. B: For comparison, control and experimental Na*t currents elicited at
—13 mV were scaled and superimposed. C: Na* current density X voltage in control (open circles, n=12) and in 1 uM PnTx2-6 (closed circles,
n=7). The graph was fitted by the equation Ins = gnamax)*(Vm— V) {1+exp[(Ve—Vm)/K,]}, where gnamax) is the maximal conductance, V, is
the membrane potential, V; is the reversal potential, V, is the potential for half-maximal conductance, K, is the slope factor. The parameters
of control and in the presence of PnTx2-6 are, respectively: gnamax) =34.5%9.4 and 26.5+2.9 mS/em?; V;=67.3%£1.7 and 57.8+1.3 mV;
Ve=—31.5+1.6 and —39.2£2.6 mV and K, =5.5%0.1 and 7.28£0.3.
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Fig. 2. PnTx2-6 alters the voltage dependence of the Na™ conductance and of the steady-state inactivation. A: Normalized peak conductance is
plotted as a function of membrane voltage. Control (open circles, n=12) and experimental (I uM PnTx2-6, closed circles, n="7) points were fit-
ted with the Boltzmann equation: gna/gNa(max) = {1+exp[( Vg—Vm)/Kg]}_l. Best fit parameters for control and experimental data were, respec-
tively: V=—30.3%1.6 and —38.7+2.9 mV; K,=58%0.2 and 7.7+0.4. B: Normalized peak inward current is plotted as a function of the
100 ms prepulse membrane potential. The experimental protocol is shown in the inset. Control (open circles, n=12) and experimental (1 uM
PnTx2-6, closed circles, n=7) points were fitted with the Boltzmann equation: Iva/INa(max) = {1+exp[foVh)/Kh]}*', where V7, is the prepulse
membrane potential, V} is the potential for half-maximal steady-state inactivation, and Kj, is the slope factor for steady-state inactivation. Best
fit parameters for control and experimental data were, respectively: V =—72.8%2.1 and —82.8£2.0 mV; K, =6.7+0.2 and 9.0+ 0.9.

3.2. The Na* conductance and the steady-state inactivation
voltage dependences are changed by PnTx2-6

The observed hyperpolarizing shift (Fig. 1C) suggests that
PnTx2-6 affects the voltage dependence of the Na™ conduc-
tance (gna). Fig. 2A shows the normalized Na*™ conductance
plotted as a function of membrane potential in the absence
and in the presence of 1 pM PnTx2-6. There was a small
(—8.5 mV) but significant shift of its voltage dependence,
which also became less steep, as indicated by the increase of
the slope factor Kj.

The steady-state inactivation in the presence of 1 puM
PnTx2-6 was studied using the protocol shown in Fig. 2B
(inset). PnTx2-6 caused a significant (10.0 mV) hyperpolariz-
ing shift of the voltage where 50% of the channels were in-
activated. These results are similar to those described for the
PhTx2 fraction [6] leading to the conclusion that PnTx2-6 can
account for its major toxic effects.

3.3. Kinetic analysis of PnTx2-6 effect

The striking slowing of the inactivation rate noticed in Fig.
1A was further investigated by studying the time course of
inactivation at different membrane potentials. The inactiva-
tion of control Na™ currents follows a monoexponential de-
cay. It becomes biexponential in the presence of PnTx2-6,
having a fast component with a time constant equal to control
at all potentials, and a slower component, with a time con-
stant one order of magnitude larger (Fig. 3A.B). The slow
time course induced by PnTx2-6 showed a conspicuous dis-
persion of the data, and no voltage dependence could be as-
signed.

We attribute the biexponential behavior of inactivation to
the presence of free and toxin-bound channels, generating the
fast and slow components, respectively, because the fast com-
ponent was not different from control, and the slow compo-
nent was never found in control. In support to this interpre-
tation we observed that the proportion of the slow component

increases with the concentration of PnTx2-6 (Fig. 3C). The
continuous line in the figure represents the best fit of a qua-
dratic hyperbola equation to the experimental data, assuming
a one-to-one binding scheme. The calculated Eyqy) suggests
that PnTx2-6 may be unable to modify completely the Na*
channels.

The recovery from inactivation was also investigated, and
Fig. 3D shows that it is decreased by PnTx2-6.

3.4. Molecular biology of PnTx2-6

One hundred and eighty-five clones, obtained from the ven-
om glands of 15 spiders whose venom had been extracted
2 days before, were analyzed and the sequences obtained
compared to those contained in the GenBank database. Ap-
proximately 10% of the deduced peptide sequences showed
homology to previously known toxins, including one clone
that contained a nucleotide sequence that encoded the previ-
ously reported sequence of PnTx2-6 [7]. Sequence analysis
showed that this cDNA (with 403 bp) contained, at its ends,
a 5" untranslated region composed of 94 bp and a short
3’ untranslated region showing the consensus site for the pol-
yadenylation signal (AATAAA) upstream to the poly(A)
tract.

Total RNA from P. nigriventer body and venom gland were
examined by Northern blot using the cDNA isolated from the
clone PnTx2-6. It showed a single band on the gland RNA of
approximately 400 bp (not shown), supporting the idea that
we have isolate a full length cDNA clone of this toxin. The
open reading frame of the isolated cDNA encode a peptide
(82 amino acid residues) that was longer than the mature
toxin (48 amino acid residues). As shown in Fig. 4, the extra
34 amino acid residues form a sequence that precedes the
toxin peptide. The first 17 amino acid sequence is hydropho-
bic and shows all characteristics of a typical signal peptide
[15], including a consensus cleavage point for a signal pepti-
dase. The intervening propeptide, composed of 17 amino acid
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Fig. 3. Effects of PnTx2-6 on the kinetics of inactivation. A: Time constant of inactivation as a function of potential in control (open circles)
and experimental (1 uM PnTx2-6, closed circles, fast component; closed squares, slow component). The time constants were obtained by fitting
each current decay with the equation: f=aexp(—# Tg.s)+bexp(—1/Tyow), Where ¢ is the time after the current peak and »=0 for control records.
B: The control time constant (open circles) and the fast component in the presence of 1 UM PnTx2-6 are replotted on an expanded scale.
C: The proportion of the slow component [b/(a+b)] obtained by the equation shown in A is plotted at different concentrations (¢) of PnTx2-6.
The curve was drawn with the quadratic hyperbola equation: f= E(nax)c/(Kos+c), where the best fit was obtained with Kps=0.81 uM and
E(max) =0.68. D: The fraction of the sodium current recovered at —125 mV, after a 100 ms pulse to —45 mV that fully inactivated the current,
is plotted against the time allowed for recovery. The protocol is shown in the insert. Data are fitted with the equation: f=1—exp(—#/7;), and
the time constants of recovery (7;) were 1.60+0.14 ms and 2.14 £0.23 ms for control and experimental, respectively.

residues, is rich in glutamate residues and contained an argi- 4. Discussion

nine at the C-terminus. We propose that PnTx2-6 is synthe-

sized and processed as a prepropeptide toxin, as has been In this article we describe the primary structure, processing
shown for the P. nigriventer toxin that act on calcium chan- and effects of P. nigriventer PnTx2-6 toxin. The cDNA se-
nels [5]. quence confirmed the reported structure of the mature toxin

*ok ok

tcggcacgagatcaga ATG AAA GTT GCA ATC CTC TTC CTC TCT ATT TTG GTG CTT GCT GTT GCA AGT
M K \4 A I L F L S I L v L A \%4 A S

GAA TCC ATT GAA GAA TCC CGT GAT GAT TTT GCT GTA GAA GAA TTG GGG AGA
E S I E E S R D D F A v E E L G R

GCC ACA TGC GCT GGC CAA GAC CAG CCC TGC AAA GAA ACT TGC GAC TGC TGT GGA GAG AGA GGA GAA TGT GTT
A T c A G Q D Q P C K E T c D c c G E R G E c v

TGC GGA GGA CCT TGC ATT TGC AGG CAA GGC TAC TTT TGG ATA GCA TGG TAT AAA CTT GCT AAC TGT AAA AAA
[e] G G P [¢] I c R Q G Y F w I A w Y K L A N c K K
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tga tatggatttatgtataccacgatataataaatatattgcatttgaaaaaaaaaaaaaa 323

Fig. 4. cDNA and deduced amino acid sequence of PnTx2-6. The coding region is shown in upper case, with the 5’ and 3’ untranslated regions
in lower case. Initiation (ATG) and stop (TGA) codons are highlighted with asterisks. The hydrophobic region (signal peptide) is in italics, fol-
lowed by the underlined hydrophilic region (propeptide). The mature toxin is in bold characters.
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and showed that it is synthesized as a preprotoxin. The se-
quence of the toxin was found to have no significant identity
with sequences of other species found in BLAST databases.
However, the three-dimensional structures of a number of
peptides, which specifically act on different ion channels,
have been shown to contain similar structural motifs, despite
the lack of sequence homology [16,17]. The similarity of ef-
fects in comparison with the difference in structure may pro-
vide invaluable information of the structural determinants of
each activity.

The presence of a short glutamate-rich propeptide has been
previously described in spider toxin precursors including the
w-agatoxin [A from Agelenopsis aperta [18] and the Tx1 from
P. nigriventer [19], with 35% and 27% sequence identity with
PnTx2-6, respectively. However, its function is still not clear.
Possible roles have been suggested, including targeting to en-
zymes required for post-translational modifications; directing
intracellular trafficking to secretory granules; or a role in
folding, by enhancing the solubility of the nascent chain and
promoting interactions with other cellular factors [20].

PnTx2-6 can be classified as a peptide toxin that alters vol-
tage-dependent gating of sodium channels. Its activity is sim-
ilar to ‘site 3’ toxins, causing a marked slowing of inactivation
[2], without changing the time to reach the peak of the cur-
rent, at all potentials (not shown). In contrast, it also shifts
the voltage dependence of the Na' conductance to negative
potentials and decreases the peak inward current. It has been
demonstrated that procedures that selectively slow the transi-
tion from open to inactivated states may bring on a negative
shift of the conductance voltage dependence, and an increase
(and not a decrease) of the peak current [21]. This is the
typical effect of a-scorpion toxins. On the other hand, B-scor-
pion toxins produce a negative shift of the Na* conductance
and decrease the peak current, without affecting the rate of
inactivation. Our results suggest a complex effect of PnTx2-6
that does not conform to either a typical o- or B-type activity.
Similar effects were reported for robustoxin and versutoxin,
which have a pronounced effect on sodium channel inactiva-
tion, and simultaneously decrease the peak inward current
and shift both the Na® conductance and the steady-state in-
activation voltage dependences to negative potentials. In con-
trast, 1 s depolarizing (—40 mV) prepulses failed to fully in-
activate a significant fraction of Na* channels [22], not seen
with PnTx2-6 (Fig. 2B). It was also reported that robustoxin
produces a significant increase in the kinetics of Na™ channel
recovery from inactivation, differently from PnTx2-6 (Fig.
3D).

In summary, the main action of PnTx2-6 is to slow down
sodium channel fast inactivation. This effect is followed by
significant changes in the voltage dependence of both the
Na' conductance and the steady-state inactivation, which
suggests a mechanism somehow different from the classical
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o-toxins. Further binding studies are required to identify if
PnTx2-6 competes with o-scorpion toxin binding. Neverthe-
less, the present study brings up the indication that PnTx2-6
can modify Na* channel inactivation and paves the way for
further investigation exploring the existence of a macrosite,
where different toxins with diverse structures may elicit similar
pharmacological responses.
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