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Tk-hefu is an artificial peptide designed based on the �-hair-
pinin scaffold, which selectively blocks voltage-gated potassium
channels Kv1.3. Here we present its spatial structure resolved by
NMR spectroscopy and analyze its interaction with channels
using computer modeling. We apply protein surface topography
to suggest mutations and increase Tk-hefu affinity to the Kv1.3
channel isoform. We redesign the functional surface of Tk-hefu
to better match the respective surface of the channel pore vesti-
bule. The resulting peptide Tk-hefu-2 retains Kv1.3 selectivity
and displays �15 times greater activity compared with Tk-hefu.
We verify the mode of Tk-hefu-2 binding to the channel out-
er vestibule experimentally by site-directed mutagenesis. We
argue that scaffold engineering aided by protein surface topog-
raphy represents a reliable tool for design and optimization of
specific ion channel ligands.

Ion channels are central to vital physiological processes rang-
ing from regulation of cell osmotic pressure, motility, and
transport of metabolites across the cell membrane to hormone
secretion, muscle contraction, and brain functioning (1). There
is an increasingly appreciated unmet demand in new selective
ion channel ligands. This is not only due to the apparent need in
selective molecular probes or markers for these proteins to be
used in fundamental research but also because of the growing
evidence of ion channel involvement in a great number of path-

ological processes. For instance, the number of known chan-
nelopathies, diseases associated with ion channel dysfunction,
has increased dramatically in the past years and today includes
several dozen if not hundred indications (2, 3). Ion channels are
the second most privileged target of marketed drugs (�20% of
small-molecule drugs target ion channels) (4), and their impor-
tance is thought to increase (5).

Potassium channels in particular are one of the most diverse
and widespread groups of membrane proteins found in all taxa
of living organisms, from bacteria to humans (1). They are
involved in physiological processes including ion transport,
neural signaling, cell communication and proliferation, humoral
regulation, and immune response (6, 7). In addition, many studies
confirmed the involvement of these proteins in different patholo-
gies, which makes them a promising target of pharmacological
research (8, 9). For instance, the Kv1.3 channel isoform is a vali-
dated target in autoimmune diseases (10) and specific Kv1.3 block-
ers have shown a therapeutic effect in models of such diseases (11).
This effect is thought to be due to the inhibition of proliferation of
effector memory T cells, which rely on a high level of Kv1.3 expres-
sion (12). Thereby the search for highly specific ligands of potas-
sium channels is a challenge for both fundamental science and
drug discovery.

The current arsenal of potassium channel ligands has been
compiled by using two basic approaches: (i) bioactivity-driven
isolation from natural sources (13), and (ii) screening of com-
pound libraries followed by structural optimization (14). Alter-
native strategies have been proposed but their net input is yet
relatively small. One approach that is very often cited as the
most promising in terms of future drug discovery is rational
drug design based on the known 3D structures of protein tar-
gets (15). Although much effort has been invested in the devel-
opment of rational design techniques, it is nowadays still far
from becoming the mainstream stand-alone technique and
usually supplements high-throughput screening, or is applied
to optimize naturally occurring substances. In addition, small
proteins or peptides are the most diverse class of potassium
channel ligands (the principal source being scorpion venom),
yet the methodology of rational design is underdeveloped for
protein ligands compared with small molecules.

We argue, however, that the large amount of currently avail-
able theoretical data, coupled to the rapid development of com-
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puter simulation techniques allows the use of rational design
for the discovery and optimization of artificial potassium chan-
nel blockers instead of the classical screening approach and
exploitation of natural sources. In our recent work (16 –18), we
have used scaffold engineering to construct an artificial small
protein potassium channel blocker based on a plant defense
peptide Tk-AMP-X2 from wheat belonging to the recently rec-
ognized �-hairpinin family. This new blocker, named Tk-hefu,
affects Kv1.3 with a half-maximal inhibitory concentration
(IC50) of �35 �M. However, effective potassium channel block-
ers usually display activity at submicromolar concentrations
(19, 20). In the present work, we succeed to significantly
increase the binding affinity of Tk-hefu to Kv1.3 by using a set of
computational techniques including the recently developed
protein surface topography (PST)4 (21, 22).

Results

We used the following logic in our studies: (i) Tk-hefu spatial
structure was studied by NMR; (ii) it was then used for compu-
tational analyses to determine the mode of binding to target
channels (Kv1.3) and suggest modifications to increase the
affinity; (iii) the proposed mutant peptide was synthesized and
its activity was verified by electrophysiology. Table 1 lists amino
acid sequences of peptides mentioned in this article.

15N-Labeled Tk-hefu production
15N-Labeled recombinant peptide was produced in a bacte-

rial expression system using the M9 medium. Tk-hefu was pro-
duced as part of a fusion protein, also containing thioredoxin
(Trx), a His6 tag and cleavage site for enteropeptidase. The iso-
lated fusion protein was treated with recombinant human
enteropeptidase light chain (23), and 15N-Tk-hefu was purified
by reversed-phase HPLC. The molecular mass of the labeled
peptide was 3604.0 Da as determined by MALDI-MS (equal to
the calculated value), indicating that all nitrogen atoms in the
peptide were replaced by 15N. The final yield of 15N-Tk-hefu
was �4 mg/1 liter of bacterial culture.

Three-dimensional structure of Tk-hefu in solution

The 3D structure of Tk-hefu was determined by NMR
spectroscopy (PDB code 5LM0). 15N labeling allowed mea-

suring three sets of J-couplings together with a number
of NOESY distances. The statistics of the input data and
parameters of the obtained structure are shown in Table 2.
Structures from the set are characterized by low CYANA target
function values and residual restraint violations, and a substan-
tially low root mean square deviation (RMSD) value for backbone
atoms indicating that the structure of Tk-hefu is defined accu-
rately and precisely by experimental data in the region corre-
sponding to residues 3–26.

Fig. 1 shows NMR ensembles for Tk-hefu (Fig. 1A) and the
parent peptide Tk-AMP-X2 (16) (Fig. 1B) as well as their ribbon
representation (Fig. 1, C–F). Long-range distance restraints
used for 3D structure calculation are plotted onto the ribbon
structure of Tk-hefu in Fig. 1D and distance restraints distribu-
tion along the peptide sequence are shown in Fig. S1. Tk-hefu
contains two antiparallel �-helices (Arg-4 through Cys-9 and
Arg-15 through Arg-26) held together by two disulfide bonds
(Cys-5 to Cys-25 and Cys-9 to Cys-21) conforming to the
�-hairpinin-fold (17, 18). Some differences are noted between
Tk-hefu and the parent peptide Tk-AMP-X2, where the first
helix is one residue shorter and is followed by one turn of a 310
helix (Fig. 1F). This conclusion is confirmed by raw NMR data;
the 3JHNHA coupling of Cys-9 is equal to 5.6 � 0.2 Hz in Tk-
hefu, which corresponds to �-helical conformation, and it is as
large as 7.0 � 0.2 Hz in Tk-AMP-X2. The second helix of Tk-
hefu is also two residues longer at the C terminus than the
corresponding helix of the parent peptide. Apart from the sec-
ondary structure, the orientation of helices is also different in
the mutant peptide: the helices cross at 158 � 3° (Fig. 1E), which
is significantly greater than 133 � 5° observed for Tk-AMP-X2
(Fig. 1F).

Analysis of NOESY data suggests that helices are more
tightly packed in Tk-hefu, and the structure of this peptide is
more stable: 29 long-range contacts are observed for the

4 The abbreviations used are: PST, protein surface topography; CS��, cys-
teine-stabilized �/�-fold; CS��, cysteine-stabilized �/�-fold; ChTx, charyb-
dotoxin; ELP, electrostatic potential; KTx, potassium channel ligand from
scorpion venom; Trx, thioredoxin; RMSD, root mean square deviation; PDB,
Protein Data Bank; HSQC, heteronuclear single quantum coherence.

Table 1
Amino acid sequences of Tk-AMP-X2 and its derivatives

a Mutated residues are in bold type.

Table 2
Statistics for the 10 best NMR structures of Tk-hefu

Parameter Value

Distance and angle restraints
Total NOEs 179
Intraresidual 42
Interresidual 137

Sequential (�I �J� � 1) 60
Medium range (2 ��I �J� � 4) 48
Long range (�I �J� � 5) 29

S-S bond restraints (upper/lower) 6/6
Angles

� 27
�1 7

Total restraints per residue 8
Statistics for the calculated set of structures

CYANA target function (Å2) 0.100 � 0.005
Restraint violations

Distance (�0.2 Å) 0
Angle (�5°) 0

RMSD (Å) Elements of secondary structure
Backbone 0.5 � 0.1
All heavy atoms 1.8 � 0.2

Ramachandran analysisa

% Most favored regions 100
% Additional allowed regions 0
% Generally allowed regions 0
% Disallowed regions 0

a Ramachandran analysis was performed with the PROCHECK tool at the RCSB
validation server (http://deposit.rcsb.org/).
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mutant versus 3 contacts found in the spectra of the parent
peptide, and the conformation of both disulfide bridges is
determined in Tk-hefu, whereas in Tk-AMP-X2 none of the
disulfides exhibits a determined conformation. Detailed analy-
sis of the obtained Tk-hefu structure reveals several stabilizing
interactions that are introduced by the mutations. Namely,
Tyr-6 forms 	-cation contacts with Lys-22 and Lys-18, while
Glu-23 forms a salt bridge with Lys-19. Thus, the three substi-
tutions in the sequence of Tk-AMP-X2 affected significantly
both the spatial structure and stability of the peptide.

Molecular modeling
Having determined the NMR structure of Tk-hefu in solu-

tion, we were able to model its complex with the target channel.

Kv1.3 was modeled by homology based on the available closely
related Kv1.2 structure (24), and the Kv1.2/2.1 paddle chimera
channel complex with charybdotoxin (ChTx) (25) was chosen
as a template for the Kv1.3–Tk-hefu complex model. To date
the most reliable approach to model Kv peptide blockers is the
concept of the “functional dyad” (see “Discussion” below) (26),
and our guide in such modeling was spatial superimposition of
the Tk-hefu dyad comprising Tyr-6 and Lys-22 with the classi-
cal dyad of ChTx (Tyr-36 and Lys-27). This “manual” complex
was then subjected to a series of optimizations including place-
ment inside a hydrated lipid bilayer membrane and running
a 200-ns molecular dynamics (MD) trajectory to capture a
dynamic view of the channel-toxin interaction (Fig. 2).

Figure 1. Tk-hefu structure determined by NMR and its comparison with the parent peptide Tk-AMP-X2. A and B, ensembles of 10 independently
derived NMR structures of Tk-hefu (A; PDB ID 5LM0) and Tk-AMP-X2 (B; PDB ID 2M6A) with the fewest restrain violations. N termini are labeled. Cystine
side chains are in yellow. C, ribbon representation of Tk-hefu. The orientation of the molecule is as in A. The N-terminal �-helix is shown in green;
C-terminal helix, sky blue; loops are presented as a gray string. S-S bonds are presented as yellow sticks, and other side chains are shown as lines;
hydrophobic aliphatic and aromatic residues are orange; hydrophilic uncharged residues are magenta; positively charged residues, blue; and negatively
charged, red. N and C termini and side chains are labeled. D, the same representation of Tk-hefu as in C but showing all atoms. Gray dashed lines denote
the long-range NOESY connectivities between the protons of Tk-hefu. E and F, comparison of Tk-hefu (E) and Tk-AMP-X2 (F) structures. The color code
is as in C, and the 310 helix in Tk-AMP-X2 is in smudge green. Side chains of residues discussed in the text are shown as lines and labeled. In C–F, the first
structures from the set of 10 are presented (having the fewest restrain violations).
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In our model of Tk-hefu complex with Kv1.3 (Fig. 2, A and B),
Lys-22 sticks out to the selectivity filter, whereas Tyr-6 forms
multiple van der Waals contacts with residues of the channel
vestibule (Trp-386, Trp-387, Val-390, Val-395, Gly-396, Tyr-
397, Gly-398, Asp-399, Met-400, His-401, Pro-402, and Val-
403), in agreement with the classical functional dyad model.

We then applied the PST method (21) to the MD trajectory of
the Kv1.3–Tk-hefu complex to reveal the fine details of inter-
molecular recognition. Vestibules of many cation channels
carry an overall negative charge, and their ligands are often
positively charged. Spherical projection maps of the electro-
static potential (ELP) vividly illustrate this case (Fig. 2, C–E): the
Kv1.3 channel is characterized by a negatively charged surface
interacting with the bound Tk-hefu (Fig. 2E). This is a result of
the presence of a number of negatively charged residues in the
channel entrance vestibule or turret (Glu-370, Asp-372, Asp-
373, Asp-383, and Asp-399). Tk-hefu is highly positively
charged due to a number of lysine and arginine residues (Arg-4,
Arg-7, Arg-11, Arg-15, Arg-16, Lys-18, Lys-19, Lys-22, and
Arg-26). These residues form an extended positively charged
Kv1.3-interacting surface of the peptide (Fig. 2, C and D).

Black boxes in Fig. 2, C–E, highlight the area where ELP com-
plementarity between Tk-hefu and Kv1.3 is not optimal due to
the negatively charged Glu-23 in Tk-hefu. We performed com-
putational analysis of the contributions of individual amino
acid residues in Tk-hefu to the interaction energy. The result-
ing interaction energy profile (Fig. 3) demonstrates a negative
impact of Glu-23 on the predicted binding affinity (positive
energy contribution). We decided to produce Tk-hefu variants
with an optimized ELP distribution. One of the peptides, which
we named Tk-hefu-2, differs from the parent wheat defense
peptide Tk-AMP-X2 by just two residues of the functional
dyad, whereas Tk-hefu differs by three residues (Table 1). We
built the Kv1.3–Tk-hefu-2 complex analogously to Kv1.3–Tk-
hefu, and after MD simulation it indeed showed an optimized
ELP distribution (Fig. 2C, black box) and favorable change
in the interaction energy profile (Fig. 3) due to Lys-23 in Tk-
hefu-2. Not only electrostatic forces drive intermolecular com-
plex formation; in the case of Tk-hefu and Tk-hefu-2, however,
they make the maximal contribution.

We also built models and performed MD simulation of Kv1.3
complexes with two single point mutants named Tk-hefu-3 and

Figure 2. Molecular model of the Kv1.3–Tk-hefu complex suggests rational design of the Tk-hefu-2 high-affinity peptide. A, overall structure of the
Kv1.3–Tk-hefu complex after 200-ns MD simulation inside a hydrated lipid bilayer membrane. Kv1.3 is in gray; the pore domain helices of the second protomer
and voltage-sensing domain (VSD) of the fourth protomer, as well as extended extracellular loops of the VSDs are omitted for clarity. Lipids are shown in a
space-filling representation; atoms are colored: oxygen, red; phosphorus, orange; nitrogen, blue; carbon of phospholipids (POPC and POPE), yellow; carbon of
cholesterol, orange. Some lipids are omitted for clarity. Tk-hefu is presented in pink; the functional dyad residues Tyr-6 and Lys-22, as well as Glu-23 are shown
as sticks. B, close-up view on Tk-hefu from A overlaid with Tk-hefu-2 for comparison. Asp-383 and Asp-399 of the channel are shown. Tk-hefu-2 is presented in
semi-transparent blue, and lipids are omitted for clarity. C–E, protein surface topography maps showing ELP distribution in Kv1.3–Tk-hefu/Tk-hefu-2 complexes:
C, Tk-hefu-2; D, Tk-hefu; E, Kv1.3. Semi-transparent green areas in C and D show contact areas with the Kv1.3 channel in complexes. Black boxes highlight the area,
where ELP complementarity may be improved by the E23K substitution in Tk-hefu yielding Tk-hefu-2.

Ion channel ligand optimized by protein surface topography
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-4 containing the individual residues of the functional dyad
(Table 1) to check their importance for channel binding. Pre-
dictably, in both cases computational analysis of the interaction
energy showed unfavorable changes in the energy profiles due
to the lack of one of the dyad residues (Fig. 3). Energy contribu-
tion of Met-22 in complex with Tk-hefu-3 is negligible, pre-
sumably because its side chain is too short to reach Kv1.3 pore,
unlike Lys-22 in Tk-hefu-2.

Note that although a slight shift in the ligand orientation is
observed when Kv1.3–Tk-hefu and Kv1.3–Tk-hefu-2 com-
plexes are compared (Fig. 2B), the peptides retain very close
positions and conformations. The modeled Tk-hefu-2 struc-
ture is generally stable in MD simulations in water (data not
shown), although in a series of calculations we were able to
observe two conformational states. One of them (more popu-
lated) is very similar to Tk-hefu, and the characteristic distance
between the dyad residues (Tyr-6 –Lys-22) is similar to that for
Tk-hefu and ChTx. The other (less populated; less than �10%
of simulation time) conformational state is similar to the “par-
ent” Tk-AMP-X2 peptide with an increased distance in the
dyad, which seems not optimal for the interaction with Kv
channels. There were a number of transitions between these
two states in MD runs, which involved a �30 – 40° axial rotation
of the first �-helix, restructuring of the disulfides, and conver-
gence of Tyr-6 and Lys-22.

Production of Tk-hefu derivatives

To verify our computational results we produced Tk-hefu-2,
-3, and -4. We used the same bacterial expression system as
previously for Tk-hefu (16). Synthetic genes coding for
Tk-hefu-2, -3, and -4 were produced from oligonucleotides and
cloned into the pET-32b expression vector. Trx was used as the
fusion partner to ensure a high yield of the disulfide-containing
peptides with native conformation (27). To enable selective pro-
teolysis of the fusion proteins, a sequence encoding the entero-
peptidase-cleavage site was introduced to the 5� terminus of the
synthetic genes. The resulting plasmids pET-32b–Tk-hefu-2,
-3, and -4 were used to transform Escherichia coli BL21(DE3)
cells. Target peptides were produced as the result of fusion pro-
teins cleavage followed by separation using reversed-phase
HPLC. Their primary structure was verified by Edman
sequencing and MALDI-MS. The final yield of the peptides was
�7 mg/1 liter of bacterial culture.

Electrophysiological recordings

Because it was described previously that Tk-hefu could inhibit
Kv1.1, Kv1.3, and Kv1.6 channels (16), Tk-hefu-2–4 were tested
against Kv1.1–Kv1.3 and Kv1.6 channels (Fig. S2). At a concentra-
tion of 40 �M, Kv1.1 channels were not affected by Tk-hefu-2,
whereas Kv1.2 and Kv1.6 channels were inhibited by 11.7 � 1.9 and
17.4 � 4.5%, respectively (n � 6). Interestingly, the same concen-
tration of Tk-hefu-2 could inhibit the potassium current through
Kv1.3 channels with 91.3 � 1.4% (n � 8). Tk-hefu-3 could not
inhibit any of the tested channels at concentrations up to 100 �M.
40 �M Tk-hefu-4 reduced the Kv1.3 currents by 71.8 � 3.2% (n �
6). The same concentration of Tk-hefu-4 showed no activity on
Kv1.1 and only minor activity on Kv1.2 and Kv1.6 (11.9 � 1.2 and
4.9 � 1.8%, respectively, n � 6; Fig. S2). The inhibitory effect of 10
�M Tk-hefu-2–4 on Kv1.3 channels is shown in Fig. 4A. Concen-
tration-response curves were constructed to determine the con-
centrations at which half of Kv1.3 channels were blocked by Tk-
hefu-2 and -4 compared with Tk-hefu. The IC50 values yielded
31.3 � 5.1 �M for Tk-hefu (34.0 � 2.8 �M reported previously
(16)), 2.3 � 0.4 �M for Tk-hefu-2, and 12.9 � 1.8 �M for Tk-hefu-4
(n � 6 for each point of the concentration-response curve; Fig. 4B).
The parent peptide Tk-AMP-X2 showed no activity on Kv1.3
channels (n � 10).

To investigate whether the observed current inhibition in Kv1.3
is attributed to the obstruction of the pore rather than to an altered
channel gating upon ligand binding, the current-voltage relation-
ship was investigated by constructing the current-voltage (I-V)
curves (Fig. 4C). Application of 2 �M Tk-hefu-2 caused 48.2 �
4.1% inhibition of the potassium current (n�9). Tk-hefu-2 did not
significantly alter the midpoint of activation because the V1/2 val-
ues yielded 15.8 � 2.8 mV in control and 12.4 � 1.9 mV after
application of 2 �M peptide (n � 8). The inhibition of Kv1.3 chan-
nels induced by 2 �M Tk-hefu-2 was not voltage-dependent; no
difference in the degree of block could be observed in the range of
test potentials from �30 to �20 mV (Fig. 4D). Application of 2 �M

Tk-hefu-2 resulted in a rapid decrease of the potassium current
and binding was reversible upon washout (Fig. S3). Altogether,
these experiments imply that current inhibition upon Tk-hefu-2
binding does not result from changes in the voltage dependence of
channel gating. The inhibition of Kv1.3 channels occurred rapidly,
and Tk-hefu-2 binding was reversible because the current recov-
ered quickly and completely upon washout (data not shown).

Figure 3. Interaction energy profiles of Tk-hefu, Tk-hefu-2, -3, and -4 in complex with Kv1.3. Bar chart showing the contribution of amino acid residues to
the interaction energy averaged over MD simulation. Error bars indicate standard deviations.
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Discussion

Small modifications to peptide sequence may bring about
considerable structural change

Comparison of the parent peptide Tk-AMP-X2 (16) and Tk-
hefu spatial structures established by NMR (Fig. 1) shows that
small modification (three amino acid replacements; Table 1)
led to a structural rearrangement. In particular, Tk-hefu is
more tightly packed with �-helices running almost antiparallel
to each other (�160°), whereas Tk-AMP-X2 presents a less
stabilized structure with crossed �-helices (�130°). This rear-
rangement is easily explained by the new inter-helix contacts
formed in Tk-hefu that act as staples in addition to the disulfide
bonds: Tyr-6 from the N-terminal helix forms 	-cation con-
tacts with lysine residues from the C-terminal helix. The rela-
tive mobility of the �-hairpinin-fold should be kept in mind in
future engineering experiments. This structural plasticity of
�-hairpinins is not exceptional and many examples are known
whereby small sequence changes bring about drastic impact on
the 3D structure (28). For instance, subtle modifications to
scorpion toxins affecting sodium channels are known to reas-
semble the structure of their “specificity modules” and switch
taxon selectivity (29, 30).

Tk-hefu-2 mode of binding to Kv1.3
A large number of ion channel ligands are found in animal

venoms. Perhaps the major source of potassium channel
ligands is scorpion venoms, which may contain up to hundreds
of components, mostly mini-proteins or peptides (19). Interest-
ingly, the wide variety of potassium channel ligands from scor-
pion venom (KTx) are exceptionally pore blockers. Currently,
�250 KTx are documented (20), and it is assumed that their
variability is much greater. These peptides have different struc-
tural organization and can be grouped into five structural
classes based on their fold: cysteine-stabilized �/� (CS��), cys-
teine-stabilized �/� with two disulfide bonds (2S-S CS��), and

CS�� with three disulfide bonds (3S-S CS��), Kunitz, and
inhibitor cystine knot. The 2S-S CS�� peptides are structurally
similar to �-hairpinins and contain two antiparallel �-helices
held together by two disulfide bonds.

For a large number of KTx, regardless of their structures, it
is believed that a pair of amino acid residues (the functional
dyad) is involved in ligand-receptor interaction and provides
potassium channel blockage (26). This dyad is composed of
two highly conserved residues, one of which is exclusively
lysine, and the other may be tyrosine, phenylalanine, or leu-
cine (31, 32). According to the functional dyad model, the
conserved lysine side chain protrudes to the channel selec-
tivity filter (the narrowest part of the outer side of the chan-
nel represented by rings of carbonyl oxygen atoms of the
main chain; these atoms substitute the hydration shell oxy-
gens surrounding potassium cations in aqueous solution),
whereas the bulky tyrosine is needed to fix the toxin in the
channel entrance vestibule; this was directly found in the
complex between the classic CS�� KTx ChTx and Kv1.2/2.1
paddle chimera channel (25).

Tk-hefu and Tk-hefu-2 peptides discussed here were designed
based on the 2S-S CS�� KTx hefutoxin-1, which contains the clas-
sical functional dyad composed of Tyr-5 and Lys-19 (33). In our
model of the Kv1.3–Tk-hefu complex (Fig. 2), Lys-22 interacts
with the selectivity filter, whereas Tyr-6 fixes the ligand against the
channel vestibule, as assumed in the functional dyad model. The
important role of these two residues is supported by the computa-
tional analysis of their contribution to the interaction energy (Fig.
3) and confirmed by mutagenesis of Tk-hefu-2. Point mutation
Y6E (yielding Tk-hefu-4) decreases the activity significantly,
whereas the K22M mutation (as in Tk-hefu-3) results in a com-
plete loss of function (Fig. 4). The relative importance of these two
residues in Tk-hefu-2 is in accordance with data obtained for other
KTx (26, 34).

Figure 4. Tk-hefu-2, -3, and -4 block of human Kv1.3 channels studied by electrophysiology. A, activity of Tk-hefu mutants on Kv1.3 channels expressed
in Xenopus laevis oocytes. Traces shown are representatives of at least six independent experiments (n � 6). The dotted line indicates the zero current level. The
asterisk (*) distinguishes the steady-state current after application of 10 �M peptide. B, concentration-response curves for Tk-AMP-X2, Tk-hefu, Tk-hefu-2, -3 and
-4 on Kv1.3 channels obtained by plotting the percentage of remaining current as a function of increasing ligand concentrations. Error bars indicate the mean �
S.E. C, current-voltage relationship of Kv1.3 channels. Closed symbols, control condition; open symbols, after application of 2 �M Tk-hefu-2. D, percentage of
inhibition upon application of 2 �M Tk-hefu-2 at a broad range of potentials is shown.
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To increase the binding affinity of Tk-hefu to Kv1.3 we
inspected their interaction surfaces. Using the PST approach,
we built Connolly maps of the concave and convex interact-
ing surfaces of the channel and ligand approximating them
to spherical projections and drawing the value of ELP in each
point of the maps (Fig. 2). We then compared the produced
maps and suggested a mutation to increase their comple-
mentarity. Quite to our surprise, this mutation reversed our
initial modification to the parent Tk-AMP-X2 peptide used
to produce Tk-hefu (K23E), and as a result the improved
version Tk-hefu-2 actually differs by just two residues (the

functional dyad) from the totally inactive wheat defense pep-
tide Tk-AMP-X2.

Further inspection of the ligand and channel interacting
surfaces showed that the engineered complementarity
brought about significant similarity of the resulting 2S-S CS��
Tk-hefu-2 peptide with the classic CS�� KTx ChTx (Fig. 5).
Although they exhibit drastically different folds, their functional
surfaces interacting with the ion channel are quite similar as
assessed by PST. Apparently, the �-hairpinin scaffold can be
exploited to engineer ion channel ligands mimicking the classic
channel blockers.

Figure 5. Binding surface of Tk-hefu-2 is similar to ChTx. Protein surface topography permitted comparison of ChTx (left column; A, C, and E) and Tk-hefu-2
(right column; B, D, and F) surfaces with respect to ELP (A and B), molecular hydrophobicity potential (C and D), and relief (E and F). All map pairs are colored
according to the scales below; panel B is the same as panel C in Fig. 2. Contact area with Kv1.3 is shaded green.
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Outlook, protein surface topography as a tool to aid rational
drug design

Perhaps because of Linus Pauling’s (35) seminal contribu-
tions to the field of molecular recognition, the concept of com-
plementarity has remained central to our understanding of how
molecules form stable and selective complexes. Our recently
proposed method of PST (21) is a powerful addition to the
available toolkit to inspect complementarity in protein com-
plexes. In this work, we relied upon ELP mapping, although it is
widely recognized that other types of interactions play impor-
tant roles in intermolecular recognition. The PST approach can
be analogously used to map other properties, e.g. hydrophobic-
ity, but it still remains just an elegant way to visualize and char-
acterize peptides and proteins and their complexes, rather than
an automated tool for prediction of favorable amino acid
replacements. Here, we have demonstrated PST applicability to
rational optimization of small protein ligands of ion channels.
The proportion of biologics among marketed drugs is growing
(36), but methods of medicinal chemistry, such as QSAR devel-
oped for small molecules (37), are underdeveloped for proteins.
We argue that PST helps to overcome this deficit.

Experimental procedures

Expression vector construction

DNA sequences encoding Tk-hefu-2, -3, and -4 were con-
structed from a number of synthetic oligonucleotides (Table 3)
by PCR. The previously obtained vector pET-32b–Tk-hefu (16)
was used as a matrix. The target PCR fragments were amplified
using a forward primer containing a KpnI restriction site and
encoding an enteropeptidase cleavage site for fusion protein
hydrolysis, and a reverse primer containing a BamHI restriction
site and a stop codon. The PCR fragments were cloned into the
expression vector pET-32b (Novagen) using respective restric-
tion enzymes to produce pET-32b–Tk-hefu-2, -3, and -4.

Fusion protein expression and purification

E. coli BL21(DE3) cells were transformed using the expression
vectors pET-32b–Tk-hefu-2, -3, and -4 and cultured at 37 °C in LB
medium to the mid-log phase. Expression was then induced by 0.2
mM isopropyl �-D-thiogalactopyranoside. Cells were cultured at
room temperature (24 °C) overnight (16 h) and harvested by cen-
trifugation. The cell pellet was resuspended in 10 ml of 300 mM

NaCl, 50 mM Tris-HCl buffer (pH 8.0) and ultrasonicated. The
lysate was applied to a TALON Superflow resin (Clontech) and the
fusion proteins Trx-Tk-hefu-2, -3, and -4 were purified according
to the protocol supplied by the manufacturer.

To produce 15N-labeled Tk-hefu, M9 minimal medium with
ISOGRO (Sigma) was used instead of LB medium. E. coli was
first cultured in LB, harvested by centrifugation, and resus-
pended to A600 � 0.1 in M9 medium with addition of ISOGRO
(1 g/liter). Bacterial culture was then grown at 37 °C for �4 h to
the mid-log phase (A600 � 0.5). After induction the culture was
kept at room temperature (24 °C) overnight (16 h).

Fusion protein cleavage and purification of the target
peptides

Fusion proteins were dissolved in 50 mM Tris-HCl (pH 8.0) to
a concentration of 1 mg/ml. Protein cleavage with human
enteropeptidase light chain (1 unit of enzyme/1 mg of sub-
strate) (23) was performed overnight (16 h) at 37 °C. Recombi-
nant peptides were purified by reversed-phase HPLC on a Jupi-
ter C5 column (10 � 250 mm; Phenomenex) in a linear gradient
of acetonitrile concentration (0 – 60% in 60 min) in the presence
of 0.1% TFA. The purity of the target peptides was checked by
MS, N-terminal sequencing, and analytical chromatography on
a Vydac 218TP54 C18 column (4.6 � 250 mm; Separations
Group) in a shallow acetonitrile gradient.

Mass spectrometry

For molecular mass measurements an Ultraflex TOF-TOF
(Bruker Daltonik) spectrometer was used as described previ-
ously (38). 2,5-Dihydroxybenzoic acid (Sigma) was used as a
matrix. Measurements were performed in the linear mode with
a mass-accuracy error not exceeding 100 ppm. Mass spectra
were analyzed with the Data Analysis 4.3 and Data Analysis
Viewer 4.3 software (Bruker).

NMR spectroscopy

To determine the spatial structure of Tk-hefu the 15N-la-
beled peptide was dissolved in either H2O/D2O (19:1) or 100%
D2O. The concentration of the peptide was 1 mM, and pH was
adjusted to 5.7. All NMR experiments were performed on an
Avance 700 MHz spectrometer (Bruker Biospin) equipped with
a cryoprobe at 30 °C. Unless otherwise stated, a relaxation delay
of 1.4 s was used. The proton, nitrogen, and carbon carrier
frequencies were adjusted to 4.7, 115.5, and 40 ppm, respec-
tively. Spectral widths were equal to 10, 23, and 80 ppm in
proton, nitrogen, and carbon dimensions. The Watergate tech-
nique (39) was applied to suppress strong solvent resonance in
some spectra measured in H2O solution. 1H chemical shifts
were measured relative to the protons of H2O, the chemical
shift of their signal was chosen arbitrarily as 4.75. Chemical
shifts of 13C and 15N were calculated from the respective gyro-
magnetic ratios. Proton and 15N resonance assignments for Tk-
hefu were obtained by a standard procedure (40, 41) using 15N-
HSQC (2 scans, 128 complex points), 3D 15N-TOCSY-HSQC
(4 scans, 45 and 200 complex points), 3D 15N-NOESY-HSQC (8
scans, 45 and 150 complex points), and 13C-HSQC spectra (8
scans, 256 complex points) in the CARA software (42). The
3JHNHA coupling constants were determined from the intensity
ratio of cross and diagonal peaks in the 3D HNHA spectrum (16
scans, 45 and 65 complex points) (43). The 3JH�H� coupling
constants were measured by a line shape analysis of H�-H�

cross-peaks in the DQF-COSY spectrum of Tk-hefu in D2O

Table 3
Oligonucleotide primers used to synthesize genes encoding Tk-hefu
derivatives
Restriction sites are underlined, stop codons are in italics, enteropeptidase cleavage
site-encoding codons are in bold type, and the differing codons are shown on a gray
background. The following pairs of primers were used to amplify the target sequences:
Tk-hefu-2, f1 and rev1; Tk-hefu-3, f1 and rev2; and Tk-hefu-4, f2 and rev1.
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solution (relaxation delay of 3 s, 64 scans, 1024 complex points).
3JNH� constants were calculated from the intensities of cross
and diagonal peaks in the 3D HNHB experiment (8 scans, 40
and 65 complex points) (44).

NMR structure calculations

3D structure calculation was performed using the simulated
annealing/molecular dynamics protocol as implemented in the
CYANA software package version 3.0 (45). Upper interproton
distance constraints were derived from NOESY (
m � 80 ms)
cross-peaks via a 1/r6 calibration. Torsion angle restraints and
stereospecific assignments were obtained from J coupling con-
stants and NOE intensities. Hydrogen bonds were introduced
based on temperature coefficients and water exchange rates of
HN protons (protons with gradients less than 4.5 ppb/K were
supposed to participate in hydrogen bonding). Temperature
coefficients were measured in the range of 10 – 40 °C with the
step of 5 degrees and the exchange rates were obtained using
the CLEANEX experiment recorded with 20 ms mixing time and
64 complex points in the indirect dimension (46). The disulfide
linkages were ascribed according to the structure of the parent
peptide Tk-AMP-X2 (16, 47) and then confirmed by CYANA sim-
ulation. Visual analysis of the calculated structures and figure
drawings were performed using the PyMOL software (48).

Kv1.3–Tk-hefu/Tk-hefu-2, -3, and -4 complexes modeling

Kv1.3 homology model was generated with Modeller 8.2 (49)
using the Kv1.2 structure (PDB ID 3LUT) (24) as a template.
Tk-hefu and Tk-hefu-2 complexes with Kv1.3 were modeled
based on the crystal structure of the Kv1.2/2.1 paddle chimera
in complex with ChTx (PDB ID 4JTA) (25). In this complex, the
chimeric channel was replaced by our Kv1.3 model by structural
alignment; furthermore, ChTx was replaced by either Tk-hefu
or Tk-hefu-2, -3, and -4 by structural alignment of the appro-
priate dyads: Tyr-6 and Lys-22 of Tk-hefu onto the classical
Tyr-36 and Lys-27 in ChTx with a slight manual adjustment.
Tk-hefu-2, -3, and -4 structural model was obtained from the
Tk-hefu NMR structure (reported in this paper) by in silico
amino acid replacements E23K, K22M � E23K, and Y6E � E23K,
respectively, introduced in PyMOL.

Molecular dynamics

The resulting Kv1.3–Tk-hefu/Tk-hefu-2, -3, and -4 complexes
were placed inside a neuronal membrane-mimicking bilayer. We
used an equilibrated fragment of bilayer (7 � 7 � 13.5
nm3; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine/cholesterol,
POPC/POPE/Ch, 100:50:50 molecules, respectively, solvated with
14,172 water molecules) that has been described in detail in our
previous works (50, 51); some phospholipid and cholesterol mol-
ecules were removed to provide space for the protein. The TIP3P
water model was used for resolvation; and the required number of
Na� ions to maintain electroneutrality was added. All systems
were equilibrated (heated) during 100 ps of MD simulation. Posi-
tions of all Kv1.3 C� atoms of residues, which are not involved in
the channel pore vestibule, as well as the N� atom of Lys-22 in
Tk-hefu, Tk-hefu-2 and -4 (as well the thiomethyl carbon atom in
Met-22 in Tk-hefu-3) were restrained during the equilibration. All

simulations were performed with the GROMACS software (52)
(version 5.1.2) using the AMBER99SB-ILDN parameters set. Sim-
ulations were carried out with a time step of 2 fs, imposing 3D
periodic boundary conditions, in the isothermal-isobaric (NPT)
ensemble with a semi-isotropic pressure of 1 bar, using the
Berendsen pressure coupling algorithm, and at a constant temper-
ature of 37 °C. The systems were then subjected to 110 ns of MD.
The position of the N� atom of Lys-22 (or the thiomethyl carbon
atom of Met-22) in each complex was restrained inside the chan-
nel pore during the simulations.

Protein surface topography

A dynamic picture of Kv1.3–Tk-hefu/Tk-hefu-2 interaction
with respect to ELP was assessed with the PST approach (21)
implemented in our in-house IMPULSE software.5 Briefly, the 3D
distribution of ELP on the target surface (here, the molecular sur-
face of Tk-hefu or Tk-hefu-2) is transformed to 2D spherical pro-
jection maps, which are subjected to computational processing,
e.g. MD-averaging. The resulting maps represent ELP distribution
on the molecular surface of the peptide or its environment (here,
the Kv1.3 channel). These maps suit well the visual and numerical
assessment of matching physicochemical properties in complexes
of interacting molecules, or the comparison of two or more similar
molecules (e.g. bioactive peptides). In Fig. 2, C–E, such maps are
provided. The axes of the projection were selected to place the
pore-blocking residue of each peptide (Lys-22) in the center of the
map; however, given that the residue marker is a projection of a
single Lys atom from single MD frame, its position differs slightly
from matching the exact center.

Interaction energy and intermolecular contacts

The Tk-hefu/Tk-hefu-2, -3, and -4 interaction energy profiles
evaluation and intermolecular contacts identification within the
modeled complexes in MD trajectories were performed using in-
house software package IMPULSE.5 The AMBER99SB-ILDN
parameters set and 1.5-nm cutoff distance for Lennard-Jones/elec-
trostatic interactions were used during the intermolecular short-
range nonbonded interaction energy estimation, the latter being
the sum of the Lennard-Jones and electrostatic terms. Graphical
representation of interaction energy profiles was performed using
Python built-in libraries and the NumPy package.

Expression in Xenopus oocytes

For the expression of Kv genes (rat (r)Kv1.1 (GenBankTM

accession number: NM173095), rKv1.2 (NM012970), human
(h)Kv1.3 (L23499), and rKv1.6 (NM023954)) in Xenopus
oocytes, linearized plasmids containing the respective genes
were transcribed using the T7 or SP6 mMESSAGE-mMA-
CHINE transcription kit (Ambion). Stage V–VI oocytes were
harvested from an anesthetized female X. laevis frog. Oocytes
were injected with 50 nl of cRNA at a concentration of 1 ng/nl
using a micro-injector (Drummond Scientific). The oocytes
were incubated in ND96 solution containing 96 mM NaCl, 2 mM

KCl, 1.8 mM CaCl2, 2 mM MgCl2, and 5 mM HEPES (pH 7.4),
supplemented with 50 mg/liter of gentamycin sulfate.

5 N. A. Krylov, unpublished data.
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Electrophysiological recordings

Two-electrode voltage-clamp recordings were performed at
room temperature (18 –22 °C) using a Geneclamp 500 amplifier
(Molecular Devices) controlled by a pClamp data acquisition
system (Axon Instruments) essentially as described (16). Whole-
cell currents from oocytes were recorded 1–4 days after injection.
Bath solution composition was ND96 or HK: 2 mM NaCl, 96 mM

KCl, 1.8 mM CaCl2, 2 mM MgCl2, and 5 mM HEPES (pH 7.4). Volt-
age and current electrodes were filled with 3 M KCl. Resistances of
both electrodes were kept between 0.7 and 1.5 M	.

The elicited currents were filtered at 0.5 kHz and sampled at
2 kHz using a four-pole low-pass Bessel filter. Leak subtraction
was performed using a �P/4 protocol. Kv currents were evoked
by a 250-ms depolarization to 0 mV followed by a 250-ms pulse
to �50 mV, from a holding potential of �90 mV. To investigate
the current-voltage relationship, currents were evoked by
10-mV depolarization steps from a holding potential of �90
mV. To assess the concentration dependence of the toxin-in-
duced inhibitory effects, a concentration-response curve was
constructed, in which the percentage of current inhibition was
plotted as a function of toxin concentration. Data were fitted
with the Hill equation: y � 100/[1 � (IC50/[toxin])h], where y is
the amplitude of the toxin-induced effect, IC50 is toxin concen-
tration providing 50% of block, [toxin] is toxin concentration,
and h is the Hill coefficient. Comparison of two sample means
was performed using a paired Student’s t test (p 
 0.05). All data
represent at least 6 independent experiments (n � 6) and are
presented as mean � S.E.
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