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ABSTRACT
Blockade of Kv1.3 K� channels in T cells is a promising ther-
apeutic approach for the treatment of autoimmune diseases
such as multiple sclerosis and type 1 diabetes mellitus. Vm24
(�-KTx 23.1) is a novel 36-residue Kv1.3-specific peptide iso-
lated from the venom of the scorpion Vaejovis mexicanus
smithi. Vm24 inhibits Kv1.3 channels of human lymphocytes
with high affinity (Kd � 2.9 pM) and exhibits �1500-fold selec-

tivity over other ion channels assayed. It inhibits the prolifera-
tion and Ca2� signaling of human T cells in vitro and reduces
delayed-type hypersensitivity reactions in rats in vivo. Our re-
sults indicate that Vm24 has exceptional pharmacological
properties that make it an excellent candidate for treatment of
certain autoimmune diseases.

Introduction
Autoimmune diseases are characterized by the generation

of T-cell clones that react to self-antigens, which leads to the
destruction of specific tissues such as myelinated neurons in
multiple sclerosis or insulin-producing pancreatic �-cells in
type 1 diabetes mellitus (Beeton et al., 2006). In these dis-
eases, specific inhibition of the proliferation of autoreactive T

cells mediating tissue damage [effector memory T (TEM)
cells] is desirable (Wulff et al., 2003).

An increase in the cytosolic free Ca2� concentration
([Ca2�]i) is a key signal leading to T-cell proliferation (Lewis,
2001; Cahalan and Chandy, 2009). The membrane potential
of T cells, which is sustained by the activity of voltage-gated,
depolarization-activated Kv1.3 and Ca2�-activated KCa3.1
K� channels, contributes to the electrochemical driving force
for Ca2� entry into the cells through plasma membrane Ca2�

release-activated Ca2� channels (Leonard et al., 1992; Lin et
al., 1993). Ca2� release-activated Ca2� channels assemble
upon T-cell activation and subsequent intracellular Ca2�

store depletion, with STIM1 sensing the depletion of endo-
plasmic reticulum Ca2� and Orai1 being the pore unit of the
channel (Cahalan and Chandy, 2009). The activity of the K�

channels provides the counterbalancing cation efflux re-
quired for maintenance of the negative membrane potential
during Ca2� influx. Inhibition of Kv1.3 and KCa3.1 depolar-
izes the membrane potential and inhibits Ca2� entry, leading
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to reduced T-cell proliferation (Panyi et al., 2004; Cahalan
and Chandy, 2009).

T-cell subtype-specific expression of K� channels signifi-
cantly influences the potency of K� channel blockers to in-
hibit T-cell proliferation. Kv1.3 is the dominant K� channel
of TEM cells, and its inhibition causes persistent suppression
of TEM cell proliferation (Wulff et al., 2003). Other T-cell
subsets escape the Kv1.3 blocker-mediated inhibition of pro-
liferation through transcriptional up-regulation of KCa3.1
(Ghanshani et al., 2000). The unique dependence of TEM cells
on Kv1.3 for proliferation points to high-affinity Kv1.3 inhib-
itors as potential therapeutic immunosuppressants (Cahalan
and Chandy, 2009). To avoid unwanted side effects mediated
by the blockade of other voltage-gated K� channels, a very
high selectivity for Kv1.3 is compelling for a therapeutically
applied blocker (Panyi et al., 2006).

Animal toxins and small-molecule inhibitors have been
reported to display high affinity for Kv1.3, and some of the
toxins are selective for Kv1.3 over KCa3.1 (Panyi et al.,
2006), including scorpion toxins (e.g., margatoxin, noxius-
toxin, and kaliotoxin) and the ShK toxin isolated from sea
anemone. However, ion channels important for neuronal and
muscle excitability are also inhibited by these toxins, with
comparable affinities. For example, Kv1.1 is blocked by ShK
(Kalman et al., 1998), whereas Kv1.2 is inhibited by marga-
toxin (Koch et al., 1997). Several successful attempts were
made to engineer toxin variants with improved selectivity for
Kv1.3. In the case of OSK1 and BmKTx, this was accom-
plished by introducing substitutions for natural amino acids
in key positions, such as [Lys16,Asp20]-OSK1 (Mouhat et al.,
2005) and [Arg11,Thr28,His33]-BmKTx (Han et al., 2008),
which resulted in more than 100-fold selectivity for Kv1.3
while maintaining (OSK1 mutant) or increasing (BmKTx
mutant) the affinity for Kv1.3. ShK mutants containing a
non-natural amino acid (e.g., ShK-Dap22) or various N-ter-
minal modifications (e.g., ShK-192) (Pennington et al., 2009)
also exhibited distinctive selectivity and affinity for Kv1.3.

We describe here the exceptional pharmacological proper-
ties of Vm24, a natural peptide that was identified as part of
the proteomic analysis of venom collected from the Mexican
scorpion Vaejovis mexicanus smithi. Vm24, the first member
of a novel �KTx subfamily, is a 36-residue peptide cross-
linked by eight cysteines, which form a distorted cysteine-
stabilized �/� motif (details provided by Gurrola et al., 2012).
Although Vm24 shares structural similarities with other K�

channel blockers, including an �-helix and �-turns with a
diad-like arrangement of Lys25 and Tyr34 (Dauplais et al.,
1997), it shows less than 50% identity with respect to other
known �KTx peptides. In this study, we investigated
whether the unique primary structure of Vm24 is reflected in
its pharmacological properties. Vm24 blocked Kv1.3 chan-
nels with very high affinity (Kd � 2.9 pM) and with more
than 1500-fold selectivity against a panel of channels used in
this study (hKv1.3 �� hKv1.2 � hKCa3.1 � mKv1.1 ��
hKv1.4 � hKv1.5 � rKv2.1 � hKv11.1 � hKCa1.1 �
hKCa2.3 � hNaV1.5). Vm24 inhibited Ca2� signaling in hu-
man T lymphocytes at concentrations that blocked Kv1.3 and
in vitro T-cell proliferation and effectively reduced delayed-
type hypersensitivity (DTH) in rats. The unique affinity and
selectivity of the natural peptide for Kv1.3 makes Vm24 an
excellent candidate for Kv1.3 blockade-mediated treatment

of certain autoimmune diseases, such as multiple sclerosis,
rheumatoid arthritis, and type 1 diabetes.

Materials and Methods
Isolation and Sequence Determination of Vm24. A detailed

description of the procedures for venom preparation, purification,
proteomic analysis, sequencing, and three-dimensional NMR struc-
ture determination, as well as phylogenetic tree analysis and molec-
ular modeling of the interaction of Vm24 with K� channels, was
reported previously (Gurrola et al., 2012). The soluble venom of V.
mexicanus smithi was separated with high-performance liquid chro-
matography, and each component was collected separately and im-
mediately freeze-dried. The molecular mass of each subfraction was
evaluated through mass spectrometry, using equipment and proce-
dures described previously (Batista et al., 2007). Fractions contain-
ing molecular masses in the range expected for K� channel blockers
(�4000 Da) were selected for electrophysiological assays. Among
these fractions was one that eluted at 24 min, which was further
separated; this separation produced a homogeneous peptide with a
molecular mass of 3864 Da, which was named Vm24. Because this
component was shown to be a potent inhibitor of Kv1.3 channels, its full
amino acid sequence was determined. Direct sequence analysis was
performed through automatic Edman degradation, and results were
confirmed with mass spectrometry. Initial sequencing results for Vm24
yielded unequivocal amino acid sequence data for the first 23 amino
acid residues. Two peptides obtained through endopeptidase Arg-C1
cleavage allowed identification of the sequences from Ala18 to Arg29
and from Lys30 to Cys36. Overlap information was obtained with two
additional peptides, one obtained through tryptic digestion that allowed
identification of residues from Cys26 to Lys32 and a confirmatory
peptide obtained through Lys-C digestion that corresponded to the
sequence from Cys33 to Cys36 (Gurrola et al., 2012). The full sequence
obtained was AAAISCVGSPECPPKCRAQGCKNGKCMNRKCKCY-
YC-amide (Gurrola et al., 2012).

Human T Lymphocytes for Patch-Clamp Recordings. Hep-
arinized human peripheral venous blood was obtained from healthy
volunteers. Mononuclear cells were separated through Histopaque-
1077 (Sigma-Aldrich Hungary, Budapest, Hungary) density gradient
centrifugation. Collected cells were washed twice with Ca2�- and
Mg2�-free Hanks’ solution containing 25 mM HEPES buffer, pH 7.4.
Cells were cultured for 3 to 4 days in 24-well culture plates in a 5%
CO2 incubator at 37°C, in RPMI 1640 medium supplemented with
10% fetal calf serum (Sigma-Aldrich), 100 �g/ml penicillin, 100 �g/ml
streptomycin, and 2 mM L-glutamine (density, 0.5 � 106 cells per
ml). The culture medium also contained 6 or 8 �g/ml phytohemag-
glutinin A (Sigma-Aldrich), to increase K� channel expression. T
lymphocytes were selected for recording of hKv1.3 currents through
incubation with mouse anti-human CD2 (BD Biosciences, San Jose,
CA), followed by selective adhesion to Petri dishes coated with goat
anti-mouse IgG antibodies (BioSource International, Camarillo, CA),
as described previously (Matteson and Deutsch, 1984). Dishes were
washed gently five times with 1 ml of normal extracellular bath
medium (see below) for the patch-clamp experiments.

Human T Cells for Proliferation Assays. The buffy coat con-
taining mononuclear cells was resuspended in RPMI 1640 medium
supplemented with 5% fetal calf serum, 2 mM L-glutamine (Sigma-
Aldrich), 50 units/ml penicillin, 50 �g/ml streptomycin, and 50 mM
�-mercaptoethanol, and the cells were plated onto 100-mm Petri
dishes (8 � 107 cells per plate) and incubated overnight at 37°C in 5%
CO2. Before experimentation, nonadherent cells (peripheral blood
mononuclear cells) were cultured for 24 h at 37°C in 5% CO2, in
RPMI 1640 medium supplemented with 2% fetal calf serum.

Activation of T Cells for Proliferation Assays. Cells were
stimulated with anti-CD3 (OKT3, 100 ng/ml; American Type Culture
Collection, Manassas, VA) and anti-CD28 (500 ng/ml; Ancell Corp.,
Bayport, MN) mAbs at room temperature for 15 min, after which a
secondary anti-mouse polyclonal antibody (rabbit anti-mouse immu-
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noglobulin, 1 �g/ml) was added to cross-link the primary antibodies
(Fierro et al., 2006). Cells were then incubated at 37°C in 5% CO2 for
the indicated times. CD25 expression was evaluated 24 h after stim-
ulation, and cell proliferation was assessed through CFSE dilution
96 h after stimulation. Before activation, peripheral blood mononu-
clear cells (3–10 � 106 cells per ml) were labeled with CFSE (0.5 �M;
Invitrogen, Carlsbad, CA) for 10 min at 37°C in the dark, washed
with supplemented RPMI 1640 medium to eliminate excess dye, and
placed under culture conditions, as described previously (Muul et al.,
2008). Vm24, at various concentrations, was added at the onset of
stimulation or 30 min before stimulation.

FACS Staining and Analysis. Cells (1 � 106) were resuspended
in 100 �l of phosphate-buffered saline containing 2% fetal calf serum
and 1% sodium azide (FACS solution) and were incubated with
phycoerythrin-labeled anti-CD25 (Invitrogen) and tricolor-conju-
gated anti-CD3 (Invitrogen) for 30 min at 4°C. Cells were then
washed with FACS solution through centrifugation at 300g and were
fixed in 1% paraformaldehyde. Cells were sorted with a FACSort
system with CellQuest (BD Biosciences) and were analyzed with
FlowJo (Tree Star Inc., Ashland, OR), with gating on the CD3�

population.
Cells for Heterologous Expression of Ion Channels. COS-7,

human embryonic kidney 293, tsA201, L929, and MEL cells were
grown under standard conditions, as described previously (Grissmer
et al., 1994; Bagdány et al., 2005; Corzo et al., 2008).

Expression of Recombinant Ion Channels. COS-7 cells were
used to express rKv2.1 (a kind gift from Dr. S. Korn, University of
Connecticut, Storrs, CT), hKv1.2 (pcDNA3/Hygro vector containing
the full coding sequence for Kv1.2; a kind gift from Dr. S. Grissmer,
Ulm University, Ulm, Germany), hKv1.4 (hKv1.4-IR, the inactiva-
tion ball deletion mutant of Kv1.4; a kind gift from D. Fedida,
University of British Columbia, Vancouver, Canada), and hKCa3.1
(hIKCa1 gene, GenBank accession no. AF033021) and hKCa2.3
(hSKCa3 gene), both in the pEGFP-C1 vector (Wulff et al., 2001)
(kind gifts from Dr. Heike Wulff, University of California, Davis,
CA). These channel clones were transiently cotransfected with a
plasmid encoding the green fluorescent protein (GFP) (except
hKCa3.1 and hKCa2.3, which were used in an enhanced GFP vector),
at molar ratios of 1:5, by using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol and were cultured under
standard conditions. Currents were recorded 24 h after transfection.
GFP-positive transfectants were identified with a Nikon TE2000U
fluorescence microscope (Nikon, Tokyo, Japan) and were used for
current recordings (�70% success rate for cotransfection).

The tsA201 cells were used to express hNav1.5 (a gift from R.
Horn, Thomas Jefferson University, Philadelphia, PA) and hKCa1.1
(hSlo1 gene in pCI-neo plasmid, GenBank accession no. U11058; a
gift from T. Hoshi, University of Pennsylvania, Philadelphia, PA).
L929 cells stably expressing mKv1.1 channels and MEL cells stably
expressing hKv1.5 channels were described previously (Grissmer et
al., 1994) and were gifts from Dr. Heike Wulff. hKv11.1 (hERG)
channels were expressed in a stable manner in human embryonic
kidney 293 cells.

Electrophysiological Studies. Whole-cell currents were mea-
sured in voltage-clamped cells according to standard protocols (Péter
et al., 2001; Bagdány et al., 2005; Corzo et al., 2008), by using
Axopatch 200A and Multiclamp 700B amplifiers connected to a per-
sonal computer with Axon Digidata 1200 and 1322A data acquisition
hardware, respectively (Molecular Devices, Sunnyvale, CA). Series
resistance compensation up to 70% was used to minimize voltage
errors and to achieve good voltage-clamp conditions. Cells were ob-
served with Nikon TE2000-U or Leitz Fluovert (Leica, Wetzlar,
Germany) fluorescence microscopes, by using band-pass filters of 455
to 495 nm and 515 to 555 nm for excitation and emission, respec-
tively. Cells displaying strong fluorescence were selected for current
recordings, and �70% of those cells displayed cotransfected current.
Pipettes were pulled from GC 150 F-15 borosilicate glass capillaries
Harvard Apparatus (Kent, UK) in five stages and fire-polished,

which resulted in electrodes having 3- to 5-M� resistance in the
bath. For measurements of most channels, the bath solution con-
sisted of 145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 5.5
mM glucose, and 10 mM HEPES, pH 7.35, supplemented with 0.1
mg/ml bovine serum albumin (Sigma-Aldrich). For recordings of
hKv11.1 (hERG) currents, the bath solution contained 140 mM cho-
line chloride, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 0.1 mM CdCl2,
20 mM glucose, and 10 mM HEPES (pH 7.35). The measured osmo-
larity of the external solutions was between 302 and 308 mOsM. The
internal solution contained 140 mM KF, 2 mM MgCl2, 1 mM CaCl2,
10 mM HEPES, and 11 mM EGTA (pH 7.22). For recordings of
hKCa1.1 (hBK) currents, the composition of the pipette filling solu-
tion was 140 mM KCl, 10 mM EGTA, 9.69 mM CaCl2, 5 mM HEPES,
pH 7.2. The free Ca2� concentration of the latter solution was 5 �M,
which allowed recording of hKCa1.1 currents at moderately depolar-
izing potentials (Avdonin et al., 2003). For recordings of KCa3.1 and
KCa2.3 currents, the composition of the pipette filling solution was
150 mM potassium aspartate, 5 mM HEPES, 10 mM EGTA, 8.7 mM
CaCl2, 2 mM MgCl2, pH 7.2. This solution contained 1 �M free Ca2�,
to activate the KCa3.1 current fully (Grissmer et al., 1993). For
recordings of Kv11.1 currents, the pipette solution contained 140
mM KCl, 10 mM EGTA, 2 mM MgCl2, and 10 mM HEPES, pH 7.3.
The measured osmolarity of the internal solutions was approxi-
mately 295 mOsM. Bath perfusion around the measured cell with
different test solutions was achieved by using a gravity-flow per-
fusion system. Excess fluid was removed continuously.

For measurements of currents from mKv1.1, hKv1.2, hKv1.3, fast
inactivation-removed hKv1.4 (Kv1.4�N), hKv1.5, and rKv2.1 chan-
nels, voltage steps to �50 mV were applied from a holding potential
of 	120 mV every 15 or 30 s. For hKv11.1 (hERG) channels, currents
were evoked with a voltage step to �20 mV followed by a step to 	40
mV, during which the peak current was measured. The holding
potential was 	80 mV, and pulses were delivered every 30 s. For
KCa1.1 channels, a voltage step to �50 mV was preceded by a 10-ms
hyperpolarization to 	120 mV from a holding potential of 0 mV.
Pulses were delivered every 5 s. Currents through Ca2�-activated K�

channels of T lymphocytes (hKCa3.1 or hIKCa1) were elicited every
10 s with voltage ramps to �50 mV from a holding potential of 	120
mV. A similar protocol was used to measure human KCa2.3 currents,
except that the voltage ramps were started from a holding potential
of 	100 mV. Currents through Nav1.5 channels were evoked every
15 s with voltage steps to 0 mV from a holding potential of 	120 mV.

For data acquisition and analysis, the pClamp8/10 software pack-
age (Molecular Devices) was used. In general, currents were low-
pass-filtered by using the built-in analog four-pole Bessel filters of
the amplifiers and were sampled (2–50 kHz) at at least twice the
filter cut-off frequency. Before analysis, whole-cell current traces
were corrected for ohmic leakage and were digitally filtered (three-
point boxcar smoothing). Each data point of the concentration-re-
sponse curves represents the mean of three to seven independent
experiments, and error bars represent the S.E.M. Data points were
fitted with a two-parameter Hill equation, RCF � Kd

n/(Kd
n � [Tx]n),

where RCF is the remaining current fraction (RCF � I/I0, where I
and I0 are current amplitudes in the presence and absence, respec-
tively, of toxin at a given concentration), Kd is the dissociation
constant, n is the Hill coefficient, and [Tx] is the toxin concentration.
Where indicated, Kd was estimated from the RCF value obtained
with a single toxin concentration and n � 1 was used for the Hill
equation.

Because of the extremely slow blocking kinetics for the current, we
could not determine equilibrium block with low picomolar concen-
trations of Vm24; block equilibrium would require 0.5 to 1 h of toxin
application to develop. Under these conditions, the decrease in the
peak current from episode to episode was so small that apparent
saturation was observed during data collection, although the block
might not have reached its equilibrium value. During extended pe-
riods of toxin application, significant rundown of whole-cell currents
may occur. Rundown of the peak currents could not be determined
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independently because of the extremely long washout kinetics for the
peptide. These factors indicated the use of an operational definition
of equilibrium block as the peak current at which consecutive pulses
in the presence of toxin caused negligible current decreases (less
than 2%). This means that, in the RCF � I/I0 equation, I is overes-
timated; therefore, the Kd value determined from the dose-response
curve is also overestimated.

Measurements of Intracellular Ca2� Concentrations. Hu-
man peripheral T cells were loaded with 1 �M Fura2/acetoxymethyl
ester (Invitrogen) for 30 min at 37°C and were plated in poly-L-
lysine-coated LabTek chambers (Nalge Nunc International, Roches-
ter, NY) at 1.5 � 106 cells per ml, in the absence or presence of 10 nM
Vm24, 30 min before activation. Under a fluorescence microscope, T
cells were incubated with 100 ng/ml anti-CD3 mAb and 500 ng/ml
anti-CD28 mAb for 2 min before cross-linking of anti-CD3 and anti-
CD28 mAbs with 1 �g/ml rabbit anti-mouse IgG. Finally, cells were
treated with 5 mM levels of the calcium ionophore ionomycin. The
changes in intracellular Ca2� levels were analyzed with MetaMorph/
MetaFluor software (Molecular Devices).

In Vivo DTH Reactions. All animal trials were approved by the
Baylor College of Medicine institutional animal use and care com-
mittee. Female Lewis rats (9–10 weeks of age) were purchased from
Harlan (Indianapolis, IN) and were housed under pathogen-free
conditions, with food and water available ad libitum.

Active DTH was induced as described previously (Beeton and
Chandy, 2007a), by immunizing rats against ovalbumin emulsified
with complete Freund’s adjuvant (Sigma-Aldrich). Animals were
challenged 7 days later with ovalbumin (20 �g in 20 �l of saline
solution) in the pinna of one ear (challenged ear). The other ear
received saline solution (challenge control). Rats received a single
subcutaneous injection of either vehicle (PBS plus 2% rat serum) or
0.1 mg/kg Vm24 in 0.5 ml of vehicle, in the scruff of the neck, at the
time of challenge.

Adoptive DTH was induced as described previously (Beeton and
Chandy, 2007b), through intraperitoneal injection of in vitro-acti-
vated Ova-GFP T lymphocytes (5 � 106 cells per rat; a kind gift from
Dr. Flügel, University of Goettingen, Goettingen, Germany) in 1 ml
of saline solution. Rats were challenged in the ear and received Vm24
or vehicle 2 days later, as described above.

In both DTH analyses, ear thickness was measured 24 h after the
challenge, by using a spring-loaded micrometer (Mitutoyo, Aurora,
IL) with three-digit precision. The means of six measurements at the
same point were calculated and used for statistical analyses. Specific
ear swelling (change in ear thickness) was calculated as follows:
challenged (ovalbumin-treated) ear thickness minus challenge con-
trol (PBS-treated) ear thickness.

Results
Vm24 Is a High-Affinity Blocker of Kv1.3 Channels. The

standard voltage protocol used to evoke voltage-gated, Kv1.3-
mediated, K� currents in T cells consisted of a series of 14-ms
depolarizations to �50 mV from a holding potential of 	120
mV. The time between voltage pulses was set to 15 s, to avoid
cumulative inactivation of hKv1.3 channels. Representative
current traces in normal bath solution are shown in Fig. 1A.
Under the experimental conditions detailed in Materials and
Methods and in the legend to Fig. 1 (the lack of Ca2� in the
pipette filling solution and the voltage protocol used), hKv1.3
channels are exclusively responsible for the whole-cell cur-
rents (Péter et al., 2001). Figure 1A displays macroscopic K�

currents through hKv1.3 channels recorded sequentially in
the same cell, before (control traces) and after the addition of
1 nM Vm24 to the external solution through perfusion. The
Kv1.3 current completely disappeared by the 12th pulse (cor-
responding to 3 min) in the presence of 1 nM Vm24. Washing
the perfusion chamber with toxin-free solution for several
minutes resulted in no significant amount of current recovery
(data not shown).

The kinetic features of the development of current inhibi-
tion at 1 and 0.3 nM Vm24 are shown in Fig. 1B. After the
fourth pulse in control solution, the extracellular perfusion
solution was switched to a toxin-containing solution and the
depolarizing pulses were continued every 15 s. Peak currents
were determined and normalized to the peak current in con-

Fig. 1. Block of Kv1.3 channels by
Vm24. A, whole-cell potassium currents
through hKv1.3 channels evoked from a
human T cell in response to depolariz-
ing pulses to �50 mV from a holding
potential of 	120 mV every 15 s. Cur-
rents in the absence of Vm24 (control)
were almost completely blocked when 1
nM Vm24 was administered to the
cell through perfusion in the extracel-
lular medium. Arrows indicate the
first and 12th pulses with Vm24. B,
normalized peak currents as a func-
tion of time after the application of 1
or 0.3 nM Vm24. The arrow indicates
the start of the application of toxin. C,
normalized peak currents of a lym-
phocyte as a function of time as 3 pM
Vm24 was applied to the cell and then
removed (wash-out) from the extracel-
lular medium. Perfusion with toxin-
free medium resulted in very slow
partial recovery from block, with a
time constant of �3800 s. Pulses were
delivered every 30 s. D, rate of block
(inverse of �Vm24,in) as a function of the
Vm24 concentration. Data points
were fitted with a linear function (r2 �
0.99).
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trol solution, and values were plotted as a function of time. At
higher toxin concentrations, current inhibition was faster, as
expected for a pseudo-first-order reaction between the toxin
and the channels. At either concentration, the toxin totally
inhibited the whole-cell Kv1.3 current. Perfusion of the re-
cording chamber with toxin-free control solution resulted in a
very small amount of blockade relief within the first 8 min
(data not shown). During a 10.5-min period of application of
the toxin at 3 pM (Fig. 1C), the loss of the current was
apparently saturated at �36% of the peak recorded in control
solution. Toxin application was followed by a 30-min wash-
out period, during which one third of the blocked current was
recovered with extremely slow kinetics (the estimated time
constant for washout was �3800 s, corresponding to an off-
rate of �2.63 � 10	4 s	1).

Figure 1D shows the analysis of kinetic features of the devel-
opment of current inhibition at various Vm24 concentrations.
The kinetics were characterized by fitting a single-exponential
decay function to the normalized peak current-time relation-
ships (Fig. 1B). With the assumption of a bimolecular reaction
between the toxin and the channel, the resulting wash-in time
constant (�Vm24,in) was 1/((kon � [Vm24] � koff), where kon and
koff are the molecular rate constants of toxin association to and
dissociation from the channel and [Vm24] is the peptide con-
centration. Because of the extremely slow wash-out kinetics
and consequently the negligible value of koff (koff � 1/�out), the
off-rate of the toxin was neglected at Vm24 concentrations of
�10 pM and kon was determined from the toxin concentration
and the reciprocal of the wash-in time constant (i.e., kon �
1/([Vm24]��Vm24,in). Plotting of 1/�Vm24,in values as a function
of the Vm24 concentrations resulted in a linear relationship,
with kon � 9.55 � 107 M	1 s	1 (r2 � 0.99, linear regression)
(Fig. 1D).

To prove that the inhibition of current by Vm24 was a
consequence of blockade of Kv1.3 channels (similar to the
action of other scorpion toxins), we designed competition
experiments with Vm24 and charybdotoxin (ChTx). ChTx is a
well characterized blocker of several K� channels that is
known to occlude the pore by binding in the extracellular
mouth of the channels (Goldstein and Miller, 1993). We de-
termined �Vm24,in for 0.3 nM Vm24 in the absence of ChTx
(Fig. 1) and in the presence of various concentrations of ChTx
after equilibration of the block of Kv1.3 channels (Fig. 2). We
chose 0.3 nM Vm24 for the competition experiments because
it caused complete current inhibition with a kinetic profile
that could be measured accurately with the minimum of 15-s
intervals between successive current recordings. Figure 2A
shows a representative experiment in which the current was
blocked with 0.3 nM ChTx and then the perfusion solution
was switched to an extracellular solution containing 0.3 nM
Vm24 plus 0.3 nM ChTx. If the toxins competed for the same
binding sites, then a slower blocking rate for Vm24 in the
presence of ChTx would be expected, because only a fraction
of the channels (determined on the basis of the ChTx concen-
tration) would be available for block by Vm24. Figure 2B
shows normalized peak currents recorded in different cells in
the presence of only 0.3 nM Vm24 or in the presence of the
two toxins simultaneously, after equilibration of the block by
0.3 or 2.5 nM ChTx. The reduction of the peak currents
exhibited exponential decay in all cases, and the block rate
was determined as 1/�in,Vm24 (see above). In Fig. 2C,
1/�in,Vm24 was plotted as a function of channels not blocked by

ChTx; the latter term represents the RCF in the presence of
only ChTx (RCF � I/I0, where I and I0 are the peak currents
measured in the presence of the toxin after equilibration of
the block and in the absence of the toxin, respectively). Fig-
ure 2C shows that 1/�in,Vm24 was directly proportional to RCF
(r2 � 0.967), as expected for two toxins competing for the
same binding site.

To determine the dose dependence of current inhibition by
Vm24, accurate measurements of equilibrium block at low
picomolar concentrations required special analysis, because

Fig. 2. Competition between ChTx and Vm24. A, peak whole-cell Kv1.3
currents of a human T cell exposed to 0.3 nM ChTx and, after equilibra-
tion of the block, to a mixture of 0.3 nM ChTx and 0.3 nM Vm24. Vm24
block kinetics were measured by fitting the peak currents with a single-
exponential decay model and determining the time constant. B, normal-
ized peak currents of human T cells, illustrating the kinetics of blockade
produced by 0.3 nM Vm24 in the absence or presence of the indicated
concentrations of ChTx. C, rate of blockade (inverse of the wash-in time
constant) by 0.3 nM Vm24 as a function of the remaining current fraction
(unblocked channel fraction) in the absence or presence of 0.3, 1, or 2.5
nM ChTx. Data points were fitted with a linear function (r2 � 0.967).
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of the very slow blocking kinetics. With the method detailed
under Materials and Methods, RCF values were determined
and plotted as a function of toxin concentrations. The dose-
response relationship was obtained by fitting the data points
with the Hill equation (Fig. 3), which yielded a dissociation
constant of 2.9 pM and a Hill coefficient of �1.

Vm24 Exhibits More than 1500-Fold Selectivity for
Kv1.3 over KCa3.1, Kv1.1, and Kv1.2 and Does Not In-
hibit a Wide Range of Other Channels. For a peptide to
be an efficient immunosuppressant, it needs to be selective
for Kv1.3 over other biologically relevant channels. As men-
tioned above, hKCa3.1 is notable in this respect, because it is
expressed endogenously in T cells (Grissmer et al., 1993) and
its expression levels vary among different T-cell subsets
(Wulff et al., 2003). The potency of Vm24 to inhibit hKCa3.1
channels was assayed with channels expressed heterolo-
gously in COS-7 cells. Although human peripheral blood T
cells also express hKCa3.1, we chose to use recombinant
channels because the number of channels expressed could be
increased sufficiently to allow accurate determination of the
pharmacological properties of the channels in the absence of
Kv1.3. Figure 4A shows that the voltage ramp applied evoked
pure, non–voltage-gated, hKCa3.1 currents, and the change
in the slope of the current could be used to characterize the
current block (Grissmer et al., 1993).

In addition to hKCa3.1, we assayed the effects of Vm24 on
the currents of the following eight K� channels and one
human cardiac Na� channel: mKv1.1 (Fig. 4B), hKv1.2 (Fig.
4C), hKv1.4�N (fast inactivation-removed hKv1.4) (Fig. 4D),
hKv1.5 (Fig. 4E), hKv2.1 (Fig. 4F), hKCa1.1 (Fig. 4G),
hKCa2.3 (Fig. 4H), hKv11.1 (Fig. 4I), and hNav1.5 (Fig. 4J).
Of the tested channels, hKCa3.1, mKv1.1, and hKv1.2 were
partially blocked by the peptide at 10 nM, whereas the other
channels were unaffected (Figs. 4 and 5A). This concentra-
tion was �3500 times the Kd for hKv1.3 and resulted in RCF
values of 0.59 
 0.03, 0.80 
 0.02, and 0.54 
 0.08 for
hKCa3.1, mKv1.1, and hKv1.2 channels, respectively (n � 3
for each channel) (Fig. 5A). The affected channels were also

tested with 1 nM toxin, which yielded RCF values of 0.95 

0.02, 0.97 
 0.02, and 0.81 
 0.02, respectively (n � 3 for
each channel) (Fig. 5, B and C). From the RCF values, the
affinity of Vm24 for these channels could be estimated with a
model in which one toxin molecule interacted with one chan-
nel, which yielded Kd values of 14 to 30 nM for KCa3.1, 30 to
40 nM for mKv1.1, and 5 to 10 nM for hKv1.2. These values
were at least 4500, 10,000, and 1500 times higher, respec-
tively, than the Kd for Kv1.3.

Vm24 Inhibits T Cell Proliferation, CD25 Expression,
and Ca2� Signaling In Vitro and Suppresses DTH Re-
actions In Vivo. High-affinity, specific blockers of Kv1.3
channels inhibit distinctively the proliferation of human T
cells (Hu et al., 2007). We assessed whether CD3/CD28-
dependent T-cell activation and proliferation were inhibited
by Vm24. Freshly isolated, proliferation-arrested human T
lymphocytes were stimulated with the combination of anti-
CD3 and anti-CD28 antibodies (cross-linked with polyclonal
anti-mouse IgG to maximize stimulation). The progression of
the cell cycle (i.e., the number of cell divisions) was monitored
by using the CFSE dilution assay. Figure 6A shows that
preincubation of the cells with Vm24 before CD3-CD28 liga-
tion resulted in a clear, dose-dependent reduction in the
number of cells that proliferated after 96 h but did not limit
the number of cell divisions for the cells that proliferated.
The Vm24 concentrations that inhibited proliferation were
comparable to those that inhibited Kv1.3 channels in electro-
physiological assays, as shown by the overlap of the dose-
response curves for the current block and proliferation inhi-
bition (Fig. 6B). Simultaneous addition of the peptide and the
stimulus yielded the same results (data not shown).

Upon T-cell activation, expression of the interleukin-2 re-
ceptor �-chain (CD25) is up-regulated. Moreover, CD25 ex-
pression was shown to parallel Kv1.3 activity in both CD4�

and CD8� cells (Estes et al., 2008). On the basis of these
findings, we tested whether Vm24 would interfere with the
expression of CD25 in human T cells. Figure 6A, right, shows
that addition of Vm24, 30 min before T-cell activation
through CD3-CD28 ligation, decreased the number of T lym-
phocytes expressing CD25, in a dose-dependent manner.
Therefore, the reduction in T-cell proliferation observed in
the presence of Vm24 was in part attributable to a reduction
in the expression of CD25 (Fig. 6B).

Because both T-cell proliferation and CD25 expression de-
pend on the Ca2� signal accompanying T-cell activation, we
tested the influence of Vm24 on the CD3-CD28 ligation-
induced increase in [Ca2�]i. T cells were incubated with
Vm24 for 30 min before T-cell activation, and [Ca2�]i was
determined through microscopy. Figure 6C shows that 10 nM
Vm24 abrogated the CD3-CD28-dependent Ca2� mobiliza-
tion but did not prevent the Ca2� influx mediated by the
calcium ionophore ionomycin. Together, these results sug-
gest that the in vitro inhibition of proliferation and that of
CD25 expression can be accounted for by the blocking of
Kv1.3-mediated Ca2� mobilization in human peripheral
blood T lymphocytes.

We assessed the in vivo immunosuppressive capacity of
Vm24 by determining its potency to inhibit active (Fig. 7A) or
adoptive (Fig. 7B) DTH reactions. DTH is an example of a
skin lesion caused by skin-homing TEM cells (Soler et al.,
2003). Active DTH was evoked with ovalbumin immuniza-
tion and subsequent ovalbumin challenge, which resulted in

Fig. 3. Dose-response relationship for Vm24. The dose-response was
obtained by plotting the remaining current fraction (RCF � I/I0) as a
function of toxin concentration (where I and I0 are the peak currents
measured in the presence and absence of toxin, respectively) and fitting
the data points with the function RCF � Kd

n/(Kd
n � [Tx]

n) (where [Tx]
indicates the toxin concentration and Kd is the dissociation constant).
Error bars indicate S.E.M. (n � 3–6). The dose-response function con-
structed in this way yielded a Kd of 2.9 pM and a Hill coefficient of �1 (for
details of determination of the equilibrium block, see Materials and
Methods).
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swelling of the challenged ear. Adoptive DTH was evoked
with transfer of in vitro-activated Ova-GFP T lymphocytes
into the animals, followed by ovalbumin challenge. The treat-
ment group of animals received a single dose of 0.1 mg/kg
Vm24 subcutaneously at the time of the challenge, whereas
control animals received a PBS injection. The extent of the

DTH reaction was evaluated 24 h later by measuring the
specific ear swelling (change in ear thickness), as described
under Materials and Methods. Figure 7 shows that a single
dose of Vm24 significantly decreased the DTH response, to
�35 or 65% of the treatment control values for active and
adoptive DTH, respectively. This result can be taken as a

Fig. 4. Evidence that Vm24 has little or no effect
on several ion channels. Current traces recorded
before the application of the toxin (control), after
equilibration of block by 10 nM Vm24, and after
wash out (wash) of the toxin are shown for the
following channels: hKCa3.1 (hIKCa1; Ca2�-ac-
tivated K� channels of T lymphocytes) (A),
mKv1.1 (B), hKv1.2 (C), fast inactivation-re-
moved hKv1.4 (Kv1.4�N) (D), hKv1.5 (E),
rKv2.1 (F), KCa1.1 (hBK) (G), hKCa2.3 (hSK)
(H), hKv11.1 (hERG) (I), and Nav1.5 (J) (for
details on the expression systems, solutions, and
voltage protocols, see Materials and Methods).
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“proof of concept” that Vm24 works in vivo as an immuno-
modulatory agent.

Discussion
We characterized the in vitro pharmacological properties

and some in vitro and in vivo immunological effects of Vm24,
a 36-amino acid peptide isolated from the venom of V. mexi-
canus smithi. Vm24 [�-KTx 23.1 (Gurrola et al., 2012)] is a
high-affinity blocker of Kv1.3 channels of human T cells, with
an estimated Kd of 2.9 pM. The peptide exhibited at least
1500-fold selectivity for Kv1.3 over other ion channels tested.
The application of picomolar concentrations of Vm24 inhib-
ited the proliferation of normal human T lymphocytes in
vitro. Vm24 also suppressed DTH reactions in rats in vivo,
which underscores the therapeutic potential of Vm24 as an
immunosuppressive agent.

The mechanism through which scorpion toxins block K�

channels involves plugging the ion conduction pathway after
binding to the extracellular vestibule of the channel (Gold-
stein and Miller, 1993). We argue that Vm24 blocks Kv1.3 in
a similar manner, despite the slow incomplete reversal of the
current reduction, on the basis of the following findings: 1)
the rate of current loss (at high toxin concentrations) de-
pended on the concentration of Vm24, being faster at higher
toxin concentrations; 2) the leak current did not increase in
the presence of the toxin, which indicates a lack of general
membrane damage by Vm24; 3) Vm24 did not inhibit several
other K� currents or inhibited them quickly and reversibly
(see the description of the selectivity profile below), which
argues very strongly against a nonspecific action of the toxin;

and 4) simultaneous application of ChTx (a well known pore
blocker of Kv1.3) and Vm24 showed competition between the
two toxins for the same binding site, which was evident in the
slowing of Vm24 blocking kinetics with increasing ChTx con-
centrations. Some of these arguments are discussed further
below.

During the analysis of the blocking kinetics of the current
(Fig. 1D), we estimated the molecular association rate con-
stant, kon, as the inverse of the time constant for the devel-
opment of the block (i.e., kon � 1/�Vm24,in). This approach is
valid for conditions in which the dissociation rate of the toxin,
koff (koff � 1/�out, with �out � 3800 s) (Fig. 1C), is negligible,
compared with kon � [Vm24], the pseudo-first-order associa-
tion rate constant. This condition is fulfilled at Vm24 concen-
trations at which the Kv1.3 current block developed within
minutes. At higher Vm24 concentrations (above 300 pM), the
development of the block is too fast to be resolved accurately,
given the minimal intervals of 15 s between successive cur-
rent recordings (Fig. 1B). The perfectly linear relationship
between Vm24 concentrations and 1/�Vm24,in values (in the
concentration range between 10 and 300 pM) supports the
validity of our approach (Fig. 1D). The kon value of 9.55 � 107

M	1 s	1 determined with this relationship is higher than
typical values reported for peptide-channel interactions
(Park and Miller, 1992a,b; Giangiacomo et al., 1993; Mull-
mann et al., 1999) but is similar to the values determined for
the ShK toxin (Middleton et al., 2003) and Pi2 (Péter et al.,
2001), with picomolar affinities for Kv1.3.

The strongest argument for specific binding of Vm24 to the
extracellular vestibule is the competition between ChTx and

Fig. 5. Vm24 selectivity for Kv1.3 channels. A, remaining current fractions for the indicated channels with equilibrium block by Vm24, applied at 10
nM. Data are presented as mean 
 S.E.M. for three or more independent experiments. B, remaining current fractions for channels that were partially
blocked with 10 nM toxin and were tested again with 1 nM Vm24. C, effects of 1 nM Vm24 on Kv1.1, Kv1.2, and KCa3.1 currents. Current traces
recorded before the application of the toxin (control), after the equilibration of blockade by 1 nM Vm24, and after wash out (wash) of the toxin are
indicated (for details on the expression systems, solutions, and voltage protocols, see Materials and Methods).
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Vm24 for the same or overlapping binding sites on Kv1.3.
This strategy was used to show mutually exclusive binding of
tetraethyl ammonium and ChTx to the pore of Shaker K�

channels (Goldstein and Miller, 1993). The strong linear de-
pendence of 1/�in,Vm24 (see above) on the fraction of channels
not blocked by ChTx (r2 � 0.967) supports our conclusion
regarding the mutually exclusive binding of Vm24 and ChTx
to the pore of Kv1.3 (Fig. 2C).

The very slow onset and relief of the Kv1.3 current inhibi-
tion made it difficult to determine the extent of equilibrium
for Vm24, which imposed limitations on the determination of
the equilibrium dissociation constant (Kd) (Fig. 3). Although
the estimated kon value was very high (kon � 9.55 � 107 M	1

s	1) (Fig. 1D), the extremely low peptide concentrations
made the pseudo-first-order rate constant (kon � [Vm24])
very small. For example, with a Vm24 concentration of 3 pM
and the very slow off-rate, the time constant for reaching
equilibrium block would be �30 min. Therefore, the slow
wash-out kinetics and the possibility of the rundown of the
peak currents led to the use of an operational equilibrium
block (see Materials and Methods) as the peak current at
which consecutive pulses in the presence of the toxin caused
negligible current decreases (less than 2%). The data pre-

sented in Fig. 3 represent the upper limits for I/I0 values;
therefore, the Kd value estimated from the dose-response
relationship is also an overestimate of the real Kd (Péter et
al., 2001). The koff/kon ratio yields a Kd value of 2.75 pM,
which is in a good agreement with the value determined from
the dose-response relationship. This indicates that the over-
estimation of the Kd value from the dose-response relation-
ship was negligible, although the assumptions used to obtain
kon and koff should be considered. The slow onset of the block
and the consequent inaccurate determination of the equilib-
rium block have resulted in the significant discrepancy be-
tween the Kd values reported for the inhibition of Kv1.3 by
ShK (Middleton et al., 2003).

Vm24 is similar to other natural peptides described in the
literature with respect to its high-affinity block of Kv1.3
channels. Among these peptides, the affinities of ShK [esti-
mated IC50 of 0.9 pM (Middleton et al., 2003) or 11 pM
(Kalman et al., 1998)], OSK1 [�-KTx3.7, Kd � 14 pM (Mouhat
et al., 2005)], HgTx1 [�-KTx2.5, Kd � 86 pM (Koschak et al.,
1998)], MgTx [�-KTx2.2, Kd � 50 pM (Garcia-Calvo et al.,
1993)], and HsTx1 [�-KTx6.3, Kd � 12 pM (Lebrun et al., 1997)]
for Kv1.3 are remarkable. However, these peptides are all
less selective for Kv1.3 than is Vm24; some of the peptides

Fig. 6. In vitro effects of Vm24 on T-cell functions. A, effects on proliferation and CD25 expression. Left, CD3-CD28-induced proliferation was inhibited
in the presence of Vm24. Resting human T lymphocytes were activated through cross-linking of CD3 and CD28, in the absence (CD3/CD28, gray
histograms) or presence of the indicated doses of Vm24 (CD3/CD28�Vm24, black histograms). Cell proliferation was evaluated after 96 h through
CFSE dilution. Dashed-line histograms (Control) show the CFSE level for cells left unstimulated for the duration of the experiment. Right, Vm24
controls CD25 expression. Purified resting human CD4� lymphocytes were activated by CD3 and CD28 engagement in the presence (CD3/
CD28�Vm24, black histograms) or absence (CD3/CD28, gray histograms) of different doses of Vm24; after 24-h stimulation, the level of CD25
expression on the cell surface was measured with flow cytometry. Dashed-line histograms (Control) show the fluorescence of isotype control stained
cells. Results are representative of at least three independent experiments. B, overlap between the dose-response relationships of the current
inhibition (1 	 RCF) and the inhibition of proliferation and CD25 expression. gray triangles, inhibition of Kv1.3 current; gray boxes, inhibition of CD25
expression; F, inhibition of proliferation. C, Vm24 prevents CD3-CD28-dependent Ca2� mobilization. Fura-2 ratios are shown for representative T
cells. The calcium response of human peripheral blood T cells to CD3 and CD28 engagement was evaluated by using anti-CD3 and anti-CD38
antibodies and rabbit anti-mouse IgG (RaMIG) in a crosslinking system, in the absence (Control, gray) or presence 10 nM Vm24 (black). At the end
of the experiment, the calcium ionophore ionomycin was applied as a positive control. Results are representative of at least three independent
experiments.
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(ShK, HgTx1, and MgTx) have similar or even higher
affinities for Kv1.1, compared with Kv1.3, whereas others
are selective for Kv1.3 but to a lesser extent than Vm24
(43- and 636-fold for OSK1 and HsTx1, respectively). The
selectivity of Vm24 for Kv1.3 over other ion channels
tested is at least 1500-fold, on the basis of the Kd value
obtained from the dose-response relationship and the sin-
gle-concentration estimates of the Kd values for the chan-
nels that were inhibited by Vm24. This value is well over
the commonly accepted criterion for selectivity, which is
defined as a 100-fold difference in the equilibrium dissocia-
tion constants for �-KTx binding to two different potassium
channels (Giangiacomo et al., 2004). The ion channels that
were inhibited with 10 nM Vm24 were Kv1.1, Kv1.2, and
KCa3.1, whereas other tested channels were practically re-
sistant to Vm24. It is noteworthy that 10 nM Vm24 is a
�3000-fold higher concentration than the overestimated Kd

for Kv1.3. Data presented in Fig. 5 indicated that the order of
blocking potency of Vm24 for various ion channels was
hKv1.3 �� hKv1.2 � hKCa3.1 � mKv1.1 �� hKv1.4 �
hKv1.5 � rKv2.1 � hKv11.1 � hKCa1.1 � hKCa2.3 �
hNaV1.5. The �1500-fold selectivity of Vm24 was signifi-
cantly better than the Kv1.3 selectivity achieved with recom-
binant mutant peptide toxins such as various OSK1 mutants,
e.g., [Lys16,Asp20]-OSK1 (Mouhat et al., 2005),
[Arg11,Thr28,His33]-BmKTx (Han et al., 2008), and
ShK(L192) (Pennington et al., 2009), for which toxin selec-
tivity ranged between 9- and 340-fold.

Key features of high-affinity Kv1.3 inhibitors are that they
interfere with T-cell receptor activation-induced Ca2� signal-
ing and subsequent cell proliferation (Cahalan and Chandy,
2009). These characteristic features are clearly demonstrated
for Vm24 in this study. Vm24, at concentrations overlapping
with the block of the Kv1.3 current, inhibited CD3-CD28
ligation-induced T-cell proliferation and expression of the
high-affinity interleukin-2 receptor �. Because Kv1.3 is the
dominant K� channel of resting T cells of either subset (i.e.,
naive or TEM cells), their proliferation is sensitive to Kv1.3
inhibition (Wulff et al., 2003). However, the inhibition of
proliferation is not complete (in the case of Vm24 as well),
even at peptide concentrations that fully inhibit Kv1.3 (Wulff
et al., 2003; Hu et al., 2007). This may be an indication of the
presence of other K� channel types in these cells (Meuth et
al., 2008). A more-appropriate and widely used Kv1.3 inhibi-
tion-specific immunological test is the inhibition of DTH in
rats (Beeton et al., 2006). The proliferation of TEM cells
responsible for DTH is persistently inhibited by highly selec-
tive Kv1.3 inhibitors, which results in decreased DTH re-
sponses. The potency of Vm24 to reduce DTH is similar to
that of other peptides, such as ShK 192 (Pennington et al.,
2009); a single dose of 0.1 mg/kg Vm24 efficiently inhibited
both active and adoptive DTH. In general, the biological
activity of Vm24 in vitro at the cellular level (proliferation
and Ca2� signaling) and in vivo resembles that of other
high-affinity, high-selectivity Kv1.3 inhibitors.

The unique primary structure and the extremely high af-
finity and selectivity of Vm24 for Kv1.3 make this natural
peptide an ideal tool to suppress TEM cell-dependent immu-
nological reactions in vivo, without significant side effects
involving general immunosuppression. This confers a thera-
peutic potential to Vm24 for TEM cell-dependent human au-
toimmune diseases such as multiple sclerosis, rheumatoid
arthritis, and psoriasis.
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