
















ing shift of V1⁄2 and slowing of deactivation, appear to be con-
tributed by different groups on the compounds.
ztz233 is, in fact, identical to the structure of ICA-27243,

which has been reported for its potent effects on both recom-
binant KCNQ2/3 channels and anti-epileptic activities (12, 14).
The EC50 values for KCNQ2/3were 5.7� 0.6 � M for ztz233 and
6.1 � 1.2 � M for ztz240. This compares well with the reported
EC50 of 4.8 � 1.6 � M for ICA-27243 (14). Their effects on

KCNQ4, under our experimental
protocols, however, were compara-
ble with EC50 values (9.4 � 4.4 � M

for ztz233 and 12.2 � 1.0 � M for
ztz240), similar to that in the earlier
report (14) (Fig. 10). The slowing of
KCNQ2/3 deactivation by ztz240 is
markedly reduced (994.7 � 178.0
and 71.1 � 30.1 ms, respectively),
consistent with the lack of effects on
KCNQ3 subunits (Figs. 4 and 10).

DISCUSSION

The physiological roles of KCNQ
channels have provided a clear
rationale for both identification and
pharmacological characterization
of modulatory chemicals, either as a
lead for drug development or as
probes to understand channel gat-
ing mechanisms or functional roles.
Through a screen of 20,000 com-
pounds by Rb� flux, we have iso-
lated a number of compounds of
distinct chemotypes. Both the pres-
ent report and our earlier work have
demonstrated that zinc pyrithione
and ztz240 have distinct isoform
specificity. Comparing specific mu-
tant KCNQ2 channels with loss of
sensitivity to zinc pyrithione or reti-
gabine, our results support the
notion that these compounds are
not only representatives of different
chemotypes but also that they rec-
ognize potentially different sites and
act by a uniquemechanismof action
to cause potentiation.
Our screen utilized two different

tracer ions, rubidium and thallium;
both are permeable to most potas-
sium channels. The level of valida-
tion from the primary screen is
around 30%, depending on the tri-
age criteria and hit selection thresh-
old. Among those compounds that
failed to validate, some may have
interesting pharmacology that
would justify further characteriza-
tion. For example, one would pre-

dict that a “potassium” ionophore could also enable the readout
signal, under conditions applied in our screen. But these com-
pounds would probably fail to show channel specificity. The
selection of chemotypes for further characterization was moti-
vated by several factors. Our lead compound 5337031 and its
related structures (Fig. 1A) resulting from our primary screen
with a simple structure have provided a good starting point for
its structural modification to seek more potent KCNQ activa-

FIGURE 8. The roles of fluorine, chlorine, or bromine substitutions in KCNQ activation and deactivation.
The chemical structure of the compounds, as indicated, and the corresponding representative traces in the
absence (black) and presence (gray) of corresponding compounds are shown. The slow time constant (� s)
(numbers in italic type) and shifting of V1⁄2 (numbers in normal type) of each compound are as indicated in the
inset. For the recording protocol, see Fig. 3A.

FIGURE 9. The diagram shows the chlorine or bromine substitution is necessary for ztz240 activity on
activation and deactivation of KCNQ2. The chemical structure of the compounds, as indicated, and the
corresponding representative traces in the absence (black) and presence (gray) are shown beside the com-
pound structure. The slow deactivation time constant (� s) (numbers in italic type) and shifting of V1⁄2 (numbers in
normal type) of each compound are indicated in each inset. NA, not applicable (the compound did not cause
two-phase deactivation). For the recording protocol, see Fig. 3A.
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tors, despite the fact that its structure is similar to that of ICA-
27243. Initially, we decided to replace the “CH” moiety with an
“N” in one of the phenyl rings. The conventional wisdom is that
incorporation of a nitrogen atom can increase the chance of
improving binding affinity to targeted ion channels, due to its
positive charge characteristics. This is seen in several KCNQ
modulators, including, for example, XE991, flupirtine, and reti-
gabine (10). Accordingly, we positioned screening of the nitro-
gen at 2�, 3�, and 4� to determine the SAR. Moreover, we incor-
porated halogens into the phenyl rings, guided by the Topliss

scheme (34, 35) because halogens
can provide quick SAR information
about electronic and steric effects
on bioactivities. It is noteworthy
that nowadays, it has become gen-
eral practice in drug design to incor-
porate fluorine atom(s) into bioac-
tive molecules to modulate their
biological properties (42). It has
been demonstrated that in many
cases, the substitution of hydrogen
atom(s) with fluorine(s) in a biolog-
ically active molecule improves its
properties, including potency
and/or bioavailability. It is believed
that these effects result from its dis-
tinctive characteristics as the most
electronegative element, including a
highly strong C–F bond and a size
similar to that of the hydrogen
atom. Such effects have been
observed again in current studies of
ztz222, -233, -239, -240, -245, -250,
and -252. Finally, put together, the
studies afford a nice example and an
effective strategy for design and
development of potent and selective
ligand-targeting ion channels.
ztz240 and several related struc-

tures display rather pronounced
effects to slow deactivation.
Although both zinc pyrithione and
retigabine have been known for
their effects of slowing deactivation,
the effect of ztz compounds on
deactivation is far significant. The
experimental results of the pro-
nounced prolongation of tail cur-
rents in Fig. 5 were only observed by
mixed compounds, either ztz240
with retigabine or ztz240 with zinc
pyrithione. This provides compel-
ling evidence suggesting that both
compounds act on the channel to
cause this non-additive effect.
Mutagenesis studies reveal that
Ala309 appears to preferentially af-
fect ztz240 effects (Fig. 6). In addi-

tion, retigabine potentiates all but KCNQ1, whereas zinc pyri-
thione potentiates all KCNQ but KCNQ3. In contrast, ztz240
has subunit specificity for KCNQ2, KCNQ4, and KCNQ5 (Fig.
4). Therefore, the molecular mechanism of the ztz240 effect is
unique, mediated by specific molecular determinants, and
hence consistent with recognizing a new site. However, further
experiments are needed to reach a firm conclusion.
The effect has been seen over a wide range of testing voltages

(Fig. 3), arguing that the in vivo activity of ICA-27243 reported
earlier is due to its effects on KCNQ channels (12). The effects

FIGURE 10. Comparison of ztz233 (ICA-27243) and ztz240 effects on KCNQ2/3 and KCNQ4. A and B, rep-
resentative traces of ztz233 (ICA-27243) and ztz240 effects on KCNQ2/3 heteromultimers, under the same
voltage steps as shown in Fig. 3A. C and D, G-V curve of ztz233 (ICA-27243) and ztz240 on KCNQ2/3 (n � 3– 6).
The same protocol for wild type KCNQ2 was used in Fig. 2B. E–H, dose-response curves of ztz233 (ICA-27243)
and ztz240 on KCNQ2/3 and KCNQ4 as indicated (n � 4 –10). Error bars, S.E.
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of these compounds on receptor mediated suppression remain
unknown and require further investigation. Potentiation com-
pounds with minimal effects on voltage-mediated activation
but profound effects on deactivation could be of great interest.
One would predict that these compounds would act under the
voltages that physiologically gate the channels of interest, rem-
iniscent of allosteric modulators for receptors, which function
only after a native ligand engages with the receptor. Thus, a
deliberate search for channel potentiatorswith no or little effect
on gating voltage is of special benefit. Indeed, the high through-
put screening feasibility during the primary screen to specifi-
cally look for compounds affecting deactivation remains a
major obstacle. Nonetheless, one could imagine innovative
approaches by taking advantage of thewealth of structure func-
tion studies, which harbor abundantmutants and data thatmay
be used to profile hits or even to conduct primary screens.
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Addendum—While this manuscript was under review, Padilla et al.
(43) reported that ICA-27243 (ztz233 referenced in this report)
interacts with a site in the voltage-sensitive domain.
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