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the gV relationship of the Kv1.1 channel was altered by 10 μM
8 from a half-maximal value for activation (V1/2) of −27 [±1
mV (n = 7)] to 11 [±1 mV (n = 4)] (Figure 4b), a significant
shift of ∼40 mV toward positive potentials. Collectively, these
findings unveil notable inhibition by 8 of Kv1-containing K+

channels and compounded modulation of the biophysical
properties of Kv1.1.
Compound 8 Raises the Neuronal Excitability of

Demyelinated Fibers in Brain Slices. Excitability of
demyelinated fibers in the corpus callosum (CC) of
cuprizone-treated mice was increased by 8. Luxol staining
revealed that myelination of the CC from mice fed a cuprizone-
containing diet was substantially reduced (data not shown),
consistent with our previous report.16 In accordance with the
distinct peaks of compound action potentials (cAPs) reported
for CC having been attributed to mixed myelinated (N1) and
unmyelinated (N2) axons,30,31 the cAPs recorded there (Figure
5a) show the expected N1 and N2 waves (Figure 5b).
The extracellular recordings (Figure 5) of cAPs correspond

to the sequential activation of myelinated and unmyelinated
fibers (Figure 5b); blockade of both by TTX30 verified their
identities (Figure 5b). It is noteworthy that after cuprizone
treatment the amplitude of the N1 wave was drastically reduced
whereas that of N2 increased (Figure 5b), consistent with
demyelination having occurred. Under control conditions,
increasing the electrical stimulus intensity produced an
incremental increase in the amplitude of the N2 wave in all
slices from control and cuprizone-treated mice (Figure 5c). A

leftward shift of the input/output curve was noted in the
cuprizone group as expected for demyelinated fibers (Figure
5c). Moreover, there was a significant increase in the
normalized N2 wave in slices from the cuprizone-treated
relative to control animals at stimulus intensities of 2 and 3 V
with p < 0.001 and 0.01, respectively, derived from two-way
ANOVA test. Initial experiments on control slices showed that
neither 8 nor 4-AP exerted any significant effect on the N2
amplitude relative to the baseline (with values for 1 and 10 μM
8 being 100.9 ± 2.8% and 102.6 ± 1.9%, respectively, and for 1
and 10 μM 4-AP being 105.3 ± 7.3% and 105.7 ± 4%,
respectively, with n = 4 and df = 3; p > 0.05 for all) is consistent
with published findings.32 On the other hand, in slices from
cuprizone-treated mice, 1 μM 8 slightly increased the amplitude
of N2 (Figure 5d), though the difference was not significant
from the baseline [108.2 ± 4.3% (n = 6) with t = 1.93 and df =
5; p > 0.05). However, application of 10 μM 8 increased the
amplitude of the N2 significantly relative to the baseline (127.8
± 9% with n = 6, t = 3.10, and df = 5; p < 0.05) (Figure 5d). In
the cuprizone-treated animal group, no significant difference
was observed in the N2 amplitude after perfusing the slices with
1 or 10 μM 4-AP when compared to 8 (Supporting Figure 2).

■ DISCUSSION
These data show that 8 interacts with at least two Kv1.1
subunits in heteromeric channels and that the effect becomes
accentuated by increasing their number. Molecular modeling of
the porphyrins19 yielded valuable pharmacophore information
on their channel binding affinities, especially the types of
interactions that could be crucial for inhibition of Kv1.1. The
resultant data on the porphyrins suggested that the lack of
selectivity for particular channel subtypes could arise from the
large number of interactions with conserved residues present in
all Kv1 channels. As a first consideration of the necessary
selectivity for Kv1.1 channels, the size of the scaffold to which
the side arm alkyl ammonium groups are attached needed to be
reduced. Rational drug design for many voltage-gated ion
channels has been hampered by a paucity of adequate crystal
structures and the challenge of achieving inhibitors exhibiting
subtype selectivity. In this work, a successful combination of
synthetic chemistry, molecular modeling, and electrophysiology
have led to 8, a DPM molecule bearing two C2-alkyl
ammonium side-chains.
The specific alignment of the backbone residues in the

selectivity filter region of Kv1 channels is essential for their
conductance. As previously reported by Ader et al., conforma-
tional alterations occurring in the HB network of the selectivity
filter have a direct influence on K+ current gating.23 The
residues that are located in this region are Val373, Gly374,
Tyr375, Gly376, and Asp377. A logical design of 6−8 was
undertaken, and the derivatives were assembled with the aid of
molecular docking to disrupt the HB network of these residues
deep in the pore. Residue Tyr379 in the inner turret region of
Kv1.1 was a key interaction to target due to its distinction from
the other Kv1 channels (e.g., Val in Kv1.2, His in Kv1.3, Lys in
Kv1.4, and Tyr in Kv1.6). Interestingly, the His in Kv1.3 may
play a similar role in ligand binding to Tyr 379 of Kv1.1,
partially explaining the level of inhibition by 7 and 8 compared
to those of other Kv1 subtypes. Compound 8, which exhibited
the best selectivity of the three compounds screened, possesses
groups with the potential to create HB, salt bridges, and π−π
stacking between the residues of interest. Compound 8 (Figure
2a) binds to the outer region of the channel with its reactive

Figure 4. Activation kinetics of the K+ current mediated by the Kv1.1
channel are slowed, and the threshold potential is raised by 8. (a)
Time constants of activation (τactivation) for homomeric Kv1.1 before
(□) and after application of 10 μM 8 (■) determined by fitting the
current traces with a monoexponential function. Notice a significant
slowing in the time-course of activation [from 1.9 ± 0.15 ms (n = 4) to
20.3 ± 3.3 ms (n = 4); p < 0.001]. (b) Conductance−voltage
relationship of the steady-state currents for homomeric Kv1.1 (○)
showing a significant shift toward more positive potentials induced by
8 (●) [from −27 ± 1 mV (n = 7) to 11 ± 1 mV (n = 4); p < 0.001].
Some of the error bars fall within the data points.
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groups reaching the pore. This is the type of binding that is
required to mimic the striking specification of DTXk,
establishing that this scaffold is a promising constituent for
new lead molecules. Although predominant cardiac Kv
channels, such as Kv1.5 and hERG, were not tested, the pore
alignment of these channels with Kv1 members indicates that 8
might not interact with these channels (see Supporting Figure
1). The key residue (Tyr379) of Kv1.1 is replaced by Ser431 in
hERG channel (in addition to other dissimilar residues at the
selectivity filter region) and Arg489 in Kv1.5 channels. These
findings support the notion that 8 should not exert adverse
effects on cardiac function. Furthermore, Kv2.1 gives residue
alignment similar to that of Kv1.2 at the outer turret region but
with a unique residue difference at the key location (Thr380,
see Supporting Figure 1); hence, no inhibition is expected of
the Kv2.1 channel by 8.
The functional properties of 8, measured electrophysiolog-

ically, are in accordance with those predicted from in silico
analysis. This compound is devoid of reactivity with Kv1.2, 1.4,
and 1.6 channels and preferentially inhibits Kv1.1 but with less
blockade of the 1.3 channel. Evaluation of this promising
molecule on Kv1.1/1.2-heteromeric channels was possible by
utilizing a cloning strategy that affords expression of four α
subunits as single-chain proteins on the plasmalemma with the
compositions and positions of their subunits predeter-
mined.20,21 Tetrameric combinations that should correspond
to those predicted to occur in brain11,14 were selected for
investigation, including those Kv1.1-enriched channels ob-

served in demyelinated axons.16 Selectivity of 8 for inhibiting
the Kv1.1 channel arise in large part from acting extracellularly,
namely, with the outer turret regions of Kv1.1 before occluding
the channel deep in its vestibule. This explains its limited cross-
reactivity with Kv1.3, which has accessible serines closely
resembling those lining the outer turret of Kv1.1 and only one
residue difference (His404, see Supporting Figure 1) at the key
location.19 For comparison, 5,10,15,20-tetrakis 2-([4-tert-butyl
benzamido] ethyl carbamate) porphyrin bearing similar alkyl
ammonium side chains to that of 8 was selective in blocking
Kv1.1 and 1.4,19 two subunits predominantly present in CNS,
with IC50 values of 13 and 21 μM, respectively.16

Advantageously, 8 shows an equivalent inhibition of Kv1.1
but lacks reactivity toward Kv1.4. On the other hand, Kv1.1 and
1.2 channels share similarly low susceptibility to 4-AP due to
their conserved inner vestibule region where it interacts.8,33

Furthermore, the selective inhibition and slowing of activation
kinetics of the Kv1.1 channel highlight the dual advantages of 8.
In comparison, the above-mentioned pophyrin also showed this
dual effect toward the Kv1.1 channel but induced a smaller
modification of the activation kinetics.19 Bagchi et al.
demonstrated that in demyelinated axons of mouse optic
nerve an increase in ectopic expression of the Kv1.1 subunit
contributes to abnormal cAPs.16 These cAPs decrease the
voltage threshold (activated at more negative potentials) and
accelerate the activation kinetics, thereby perturbing the axonal
propagation of electrical signals; accordingly, it was found that
this dysfunction can be partially overcome by the Kv1.1-

Figure 5. Compound 8 improves the excitability of demyelinated fibers in CC slices of mice fed a diet containing cuprizone. (a) Schematic showing
the positioning of stimulating and recording electrodes in a brain coronal slice to record CC cAPs. (b) Examples of cAPs recorded in slices from
control and cuprizone-treated mice. The myelinated N1 (1) and the unmyelinated N2 (2) waves of the CC cAPs are shown. Tetradotoxin (TTX)
sensitivity of cAPs was recorded in the same slice taken from a cuprizone-treated mouse. (c) The I/O curve shifted to the left in slices taken from
cuprizone-treated mice (n = 6 mice, red curve) when compared to control animals (n = 4 mice, green curve). ** and *** indicate significant
differences when comparing cuprizone-treated group vs control group. (d) Representative recordings of cAPs in the same slice from cuprizone-
treated mice before (baseline) and the increase in excitation (dashed lines) after application for 10 min of 1 and 10 μM 8 (a significant difference is
seen between the dashed lines, p < 0.05).
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