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ABSTRACT APETx3, a novel peptide isolated from  
the sea anemone Anthopleura elegantissima, is a naturally 
occurring mutant from  A P E T xl, only differing by a Thr 
to Pro substitution at position 3. APETxl is believed to 
be a selective modulator o f  human ether-á-go-go related 
gene (hERG) potassium channels with a Kd o f  34 nM. In 
this study, A PETxl, 2, and 3 have been subjected to 
an electrophysiological screening on a wide range o f  
24 ion channels expressed in Xenopus laevis oocytes: 
10 cloned voltage-gated sodium channels (Nav 1 .2- 
Nav 1.8, the insect channels DmNav l ,  BgNav l - l a ,  and 
the arachnid channel VdNav l)  and 14 cloned voltage- 
gated potassium channels (K y l.l—K yl.6, Kv2 .1, Kv3 .1, 
Kv4.2, Kv4.3, Kv 7.2, Kv7.4, hERG, and the insect 
channel Shaker IR). Surprisingly, the Thr3Pro substitu­
tion results in a com plete abolishment o f APETx3 
modulation on hERG channels and provides this toxin  
the ability to becom e a potent (ECgo 276 nM) modula­
tor o f voltage-gated sodium channels (Navs) because it 
slows down the inactivation o f mammalian and insect 
Nav channels. Our study also shows that the hom olo­
gous toxins APETxl and APETx2 display promiscuous 
properties since they are also capable o f  recognizing 
Nav channels with IC50 values o f  31 nM and 114 nM, 
respectively, causing an inhibition o f  the sodium con­
ductance without affecting the inactivation. Our results 
provide new insights in key residues that allow these sea 
anemone toxins to recognize distinct ion channels with 
similar potency but with different modulatory effects. 
Furthermore, we describe for the first time the target 
promiscuity o f  a family o f  sea anemone toxins thus far 
believed to be highly selective.— Peigneur, S., Béress, 
L., Möller, C., Mari, F., Forssmann, W.-G., Tytgat, J. A  
natural point mutation changes both target selectivity 
and mechanism o f action o f sea anemone toxins. 
FASEB J. 26, 5141-5151 (2012). www.fasebj.org

A bbreviations: APETx, Anthopleura elegantissima toxin; ASIC, 
acid-sensing ion  channel; hERG, h u m an  ether-á-go-go re la ted  
gene; HW TX, huw entox in ; Kv  channel, voltage-gated potas­
sium  channel; Nav  channel, voltage-gated sodium  channel; 
RP-HPLC, reverse-phase h igh-perform ance liqu id  ch rom atog­
raphy; TTX, te trodo tox in
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V o l t a g e - g a t e d  s o d i u m  c h a n n e l s  (Nav channels) are 
transm em brane p ro te in  com plexes th a t are  constitu ted  
o f an  a-subun it o f ~ 2 6 0  kDa an d  u p  to  4 auxiliary 
ß-subunits ( ß l - 4 )  o f  3 0 -4 0  kDa. T he pore-form ing 
a -subun it alone is sufficient to ob tain  sodium  curren t; 
however, coexpression o f ß-subunits m odifies expres­
sion level, kinetics, an d  voltage d ep en d en ce  o f channel 
gating (1). T he a -subun it is organized in  4 hom ologous 
dom ains (D I-IV ). Each dom ain  consists o f 6 putative 
transm em brane segm ents (S1-S6) connected  by extra­
cellular o r  in tracellu lar loops. T he S4 segm ents are  die 
m ost conserved segm ents, an d  they contain  a basic 
residue, e ith er Lys o r Arg, in  every th ird  position. These 
positively charged  S4 segm ents are  believed to function  
as voltage sensors. They tran sp o rt gating  charges by 
m oving outw ard on  m em brane depolarization , thus 
in itiating  d ie vo ltage-dependent activation, w hich re­
sults in  d ie open in g  o f d ie  channel. T he selectivity filter 
an d  po re  are  form ed by d ie  transm em brane segm ents 
S5 an d  S6 a long  with d ie  re e n tra n t segm ents tiiat are 
p a rt o f  the  loop th a t connects the  S5 an d  S6 o f each 
dom ain. T he sh o rt in tracellu lar linker tiiat connects 
d ie D ili an d  DIV contains a highly conserved sequence 
o f 3 hydrophobic  residues (Ile, Phe, an d  M et) o r IFM 
m otif. Sodium  channel inactivation is m edia ted  by tiiis 
hydrophobic  motif, since it serves as an  inactivation 
gate crucial fo r causing fast inactivation by b ind ing  to a 
recep to r. This inactivation gate recep to r is located  n ea r 
o r w itiiin d ie  in tracellu lar m o u th  o f d ie  sodium  chan­
n el pore.

Sea anem ones have becom e “m edicinal chem ists” o f 
u n p reced en ted  skills by evolving a un ique  pep tide
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biochem istry an d  neuropharm aco logy  to develop com ­
pon en ts  th a t ensure com plete shutdow n o f the  nervous 
system o f th e ir  prey. A lthough a n u m b er o f sea anem ­
one toxins have b een  isolated an d  characterized, these 
anim als rem ain  un d erstu d ied  in  com parison with o th e r 
venom ous anim als, such as scorpions, spiders, eone 
snails, an d  snakes. Sea anem ones are  a know n p h arm a­
cological treasure o f biological active com pounds act­
ing  on  a diverse panel o f ion  channels, such as Nav and  
voltage-gated potassium  (Kv) channels, TRPV1 chan­
nels, o r acid-sensing ion  channels (ASICs) (2 -4 ) . O u t 
o f this group , toxins th a t target sodium  channels are 
the best stud ied  so far, w ith > 100  know n toxins (5). Sea 
anem one  sodium  channel toxins can be divided in to  3 
structural classes, based o n  the ir structu ral differences 
an d  activity profile (4, 6 - 8 ) .  All toxins belonging  to 
diese th ree  classes exert d ie  sam e pharm acological 
activity. They are  believed to  b ind  to the  channel a t 
recep to r site 3. O n  b ind ing  a t site 3, tiiese toxins trap  
d ie voltage-sensing segm ent S4 o f DIV in its inward 
position: this prevents d ie  no rm al outw ard m ovem ent 
o f the  voltage sensors an d  herew itii d ie  conform ational 
changes necessary fo r fast inactivation (9).

To date, 7 toxins from  Anthopleura elegantissima have 
b een  isolated an d  characterized: APE1-1, APE1-2, 
APE2-2, an d  ApC, w hich are type 1 sodium  channel 
toxins; an d  A PETxl, a m odifier o f  tile h u m an  e tiie r a 
go-go re la ted  gene (hERG) K+ channel; APETx2, 
w hich specifically inhibits ASIC3; an d  APEKTxl, a 
p o te n t an d  selective Kv l . l  in h ib ito r (8, 10-13). 
A PETxl has b een  well characterized, an d  it was first 
rep o rted  to be a selective m o d u la to r o f  hERG  channels 
with an  ECS0 value o f 34 nM, a lthough  it also exerts 
som e activity over o th e r  Kv channels a t h ig h er concen­
trations (Supplem ental Fig. SI an d  ref. 10). It is 
th o u g h t th a t A PETxl b inds to tile ou te r vestibule o f die 
hERG channel. T oxin b ind ing  causes a shift in  tile 

voltage d ep en d en ce  o f  b o th  activation an d  inactivation 
curves, resu lting  in  a blockage o f the potassium  cur­
ren t. N ote th a t full inh ib ition  is n o t observed, even at 
h igh  concentrations. Its in terac tion  with hERG chan­
nels is voltage d ep en d en t, an d  it suggests th a t APETxl 
exerts a p re fe ren tia l affinity fo r the  closed state o f  the 
channel (10, 14). F u rth e r stractu re-function  studies 
have h igh ligh ted  am ino acids o n  the hERG channel, 
w hich are key residues for A PETxl in terac tion  (15).

APETx2 was found  to be a p o ten t an d  selective 
inh ib ito r o f ASIC3 channels. T he c u rren t th ro u g h  
these ASIC3 channels is reversibly inh ib ited  by APETx2 
w ith an  IC50 value o f  63 nM  (8). ASIC3 channels are 
m ainly expressed in  sensory n eu ro n s an d  have been  
identified  to play an  im p o rtan t ro le in  acid-induced 
hyperalgesia an d  in  high-intensity pain  stim uli (8, 16— 
18). As such, APETx2 has b een  a valuable tool to  study 
tiiese channels. In vivo studies have shown th a t adm in­
istration  o f  APETx2 prevents postoperative acid-in­
duced  inflam m atory pain  (19), (20). Recently, it was 
found  th a t APETx2 could substantially in h ib it tetrodo- 
toxin (TTX) -resistant cu rren ts an d  to a lesser ex tend  
TTX-sensitive curren ts in  ra t DRG neurons. It was

shown th a t the  observed inh ib ition  o f Nav 1.8 channels 
resu lted  from  a rightw ard shift in  the  voltage d ep en ­
dence o f activation an d  a reduc tion  in  the  m axim al 
m acroscopic conductance  (21). Sim ilar to ASIC3 chan­
nels, Nav 1.8 channels are also expressed in  sensory 
neurons, an d  they are  involved in  inflam m atory pain. 
Nav 1.8 inh ib itors can p roduce  analgesic effects in vivo 
(22-24). T he know ledge th a t APETx2 can exhibit 
ta rget prom iscuity indicates th a t p a rt o f the  observed 
analgesic effect o f APETx2 in vivo may resu lt from  an 
inh ib ition  o f the Nav 1.8 conductance (21).

Since tiiese experim ents were d one  in  DRG neurons, 
little in fo rm ation  on  the  Nav subtype- o r phyla-selectiv- 
ity is available fo r APETx2.

H ere we p resen t the  b iochem ical analysis an d  elec- 
trophysiological characterization  o f APETx3, a n a tu ra l 
occurring  m u tan t o f A PETxl d iffering by a T h r  to  Pro 
substitu tion  a t position  3. APETx3 is a novel sodium  
channel toxin, structurally u n re la ted  to the  existing 
classes o f sea anem one  toxins targeting  sodium  chan­
nels. F u rtherm ore , we re-evaluated the selectivity of 
A PETxl an d  APETx2 to  show th a t they are  n o t as 
selective as previously thought.

MATERIALS AND METHODS 

Purification and toxin identification

T he toxin  APETx3 was isolated as described  previously (10, 
13). T he  fraction  con ta in ing  APETx3 was fu r th e r purified  by 
reverse-phase h igh-perfo rm ance liqu id  ch rom atography  (RP- 
HPLC) w ith a sem ipreparative Vydac C18 colum n (4.6X 250 
m m ; G race, C olum bia, MD, USA). Solvent A was 0.1% T F A in  
w ater, a n d  solvent B was 0.085% TFA in aceton itrile . A linear 
g rad ien t from  0 to 80% solu tion  B was carried  o u t fo r 80 m in 
a t a  flow ra te  o f 1 m l/m in . A second  purifica tion  was 
pe rfo rm ed  with the sam e co lum n using a linear g rad ien t from  
20 to 40% solu tion  B a t a  flow ra te  o f 0.2 m l/m in . All fractions 
w ere d ried  by speed-vac evaporation  a n d  sto red  a t —20°C.

A PET xl was p u rified  as previously described  (10). Syn­
thetic  APETx2 an d  huw entox in  (HW TX) IV were pu rchased  
from  S m artox B iotechnology (G renoble, F rance). T he purity  
o f these toxins was exam ined  using RP-HPLC as described 
above.

Biochem ical characterization o f  toxins

T he mass o f A PET xl an d  APETx2 was verified by ESI-MS 
using a L C Q  D eca XP sp ec trom eter (T herm o F innigan, 
W altham , MA USA).

Sequence determination

T he am ino  acid sequences o f A PET xl a n d  APETx2 were 
verified by E dm an deg radation  using an  au to m ated  P ro tein  
S equencer PPSQ-33A (Shim adzu, Kyoto, J a p a n ) .

For APETx3, th e  pep tid e  was red u ced  an d  alkylated as 
described  previously a n d  adso rbed  on to  B iobrene-treated  
fiberglass filter. A m ino acid  sequencing  was carried  o u t by 
E dm an deg radation  using a Procise m odel 491A sequencer 
(A pplied Biosystems, Foster City, CA, USA). T he concen tra ­
tion  o f the p ep tid e  was d e te rm in ed  by using  th e  calibrated
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absorbencies o f the  first 3 PTH -am ino acid  residues on 
sam ples th a t were n o t red u ced  a n d  alkylated.

Expression o f  voltage-gated ion channels in Xenopus laevis 
oocytes

For the expression o f Nav  channels (rNav 1.2, rN av 1.3, 
rN av 1.4, hN av 1.5, m N av 1.6, rN av 1.7, rN av 1.8; the  insect 
channels Dm N av l  an d  BgNav l ;  th e  a rach n id  ch anne l Vd- 
Nav l ;  an d  the  auxiliary subunits r ß l ,  h ß l ,  an d  TipE) a n d  of 
Kv channels (Kv l.l-K v 1.6, Kv 2.1, Kv 3.1, Kv 4.2, 1^4.3 , Kv 7.2, 
Kv 7.4, hERG, an d  th e  insect ch an n e l Shaker IR) in  Xenopus 
oocytes, th e  linearized  plasm ids were transcribed  using th e  T7 
o r SP6 m M essage-m M achine transcrip tion  k it (A m bion, 
Carlsbad, CA, USA). T he harvesting  o f stage V-VI oocytes 
from  anesthetized  fem ale X. laevis frogs was previously de­
scribed (25). O ocytes w ere in jec ted  w ith 50 n l o f cRNA a t a 
co ncen tra tion  o f 1 n g /n l  using a m icro in jec to r (D rum m ond  
Scientific, B room all, PA, USA). T he oocytes w ere incubated  
in  a so lu tion  con ta in ing  96 mM  NaCl, 2 mM  KC1, 1.8 mM 
CaClg, 2 mM  M gCl2, an d  5 mM  HEPES (pH  7.4), supple­
m en ted  w ith 50 p .g /m l gen tam icin  sulfate.

Electrophysiological recordings

Tw o-electrode voltage-clam p record ings w ere pe rfo rm ed  a t 
room  tem p era tu re  (18-22°C ) using a G eneclam p 500 am pli­
fier (M olecular Devices, D owningtow n, PA, USA) con tro lled  
by a  pC lam p data  acquisition  system (Axon Instrum en ts, 
U n ion  City, CA, U SA ). W hole-cell cu rren ts from  oocytes were 
reco rd ed  1-4 days a fter in jection . B ath solu tion  com position  
was th e  following (in m M ): 96 NaCl, 2 KC1, 1.8 CaCl2, 2 
MgClg, an d  5 HEPES (pH  7.4). V oltage an d  c u rre n t elec­
trodes were filled w ith 3 M KCl. Resistances o f b o th  elec trodes 
w ere k ep t betw een 0.5 a n d  1.5 M ii. T he elicited cu rren ts were 
filte red  a t 1 kH z an d  sam pled  a t 20 kH z using a 4-pole 
low-pass Bessel filter. L eak sub trac tion  was p e rfo rm ed  using a 
— P /4  p ro toco l. To avoid overestim ation o f a po ten tia l toxin- 
in d u ced  shift in  the current-voltage re lationsh ips o f inade­
quate  voltage con tro l w hen m easuring  large sodium  cu rren ts 
in  oocytes, only data  o b ta ined  from  cells exhib iting  cu rren ts 
w ith p eak  am p litude  <  2 pA  were considered  fo r analysis. For 
the  electrophysiological analysis o f toxins, a  n u m b e r o f p ro ­
tocols were ap p lied  from  a ho ld ing  po ten tia l o f —90 mV with 
a  start-to-start in terval o f 0.2 Hz. Sodium  c u rre n t traces were 
evoked by 100-ms depolarizations to l / lax (the  voltage co rre­
spond ing  to m axim al sodium  c u rre n t in  con tro l co n d itio n s). 
T he current-voltage re lationsh ips w ere d e te rm in ed  by 50-ms 
step depolarizations betw een —90 an d  70 mV, using  5-mV 
increm ents. T he sod ium  conductance  (gNa) was calculated  
from  th e  cu rren ts  accord ing  to O h m ’s law: gNa =  W ( k -  
l / ev) . w here 7Na rep resen ts  th e  N a+ c u rre n t p eak  am plitude  a t 
a given test p o ten tia l V, an d  I / ev b  th e  reversal po ten tia l. T he 
values o f gNa w ere p lo tted  as a  function  o f voltage an d  fitted  
using the  B oltzm ann equation : gNa/& nax =  U +  [exP (Vg — 
V)/A]}_1, w here gmax rep resen ts  m axim al gNa, Vg is th e  voltage 
co rrespond ing  to half-m axim al conductance , an d  k is the 
slope factor. T oxin-induced  effects on  the  steady-state inacti­
vation were investigated using a standard  2-step p ro toco l. In  
this p ro toco l, 100-ms cond ition ing  5-mV step p repu lses rang ­
ing  from  —90 to 70 mV were follow ed by a  50-ms test pulse to

— 30 o r —10 mV. D ata w ere norm alized  to the m axim al N a+ 
c u rre n t am plitude , p lo tted  against p repu lse  p o ten tia l and  
fitted using the Boltzmann equation: y u  =  ( a  -  Q / u  + 
e x p [ ( V — Vh)/k]}) + C, w here 7max is the  m axim al 7Na, Vh is 
the voltage co rrespond ing  to half-m axim al inactivation, V  is 
the test voltage, k is the slope factor, a n d  C is a  constan t 
rep resen tin g  a noninactivating  pers isten t fraction  (close to 0 
in  c o n tro l) . T he recovery from  inactivation was assayed w ith a 
double-pulse pro toco l, w here a  100-ms cond ition ing  pulse to
— 30 o r —10 mV was followed by a 50-ms test pulse to the same 
voltage. B oth pulses w ere in te rspersed  by a repo lariza tion  to 
—90 mV fo r a gradually  increasing  tim e interval (1-40 ms). 
T he 7Na o b ta ined  in  th e  test pulse was norm alized  to the 7Na 
o b ta ined  in  the cond ition ing  pulse, p lo tted  against the  cor­
re spond ing  tim e interval, a n d  fitted  w ith the following expo­
n en tia l equation : f ( t)  = A e~t/r + C, w here t is tim e, A  is the 
am p litude  o f the cu rren t, t  is the tim e constan t fo r the fast 
inactivation, a n d  C is a  constan t rep resen tin g  a noninactivat­
ing  persisten t fraction  (close to 0 in  con tro l).

To assess th e  concen tra tion -response  relationsh ips, data  
w ere fitted  w ith th e  H ill equation : y = 1 0 0 /[1  +  (ECS0/  
[tox in])*], w here y is the am p litude  o f th e  toxin-induced  
effect, ECS0 is th e  toxin  co ncen tra tion  a t h a lf  m axim al 
efficacy, [toxin] is the toxin  concen tra tion , an d  h is the H ill 
coefficient. T he tim e constants t  o f th e  Nav  ch anne l fast 
inactivation w ere m easu red  directly from  the decay phase of 
the  re co rd ed  N a+ c u rre n t using  a single exponen tia l fit. 
C om parison o f 2 sam ple m eans was m ade using a  pa ired  
S tu d en t’s t tes t (PC 0.05). All da ta  are  p resen ted  as m eans ±  
s e  o f > 5  in d e p e n d e n t experim en ts (j*>5). All da ta  were 
analyzed using pC lam p C lam pfit 10.0 (M olecular Devices) 
a n d  O rig in  7.5 software (O rig in lab , N orth am p to n , MA, LTSA).

RESULTS 

Purification and toxin identification

T he screening  o f fractions ob ta ined  from  the sea 
anem one  A. elegantissima, a fter an ion  an d  cation ex­
change an d  gel filtration, yielded one fraction, 
APETx3, th a t was active on  Nav channels. This fraction 
was fu rth e r purified  in  2 steps using RP-HPLC.

Biochemical characterization

W ith ESI-MS analysis, a m ass o f  4544.7 D a APETx3 
was observed. T h e  th eo re tica l m ass o f  4545.0 Da 
co rre sp o n d s  well w ith  th e  ex p e rim en ta lly  d e te r ­
m in ed  mass. T h e  in ta c t to x in  was sub jec ted  to  E dm an  
d eg rad a tio n . T h e  follow ing seq u en ce  was o b ta ined : 
G TPCY CG K TIG IY W FG TK TC PSN R G Y TG SC G Y FL- 
GICCYPVD (Fig. 1).

T he m olecular mass an d  prim ary sequence o f 
A PETxl an d  APETx2 were de te rm in ed  to verify the 
purity  o f  b o th  toxins. B oth the  mass spectrum  analysis 
an d  am ino  acid sequence d e te rm ina tion  were in  com ­
plete  accord  w ith previous reports  (8, 10).

Identity (%)

a p e t x 3 G TPC Y C G K TIG IY W FG TK TC PSN R G Y TG SC G Y FLG IC C Y PV D  loo  

A P E T x l  GT TCY CGKTI G IYW FGTKTC P S NRGYT GS C G Y F L G ICCY PVD  

a p e t x 2 G TACSC G N SK G IY W FY R PSC PTD R G Y TG SC R Y FLG TC C TPA D

Figure 1. A m ino acid sequence o f APETx3 and  
a lig n m en t w ith A PET xl an d  APETx2. A m ino 
acid  residues iden tical w ith APETx3 are  shown 
on  gray background , cysteine residues are  in  
red.
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Tile sequence data o f APETx3 were deposited in die 
UniProt Knowledgebase under accession num ber B3EWF9.

Electrophysiological recordings

APETx3 is a modulator of N av  channels

APETx3 was screened  against a p anel o f 7 m am m alian  
Nav channel isoforms and 3 insect Nav isoforms (Fig. 2). 
A m ong the  m am m alian  isoforms, 1 pM  APETx3 slowed 
d ie inactivation o f Nav 1.2, Nav 1.3, Nav 1.4, an d  Nav 1.6. 
Nav 1.7 an d  d ie  TTX -resistant channels Nav 1.5 and  
Nav 1.8 were n o t affected by APETx3. F u rd ierm ore , die 
sam e concen tra tion  o f toxin h ad  a p ro fo u n d  effect on 
d ie inactivation o f d ie insect isoform s D m N av l  and  
BgNav l .  APETx3 com pletely inh ib ited  d ie ir inactiva­
tion, resu lting  in  sustained noninactivating  currents. 
A ltiiough APETx3 could also slow down its inactivation, 
d ie a rachn id  channel VdNav l  was less sensitive com ­
p ared  witii the  o th e r insect Nav channel isoforms. 
C oncentration-response curves w ere constructed  for 
Nav 1.6 an d  D m N av l. ECS0 values yielded 2265 ± 1 8 5  
an d  276 ±  37 nM, respectively (Fig. 2B). T he m ost 
toxin-sensitive isoform  am ong  the  m am m alian  Nav 
channels, Nav 1.6, an d  the  insect Nav channel Dm Nav l 
w ere used to fu rtiie r investigate d ie  characteristics o f 
APETx3 in  inducing  m odu la tion  o f channel gating 
(Fig. 3A ,B ) .  No shift in  the  m idpo in t o f activation was 
observed (Supplem ental Table S I). However, 1 pM 
APETx3 could significantly shift the  voltage d ep en ­
dence o f steady-state inactivation. T he 1', . , shifted from  
— 69 ±  0.3 to —62 ±  0.2 mV fo r Nav 1.6 (-«=4; _P<0.05).

For Dm Nav l channels, d ie  V1/2 shifted from  —51 ±  0.2 
to —43 ±  0.4 mV (n = 6; / J< 0.05). From  Fig. 3A, II it can 
be seen th a t the  steady-state inactivation becam e in ­
com plete after toxin  addition . For Nav 1.6, a 56 ±  2% 
noninactivating  cu rren t co m p o n en t was observed, 
while fo r D m N av l, a com plete rem oval o f steady-state 
inactivation can be seen.

To verify th a t APETx3 does b in d  to  n e u ro to x in  site 
3, com petitive  b in d in g  ex p erim en ts  w ere p e rfo rm ed  
u sing  CgNa, a type I sea an e m o n e  to x in  know n to 
b in d  to  site 3 o f  N av channels. A p p lica tion  o f  CgNa 
a t its ECS0 value o f 250 nM  (26) re su lted  in  an  18 ± 
3% n o n in ac tiv a tin g  c u r re n t c o m p o n e n t o f  N av 1.6 
channe ls . S u b seq u en t ad d itio n  o f ECS0 c o n c e n tra ­
tions o f  APETx3 d id  n o t  re su lt in  fu r th e r  slowing 
dow n o f inactiva tion  (Fig. 3C).

APETx3 is not a modulator o f hERG channels

APETx3 can be considered  as a n a tu ra l m u tan t o f 
A PETxl, as they only differ in  one residue (Fig. 1). 
T herefo re, we decided  to  investigate w heth er APETx3 
displays the  sam e activity profile o f A PETxl. A PETxl 
has b een  rep o rted  to be a selective an d  p o te n t m odu­
la to r o f  hERG  channels w ith an  ECS0 value o f 34 nM 
(8), a resu lt th a t we have b een  able to  confirm  (Fig. 4). 
Interestingly, even a t concentrations u p  to  50 pM, 
APETx3 failed to induce any m odula tion  o f  hERG 
channels (Fig. 4).

Since it has b een  rep o rted  th a t A PETxl exhibits 
activity for o th e r Kvs, a ltiiough  only in  h ig h er concen­
trations (8), we tested the activity o f APETx3 against 13

Na„1.6 Na„1.7

®  •  N ayl.6  ECM=2265±185nM
O DmNav1 EC jo-276 i  37 nM

Figure 2. Electrophysiological characterization  o f APETx3 on  Nav  channels. A) Activity profile  o f APETx3 on  several Nav 
ch an n e l isoform s. R epresentative w hole-cell c u rre n t traces in  con tro l an d  toxin  cond itions are  shown. D otted  line indicates 0 
c u rre n t level; asterisk indicates steady-state c u rre n t trace a fter app lication  o f 1 pM  toxin. T races rep re sen t > 3  in d e p e n d e n t 
experim en ts (?t>3). B) C oncen tra tion -response curves fo r Nav 1.6 an d  DmNav l ,  ind ica ting  the concen tra tion  d ep en d en ce  of 
the A PETx3-induced increase o f th e  N a+ p eak  cu rren t.

DmNav1 BgNav1 VdNa„1

1 0 ! 1 0 2 10'1 10°  10’ 10 !  10° 10* 105 
Concentration (nM)
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Figure 3. A, B) E lectrophysiological characterization  o f APETx3 on  Nav 1.6 (A) a n d  Dm N av l  (B) channels. Steady-state 
activation a n d  inactivation curves in  con tro l cond itions (solid symbols) a n d  toxin  cond itions (1 pM  APETx3; o p en  sym bols). C) 
C om petitive ex p e rim en t to ind ica te  th a t APETx3 does b in d  a t site 3. R epresentative traces are  shown: 1) con tro l; 2); after 
app lication  o f 250 nM  CgNa (26); an d  3) after su b sequen t ad d ition  o f 2200 nM  APETx3.

differen t Kv channel isoforms. APETx3 showed no  
activity against m em bers o f d ie  Shaker (Kv l . 1-KV1.6 and  
d ie insect channel Shaker IR), Shah  (Kv2.1), Shaw 
(Kv3.1), Sha I (Ky4.2 an d  KV1.3) subfamilies, n o r  did 
APETx3 exhib it affinity fo r KCNQ gene family encoded  
Kv channels, such as Kv7.2 an d  Kv7.4 (S upplem ental 
Fig. S I).

APETxl inhibits the conductance through N av  channels

At a concen tra tion  o f  1 pM, A PETxl was tested fo r its 
activity against tile sam e p anel o f  Nav channel isoforms. 
Remarkably, it was found  tiiat A PETxl could  inh ib it die 
sodium  conductance o f all m am m alian  Nav channel 
isoform s tested except Nav 1.7 (Fig. 5/1). APETxl 
showed d ie  h ighest affinity fo r Nav 1.8, as d ie  sodium  
peak  am plitude (/Na) was red u ced  by 89 ±  2% (n = 4; 
P < 0.05). Nav 1.2 an d  Nav 1.6 were equally sensitive for 
tiiis toxin since 1 p.M A PETxl inh ib ited  d ie  peak 
am plitude by 61 ± 4  an d  59 ±  1% (n=  3; P < 0.05), 
respectively. T he sam e concen tra tion  o f toxin  could 
inh ib it Nav 1.4 an d  Nav 1.5 by 56 ±  2 an d  50 ±  2% 
(n = 3; / J<  0.5 ), respectively. Nav 1.3 was d ie  less affected 
by A PETxl since only 5 ±  1% (n = 3; _P<0.5) inh ib ition

hERG

■m

50 n M APETxl 100 ms

Control

Figure 4. Activity o f A PET xl an d  APETx3 on  the hERG 
expressed in  X. laevis oocytes. D otted  line indicates 0 cu rren t 
level; asterisk indicates steady-state c u rre n t trace a fter app li­
cation  o f 1 pM  toxin.

could be observed. N one o f  th e  in sec t Nav ch an n e l 
isoform s tested  w ere affec ted  by A P E T xl. To investi­
gate th e  co n cen tra tio n -resp o n se  re la tio n sh ip s , ECS0 
values w ere d e fin ed  fo r Nav 1.2 a n d  N av 1.8 channels. 
ECS0 values y ielded  31 ±  6 a n d  92 ±  4 nM , resp ec ­
tively (Fig. 5B).

Nav 1.2 channels were used to  de te rm ine  w hether 
A PETxl acts as a po re  b locker by physically obstructing  
d ie ion  patiiway o r ra d ie r  as a m od u la to r o f channel 
gating. No shift in  d ie voltage d ep en d en ce  o f activation 
o r a significant alte ra tion  o f the  steady-state inactivation 
curves was observed (Supplem ental Fig. S2A an d  Sup­
p lem enta l Table S I). T he toxin-induced redu c tio n  of 
peak  am plitude was n o t associated witii a shift in  die 
reversal potential, ind icating  no  m odification  in  the  ion  
selectivity after toxin application  (Supplem ental Fig. 
S2B). A PETxl d id  n o t in fluence d ie  ra te  o f  recovery 
from  inactivation (Supplem ental Table S I). T he time 
constan t o f  recovery yielded 3 ±  0.04 ms in  control 
conditions an d  3 ±  0.1 ms after application  o f 50 nM 
A PETxl (■«=4; P<0.05; Supplem ental Fig. S2C). Fur- 
therm ore , it should  be n o ted  that, even after die 
application  o f  toxin concentrations u p  to  20 pM, a 
residual c u rren t o f 5-10% rem ained . For Nav 1.2 chan­
nels, tim e value o f A PETxl b in d ing  yielded 29 ±  3 s 
(Ton) while u n b in d in g  on  w ashout occurred  w ith a time 
constan t o f 18 ±  2 s ( T o ff )  (Supplem ental Fig. S2D).

APETx2 inhibits the conductance through N av  channels

As A PETxl an d  APETx2 have 64%) sequence identity, 
we exam ined  w hetiier APETx2 also could exert prom is­
cuous activity. This screening  revealed th a t APETx2 
exhibits also activity on  Nav channels. However, a t a 
concen tra tion  o f 1 pM, APETx2 seems to  be m ore 
active toward Nav 1.2, Nav 1.6, an d  Nav l .  8 (Fig. 6A). 
T he ZNa tiirough  Nav 1.2 channels was reduced  by 57 ± 
3%) (■«=5; P < 0.05), while d ie  sam e concen tra tion  o f 
toxin inh ib ited  d ie conductance o f  Nav 1.6 channels by 
17 ±  2%) (« = 4 ; _P<0.05) an d  Nav 1.8 channels by 68 ± 
2%) (« = 6 ; P < 0.05), respectively. A slowing o f inactiva-
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Nav1.3 Nav1.4 Nav1.5A  Nav1.2

Nau1.6 Na„1.7 Nav1.8

Figure 5. E lec trophysio log ica l c h a rac te riz a tio n  o f  A PE T xl on  N av  ch an n e ls . A ) Activity p ro file  o f A P E T xl on  several N av 
c h a n n e l isoform s. R ep resen ta tive  w hole-cell c u r r e n t traces in  c o n tro l a n d  to x in  co n d itio n s  a re  show n. D o tted  lin e  in d ica tes  
0 c u r r e n t level; asterisk  in d ica te s  steady-state c u r re n t trace  a f te r  ap p lica tio n  o f 1 (xM tox in . B) C o n cen tra tio n -re sp o n se  
curves fo r N av 1.2 a n d  N av 1.8, in d ica tin g  th e  c o n c e n tra tio n  d e p e n d e n c e  o f  th e  A P E T x l- in d u ced  d ecrease  o f  th e  N a + p eak  
c u rren t.

N a ^ .2 : ICM=31 47 ± 5 83 nM

DmNav1 BgNav1 VdNav1

Concentration (nM)

tion  in  real tim e was observed for Nav l .8 channels. The 
concentration-response curves were constructed , and  
ECS0 values yielded 114 ±  25 an d  55 ±  10 nM  for 
Nav 1.2 an d  Nav 1.8 channels, respectively (Fig. ( i /i) .

Similar to APETxl, APETx2 did n o t alter die voltage 
dependence of activation o r steady-state inactivation (Sup­
plem ental Fig. S3 A and  Supplem ental Table SI). Toxin

application did n o t influence die current-voltage relation­
ship or tile ion  selectivity (Supplem ental Fig. S3B). The 
rate of recovery from  inactivation was no t different from  
control conditions (Supplem ental Fig. S3 C and  Supple­
m ental Table SI). APETx2 inhibited Nav 1.2 channels 
with a Ton of 31 ±  4 s, and  inhibition was reversible on 
washout ( t  off= 8 ± 2  s; Supplem ental Fig. S3D).

No.1.2 NaJ .3 N al .4 N a l -5

Nal .6 N a l .7 N al .8

Figure 6. Electrophysiological characterization  o f APETx2 on  Nav  channels. A) Activity profile  o f APETx2 on  several Nav 
ch an n e l isoform s. R epresentative w hole-cell c u rre n t traces in  con tro l an d  toxin  cond itions are  shown. D otted  line indicates 0 
c u rre n t level; asterisk indicates steady-state c u rre n t trace a fter app lica tion  o f 1 (xM toxin. B) C oncentra tion-response curves for 
Nav 1.2 an d  Nav 1.8, ind icating  the co ncen tra tion  d ep en d en ce  o f the A PETx2-induced decrease o f th e  N a+ p eak  cu rren t.

v d N a iDmNal BgNa.l

■ Nay1.2: ICM = 113.77 ± 25.48 nM 
O Nay1.8: ICjq = 54.79 ± 9.59 nM

Concentration (nM)
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Are APETxl and' APETx2 modulators of ga ting kinetics or 
pore blockers?

To investigate w heth er the inh ib ition  o f  the sodium  
conductance depends on  toxin in terac tion  w ith the 
inactivated state o f the a-subunit, the  activity o f APETxl 
an d  APETx2 was tested  o n  Nav 1.2 channels in  which 
d ie fast inactivation has b een  rem oved (27). Removal of 
fast inactivation is ob ta ined  by m uta ting  the highly 
conserved hydrophob ic  residues th a t con tribu te  to  the 
inactivation gate o f  Nav channels (26). Fast inactiva­
tion-deficient Nav 1.2 channels have the Ilel488, 
P he l489 , an d  M etl490  residues rep laced  by Gin resi­
dues (Nav 1.2 IF M /Q Q Q  channels). A concen tra tion  o f 
1 p.M A PETxl could red u ced  the ZNa by 59 ±  3% (■«=6; 
P < 0.05), while d ie  sam e concen tra tion  o f  APETx2 
inh ib ited  the  c u rren t th ro u g h  the  Nav 1.2 IF M /Q Q Q  
channels by 22 ±  3% (■«=4; _P<0.05; Fig. 7). For bo th  
toxins, a shift in  the  tim e to peak  ( Tpeak Na) could  be on 
th e ir  application . A ddition  o f  A PETxl shifted the Tpeak 
Na from  0.4 ms in  con tro l conditions to 2 ms (■«=6; 
_P<0.01); 1 pM  APETx2 caused a m ore  m odest b u t still 
significant shift from  0.3 to  0.7 ms (■«=4; _P<0.01). For 
com parison purposes, identical experim ents were done 
using 50 an d  100 nM  o f TTX; no  shift in  T peak Na was 
no ticed  (■«=3; _P<0.01).

To de te rm ine  w heth er inh ib ition  occurs d u rin g  the 
closed o r o pen  state o f the channel, 1 pM  toxin  was 
applied  to  the  b a th  solu tion  with oocytes clam ped at 
—90 mV, allowing in terac tion  w ith the m em brane fo r 2 
m in  w ithout depolarizing the m em brane. A fter 2 m in, 
cu rren ts were elicited by a depolarizing pulse to 0 mV. 
T he ob tained  curren ts in  p resence o f toxin were n o r­
m alized to d ie  curren ts ob tained  in  the same cells in  
con tro l conditions. No inh ib ition  was observed w hen 
A PETxl o r APETx2 was applied  to the  oocytes w ithout 
applying depolarizing pulses (Fig. 8A). This indicates 
th a t there  is n o  toxin  in terac tion  w ith the channel in

A  N avl .2IFM/QQQ B N avl .2IFM/QQQ

1 pM A PETxl 
*

1 (jM APETx2 
*

li­

the closed state an d  suggests th a t m em brane depo lar­
ization an d  hence  m ost likely also channel open in g  is 
req u ired  to  allow the toxin to b ind.

To investigate w heth er inh ib ition  was use d ependen t, 
oocytes expressing Nav 1.2 w ere subm itted  to depo lar­
izing pulses a t d iffering frequencies, b o th  in  contro l 
conditions an d  after application  o f  1 pM  toxin  (Fig. 
8B). No difference in  the degree o f  inh ib ition  was 
observed a t differing frequencies, suggesting th a t the 
toxin-induced inh ib ition  is n o t use d ependen t.

To determ ine  a possible b ind ing  site o f A PETxl and  
APETx2, we investigated w heth er b o th  toxins share a 
b ind ing  site w ith HW TX IV, a ta ran tu la  toxin tha t 
exerts the sam e characteristics o f channel m odulation  
an d  d ie  b in d ing  site o f  w hich has b een  stud ied  in  d ep th  
(28). A pplication o f HW TX IV a t its ECS0 concen tra tion  
o f 55 nM  red u ced  the  sodium  conductance  o f Nav l .2 
channels by 48 ±  2% (experim entally  d e te rm in ed  by 
constructing  a concentration-response curve with for 
each p o in t ■«> 3). Interestingly, subsequen t add ition  o f 
ECS0 concen trations o f A PETxl o r APETx2 resu lted  in 
fu rth e r reduc tion  o f  the sodium  conductance  (Fig. 8C). 
However, the  observed redu c tio n  was, fo r b o th  A PETxl 
an d  APETx2, < 50%  o f d ie  rem ain ing  curren t. Subse­
q u en t add ition  o f ECS0 concentrations o f  APETxl 
inh ib ited  the  rem ain ing  Nav channels by 43 ±  2 % 
(n = 4 ) while fo r APETx2, an  inh ib ition  o f 37 ±  1%) 
(■«=3) was observed after p reced in g  HW TX IV applica­
tion  (Fig. 8D). Since A PETxl an d  APETx2 failed to 
com pete  fo r the HW TX IV b ind ing  site, we n ex t 
investigated w hether b o th  toxins in te rac t w ith n eu ro ­
toxin recep to r site 1. TTX, a well-known po re  blocker 
o f Nav channels (29), was used fo r com petitive b ind ing  
experim ents (Fig. 8E). A pplication o f TTX a t its IC50 
value resu lted  in  a blockage o f h a lf the  expressed 
Nav 1.2 channels, as a 50%) decrease o f  the  sodium  
cu rren t peak  am plitude was observed. Subsequent and  
add itional application  o f the  ECS0 value o f A PETxl o r 
APETx2 did  n o t resu lt in  an  add itional redu c tio n  o f the 
peak  am plitude. Similar experim ents were conducted  
using d ie  p-conotoxin  KIIIA. This sh o rt pep tide, iso­
la ted  from  Conus kinoshitai, is know n to b ind  a m icrosite 
w ithin d ie  po re  d ifferen t from  the TTX b ind ing  site 1 
(30, 31). A pplication o f KIIIA a t its IC50 concen tra tion  
o f 60 nM  (30) halved the  sodium  conductance o f 
Nav 1.2 channels. Subsequently, add ition  o f  ECS0 con­
centrations o f A PETxl o r APETx2 failed to in troduce  
any fu rth e r reduc tion  o f the sodium  conductance (Fig. 
8 .  These results suggest th a t b o th  A PETxl and  
APETx2 do in te rac t w ith n eu ro to x in  b in d ing  site 1.

Figure 7. A, B) Effect o f A PETxl (A) an d  APETx2 (B) on  fast 
inactivation-deficient Nav 1.2 channels. C) Effects o f 50 and  
100 nM  TTX , show n fo r com parison. D o tted  line indicates 0 
c u rre n t level; asterisk indicates steady-state c u rre n t trace after 
app lication  o f 1 pM  toxin.

DISCUSSION  

APETx3

Sea anem one  venom  is a know n source o f  un ique  
pep tide  toxins, w hich can be used as invaluable tools 
fo r studying structure  an d  function  o f ion  channels and  
receptors. H ere  we re p o rt the characterization  o f  a

C N avl .2IFM/QQQ J O O h m t t x

nM TTX
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-90 mV

Figure 8. E lectrophysiological de te rm in a tio n  o f possible b in d in g  sites. A) To investigate the state d ep en d en ce  o f inh ib ition , the 
following p ro toco l was used. As contro l, a  series o f depolarizing  pulses was app lied  to an  oocyte expressing NaV1.2 channels. 
T hereafte r, 30 nM  A PET xl was added , an d  n o  pu lsing  was pe rfo rm ed  fo r 2 m in. N ext, a  sim ilar series o f pulses was executed . 
No inh ib ition  was observed a fter the 2-min incubation . In h ib ition  only occu rred  after m em b ran e  depolarization . B) Possible use 
d ep en d en ce  o f toxin  inh ib ition  was stud ied  by applying 50 nM  A PETxl to oocytes sub jected  to depolariz ing  pulses a t d ifferen t 
frequencies. C) C om petitive ex p e rim en t to ind icate  th a t A PET xl does n o t com pete  w ith HW TX IV. R epresentative traces are 
shown: 1) control; 2) after app lica tion  o f 55 nM  H W TX  IV (46); an d  3) after subsequen t ad d ition  o f 30 nM  A PET xl (46). D) 
C om petitive ex p erim en t to ind icate  th a t APETx2 does n o t com pete w ith HW TX IV. R epresentative traces are  shown: 1) contro l; 
2) after app lication  o f 55 nM  HW TX  IV (46); an d  3) after subsequen t ad d ition  o f 115 nM  APETx2 (46). E) Com petitive 
ex p e rim en t to ind icate  th a t A PET xl o r APETx2 does b in d  a t site 1. R epresentative traces are  shown: 1) contro l; 2) after 
app lication  o f 1 nM  TTX  o r 60 nM  KIIIA (46); an d  3) after su b sequen t ad d ition  o f 30 nM  A PET xl o r 115 nM  APETx2.

novel pep tide  from  the  sea anem one  A. elegantissima, 
APETx3. This toxin can be seen as a n a tu ra l occurring  
m u tan t from  A PETxl, only d iffering in  1 aa a t position 
3 (T hr3P ro). Remarkably, this p o in t m u ta tion  d ram at­
ically alters the  pharm acology profile o f the toxin, with 
APETx3 being  inactive an d  A PETxl being  highly active 
on  hERG channels. F u rtherm ore  it allows these toxins 
to exert a d iffering pharm acology on  the  sam e target, 
nam ely Nav channels: APETx3 slows down the inacti­
vation while A PETxl inhibits the  conductance. In  o th e r 
words, d ie  p o in t m uta tion  flips the toxin  from  an 
inh ib ito r to  a d ru g  th a t locks Nav channels open. The 
APETx3 induced  a lteration  in  steady-state inactivation 
m ost likely results from  the toxin b ind ing  to site 3. 
M any a-scorp ion  toxins an d  sea anem one  toxins are 
know n to b ind  to this site an d  on  b ind ing  they trap  the 
voltage-sensing S4 o f DIV in its inw ard o r deactivated 
position, hereby  p reventing  the  structu ral m ovem ents 
req u ired  fo r fast inactivation (32, 33). Several toxins 
capable o f b in d ing  site 3 have b een  isolated from  sea 
anem ones. However, APETx3 is u n re la ted  to any o f the 
3 existing sea anem one  classes know n to act on  Nav 
channels an d  it rep resen ts the first m em ber o f  a fou rth  
class o f site 3 b ind ing  toxins.

T h e  insect-specificity  o f  APETx3 is d em o n stra ted  
by th e  co m p le te  in h ib itio n  o f  th e  inactiva tion  o f  the  
in sec t Nav ch an n e ls  D m N av l an d  BgNav l . l ,  a n d  it  is 
fu r th e rm o re  em phasized  by th e  10-fold d iffe ren ce  in  
ECS0 values betw een  m am m alian  (N av 1.6) a n d  in sec t

(D m N av l )  channels. This p re fe re n ce  fo r in sec t Nav 
ch an n e ls  suggests th a t APETx3 can  be  u sed  as an  
in sectic ide  (34, 35).

T he functional differences betw een A PETxl and  
APETx3 raise an  in trigu ing  strac tu re-function  conun­
drum . A PETxl an d  APETx3 only differ from  each 
o th e r by a T h r  to  Pro  substitu tion  a t position  3. It is well 
know n th a t pro lines can induce  a structu ral kink in  a 
pep tide  structure . It is possible th a t the  T hr3P ro  sub­
stitu tion  in  APETx3 results in  a conform ational change 
th a t allows APETx3 to expose a contact surface differ­
ing  from  th a t o f A PETxl, w hich m igh t explain the 
functional differences betw een tiiese peptides. How­
ever, detailed  structu ral studies will are req u ired  to 
verify this hypothesis.

APETxl

A PETxl an d  APETx2 are  the  first sea anem one  p ep ­
tides shown to inh ib it the  conductance  o f Nav chan­
nels. H ere we show th a t A PETxl is a prom iscuous 
toxin, capable o f  inh ib iting  Nav channels in  the same 
concen tra tion  range as it is active on  hERG  channels. 
A PETxl inhibits the m am m alian  isoform s Nav 1.2- 
Nav 1.6 an d  Nav 1.8. Remarkably, n o  effect was observed 
on  d ie  insect Nav channel isoforms. Since APETx3 is an  
insect-specific m o d u la to r o f Nav, it can be discerned 
th a t d ie  p o in t m uta tion  a t position  3 influences the 
phyla-specificity o f APETx-like peptides.
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Similar to the  inh ib ition  o f potassium  curren ts 
th o u g h  hERG  channels, n o  com plete inh ib ition  o f  die 
sodium  curren ts could be achieved, even a t h igh  con­
centrations o f A PETxl. However, d ie re  are  differences 
in  d ie  cu rren t inh ib ition  effected by A PETxl fo r Nav 
an d  hERG channels. C ontrary  to w hat is rep o rted  for 
hERG m odulation , n o  m odula tion  in  the  voltage de­
p en d en ce  o f  activation o r steady-state inactivation was 
observed. A PETxl does n o t seem  to in te rac t w ith die 
closed state o f d ie  sodium  channel. It was also n o ted  
th a t A PETxl inh ib ition  is n o t use d ep en d en t. C om pet­
itive experim ents w ith TTX an d  the  p-conotoxin  KIIIA, 
two know n pore-blocker toxins, led  to d ie  assum ption 
tiiat A PETxl does in h ib it Nav channels by b ind ing  at 
site 1 o r close by. F u rd ierm ore , w ith d ie  use o f  fast 
inactivation-deficient Nav 1.2 channels, it was shown 
tiiat A PETxl does n o t rely o n  d ie  inactivated state to 
exhib it its conductance  inh ib iting  activity. In  diese 
experim ents, it could be seen th a t A PETxl causes a 
significant shift in  d ie  tim e to  peak, possibly indicating 
a m odified  transition  from  closed to  o pen  state on 
depolarization.

APETx2

W ith die use of die oocyte expression system, APETx2 was 
subm itted to a screening on several m am m alian and 
insect Nav channel isoforms. It was found diat APETx2 
could also inhibit Nav 1.2 channels widi die same potency 
as Nav1.8 channels. To a lesser extent, die toxin also 
inhibited die Nav1.6 channel. F urd ier electrophysiologi­
cal investigations dem onstrated d iat APETx2 has die 
m echanism  o f interaction widi die channels as A PETxl. 
APETx2 did n o t alter die voltage dependence of activa­
tion or inactivation n o r did it influence die reversal 
potential o r die recovery from  inactivation. No usedepen- 
dency was noted, and  APETx2 did n o t seem  to rely on  die 
inactivated state to inhibit currents. Furdierm ore, 
APETx2 does com pete widi TTX and  p-conotoxins for 
d ieir b inding site. However, APETx2 did cause a shift in 
die time to peak of Nav1.2 IF M /Q Q Q  channels.

Studies o f  in terac tion  o f APETx2 witii Nav l .8 chan­
nels in  DRG n eu ro n s ind icated  tiiat tiiis toxin acts as a 
m od u la to r ra d ie r  tiian  a p o re  b locker (21). This find­
ing  was substantiated  by the  small ( ±  5 mV) b u t signif­
ican t shift o f d ie  voltage d ep en d en ce  o f activation 
toward m ore  depolarized  values. M oreover, the  toxin- 
induced  slowing dow n o f fast inactivation b u t n o t die 
steady-state inactivation, togetiie r w ith a slight acceler­
a tion  o f the  initial phase o f recovery suggests th a t 
APETx2 destabilizes the  inactivated state. T he results 
ob ta ined  for Nav 1.2 channels in  oocytes are in  accord 
w ith d ie  results for Nav 1.8 channels in  DRG neurons, 
except fo r d ie  5-mV shift in  activation an d  d ie  small 
acceleration  in  recovery from  inactivation. However, 
since b o th  results were ob ta ined  in  d ifferen t expression 
systems (patch  clam p vs. voltage clam p), it is possible 
tiiat tiiese small differences can be explained  as such. 
Since bo tii systems use d ifferen t cells to express chan­
nels, p o ten tia l differences in  post-translational m odifi­

cations o f channels an d  differences in  expression o f 
auxiliary subunits m igh t in fluence kinetics o f channel 
gating. F u rd ierm ore , d ie  n eed  fo r m ultip le pharm aco­
logical m anipulations to  isolate a specific channel cur­
re n t in  neurons, w hich are unnecessary in  Xenopus 
oocytes, an d  differences in  m em brane com position 
to g e th er witii in h e re n t differences in  osm olarity o f die 
reco rd in g  solutions can provide an  explanation  fo r die 
differences observed betw een botii expression systems.

For bo tii A PETxl an d  APETx2, it can be concluded  
tiiat the  exact m echanism  o f action  still needs to be 
determ ined . Peptide toxins witii d ie  ability to in h ib it 
>  1 ion  channel o r  recep to r are  mostly found  in  spider 
venom s, m ore  particu lar ta ran tu la  venom s. For exam ­
ple, H anatox in  I from  the  taran tu la  Grammostola spatu­
lata, is a gating m odifier o f Cav2 channels as well Kv2 
an d  Kv4 (36, 37). A no tiier exam ple can be found  in  
toxins isolated from  die  venom  o f Grammostola rosea, 
w hich act as gating m odifiers o f b o th  Nav an d  hERG, 
b u t n o t KV1 channels, by shifting d ie  voltage d ep en ­
dence o f activation toward m ore  positive potentials 
(38). F rom  die  C hinese taran tu la  Ornithoctonus huwena, 
two toxins, HVVTX-I an d  HWTX-IV, have b een  isolated 
an d  characterized in  dep tii (39, 40). Botii HWTX-I and  
HWTX-IV are capable o f inhibiting , in  nanom olar 
concentrations, TTX-sensitive Nav channels (28, 41). 
Interestingly, sim ilar to A PETxl an d  APETx2, this 
inh ib ition  occurs w ithout altering  d ie  voltage d ep en ­
dence o f activation o r inactivation. U sing site-directed 
m utagenesis analysis, it was found  tiiat HWTX-IV binds 
to site 4, w hich is m ainly located  a t d ie  S3-S4 linker o f 
DII. It is p roposed  th a t the  voltage sensor o f  DII is 
trap p ed  in  its inw ard position  as a resu lt o f HWTX-IV 
b inding , tiiereby h am p erin g  d ie  sodium  conductance 
(28). C om petition  experim ents show tiiat APETxl and  
APETx2 do n o t com pete  widi d ie  HW TX IV b ind ing  
site. Prom iscuous taran tu la  toxins ad o p t d ie  ICK m otif 
an d  share littie to  no  identity  witii d ie APETx-like 
peptides, w hich are  m em bers o f d ie cysteine-stabilized 
a ß  (C saß) structural family. Nevertiieless, it is notewor- 
tiiy tiiat all prom iscuous sp ider toxins know n u p  to  date 
are  believed to in te rac t w ith d ie  voltage-sensing m od­
ules o f tiieir ion  channel targets. T herefo re, one can 
question  w hetiier o th e r toxins tiiat overstep the  b o u n d ­
aries o f targeting  a single ion  channel, such as APETxl 
an d  APETx2, are n o t also expected  to in te rac t witii d ie 
voltage sensor. T he electrophysiological data available 
a t p resen t fo r A PETxl an d  APETx2 do n o t prove such 
an  in teraction . However, it does also n o t exclude this. 
F u rth e r structure-function  analyses involving site-di­
rec ted  m utagenesis studies, docking, an d  radio labeled  
b ind ing  experim ents are  req u ired  to elucidate d ie  site 
o f b in d ing  o f  these pep tides to gain fu rth e r u n d e r­
stand ing  o f th e ir  m echanism  o f action.

From  die Anemonia viridis EST dataset, 12 APETx-like 
peptides could be inden tified  (42). Recently, using a 
454 pyrosequencing  approach , it was shown tiiat two 
o th e r sea anem ones, Stichodactyla helianthus an d  Buno­
dosoma granule/era, also express peptides belong ing  to 
d ie APETx family, suggesting tiiat APETx-like peptides
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are  conserved th ro u g h o u t sea anem one  species (43). 
Interestingly, several APETxdike peptides possess a 
p ro line  a t position  3, sim ilar to  APETx3. M oreover, two 
o th e r m em bers o f  this family, BDS-I an d  BDS-II, char­
acterized as Kv3.4 blockers, also contain  a pro line  at 
position  3 (44). Recently, it was shown th a t BDS-I, 
sim ilar to APETx3, could slow d ie inactivation o f  TTX- 
sensitive Nav curren ts (45). This indicates tiiat die 
p resence o f a pro line  a t position  3 is one  o f the  key 
de term inan ts fo r Nav channel inactivation m odulation . 
However, d ie  target prom iscuity o f  APETx-like p ep ­
tides, as u n d erlin ed  in  this work, necessitates functional 
characterization  to  identify d ie  d ifferen t targets o f 
peptides belong ing  to d ie  APETx family.

APETxl and  APETx2 are two toxins tiiat are syntiieti- 
cally produced, commercially available, and  have been 
used in in vivo experim ents. We have dem onstrated tiiat 
caution is required  in  interpretation o f tiiese in vivo 
experim ents, since APETxl and  APETx2 are n o t selective 
m odulators of hERG and  ASIC3 channels, respectively, as 
tiius far believed. O u r data show tiiat tiiese toxins are 
promiscuous, targeting Nav channels witii an  equal po­
tency. Moreover, they are die first Nav channel inhibitors 
from  sea anem ones reported. Overall, d ie target prom is­
cuity o f APETxl and APETx2 unravels die family of 
APETx-like peptides as a yet unexplored treasure of 
prom iscuous toxins. A PE T xl-3 represent valuable probes 
for furtiier structure-function studies and  herby provide 
new leads in  die developm ent of tiierapeutic agents for 
channel related diseases. [Fj]
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