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Potassium channels are among the core features df Tifey C B A
have been |denF|f|e(_1 in organisms as diverse as archaebacterl_a and . AL WWSVETATTVEYEDI BEVTLNGRIVAY
humans’, occurring in virtually every eukaryotic and prokaryotic KVAP ALWHAVVTATTVGYGDWPATPIGKVIGT
cell. Their ability to control the transmembrane-potential underpins Shaker B o gl VG VeI vaS
elementary cellular functions such as excitability, proliferation, hKvl.2 FWHRVVSMTTVGYGDMIPTTIGGKIVGS
. . hEvl.3 FWHAVVIMTTVGYGDMEPVT IGGKIVGS
secretion, and volume regulation. hKvl. 4 FWWAVVTMTTVGYGDMUPITVGGKIVGY
_di i i hKvl.5 FWHAVVTMTTVGYGDMEPITVGGKIVGS
Recgntly, the three-dimensional structures of the prokaryotic hevl e ENHAVVTMITVOYODMEEMTVOOKTVGS
potassium channels Kcdand MthK? as well as the voltage-gated mKvL. 7 PSS FWWAVVTMTTVGYGDMIPVTVGEKIVGS
h¥vl.9 AL WWGVVTVITIGYGDEYPQTWVGKTIAS

channeK,AP 5 have been solved by X-ray crystallography. These
crystal structures confirmed the remarkably conserved architecture  Our ligands are water-soluble tetraphenylporphyrin derivatives
of all potassium channels. As shown in Figure 1, four subunits Whose structures are shown bel&The compounds were syn-
assemble to form the central pore. Amino acid residues close to thesized by coupling of tetraphenylporphyrin tetracarboxylic acid
the pore line the so-called outer vestibule, a shallow depression onl or its acid chloride2 with protected amino acids, peptides, or
the extracellular surface of the channels. diamines, followed by deprotection (see Supporting Information).
Due to the detailed structural information that is now available, A similar molecular architecture has been used by Hamilton to
potassium channels provide a unique platform with which to explore recognize the surface of cytochrome-T.
the principles of protein surface recognitidihe interaction of
ligands with channels can be determined in binding assays using
radiolabeled peptide inhibitof®or in functional assays involving
radioactive®®Rb" ions8 Electrophysiological methods can also be
used to investigate the blocking characteristics of ligands, either at
the whole cell (voltage clamp) or single channel (patch clamp) level.
A large number of natural peptide inhibitors that bind to the pore
region of these channels have been isolated from scorpions, snakes,
spiders, and other organisfhén addition to this, a limited set of In aqueous solution near physiological pH, compoudg are,
small-molecule blockers that bind in the same region of the channel, most likely, tetracations, compound@s-10 would contain eight
such as tetraethylammonium ion (TEA), have been identified. None positively charged groups, whereda$ and 12 are mostly neutral.
of these inhibitors, however, make full use of the four-fold Compoundl3, on the other hand, contains four negatively charged
symmetry of a homotetrameric channel. Double-cycle mutant side chains.
studies have identified residues in the channel’s outer vestibule that The interaction of the porphyrin ligands with potassium channels
are essential for high-affinity interaction of peptide inhibitéfs.  was investigated in competitive binding assays wih-hongo-
Some of these “hot spot” residues—& are highlighted in a  toxin;-A19Y/Y37F (?3-HgTX;A19Y/Y37F) and in electrophysi-
sequence alignment of KcsA with several potassium channels of ological assays using tiéenopusoocyte system. Figure 2 shows
theK,1x class. They are mapped onto the crystal structure of KcsA the effect of our ligands oA?3-HgTX;A19Y/Y37F binding to
in Figure 1. Note that the residues shown in blue (A) and green membranes prepared from HEK293 cells stably transfected with
(C) are highly variable. By contrast, the residue highlighted in red the humank,1.3 channel. The voltage-gated potassium channel
(B), aspartate or glutamate, is conserved within khgx family. K,1.3 plays a crucial role in human T-lymphocyte activatib#3-
The conserved GYG signature sequence of potassium channels is1gTX1A19Y/Y37F binds to the outer vestibule &f1.3 channels
highlighted in yellow.

1:R=0H 7: R = HN-Orn-OMe

2:R=Cl 8: R = HN-Orn-Orn-OMe

3: R=HN-(CH,),-NH,  9: R = HN-Orn-HN-(CH,)3-NH,
—\ 10: R = HN-Lys-HN-(CHp)3-NH,

4R=N NH 11: R = HN-Lys-Gly-OH
— 12: R = HN-Lys-Asp-OMe

6: R = HN-(CH,)5NH, 13: R = HN-Gly-OH

6: R = HN-(CH,),-NH,

We now report the development of a new class of synthetic a b . @}1~~
ligands for potassium channels. These four-fold symmetrical \‘lﬁ‘
molecules are designed to mimic the peptide toxins and to interact % () 2 Y
with all four channel subunits simultaneously, resulting in a strong A s L8, \ '- 8
polyvalency effect! They bind to voltage-gated potassium channels @Q ¢ ¢ ) @ " . . ?f

) { S g

of the Ky1x class, such asShakerand K,1.3, with nanomolar
affinities, and partially block the conductance of the channels in a

reversible fashion. _1{@
* Department of Chemistry, University of California. Figuce 1 (a) X-ray structure of KcsA. The approximate cha_ltlo_n of “hot
* Department of lon Channels, Merck Research Laboratories. spot” residues A-C on the surface of potassium channels is indicated. (b)
§ Department of Molecular and Cell Biology, University of California. Overlay of KcsA with tetraphenylporphyrih (magenta).
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Figure 2. Binding of 129-HgTX;A19Y/Y37F to K,1.3 channels. Mem-
branes prepared from HEK293 cells stably transfected with K3
channel were incubated witt0.13 pM 123-HgTX;A19Y/Y37F, in the C  r v e w3 wm m a m = e
absence or presence of increasing goncent(ations of (left panel) co_mpound time (min)
3 (solid green circles), compour(solid red triangles), compour&i(solid Figure 3. Effect of 2.54M ligand 3 (blue) and 10QM ligand 13 (red) on

black tilted squares),. compourdsolid blue squares),_compoume (open Xenopusoocytes expressinghakerchannels. Ligand was applied at a
magenta squares); (right panel) compoéisolid blue triangles), compound Perfusion with control solution began at b,

8 (solid black triangles), compoun@ (solid pink circles), compoundO

(solid red tilted squares), compoufd (open green circles), compoud@ . . . .
(solid magenta squares), for 20 h at room temperature. Inhibition of binding channels. Future directions will concern the synthesis of metal-

was assessed relative to an untreated control. Specific binding data can bdoporphyrins and fluorescent porphyrins with extended side chains.
fit to a single-site inhibition model, as described in the Supporting Ideally, our compounds could surpass antibodies by discriminating

Information. between closely related channels, such a&tfi& channel subtypes,
or different functional states. Ultimately, the development of this
class of compounds may lead to novel therapeutic agents against
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Table 1. Ki's for Ligands Based on Displacement Assays

ligand KiluM] ligand K] ligand K] various ailments such as autoimmune disorders, diabetes, epilepsy,
g 8'%2 g 8-3‘2‘2 12 g-gig or cardiac diseasés.
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Supporting Information Available: Synthetic procedures and
spectroscopic data for compourts13 as well as experimental details
concerning thé?3-HgTX;A19Y/Y37F binding and electrophysiological
assays (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

with femtomolar affinity K4 = 0.046 pM), in a bimolecular,
reversible reactiof®

Ligands3 and5—12 inhibit 129-HgTX;A19Y/Y37F, binding to
Ky1.3 in a dose-dependent manner, whereas ligdradsl 13 have
no effect at concentrations up to 48 (Figure 2). TheK; values
for inhibition of 29-HgTX;A19Y/Y37F binding for these ligands
are presented in Table 1.

Data from Figure 2 and Table 1 indicate that positively charged
ligands with appropriate geometry, such®®, and10, strongly
interact with theK,1.3 channel. According to our binding model,
their cationic side chains could form salt bridges to the conserved
anionic aspartate residues in position B (D381). By contrast,
tetracationic ligandt, which is a conformationally restricted and
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