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Abstract. The lipid bilayer technique is used to examine at 0 mV, respectively. The ion selectivity of the channel
the biophysical properties of anion and cation channelso K*, Na“", Cs" and choliné was determined in ion
frequently formed by platypusQrnithorhynchus anati- substitution experiments. The permeability values for
nug venom aV). The OaV-formed anion channel in Py +:PnaPcs:Pehoine Were 1:1:0.63:0.089, respec-
250/50 nm KCI cis/transhas a maximum conductance of tively. On the other hand, the activity of the slow chan-
857 £ 23 pS i = 5) in 250/50 nm KCI cis/trans The nel was eliminated (Fig.B). The slow channel was re-
current-voltage relationship of this channel shows strongersibly inhibited by [TEA],,..s and the half-maximal
inward rectification. The channel activity undergoesinhibitory concentrationk;) was[48 mw.
time-dependent inactivation that can be removed by de-

polarizing voltage steps more positive than the revers
potential for chlorideEg,, (+40 mV).

The reversal potential of th@aV-formed slow cur-
rent activity in 250/50 m KCI cis/transis close to the
potassium equilibrium potentiaE() of —40 mV. The
conductance values for the slow channel are 22.5 + 2'§ntroduction
pS and 41.38 + 4.2 pS in 250/50 and 750/50 wis/
trans, respectively. The gating kinetics of the slow ion
channels are voltage-dependent. The channel open proBEnvenomation by platypusOfnithorhynchus anatings
ability (P,) is between 0.1 and 0.8 at potentials betweervenom ©aV) causes severe local effects, including in-
0 and +140 mV. The channel frequendy,) increases tense pain, hyperalgesia and plasma extravasation
with depolarizing voltages between 0 and +140 mvV,(edema) as well as hypotension and peripheral vasodila-
whereas mean open tim&.j and mean closed timg()  tation in systemically administered experimental animals
decrease. lon substitution experiments ofdisssolution ~ [6-8, 10]. The molecular mechanisms underlying these
show that the channel has conductance values of 21.47 @aV-induced effects are not known. Recently, it has
2.3 and 0.53 + 0.1 pS in 250mKCI and choline CI, been shown with the use of the high-performance liquid
respectively. The amplitude of the single channel curchromatography (HPLC) technique tt@aV contains 19
rent is dependent on [{, and the current reversal po- Peptide and protein fractions, including a C-type natri-
tential ,,) responds to increases in K. by shifting  uretic peptide QaCNP-39) and a nerve growth factor
to more negative voltages. The increase in current amP12/NGF), with molecular masses between 4 and 216
plitude as a function of increasing Tk, can be best kD [4, 6-8]. TheOaCNP-39 was shown to elevate the
described by a third order polynomial fit. At +140 mV, concentrations of cGMP in aortic myocytes and to be
the values of the maximal sing|e channel Conductanc@SSOCiated with sustained tonic relaxation of the rat
(Ymay @nd the concentration for half maximal(Ky) are uterusin vitro [6, 7]. On the other hand, p12/NPF was

38.6 pS and 380 mand decline to 15.76 pS and 25&m thought to be involved in the activation of an inward
current in dorsal root ganglia (DRGs) neurones [4, 5].

de Plater [4, 5] proposed that this inward current could
I underly the pain associated with platypus envenomation.
Correspondence tal.l. Kourie However, the nature of the single ion channel(s) under-

all<ey words: Channel-forming peptides — Muscle relax-
ation — Fluid and electrolyte homeostasis — Edema —
Pain — Signal transduction — Inward current
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Iying theseOaV-induced inward currents, or any other by Ag/AgCI electrodes in agar salt-bridges containing the solutions
currents, have not been known until recently. present in each chamber. Voltages and currents were expressed rela-

Using the |ipid bilayer technique it has been Showntive to thetrans chamber. Data were filtered at 1 kHz (4-pole Bessel,

that blat V) f d fast ti -3dB) and digitizedsia a TL-1 DMA interface (Axon Instruments) at
at platypus venom Qa ) ormed a fast cation- 2 kHz. The formed optimal bilayers had specific capacitance values

SeleCtiV.e channel [14’ 15]- The properties Of_ thiS'Chan'Iargerthan 0.42uF/cr?, which were lower thaill.0 pF/cn¥ value for
nel, which has been traced to the C-type natriuretic pepbiological membranes, because the bilayer area includes some of the
tide (OaCNP-39) component ofbaV, include: (i)  thicker film of the annulus, which has a much lower capacitance.
“Bursts” in the outward currents at voltages between —20

+ -
anq 140 mV. These burs_ts are $eparated by W?”DATA ANALYSIS
defined periods of channel inactivation or closure. (ii)

Ymax@NdKg values of 63.1 pS and 169umK™ at +140  CHANNEL 2 (developed by P.W. Gage and M. Smith, at The John
mV and 21.1 pS and 307wK™ at 0 mV, respectively. Curtin School of Medical Research) an in-house analysis program was
(iif) Conductance values of 38.8 + 4.6 and 60.7 + 7.1 pSused including a C-type natriuretic peptid®@aCNP-39) measure the
in 250/50 and 750/50 mn cis/trans, respectively. (iv) parameters Qf singl_e channel ac_tivity [3, 16, 21]. These include: (i)
0aCNP-39-formed channels which are cation-selective.'v'ean open timeT,, (i.e., the total time that the channel was not closed
L . . and including openings to all conductance levels, divided by the num-
The SeleCtIVIty _Sequence and permeablllty ratios forber of events). (ii) Mean closed tim&,, (i.e., the total time that the
monovalent cations arBy+:PryPnaiPcsiPLiv 1:0.64:  channel was closed divided by the number of events). (iii) Frequency
0.28:0.13:0.06 [14]- of the channel openings,. (iv) The open probabilityP, (i.e., the sum
The aim of this study is to characterize the conduc-of all open times as a fraction of the total time). The value of the
tance and kinetic properties of anott@aV-formed cat-  current amplitude was obtained by measuring the distance (in pA)

ion-selective channel. i.e.. a slow-kinetic channel. ThePetween two lines, one set on the maximum baseline noise of the closed

data obtained in this study indicate that, in addition to the " "Where the current amplitude is considered 0 pA, and the other
as set on the noise of the majority of distinct open events longer than

OaCNP-39, there are So_me other peptlde compo_nen_ts Cg{.S msec. The reversal potential was then corrected for the liquid junc-

the platypus venom which are capable of forming ioNnton potential by using the JPCalc software [1]. Assuming that the only

channels that could play a role in the of BaV-induced  permeant ions ion the system weré &nd X, the substituting cation,

effects noted above. this shift AE,., = Ex+ — Ex+) can be used to estimate the selectivity
from the following equationAE,., = 59 logP, + [X*]sidPx + [K ]eis.

STATISTICS

Materials and Methods ) ) )
Unless otherwise stated, each ion channel was used as its own control

and the comparison was made between biophysical parameters of the
SOLUTIONS channel before and after changing ttis or trans solutions by any
applied treatment. Data are reported as meassmtof channels.
Unless it is otherwise stated, the initial experimental solution for in-
corporatingOaV into the bilayers contained KCI (250nmcis and 50
mwm trans) plus 1 nm CaCl, and 10 nm HEPES (pH 7.4, adjusted with
4.8 mm KOH).
Results

LiPID BILAYER MEMBRANES AND OaV | NCORPORATION

TyPes oFloN CHANNELS
Bilayers were formed across a 1%0n hole in the wall 6a 1 ml
deltrin™ cup, using a mixture of palmitoyl-oleoyl-phosphatidy-
lethanolamine, palmitoyl-oleoyl-phosphatidylserine and palmitoyl-
oleoyl-phosphatidylcholine (5:3:2, by volume) [13, 16, 20], obtained in . . .
chloroform from Avanti Polar Lipids (Alabaster, Alabama). The lipid Several ion channels that vary in their conductance and

mixture was dried under a stream of ind redissolved im-decane at ~ kinetic properties were regularly observed after the ex-

a final concentration of 50 mg/miOaV was then incorporated into the posure of |ipid bilayer membranes to 0.1#:9 QaV.

lipid bilayer by addition to thesis chamber to a final peptide concen- Figure 1 shows single channel activity of ti@aV-

tration of 0.1-1ug/ml. The side of the bilayer to which th@aV was formed inward currents in 250/50 MnKCI cis/trans

added was defined as, and the other side asans. The experiments . ..

were conducted at room temperature between 20 and 25°C. The time course of the ch.ann_el aCtIV.Ity indicates that the
channel undergoes inactivation, which can be removed
by depolarizing voltage steps to more negative voltages

RECORDING SINGLE CHANNEL ACTIVITY thanE, (data not shown To examine the single chan-

nel inactivation, the voltage of the bilayer lipid mem-

Inward Rectifying Currents

The pClamp6 program (Axon Instruments Foster City, CA) was used .
for voltage command and acquisition of Glurrent families with an brane was changed, using a two-pulse voltage protocol,

Axopatch 200 amplifier (Axon Instruments). The current was moni- stepped from 0 to +80 mV for 3.4 sec and then stepped

tored on an oscilloscope and stored on compact disc recorder (CD-RfO —40 mV for 3.4 sec (Fig. A). Sixteen episodes of
Thecis andtrans chambers were connected to the amplifier head stagednward current activation and subsequent inactivation
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A Vi (mV) semble inward current (228 = 24 pA;= 3), calculated
after subtraction of the macroscopic leak current, was
+80 3.29 + 0.34 secn( = 3) at -40 mV.
’ The current-voltage relationship that was con-
0

formed ion channel conductance exhibited strong inward
rectification (Fig. D). The maximal channel conduc-

0 [— structed to examine the voltage-dependence oOhé-
L tance was 857 = 23 ph(= 5) in 250/50 nm KCI

] A cis/trans The value of the reversal potentig.,, after
e A correction for the junction potential [1], was +27.6 £ 5
e ey mV (n = 5) reasonably close to the calculated Nernst
s S~y o ('quilibl’illjm). potential for Cl, Eg, (+40 mV). These .
| Aa—— A findings indicate that under these experimental condi-
- i - tions the inward current was primarily due to the move-
L] ment of CI' through the channel.
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S
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4 Outward Currents

I u I
A voltage protocol was used to examine the activity and

D E E voltage-dependency of the biophysical parameters of
\L K CI\L single channel currents in 750/50mKCI cis/trans,re-
Vm (mV) 'y 10 5 spectively. From an initial holding potential of 0 mV the
8I0 T S 4!0 slo membrane potentiaM,) was stepped to voltages rang-

ing from -160 to +140 mV, in steps of +20 mV, for
periods lasting 7 sec. The most frequently observed
OaV-formed outwardly directed single ion channels
were those of (i) a channel with slow current kinetitg, (
and (ii) a channel with fast or “burstlike” kinetick) (see
14, 15 and Fig. 2 and B). Because of the high prob-
ability of the slow channel being in the open state, the
current transitions of the fast channel was generally (16
Fig. 1. Inactivation of the inwardly directed currents)(The voltage ~ out 19) superimposed on the open state current of the
of the lipid bilayer membrane was changed, using a two-pulse voltageslow channel in bilayers which contained both channel
pl’OtOCOI, from O to +80 mV for 3.4 sec, then Stepped to —-40 mV for 3.4 Wpes (Flgs 2 and B, see als(jzlg 7A) A Slgnlflcant
sec. B) Time course of the inward current activation and subsequentnumber of bilayers contained either the slow or the fast
inactivation induced by the two-pulse voltage protocol for a channel in . -
asymmetrical KCl €is/trans;250/50 nv) plus 1 mv CaCl, and 10 nm channels. The, current-voltage relatlon_shlp _Of the, slow
HEPES. Following convention, the downward deflections denote acti-Channel exhibited weak outward rectification with a
vation of inward currents, i.e., chloride ions moving from tiecham- maximal slope conductance of 41.38 + 4.2 pSH{ 3) in
ber to thetrans chamber. For a better display, the data are filtered at 1750/50 mu KCI cis/trans The current reversal poten-
kHz digitized at 2 kHz, reduced by a factor of 5, and current traces arejg|s (E,,) after correction for the junction potential [1],
offset by 60 pA. C) The mean ensemble current through the inward- \ya5 more negative than —69.3EK() for the slow ion
rectifying ion channel. The inactivating ensemble current is the mean Ofchannel The onIy ion in theis and trans solutions
the 16 current traces shown B I is a constant macroscopic leak ) . .
current. The solid lines are drawn to a second-order polynomial fit. The(KCI) that had a reversal po}gntlgl more negative than
vertical scale shows 200 pA for the current trace8iand 20 pA for ~ —69.38 mV was K. The identification of the channel as
the mean ensemble current@n (D) The current-voltage relation of the @ transporter of K is therefore established by several
inward current for the channel activity at voltages between -80 and +7dfindings: (i) its reversal potential; (ii) shift in the reversal
mV. Solid line is drawn to a third-order polynomial fit. The reversal potential upon changing [K]; (iii) ionic composition of
potential of the current is +27.6 mV in 250/50m1KCl. Voltage- the bath, i.e., K is the main cation in the solutiors¢e
dependence obav-formed ion channels. below); (iv) monovalent ion substitution experiments; (v)
block with TEA™ a K" channel blocker §ee be-
were induced by the two-pulse voltage protocol to obtainlow). These findings together indicate that the outward
the mean ensemble current through the inward-rectifyingurrents were primarily due to the movement dffikom
ion channel (Fig. B). The mean ensemble current also thecisto thetranschamber. The remainder of this paper
revealed channel inactivation (FigCL The time for the is confined to examining the properties of this slow cat-
half change (50% decay) in the amplitude of the en-ion channel.

I(pA)
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Fig. 2. Representativ®aV-formed single ion channels. Current traces Z_
illustrating the activity of slow I) and fast [;) cation channels re- 1601~

corded atf) +80 mV and B) +60 mV in asymmetrical KCldjs/trans;

750/50 nv) plus 1 mm CaCl, and 10 nv HEPES. Following conven- C
tion, the upward deflections from the closed lev@ldenote activation

of outward cation current, i.e., potassium ions moving from ¢te
chamber to théranschamber. For a better display, the data are filtered

at 1 kHZ, digitized at 2 kHz and reduced by a factor of 11. Note the
activation of one slow and one fast channel at +80 mV. Note also the

I(pA)

activation of one fast and two slow channels at +60 mV; after 3.8 sec, :Iéf:““e a
one of the slow channels is inactivated.
W_g_“* a-a-nbhunun |
-80 80 160

PoTtassium-DEPENDENCY OF THESLOW |oN CHANNEL

4L vV, @my)
The cationic nature of the channel was determined in ion_ o )
substitution experiments (Fig. 3). Tloés solution con- Fig. 3. The cationic nature of th®aV-formed slow cation channel.

L Single channel currents activated at different voltages between -160
taining 250 im KCl was totally replaced by another .. ") 15y in: ) (@) 250/50 mu KCl and @) (W) same channel

SO'_Utio_n Qontaining 250 m Cho”_n_e Cl (Fig. Aand B)' _after substitution of 250 m [KCI] ;s with 250 mm [choline chloride].
This eliminated the channel activity and reduced the uni«c) current voltage-relationships i®] 250/50 m1 KCl and () 250/

tary channel conductance from 21.47 £ 2.3 pS3)to 50 mu choline chloride. The solid lines are drawn to a second-order
0.53+ 0.1 pSit = 3) at +140 mV. The current reversal polynomial.
potentials E,,) shifted from =29.5 £ 4.8 mV in 250
KClto +31.8 + 3.2 mV in 250 m choline Cl (in addition The increase in the current amplitude as a function
to the 4.8 nw KOH used to buffer the pH to 7.4). These of increasing [K].s was nonlinear (Fig. B), indicating
findings taken together further support the suggestionhat K* binds to sites in the channel pore. The outward
that the movement of Kunderlies the outward currents. current was best described by a third order polynomial
The dependence of the current-voltage relation ofiit. At +140 mV, the values of the maximal single chan-
the outward current on [K s was examined at concen- nel conductancen(,,,) and the concentration for half
trations between 250 and 750mand families of current  maximaly (Ko are 38.6 pS and 380wnand decline to
traces were obtained. The constructed current-voltages.76 pS and 250 mat 0 mV, respectively. It is sug-
relationships show weak outward rectification and in-gested that current saturation resulted from a binding and
creases in current amplitude (FigA\¥ E,,, as expected, unbinding step of K to the channel protein; this step
responded to changes in TK;s by shifting to negative |imits the permeation of Kthrough the channel at high
values from -22 to -39, =50, -78, =87 and -87 mV atjonic concentrations [12]. The values qf, ., and Kg
250, 350, 450, 550, 650 and 75QvnfKCl] ., respec-  decline to 15.76 pS and 250Mmat 0 mV, respectively.
tively. It should be noted that the apparent discrepancy
betweerE,,, andE, for 650 and 750 m KCl disappears oy SeLECTIVITY OF THE SLOW CHANNEL
if these are estimated from a third-order exponential fit.
However, for consistency with other [KCY they are  The ion selectivity of the channel to'KNa" and C$ was
drawn to a second-order exponential fit. determined in ion substitution experiments. The 250 m
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5C). The reversal potential in 250/50wn{cis/trang KClI
or NaCl was —38 and —30 mV in 250/50Mr{(cis/trang

8 CsCl (Fig. ). The calculated permeability values
© 250/50 obtained from conductance and zero-current poten-
® 350/50 6 tials under bi-ionic conditions (Figs. 3 and 5) for
0 450/50 Pi+:PnaPcs Peholine Were 1:1:0.63:0.089, respec-
= 550/50 tively. Different phospholipid compositions, e.g., PE:PS
4 650/50 = 70:30, PE:PS:PC= 50:30:20 PE:PC 80:20 and

PE:PC 50:50 were also used to form bilayers. lon chan-

1 nel proteins/peptides incorporated into bilayers with neu-
160 tral and negative net charges produced similar ion chan-

2 nel activity. This rules out cation selectivity for the
Vm (mV) channel as a result of a PS-induced Gouy-Boltzmann

(Chapman) effectdeeref. 11]. In addition, not all pep-
tides incorporated into net negative bilayers form cation

B selective channels [16].
Vm (mV)
10 +140
+120 KINETICS OF SINGLE CHANNELS
:t},g" The kinetic parameters of th@aV-formed slow chan-
” +60 nels were 0bta_ir_1ed by analyzing channel activity re-
a +40 corded at positive voltages (Fig. 6). The voltage-
ot ‘520 dependent kinetic-parametels,andF, increased while
T, and T, decreased as the bilayer was made more posi-
tive between 0 and +140 mV (FigAéD). The channel
open probability P,) was between 0.1 and 0.8 at poten-
. tials between 0 and +140 mV. The channel gating pa-

rameters were independent of [KGl[ranging between
50 and 750 ma (data not showpn On the other hand, the
replacement of the 250 mKCI in the cis chamber by
250 CsCl increaseB, and reduced JandT, (Fig. 6B—
D), wheread?, did not appear to be affected significantly

0 200 400 600 800
[K'],;, (mM)

Fig. 4. Dependency of th®aV-formed slow channel on [KC[]. (A) Fig. 6A
Current voltage-relationships at 250), 350 @), 450 (0), 550 @), (Fig. 6A).
650 (1), and 750 mu [KCI] s (A). The solid lines are drawn to a

second-order exponential fit. Using these fits to estintate the val-
ues were -22, -39, -50, ~78, -87 and -87 mV at 250, 350, 450, 550PHARMACOLOGY OF THE OaV-FORMED SLow

650 and 750 m [KCI] .., respectively. It should be noted that the 1ON CHANNELS
apparent discrepancy betwekp,, and E for 650 and 750 m KCI

disappears if these are estimated from a third-order exponential fit . . . o
However, for consistency with other [KC{ they are drawn to a sec- The slow and fast channels differ in their sensitivity to

ond-order exponential fit.B) Michaelis-Menten curves for the single TEA™. Figure 7 shows current activity recorded at +150
channel current amplitude as a function of [KGIht different voltages and +160 mV, in both the absence and presence of TEA
between 0 (bottom) and +140 mV (top) in +20 mV steps(), (+20 in the trans solutions, from a bilayer that contained one
(@), +40 (J), +60 @), +80 (A), +100 (A), (+120 (V), and +140 MV fast and one slow channel. It is apparent that the unitary
(V). The solid lines are drawn to a third-order polynomial. current of the fast channel was not affected even by 100
mM [TEA™],.ans (@ blocker of the outwardly rectifing K
channel) (Fig. A), being(8.46 pA at +160 mV in both
KCl in the cis chamber was totally replaced by 25&am the absence and the presence of TE®n the other
of either NaCl or CsCl, and families of current traceshand, the activity of the slow channel was eliminated
were obtained at voltages between -160 and +140 m\(Fig. 7B). The dependence of the slow channel on
(Fig. 5A). The constructed current-voltage relationships[TEA™],,4ns Was examined between 0 and 10&.mThe
from these current families reveal no significant reduc-current amplitudel, was decreased by 10-20% at 20 m
tion in the current amplitude or shift in the,, of the  [TEA™],4ns @nd 90-100% at 80 m The current inhibi-
channel in a solution containing 250nNacCl (Fig. B).  tion was fully reversible after wash with controans
However, the current amplitude was reduced &hd,  solution. The current amplitude at different [TERA, s
shifted by +10 mV in the presence of 25M€sCl (Fig. I reanrans €XPressed relative to the current amplitude for
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A B
Vm (mV) e KCl Vm (mV) m NaCl
+140 W +140 T T T T v
by T M —
E\_ i S e
0 0= —
-160 «
o
CsCl 3
VoY) 10
] - . — Fig. 5. lon selectivity of theOaV-formed slow
0_ — ion channel. Single channel currents activated at
1 = L 1 J different voltage and in:A) 250 mv  [KCl] ., (B)
1= 80 160 250 ma [NaCllgs and €) 250 mu [CSCl]; (D)
_160-? -1 LV, (mV) CurreTt voItage)(—reIannshm)(s for different cations:
(@) K*, (M) Na*, and @A) Cs'".
A B there have been no reports ©&V-formed ion channels
08 100 but the data_reported here show several types c_Jf nov_el
Ny @ OaV-formed ion channels. These channels vary in their
E 06 . & 75 selectivity, conductance, kinetics and voltage-dependent
2 o4 =2 o properties. The ion channels observed in artificial lipid
2 g bilayer membranes originate from different protein and
; 02 n'e 5 25 peptide components of the platypus venom. The lipid
& o0 E 0 bilayer technique can provide an important analytical
0 80 160 assay for the purification ddaV components underlying
C Vi (mV) D different ion channel types. Unfortunately, the isolation
Z 150 2 12 and purification of theDaV protein components is hin-
5, S dered by the limited supplies of this venom from the
f’ 100 g ® platypus, which is an endangered species in Australia.
E 5 0.8 Currently, neither the component of th@aVv which
g 50 2 forms the slow outward-directed cation channel nor the
f = A molecular mechanism of the protein/peptide incorpora-
§ o 4 ) S 04 | tion into the bilayer are known. However, it is unlikely
= 0 8 10 = 0 80 160 that this channel is due to either (i) tEECNP-39 com-
Vi (mV) Vi (mV) ponent in theDaV that forms the[160 pS fast channel

Fig. 6. Voltage-dependence of the kinetic parameters of @ay/-
formed slow channel A) Open probability P,) (B) frequencyfr,, (C)
mean open timé&, and O) mean closed timd,. The threshold for
channel detection was set at 50% of the current amplitudecénd
solution of 250 nw (@) KCI, (l) NaCl and &) CsCl. The solid lines
are drawn to a second-order polynomial fit iA &nd B) and to a
third-order polynomial fit in C andD). The data are means of two to
three channels.

control, I onwor 1S Shown in Fig. 8. The half-maximal
inhibitory concentrationk;) of [TEA];;ans Was[#8 mv.

Discussion

THE PROTEINPEPTIDE ORIGINS OF THE OaV-FORMED
loN CHANNELS

(14) or (ii) p12/NGF, which induces inward currents [4].
It should be noted that the p12/NGF-inward currents
could be due to channel formation and/or modification of
inwardly directed channels that are intrinsic to the mem-
brane.

CHARACTERISTICS OFOaV-FORMED SLow CHANNELS

The mean conductance of the slow ion channel in lipid
bilayer membranes is 22.5 + 2.6 pS in 250/50 iKCI
and 41.38 + 4.2 pS in 750/50nrcis/trans The current
reversal potential of =40 mV in 250/50MKCl is closer

to the E value than that oft., indicating that this
channel is more selective for cations than for anions.

The lipid bilayer technique is a powerful tool for char- The selectivity sequence of the slow channel, determined
acterizing single ion channel properties. Until now, from the shift in the reversal potential under bi-ionic
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A Vm (mV) B Vm (mV)

+160 : +160
+150 +150
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Fig. 7. Oav-formed slow (¢ and fast ;) channels, recorded from a bilayer in 250/561 #4CI. (A) Control, and B) 100 mv [TEA*];;ane Shown
above the current traces MandB are voltage steps used to induce single channel currents. The current races for the control sApwevea(
the presence of both the fast and the slow channels. The addition dfAlBéks the slow channel without affecting the fast chanBgIThe broken
lines in (A) denote the closed state’; for the slow channel.

4~ OTHER TOXIN-FORMED |ON CHANNELS AND THE
PATHOPHYSIOLOGICAL SIGNIFICANCE OF OaV-FORMED
CHANNELS

The conductance and kinetics of thaV-formed cation
channels differ from the previously described peptide- or
toxin-formed voltage-dependent cation channels (Table).
The current-voltage relations for th@av-formed fast
(burstlike activity) and slow cation channels show out-
0 L | Lo~ ward rectification. The conductance values for the slow
0 20 40 60 80 100 and fast channels are 22.5 + 2.6 pS and 38.8 £ 4.6 pS in
250 mv cis/transand 41.38 + 4.2 pS and 60.7 + 7.1 pS
in 750/50 nu cis/trans The gating kinetics of the slow
Fig. 8. Dose-dependent effects of milimolar TEAdded totrans so- lon cha_r!nels W(_ere voltage-dependent. The Channel open
lution ([TEA™];and ON relative current of slow cation-selective chan- probability (°,) is between 0.1 and 0.8 at pOtentla_‘lS be-
nel. Ireat), . 1S given for different [TEA],ans relative to control (no ~ tween 0 and +140 mV. The channel frequenEy)(in-
TEA*). The solid line is drawn to a third-order polynomial fit of the creased, whereas mean open timg @nd mean closed
data Q). The effect of [TEA]..s was reversible after wash with time (T,) times decreased with depolarizing voltages be-
control trans solution @). tween 0 and +140 mV. lon substitution experiments of
the cis solution show that the channel has conductance
values of 21.47 £ 2.3 and 0.53 + 0.1 pS in 250 KCI
solutions and conductance measurements in 26@at-  and choline Cl, respectively. At +140 mV,,.,andKg
ion chloride, was in the order K> Na" > Cs", which  values were 38.6 pS and 38Qvnand declined to 15.76
could agree with either of Eisenman sequences V and VpS and 250 m at 0 mV. The permeability values for
[12]. The most distinctive feature of the slow channels isSPy+:Pna i Pcs :Pehoiine Were 1:1:0.63:0.089, respec-
the low frequency of current transition between the opertively.
and the closed states. However, like most outwaid K A number ofOaV peptides have been implicated in
currents, the slow channel was inhibited by rather highOaVv-induced pathologies, which include intense pain,
concentrations of TEA(K; = [48 mv) on the luminal edema and persistent hyperalgesia [4]. These effects of
side of the membrane. In contrast to the inward currentenvenomation, obviously, could arise from both the in-
the time course of the outward currents did not appear téeraction with intrinsic ion transport pathways and the
indicate channel inactivation. Neither the regulatoryOaV-formation of new transport pathways. Both factors
mechanisms nor the extent of the channel opening arerould augment the abnormal electrical activity and the
known for this channeh vivo. The voltage regulation of ~distortion of signal transduction, causing loss of mem-
channel kinetics does not rule out other regulatorybrane compartmentation. Our current working hypoth-
mechanisms. esis is that thedaV mediates its pathophysiological ef-

I[TEA*]rrans/Icontrol

[TEA"],,,. (mM)



Table. Properties of some toxins and CNP-39-formed ion channels

Peptide type Channel type Method Concentration ~ Conductance Amino acid Pathology Reference
and selectivity of cis/trans (pS) sequence
(mm) I-V relations and mecha-
Blockers nism
of channel
formation

Diphtheria Voltage-dependent Incorporated 200 mm NacCl 6.2 22 kDa Diphtheria 9)
toxin anion selective into PE at 1000 nv NaCl 20 protein

channel pH 5.0-4 Linear at aggregation
Pci/Pna 6 positive

voltages

and

sublinear at

negative

voltages

Tetanus Voltage-dependent Incorporated 500/500 KClI 89 at pH 7.0 140 kDa Spasticity and  (11)
toxin cation into PS at 30 at pH 30 N-terminal convulsions
(TeTx) selective neutral pH Larger at fragment 95 (human

channel positive kDa tetanus)
Py /Pna = voltages (channel
1.35 than at forming
negative fragment)
voltages C-terminal
fragment 50
kDa
Staphylococcal Voltage-dependent 0.1 to 2.0um 500/500 KClI Small channel Tetrameric Adverse (18)
d-toxin and voltage- Incorporated 70-100 and higher effects on

independent into PC Large channel aggregates biological
cation bilayer pH 450 pS in agqueous membranes
channels 7.0 Linear solution
Py/Pg, 9.3 around 0 MAQDIISTIG-
small Py /Pg mvV DLVKWIID-
2.6 large Nonlinear TYMKFTKK

voltages

greater than

60 mV

Aerolysin a Voltage-dependent, 3—6 p.g/ml 100 NaCl 145 50 kDa Destroy (2,23)
cytolytic slight anion Incorporated 1000 NacCl 420 protein, Osmotic
protein selective into PC histidine-induced lysis

channel bilayer pH oligomeric

Pc)/Pna 3.6 7.0-7.4 complexes
and
inhibited by
Zn2+

Clostridium Voltage-dependent PC or PS 100 KClI 55 Inhibited by ADP-ribosy- (22)
botulinum cation-selective chloroquine lating-induced
C2 toxin destruction

of the actin
cycloskeleton

Hemolysin Voltage-dependent 1-10 um 100 KClI 22 220 kDa Effects via (29)
HIyA a moderately Peptide 1000 KCI 350 protein, cAMP-
cytolytic anion selective incorporated oligomeric stimulated
toxin channel into lipid complexes Cl- and

P /Py, 6.6 bilayer HCO®"
azolectin efflux from
phosphotadyl- the
choline, intestinal
GPA cells

(cholera)

CNP-39 A Fast K channel 0.1-1pg/ml 250/50 KCI 38.8 LLHDHPNPRK- Vasodilation, (14)
peptide K* > Rb*" > PE:PS:PC 750/50 KCI 60.7 YKPAYKKGL- changes in
component Na" > Cs" Li* 50:30:20 SKGCFGLKL- electrolyte
of >> Choline DRIGSTSGLGC homeostasis,
platypus Oligomeric kidney
venom complexes failure,

envenomation
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fects by forming ion channels which modify the mem- 6. de Plater, G.M., Martin, R.L., Milburn, P.J. 1995. A pharmaco-
brane potential and second messenger systems, €%j., Ca

homeostasis and cGMP production [14, 17]. TbaV-
formed ion channels may dissipaté Knd CI gradients

logical and biochemical investigation of the venom from the plat-
ypus Ornithorhynchus anatinysToxicon33:157-169

7. de Plater, G.M., Martin, R.L., Milburn, P.J. 1998. The natriuretic

essential for electrolyte homeostasis and thereby result-
ing in the symptoms of edema. It has been suggested

that the inward macroscopic current, which is produced s.

by OaV and has been linked to the p12/NGF component
in dorsal root ganglia (DRGSs) neurons, may underlie the

long-term and severe pain associated with platypus en-
venomation [4, 5]. The time course of the ensemble av-

eraged current of the single inward currents reveals in-

activation similar toOaV-induced inward macroscopic 1o.
currents in DRGs. Whether the single inwardly rectify-
ing anion channels (Fig. 1) in fact do underline the mac-11.

roscopic currents is an issue that can only be resolved by

further characterization of this current at the single Chan-1

nel level.
In conclusion, it is proposed that the®aV-formed

13.

ion channels underlie changes in the signal transduction
mechanisms, which may explain, at least partly, the re-

ported symptoms of envenomation and the vasodilatory4.

effects in smooth muscles [6-8].
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