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Abstract. Pandinus imperatoiscorpion toxins Pi2 and Introduction
Pi3 differ only by a single amino acid residue (neutral
Pro7 in Pi2vs.acidic Glu7 in Pi3). The binding kinetics
of these toxins to human Kv1.3 showed that the de-The voltage-gated potassium channel, Kv1.3, plays an
creasedn rate Koy = 2.18 x 16 m~'sec? for Pi2 and ~ important role in T-cell physiology because of its in-
1.28 % 16 M~ sec_l for P|3) was almost entire|y respon- volvement in the regulation of the membrane potential of
sible for the increased dissociation constay) (of Pi3  these cells thereby influencing T-cell activation in vitro
(Kq = 795 pv) as compared to PiX( = 44 pv). The [4, 18, 21, 34]. K channel blocker scorpion toxins
ionic strength dependence of the association rates wd$tox) together with complementary mutagenesis of
exactly the same for the two toxins indicating that Kv1.3 proved to be excellent tools in studying structure-
through-space electrostatic interactions can not accouritinction relations and defining binding sites for the
for the differenton rates. Results were further analyzed blockers on the ion channel [1]. Recently, Stox Kv1.3
on the basis of the three-dimensional structural models ofhannel blocker Margatoxin has been shown to be effec-
the toxins. A 3D structure of Pi3 was generated from thetive even in suppressing T-cell function in vivo [17].
NMR spectroscopy coordinates of Pi2 by computer mod-The above results suggest that Kv1.3 may be an excellent
eling. The Pi3 model resulted in a salt bridge betweentarget for modulating immune system functions by spe-
Glu7 and Lys24 in Pi3. Based on this finding our inter- cific and potent blockers [3].
pretation of the reducedn rate of Pi3 is that the intra- During the search for more potent”Khannel in-
molecular salt bridge reduces the local positive electrohibitors the whole venom of scorpidPandinus impera-
static potential around Lys24 resulting in decreasedor (PiV) has been applied to the voltage-gated potas-
short-range electrostatic interactions during the bindingsium channels of nerve fibers and Getlls. The effects
step. To support our finding, we constructed a 3D modebf the Pandinusvenom was shown to be different from
of the Ser-10-Asp Charybdotoxin mutant displaying dis-other known K channel Stox in their marked voltage
tinctly reduced affinity forShakerchannels. The mutant dependence and poor reversibility of the block on these
Charybdotoxin structure also displayed a salt bridge beehannels [29, 30].
tween residues Aspl0 and Lys27 equivalent to the one  Recently, several newKchannel blocking peptides
between Glu7 and Lys24 in Pi3. named Pil-Pi7 were purified to homogeneity from the
venom of Pandinus imperatoand their primary struc-
Key Words: Human lymphocyte — Kv1.3 — Scorpion tures were determined [14, 26, 27]. Toxins Pi2 and Pi3

toxin binding — Pandinus imperator— Charybdotoxin &€ Very closely related in their structure, both contain
— Three-dimensional structure — Salt bridge three disulfide bridges and the sequences differ only in

one amino acid at position 7 (proline in RI&. glutamic

acid in Pi3) in the N-terminal region [14]. Pi2 and Pi3
- bear 7 and 6 net positive charges, respectively. The
Correspondence taR. Gaspa three-dimensional structure of Pi2, under the name of
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PTX K-alpha, was determined by NMR spectroscopyAxon Instruments TL-1-125 and Digidata 1200 computer interfaces,
[36]. respectively. For data acquisition and analysis the pClamp6 software

The whole Pandinus imperatovenom efficiently ~ Package (Axon Instruments, Foster City, CA) was used. T lympho-
reduces whole-cell K currents in human peripheral cytes were selected for current recording by incubation with mouse

blood | h t 321 Prelimi h i | anti-human CD2 (Becton-Dickinson, San Jose, CA) followed by selec-
00d lymphocytes [ ] reliminary experiments a SOtive adhesion to Petri dishes coated with goat anti-mouse IgG antibody

showed that purified peptide components Pi2 and Pi3 Ofgjosource, Camarilo, CA), as described by Matteson and Deutsch
the venom powerfully blocked Kv1.3 channels in humanp24]. pishes were washed gently five times with 1 ml of normal ex-
peripheral blood lymphocytes with approximatg ¥al-  tracellular bath mediumsge beloyfor the patch-clamp experiments.
ues of 50 m and 500 m, respectively [32]. Standard whole-cell patch-clamp techniques were used [11, 24, 32, 39].
The single amino acid difference between Pi2 andSeries resistance compensation up to 85% was used to minimize volt-
Pi3 and the large difference in their blocking potency for?29€ errors and achieve good voltage-clamp conditivgs € 5 mv).
Kv1.3 provide excellent background for studying the Pipettes were pulled from GC 150 F-15 borosilicate glass capillaries

f . lati hi f block by th (Clark Biomedical Instruments, UK) in two stages and fire polished,
structure-function relationship of current block by t eseresulting in electrodes having 2+8) resistance in the bath. The bath

tOXinS-' Our eXperimentS were m_OtiV‘T"te'd by in-depthsoiution was (in mi): 145 NaCl, 5 KCI, 1 MgCJ, 2.5 CaC}, 5.5
analysis of factors influencing toxin binding ®haker  glucose, 10 HEPES (pH 7.35, ionic strength190.5 nu). The high
and C&" activated K channels [10, 12, 13, 22, 25, 31, ionic strength external solution was (invp 77.5 NaCl, 5 KCI, 48.6
35]. These include long-range nonspecific electrostatiddClz, 2.5 CaCl, 5.5 glucose, 10 HEPES (pH 7.35, ionic strength
interactions, short-range electrostatic interactions an 65.9 mm). The measured osmolarity of the external solutions was

L . . . etween 302 and 308 mOsm. The pipette solution was (i): rb40
close contact steric interactions. The contribution o'fKF’ 11 K.EGTA, 1 CaCl, 2 MgCh, and 10 HEPES (pH 7.20295

these interactions to toxin binding requires the analysig,osm),

of blocking kinetics, the determination of association and

dissociation rates and the ionic strength dependence of

the rate constants. We applied this approach to deter_-rEST SUBSTANCES

mine the difference between the binding of Pi2 and Pi3

to Kv1.3 channels. In addition to patch-clamp experi-

ments we analyzed the results in the view of differencesandinus imperatovenom was obtained from anesthetized animals by
found between the three-dimensional structures of theselectrical stimulation. To separate the peptide toxin components the

toxins. as well as between those of relevant Charybdogoluble venom was initially fractionated in a Sephadex G-50 column
toxin (’ChTX) mutants [12] and the subfractions were further fractionated by high performance

. . . . .~ liquid chromatography (HPLC), using a C18 reverse-phase column

Throughout this article observations concerning Pi2,yy yac. Hysperia, CA), of a Waters 600E HPLC apparatus. The ho-

one of the most potent toxin inhibitor of Kv1.3, are pre- mogeneity of the purified samples was confirmed by step-gradient

sented in detail, in comparison with Pi3. Kv1.3 was HPLC and direct Edman degradation using an automatic sequencer [7,
studied in human peripheral blood lymphocytes wherel4].

V0|tage_gated whole-cell currents are dominated by these Solutions were supplemented with 0.1 mg/ml bovine serum al-
channels bumin to suppress nonspecific binding of the toxins to the walls of the

tubes and to the Petri dish. Bath perfusion around the measured cell
with different test solutions was achieved using a gravity-flow perfu-
sion setup with 8 input lines and PE10 polyethylene tube output tip
with flanged aperture to reduce the turbulence of the flow. The solu-
tions were applied in an alternating sequence of control and test solu-
tions, unless stated otherwise. Excess fluid was removed continuously.
For the measurement of blocking kinetics of toxins data acquisition was
. ) . synchronized to fluid exchange using solenoid valves controlled by
Heparinized human peripheral venous blood was obtained from health Clampé via digital outputs of Digidata 1200. The reference electrode

volunteers (authors of the paper). Mononuclear cells were separated Was connected to the recording chamber with an agar bridge to elimi-
Ficoll-Hypaque density gradient centrifugation. Collected cells were o junction potential changes during perfusion

washed twice with C&- and Mg *-free Hanks’ solution containing 25

mm HEPES (pH:7.4). Cells were cultured in a 5% Cidcubator at

37°C in 24-well culture plates in RPMI-1640 supplemented with 10%

FCS (Hyclone, Logan, Utah), 100 u./I penicillin, 1@@&/ml strepto-  DATA ANALYSIS

mycin and 2 nw L-glutamine at 0.5 x 19ml density for 3—4 days.

The culture medium also contained 2.5 op.§/ml of phytohemagglu-

tinin A (PHA-P, Sigma-Aldrich Kft, Hungary) to increase"Khannel Prior to analysis whole-cell current traces were corrected for ohmic

expression [8, 9]. leak and digitally filtered (3 point boxcar smoothing). Nonlinear least
squares fits were done using the Marquardt-Levenberg algorithm. Fits
were evaluated visually, as well as by the residuals and the sum of

ELECTROPHYSIOLOGY squared differences between the measured and calculated data points.

Statistical comparisons were made using Studeftest, and
Whole-cell measurements were carried out using Axopatch-200 andvhen appropriate, pairedtest atP = 0.05. For all experiments, the
Axopatch-200A amplifiers connected to personal computers usingstandard error of the mean (SEM) is reported.

Materials and Methods

CELLS
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Fig. 1. Effects of Pi2 and Pi3 on whole-cell*Kcurrents in human T lymphocytesPdnel A Lymphocyte perfused with control extracellular
solution. Voltage steps lasting for 50 msec were applied every 50 sec from a holding potential of —=80 mV in 10 mV increments from —70 to +5(
mV. Selected traces are displayed only for image clarity (=70, =50, —30, —-10, 10, 30, 50Pa¥igl B Whole-cell K" currents of the same cell

in the presence of 5QwPi2 using the same pulse protocol asganel A.Sampling rate was 20 kHz, lowpass filtering was applied at 5 kHz. Current
traces were smoothed using the 3-point boxcar mettahdls C and [P Dose response of Kcurrent block by Pi2 and Pi3, respectively. The
fraction of unblocked current was calculated/ag wherel, is the peak K current measured in the control solution drislthe peak current during

bath perfusion with the test solution containing the toxin. The solid line is the binding curve fitted to the data points based on a 1:1 drug:chann
stoichiometry:l/l , = Ky /(Kq + [TX]), where [T¥ indicates the toxin concentration aig, is the dissociation constant. The best fit resulted in a
dissociation constant of 44 and 79% for Pi2 and Pi3, respectively. The test potential was +50 mV, the holding potential was —120 mV. Error bars
indicatesem (n = 3).

MODELING OF 3D-STRUCTURES OFPI3 AND THE Results

SER-10-Asp CHTX MUTANT

P12 aND P13 BLock Kv1.3 CHANNELS WITH
The 3D-structure of Pi2 toxin from the scorpi®andinus imperator  HicH AFFINITY
was obtained as a multiple NMR structure from the Brookhaven Pro-

tein Data Bank, entry 2PTA [36]. The conformation with best geom- _
etry (first reported in the entry) was used to model Pi3. A direct mu- Figure 1A shows whole-cell current traces recorded from

tation command was used in the program “O” [15] and applied to@ human T lymphocyte. Currents were evoked from —80
position 7 to change the side chain from Pro to Glu, to obtain a first-mV holding potential at test potentials ranging from -70
step structure in the modeling procedure. This step was natural sincgp +50 mV. Under the experimental conditions used in
the Ramachandran angles of the Pro7 residue in Pi2 structure are COPhis study i.e. low internal Ca (see Materials and
patible with a Glu in that position (phi= =77, psi = ~29). Next,  \1athogs) the current traces correspond to voltage-gated

ROTAMER search command was applied, to find the rotamer with the . flowi h h Kvi3 ch | f
best interactions. Thus the second most frequent rotamer for the GI|9OtaSSIum current flowing throug V1.5 channels o

was selected. We also changed the Lys24 rotamer so this residue coufiman T lymphocytes. FigureBlshows that 50 p Pi2
build the salt bridge with Glu7. As no repulsive interactions were reduced the above demonstrated whole-célickrrents

found in this conformation and no main-chain tensions were generategffectively at all membrane potentials testedd below
with this point-mutation we decided to use this model without further Dose dependence of equilibrium* Khannel block
optimization. Moreover, the salt bridge geometry generase Re- by Pi2 and Pi3 was determined by measuring the peak

sults) is both natural and compatible with experimental observations i . .
this work. The 3D-structure of wild-type ChTx was obtained from then\’\ll‘](‘)le_ceII K" current at +50mV in the bath solutiofX

Brookhaven Protein Data Bank, entry 2CRD [2]. The Ser-10-Asp mu-then Chf"mgmg the perfusion to bath solutions co_ntalnlng
tant of ChTx was built in the same way as for Pi3 and the resulingthe toxins at different concentrations. To verify that

rotamers were also the same. equilibrium block was reached, short (50 msec duration)
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Fig. 2. Block of Kv1.3 by Pi2 is voltage independenBdnel A Peak currents derived from the measurement represented inA-&ndB and
plotted as a function of applied test potent@bntrol: (@); 50 pv Pi2: (). (Panel B Remaining fractions of the whole-cell'kcurrent in a human

T lymphocyte at different test potentials during perfusion with 50Ri2. Remaining fractions were calculatedlAg wherel, is the peak of the
control current and is the peak in the presence of 5@ Pi2. Cells were depolarized from —-120 to 0, +30 and +60 mV for 50 msec. Data were
fitted with a straight line with the equatioili, = SLx TP + INT, whereSL s the slope of the lineTP is the applied test potential atNT is the

y intercept. The fit yielded 1.7 x I8 1/mV for slope.

depolarizing pulses to +50 mV were applied every 50positions influence their binding affinity. To further ex-
sec. The peak current in the presence of the tdjiwgs  amine the reasons for the above-mentioned difference in
calculated by averaging 3—4 peaks at equilibrium blockthe voltage dependence of thé khannel block by the
From |, and| the remaining fractionR = I/l,) of the  Pandinus imperatovenom we tested the effect of toxins
current was calculated and plotted as a function of toxinPi2 and Pi3 purified from the whole venom on the volt-
concentration in Fig. @ andD for Pi2 and Pi3, respec- age dependence of the block. We determined the re-
tively. The resulting dose response curve could be fittedmaining fraction of whole-cell current in the presence of
by equationR = Ky/(Kq + [TX]) describing a model 50 pu Pi2 at various membrane potentials. Current-
where one toxin molecule binds to one channel proteinyoltage relations on Kv1.3 show that the percentage of
In the above formuld& indicates the remaining fraction pjock by Pi2 is independent of the applied test potential
of the whole-cell current,Tx is the extracellular toxin (Fig. 2A and B). Similar results proved the voltage in-
concentration an# is the dissociation constant charac- dependence of the Pi3 bloctdta not showp The volt-
terizi_ng the drug-channel int_erac_tion. _The excell_ent ﬁtage independence of the block in both cases implies that
obtained supports a mechanism in which one toxin molthe pinding site of the highly charged toxin component
ecule binds to one channel protein and plugs the pore by Ky1.3 is not deeply immersed into the transmembrane
the channel similarly to ChTx [13]. As a result of the glectric field. Alternatively, the rate of obtaining a new
fitting procedureKy = 44 pv andKy = 795 pv were  gquilibrium at different depolarized membrane potentials
obtained for Pi2 and Pi3, respectively. Both toxins bindig not fast enough to show the voltage dependence of the

to the voltage-gated Kv1.3 channels of human T lym-pjock measured from the peak curreseéDiscussion).
phocytes with high affinity.

ASSOCIATION AND DISSOCIATION OF PI2 AND P13 ARE

BLock BY Pi2 AND PI3 SHows No
VERY FAST

VOLTAGE DEPENDENCE

Pappone et al. reported previously a voltage-dependern€™ channel block by Pi2 and Pi3 is reversible, because
action of the whole soluble venom on delayed rectifierafter washing toxin-treated human T lymphocytes with
K™ channels of myelinated frog nerve fiber [29]. In our drug free extracellular solution the whole-cell Kurrent
previous paper we showed that no voltage dependence oéturns to its original amplitude (Fig. 3). The very low
block exists for the fullPandinus imperatowenom on  dissociation constant of Pi2 and the fact that its blocking
human T lymphocyte Kchannels [32]. Pi2 bears a net effect was fully reversible by washing in less than 15
7 positive charge and has a lysine in position 24 equivamin, suggested that then and off rates of the toxin are
lent to the lysine in position 27 of ChTx, which is critical very high. Therefore, we examined the association and
for interaction with Shakerpotassium channels. How- dissociation rates of Pi2 to the channel protein by deter-
ever, other charged and uncharged amino acids in severalining the wash-in and wash-out kinetics of the drug on
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Fig. 3. Wash-in and wash-out kinetics of Pi2 characterizing the interaction of the toxin with Kv1.3 channels of human T lymphocytes. Cells were
held at a holding potential of —120 mV and depolarized for 8 msec to +50 mV at every 15 sec. The bath was perfused with control extracellul:
solution until the current amplitude stabilize®anel A The perfusion was switched to solution containing 50”32 by the use of electromagnetic
valves driven by the computer at the end of the first episode shown. The perfusion with toxin containing solution was continuous until equilibriur
block was reachedP@nel B Peak currents were plotted as the function of time and fitted to a single exponential deethe(text for details).

(Panel Q After the equilibrium block had already been reached the perfusion was switched back to control solution by the software driven valve:
(Panel D The peak whole-cell Kcurrents were plotted against the time elapsed from switching back to the control solution and were fitted to a
single exponential rise.

the Kv1.3 channels of human T lymphocytes in thewash-in kinetics of Pi2 yields&+ 7 sec ( = 7). After
whole-cell configuration (Fig. 3). To achieve a good reaching equilibrium block of the whole-cell current the
time resolution we used depolarizing pulses lasting for 8erfusion was switched back to the drug-free control
msec only, and applied every 15 sec (Fid &nd C). solution, while the voltage-clamp protocol recording the
This pulsing rate did not induce cumulative inactivation whole-cell current was running continuously. The re-
since identical peak amplitudes were obtained aftesults are displayed in Fig.G3 Peak currents recorded
wash-out compared to those measured at the beginninduring the wash-out procedure were plotted the same
of the wash-in process. The gravity-driven flow of ex- way as above (Fig.[3) and were also fitted to a single
tracellular solution was switched on and off by electro-exponential functionA(t) = B x (1 — exp(t/Toegp)) + C,
magnetic valves controlled by the data acquisition appawhereB = A(t = «) - C, Alt) and C were defined
ratus. above. The resulting time constaii,ee) was 158 + 21
The measurement of the time course of current blocksec 6 = 7) in this case.
by the toxin was started after the peak amplitude stabi- K™ channel block by Pi3 was also found to be re-
lized when entering whole-cell. Whole-cell'ikcurrents  versible ¢lata not showh We determined the time con-
recorded after switching to an extracellular solution con-stants of block and unblock by 50QupPi3 using the
taining 50 p1 Pi2 (Fig. 3A) and peak values were plotted same method as above. For Pi3 the value3 g and
in Fig. 3B as a function of time and fitted to a single Ty were 8 + 3 sec i = 8) and 80 = 6 secn( = 7),
exponential functionA(t) = B x exp(t/Toy) + C,where  respectively. From the measured time constants and as-
A(t) indicates the amplitude of the measured current asuming a simple bimolecular reaction between the toxin
timet, Cis the peak current at equilibrium block aBd  and the channekyy, k _andK, can be expressed as
= A(t = 0) —C. The time constanfliy,) describing the follows:
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Table 1. Blocking parameters of Pi2 and Pi3 in normal and high ionic A

strength solutions*
Solution kon (Misec?) Korr (sec?) Kq I
[nA]
Pi2 NR** 2.18x 10° 6.33x 1073 29 pv
HIS*** 6.90 x 10° 17.7x 1073 2558 v
Pi3 NR** 1.28x 10" 12.5x 1073 0.97m
HIS*** 3.98 x 10° 18.0x 107 452

* Second-order association and first-order dissociation rates were de-
termined from averaged,, and Toee values obtained from 4-7 in- B
dependent wash-in-wash-out experimeri€s. was calculated as the
ratio of kinetic constant&og/kon. **Normal Ringer solution.
***High ionic strength solution.

[nA]

_1-Ton*Kore 1

_ _Korr
Kon = TonX[Tx] Korr =

Kq= kon

1
Torr

The calculated values &, korr andK, are displayed
in Table 1.

C
.| i

ASSOCIATION RATE OF PI2 AND P13 IS SENSITIVE TO THE
IONIC STRENGTH OF THESOLUTION

RF |

= control

To study the influence of through-solution electrostatic = =50pMPi2
interaction between the cationic toxin and the anionic ¢ S TR B B

10 20 30 40 50 60
Time between pulses (s)

mouth of the ion channel on the kinetics of ion channel 0
blockade the effect of increasing ionic strength of the
extracellular solution was assayed. In high ionic strength ) N
solution (HIS), the concentration of divalent magensium! '9- 4- The effect of 50  Pi2 on recovery from inactivation of Kv1.3

. . . . . channels in human T lymphocyte®gnel A Representative whole cell
|on§ was raised _m the record!ng solution to 48.61 m currents evoked by a pulse pair (1 sec to +50 mV) separated by 14 sec
while the osmolarity of the solution was kept constant forinterpuise interval at ~120 mv holding potential in control solutiop. P
undisturbed patch-clamping of human lymphocyt®se( and B are peak currents observed during the first and second pulses,
Materials and Methods). The isosmotic substitution re-respectively, an&S§ is the steady-state current at the end of the first
sulted in a 1.4-fold increase in the ionic strength. \Webulse. The recovered fractioRFE) of the channels was calculated using
determined the dissociation constants, déheand theoff the following formula:RF = (P,-SS)/(P,-SS). The calculated RF was

rates of Pi2 and Pi3 in HIS and compared them to the0.55 in this experiment.Ranel B Recovery from inactivation in the

. . . resence of Pi2 is faster. The same cell d8anel Awas perfused with
ones measured in normal Ringer (NR) soluticed P P
Table 1). In the high ionic strength solutian rates
decreased 32-fold for both toxins, wheff rates in-

50 pv Pi2. All other experimental conditions were the same. GMPi2
reduced the peak current to 48% of control. The calculRfed/as 0.70
indicating that 70% of the inactivated channels recovered from inacti-

creased 2.8- and 1.4-fold a|together Causing 88- and 46¢ation within 14 sec. The value of RF is higher in the presence of Pi2

fold increased dissociation constants for Pi2 and Pj3than in the absenceP@nel G Comparison of the kinetics of recovery
respectively from inactivation in the presence and absence of Pi2. Depolarizing

pulse pairs (1 sec to +50 mV) separated by various inter-pulse intervals
ranging from 1 to 60 sec were applied. The time between pulse pair
sequences was 80 sec at —120 mV holding potential to allow full
recovery of the channels. The recovered fracti@f)(of the channels
was calculated as above. Mearsem (n = 3) of RFis plotted on the
figure for control solutions@®) and obtained during bath perfusion with

- 50 pv Pi2 (M) as a function of interpulse interval. The continuous lines
In our previous paper [32] we reported that current bIOCkshow the best fit to a single exponential functicedtext).

by the whole soluble Pi venom is associated with a sig-
nificant enhancement of the rate of recovery from inac-lymphocyte Kv1.3 channels became faster (Fig. 4). Dur-
tivation of Kv1.3. In this paper we extended this study to ing the experiments we applied 1 sec long depolarizing
the purified Pi2 and Pi3 peptides of the venom. In thepulse pairs with various interepisode intervals ranging
presence of Pi2 the recovery from inactivation of humanfrom 1 to 60 sec (Fig.A). The 1 sec long test pulse was

P12 ALTERS THE KINETICS OF RECOVERY FROM
INACTIVATION OF Kv1.3 CHANNELS
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enough for reaching steady-state amplitude for thelHREEDIMENSIONAL MODEL OF P13
whole-cell current. Time between pulse pairs was 80 sec

at a holding potential of =120 mV to allow full recovery _
of the channels. We calculated the fraction of channel$ased on the parameters obtained from NMR spectros-

(RF) recovered from the inactivated state during theCOPY data of Pi2 [36], a model of the three-dimensional
varying interpulse intervals using the formi = (p,  Structure of Pi3 Was'generated, as described in Materials
- SS)/(P, - SS), whereP, and P, are peak currents and Method;. Th|§ independently gengrated model was
detected during the first and the second pulses in the paifully compatible with the recently published 3D NMR
respectively an®S§ is the steady-state amplitude of the Structure of Pi3 [16]. o _
current during the first pulse. Figuré84hows the two- Pi3 is a natural mutant (Pro-7-Glu) of Pi2, in which
pulse protocol applied to the same cell in the presence df'€ substituted proline for glutamic acid in position 7
50 pv Pi2. The RF increased from 0.55 in control solu- 40€S not modify the folding pattern of the molecule, on
tion (Fig. 4A) to 0.70 (Fig. 4) indicating that channels the contrary, the .dlstan_ces and angl_e torsion constraints
recover faster from inactivation in the presence of Pi2.2r€ quite compatible with the formation of a salt bridge
We determined the recovery time constant by plottingVith Lys24, as shown in Fig. 5. Lys24 of Pi2 and Pi3 is
the recovered fractions as the function of interpulse in-2t the equivalent structural position of Lys27 in ChTx
terval and fitting a single exponential functioRF(t) =  [12]: (Table 2) and Lys28 in noxiustoxin [23]. Both ly-

1 - exp(4/T) to the data points. Recovery from inacti- sines were shown to be essential for binding to the K-
vation was significantly accelerated in the presence of 5 hansréeils Sr;EUd'ed d[?’lg]]; ;gu_rrégﬁeprlesegts P.'Z’ Wh%reas
pm Pi2, because the time constant characterizing it de- Ig. 3B 1s the model of PI3. The colored amino acids are

creased from 15.42 + 1.87 sec (control) to 10.42 + 1 o80me of those found to be essential for toxin-channel
sec P <0 0028r.1 =_6) ' "7 7 7" linteraction, plus residue 7, which is the mutated amino

. L . .-acid. In magenta is Lys24, in white, from left to right are
One amino acid difference between Pi2 and Pi3 ; ;
caused an 18-fold difference in their affinity for Kv1.3 as Phes3, Lys31, Met26 and Asn27. In blue is Pro7 for Pi2

determined from the equilibrium block of the channels.anOI Glu7 for Pi3, making the salt bridge with Lys24.
We were interested to know if the ability of Pi2 and Pi3

to speed up recovery from inactivation of Kv1.3 was

different. Any such existing difference could be imme- THREEDIMENSIONAL MODEL OF THE SER-10-Asp

diately attributed to the mutated amino acid in position 7CHTX MUTANT

(Glu for Pro), between the two toxins.

In.the prev'ious section we have shown t.hat reCcoventarlier work performed by the group of Miller [12]
from inactivation was a single exponential process.gnowed that a mutant of ChTx containing an aspartic
Therefore, in order to characterize the effect of toxins ongig in position 10, substituting for serine, was capable
the recovery kinetics, it was sufficient to comp&&  of recognizing the channel with 1,500-fold less affinity,
values obtained at fixed time intervals under control CoNcompared to native ChTx. When we aligned the amino
ditions and after the application of Pi2 or Pi3. We haveacid sequences of these peptides in search for the best
chosen 7 sec interpulse intervals and applied close to halfimilarity, we observed that Ser10 of ChTx corresponds
blocking concentrations of Pi2 (444pand Pi3 (500 @).  to position 7 in Pi2, where the glutamic acid substitutes
We used the 7 sec long inter-episode time because by thigr proline in Pi3 (Table 2). Thus, the three-dimensional
time the recovered fraction of the current was close tomodels of wild-type ChTx (Fig. 6) and its mutant con-
0.5. We calculated the recovered fractions of the chantaining aspartic acid (Fig.[3) were constructed on the
nels in the control extracellular solution and in solutionspasis of literature data and compared to our results. The
containing Pi2 and Pi3. The recovered fraction of te K Asp10 has a spatial geometry compatible with a salt-
current during the 7 sec long inter-episode time was 0.5&ridge formation with Lys27 in the mutant ChTx. These
+ 0.03 in the absence and 0.56 + 0.03 in the presence aksults are consistent with the highly conserved structural
500 pv Pi3 (P < 0.099,n = 6). Using the same protocol folding of the segments where these mutations occur in
the recovery from inactivation was accelerated by Pi2Pi2 and ChTx. Position 10 in ChTx and position 7 in
resulting in a recovered current fraction 0.53 + 0.05 com-Pi2, are the first residues of the alpha-helical domains of
pared to the control value of 0.45 £+ 0.02. The latterthe toxins, whereas residue 27 in ChTx (24 in Pi2) is a
difference proved to be significant (pairédest, P <  central residue in one of the conserved beta-strands of
0.009,n = 5). The observed difference in the ability of these peptides. Consequently, the relative positions of
Pi2 and Pi3 to speed up the recovery from inactivation othe mutated residues are compatible with the formation
Kv1.3 can only be associated to the seventh amino acidf salt bridges in both Pi3 and Ser-10-Asp ChTx, which
in the toxins, which is the only different amino acid in could explain an important decrement of affinity (in-
these peptides. crease oK) for the respective channel.
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Fig. 5. Three-dimensional models of Pi2, Pi3, wild-type ChTx and Ser-10-Asp mutant of CR@&Rre( A A view of the Pi2 structure observed

from the Lys24 residue (with carbon atom in magenta). Some amino acids essential for channel binding (from left to right: Phe33, Lys31, MetZ
and Asn27) are represented with carbon atoms in white. Pro7, the only point mutation differentiating Pi2 and Pi3 is represented in cyan. Other at
types in these residues are colored, as follows: oxygen in red, nitrogen in blue and sulfur in yellow. The remaining structure is showRangjray. (

B) Pi3 toxin model viewed in the same orientationpasel A color codes are also the same as above. A movement of the Lys24 (in magenta) is
observed, thus, this amino acid is in adequate geometry to build a salt bridge with Glu7 (in cyan), still being in its second most frequent rotame
(Panel Q A view of the wild-type ChTx structure, observed from the Lys27 residue. Color codes ar@aaehAfor the corresponding residues

in the sequence alignment. (Ser10 in cyan, Lys27 in magenta). The spatial similarity of the conformations of Ser10 and Pro7 of Pi2 can be obsen
(Panel D Structure of the Ser-10-Asp mutant of ChTx viewed in the same orientationRemiel C;color codes are also the same. The salt bridge
Lys27-Aspl0 presents a geometry very similar to that of the Pi3 model, thus explaining the observed decrease in affinity for the channel.

Discussion ciation constant and Pi3 because of its very similar struc-
ture to Pi2.
In the present work we describe the effect of peptide  In general, channel blockers can be pore blockers or
toxin components Pi2 and Pi3 of tRandinus imperator  gating modifiers. Pore blockers bind to the channel in
scorpion venom on the Kv1.3 type voltage-gated K 1:1 stoichiometry and plug the pore of the channel im-
channel of human T lymphocytes. Earlier, we publishedpeding the flow of the ionic current. Our data suggest
results on the effect of the whole venom on Kv1.3 chan-that both Pi2 and Pi3 belong to the pore blocker family.
nels and preliminary data on the dissociation constant3his fact is supported by the following properties of the
characterizing three peptide components of the venonequilibrium block and the blocking kinetics of the com-
[32]. We further investigated Pi2 as it had the highestpounds. The dose-response curve can be fitted well to a
affinity among the toxins indicated by a very low disso- function describing a one channel-one blocker model
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Table 2. Primary structure of Pi2, Pi3, ChTx and Ser-10-Asp mutant ChTx*

123 Al‘l- 567 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 28 29 30 31 32 33 34 35
Pi2 TI SCTNPKQCYPHCKKETGYPNAKCMNRIEKTCIKTCTFGR
Pi3 TI SCTNEKQCYPHCKKETOGYPNAKCMNRIKT CKTCTFGR
| |
1 23 456 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
ChTxp EF TNVSCTTS KECWSVCQRLHNTSRGKCMNIKE KT CRTZCYS
Ser-10-Asp ChTxp E F TNV S CTTDKECWSVCQRLHNTSRGKCMNIKIKTECRTCYS

* Structures were aligned in search for best similarity in the amino acid sequences of these peptides. Position of the salt bridge (indicatetihgylicesnewder the
text) formed between the residues Asp10 and Lys27 in the Ser-10-Asp mutant of ChTx corresponds exactly to the one formed between Glu7 and LyisdfiaePi3. D
bridges are indicated by the connecting lines above the sequence.

(Fig. 2A). We also investigated the wash-in and wash-time necessary for the development of a new equilibrium
out kinetics of the toxins and found that both of them of block at the currently applied test potential. Indeed,
follow a single exponential time course. This behavior isGoldstein and Miller studied the voltage dependence of
characteristic of first order (dissociation) and pseudo firstcurrent block by several low affinity mutants of ChTx
order (association) bimolecular reactions. (e.g., Y36A) having highoff rate. The voltage depen-
We determined the dissociation constant of Pi2 fromdence of block in those cases could be determined from
both the equilibrium block and then andoff rates of the  equilibration of block during a single depolarizing pulse
toxin molecules binding to the channel protein. The first[13].
approach resulted inldy = 44 pv for Pi2, whereas the The only difference between Pi2 and Pi3 is the pres-
calculatedK, from theon andoff rates was 29p. These ence of a negatively charged amino acid in Pi3 (Glu7),
data are comparable and support the 1:1 stoichiometry afesulting in an 18-fold increase of th&, as determined
Pi2 binding to Kv1.3 channels. We also determined thefrom the equilibrium block of the channels. The analysis
dissociation constant of Pi3 using both methods. Khe of blocking kinetics of Kv1.3 channels isolated that the
of Pi3 was 795 @ according to the equilibrium method 17-fold decrease of Pi@nrate was primarily responsible
and 970 m calculated from theon and off rates, again for the increase o, since the change of thadf rate was
leading to a reasonable agreement of the results. negligible (only 2-fold increase over Pi2). The minimal
If the binding site of a channel blocker is deeply increase of Pi3off rate indicates that the Pro to Glu
immersed into the electric field of the cell membrane,change did not alter the steric interactions between the
and the blocker is a charged particle like Pi2, the blockchannel and the toxin [12]. This means that steric hin-
may show voltage dependence. The whole solublarance for binding to Kv1.3 was not generated by the
venom of scorpiorPandinus imperatoshowed highly amino acid substitution.
voltage-dependent block on voltage-gatedckannels of At the same time, the Pro-7-Glu mutation in Pi3
nerve fibers [29]. Our experiments, however, did notresults in a decrease in the net positive charge of the
show voltage dependence of the block by Pi2 and Pi3 ortoxin, which might influence the long-range electrostatic
voltage-gated K channels of human T lymphocytes, al- interaction between the channel and the toxin. Several
though both toxins were positively charged pore blockersauthors discussed previously the importance of through-
of the channels. This is not surprising if we consider thespace electrostatics in toxin binding by introducing
time course of channel activation and threandoffrates  charge neutralization or charge reversal mutations either
of the block. The time needed to reach the peak of thén the channel vestibule or in the toxin [10, 12, 22, 25,
current depends on the amplitude of the test pulse but i81]. Simple electrostatics predicts that charge alterations
is always in the msec rang®©n andoff rates determined should be manifested in the association rate of the toxin.
experimentally were in the order of seconds. The blockindeed, mutations decreasing the net charge of ChTx [12,
of Kv1.3 channels by Pi2 and Pi3 may be voltage de-31] and Iberiotoxin [25] decreased the toxim rates.
pendent although this fact is not seen in our resultsSimilarly, substituting acidic residues for neutral or basic
where we determined the remaining fractions of the K ones near the toxin binding site (position 4223hake)
current from the peak amplitudes measured at differenalso decreased the association rate of ChTx [12] and
test potentials. It can be assumed that the peak of thtoxin Lg2 [10]. Our experiments showed that the asso-
current is reached much faster during a test pulse than thaation (©n) rate of Pi3 (bearing net 6 positive charges)
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was 17-times smaller than that of Pi2 (bearing net 7 The second (binding) step would allow specific
positive charges), while theff rates were comparable short-range electrostatic interactions between specific
(Table 1). So far our results are compatible with thebasic residues on the toxin and cations in the vestibule.
predictions from through-space electrostatics. ThisAccordingly, Mullmann et al. [25] argued that neutral-
model, however, also predicts that (i) increasing the ionidzation of Lys27 and Arg34 reduces the ability of IbTx
strength of the recording solution should decrease thenutants to repel cations from the vestibule, which would
association rate of the toxins, and (ii) the ionic strengthaccount for the 10- to 20-fold slower association rate of
dependence of the association rate should be more preys-27-Gin, Lys-27-Asn and Arg-34-Asn mutants. Our
nounced for Pi2 (+7 charges) as compared to Pi3 (+Gesults are similar to these data both qualitatively and
charges). Our results showed that timerate of both Pi2  quantitatively (Table 1). Thus, our interpretation of the
and Pi3 was reduced when the ionic strength was raisegeducedon rate of Pi3 is that the intramolecular salt
(Table 1). At the same time, the association rate of PiZyridge formed between Glu7 and Lys24 reduces local
and Pi3 was equally sensitive to the ionic strength of theyositive electrostatic potential around Lys24 resulting in
medium, the 1.4-fold increase in the ionic strength re-yecreased short-range electrostatic interactions during
sulted in a 32-fold decrease in the association rate of botk, o binding step. This might lead to a decreased asso-

toxins. These results pointed out that through-spaceisiion rate by a similar mechanism to the one described
electrostatics is an important factor for toxin binding but 51, 5ve for IbTx mutants.

glutamic acid residue at position 7 in Pi3 does not con-  The c-amino group of Lys-27 in ChTx protrudes

tribute significantly to the overall long-range electro- gjighyy into the K conduction pore, where it interacts
static interaction, similarly to ChTx mutations studied by i1 conducting ions [13]. Does the salt bridge between

Park and Miller [31]. Thus, through-space electrostatic_q_ysm and Glu7 break up during the binding step to

can not account for the decreased association rate of Pi3; 4,y Lys24 to interact freely with the ion channel? The
So what can be the explanation for the reduced o era free energy change calculated for the binding of

rate of Pi3? To answer this question the model of thepi»> 514 Pi3. based on the,, ko andkopr values ob-

three-dimensional structure of Pi3 was generated basedined is 58.5 ki/mol for Pi2 and 51.4 kJ/mol for Pi3.
on the parameters obtained from NMR spectroscopy datgpe gjfference is in the order of 7 kJ/mol, a value that is

of Pi2. This model showed that glutamic acid in position enough to break a salt bridge (approx. 15 kJ/mol).

7 (Pi3) is likely to form a salt bridge with Lys24. Lys24 1is means that besides the salt bridge, other interactions
of Pi2 and Pi3 is at the equivalent structural position of ;.o implicated in the overall free energy change ob-

Lys27 in ChTx that is essential for toxin binding t6'K  geryed either through the interaction of the carboxylate
channels. To examine the effect of the salt bridge beyt the glutamic acid with some other residues in the
tween Glu7 and Lys24 we applied the analysis of nOn-pannel or even with the formation of hydrogen bonds

diffusion-limited bimolecular toxin-channel interactions . \,an der Waals interactions between residues of the
usgd by Escobar et.al. [10] and Mullmann' et al. [25]_'toxin and the channel. The overall free energy change
This approach considers a two-step reaction for {oxing e 15 these interactions may easily compensate for the
binding (Scheme 1). The first step includes diffusion 0f e energy change during the breaking of the salt bridge.

the toxin (Tx) up to and away from the encounter Com- i iq certainly true that the overall free energy change for
plex (EC). This step accounts for the local electrical po- pi5 g higher than Pi3 and thus it goes into the right

tential and ionic strength dependence.of the associatiofrection of the expected results, assuming our proposi-
rate gee aboveTable 1, Egs. 6 and 7 in Escobar et al. jon of salt bridge formation in Pi3 and its breaking dur-
[10)). The_EC re_presents an infinite number of possible ing the interaction of the toxin with the channel.

contact orientations formed between the toxtix)(and The influence of salt bridge formation on binding of
the channel ) from which the bound state of the toXin pj3 14 Ky1.3 s further substantiated by a comparison of
(B) is formed in the second step. In nondiffusion con-ihe present problem to the binding of a ChTx mutant to
trolled reactions this second step is the rate-limiting and, gimilar ion channel. th&hakerK* channel [12]. A
might include the rearrangement of amino acid side;qngjgeraple difference between the affinity of the wild-
chains, formation of hydrogen bonds and squeezing wag he chTx and its Ser-10-Asp mutant has been observed

ter molecules and cations out of the vestibule to form thg ) ihe Shakerk* channel. According to the sequence
tightly bound (nonconducting) toxin:channel complex. alignment in Table 2 positions 7 and 24 in Pi2 corre-

spond to positions 10 and 27 in ChTx, respectively. Mu-
tation of Ser to an acidic residue (Asp) in position 10 of
ChTx resulted in a 1,500-fold increase in the equilibrium
dissociation constant for tighakerchannel [12]. At the

Tx+C =2EC2B same time the 3D molecular modeling performed by us

Scheme 1:
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pointed out the existence of a salt bridge between the Recently, we found that the whole soluble venom of
Aspl0 and Lys27 positions in the Ser-10-Asp mutantthe scorpionPandinus imperatoaccelerates the recov-
ChTx that is similar to the salt bridge between corre-ery from inactivation of Kv1.3 channels [32]. We inves-
sponding positions in Pi3. Thus, a similar mechanism, agigated the same effect for purified Pi2, which is the most
discussed above for Pi3, can account for the observedffective peptide component of tigandinus imperator
high K, of the Ser-10-Asp mutant ChTx [12]. venom on Kv1.3 channels. We found that Pi2 acceler-
Our salt bridge hypothesis is strongly supported by zates the recovery from inactivation of Kv1.3 channels.
recent paper in which the three-dimensional structure off his means that the toxin remains bound to the inacti-
Pi3 was determined by NMR spectroscopy and comvated channel and destabilizes this conformation. The
pared to that of Pi2 [16]. They determined that the over-abilty of Pi2 to speed up the recovery from inactivation
all folding pattern of Pi3 was very similar to Pi2. In Of Kv1.3 channels is remarkable. _
addition, a salt bridge between Glu7 and Lys24 of Pi3 ~ The kinetics of dissociation of Pi2 and Pi3 from
was described. Based exclusively on NMR spectroscopyfV1.3 is relatively fast, the characteristic time constants
data the authors attributed the reduced affinity of Pi3 to?'€ L1180 and 58 sec, respectively. The fast dissociation
the intramolecular salt bridge between Glu7 and Lys24Provides that during the recovery process substantial
[16]. Although both our results and the results of Klenk "Umber of on-off reactions take place to account for the
et al. support the idea that the salt bridge between Glu#nhanced recovery from inactivation measured in the
and Lys24 explains the lowered affinity of Pi3 for the presence of Pi2. We compared the ability of Pi2 and Pi3

Kv1.3 channel, in the absence of toxin docking models,lto spheed up tlhe recoveé):}é;]om inlacé[ivlagonRof human
we can not exclude the possibility that the two toxins ymphocyte voltage-gate annel, kvl.s. Recovery

; ; ; : from inactivation is enhanced by Pi2, but not by Pi3.
glr?g F\;\gﬁg slightly different geometry to the Kv1.3 turret This means that the single amino acid difference between

Since our three-dimensional models of Pi2, Pi3 andthe two toxins affects the ability of enhancing the recov-

ChTx showed the possibility of salt bridge formation ery rate of Kv1.3. We do not know yet the nature of

between acidic residues of position around 7—10 with th molecular interactions responsible for this difference.
lysine in position 24-27, we looked into the literature for ue to the complexity of C-type inactivation and recov-

other homologues. Recently, a paper by Tytgat et alery several mechanisms might be involved [28]. For ex-

. ample toxins bound to the channel pore might alter di-
[37] proposed a generalized nomenclature for K- P X! . P 9 !

. i . . ~"versely the extracellular Kmodulatory site of recovery
scorpion toxin subfamilies, and listed 49 complete aminGsm inactivation [19, 20]

acid sequences (now seeeref. [5]). Examination of all In conclusion, we described the effects of two potent

these peptides suggests that none of them (except Pid},y closely related peptide toxins on the Kv1.3 channels
would qualify for such salt bridge formation. The only i, hyman T lymphocytes and gave an explanation for the
other two toxins with acidic residues around residue 10ypserved differences in their channel blocking ability
are two novel toxins, PBTX1 and PBTX2 purified from ang pinding kinetics on the basis of the differences in
scorpions of the genuarabuthusof South Africa [38].  their 3D structures and by comparing them to structurally
These toxins belong to subfamily 11 and were reportegelated ChTx mutants. Due to its remarkably low disso-
to have a low affinity for K-channels, however they ciation constant of 44w, Pi2 may provide a good model
contain a valine in the position 26 (equivalent to Lys27for developing a nonpeptide drug that could be used to
of ChTx), which would make impossible a salt bridge achieve an immunosuppressive effect by specifically
formation in this spatial location. blocking human lymphocyte voltage-gated hannels.
Dauplais et al. [6] reported recently that structurally

unrelated highly specific potassium channel inhibitor _ o . .
toxins possess an essential dyad consisting of a criticqihe authors_ thank I_Dr. _\/lImos_Gpa for the valuable discussions on

. - . . e energetics of binding. This work was supported by grants ETT
Lys and a neighboring aromatic residue separated b¥os/102/2000, OTKA T029947 and FKFP 327/2000 to R.G., OTKA
7 A. According to the sequence alignment in Table 2,723873 and T30411 to S.D., FKFP 622/2000, OTKA F035251 and
Lys24 and Phe33 qualify for that dyad in Pi2 and Pi3.US-Hungarian Joint Fund JFN0.542 to G.P. and grant (75197-527107)
Our molecular models in F|g 5 show the close positionfrom the Howard Hughes Medical Institute to L.D.P. The technical
of the corresponding residues on the contact surface grssistance of M.Sc. Timoteo Olamendi-Portugal is greatly acknowl-
both Pi2 and Pi3. The calculated distance between th&99e%
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