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Background: The identification of highly selective Kv1.3 blockers has been challenging.
Results: We have engineered scorpion venom peptide fusion proteins to generate potent, selective Kv1.3 inhibitors with long in
vivo half-lives.
Conclusion: These Kv1.3 inhibitor fusion proteins may have potential for the treatment of autoimmune diseases.
Significance: Our results support an emerging approach to generating subtype selective therapeutic ion channel inhibitors.

Ion channels are an attractive class of drug targets, but pro-
gress in developing inhibitors for therapeutic use has been lim-
ited largely due to challenges in identifying subtype selective
small molecules. Animal venoms provide an alternative source
of ion channel modulators, and the venoms of several species,
such as scorpions, spiders and snails, are known to be rich
sources of ion channel modulating peptides. Importantly, these
peptides often bind to hyper-variable extracellular loops, creat-
ing the potential for subtype selectivity rarely achieved with
small molecules. We have engineered scorpion venom peptides
and incorporated them in fusion proteins to generate highly
potent and selective Kv1.3 inhibitors with long in vivo half-lives.
Kv1.3 has been reported to play a role in human T cell activation,
and therefore, these Kv1.3 inhibitor fusion proteins may have
potential for the treatment of autoimmune diseases. Our results
support an emerging approach to generating subtype selective
therapeutic ion channel inhibitors.

Ion channels are integral membrane proteins that, through
generation of electric currents, regulate diverse cellular func-
tions in excitable tissues such as the heart and central nervous
system as well as non-excitable tissue such as lymphocytes, and
they are targets for many marketed drugs (1). However, many
ion channel drugs are relatively non-selective, often exhibit
dose-limiting side effects, and are rarely 100% effective, and
there remains a clear need for second generation ion channel
drugs with greater selectivity, fewer side effects, and improved
efficacy. Unfortunately, the identification of highly selective,
second generation, drugs has been challenging, largely due to
the fact that the transmembrane regions of ion channels tar-
geted by small molecules are highly conserved among different
sub-types (2). With considerable effort failing to yield target
selectivity, alternative approaches including the use of new
classes of molecules need to be explored. There has been an
increasing interest in the use of venom-derived peptides as

therapeutics (3, 4). Animal venoms are known to contain a large
number of peptides, and many of them target ion channels
(5–7). More importantly, these peptides often bind to the
poorly conserved extracellular loops of ion channels, offering
the potential for significant subtype selectivity. Venom pep-
tides, however, do not usually possess all the necessary proper-
ties for successful pharmaceutical development. Their potency
and selectivity for the therapeutic target may not be optimal,
and their plasma half-lives may not be sufficient for therapeutic
applications. These venom peptides, however, may provide
suitable starting scaffolds for further modification.

In the present study we focused on the engineering of ven-
om-derived peptides to block Kv1.3, a voltage-gated potassium
channel widely recognized as a potential target for the treat-
ment of autoimmune and metabolic diseases (5, 8 –18). Mem-
bers of the �-KTx3 scorpion toxin family, such as OsK1
(�-KTx3.7) and OdK2 (�-KTx3.11), represent promising pep-
tide scaffolds for further engineering. Osk1 and OdK2 are pep-
tides of 38 amino acids in length and are stabilized by three
disulfide bonds with paring between Cys-8 and Cys-28, Cys-14
and Cys-33, and Cys-18 and Cys-35 (19, 20). The folded pep-
tides form an �-helix held in close proximity to a three stranded
anti-parallel �-sheet by the disulfide bonds. These �-KTx3 like
peptides inhibit the voltage-gated potassium channels Kv1.1,
Kv1.2, and Kv1.3 through binding to the hypervariable outer
vestibule region and occluding the channel pore (21). In this
study we showed that OsK1 (19) and OdK2 (20) retained their
potassium channel blocking activity when linked to half-life-
extending Fc or albumin fusion proteins. We further demon-
strated that the potency and selectivity of these fusion proteins
on Kv1.3 could be improved through engineering of the peptide
and linker regions. Our efforts resulted in the identification of
several highly potent, selective, long plasma half-life Kv1.3
blocking fusion proteins that may be useful in the treatment of
autoimmune diseases. This approach may also be applicable to
targeting other ion channels with therapeutic potential.

EXPERIMENTAL PROCEDURES

Kv Channel Expression Constructs and Cell Lines—Full-
length Kv channel cDNA clones, all of human origin unless
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otherwise stated, with accession number in parentheses, were
generated using Janssen’s GENEWRITER™ proprietary gene
assembly technology as previously described (22, 23): Kv1.3
(P22001), Kv1.1 (Q09470), Kv1.2 (P16389), Kv1.5 (P22460),
Kv1.6 (P17658), and rat Kv1.3 (rKv1.3) (P15384). Human chi-
meric channel constructs were generated for higher cell surface
expression levels: Kv1.3 E3 chimera was assembled with Kv1.5
amino acids 1– 455 and 496 – 613 and Kv1.3 E3 loop amino
acids 456 – 495; Kv1.1 E3 chimera was assembled with His-tag
amino acids 1–9, HRV3C site 10 –17, Kv1.5 amino acids
18 – 472 and 513– 630, and Kv1.1 E3 loop amino acids 473–512;
Kv1.3 chimera was assembled with Kv1.5 amino acids 1–250
and 497–593 and Kv1.3 amino acids 251– 496; Kv1.1 chimera
was assembled with Kv1.5 amino acids 1–250 and 492–588 and
Kv1.1 amino acids 251– 491. Kv channel constructs were
cloned into a CMV promoter driven mammalian expression
vector and either transiently or stably expressed in HEK or
CHO cells. Kv constructs were also cloned into pcDNA4/TO
and stably expressed in CHO-TREx cells (Invitrogen) to gener-
ate cell lines that expressed human potassium channels in a
tetracycline-inducible manner. For electrophysiological exper-
iments, cells were co-transfected with truncated CD4 (pMACs
4.1, Miltenyi Biotech). All cell culture reagents were obtained
from Invitrogen. CHO cells transiently expressing Kv1.4, Kv1.6,
or Kv1.7 were purchased from Chantest (Cleveland, OH).

Peptide Fusion Protein Expression and Purification—HEK
293-E cells were transfected with plasmid DNA using Lipo-
fectamine 2000 (Invitrogen) or Max transfection reagent. Pep-
tide-Fc fusion proteins were purified from day 4 culture super-
natants using Protein A-Sepharose 4FF resin or an AKTA
XpressTM chromatography system (GE Healthcare). His-
tagged peptide fusions were purified on a HisTrap column. Pro-
tein concentrations were determined by absorbance at 280 and
310 nm on a BioTek SynergyHTTM spectrophotometer. If nec-
essary, the purified proteins were concentrated with a 10,000
molecular weight cutoff centrifugal concentrator (Millipore).
The quality of the purified proteins was assessed by SDS-PAGE
and analytical size exclusion HPLC (Dionex HPLC system).
Endotoxin levels were measured using a limulus amebocyte
lysate (LAL) assay.

Synthesis of KV261 Peptide—Peptide synthesis was per-
formed on Fmoc-Lys(Boc)-Wang (Boc, t-butoxycarbonyl) resin
0.47 mmol/g substitution (Peptides International) via solid
phase peptide synthesis (SPPS) using an ABI Model 433A auto-
mated peptide synthesizer. The standard 0.1-mmol-scale
FastMoc MonPrevPeak protocols were used for HBTU/
HOBt/DIEA (N,N-diisopropylethylamine/2-(1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate/
hydroxybenzotriazole) activation. Pseudoproline dipeptide
Fmoc-Ile-Ser(�MeMepro)-OH (Fmoc, N-(9-fluorenyl)met-
hoxycarbonyl; Novabiochem) was incorporated at the position
shown in bold and underlined in the sequence GVPINVKC-
KISRQCIEPCKDAGMRFGKCMNGKCHCTPK resin. The
amino acid side-chain functionality was protected as follows:
Arg(Pmc), Asn(Trt), Asp(OtBu), Cys(Trt), Glu(OtBu), Gln-
(Trt), Lys(Boc), Ser(tBu), and Thr(tBu) (Boc, t-butoxycarbonyl)
(where Pmc is 2,2,5,7,8-pentamethyl-chroman-6-sulfonyl
chloride and Trt is triphenylmethyl). Peptide was cleaved from

the resin with TFA buffer (1.5 g of phenol in 4 ml of 1,2 etha-
nedithiol, 1 ml of thioanisole, 1 ml of water, and 1 ml of
triisopropylsilane) and precipitated with precooled ethyl ether.
The peptide was oxidized at 100 �g/ml in 0.1 M Tris-HCL, 1 M

guanidine-HCL, 1 mM EDTA, 3 mM reduced glutathione, and
0.3 mM oxidized glutathione, and the reaction was stopped by
reducing the pH to 3.9 with glacial acetic acid. The peptide
was lyophilized, purified by Vydac C-18 RP-HPLC, and ana-
lyzed with RP-HPLC, capillary electrophoresis, and LC/MC
on purity and molecular mass.

Direct Binding Assays—HEK 293F cells (Invitrogen) stably
transfected with chimeric Kv channel expression constructs
were cultured in DMEM supplemented with 10% FBS and 600
�g/ml Geneticin (all reagents from Invitrogen). Kv-transfected
cells at 2 � 105 cells/well in 96-well V bottom polypropylene
plates (Costar) were treated with venom peptide fusion samples
in spent Freestyle 293 media or in PBS supplemented with 2%
FBS (FACS buffer) at 4 °C for 1 h. Cells were then washed
with FACS buffer and incubated with either Cy5-conjugated
goat anti-human Fc Fab�2 (Jackson ImmunoResearch Inc.)
or a 1:200 mixture of biotinylated goat anti-human albumin
(Abcam) and streptavidin-phycoerythrin. Cells after stain-
ing were washed with FACS buffer, fixed with CytofixTM

fixation buffer (BD Biosciences), and acquired with the FAC-
SArray flow cytometer (BD Biosciences). Data were analyzed
in FlowJo software (Treestar), and geometric mean fluores-
cence intensities of cell-bound peptide fusions were com-
pared with Odk2-Fc or KV261-HSA-23 and reported as %
parent.

Competitive Binding Assay—Binding of peptides or peptide
fusion proteins to cells transfected with chimeric Kv1.3 was
performed as described in the previous section followed by 1 h
of incubation with agitoxin-2-Cys-6-carboxytetramethylrhod-
amine (10 nM, Alomone). Cells were then washed with FACS
buffer and acquired for analysis as described in the previous
section. For Ki calculations, the KD value for agitoxin-2-Cys-6-
carboxytetramethylrhodamine was determined to be 0.2 nM by
whole cell manual patch-clamp electrophysiology (data not
shown; see also Ref. 24).

T Cell Activation Assay—Human CD4� T cells (AllCells
LLC) were cultured in RPMI 1640 medium (Invitrogen) supple-
mented with 1% normal human A/B serum (Valley Biomedical
Products & Service Inc.) at 2 � 105 cells/well in 96-well flat-
bottom culture plates (NUNC). Cell culture media was supple-
mented with 2% HSA2 (Sigma) for testing HSA fusions. CD4� T
cells were pretreated with Kv1.3 blockers and controls for 30
min before overnight stimulation with human T cell expansion
beads (Miltenyi Biotec) at a 1:1 bead to cell ratio. IL-2 levels in
supernatants were measured with a chemiluminescent immu-
noassay derived from the human IL-2 Quantikine Kit (R&D
Systems).

Human Peripheral Blood Mononuclear Cell (PBMC) Cyto-
kine Induction Assay—Human PBMCs were obtained from All-
Cells LLC or purified from healthy donor blood by Ficoll-Paque

2 The abbreviations used are: HSA, human serum albumin; KLH, keyhole lim-
pet hemocyanin; DTH, delayed-type hypersensitivity; PBMC, peripheral
blood mononuclear cell; Fmoc, N-(9-fluorenyl)methoxycarbonyl.
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(GE Healthcare) density centrifugation. Purified PBMCs were
plated in 96-well culture plates at 1 � 106 cells/well in RPMI
medium supplemented with 10% FBS and incubated overnight
with Kv1.3 blockers. Cytokines in overnight PBMC culture
supernatants were detected with TH1/TH2 10-plex human
cytokine kit (Meso Scale Discovery).

Electrophysiology—Cells for use in electrophysiological as-
says were plated at low density onto glass coverslips 24 h before
recording and maintained in appropriate media. On the day of
the experiment, glass coverslips were placed in a bath on the
stage of an inverted microscope and perfused (�1 ml/min) with
an extracellular solution of the following composition: 137 mM

NaCl, 2 mM CaCl2, 5.4 mM KCl, 1 mM MgCl2, 5 mM glucose, 10
mM HEPES, and 0.1% bovine serum albumin, pH 7.4. Pipettes
were filled with an intracellular solution of the following com-
position: 40 mM KCl, 100 mM KF, 2 mM MgCl2, 10 mM EGTA,
10 mM HEPES, pH 7.3 to 7.4, and had a resistance of 2– 4
megaohms. All recordings were made at room temperature
(22–24 °C) using a Multiclamp 700A amplifier and pClamp 9
software (Axon Instruments). Transiently transfected CHO
cells were identified using anti-CD4-coated beads (Dynabeads,
Invitrogen). Outward potassium currents were measured using
the whole-cell configuration of the patch clamp technique at a
test potential of 20 – 40 mV from a holding potential of �80
mV. Current records were acquired at 2–5 KHz and filtered at
1–2 KHz. Uncompensated series resistance was typically �10
megaohms, and 80% series resistance compensation was rou-
tinely applied. Currents were elicited once every 20s and were
allowed to stabilize for 5–10 min before recording. Compounds
were applied using an SF-77B Fast-Step Perfusion device (War-
ner Instruments). 1– 4 concentrations of compound were
tested per cell.

Thallium Flux—Chimeric Kv channel expressing HEK293F
cells were plated at 10,000 cells per well into poly-lysine-coated
384-well microtiter plates (BD Biosciences). Cell plates were
washed with assay buffer (130 mM NaCl, 4 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 10 mM HEPES, 5 mM glucose) using a Biotek
EL405. Cells were stained for 30 min with FluxOR dye (Invitro-
gen) in assay buffer plus 2 mM probenecid at room temperature
in the dark. The dye was then washed off with assay buffer.
Thallium dye fluorescence in response to the addition of stim-
ulus buffer was monitored in the presence or absence of test
compounds using a FLIPR Tetra (Molecular Devices). The
stimulus buffer contained 180 mM HEPES, 90 mM KOH, 2 mM

CaCl2, 1 mM MgCl2, 5 mM glucose, 1 mM Tl2SO4. The fluores-
cence change was measured 20 s after adding the stimulation
buffer. Data were normalized to the average responses of con-
trol wells (n 	 16 each of 10 nM Stichodactyla toxin peptide
(ShK) for full inhibition controls and buffer-only for zero inhi-
bition controls).

Determination of Fusion Proteins in Plasma—Controls and
standards were prepared in normal plasma (Bioreclamation).
Concentrations of intact peptide-Fc fusion proteins in plasma
were determined using direct binding assays as described
above.

The Fc portion of fusion proteins in plasma was detected by
ELISA. Goat anti-human Fc polyclonal capture antibody (Jack-
son ImmunoResearch Inc.) was immobilized onto 96-well

plates (Nunc), and HRP-conjugated donkey anti-human Fc
polyclonal antibody (Jackson ImmunoResearch Inc.) was used
to detect the captured Fc proteins using BM chemiluminescent
substrate (Roche Applied Science) and an Envision plate reader
(PerkinElmer Life Sciences).

Plasma concentrations of HSA, KV261 peptide, or KV261-
HSA fusions were also measured in chemiluminescent ELISA
assays. KV261 in plasma was measured using 384-well plates
(Nunc) coated with anti-KV261 rabbit polyclonal capture anti-
body and detected with a 1:1000 mixture of biotinylated rabbit
anti-261peptide polyclonal antibody and HRP-conjugated
streptavidin (Roche Applied Science). HSA in plasma was
measured using 384-well streptavidin-coated plates (Nunc)
with biotinylated mouse anti-human albumin monoclonal
capture antibody (Abcam) and detected with HRP-conjugated
sheep anti-human albumin polyclonal antibody (Abcam).
Minipig plasma samples used HRP-conjugated anti-penta-
His (Qiagen) to detect the His tag on the C terminus of the
fusion protein. All assays used chemiluminescent substrate
(Roche Applied Science) and an Envision plate reader
(PerkinElmer Life Sciences).

In Vitro Thapsigargin-stimulated IL-17A Production from
Whole Blood—Heparinized blood from Yucatan swine or
human donors was diluted with an equal volume of IMDM
medium supplemented with 2% normal human A/B serum
(Valley Biomedical Products & Service Inc.) and stimulated
with 10 �M thapsigargin (Alomone) for 20 h. IL-17A levels in
culture supernatants were measured in electrochemilumines-
cent immunoassays using a MA6000 plate reader (Meso Scale
Discovery). Pig IL-17A was captured and detected with specific
antibodies (Bethyl Laboratories), and purified porcine IL-17A
was used as a standard. Human IL-17A was detected with an
IL-17A MSD kit (Meso Scale Discovery). Measurement of
IL-17A blocking effects by peptides, fusion proteins, or
cyclosporine A was performed by preincubation of blood with
compounds for 1 h before thapsigargin stimulation.

Pharmacokinetic Studies—Pharmacokinetic studies in rats
were performed at the animal facility of Janssen R&D, San
Diego, and the animal work was approved by the Institutional
Animal Care and Use Committee of Janssen R&D. Sprague-
Dawley rats were dosed with KV261-Fc (3.0 mg/Kg) or KV261-
HSA-34 (2.3 mg/Kg) by intravenous bolus, and blood samples
were collected at time points up to 4 days. Compound plasma
levels were analyzed in ELISA- and FACS-based assays to detect
specifically the intact fusion proteins, the fusion partners, and
the KV261 peptide as described in previous sections.

Animal work on minipigs was performed by Comparative
Biosciences, Inc. (Sunnyvale, CA) and approved by the Institu-
tional Animal Care and Use Committee of Comparative Biosci-
ences. Pharmacokinetics of KV261-HSA-34 in Yucatan mini-
pigs was tested after intravenous administration of the fusion
protein at 2.3 mg/Kg, and blood samples were collected at time
points up to day 56. KV261-HSA-34 plasma levels were mea-
sured in ELISA assays to specifically detect the intact fusion
protein, the fusion partner, and the KV261 peptide as described
in previous sections. Pharmacokinetic parameters were calcu-
lated using Phoenix WinNonlin pharmacokinetic modeling
software program (Certara).

Engineered Kv1.3 Blockers from Scorpion Venom Peptides

22706 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 33 • AUGUST 15, 2014



Ex Vivo Thapsigargin-stimulated IL-17A Production from
Minipig Whole Blood—Heparinized blood (3 ml/animal) was
collected from minipigs either untreated (n 	 1) or injected
with fusion protein (n 	 4). Each blood sample was treated with
10 �M thapsigargin alone or thapsigargin plus 1 �M KV261.
IL-17A concentrations were measured as described above.
Inhibition of IL-17A production by exogenous KV261 was cal-
culated as follows.

% Inhibition by exogenous KV261 	 

thapsigargin


IL-17A� � thapsigargin � 1 �M KV261 
IL-17A�/

thapsigargin 
IL-17A���100 (Eq. 1)

A low % inhibition by exogenous KV261 for a given sample
indicated all or the majority of Kv1.3-dependent IL-17A pro-
duction was blocked by the injected fusion protein and was
evidence of target engagement.

Minipig Delayed-type Hypersensitivity Model—Female Yu-
catan miniature swine, Sus scrofa domestica (Sinclair BioRe-
sources, LLC; Columbia, MO), at 3–7 months old weighing 12–35
kg were used in delayed-type hypersensitivity (DTH) studies.
Studies were performed by Comparative Biosciences and were
approved by the Institutional Animal Care and Use Committee of
Comparative Biosciences. Keyhole limpet hemocyanin (KLH)
(Sigma) at 10 mg/ml was emulsified with incomplete Freund’s
adjuvant (BD Biosciences) at a 1:1 volume ratio. On day 0 animals
were immunized by subcutaneous injection of 1 ml of KLH/in-
complete Freund’s adjuvant emulsion per site at �5 sites on the
caudal aspect of the hind legs. Unimmunized control pigs were
injected with PBS/incomplete Freund’s adjuvant emulsion follow-
ing the same procedures. On day 7, all animals were challenged by
intradermal injection on the flanks with KLH at 10, 5, 2.5, and 1.25
mg/ml and PBS negative control, 0.1 ml per injection, and 2 injec-
tions per dose level. KV261-HSA-34 at 2.3 mg/ml and PBS vehicle
control were dosed intravenously in a blinded fashion at 1 ml/kg
on day �1 and day 6. Cyclosporine A, an immune suppressant
known to be effective in DTH and transplantation models in
rodents and minipigs (25–27), was used as a positive control.
Cyclosporine A (Sandimmune) was dosed subcutaneously at 10
mg/ml and 1 ml/kg, twice daily from day �1 through day 8. The
dosing regimens of KV261-HSA-34 and cyclosporine A used in
this study blocked thapsigargin-induced IL-17A in minipig blood
in preliminary experiments (data not shown). Induration at the
challenge sites was measured at day 6 before antigen challenge and
1 and 2 days after challenge. Blood was collected at preimmuniza-
tion and at 2 days post challenge for pharmacodynamic and bio-
analytical tests. Necropsy was performed 2 days after the chal-
lenge. Skin biopsies at the challenge sites, draining inguinal nodes,
and blood samples were collected at necropsy. Skin biopsies were
fixed and stained with hematoxylin and eosin (H&E) for histopa-
thology evaluation. Skin sections were examined microscopically
to assess inflammation scores based on the extent of inflammatory
cell infiltration as well as ulceration and hyperkeratosis at the epi-
dermis. Single cell suspensions were prepared from draining ingui-
nal nodes, and cell numbers were counted with a hemocytometer.
KLH-specific antibody titers in plasma were measured with
ELISA.

Data Analysis and Statistics—Values are reported as the
means � S.E. of the mean. Concentration-response data were
fitted by non-linear regression (Graph Pad Prism, Version 4.0)
using a four-parameter general logistic equation.

Student’s t test was performed on results from the draining
lymph node cellularity data using PRISM (GraphPad). Concen-
trations of unknowns from quantitative immunoassays were
determined from regression analysis of acquired raw data per-
formed using SoftMaxPro (Molecular Devices).

Materials—The OdK2 scorpion peptide extracted from the
venom of Odontobuthus doriae was provided by Professor Jan
Tytgat, Laboratory of Toxicology, University of Leuven (KU
Leuven). Recombinant OsK1 peptide was obtained from Alo-
mone Labs (Jerusalem, Israel).

RESULTS

Generation of Kv1.3 Blocking Scorpion Peptide Fc Fusion
Proteins—To determine if the potassium channel blocking
activity of OsK1 and Odk2 venom peptides could be retained as
Fc fusion proteins, the C terminus of each peptide was fused to
the Fc fragment of a human IgG4 antibody via a GS(G4S)4 linker
(Fig. 1a). These fusion proteins formed dimers through the Fc
region, resulting in a bivalent display of the respective peptides.
Potency of OdK2-Fc and OsK1-Fc in blocking potassium chan-
nels was evaluated in manual patch clamp studies, and repre-
sentative recordings of Kv1.3 currents in transfected CHO cells
treated with OdK2-Fc are shown (Fig. 1b). Both OdK2-Fc and
OsK1-Fc were active in blocking Kv1.3 with IC50 values of
15.5 � 5.1 and 0.31 � 0.02 nM respectively. However, their
potencies were �15–150-fold less potent than the peptides
(Table 1). Further characterization of the fusion proteins
revealed that OdK2-Fc had improved selectivity, with 56-fold
selectivity for Kv1.3 over Kv1.1 and no cross-reactivity with
Kv1.2 at concentrations up to 1 �M. Osk1-Fc was 8-fold selec-
tive for Kv1.3 over Kv1.1. Kv1.3 has been suggested to play a role
in modulating T cell activation (28, 29). We, therefore, assessed
the inhibitory effects of venom peptide-Fc fusions on IL-2 pro-
duction from anti-CD3- and anti-CD28-stimulated primary
human CD4� T cells. OdK2-Fc, OsK1-Fc, and OsK1 peptide
were effective in blocking IL-2 production from activated T
cells (Fig. 1, c, d, and g). Similar to the findings in Kv1.3 electro-
physiology, the potency of OsK1-Fc fusion was reduced com-
pared with the free peptide. These data demonstrate that
fusions of human IgG4 Fc with OdK2 and OsK1 peptides are
functional in blocking Kv1.3 currents as well as inhibiting T cell
activation, albeit with reduced potency.

Peptide Engineering to Improve Potency and Selectivity—To
generate Fc fusions with the high potency of OsK1-Fc and the
greater selectivity of OdK2-Fc, we prepared a combinatorial
library of peptide-Fc variants with the peptide regions varie-
gated to create OdK2 and OsK1 chimeras at eight of the nine
positions that are divergent between OdK2 and OsK1. The
library design interchanged OdK2 and OsK1 amino acids at
positions 3, 4, 5, 9, 10, 12, 16, and 20 in a fully combinatorial
manner. Isoleucine and leucine at position 15 were not
included due to the similarity of these two amino acids. This
library also included the incorporation of lysine at position 16
in some of the variants, as this mutation has been shown to
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increase the potency of OsK1 on Kv1.3 (19). This resulted in a
total number of 262 library variants. The library was expressed
in crude supernatants from HEK cells transfected with individ-
ual library clones and screened for binding to cells expressing
Kv1.3 or Kv1.1 relative to the parent OdK2-Fc (Fig. 1e). In Fig.
1e, peptide-Fc variants on the right of the vertical intersection
show better binding to Kv1.3 (
150% of OdK2-Fc binding), and
those above the horizontal intersection have better Kv1.3 selec-
tivity (
1.5 fold better than OdK2-Fc). Variants with improved
potency and selectivity on Kv1.3 are located in quadrant 2 (Q2).
Several promising variant clones were identified, all of which
had proline at position 3, isoleucine at position 10, and glutamic
acid at position 16 (Fig. 1e, Table 1). None of these variants
contained lysine at position 16. Variant KV261-Fc possessed
the best potency and selectivity profile, with an IC50 of 0.15 �
0.01 nM on Kv1.3 and selectivity of 710-fold over Kv1.1 (IC50 of
106.6 � 21.9 nM) and 
2000-fold over Kv1.2 (IC50 
 300 nM),
Kv1.5 (IC50 
 1 �M), and Kv11.1, hERG, channel (IC50 
 1 �M)
(Table 1, Fig. 1f). KV261-Fc was also efficacious in inhibiting
IL-2 production from anti-CD3- and anti-CD28-stimulated
human CD4� T cells with an IC50 of 3.2 � 0.7 nM (Fig. 1g).
Potency of KV261-Fc was similar to OsK1-Fc in both electro-
physiology and T cell assays, whereas its target selectivity was
higher than OsK1-Fc and OdK2-Fc (Table 1). A synthetic ver-

sion of the KV261-Fc peptide region, KV261, was shown to be
highly potent on Kv1.3 with an IC50 of 0.019 � 0.003 nM and
selective over Kv1.1 (IC50 of 3.4 � 1.0 nM) (Table 1) and Kv1.2
(IC50 of 69.1 � 9.0 nM). KV261 peptide also potently inhibited
IL-2 production from activated human CD4� T cells (IC50 of
0.05 � 0.01 nM) (Fig. 1g). The results suggest that the engi-
neered peptide region as represented by KV261 contributes to
the selectivity and potency of KV261-Fc.

During exploration of Kv1.3 biology in human PBMCs we
observed Kv1.3 blocking peptide-Fc fusions caused an induc-
tion of inflammatory cytokines from PBMCs (Table 2). This
effect was seen with all peptide Fc fusions tested including
OdK2-Fc, OsK1-Fc, and ShK-Fc (data not shown). Induced
cytokine release was not observed with peptides or with Fc con-
trols. Based on these findings it appeared that inflammatory
cytokines released from human PBMCs could result from
either bivalent peptide display, Fc effector function, or a com-
bination of these features. We reasoned, therefore, that mono-
valent non-Fc peptide fusions might avert this potentially del-
eterious property.

Monovalent Peptide Fusion with Human Serum Albumin—
Monovalent non-Fc fusion proteins were generated with HSA
as the fusion partner (Fig. 2a). Fusions of HSA to the N termi-
nus of the KV261 peptide had no detectable activity (data not

FIGURE 1. Toxin peptide Fc fusion proteins are active, can be engineered for potency and selectivity, and inhibit in vitro human T cell activation. a,
schematic representation of a toxin peptide-Fc fusion protein showing the Fc from a human IgG4 fused with the peptide C terminus with an intervening (G4S)4
linker. The peptide-Fc molecule is a covalent dimer with disulfide bonds (SS) between the adjoining core/lower hinge regions. The upper hinge region was
removed from the Fc region for design of these fusions. The N and C designate the termini for Fc1 and N� and C� for Fc2 of the dimer, with predicted disulfide
bonds designated (SS). b, OdK2-Fc fusion protein inhibits human Kv1.3 whole cell currents in a concentration-dependent manner in transfected CHO cells. c
and d, inhibition of IL-2 production from anti-CD3/anti-CD28-stimulated human CD4� T cells by OdK2-Fc and Osk1-Fc. e, primary screening results of chimera
library variants (E) showing the relationship between Kv1.3 potency (% OdK2-Fc binding) and selectivity (binding ratio of Kv1.3/Kv1.1). OdK2-Fc parent control
(f), OdK2-Fc parent recurrent in the library (Œ), OsK1-Fc parent control (F), and lead variant KV1261-Fc (�) are highlighted. Hits demonstrating improved
selectivity as well as high Kv1.3 potency relative to OdK2-Fc are located in quadrant 2 (Q2). f, inhibition of Kv channels and hERG by KV261-Fc. These results
indicate that the fusion protein is highly selective for Kv1.3. g, inhibition of IL-2 production from anti-CD3/anti-CD28-stimulated human CD4� T cells by Osk1,
KV261, and KV261-Fc.
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shown). KV261-HSA-23 had HSA fused to the C terminus of
KV261 via a GS(G4S)4 linker and was active but with consider-
ably lower potency compared with the KV261 peptide and
KV261-Fc. KV261-HSA-23 inhibited Kv1.3 currents and IL-2
production from activated human CD4� T cells with IC50 val-
ues of 14.7 � 0.7 nM (Fig. 2i) and 47.7 � 5.1 nM (Fig. 2b), respec-
tively. The reduced potency relative to the Fc fusion may partly
be explained by the reduced avidity as a monovalent fusion
protein. The degree of loss especially relative to the peptide was
unexpected but conceivably could be a consequence of steric
hindrance from the HSA, which may restrict the peptide from
binding to the channel pore. In an attempt to reduce potential
steric effects of the fusion partner, we modified the amino acid
composition of the linker by adjusting its structure and length.
The linkers tested in HSA fusions included the flexible glycine
serine repeats (G4S) and the structured alanine proline (AP)
repeats (30 –34), ranging in length from 24 to 64 amino acids.

KV261-HSA fusions utilizing AP linkers were 5–10-fold more
potent than those with G4S linkers in blocking T cell activation
(Fig. 2c). Increasing the AP and G4S repeat linker length from
24 to 44 amino acids enhanced Kv1.3 potency, but elongation to
64 amino acids did not result in further potency improvement.
The optimal linker was found to be AS(AP)20GS, and the cor-
responding fusion protein KV261-HSA-34 blocked Kv1.3 cur-
rents with an IC50 of 1.3 � 0.37 nM and exhibited selectivity of

100-fold over all Kv1.x subfamily members and hERG (Fig.
2d), with the exception of Kv1.6, which was inhibited by
KV261-HSA-34 with an IC50 of 9.9 � 0.65 nM (Fig. 2d). KV261-
HSA-34 was efficacious in inhibiting IL-2 production from
anti-CD3- and anti-CD28-stimulated human CD4� T cells
with an IC50 of 2.2 � 0.3 nM (Fig. 2e).

Amino Acid Insertion to Peptide C Terminus—The potency
of HSA fusions was considerably lower than the KV261 peptide
as demonstrated in the previous section, possibly due to disrup-

TABLE 1
Summary of the sequence and activity of chimera library-Fc fusion variants
The potency and selectivity of chimera library-Fc fusion variants for Kv1.3 over Kv1.1 are shown. These variants include KV261-Fc and the parents OdK2-Fc and OsK1-Fc
as well as their corresponding free peptides. The amino acid sequences of OdK2 and OsK1 peptides are aligned with disparate amino acids highlighted in gray. The
variegated sequence of each variant with the change and position in amino acids are also indicated.

TABLE 2
Induction of inflammatory cytokines from PBMCs by KV261-Fc fusion protein
Inflammatory cytokines IFN�, IL-1�, and TNF� were measured in human PBMC cultures after overnight treatment with various Kv1.3 blockers (all 2 �M) including
KV261-Fc, KV261-HSA-34, KV261-HSA-686, and KV261 and controls including IgG4 Fc and HSA and no treatment. Cytokine measurements were performed as described
under “Experimental Procedures,” and values are shown as averages of duplicates � S.E. Values of �10.0 indicate cytokine levels were below the 10 pg/ml limit of detection.

Blocker ID Description
Cytokines (pg/ml)

IFN� IL-1� TNF�

KV261-Fc 261-GS(G4S)4-Fc 236.3 � 35.4 7202.6 � 432.7 11104.8 � 304.3
KV261-HSA-34 261-AS(AP)20GS-HSA �10.0 33.5 � 22.4 57.4 � 41.7
KV261-HSA-686 261-AHRH-AS(AP)20GS-HSA �10.0 71 � 1.3 169 � 38.4
KV261 261 peptide �10.0 26.9 � 1.6 41.7 � 2.8
IgG4 Fc Recombinant human Fc �10.0 44.9 � 1.3 140.8 � 35.6
HSA Recombinant human albumin �10.0 71.8 � 22.4 144 � 10.3
No treatment Buffer �10.0 42.1 � 0.4 144.4 � 27.2
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tion of contacts between the peptide C-terminal region and the
Kv1.3 channel pore. It was hypothesized that extending the
KV261 peptide C terminus in HSA fusions might restore bind-
ing affinity. KV261-HSA-23 was modified by inserting 4 amino
acids between the peptide C terminus and the GS(G4S)4 linker
using 12 amino acids (Gln, Arg, Pro, His, Lys, Thr, Asn, Ser, Glu,
Gly, Ala, and Asp) at each position in combination. The ratio
for each amino acid residue was 1, except that Arg was 1.5, and
Ser was 0.5, and the resulting theoretical number of all possible

variants was 124 (20,736). Crude supernatants of transfected
cells expressing the different variants were screened for
improved Kv1.3 binding affinity or enhanced inhibitory
potency on Kv1.3-mediated thallium flux compared with the
parent KV261-HSA-23. Lead candidates were purified and
their activities relative to KV261-HSA-23, and the more potent
KV261-HSA-26 (261-GS(G4S)8-HSA) was confirmed in direct
Kv1.3 binding assays (Fig. 2f). Hits from this library were shown
to contain inserts enriched for basic (Arg, His, and Lys), acidic

FIGURE 2. Toxin peptide HSA fusion proteins are active and retain selectivity but require extensive engineering to optimize potency. a, schematic
representation of a toxin peptide-HSA fusion protein showing HSA fused off of the peptide C terminus with an intervening amino acid linker and a C-terminal
His6 purification tag. The peptide-HSA molecule is a single chain protein. N and C designate the termini. b, inhibition of IL-2 production from anti-CD3/anti-
CD28-stimulated human CD4� T cells by KV261 (free peptide) (Œ) and KV261-HSA-23 (F). c, increased linker length (#aa, number of amino acids) enhances the
potency of the 261-HSA fusion constructs, and constructs with structured AP linkers (f) are more potent than constructs with G4S (F) linkers. d, summary table
of KV261-HSA-34 potency (IC50 � S.E.) on Kv channels and hERG. Values of 
100 nM or 
1 �M indicate no inhibition measured up to the highest concentration
tested. e, inhibition of IL-2 production from anti-CD3/anti-CD28-stimulated human CD4� T cells by KV261-HSA-34. f, C-terminal insertion variants in the
GS(G4S)4-HSA fusion construct show increased binding to Kv1.3-transfected HEK cells relative to the KV261-HSA-23 (261-GS(G4S)4-HSA) parent up to the level
of the KV261-HSA-26 (261-GS(G4S)8-HSA) control. g, C-terminal insertion variants in the AS(AP)20GS-HSA fusion construct show improved potency over the
KV261-HSA-34 without C-terminal insertion (—-) control in competitive binding. h, inhibition of IL-2 secretion from stimulated human CD4� T cells by the
C-terminal insertion variant KV261-HSA-686. i, inhibition of Kv1.3 in transfected CHO cells by KV261-HSA fusions measured by manual patch clamp
electrophysiology.
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(Thr, Asn, and Gly), and non-polar (Ala and Pro) amino acids.
Lead insertion sequences were then incorporated into the
KV261-HSA-34 fusion to determine if the potency gain from
amino acid insertion could further enhance the potency of HSA
fusions utilizing the optimized linker AS(AP)20GS. Several
fusion proteins with inserted amino acids were confirmed to
have 5–10-fold improvements in potency relative to KV261-
HSA-34 in Kv1.3 binding assays (Fig. 2g). KV261-HSA-686 is
derived from KV261-HSA-34 by insertion of 4 amino acids
AHRH at the KV261 peptide C terminus. KV261-HSA-686
showed improved inhibitory potency on Kv1.3 currents (IC50 of
0.2 � 0.009 nM) (Fig. 2i) and T cell activation (IC50 of 0.3 � 0.1
nM) (Fig. 2h) compared with KV261-HSA-34.

In contrast to the findings with the bivalent Fc fusion pro-
teins, the monovalent HSA fusions including KV261-HSA-34
and KV261-HSA-686 did not induce any detectable inflamma-
tory cytokines from human PBMCs at concentrations up to 2
�M (Table 2). Table 3 summarizes the characterization results
from engineering KV261 fusion proteins from KV261-Fc
through the KV261-HSA fusions including potency, selectivity,
and PBMC cytokine induction.

Pharmacokinetics and Pharmacodynamics of Fusion Proteins
in Rats and Minipigs—To evaluate the in vivo pharmacokinet-
ics of fusion proteins, Sprague-Dawley rats were administered
with KV261-Fc (3.0 mg/Kg) or KV261-HSA-34 (2.3 mg/kg) by
intravenous bolus, and blood samples were collected at differ-
ent time points up to 4 days. Compound plasma levels were
analyzed in ELISA- and FACS-based assays to specifically
detect the intact fusion proteins, the fusion partners, or the
KV261 peptide. The levels measured in each of the detection
methods were similar, indicating that a high percentage of the
compounds were intact fusion proteins over the time course of
pharmacokinetic studies. The half-lives of KV261-Fc and
KV261-HSA-34 in Sprague-Dawley rats were estimated to be
about 72 and 14 h, respectively (Fig. 3, a and b).

KV261-HSA-34 was potent in blocking Kv1.3 currents in
minipig T cells with an IC50 of 1.6 � 0.29 nM (Fig. 3c). T cell
cytokine IL-17A was induced in human and minipig blood by
thapsigargin treatment and was inhibited by KV261-HSA-34
with an IC50 of 0.5 nM, n 	 1 in human, and 0.5 nM, n 	 1 in
minipig blood (Fig. 3, d and e). These findings suggest that mini-
pigs could be an appropriate species for validating Kv1.3 func-
tion in animal models (11). The pharmacokinetics of KV261-

HSA-34 was tested in Yucatan minipigs after intravenous
administration of the fusion protein at 2.3 mg/kg. The
plasma half-life of KV261-HSA-34 was �5–7 days, the clear-
ance rate was 0.08 – 0.01 ml/min/kg, and the volume of dis-
tribution was 90 –120 ml/kg (Fig. 3f). Kv1.3 target engage-
ment was assessed in the same animals by measuring the
inhibition of thapsigargin-induced IL-17A production from
whole blood samples ex vivo (Fig. 3g). Base-line levels of
thapsigargin-induced IL-17A in whole blood were estab-
lished with blood samples from minipigs before KV261-
HSA-34 administration as well as from the control animal,
which did not receive the compound. Thapsigargin-induced
IL-17A production in blood was significantly reduced start-
ing from 1 min post-administration of KV261-HSA-34 and
remained suppressed on day 14 when KV261-HSA-34
plasma levels were 
10 nM. The levels of thapsigargin-
induced IL-17A gradually recovered from day 36 and were
back to pre-dose levels by day 54.

The Effect of KV261-HSA-34 on DTH in Minipigs—The effect
of KV261-HSA-34 on T cell-mediated DTH response was eval-
uated in Yucatan minipigs immunized and challenged with
KLH. KV261-HSA-34 had no effect on KLH-mediated DTH
response in minipigs, determined by the extent of induration,
challenge site inflammation scores, or levels of KLH-specific
antibody titers in serum compared with the vehicle control
group (Fig. 4, a--c). In contrast, the positive control animals
dosed with cyclosporine A showed significant decreases in all
three measures. KV261-HSA-34, however, reduced cell num-
bers in the draining lymph nodes relative to the vehicle control
group. The effect was similar to that seen in the cyclosporine
A-treated group, where cell numbers were reduced to levels
comparable with those in the unimmunized control animals
(Fig. 4d). Inhibition of thapsigargin-induced IL-17A produc-
tion from whole blood samples confirmed that target engage-
ment was achieved in KV261-HSA-34 and cyclosporine A-
treated animals (data not shown).

DISCUSSION

In the present studies we show that the activity of the scor-
pion peptides, OdK2 and OsK1, can be maintained when fused
to large half-life extension proteins such as human Fc or HSA.
Different components of the resulting fusion proteins, includ-
ing the peptide, the linker, and the fusion partner, all contribute

TABLE 3
Summary of KV261 and KV261 fusion proteins on Kv1.3 potency and selectivity in electrophysiology, inhibition of IL-2 secretion from stimulated
human CD4� T cells and induction of inflammatory TNF� from PBMC cultures.
TNF� induction is shown as -fold induction over basal levels in untreated PBMC cultures. Compounds showing low potency or TNF� induction are highlighted.
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to the properties of the assembled molecules. The rank order of
fusion proteins in potency and selectivity is similar to that of the
peptides, suggesting, not surprisingly, that the potency and
selectivity of a fusion molecule are strongly influenced by the
peptide. Furthermore, we show that dramatic improvements in
Kv1.3 selectivity can be achieved through minor changes to the
venom peptide primary sequence. Valency appears to influence

potency and may explain some of the potency loss in converting
from bivalent Fc to monovalent HSA fusions. It is not entirely
clear, but the degree of potency loss may implicate other con-
tributing factors, such as steric hindrance from the fusion part-
ner, which restricts the peptide from binding to the channel
pore. Our results show that most of the potency loss can be
rescued by engineering the linker and the peptide C terminus.

FIGURE 3. Pharmacokinetics and pharmacodynamics of KV261-fusions in rats and mini-pigs. a, KV261-Fc plasma levels in Sprague-Dawley rats were
measured by detecting the Fc fragment (ƒ) and the intact fusion protein (�). Rats (n 	 3) were intravenously administered with KV261-Fc at 3.0 mg/kg, and
KV261-Fc in vivo half-life was determined to be �72 h. b, KV261-HSA-34 plasma levels in Sprague-Dawley rats were measured by detecting intact fusion protein
(F), the peptide (f), and the HSA fusion partner (Œ). Rats were intravenously administered with 2.3 mg/kg of KV261-HSA-34. c, inhibition of Kv1.3 currents in
minipig CD4� T cells by KV261-HSA-34 measured using manual whole cell patch clamp electrophysiology. d, inhibition of IL-17A production from thapsigargin-
stimulated human whole blood in vitro by KV261-HSA-34. e, inhibition of IL-17A production from thapsigargin-stimulated minipig whole blood in vitro by
KV261-HSA-34. f, KV261-HSA-34 plasma levels in Yucatan minipigs after intravenous administration of KV261-HSA-34 at 2.3 mg/kg. Results shown are the
average � S.E. from four animals measured through day 36 and 2 animals at day 54. Half-life was calculated to be 5–7 days. g, pharmacodynamics of
KV261-HSA-34 in minipigs was assessed in the same animals used in the pharmacokinetic study described in f. Blood samples collected from KV261-HSA-34
intravenously dosed animals (F) and a non-dosed control animal (f) were stimulated with thapsigargin ex vivo, and levels of induced IL-17A in whole blood
were measured. The levels of thapsigargin-induced IL-17A correlate with Kv1.3 activity in blood. Thapsigargin-induced IL-17A was minimal in blood collected
from KV261-HSA-34-injected minipigs from 1 min to 14 days post-administration. A gradual recovery of IL-17A was observed on days 36 –54, correlating with
the clearance of KV261-HSA-34 from circulation.
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Consistent with the steric hindrance hypothesis, we found that
extended and structured linkers, such as the 20� Ala-Pro
repeats, are preferred for better potency. We speculate that
these linkers may create space between the peptide and the
fusion moiety to reduce negative steric influences. Further
gains in potency could be achieved by insertion of amino acid
residues between the peptide C terminus and the linker. It is
possible that these amino acids enhance the interactions of the
peptide C terminus with the Kv1.3 pore loop, but other effects
on the linker structure cannot be discounted. We also found
some evidence that the fusion moiety may have a modest influ-
ence on target selectivity, as suggested by the slightly improved
selectivity of OdK2-Fc fusion compared with the peptide.

An unexpected finding of our study was that bivalent pep-
tide-Fc, but not peptides or monovalent HSA fusions, induced
inflammatory cytokine release from human PBMCs (Table 1).
The mechanism for this effect is still unclear. However, given
that inflammatory cytokine release from human PBMCs was
only observed with Fc fusions, it seems plausible that the under-
lying mechanism may involve Kv1.3 channel clustering, cell
cross-linking, and effector functions resulting in undesirable
immune cell activation. KV261-HSA-34, a fusion protein com-
prising a blocking peptide fused to human serum albumin
through an intervening AS(AP)20GS linker, combined desirable
potency, selectivity, and in vivo half-life in a molecule that is
devoid of inflammatory cytokine-inducing issues. This mole-
cule exhibits low nanomolar potency in blocking Kv1.3 cur-
rents and human T cell activation (Fig. 2, d, e, and i). It shows
substantial selectivity against hERG and most of the Kv1.x sub-
family members, with the exception of Kv1.6, and demon-
strated long in vivo half-life in rats and minipigs (Fig. 3, b and f).
KV261-HSA-34, therefore, is a unique biologic tool that could
be used to further investigate the biology of Kv1.3 and could be
considered for development for the treatment of autoimmune
diseases in humans.

To explore the in vivo activity of a selective Kv1.3 inhibi-
tor, we evaluated KV261-HSA-34 in a minipig DTH model.
Yucatan minipigs were selected as an appropriate preclinical
species to investigate in vivo activity of KV261-HSA-34 based
on a previous published report (11). We confirmed that KV261-
HSA-34 was a potent inhibitor of minipig Kv1.3 and effective in
blocking thapsigargin-induced IL-17A in minipig blood (Fig. 3,
c and e). Despite clear evidence of target engagement by KV261-
HSA-34 at the doses used in the minipig DTH model, there
were no significant effects on DTH response at the antigen
challenge sites or the generation of anti-KLH antibody in
response to immunization (Fig. 4, a--c). These findings were
somewhat unexpected given previous findings of efficacy with
Kv1.3 inhibitors in minipig DTH models (11). It is possible that
the lack of efficacy in this model is related to limited tissue
distribution of KV261-HSA-34. It is also possible that the acute
and stringent nature of the minipig DTH model is more suited
to the assessment of strong effects from immune-suppressants,
such as cyclosporine A, rather than from more immune-mod-
ulatory effects through inhibiting Kv1.3. Consistent with a
modest immune modulatory effect from Kv1.3 inhibition,
KV261-HSA-34 reduced cellularity of the draining lymph
nodes down to the level of the un-immunized controls (Fig. 4d).
However, it is also conceivable that our findings with a highly
selective Kv1.3 inhibitor might indicate that Kv1.3 does not play
an important role in immune cell regulation in vivo. Further
studies in relevant preclinical models are warranted.

Beyond the potential applications of Kv1.3 inhibitors in the
treatment of autoimmune disease and inflammation, our
results illustrate the feasibility of generating subtype-selective
ion channel inhibitors through engineering of venom-derived
peptides. The use of engineered venom-derived peptides may
represent an important complimentary or alternative approach
to small molecules for targeting therapeutically relevant but
under-exploited ion channels.

FIGURE 4. KV261-HSA-34 did not show significant reduction of DTH response in minipigs. Yucatan minipigs were immunized with 5 mg of KLH/incom-
plete Freund’s adjuvant per animal on day 0 and challenged 7 days later with KLH in dorsal skin at a range of doses. Immunized Yucatan minipigs were dosed
with KV261-HSA-34, cyclosporine A, and vehicle control (n 	 6 per treatment group) as described under “Experimental Procedures.” Unimmunized pigs (n 	
2) were used as negative controls. Results were from readouts measured in duplicate and an average of n 	 6 per treatment group � S.E. and an average n 	
2 � S.E. for the unimmunized controls. a, no significant effect of KV261-HSA-34 (F) on induration relative to the vehicle control (f) 48 h after KLH challenge in
the DTH model. Cyclosporine A (Œ) reduced induration levels. KLH dorsal skin challenge doses are shown along the x axis. b, no significant reduction in anti KLH
antibody titers in the KV261-HSA-34 treatment group relative to the vehicle control. Cyclosporine A reduced antibody titers down near the level of the
unimmunized controls. c, no significant effect of KV261-HSA-34 (F) on challenge site inflammation relative to the vehicle control (f). Inflammation scores were
determined by pathologist scoring of challenge site biopsy sections stained with H&E. Cyclosporine A (Œ) reduced inflammation scores. KLH dorsal skin
challenge doses are shown along the x-axis. d, KV261-HSA-34 and cyclosporine A significantly (**, p 	 0.0034) reduced draining lymph node cell numbers
relative to the vehicle control after KLH challenge in the DTH model.

Engineered Kv1.3 Blockers from Scorpion Venom Peptides

AUGUST 15, 2014 • VOLUME 289 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 22713



REFERENCES
1. Overington, J. P., Al-Lazikani, B., and Hopkins, A. L. (2006) How many

drug targets are there? Nat. Rev. Drug Discov. 5, 993–996
2. Ragsdale, D. S., McPhee, J. C., Scheuer, T., and Catterall, W. A. (1996)

Common molecular determinants of local anesthetic, antiarrhythmic, and
anticonvulsant block of voltage-gated Na� channels. Proc. Natl. Acad. Sci.
U.S.A. 93, 9270 –9275

3. Doggrell, S. A. (2004) Intrathecal ziconotide for refractory pain. Expert.
Opin. Investig. Drugs 13, 875– 877

4. King, G. F. (2011) Venoms as a platform for human drugs: translating
toxins into therapeutics. Expert Opin. Biol. Ther. 11, 1469 –1484

5. Chi, V., Pennington, M. W., Norton, R. S., Tarcha, E. J., Londono, L. M.,
Sims-Fahey, B., Upadhyay, S. K., Lakey, J. T., Iadonato, S., Wulff, H., Bee-
ton, C., and Chandy, K. G. (2012) Development of a sea anemone toxin as
an immunomodulator for therapy of autoimmune diseases. Toxicon 59,
529 –546

6. Klint, J. K., Senff, S., Rupasinghe, D. B., Er, S. Y., Herzig, V., Nicholson,
G. M., and King, G. F. (2012) Spider-venom peptides that target voltage-
gated sodium channels: pharmacological tools and potential therapeutic
leads. Toxicon 60, 478 – 491

7. Vetter, I., and Lewis, R. J. (2012) Therapeutic potential of cone snail venom
peptides (conopeptides). Curr. Top. Med. Chem. 12, 1546 –1552

8. Desir, G. V. (2005) Kv1.3 potassium channel blockade as an approach to
insulin resistance. Expert Opin Ther. Targets 9, 571–579

9. Beeton, C., Wulff, H., Barbaria, J., Clot-Faybesse, O., Pennington, M., Ber-
nard, D., Cahalan, M. D., Chandy, K. G., and Béraud, E. (2001) Selective
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