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Structure-Based Discovery of Potassium Channel
Blockers from Natural Products: Virtual Screening
and Electrophysiological Assay Testing

dated with X-ray crystallography at 3.2 Å resolution [8].
These experimental data support the hypothetical
model described above by localizing the pore region
and by orienting the two transmembrane-spanning do-
mains of the bacterial channel [8]. In addition, this struc-
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Natural products have long been recognized as anChinese Academy of Sciences
Shanghai 201203 important source of therapeutically effective agents.

One hundred fifty-seven of the five hundred twenty newPeople’s Republic of China
drugs approved between 1983 and 1994 were natural
products or derived from natural products, and more
than 60% of antibacterials and anticancer drugs origi-Summary
nated from natural products [9]. Meanwhile, the comple-
tion of the human genome suggests that there are 30,000Potassium ion (K�) channels are attractive targets for

rational drug design. Based upon a three-dimensional to 40,000 genes and at least as many proteins. Many of
these proteins are potential targets for drug screening;model of the eukaryotic K� channels, the docking vir-

tual screening approach was employed to search the popular estimates are in the range of 2000 to 5000 [10,
11]. Therefore, natural products will offer unprecedentedChina Natural Products Database. Compounds were

ranked according to the relative binding energy, favor- opportunities for finding novel low molecular weight lead
structures that are active against a wide range of assayable shape complementarity, and potential of forming

hydrogen bonds with the K� channel. Four candidate targets [9]. The challenge is how to access the natural
chemical diversity. Collecting all the available naturalcompounds found by virtual screening were investi-

gated by using the whole-cell voltage-clamp recording product compounds and screening them randomly tar-
get by target is unpractical, because it will cost a lotin rat dissociated hippocampal neurons. When applied

extracellularly, compound 1 markedly depressed the of money and is also time consuming in isolating and
screening compounds. Virtual screening (VS) has thedelayed rectifier K� current (IK) and fast transient K�

current (IA), whereas compounds 2, 3, and 4 exerted potential to solve this problem [12–15]. VS, by using
docking, shows great promise in lead or active com-a more potent and selective inhibitory effect on IK.

Intracellular application of the four compounds had pound discovery [12, 14, 16–18]. It was demonstrated
that VS enriched the hit rate by thousands-fold overno effect on both the K� currents.
random screening [16].

Structure-based ligand design has led to the develop-Introduction
ment of compounds that are currently in clinical trials
or on the market [19, 20]. In most cases, methods forK� channels play important roles in regulating a variety

of cellular processes in both electrically excitable and structure-based lead generation were based on compu-
tational descriptions of a binding site, as in the coordi-nonexcitable cells, such as control of action potential

and excitability in nerve and muscle cells, regulation nates of atoms or pharmacophores, and also based on
techniques to search for the configurational and confor-of hormone secretion, cell volume, and T lymph cell

activation [1–3]. Nine unique families of voltage-gated mational space of a candidate molecule in the binding
site, evaluating potential energy and/or scoring bindingK� channels have been discovered [4]. The best-charac-

terized K� channels are derived from homologs of the affinity [20]. Some natural compounds that interact with
the surface pocket of K� channels might block K� ionDrosophila K� channel genes, Shaker, Shab, Shaw, and
efflux [21], and thus could possibly be developed asShal, which exist in mammalian tissues and were as-
new pharmaceuticals [22]. In order to identify novel K�signed as Kv1, Kv2, Kv3, and Kv4, respectively [4–6].
channel binding molecules, we have developed a com-Each of these channels has multiple subfamily mem-
putational virtual screening approach to mine the avail-bers. Their structures are predicted to be similar, with
able natural structure data. The advantages of VS forsix transmembrane-spanning domains (S1–S6), a pore-
discovery of novel K� channel blockers are prominent,forming region located between transmembrane seg-
as high-throughput screening is immature in this fieldments S5 and S6, and intracellular amino and carboxyl
[23]. Using the VS approach, we found 14 natural com-termini [7]. The pore-forming region is conserved among
pounds of relatively lower binding energy, favorableK� channels [7]. Among the K� channels, the KcsA K�

shape complementarity, and/or potential in forming hy-channel from the bacterium Streptomyces lividans was
drogen bonds with K� channel. We examined four candi-the first, with its three-dimensional (3D) structure eluci-
date compounds available in our laboratory using whole-
cell voltage-clamp recording, and all of them exerted*Correspondence: jmyue@mail.shcnc.ac.cn (J.Y.), gygu@mail.shcnc.
potent inhibitory effects on K� channels in rat hippocam-ac.cn (G.H.), jiang@iris3.simm.ac.cn (H.J.)

1 These authors contributed equally to this work. pal neurons.
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Results and Discussion

Identification of Compounds by Virtual Screening
Against the K� channel structural model, we searched
the CNPD database [24] with 50,000 compounds by
using the program DOCK 4.0 [25, 26]. The extracellular
and pore binding site formed by tetramer in the model
structure of eukaryotic K� channels was used as the
target site for virtual screening. In particular, we focused
on potential ligands that interact with the residues sur-
rounding the entry of the “ion-selective filter” of K� chan-
nels [27] so that the selected compounds may plug the
filter. In the database search, conformational flexibility
of the small molecules was taken into account. The small
molecules were ranked according to their scores calculated
by using the energy scoring function in the DOCK pro-
gram. The top 200 candidate molecules with the best
scores were considered as possible K� channel inhibi-
tors for further study.

However, docking programs and scoring functions
have a tendency to generate a significant number of
false positives [13]. Accordingly, to reduce the false pos-
itives in compound selection, the structures of the com-
plexes of the top 200 molecules selected from DOCK
screening with the K� channels were optimized in the
Sybyl6.7 [28] environment by running a SPL [28] program
written by ourselves, and the interaction energies (�Ebind)
were recalculated by using a more sophisticated method,
molecular mechanics force field (see Equation 1 in Ex-
perimental Procedures). The root-mean-square devia-
tion (rmsd) values between the conformations of the 200
structures selected by DOCK4.0 and that minimized by

Figure 1. Binding Energies of the Top 200 CompoundsSybyl are shown in Supplemental Table S1 (available at
(A) Binding energies of the top 200 compounds ranked from thehttp://www.chembiol.com/cgi/content/full/10/11/1103/
CNPD database by DOCK 4.0. (black squares, total binding energy;DC1); the Sybyl structures only depart slightly from the
red circles, van de Waals energy; green triangles, electrostatic

corresponding DOCK structures, and most of the rmsd energy).
values are less than 1 Å. This suggests that the Sybyl (B) DOCK predicted binding energies (BE1) versus Sybyl calculated
optimizations made a small adjustment for the DOCK binding energies (BE2) for the top 200 compounds (blue triangles,

compounds 1–4; red squares, compounds 5–14; black diamonds,structures. The interaction energies of these 200 mole-
compounds 15–200).cules with K� channels calculated by DOCK range

from �28.0 to �15.1 kcal/mol, and those calculated by
Sybyl are from �61.4 to �20.1 kcal/mol (Figures 1A

compounds and their binding affinities from differentand 1B). The DOCK interaction energies are generally
scoring functions are listed in Table 1.in agreement with the Sybyl interaction energies (Figure

Two hundred six compounds showed potent K� chan-1B), indicating the reasonability of the DOCK screening
nel inhibitory activity in the MDL Drug Data Reportresults. Because Sybyl interaction energies were calcu-
(MDDR) database [31]. Ten of them are in clinical trails.lated based on the optimized DOCK structures by using
We calculated their logP values by using the XLOGPmolecular mechanics force field, the former may be
program [32]. The results are shown in Supplementalmore robust than the later. Accordingly, the candidate
Figure S1A (available at Chemistry & Biology’s website).molecules for bioassay were selected according to the
The logP values of 70% K� channel inhibitors in theSybyl interaction energies (Figure 1B). Moreover, the
MDDR database range from 0 to 6. Nine of the clinicalshape complementarity and potential in forming hydro-
compounds show logP values from 2 to 6. The logPgen bonds with K� channels were also considered in the
values of the 200 DOCK-selected compounds frommolecule selection. Thus, we selected 14 compounds
CNPD are shown in Supplemental Figure S1B. Ninety-(1–14) from the left part of Figure 1B as the candidates
six percent of these compounds have logP values fromfor bioassay. Then the binding free energies of these
0 to 6. The logP values of the finally selected 14 com-14 molecules with K� channels were estimated using
pounds range from 0.26 to 6.19 (Table 1). This indicatesAutoDock3.0 [29, 30]. The rmsd values of the Sybyl mini-
that our selected compounds have a similar hydropho-mized structures and AutoDock structures of these 14
bic property to the existing K� inhibitors collected inmolecules are also shown in Supplemental Table S1
MDDR.(available at Chemistry & Biology’s website); they indi-

On the basis of virtual screening and logP prediction,cate that AutoDock makes a further adjustment for the
Sybyl optimized structures. The number of the selected we intended to select these 14 compounds for bioassay.
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Table 1. Binding Energies, Actual Ranks, and XlogP Values of the 14 Compounds Selected from the 200 Candidates

Compound BE1
a R1

a BE2
b R2

b BE3
c R3

c XlogP

1 �17.82 140 �54.772 13 �9.19 11 0.77
2 �22.04 32 �58.257 3 �8.66 12 3.23
3 �25.97 3 �56.892 7 �7.35 14 1.91
4 �23.73 16 �55.224 10 �7.52 13 0.70
5 �18.41 127 �61.446 1 �15.4 2 3.09
6 �23.28 20 �59.442 2 �14.82 3 2.98
7 �22.81 27 �57.762 4 �12.14 8 0.85
8 �24.63 9 �57.599 5 �13.22 7 2.85
9 �20.47 66 �57.171 6 �14.53 4 1.20
10 �20.32 71 �55.908 8 �13.4 6 0.26
11 �17.60 143 �55.729 9 �10.64 10 0.34
12 �18.25 130 �55.085 11 �11.42 9 3.28
13 �23.78 15 �54.929 12 �16.28 1 4.14
14 �25.62 6 �54.004 14 �13.68 5 6.19

a The binding energy (BE1) and the actual rank (R1) calculated using DOCK.
b The binding energy (BE2) and the actual rank (R2) calculated using Sybyl.
c The binding energy (BE3) and the actual rank (R3) calculated using AutoDock.

Being short of samples for other compounds, only 4 1 mM, the three compounds abolished IK but had no
detectable effects on IA (Figures 2D–2F). In contrast,compounds (1–4) among the 14 selected molecules

were finally obtained for the actual biological testing. compound 1 inhibited both IA and IK (Figures 2B and 2C).

K� Channel Binding Site MappingK� Channel-Blocking Effects
The actions of compounds 1–4 on K� channels were Extracellularly applied chemicals, like verapamil, could

diffuse through the membrane and block the K� chan-examined by using whole-cell voltage-clamp recording
in dissociated hippocampal neurons of rat. In the left nels at an internal binding site [37, 38]. To determine

the binding site of the four natural products to the K�panel of Figure 2B, the upper and middle records are
the total K� current and the delayed rectifier K� current channel, external or internal site, the effects of intracellu-

lar application of compounds 1–4 on the K� currents(IK) elicited with two different voltage protocols. The
lower record is the subtraction of the middle from the were investigated. Compounds 1–4 were added in the

pipette solution with concentrations that could inhibitupper one, representing the fast transient K� current
(IA). IK and IA could be blocked reversibly by tetra-ethyi- IK by more than 75% in extracellular application. The

compounds diffused into the recorded neuron immedi-ammonium (TEA, IC50 � 3.1 � 0.6 mM) and 4-aminopyri-
dine (4-AP, IC50 � 4.9 � 0.6 mM), respectively [33, 34]. ately after the patch membrane ruptured [39]. However,

the amplitude of IK in the intracellular application groupExtracellular application of compounds 1–4 potently
inhibited IK (Figure 2). The IC50 values of compounds 1–4 and control group showed no difference during the 12

min after the patch membrane ruptured (Figure 3). Addi-in inhibition of IK are 125.3 � 15.3, 3.8 � 1.4, 90.0 � 5.9,
and 164.8 � 26.3 �M, respectively, with a rank order tionally, intracellular application of compounds 1–4 had

no effect on IA (data not shown). The result suggestsof potency of 2�3�1�4. However, only compound 1
exerted moderate inhibition on IA (IC50 � 2.4 � 0.3 mM), that compounds 1–4 bind to an extracellular site of the

K� channels, thus blocking the K� currents.whereas compounds 2–4 had no effect on the current
at concentrations of nearly 1 mM. To confirm the above conclusion, membrane-imper-

meable quaternary N-methyl-compounds of 1–4 wereHippocampal pyramidal neurons are the most exten-
sively studied cell type in the mammalian brain showing prepared and tested both extracellularly and intracellu-

larly by adopting the method of Rauer et al. [37, 38].the diversity of K� channels. At least four voltage-depen-
dent K� currents and two Ca2�-activated K� currents When applied extracellularly, the inhibitory action to the

K� channel of the N-methyl-compounds is similar towere characterized in the neurons [35]. In the neurons
prepared from 5- to 9-day-old rats, however, only the that of natural products 1–4. (1) The IC50 values of the

N-methyl-compounds in inhibition of IK are 244.2 � 13.8,main voltage-dependent K� currents IK and IA could be
detected [36]. Moreover, the two currents can be easily 8.9 � 1.4, 45.9 � 3.0, and 490.2 � 19.1 �M, respectively,

which are close to those of compounds 1–4. The rankseparated through a signal subtraction procedure based
on their distinct kinetic properties [33, 34], avoiding the order of the inhibitory potency of the N-methyl-com-

pounds is N-methyl-2 � N-methyl-3 � N-methyl-1 �interference caused by addition of TEA or 4-AP in isola-
tion of the currents. In this study, we demonstrate that N-methyl-4, which is exactly the same as the order of

the natural products. (2) Similar to the natural products,the natural compounds 1–4, found by docking screen-
ing, block K� channels with different preferences and only N-methyl-1, applied extracellularly, resulted in

moderate inhibition on IA (IC50 � 1.9� 0.01 mM), whereaspotencies, indicating that our strategy for targeting
structure-based virtual screening is feasible. Further- the other three N-methyl compounds showed no effect

on IA at concentrations of nearly 1 mM. Intracellular ap-more, our results show that compounds 2–4 are potent
and selective blockers of IK. At a concentration of nearly plication of the N-methyl compounds at concentrations
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Figure 2. Effects of Extracellularly Applied
Compounds 1–4 on Voltage-Dependent K�

Currents in Rat Hippocampal Neurons

(A) The structures of compounds 1–4.
(B) The left panel shows the subtraction pro-
cedure used to separate the delayed rectifier
K� current (IK) and fast transient K� current
(IA). The upper record is the total K� current
evoked by a depolarizing pulse to �60 mV
following a prepulse to �110 mV; the middle
record is IK evoked by a similar voltage proto-
col with a 50 ms step to –50 mV inserted
after the prepulse; and the lower record is
the subtraction of the middle record from the
upper one, representing IA. Traces at the bot-
tom of upper and middle records are voltage
command pulses. The right panel shows that
extracellular application of 300 �M com-
pound 1 inhibited both IK and IA.
(C) Concentration-response curves of com-
pound 1 in inhibition of IK and IA. Each symbol
represents the mean � SEM (n � 5–12).
(D–F) Compounds 2, 3, and 4 selectively
blocked IK without effect on IA in rat hippo-
campal neurons. (D) shows concentration-
response curves of compound 2 in inhibition
of IK and IA (n � 7–12); (E) shows concentra-
tion-response curves of compound 3 in inhi-
bition of IK and IA (n � 3–8); (F) shows concen-
tration-response curves of compound 4 in
inhibition of IK and IA (n � 5–8). The peak am-
plitude of IA and amplitude of IK at 300 ms
after the start of the depolarizing pulse were
measured by constructing the concentration-
response curves in (C)–(F).

that could inhibit IK by more than 75% in extracellular and Table 2. Compounds 1–4 form 2, 3, 3, and 2 hydro-
gen bonds with the K� channel, respectively. The hydro-application affected neither IK (see Supplemental Figure

S2 at Chemistry & Biology’s website) nor IA (data not gen bonding strength (reflected by the hydrogen bond
number) is in agreement with the inhibitory potency thatshown). These results gave further support to the con-

clusion that compounds 1–4 do indeed bind to the extra- the K� channel inhibitory activities (IC50 for inhibiting IK)
of compounds 2 and 3 are higher than that of com-cellular site of K� channels.
pounds 1 and 4 (Table 2). Compounds 1–4 interact with
the K� channel, adopting 32, 18, 22, and 26 pairs ofInteraction Models

Figure 4 shows the general interaction models of com- hydrophobic contacts (Figure 4 and Table 2). The num-
ber of hydrophobic contact pairs is not in agreementpounds 1–4 with K� channels. Figure 4 was produced

by the LIGPLOT program [40] based on the DOCK simu- with the inhibitory potency, indicating that the difference
of inhibitory activities of these four compounds mightlation and Sybyl optimization results. Hydrogen bond

and hydrophobic interactions play important roles in the be distinguished by the hydrogen bonding. Structurally,
compounds 1–4 are diterpenoid alkaloids and have simi-binding of these four compounds and K� channels; the

detailed interaction models are presented in Figure 4 lar chemical scaffolds. However, comparing the interac-



Virtual Screening Reveals K� Channel Blockers
1107

these four compounds are not the highest among the
14 candidates; one may find more potent K� channel
blockers among the remaining 10 compounds. Fur-
thermore, the interaction features of these four com-
pounds binding with K� channels were mapped, pro-
viding a clear clue for further modification of these
natural products. The strategy used in this paper pro-
vides a method for quickly discovering new K� channel
blockers from large databases, especially given that
high-throughput screening of K� channel is currently
unavailable.

Experimental Procedures

Virtual Screening
3D Model of Eukaryotic Shaker K� Channel
The 3D model of eukaryotic Shaker K� channel was generated based
on the crystal structure of Kcsa K� channel [8]. The KcsA channel is
a tetramer containing four identical subunits arranged symmetricallyFigure 3. Intracellular Application of Compounds 1–4 on the De-
around the central pore (P)[8]. Each subunit consists of two trans-layed Rectifier K� Current (IK) in Rat Hippocampal Neurons
membrane � helices (TM1 and TM2), linked by a short stretch of

In each panel, the normalized IK is plotted against the time of intracel- �30 amino acids, that form a helical pore and an extracellular loop
lular application of the compounds. Each symbol represents the (known as the turret). The four TM2 helices are arranged in such a
mean � SEM (n � 5). The arrow indicates the time when patch way that they form the poles of an inverted teepee [8]. The crystal
membrane ruptured. (A), compound 1 (300 �M); (B), compound 2 structure provides a solid framework for the models of the K�-
(50 �M); (C), compound 3 (300 �M); (D), compound 4 (1 mM). The selective channels, and for the first time gives indisputable evidence
concentrations chosen for intracellular application were above the that the ion permeation pathway across the membrane is indeed at
IC75 values (causing 75% inhibition of IK) of the same compounds the center of four identical subunits that cluster around the narrow-
in external application. est part of the pore formed by the P loop [8]. Mutagenesis studies

suggest that the “ion-selective filter” is located at the external end
of the pore and is formed by the conserved signature sequence,
TXXTXGY(F)G, within the pore region [41]. KcsA shares signaturetion models of these compounds with the K� channel,
sequences with eukaryotic K� channels that are responsible for ionit can be seen that the carbonyl group of the substituted
selectivity and pore formation. Based on the observation that TEA14-benzoyl moiety of compounds 2 and 3 forms two
can bind to the external part of the K� pore in all three of the channel

hydrogen bonds with Ser57(C) and Thr82(C). This might types, voltage-activated, Ca2�-activated, and inward-rectifier K�

be one of the reasons that the activities of compounds channels, the structure of the outer pore of K� channels appears
to be conserved, in spite of the lack of conservation of the sequence2 and 3 are higher than that of compounds 1 and 4.
in the P region [41, 42]. Further evidence is provided by experiments
conducted by MacKinnon et al. showing that the KcsA K� channel

Significance pore structure and the extracellular entryway are very similar to that
of eukaryotic voltage-gated K� channels, such as the Shaker K�

channel from Drsophila and vertebrate voltage-gated K� channelsThere has been no report of the computational screen-
[41, 43, 44]. We can therefore generate a 3D model for the eukaryoticing targeting of K� channels. Here, we have demon-
Shaker K� channels according to the X-ray crystal structure of KcsAstrated the protocol that predicts the binding of small
[8] and the mutagenesis results [41, 43, 44]. We have successfullymolecules to eukaryotic Shaker K� channels’ 3D model.
used this approach in modeling the 3D structures of the eukaryotic

We used an effective compound ranking strategy to K� channels for studying the binding of K� channels with scorpion
select compounds from the natural product database toxins Lq2 [45] and P05 [46].

For the 3D structure modeling, the sequences of eukaryoticCNPD [24]. The top 200 molecules were obtained by
Shaker K� and KcsA channels were isolated from the SwissProta shape complementarity scoring function in DOCK
database (entries P08510 and Q54397, respectively). The sequence[25, 26]; the complexes of these 200 candidates with
alignment of KcsA and eukaryotic channels with the Shaker K�

the K� channel model were optimized by molecular
channels was carried out using the GCG software [47]. The 3D model

mechanics encoded in Sybyl [28], and the interaction of the eukaryotic Shaker K� channels was constructed based on
energies were calculated; and, finally, these com- the crystal structure of KcsA K� channel recovered from the Protein

Data Bank (http://www.rcsb.org/pdb/) (ID code 1BL8) [48]. The sidepounds were reestimated using AutoDock [29, 30], and
chains of residues Arg27, Ile60, Arg64, Glu71, and Arg117 missed inthe binding free energies were predicted. In addition,
the current KcsA crystal structure were added using the Biopolymerthe logP values of these 200 molecules were predicted
module of Sybyl 6.7 [28]. Figure 5 shows the sequence alignmentby the XlogP program [32]. Considering the three kinds
of the pore regions of the two K� channels, highlighting the mutation

of energy scoring data and the XlogP values, we se- residues. The 3D structural model of eukaryotic Shaker K� channels
lected 14 candidate compounds for bioassay. Al- was generated from mutations of Pro55Glu (P55E), Ala57Ser (A57S),

Ile60Lys (I60K), Thr61Ser (T61S), Arg64Asp (R64D), Leu81Met (L81M),though we only obtained four compounds (1–4) for
and Tyr82Thr (Y82T) on the X-ray crystal structure of the KcsA K�electrophysiological assay due to lack of samples, the
channel [8] employing the Biopolymer module of Sybyl. After theresults demonstrated the efficiency of our strategy
coordinate assignment, the preliminary 3D model of eukaryoticof virtual screening. Each of these four compounds
Shaker K� channel was subjected to structure refinement. The side

shows inhibitory activity to K� channels. Their IK chains of the 3D model were minimized first by fixing the backbone,
blocking activities are �20–1000 times higher than that then the entire 3D structure was optimized. The structures were

minimized using 200 steps of steepest descent, followed by Powellof TEA. In addition, the predictive binding affinities of
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Figure 4. 2D Representatives for the General Interaction Models of Compounds 1-4 with Potassium Ion Channel

This picture was produced by using LIGPLOT program [40]. Dashed lines represent hydrogen bonds, and spiked residues form hydrophobic
contacts with the natural products. A, B, C, and D represent the four chains of the K� channel.

minimization to a root-mean-square (rms) energy gradient of 0.05 corresponding reference values. The cut-off concerning the signifi-
cant differences for the bond lengths, bond angles, and dihedralkcal/(mol·Å). Amber force field with Kollman-all-atom charges [49]

was employed throughout. Solvation energies were not explicitly angles from the reference value was set up at the default value, 5
units of standard deviation (SD). For the 3D model, only nine bondconsidered; however, minimization was performed with a distance-

dependent dielectric constant. angles and seven dihedral angles were identified to be larger than
5 SD; no bond length is larger than 5 SD. The structure superpositionThe quality of the models was checked by the Prostat program

encoded in Insight II [50], which allows protein-specific bond of the 3D model with the X-ray structure of KcsA K� channel is
available in Supplemental Figure S3 at http://www.chembiol.com/lengths, angles, and dihedral angles to be checked against the
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(�Ebind) between each molecule and K� channel were calculated by
using Equation 1,

�Ebind � Ecomplex � Echannel � Emol, (1)

where Ecomplex, Echannel, and Emol are, respectively, the total energies ofFigure 5. Sequence Alignment of the KcsA and Shaker K� Channel
the complexes, the K� channel, and the small molecules. Atoms ofPore Regions
the small molecules and K� channel were assigned with Gasteiger-Boldface letters indicate amino acids where mutations influence
Hückel [56–58] and Kollman-All charges [49], respectively.ligand binding. The conserved residues are shaded. The sequences

Next, the top 200 molecules were analyzed on the basis of bindingare KcsA/S. Lividans (SwissProt entry Q54397) and Shaker/Dro-
energy, shape complementarity, and potential in forming hydrogensophila melanogaster (SwissProt entry P08510).
bonds with the K� channel. Fourteen compounds (1–14) were finally
selected for bioassay. Before that, the binding free energies and
the binding modes of these 14 compounds with the K� channel were

cgi/content/full/10/11/1103/DC1. For all the nonhydrogen atoms, calculated and modeled by using the advanced docking program
the rmsd between the crystal structure of KcsA K� channel and the AutoDock 3.0 [29, 30]. In the AutoDock calculations, the Lamarckian
3D model is 0.374 Å, and the rmsd between the binding pockets of genetic algorithm (LGA) [30] was applied to search the binding orien-
the two K� channel structures is 0.415 Å, indicating the reliability tation and conformation of each candidate molecule interacting with
of the 3D model. We can therefore use this 3D model in further K� channel. In general, the LGA described the relationship between
virtual screening. candidate molecules and K� channel by the translation, orientation,
Virtual Screening by Molecular Docking and conformation of candidate molecules. A Solis and Wets local
The optimized 3D model of eukaryotic K� channel was used as a search [59] performed the energy minimization on a user-specified
target for virtual screening on the China Natural Product Database proportion of the population. The number of generation, energy
[24], which was developed by Shanghai Institute of Materia Medica, evaluation, and docking runs were set to 370,000, 1,500,000 and
Chinese Academy of Sciences, collaborating with Neotrident Tech- 20, respectively. The Kollman-all-atom [49] and Gasteiger-Hückel
nology Lid. (http://www.neotrident.com). The CNPD database con- [56-58] were used for the K� channel and candidate molecules,
tains structural and biological information of more than 50,000 natu- respectively, in the AutoDock simulations. The docked structures
ral compounds. Some of them are unpublished or were published of candidate molecules were generated after a reasonable number
in Chinese journals that have not been appreciated by academia of evaluations. Typically, five binding energy terms used in the cur-
and companies. rent version of AutoDock 3.0 [29, 30] were included in the scoring

No scoring function has been developed so far that may reliably function: the van der Waals interaction, represented as a Lennard-
and consistently predict a ligand-protein binding mode and binding Jones 12-6 dispersion/repulsion term; the hydrogen bonding, repre-
affinity [51, 52]. Therefore, heuristic docking and consensus scoring sented as a directional 12-10 term; the Coulombic electrostatic
strategies are often used in virtual screening; i.e., the different dock- potential; desolvation upon binding; and the hydrophobic effect
ing and scoring methods are applied to evaluate the screening re- (solvent entropy changes at solute-solvent interfaces). Thus, the
sults. In the present study, the program DOCK4.0 [25, 26] was em- scoring function was sufficient to rank the candidate molecules in
ployed for the primary screening. Binding experiments [53–55] the different levels of binding affinities: binding free energies (�Gs)
indicated that the TEA extracellular binding site is around the con- and the corresponding inhibitory constant (Kis). Finally, the interac-
served signature motif TXXTXGYG of K� channels. Residues around tion models of compounds 1–4 with K� channel were produced
the motif TXXTXGYG of the K� channel at a radius of 5 Å was using the LIGPLOT program [40] based on the AudoDock structures
isolated for constructing the grids of docking screening, and the (Figure 4).
pocket composed by these residues is larger enough to include LogP prediction
residues of the binding site. During the docking calculation, Koll- Lipophilicity is a major determinant of several aspects of the disposi-
man-all-atom charges [49] were assigned to the protein, and Geist- tion and biological action of drugs, and its use in new approaches
erger-Hückel charges [56–58] were assigned to the small molecules like database searching additionally proves the impact of this physi-
in the CNPD database due to lack of proper Kollman charges. The cochemical property [60]. Consequently, there is continual interest
conformational flexibility of the natural products from the database in medicinal chemistry in developing methods of deriving logP from
was considered in the docking searching. molecular structure [60]. XLOGP 2.0, developed by Lai et al. [32],

The DOCK suite of programs is designed to find possible orienta- is an atom-additive method for calculating octanol/water partition
tions of a ligand in a “receptor” site [25, 26]. The orientation of a coefficient (logP). It gives the logP value for a given compound by
ligand is evaluated with a shape scoring function and/or a function adding the contributions from component atoms and correction
approximating the ligand-receptor binding energy. The shape scor- factors as described in Equation 2,
ing function is an empirical function resembling the van der Waals

log P � �
i

aiAi � �
j

bjBj, (2)attractive energy. The ligand-receptor binding energy is taken to
be approximately the sum of the van der Waals and electrostatic

where Ai is the occurrence of the ith atom type, Bj is the occurrenceinteraction energies. After the initial orientation and scoring evalua-
of the jth correction factor, ai is the contribution of the ith atom type,tion, a grid-based rigid body minimization is carried out for the
and bj is the contribution of the jth correction factor. The coefficientsligand to locate the nearest local energy minimum within the recep-
were derived by multivariate regression of a large number of organictor binding site. The position and conformation of each docked
compounds. The logP values of the candidate compounds pickedmolecule were optimized using single anchor search and torsion
out by DOCK were predicted using this program, and the predictedminimization method of DOCK4.0 [25, 26]. Thirty configurations per
values were compared with the XlogP values of the K� inhibitorsligand building a cycle and 50 maximum anchor orientations were
collected in MDDR database [31].used in the anchor-first docking algorithm. All docked configurations

were energy minimized using 100 maximum iterations and 1 minimi-
zation cycle. Compounds for Bioassay

Based on virtual screening, 14 compounds of K� channel inhibitorThen, the whole structures of the complexes of the top 200 mole-
cules with the K� channel were optimized automatically by running candidates, which are listed in Table 1, were distinguished. Unfortu-

nately, only four samples of these compounds are available in oura SPL program written by ourselves encoded into Sybyl [28] environ-
ment to adjust the orientation and interaction. The minimization laboratory, including one diterpenoid alkaloid , songorine (1), and

three norditerpenoid alkaloids, 14-benzoyltalatisamine (2), pyro-method and parameter setup are the same as that adopted in the
minimization for the 3D model construction of the K� channel. Tripos chasmaconitine (3), and talatisamine (4). Therefore, we selected

these four compounds as probe molecules for electrophysiologicalforce field [28] was employed for the ligands; calculations were
performed with a dielectric constant of 5 to simulate the solvation assay to test our virtual screening strategy. Compounds 1–4 were

isolated from the root of Aconitum leucostomum [61, 62], a perennialeffect of the ligands in the protein environment. The binding energies
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Table 2. The Hydrogen-Bonding Pairs and the Hydrophobic Contacts of Compounds 1–4 with the K� Channel Derived from AutoDock
Simulations

K� Channel
Compound

Compound Interaction Distance (Å) Atom Residuea Atom

1 Hydrogen bond 3.01 N Tyr78(C) O
2.63 O23 Tyr78(C) O

Hydrophobic 3.84 C22 Tyr78(D) C
contacts

3.81 C21 Gly79(C) CA
3.08 C21 Tyr78(C) C
3.75 C21 Tyr78(C) CA
3.69 C13 Asp80(D) CB
3.50 C13 Asp80(D) CA
3.72 C14 Asp80(D) CA
3.74 C14 Gly79(D) C
3.80 C14 Tyr78(D) C
3.36 C12 Asp80(D) CA
3.61 C12 Gly79(D) C
3.26 C20 Gly79(D) CA
3.52 C20 Tyr78(D) C
3.84 C11 Gly79(D) C
3.56 C19 Gly79(C) CA
3.55 C19 Gly79(B) CA
3.46 C19 Tyr78(B) C
3.48 C18 Gly79(B) C
3.53 C18 Gly79(B) CA
3.55 C9 Gly79(D) C
3.58 C9 Gly79(D) CA
3.85 C10 Gly79(D) CA
3.82 C3 Gly79(C) CA
3.25 C2 Gly79(C) C
3.24 C2 Gly79(C) CA
3.71 C7 Gly79(A) C
3.69 C6 Gly79(A) CA
2.96 C7 Gly79(A) CA
3.85 C8 Gly79(A) CA
3.38 C22 Tyr78(A) C
3.82 C22 Tyr78(A) CA
3.78 C22 Gly77(A) C

2 Hydrogen bond 3.47 O27 Ser57(D) OG
2.93 O27 Thr82(D) N
2.84 O24 Tyr78(C) O

Hydrophobic 3.88 C24 Asp80(C) CB
contacts

3.61 C34 Asp80(D) C
3.59 C38 Ser57(D) CB
3.82 C33 Ser57(D) CB
3.33 C29 Tyr78(D) C
3.89 C29 Tyr78(D) CA
3.59 C13 Asp80(C) CA
3.89 C13 Gly79(C) C
3.63 C14 Gly79(B) CA
3.33 C11 Gly79(D) CA
3.71 C11 Gly79(C) CA
3.59 C11 Tyr78(C) C
3.31 C10 Gly79(C) C
3.26 C10 Gly79(C) CA
3.81 C10 Tyr78(C) CA
3.18 C12 Gly79(A) CA
3.70 C29 Tyr78(A) C
3.40 C12 Tyr78(A) C

3 Hydrogen bond 3.45 N Tyr78(B) O
3.10 O29 Ser57(C) OG
2.76 O29 Thr82(C) N

Hydrophobic 3.77 C31 Ser57(C) CB
contacts

3.69 C30 Ser57(C) CB
3.84 C21 Tyr78(C) C
3.29 C21 Tyr78(B) C
3.89 C21 Tyr78(B) CA

(continued)
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Table 2. Continued

K� Channel
Compound

Compound Interaction Distance (Å) Atom Residuea Atom

3.85 C20 Gly79(C) CA
3.63 C20 Tyr78(C) C
3.49 C25 Gly79(B) C
3.59 C39 Asp80(D) CA
3.21 C39 Gly79(D) C
3.61 C39 Gly79(D) CA
3.76 C15 Asp80(B) CB
3.56 C15 Asp80(B) CA
3.78 C17 Gly79(C) CA
3.37 C6 Gly79(B) C
3.44 C6 Gly79(B) CA
3.63 C7 Gly79(B) C
3.51 C7 Gly79(B) CA
3.76 C7 Tyr78(B) C
3.60 C9 Gly79(C) C
3.81 C9 Gly79(C) CA
3.54 C19 Gly79(C) CA

4 Hydrogen bond 3.07 N Tyr78(D) O
2.69 O25 Gly79(A) O

Hydrophobic
contacts 3.62 C21 Tyr78(B) C

3.87 C20 Gly79(D) CA
2.99 C20 Tyr78(D) C
3.67 C20 Tyr78(D) CA
3.19 C18 Gly79(C) C
3.01 C18 Gly79(C) CA
3.79 C6 Gly79(B) C
3.46 C6 Gly79(B) CA
3.67 C7 Gly79(B) C
3.05 C7 Gly79(B) CA
3.67 C19 Gly79(D) CA
3.69 C19 Gly79(C) CA
3.63 C19 Tyr78(C) C
3.36 C2 Gly79(D) C
3.32 C2 Gly79(D) CA
3.32 C14 Asp80(A) CA
3.89 C9 Asp80(A) CA
3.57 C14 Gly79(A) C
3.31 C9 Gly79(A) C
3.82 C10 Gly79(A) C
3.36 C20 Gly79(A) CA
3.23 C17 Gly79(A) CA
3.66 C9 Gly79(A) CA
3.62 C21 Tyr78(A) C
3.43 C20 Tyr78(A) C
3.66 C17 Tyr78(A) C

a A, B, C, and D represent the four chains of the K� channel.

herb distributed in the Gansu and Xinjiang provinces of China. The polished Pasteur pipettes with decreasing tip diameters. Dissoci-
purity of these compounds is over 98%, and isolation and spectral ated neurons were placed in a recording dish and perfused with
data of these four compounds has been described elsewhere external solution containing 135 mM NaCl, 5 mM KCl, 1 mM CaCl2,
[61, 62]. 2 mM MgCl2, 10 mM HEPES, 10 mM glucose, and 1 �M tetrodotoxin

(pH 7.3).
Whole-Cell RecordingElectrophysiological Assay
Whole-cell voltage-clamp recording was made from large pyrami-Preparation of Dissociated Hippocampal Neurons
dal-shaped neurons using an Axopatch 200A amplifier (Axon Instru-Dissociated CA1 hippocampal neurons were prepared from 5- to
ments, USA) at 21–23	C. The electrodes (tip resistance 3–5 M
)9-day-old Sprague-Dawley rats as described previously [63]. Briefly,
were filled with pipette solution containing 125 mM potassium gluco-minislices (500 �m) of the hippocampal CA1 region were cut in
nate, 20 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and 10oxygenated ice-cold dissociation solution containing 82 mM Na2SO4,
mM EGTA (pH 7.3). The holding potential was �50 mV. Voltage30 mM K2SO4, 5 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH
protocols were provided by pClamp 6.2 software via a DigiData-7.3). The slices were incubated in dissociation solution containing
1200A interface (Axon Instruments). The total K� currents (IT) were3 mg/ml protease XXIII at 32	C for 8 min. The solution was then
elicited by depolarizing command pulses to �60 mV in 10 mV stepsreplaced with dissociation solution containing 1 mg/ml trypsin inhib-
following a hyperpolarizing prepulse of 400 ms to �110 mV. Theitor type II-S and 1 mg/ml bovine serum albumin. The slices were
delayed rectifier K� currents (IK) were elicited by a similar protocolallowed to cool to room temperature under an oxygen atmosphere.

Before recording, the slices were triturated using a series of fire- in which a 50 ms interval at �50 mV was inserted after the prepulse.
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Subtraction of IK from IT revealed the fast transient K� current (IA) of the potassium channel: molecular basis of K� conduction
and selectivity. Science 280, 69–77.[34, 35, 63]. Current records were filtered at 2–10 KHz and sampled

at frequencies of 10–40 KHz. Series resistance was compensated 9. Harvey, A. (2000). Strategies for discovering drugs from pre-
viously unexplored natural products. Drug Discov. Today 5,by 75%–85%. Linear leak and residual capacitance currents were

subtracted on-line using a P/6 protocol. For extracellular applica- 294–300.
10. Hopkins, A.L., and Groom, C.R. (2002). The druggable genome.tion, the compounds were dissolved in external solution. The solu-

tion was directly applied to the recorded neuron using RSC-100 Nat. Rev. Drug Discov. 1, 727–730.
11. Dean, P.M., Zanders, E.D., and Bailey, D.S. (2001). Industrial-Rapid Solution Changer with an 18-tube head (BioLogic Co., France).

For intracellular application, the compounds were isosmotically sub- scale, genomics-based drug design and discovery. Trends Bio-
technol. 19, 228–292.stituted for glucose in pipette solution and diffused into the recorded

neuron immediately after patch membrane ruptured [39]. 12. Shoichet, B.K., McGovern, S.L., Wei, B., and Irwin, J.J. (2002).
Lead discovery using molecular docking. Curr. Opin. Chem.The IC50 values of the compounds were calculated by using the

software Microcal Origin 6.0 [64]. Data are presented as mean � SEM. Biol. 6, 439–446.
13. Schneider, G., and Böhm, H.J. (2002). Virtual screening and fast

automated docking methods. Drug Discov. Today 7, 64–70.Supplemental Data
14. Waszkowycz, B., Perkins, T.D.J., Sykes, R.A., and Li, J. (2001).The LogP values of the K� channel inhibitors in the MDDR database

Large-scale virtual screening for discovering leads in the post-and the top 200 compounds picked from the CNPD database are
genomic era. IBM Systems J. 40, 360–376.shown in Figure S1. Effects of intracellular application of N-methyl-

15. Richards, W.G. (2002). Virtual screening using grid computing:compounds 1–4 on the delayed rectifier K� current (IK) in rat hippo-
the screensaver project. Nat. Rev. Drug Discov. 1, 551–555.campal neurons are shown in Figure S2. The structure superposition

16. Doman, T.N., McGovern, S.L., Witherbee, B.J., Kasten, T.P.,of the 3D model of eukaryotic Shaker K� channel with the X-ray
Kurumbail, R., Stallings, W.C., Connolly, D.T., and Shoichet,crystal structure of KcsA K� channel is shown in Figure S3. The
B.K. (2002). Molecular docking and high-throughput screeningRMSDs between the Sybyl minimized structures and DOCK struc-
for novel inhibitors of protein tyrosine phosphatase-1B. J. Med.tures of the top 200 candidate molecules and the rmsds between
Chem. 45, 2213–2221.the Sybyl minimized structures and AutoDock structures of the 14

17. Lind, K.E., Du, Z., Fujinaga, K., Peterlin, B.M., and James, T.L.
candidate molecules are shown in Table S1. The structures and

(2002). Structure-based computational database screening, in
plant sources of the other ten candidates identified by virtual screen-

vitro assay, and NMR assessment of compounds that target
ing from the CNPD databases that have not been tested by the

TAR RNA. Chem. Biol. 9, 185–193.
electrophysiological method are listed in Table S2. All Supplemental

18. Grüneberg, S., Stubbs, M.T., and Klebe, G. (2002). Successful
Data is available at http://www.chembiol.com/cgi/content/full/10/

virtual screening for novel inhibitors of human carbonic anhy-
11/1103/DC1.

drase: strategy and experimental confirmation. J. Med. Chem.
45, 3588–3602.
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