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Potassium ion (K) channels are attractive targets for drug discovery because of the essential roles played
in biological systems. However, high-throughput screening (HTS) cannot be used to scredarel
blockers. To overcome this disadvantage of HTS, we have developed a virtual screening approach for
discovering novel blockers of Kchannels. On the basis of a three-dimensional model of the eukaryotic K
channels, molecular docking-based virtual screening was employed to search the chemical database MDL
Available Chemicals Directory (ACD). Compounds were ranked according to their relative binding energy,
favorable shape complementarity, and potential to form hydrogen bonds with the outer mouth df the K
channel model. Twenty candidate compounds selected from the virtual screening were examined using the
whole-cell voltage-clamp recording in rat dissociated hippocampal neurons. Among them, six compounds
(5, 6, 8, 18—20) potently blocked both the delayed rectifigg) and fast transient Kcurrents [»). When

applied externally, these six compounds preferentially blodkexith potencies 2- to 500-fold higher than

that of tetraethylammonium chloride. Intracellular application of the six compounds had no effect on both
K™ currents. In addition, the interaction models and binding free energy calculations demonstrated that
hydrophobic interaction and solvent effects play important roles in the inhibitory activities of these compounds.
The results demonstrated that structure-based computer screening strategy could be used to identify novel,
structurally diverse compounds targeting the pore binding pocket of the outer mouth of voltage-gated K
channels. This study provides an alternative way of finding new blockers of voltage-gatetaiinels,

while the techniques for high-throughput screening ofdhannel drugs remain in development.

1. Introduction lividans”® (2) MthK, a C&"-gated K- channel fromMetha-
nobacterium thermoautotrophicyh(3) Kv, a voltage-gated K
channel fromAeropyrum pernixand Pichia pastoris'®!! and
(4) KirBac, an inward rectifier K channel fromBurkholderia
pseudomallet? In general, the functional Kchannels consist

Potassium ion (K) channels consist of a ubiquitous family
of membrane proteins that play critical roles in a wide variety
of physiological processes, such as the regulation of neuronal

excnail.)llgy_,”r]nusgle gon';rgptlonz C?” prtollfetratlon, %n? mstylln of four subunits (tetramer), and each subunit contributes two
secretion. The abundant diversity for structures and functions o nsmemprane-helices (denoted M1 and M2 in KcsA, MthK,

of K.+ channel family me”_‘*?ers is supported by sequencing and KirBac and denoted S5 and S6 in Kv channels) plus a re-
studies of theCaenorhabditis elegangenome. About 100 o nen loop, which forms the central"kselective poré315
unique K’ é:hannels genes have been predlctgq to .eX'St in this The pore-forming regions of both prokaryotic and eukaryotic
organls_mz.v Mammalian K' channels are classified into three 4" opannels are highly conserved, including a pore-helix and
grfups in terms of their membra_ne topology: (1) voltage_-gated an extended filter region that contains the TVGYG sequence
K™ channels (Kv) and Ca-activated K channels, which 616 The structural biology studies clearly elucidate the

cgntamlsm t?nhsrrr]]embr?ne qI_OI\TS"_]S éTMDS);d(Z) "tli.akri}g molecular mechanisms underlying the" kconduction and
channe's, which have four s, (3) inward-rectifie selectivity/~811.14 giving indisputable evidence that the ion

channels (I_<|r), which contain two TMDSEach K ch_annel permeation pathway across the membrane is indeed at the center
group con+5|sts of multiple subfamily members. mpaired func- ¢ ¢ igentical subunits that cluster around the narrowest part
tions of K* channel or mutations in the genes fencodlng Ko of the pore formed by the P lod§. Moreover, the existing
channels have been demonstrated to cause a wide spectrum q rystal structures of K channels also provide a solid framework

human d.|§ease556. ] ) ~ for constructing three-dimensional (3D) model of the eukaryotic
In addition to the substantial advances in molecular cloning K+ channels for drug discovery.

and functional studies of Kchannels, the structural elucidation Structure-based virtual screening (SBVS) approaches based
of K* channels has rap|dly progressed. T_hus far, the crystal on molecular docking have become promising tools for dis-
structures of four bacterial homologues of different mammalian covering active compound&:22 We successfully constructed
K chlanrilelsAhave b:en e'g%‘ga}?d u5||ngf1 X rz;y analysis. They , yree_dimensional model for the eukaryotic voltage-gated K
are (1) KesA, a pH-gated K channel fromStreptomyces  jannels based on the crystal structure of KcsA channel from
Streptomyces didans’ and developed a computational virtual
+8;T;1V;ngegggiﬁggegfes ggg%% ge add,rIeSSﬁd-(gOf C?;:H phone, screening approach to search for new blockers otKannels

el ; ooy » &-mall, gyhu@mail. shenc.ac.cn. from |Jarge databases. Four candidate compounds discovered
For H.J.: phone#86-21-50806600, extension 1303; fe&»86-21-50807088; from theg China Natural Products Database FL)Jsing SBVS were

e-mail, hljiang@mail.shcnc.ac.cn. <
T Equivalent contributors. demonstrated to possess a poteritdhannel blocking effect.
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out by using the GCG softwaf@.The side chains of residues
Arg27, 11e60, Arg64, Glu71, and Arg117 missing in the current
KcsA crystal structure were added using the Biopolymer module
of Insight 11.3° The Biopolymer module of Insight3? was also
used to construct the 3D structural model of eukaryotic Shaker
K* channels by mutations of Pro55Glu (P55E), Ala57Ser
(A57S), lle60Lys (I160K), Thr61Ser (T61S), Arg64Asp (R64D),
Leu81Met (L81M), and Tyr82Thr (Y82T) on the X-ray crystal
structure of the KcsA K channel After a preliminary
optimization of the side chains, the entire 3D model was
minimized by 200 steps of steepest descent, followed by Powell
minimization to a root-mean-square (rms) energy gradient of
0.05 kcal/(moiA). The AMBER force field with the Kollman
all-atom charge®d-32was employed during the structural opti-

mization. The quality of the model was checked by the Prostat

Figure 1. Computational and experimental flow chart for this study. program in Insight 1E°
) ) 2.1.2. Virtual Screening.The ACD database containing the

In rat hippocampal neurons they are-2ID00 times more potent  gstryctural information of 200 000 chemicals (http://www.mdI-
than the classical delayed rectifier"kchannel blocker tetra- .comp* was used for the virtual screening. A chemistry space
ethylammonium chloridé? Continuing this study, we have fiiter for scoring druglikeneé developed in our laboratory was
recently used this approach to search fdr ¢hannel blockers  ysed to remove the nondruglike structures from the ACD.
from the synthetic compounds. In this study, we show that novel pock4.® was employed for the primary screening. Residues
structurally diverse blockers of Kchannels can be found in  5round the motif TXXTVGYG of the K channel at a radius
the large chemical database MDL Available Chemicals Direc- of 5 A were isolated for constructing the grids of docking
tory (ACD)* using SBVS in conjunction with chemical  screening. During the docking calculation, Koliman all-atom
synthesis and electrophysiological assay. Twenty candldatechargegl were assigned to the protein, and Gasteidéarsili
comp_our_1ds were selected from the ACD database With relatively charge® were assigned to the small molecules in the tidy ACD.
low binding energy, favorable shape complementarity, and/or The fiexibility of each small molecule was considered during
potential to form hydrogen bonds with the"kchannel. The the virtual screening. The top 300 molecules were selected for
electrophysiological assay demonstrated that six compoundsfyrther analysis.
showed potent blocking effects on voltage-gated dhannels The structures of the complexes of theé Khannel with the
in rat hippocampal neurons. DOCK selected molecules were optimized automatically by
2 Materials and Methods running a SPL program encoded into the S%yhviron.ment

written by us to adjust the orientation and interaction. The

The computational and experimental flow chart is shown in  pinding energy 4Eying) between each molecule and khannel
Figure 1. Briefly, 300 candidate molecules were first selected was calculated by using

from the ACD database by using the docking program
DOCK4.(® targeting the binding site of a 3D model of the AEging = Ecomplex ™ Enmol (1)
eukaryotic Shaker K channel constructed by homology model-
ing. Before virtual screening, nondruglike molecules were where Ecomplex Echannet @Nd Emol are respectively the total
filtered out from the ACD database using a druglike analysis energies of the complexes, the" Kchannel, and the small
filter developed by ugé Afterward, the binding models of the  molecules. The Tripos force fieldl was used for structure
candidates with the Kchannel were optimized using molecular optimization and energy calculation. At the same time, thePlog
mechanics, and loB values of the candidates were predicted values of these DOCK selected molecules were predicted using
using the XlogP prograrff. According to the DOCK scoring  the XLOGP prograni’ The top 300 molecules produced from
results, interaction models (shape complementarities betweenDOCK screening were analyzed for relatively lower binding
candidates and Kchannel), and the XlogP values, 20 com- energy, favorable shape complementarity, and/or potential in
pounds were selected for bioassay. Six active compounds wergorming hydrogen bonds with Kchannel and XlogP values.
discovered through electrophysiological screening. The binding According to the DOCK scoring results, interaction models
models and binding free energies of the active compounds to(shape complementarity and potential in hydrogen bond forma-
the K+ channel were re-estimated by using the MD simulation tion), and logP values, 20 compoundsl{20) were finally
and MM/GBSA approach based on which structureactivity selected for biological assay, and their primary binding free
relationship of these active compounds was discussed. Theenergies with the K channel were calculated using AutoDock
details of the computations and experiments are described as3.034
follows. 2.1.3. Free Energy Calculation.The complex structures of
2.1. Modeling and Computation. 2.1.1. 3D Model of the channel with the active compounds (inhibitors) were solvated
Eukaryotic Shaker K+ Channel. The 3D model of eukaryotic ~ by a TIP3P5 water sphere with a radius of 25 A. Then the
Shaker K channels was generated on the basis of the crystal solvent models were equilibrated for 600 ps at 300 K by using
structure of the KcsA K channel retrieved from the Brookhaven molecular dynamics (MD) simulation, and a 200 ps MD
Protein Data Bank (PDB) (http://www.rcsb.org/pdb/) (entry simulation was run on each model system to sample the
1BL8)” using our previously reported proceddfeThe se- conformations every 4 ps for binding free energy calculations.
quences of eukaryotic Shakertkand KcsA channels were  Only the solvent and those residues within 15 A of the inhibitor
obtained from the SwissProt database (entries P08510 andwvere allowed to move during the MD simulation. All MD
Q54397, respectively). A sequence alignment of KcsA and simulations were carried out by using the AMBER 7.0
eukaryotic channels with the Shaker" Khannels was carried  program3® and the AMBER force field (parm98)and general

E
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AMBER force field (GAFF¥8 were applied on the protein and two compounds have been described in Table S1 in
the inhibitors, respectively. The partial charges for all the the Supporting Information. Compounds 8, 18, and 19
inhibitors were obtained by fitting the HartreBock calculations ~ were synthesized by us. Scheme 1 depicts the sequence of
with Gaussian 98 at the 6-31G* basis set level using RESP. reactions that led to the preparation of compo@noly using

The MM/GBSA® method was used to evaluate the binding free 2-bromo-1-(2,3-dihydro-1,4-benzodioxin-6-yl)ethanone and so-

energies AGping) of the inhibitors to the K channel, dium phenoxide as the starting raw materials. Intermediate
1-(2,3-dihydro-1,4-benzodioxin-6-yl)-2-phenoxyethan¢@g)
AGping = Geompiex ™ Gprotein — Giigand was synthesized by reacting the commercially available 2-bromo-

1-(2,3-dihydro-1,4-benzodioxin-6-yl)ethanone with sodium phen-
oxide in THF. Then compoun®l was condensed with
hydroxylamine hydrochloride by refluxing in ethanol, which
afforded 1-(2,3-dihydro-1,4-benzodioxin-6-yl)-2-phenoxyetha-
none oximg22). Compound22 was reduced by LAH in THF,

= AEy + AGgg + AGyp @)

where AGgg is the polar solvation energy in the continuum
solvent, computed using a modified generalized Born nf8del

and where the nonpolar contributioh@yp) was estimated using I~ 1o A A DA )
a simple empirical relatioGyp = oA + b4 whereA is the providing 1-(2,3-dihydro-1,4-benzodioxin-6-yl)-2-phenoxyethy

solvent-accessible surface area estimated using the MSMSlamIne @3). Compound3was changed into its hydrochloride,

5 s e compound6, by the addition of 10% hydrochloric acid.
program’? o andb are empirical parameters, and in this work, . .
0.00542 and 0.92 kcallmol were adopted for these two Scheme 2 depicts the sequence of reactions that led to the

parameters, respectivelxEyu denotes the sum of the molec- prep_aration of compourﬁlby using tetraethylene glycol as the
ular mechanical (MM) energies of the molecules. starting raw materials. Tetraethylene glycol was chlorinated

using SOQ] in the presence of pyridine in 1,4-dioxane,
NH, NH_ « HCI providing bis[2-(2-chloroethoxy)ethyl] etheR4). Then com-
o o pound?24 reacted with toluene-4-sulfonamide in DMF, using
[ @ Kl as a catalyst, which afforded the target compo@&nd

6 The starting raw materials for preparing compodddvere
o 0 o 0 commercially available 2-[(4-chlorophenyl)sulfonyllethanol and
/@s\n/\”\ﬂo/\”\/\u’s\@\ SOCh. Scheme 3 shows the procedures for preparation of the
target compound. Intermediate 2-[(4-chlorophenyl)sulfonyl]-
8 ethanol was chlorinated by SQGh the presence of pyridine
o 0 SO,NHCH,CH,NH, in toluene to yield 2-chloro-[(4-chlorophenyl)sulfonyl]lethane

S Cl
NS WJ\I 25). Compound25 reacted with 1-benzylpiperazine in THF,
U, e, Com
N
20

o

/
Q
o
=z

catalyzed by KIl, providing the target molecul8.

Compoundl9 was synthesized through the route outlined in
Scheme 4, using 5-chloronaphthalene-1-sulfonic acid as the

2.2. Compounds and Chemical Synthesi©n the basis of starting raw material. Intermediate 5-chloronaphthalene-1-
virtual screening, six compounds were selected asiannel sulfonic acid was chlorinated by P{providing 5-chloronaph-
inhibitor candidates for further electrophysiological assay. thalene-1-sulfonyl chloride2g). Compound6 reacted with 1,2-
Compounds5 and 20 were purchased from the Sigma and diaminoethane in the presence 0fGO; in THF, giving the
Maybridge companies, respectively. The spectral data of thesetarget compound.9.

Cl
18 19
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Scheme 4 the six compounds were calculated using the computer software
“GraphPad Prism 3.0”. Data are presented as me&EM.

cl cl c1
a b . .
_— EE—— 3. Results and Discussion

SO;H S0.Cl so,N N2 3.1. Identification of Compounds by Virtual Screening.
H Sequence alignment indicates that the identity between the pore
26 19 regions of KcsA K channel and the Shakertkchannels is
aReagents: (a) P€l(b) HiNCH,CHyNH,. 36.875% (Figure S1 in the Supporting Information). The

optimized 3D model of the eukaryotic*Kchannels is very

2.3. Electrophysiological Assay. 2.3.1. Preparation of similar to the X-ray crystal structure of KcsA*Kchannel
Dissociated Hippocampal NeuronsDissociated CAl pyra- (Figure S2 in the Supporting Information). We can therefore
midal neurons were prepared from 5- to 9-day-old Sprague- use this 3D model for virtual screening. Virtual screening was
Dawley rats as described previoudlyBriefly, transverse  performed on the ACD datab&4eby using DOCK 4.8°
minislices (500um) of the hippocampal CAL region were cut targeting the 3D model of Kchannel. Before virtual screening,
in an oxygenated ice-cold dissociation solution. The dissociation nondruglike structures were removed by a filter for druglike
solution consisted of the following (in mM): N&Oy, 82; K- analysig® developed in our laboratory. Because compounds that
SQy, 30; MgClh, 5; N-(2-hydroxyethyl)piperazing¥'-(2-ethane- plug the “ion-selective filter” of the K channet® may function
sulfonic acid) (HEPES), 10; glucose, 10; at pH 7.3 with NaOH. as blockers of the channel, the extracellular pore binding site
The slices were incubated in the dissociation solution containing composed by the residues around the TXXTVGYG motif was
protease XXIII (3 mg/mL) at 32C for 8 min and then placed  used as the target site for virtual screening. The binding pose
in the dissociation solution containing trypsin inhibitor type II-S  (orientation and conformation) of each molecule was evaluated
(2 mg/mL) and bovine serum albumin (1 mg/mL) at room by the DOCK scoring function, which consists of the van der
temperature under an oxygen atmosphere. Before recording, théNVaals and Coulombic electrostatic interaction energies. The top-
slices were triturated using a series of fire-polished Pasteur 300 candidate molecules were selected from ACD for further
pipettes with decreasing tip diameters. The neurons were placedanalysis (Figure 2A, Figure S3). The DOCK scoring indicates
in a recording dish and perfused with an external solution that electrostatic interaction dominates the binding between the
containing the following (in mM): NaCl, 135; KClI, 5; Cagl candidates and Kchannel. This is in agreement with the free
1; MgCh, 2; HEPES, 10; glucose, 10; tetrodotoxin, 0.001; at energy calculation for the active compounds with thiedkannel
pH 7.3 with NaOH. (see discussion below).

2.3.2. Whole-Cell Recording. Whole-cell voltage-clamp However, docking programs and scoring functions have a
recording was made from pyramidal-shaped neurons using antendency to generate a significant number of false positives.
Axopatch 200A amplifier (Axon Instruments) at223°C. The Accordingly, the structures of the complexes of the top-300
electrodes (tip resistance of-@ MQ) were filled with a pipet molecules with the K channel were optimized in the Sybyl&7
solution containing the following (in mM): KCI, 140; Mg&l environment by running a SPiprogram written by us to adjust
1; CaC}, 1; HEPES, 10; EGTA, 10; at pH 7.3 with KOH. The the binding pose, and the binding energiesE{nq) were
neuron was held at50 mV. Voltage-activated Kcurrents were recalculated by using a more sophisticated method, molecular
elicited with command protocols provided by pClamp 9.0 mechanics force field (see eq 1 in Materials and Methods). The
software via a DigiData-1322A interface (Axon Instruments). interaction energies of these 300 molecules with theeKannel
Signals were filtered at-210 kHz and sampled at frequencies calculated by DOCK range from38.33 t0—22.76 kcal/mol
of 10—40 kHz. Series resistance was compensated by8%%6. and that calculated by Sybyl are fronl78.85 to—72.15 kcal/
Linear leak and residual capacitance currents were subtractednol (Figure 2B). More than 50% candidate molecules are
online. The peak amplitude of the fast transieritdtrrent () located in the high interaction energy area on the DOCK-Sybyl
was measured. The amplitude of the delayed rectifiecrrent plot (top-right part of Figure 2B). These molecules would not
(Ik) was measured with 300 ms latency. For external application, be considered for further analysis. Most of the rest of the
the candidate compound was dissolved in the external solution,candidate molecules are dispersed at the top-left part of the plot
and delivered to the recorded neuron using RSC-100 rapid (red rectangle), and several molecules are displayed in the lower-
solution changer with a nine-tube head (BioLogic Co. France). middle region of the plot (green rectangle). There are almost
For intracellular application, the compound was dissolved in no points at the bottom-left. It is therefore difficult to select
the pipet solution and diffused from the pipet into the neuron candidates directly from the red and green rectangles, and other
after the patch membrane was ruptufédhe 1G;, values of factors have to be considered in compound selection.
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Figure 2. Binding energies of the top-300 compounds: (A) DOCK
binding energies (blac, total binding energy; re®, van de Waals
energy; greem, electrostatic energy); (B) DOCK predicted binding
energies (BB versus Sybyl binding energies (BEblue a, compounds
5—6, 8, 18—20; red®, compound4d—4, 7, 9—17, black ¢, compounds
21-300).

Hydrophobicity is an important druglike property of mol-
ecules. As described in our previous stdélyhe MDL Drug
Data Report (MDDR) databa$eontains 206 potent Kchannel
inhibitors, and 10 of them have entered into clinical trail. We
have calculated the |dg values for these K channel inhibitors
by use of the XLOG prograr¥. The result indicated that 70%
of the K* channel inhibitors in MDDR show |oB values from
0 to 6, and nine of the clinical inhibitors showed IBgralues
from 2 to 623 Accordingly, candidate molecules should have
similar logP values compared with existing *K channel
inhibitors. Synthetically considering the two kinds of interaction
energies and the log values (is better between 0 and 6) and a

Journal of Medicinal Chemistry, 2007, Vol. 50, N87 1

Table 1. Binding Energies (in kcal/mol), Actual Ranks, and XlogP
Values of the 20 Compounds Selected from the 300 Candidates

compd BERP? R;P BE; ¢ R:¢ BE3Y Rs¢ XlogP
1 —33.85 9 —82.245 167 -—16.57 14 0.35
2 —29.10 57 —84.331 154 —-45.68 3 —-2.09
3 —32.82 13 —175.019 2 —26.52 7 4.42
4 —35.40 3 —92.112 104 —45.95 2 0.51
5 —35.16 4 —75.437 225 —-16.33 16 1.29
6 —34.32 7 —96.668 80 —15.23 17 2.59
7 —28.67 64 —91.259 110 6.64 22 —0.89
8 —29.51 51 -—132.34 12 —-9.81 20 1.87
9 —29.06 57 —75.32 227 —-6.14 21 5.05
10 —30.49 33 —81.235 176 —46.50 1 -1.13
11 —3296 11 —103.654 59 —27.32 6 0.15
12 —-33.12 10 —83.070 161 -—13.74 18 0.96
13 —28.67 64 —83.269 160 —22.71 11 -0.12
14 —32.21 15 —87.947 131 —42.21 4 —-0.19
15 —33.90 9 —77.120 205 -16.34 15 -—-0.49
16 —34.46 6 —87.807 132 —-11.31 19 -1.82
17 —28.51 68 —100.82 64 —2557 10 0.19
18 —35.50 2 —75.069 231 —2557 9 3.31
19 —38.33 1 —100.505 67 —17.00 13 2.00
20 —35.16 4 —78.822 191 —-17.29 12 1.04

a Boldfaced and italic values are for the six active compounds discussed
in the text.” The binding energy (BE and the actual rank @R calculated
using DOCK.¢ The binding energy (B and the actual rank @rcalculated
using Sybyl.9 The binding energy (Bf and the actual rank @Rcalculated
using AutoDock.

3.3. K™ Channel-Blocking Effects of Candidate Com-
pounds. 3.3.1. Primary Electrophysiological Assayln the
primary electrophysiological assay, 20 candidate compounds
selected from the virtual screening were determined using the
whole-cell voltage-clamp recording from dissociated hippoc-
ampal neurons. When applied externally, six candidate com-
pounds b, 6, 8, 18, 19, and20) at 100uM suppressed at least
one type of the K current (k or 15) by more than 10%, whereas
the other 14 compounds at 1M and even at 1 mM had no
significant effect. Each of the six compounds more markedly
suppressetk thanla. The results are shown in Figure 3A and
Table S3 in the Supporting Information.

3.3.2. Secondary Electrophysiological Assayhe secondary
electrophysiological assay was conducted to determine the
concentratiorresponse relationship for the six candidate
compounds. The result is shown in Figure 3B. TheysNalues
of these compounds obtained via curve-fitting procedures are

visual check of the interaction models, 20 molecules were Presented in Table 2. All six compounds potently blocked both
selected for bioassay, 18 from the red rectangle and 2 from thetypes of K currents with IG, values ranging from a fewM

green one (Figure 2B). The predicted Bgalues of most of
the 20 selected candidates are within or close-t®.00nly 4
compoundsZ, 7, 10, and16) are outside the region of the |6y
profile of the existing K channel inhibitors (Table 1). As will

to nearly 1 mM. The rank order of potency in inhibition Iaf
(8> 19> 18> 6 > 20 > 5) was basically parallel to that of
inhibition of I (8 > 19> 20> 6 > 5 > 18). The ratio of IGo
values in inhibition ofl o to those ofl represented the selectivity

be seen below, these four compounds are inactive, suggesting®f @ compound for two types of Kchannels. For the six

the importance of hydrophobicity in the selection of ghannel
inhibitors.
3.2. Compounds SynthesisThe 20 candidate compounds

compounds, the ratio of Kg values ranged from 1.9 to 16.3.
Compound18 shows the highest selectivity fog (ICs(lk)/
ICs0o(la) = 16.3), whereas compourflis the least selective

were purchased from the Sigma and Maybridge companies for (ICso(lk)/ICso(la) = 1.9).
the primary screening. Among the six active compounds, only  3.3.3. Intracellular Application of the Candidate Com-

enough chemical samples of compourisnd 20 could be

pounds. Externally applied chemicals, like verapamil, could

supported respectively by the Sigma and Maybridge companiesdiffuse through the membrane and block the ¢hannels at an

for further bioassay. The spectral data of these two compoundsinternal binding sit¢? In order to exclude the possibility, the
have been described in Table S1 in the Supporting Information. effects of intracellular application of the six compounds on the
Because the companies could not provide enough samples folK* currents were investigated. Each compound was included

compounds, 8, 18, and19, they were synthesized through the
routes outlined in Schemes-#, and the details of the synthetic

in the recording pipet at a concentration that could inhiigit
by more than 75% when applied externally and diffused into

procedures and structural characterizations are described in thehe neuron after the membrane ruptuféés shown in Figure
Experimental Section. The purities of these six compounds are4, all six compounds had no detectable effectionor did the

listed in Table S2 in the Supporting Information.

compounds affedty (data not shown). The results suggest that
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Figure 3. Effects of the externally applied six compounds on voltage-activatedufrents in rat hippocampal neurons. (A) The total ¢Urrent
(upper record), delayed rectifying'Kcurrent (x, middle record), and fast transient Kurrent (a, lower record) were recorded in control and in

the presence of compousd(500«M). The traces at the bottom of the upper and middle records are the command voltage steps. The neuron was

held at—50 mV. The total K current was elicited by a depolarizing step#d0 mV following a hyperpolarizing prepulse of 500 ms-t4.10 mV.
Ik was elicited by a similar protocol in which a 50 ms intervat-&0 mV was inserted after the prepulsewas the subtraction dk from the total
K* current?347-48 (B) Concentratior-response curves of the six compounds in inhibitionéndls. Each symbol represents the mearSEM

(n = 5-12).

the six compounds bind to an external site of thedbannels,

thus blocking the K currents.
3.4. Structure—Activity Relationship (SAR). If we reap-

compounds possess good hydrophobic profiles similar to those
of the existing K inhibitors. This may be one of the reasons
why only these 6 compounds are active among the 20

praise the virtual screening result with the active compounds, candidates.

it can be seen that five active compounds are in the lowest The general interaction models of the six compounds with
DOCK interaction energy region and one is in the low Sybyl the K" channel are presented in Table S4 in the Supporting
interaction energy region (Figure 2B). As mentioned above, most Information and Figure 5. The binding free energies of the six
of the clinical K" channel inhibitors showed Idg values from compounds to the K channel were calculated by the MM/

2 to 622 The logP values of the six active compounds range GBSA® method encoded in the AMBER program, version®3?.0,
from 1.0 to 3.5 (Table 1), indicating that the discovered active and the results are listed in Table 3. The result indicates that
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Table 2. ICsq Values of the Six Compounds in Inhibition of the
Voltage-Activated K Currents

ICso (uM)
compd Ik Ia |C50(|A)/|C50(||<) na
5 524+ 14 972+ 34 1.9 6

6 67+9 737+ 48 11 6

8 21+05 28+ 4 13.3 6
18 60+ 7 980+ 150 16.3 6
19 18+ 3 124+ 9 6.9 6
20 83+ 8 244+ 26 2.9 6

an: the number of neurons tested.
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Figure 4. Time course of the delayed rectifierkcurrent (k) in rat
hippocampal neurons during intracellular application of the six
compounds. In each panel, the normaliket plotted against the time
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for these compounds binding to the Khannel, and this may

be an important reason that these compounds could potentially
inhibit K* channel. Compounds, 6, 8, and18—20 bind with

the side chains of residues Ser57(A), Tyr78B), Gly79(A,

B, D), Asp80(B, D), Thr82(C, D), and Val84(A) of the'K
channel through both hydrophobic interactions and electrostatic
interactions (Figure 5 and Table S4 of the Supporting Informa-
tion). The number of hydrophobic contact pairs is not consistent
with inhibitory potency, indicating that the difference in
inhibitory activities of these compounds might be contribution
of complex effects related to hydrogen bonding, hydrophobic
contact, electrostatic interaction, and solvation. The correlation
between the van der Waals binding energies and lggv&ues

(R = 0.75, Figure 6B) indicates that the van der Waals
interaction demonstrates structai@ctivity relationship (SAR)

of the six compounds. Although the electrostatic binding energy
for each compound to the *Kchannel is the determinant
component in the molecular mechanical energy (Figure 2A and
Table 3), the polar solvation energy penalty is also high, which
counteracts the electrostatic interaction.

Among the six compounds, compoudshows the most
potent inhibitory activity (Table 2). In line with the bioassay
result, MM/GBSA calculations indicated that compougioinds
to the K channel with the lowest binding free energy (Table
3). The components of the binding free energy of this compound
are also different from those of other compounds (Table 3). The
electrostatic interaction of compoudwvith the K™ channel is
much weaker than that of other compounds. This is also in
agreement with the interaction models (Figure 5), indicating
that only compound® did not form a hydrogen bond to the'K
channel. However, the solvation free energy {&# Gb) of
compound is remarkably smaller than that of other compounds
(Table 3), suggesting that this compound can easily overcome
the bondage of solvent during binding to the khannel. In
addition, the hydrophobic interaction of compouhtb the K+
channel reflected by the van der Waals binding energy is also
the strongest among the six compounds. Consequently, com-
prehensive effects of the electrostatic interaction, hydrophobic
interaction, and solvation make compouBdhe most potent
inhibitor of the K" channel among the six compounds.

4. Conclusions

As mentioned above, high-throughput screening (HTS) has

of intracellular application of the compounds. Each symbol represents not been applied to discovertkchannel blockers because of

the mearnt SEM (n = 5). The concentrations chosen for intracellular
application were above the }€£values (causing 75% inhibition &f)

of the same compounds in external application: compdu(dmM),
compounds (100u4M), compound (10 M), compoundl8 (100uM),
compoundl9 (30 uM), and compound0 (300 uM).

the calculated MM/GBSA binding free energies correlate well
with the inhibitory activities R = 0.83), as shown in Figure
6A. This relationship suggests that those potentialdkiannel
inhibitors exhibiting stronger binding free energies using this

the hindrance of the electrophysiological assay. Previously, we
discovered four natural Kchannel blockers by using docking
based virtual screening in conjunction with an electrophysi-
ological assay? Here, we further demonstrated the effectiveness
of the strategy for discovering Kchannel blockers from the
synthetic chemicals. The molecular docking program DOC¥®4.0
was used to screen the chemical database A@&idgeting the

3D model of the Shaker K channel. The top-300 molecules
were obtained by the scoring function of DOCK. Then the

paradigm would therefore expect to have greater efficacy toward complexes of these 300 candidates with thedkannel model

inhibitory action. The results demonstrated the efficiency of our

were optimized by molecular mechanics encoded in Sybyl and

strategy for discovering potassium channel blockers by using the interaction energies were calculated. In addition, thé”log

virtual screening in conjunction with electrophysiological assay.
Structurally, compounds, 6, and 18—20 have similar

values of these molecules were predicted by the XlogP
program?’ According to the interaction energies, the DOCK

chemical scaffolds with amino groups that are easily protonated scoring result, and the XlogP values, 20 compounds were

to be quaternary ammoniums in vivo. The amino group of
compoundsb, 6, 19, and20 acts as a donor to form hydrogen
bonds with the O atoms of Gly77¢AD) and Tyr78(A-D) of

the K channel, respectively (Figure 5 and Table S4 in the
Supporting Information). These hydrogen bonds play vital roles

selected and re-estimated using AutoDé&tKlhe bioassay
results demonstrated a relatively high hit rate of our virtual
screening approach. Of the 20 candidates, 6 compounds (

8, 18—20) were found to suppress at least one type of voltage-
activated K current (k or Ia) by more than 10%. Furthermore,
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Figure 5. 3D representatives for the general interaction models of compdu(ly 6 (B), 8 (C), 18 (D), 19 (E), and20 (F) with the potassium
ion channel. The broken lines in red represent hydrogen bonds. This picture was produced by using the PyMOL>program.

Table 3. Binding Free Energies of the Six Compounds to the ®hannel (kcal/mol)

compd log 1Go Eele? Evaw ° Emm © Ghsy 4 Gbhe Gbsolf Gbind ¢
5 —3.28 —220.06 —27.10 —247.15 —2.37 245.73 243.36 —3.80+ 2.60
6 —-4.17 —219.27 —23.14 —242.42 —2.26 227.70 225.44 —16.98+ 2.53
8 —5.68 —42.22 —42.16 —84.38 -3.02 67.43 64.41 —19.97+ 2.54
18 —4.22 —330.40 —30.14 —360.53 —2.79 352.21 349.42 —11.11+ 3.77
19 —4.74 —234.63 —33.10 —267.73 —2.77 257.64 254.86 —12.86+ 2.89
20 —4.08 —256.31 —18.01 —274.32 —2.05 269.12 267.07 —7.25+2.83

aNonbonded electrostatic enerdyNonbonded van der Waals ener§yrhe molecular mechanical energy&eie + Evaw). ¢ Hydrophobic contribution to
the solvation free energy, which is determined with solvent accessible surface are& tel@ngostatic contribution to the solvation free energy, which is
calculated with the generalized Born methbd@he solvation free energy=Ghbs,r + Gb). 9 The binding free energ#Ghbso + Evm).

the 6 compounds preferentially blockgdrather than o with Yields were not optimized. Melting points were measured in a
a ratio of 1G(Ia)/ICso(Ik) ranging from 1.9 to 16.3 (Figure 3  capillary tube and were uncorrected. Infrared (IR) spectra were
and Table 2). In addition, the interaction features of these determined using a Bruker IFS-48 FT-IR spectrometer. Solids were
compounds with the K channel were mapped (Figure 5 and prepared \_Nith potassium bromide (KBr) disks, and _the results were
Table S4 in the Supporting Information) and provide clear clues '€Ported in wavenumbers (ct). Nuclear magnetic resonance

for further structural modification for the six compounds. The (NMR) spectra were determined using a Bruker AMX-400 spec-
calculated binding free energies of the six compounds to the trometer referenced to M8i. Chemical shifts are reported in parts

K+ channel are in agreement with their inhibitory potency per million (ppm, downfield from tetramethylsilane. Splitting

. . . patterns are described as singlet (s), doublet (d), triplet (t), quartet
(Figure 6). The hydrogen bonding and solvation penalty play (q), multiplet (m), and broad (br). Low- and high-resolution mass

important roles for the binding affinity between the compounds gpectra (LRMS and HRMS) were obtained by electric or chemical

and the channel. The strategy used in this paper provides a modgonjzation (ESI) produced by a MAT-95 spectrometer.

for quickly dlscovgrlng new K channel blockers f_rom large 1-(2,3-Dihydro-1,4-benzodioxin-6-yl)-2-phenoxyethylamine Hy-

databases, especially when the HTS of ¢hannel is current  grochoride (6). A solution of phenol sodium salt (1.74 g, 0.015

not available. mol) in THF (20 mL) was added dropwise to a solution of 2-bromo-

. . 1-(2,3-dihydro-1,4-benzodioxin-6-yl)ethanone (2.57 g, 0.01 mol)

5. Experimental Section in THF (15 mL) and continually refluxed fo3 h with constant
The reagents (chemicals) were purchased from Shanghai Chemistirring. Thereafter, water (20 mL) was added and stirred at room

cal Reagent Company and were used without further purification. temperature for 15 min and then extracted with dichloromethane
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Figure 6. (A) Correlation between the calculated binding free energies
(GBuota, kcal/mol, T = 300 K) of the six compounds and the
experimental activities (log I£g). (B) Correlation between van de Waals
energies Evaw, kcal/mol, T = 300 K) of the six compounds and the
experimental activities (log 1£).

(3 x 20 mL). The final organic layer was dried over anhydrous
NaSQ,, and the solvent was removed by evaporation under
vacuum. After flash chromatography with dichloromethane
petroleum (2:1; v/v), 1-(2,3-dihydro-1,4-benzodioxin-6-yl)-2-phe-
noxyethanonel) was obtained as a white semisolid (1.86 g), yield
68.6%.

A mixture of 21 (1.35 g, 5 mmol) and hydroxylamine hydro-
chloride (0.70 g, 10 mmol) in ethanol (20 mL) was refluxed for 2
h with constant stirring and then condensed. The crude 1-(2,3-
dihydro-1,4-benzodioxin-6-yl)-2-phenoxyethanone oxi2® (vas
obtained as a pale semisolid (1.81 g), yield 88.5%.

To the solution of the crud@2 (1.0 g, 3 mmol) in THF (10
mL), LiAIH 4 (0.56 g 15 mmol) was added in portions. Thereafter,
the mixture was stirred for 3 h, then iegvater (10 mL) was added
and extracted with dichloromethane%320 mL). The final organic
layer was dried under anhydrous4S&, and condensed. After flash
chromatography with ethyl acetatpetroleum (1:4; v/v), 1-(2,3-
dihydro-1,4-benzodioxin-6-yl)-2-phenoxyethylami(&3) was ob-
tained as a pale oil (0.52 g), yield 40.6%. A solution of 10%
hydrochloric acid (2 mL) was added dropwise to a cold solution
(0—5 °C) of 23 (0.256 g, 1 mmol) in dichloromethane (5 mL).
After stirring for 15 min, the salt was filtered and recrystallized in
10% hydrochloric acid. Compourgiwas obtained as a pale solid,
0.24 g (82.1%), mp 236238 °C. IR (KBr): 3425, 1589, 1498
cm L. 'H NMR (CDCly): 6 3.98 (t, 1H), 4.05 (g, 2H), 6.92 (m,
6H), 7.27 (m, 2H). HRMS (SChwz calcd for M*, 271.1208; found,
271.1198. Anal. (gH17NO3-HCI). Calcd, C 62.44, H 5.89, N 4.55;
found, C 62.40, H 5.61, N 4.52.

1,11-Di [(4-methylphenyl)sulfonyl]Jamino}-3,6,9-trioxaunde-
cane (8).A solution of SOC} (0.708 g, 6.0 mmol) in 1,4-dioxane
(5 mL) was added slowly to a cold solution {8 °C) of
tetraethylene glycol (1.94 g, 10 mmol) and pyridine (1 mL) in 1,4-
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dioxane (25 mL) and then refluxed for 3 h, quenched with-ice
water (120 mL), and extracted with dichloromethane<(30 mL).
The organic layer was dried over anhydrous®@, and condensed.
After flash chromatography with ethyl acetateetroleum (1:10;
vIv), bis[2-(2-chloroethoxy)ethyl] ether24) was obtained as
yellowish oil (1.27 g), yield 55.0%.

A mixture of 24 (0.231 g, 1.0 mmol), toluene-4-sulfonamide
(0.428 g, 2.5 mmol), KCO; (0.345 g, 2.5 mmol), and Kl (0.023
g) in DMF (3 mL) was stirred for 24 h at 10TC, then quenched
with ice—water, extracted with dichloromethanex3L0 mL), dried
under anhydrous N&Q,, and condensed. After flash chromatog-
raphy with ethyl acetatepetroleum (1:3, v/v), compound was
obtained as a white solid (0.388 @), yield 77.6%. IR (KBr): 1596,
1480 cnrl. IH NMR (CDClg): 0 2.30 (s, 2H), 2.38 (s, 6H), 3.48
(t, 4H), 3.53 (t, 12H), 7.25 (m, 4H), 7.72 (m, 4H). HRMS (SCI)
m/z calcd for M, 500.1651; found, 500.1682. Anal. 83.N,S,0y).
Calcd, C 52.78, H 6.44, N 5.60; found, C 52.80, H 6.43, N 5.58.

1-Benzyl-4{ 2-[(4-chlorophenyl)sulfonyllethyl} piperazine (18).
The solution of SOGI (0.354 g, 3.0 mmol) in toluene (10 mL)
was added dropwise to a solution of 2-[(4-chlorophenyl)sulfonyl]-
ethanol (0.220 g, 1.0 mmol) and 10 drops of pyridine in toluene
(15 mL) in an ice-water bath. Then the mixture was refluxed for
3 h, then ice-water (10 mL) was added, and it was extracted with
dichloromethane (% 10 mL), dried under anhydrous p&0,, and
condensed. After flash chromatography with ethyl acetate
petroleum (1:20, v/v), 2-chloro[(4-chlorophenyl)sulfonyl]leth#28)
was obtained as a pale oil, 0.21 g, yield 87.5%.

A mixture of 25 (0.238 g, 1 mmol), 1-benzylpiperazine (0.176
g, 1 mmol), KCO; (0.207 g, 1.5 mmol), and;1(0.02 g) in THF
(20 mL) was refluxed 03 h with constant stirring and condensed.
Then water (20 mL) was added and extracted with dichloromethane
(3 x 15 mL). The final organic layer was dried under anhydrous
NaSO,. After flash chromatography with ethyl acetajgetroleum
(1:6, vIv), 1-benzyl-4-2-[(4-chlorophenyl)sulfonyllethypiperazine
(18) was obtained as a pale semisolid, 0.312 g, yield 82.3%. IR
(KBr): 3448, 1579, 1479 crt. *H NMR (CDCly): 6 2.62 (t, 8H),
2.55 (t, 4H), 3.75 (t, 4H), 3.84 (s, 2H), 7.25 (m, 5H), 7.50 (m,
2H), 7.83 (m, 2H). HRMS (SCliwz calcd for M*, 378.1169; found,
378.1182. Anal. (@H23CIN,0,S). Calcd, C 60.23, H 6.12, N 7.39;
found, C 60.23, H 6.15, N 7.39.

N-(2-Aminoethyl)-5-chloronaphthalene-1-sulfonamide (19).
The powder of 5-chloronaphthalene-1-sulfonic acid (2.42 g, 10
mmol) and PJ (12.1 g) was mixed and heated to-880 °C and
stirred for 1 h. Then the mixture was stirred at room temperature
overnight. After flash chromatography with ethyl acetgpetroleum
(1:8, viv), 5-chloronaphthalene-1-sulfonyl chlori®6) was gained
as a yellowish oil, 1.6 g, yield 61.5%.

A solution of 1,2-diaminoethane (0.072 g, 1.2 mmol) in THF
(30 mL) was added dropwise to a mixture2f (0.26 g, 1 mmol),

30 mL of THF, K;CO; (1.3 g) in an ice-water bath, then stirred
at room temperature fal h and condensed. After flash chroma-
tography with dichloromethaneethanol (10:1, v/v),19 was
obtained as a yellow oil (178.4 mg), yield 82.2%. IR (KBr): 1605
cm L. 'H NMR (CDClL): ¢ 1.60 (s, 2H), 2.35 (t, 2H), 6.85 (s,
1H), 7.50 (d, 2H), 8.35 (d, 2H), 8.45 (m, 2H). HRMS (SCfjz
calcd for M+, 284.0386; found, 284.0373. Anal. {£1:3CIN,SO,).
Calcd, C 44.87, H 4.39, N 8.72; found, C 44.76, H 4.71, N 8.44.
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