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Molecular modeling of voltage-gated potassium channel pore
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AIM: To build a structure model for the pore of
voltege-gated Shaker potassiun channel and
examine its validicy. METHODS: (1) Structural
restraints were derived from experimental and
theoretical studies; (2) An initial structural motif
satisfying the derived restraints was first
constructed, and further refined by restrained
molecular mechanies; {3) The quality of the model
was judged by the criterion that whether it could
clarify molecular mechanisms of channel functions
and explain the known experimental facts.
RESULTS: (1) A computer pore structure was
proposed, in which the residues within signature
sequence { corresponding to Shaker 439—446)
dipped into the membrane and formed the narrow
part of the pore in a non-periodic conformation,
while the other residues in the P region constituted
the outer mouth of the pore; (2} The ion selectivity
was achieved through cation-m orhital interaction
mechanism at position 445 and oxygen cage
mechanism at position 447; {3) Different binding
modes led to different affinity of CTX and AgTx2 1o
channel; and {(4) The inside of pore was dominated
by negative electrostatic potential, CONCLU-
SI0ON: The model proposed was consistent with the
derived restraints frem the experimental results.

Voltage-gated K™ channels were tetrameric
integral membrane proteins and responsible for the
propagation and transduction of cellular signals.
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BTSET, MTSES; NMRE, nucleic magnetic resonance; SCAM,
substitured cysteine accessibility method. .
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Each of the subunit consisted of 6 hydrophobic
membrane-spanning segments S1 —56. Mutagene-
sis study had identified that the F region also called
H5, SS1 — 882) between hydrophobic domains S5
and S6 contributed substantially to the formation of
the pore. Mutations in this region greatly affected
the channel properties, eg, ion selectivity,
conductance, sensitivity to channel blockers,

Due to combined application of recombinant
DNA manipulation of channel sequences and high
resolution electrophysical analysis, many structural
features of the pore were revealed recently, such as
the orientation of side chains and distance restraints
among residues in the P region. Unfortunately,
there was no structural information directly available
from X-ray or NMR to date, mainly because of the
difficulty of isolation and
membrane protein.

To shed light on the molecular mechanism of
charmel function, a helical hairpin motif was
proposed in 1995, in which 2 a-helives were
connected by a short loop, with the loop carbonyl
oxygens responsible for jon selectivity'). Another
structural motif was also consttucted with only the
residues on the C — end of pore region lining directly
to the inner wall of porel?’. These 2 models agreed

well o many known facts, but could not explain

crvstallization  of

explicitly the rmutation rtesults on the N-end
residues.

The aim of this work was to propose a more
rational computer model for the pore based upon the
latest known experimental and theoretical results,
so as to enthance our understanding the molecular
mechanism of channel functions and guide further
studies on potassium channel,

MATERIALS AND METHODS

The Shaker pore sequence was defined as the following
siretch of anuno arids:
425 FFESIPDAFWWAVY TM T T VO YGDMT P 450
The aumbering referred ta the sequence of 600 amino
acids that made up a complete a subunit of Shaker K*
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channel.

Reasoning and derivation of structural restraints  The
crude topological arrangement of residues in the P region could
be elucidated and located by multiple sequence alignment™?,
together with results from site-directed mutagenesis. The
conserved residues tended to be buried in the membrane and/
or functionally important, while those residues important for
scorpicn toxin affinity were likely o line the extracellular
entry of the channel, since toxin blocked K* channels with
1:1 swichiometry and covered the K* conduction pathway by
binding to a receptor located near its opening to external
soluticn,

SCAM was widely employed to determine the side-chain
crientations of residues in the pore™® 7. After each
individual residue was mutated to cysteine, the side-chain
projection could be detected by assessing the sensitivity of the
ruwtated channel to thiol-labeling reagents (Ag" or MTSX).
Il its side chain projected to the inside of the pore, the
resulting channel reacted with these sulfhydryl-specific
reagents, and the channel ion selectvity and comductance
changed accordingly.

The relative distances between residues in the pore
forming region were inferred from the structures of mwlecular
probes such as CTX, AgT=2, and KTX. Since these toxins

Tab 1. Procedures for constructing pore initial model.

blocked K* channel pores by binding specifically to a receptor
site located at the external vestibule of the channels, the
identification of specific pairs of interacting partners in the
toxin-channel bound complex led to a picture of the spatial
locations of residues on the stucturally unknown
channelst® ~ 121,

Strategies and procedures Tor modeling The modeling
was performed on  Silicon Graphics Indige XZ4000
werkstations using InsightI1 graphics environment deveploped
by Biosym Technologies (Tab 1).

The initial conformations for residues 425 - 438 and 445
— 449 were designated according to the derived characteristic
of secondary structures. The primary model was further
optimized by restrained molecular mechanics wsing Discover 3
module of InsightIl.
the shape and dimension of the outer mouth of the pore so as
to satisly those restraints obtained. During the minimization,
the hackbone of the e helix was kept fixed, and many distance
restaints were applied { Tab 2.

Validation and assessment of model The quality of the
model was judged by the criterion that whether it could clarify
molecular mechanisms for channel function and explain the
known experimental facts.

The aim of optimization was to adjust

Construet initial templates:

P1 431-438: o-helix; 425 —430;: extended conformaticn
P2 445 — 44%:  [Fstrand
Define alternative axes: P1 P2
Original point : 431 C8 atom 447 Cg atom
X direction atom: 438 8 atom 449 Cg atom
Y plane atom: mass rentroid of 434, 435 CRatems 447 backbone carbonyl oxygen

Oreerlap the two alternative axes of P1 and P2

Copy the template P1 1o P1A, P1B, PIC, P1D; P2 « P2A, P2B, P2C, P2D

Rotate along X axis degree
Shift along the positive Y-direction® nm
Rotate along Z axis? degree

Rotat along X axis® degree
Shift along the positive Y-direction nm

P1A P1B PIC PIC
0.0 90.0 180.0 270.0
0.7 0.7 0.7 0.7
3.0 -53.0 ~53.0 -53.0
PZA P2B P2C P2D

5.0 135.0 225.0 315.0
0.7 0.7 0.7 0.7

Merge P1A, F1B, P1C, F1D, P2A, P2B, P2C, P2D

Generate the conformation of residues 439 — 444 by loop search in Biosym/Homotogy module

' Adjust the relative position of different segments; ? tile the o-helix so as to position residues 431 and 438; ¥ fix the relative

position of subregions P1 and P2.
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Tab 2. Distance resirainis used for optimization. X depotes
the mass centroid of the corresponding residue’s side chain;
The 4 subunits are designated as A, B, C, D in turm, among
which submit A is opposite to snbunit C. Becanse of the
pore symmetry, we do not list the corresponding information
between subunit B and subunit D.

Atom pairs Initial Restraints Final
Awml Awm2 am onstant Distance
K 1
A:d25:X C:425:X 6.95 10.0 3.20 3.21
AA27.X C:427:X  5.52 10.0 3.30 3.27
A:420. X C:429:X 4.06 10.0 3.40 3.40
. -~ i . 0.0
A:445:0C, C:425:C, 1.32 10.0 { relative) 1.39
PR 0.0
Ar445:0; C:425:C 1.12 100.0 (relative) 1.00
A447.C, C:427:C, 1.40 10.0 1.31 1.34
Ad47:C Cd427:C; 1.43  100.0 1.14 1.14
A-448.C, C.448:C, 1.2¢9 10.0 1.25 1.22
A:448:C; C:448:Cy 1.38 100.0 1.18 1.22
A449: X C.449:X 1.43 100.0 1.10 1.10

Dicking scorpion 1oxins CTX and AgTx2 into the
vestibule of the channel was carried outl using Dock/Insightdll
module { Biosym Technologies).  After that, the binding
differences between CTX and AgTx? was examined by
comparing the two resultant complexes. The electrostatic
potential of the pore was calculated by Delphi/Insightll
module { Biosym Technologies . In order to display the
results calculated by Delphi mare clearly, the values of
electrostatic potential were mapped oato five discrete planes
cross-seclioming the channel pore.

RESULTS AND DISCUSSION

Modeling of K* channel pore A complete
sequence alignment revealed that all the K* channels
were highly hemolegous over a stretch of 8 amino
residues corresponding o the sequence
TMTTVGYG in the Shaker voltage-activated K*
channel (Tab 3).

This homologous region, which we referred to
as the signature sequence, probably dipped into the
membrane plane in a nonperiodic conformation from
the extracellular surface and formed the selectivity
filter of pore. Accordingly, the rest of the P region
constituted the outer mouth of the pore. This
structural inference was favored by the fact that
mutations in this region had a diverse effect on

(157 1t was also supported by

channel ion selectivicy
the finding that mutations of numercus residues
outside the signature sequence altered CTX affinity
dramatically'™®

The SCAM results of Shaker channel were
somewhat different from that of Kv2. 1 at certain
positions due to different experimental materials and
methods { Tab 4). Residues F425, K427, D431,
W434, W435, V438, V443, Y445, D447, M448,
T449 projected their side chains into the pore lumen
based upon the SCAM results of Shaker K* channel

while referring to other information {Fig 1.

Skaler numberng 425 431 , 438 445 450
Sequence FFKSIPDAFWWAVVIMTITVEYGDMTP
Oneatica L . L) - s & awa
Secondary structure T akdis

Fig 1. Orientations and secondary strocture of residoes in

the P region-

From the characteristics of the side-chain
orientations, we could easilly gain insight into the
secondary structure motif of the P region. 1t was
obvious that the exposure pattern of residues 431 —
438 was consistent with the a-helical pedodicity
{Fig 1), and that the 3 consecutive residues 447,
448, and 449 were in a non-periodic conformation.

The known scorpion toxins consisted of 37 — 39
amino acids, including 6 cysteine residues. Detailed
NMR structures of CTX, AgTx2, and KTX showed
nearly identical polypeptide backbones maintained
ngidly by 3 disulfide bonds. The entire internal
space of these peptides was filled by those b cysteine
residues, whereas all non-cysteine residues were
surface-exposed and projected into agueous solution.
These structural characteristics made CTX and
AgT=2 particularly well suited to analyze the roles of
individual residues in the toxin-receptor interaction
surface. They favored the likelihood that point
mutants would exert only local effects on toxin
binding. This locality of point mutations underlay
the utility of these toxins as structural probes of the
channels. Hence, the denved distance restraints
between residues in the P region probed by these
toxins were very reliable and reasonable { Tab 5).

These derived physical features for Shaker K*

channel were depicted in Fig 2. The narrow K7
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Tab3. Sequence alignment of P region from different cloned K* channels. The “ - " denotes identity with the topmost
Shaker sequence, while “ =7 denotes a conservative substitution. The consensus sequences for either the Ky Family alone
{below rKv6.1}, or all K* consensus { bottom ). represent posilions that either are completely conserved {upper case} or at
which a single amino acid predominates (lower case).
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431 438 445 450
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Tabd. Accessibilities of residues in P region {SCAM results) “4 ", accessible to external applied solfhydryl reagents;
“(O", mocessible to internal applied sulfhydryl reagents; ‘@, accessible to MISEA probed with AgTx2.

Group Probe 425 431 438 4435 450
Shaker PDAFWWAVVYVTMTTVGYGDMT P
L& and Ml”&l’u} Ag+ A A A A A A A A A
Gross and Shaker F FKSITIPDAFWWAVYV
MacKinnon®! MTSEA . . o . P .
356 362 369 376 381
kEx2.1 I TMTTVGYGDIYPK
Pascual et al ©! MTSX ¥ vvy AAA A
K¥21 KFKSIPASFWWATITMTTVGYGDIYPK
Kitrz et al 1! MTSEA A A AA A
ion conduetion pore abruptly widened at the external channel interaction surface. Similarly, residues

mouth to a pinwheel-shaped plateau with o-helix 447 and 438 were also assumed o be of the same
{431 — 448) tilting in the membrane. Residues height in the pore axis direction, because they were
431 and 449 were all located on the flar toxin- both next to signature sequence which was thought
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Tab 5. Spatial locations of some residues in the pore. The number in parentheses correspord to residue in Shaker channel.

Groups Interacting pairs

Distance away from the

Toxin Shaker pore axis nm
Goldstein et a7’ T8, T9/CTX F425 425.1.3-1.5
Stocker and Miller!19) K11/CTX K427 427: 2.0
WNaranjo and MacKionon' M29/CTX T449 449: abour 0.5
Hidalgo and MacKinnont'2) R24 /ApgTx2 D431 431: 1.2-1.5
Aijar et al™! R24/KTX D386/Kxvl .3 386 (431}: 1.4—1.7
R25/CTX HA04 /Kvl.3 404 (449): 0.45-0.7

Gross and MacKinnon! ¥

380 (425): 1.4-1.6
425, 427, 428, 431, 448: more distam than 449, 438

to dip into the membrane from the extracellular
surface.  These features defined the shape and
dimension of outer mouth of channel. and forined
the base of molecular modeling of K* channel (Fig
3, Plate 1, IA).

Fig 2. Topography of residues in Shaker K* channel pore.

The final structure {Fig 3, IB) was consistent
with the characteristics derived from the
experimental results. The 3 consecutive residues
447, 448, and 449 constituted the entrance of the
pore. The narrowest region of the icn conduction
pathway was formed by four Y445 residues, and the
NH,-end residues in the P region formed the cuter
vestibule, which was large enough to acoomodate
scorpion toxins such as CTX and ApTx2.

Molecular mechanism for ion selectivity For
several decades, the mechanism by which the K*
channel protein selected K™ for permeation had been
a subject of speculation. There were two prevailing
mechanisms suggested so far. One was oxygen cage
mechanism, that was, the selectivity filter bound

potassium  ion by  encapsulating it, four
electronegative oxygen ligands projecting inte the
transmembrane pore, fixed in a rigid geometry to
mimic the waters of icnic hydration. The other was
en face mechanism, in which the = electrons at the
face of aromatic side chain might serve as the
electronegative source for coordination to the

potassiumn ions (Fig 4).

———————————— e ey
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Fig 4. Oxygen-cage mechanism and en face mechanism.

According to our model, it seemed more likely
that the two mechanisms worked in concert. At
position 445, the ion selectivity was achieved
through en face mechanism, while at position 447,
it was carried out by means of oxygen cage
mechanism (Fig 3, II). Given that was the case,
the mutation results on these positions could be
successfully explained and predicted.  According to
our proposed mechanism, mutation Y445F did not
influence K* -xt orbital interaction, and should have
no effect on channel ion selectivity, which was
consistent with experimental resuit!!?, Though
the ion selectivity at position 445 was destroyed after
mutation Y445V, the resulung channel was still
selective for K* over Na™, since another selectivity
filter D447 remained intact!'®. Likewise, it was


http://www.cqvip.com

+ 328 - BIBLID: ISSN 0253-9756

Acta Pharmacclogica Smica & Bl B2 S8

1997 Jul: 18 (4}

observed that mutation D378T ( Kv2.1,
corresponding to D447T in  Shaker ) markedly
altered ion conduction, blockade, and the relative
permeability of K¥ over Na™ , but the ion selectivity
order K > Rb > Cs > Na remained unchanged!™’.
The reason for this was that Y445 retained channel
ion selectivity, Compared with Y445, D447 was
probably more critical for channel ion selectivity. It
was clear that the concerted mechanism for ion
selectivity worked quire well.

Interaction between scorpion toxims and
channel The binding affinity and specificity of
AgTx2 to the Shaker K* channel crucially depended
on three residues R24, K27, and R31. By lar the
most important residue for AgTx2 affinity was K27,
which was physically located on the central axis of
the channel, with the a-amino group of this residue
protruding slightly into the K* conduction pore in
an extended conformation (Fig 3, M B). In
contrast, K27 in CTX was somewhat off the central
axis with its side chain curling (Fig 3, [IA). Asa
result, this residue interacted with channel more
weakly than that of AgTx2.

In addition to K27. the other two tesidues
(R24 and R31) were positioned at two opposite ends
of the AgTx2 along its pore long axis, interacting
with the negatively charged D431 and aromatic
residue F425, respectivley. These two interacting
pairs further enhanced the AgTx2 affinity to channel
(Fig 3, I B). Similar interacting pairs (R25/
D431, K31/1431), which favored CTX binding to
channel, were also found in CTX-channel complex
(Fig 3, M A). Compared with its functional
vounterpart R25 in CTX, the mobility of side-chain
of R24 in AgTx2 was relatively restricted as a result
of its interacting with the aromatic side-chain of
F25. The low mobility was in favor of AgTx2
affinity.

A detailed inspection revealed that residues
M29, R34, and Y36 in CTX {colored in blue) were
all close to Shaker T449 in the bound complex (Fig
3, ITA). Due to steric interaction, these residues
were probably unfavorable to CTX blockade. CTX
inhibited the Shaker K* channel 300-fold weaker
than AgTx2. as oould be easily explained and
understood according to the binding differences

discussed above.  Therefore, the pore model

provided a structural basis for different affinity of
AgTx2 and CTX to the pore entryway of the Shaker
channel. these findings verified the
soundness of our model.

Theoretical  calculation  of
potential It was clear that the inside of the pore
was dominated by negative potential (Fig 3, IVA).
When a K* ion passed through the pore, it should

overcome a certain energy barrier resulting from its

In tum,

electrostatic

electrostatically attractive interaction with the pore.
This electrostatic characteristic of the pore structure
made it suitable for a cation channel.

After muation D447T, we found that the
electrostatic property at the entrance of the entryway
and in the pore altered dramatically (Fig 3, IVB).
The resultant channel ion selectivity, conductance,
and toxin affinity would change greatly™™). More
interestingly, the theoretical calculation results here
also agreed well with molecular mechanism of
channel ion selectivity, which was suggested in the
above discussion.

The electrostatic property of the ion conduction
pathway directly correlated with channel function.
Given that the pore model proposed was valuable, it
should be possible to gualitatively predict mutation
results based upon the electrostatic potential change
in the channel. Here, the electrostatic potential
calculation results confirmed the creditahility of our
model.

Comments on the model According to the
pore model here, the NHz-end residues in the pore
region was relatively close to ion permeation
directly correlating with channel jon
selectivity. This structural feature coincided with
Lipkind's model'?’.
built upon the latest results from SCAM and toxin
studies, it was especially valuable for understanding

pathway,

Since our pore structure was

the bolcking mechanism of scorpion toxins.

The computer model presented here had three
deficiencies. {17} It was composed of the bare pore
region, through which the K* ion was believed to
Any effect from the
remaining amine acids which made up the complete
K* channel was neglected. However, some
residues from 34 — 355 linker and S6 segrmemt
attributed to ion selectivity as well®™).  The pore
model suggested here was not likely to be stable in

transverse the membrane.
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isolation. In actual Shaker K™ channel, it was
possible that the pore structure was stabilized by the
surrounding peptide.  (2) The pore model here was
static., and it was difficult to darify channel dynamic
behavior, such as the dynamic arrangement of the
outer mouth during the C-type inactivation, (3)
The structural restraints for modeling were derived
mainty  from the  pharmocologically  and
electrophysiclogically experimental results. some of
Take the

projection of a residue’s side chain for example.

which were probably questionable.

When a residue was mutated to cysteine. we
detected its orientation by thicl-labeling reagents.
In general, the correct information could be derived,
but it was not always the case. Once mutation
resulied in great conlormational change, we would
prohably draw an erroneous conclusion.  Therefore,
our pore struciure was neither mature nor perfect, it
required further improvements and validarions.
With the accumulation of the experimental data on
voltage-gated K* channels, more detailed and
rational madels were likely to be proposed.

Broadly speaking, the proposed structure was
success/ul in explaining nolecular mechanisms for
charmnel [unction and many experimental results. [t
should be reasonable and useful for guiding further
studies on potassium channels.  More specifically, it
might now be possible to design new agents that
selectively block Shaker channel with the high
affinity characteristic of toxin binding based upon

our madel,
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Kinetic properties of nicotinic receptors in cultured rat sympathetic neurons

from superior cervical ganglia'
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KEY WORDS nicotine; nicotinic receptors;
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sites; patch-clamp techniques

AIM: To analyze the kinetic properties of the effect
of nicotine on nicotinic acetylcholine receptors
(nAChR) in the cultured sympathetic neurons from
neonatal rTat superior oervical ganglia { SCG ).
METHODS: The whole-cell recording method of
patch-clamp technique was used to record the
currents induced by different concentrations of
nicotine. The concentration-response of nicotine was
fitted with Clark equation. RESULTS: Hill
coefficient {1.097) was determined by fitting the
nicotine responses of neuronal nAChR with Clark
equation. The theoretical values of nicotine effect,
calculated with Clark equation with H =1, were
basically identical with the -practically recorded
currents. OONCLUSIONS: Interaction of nicotine
and nAChR in rat SCG fits a single binding site
model.

Analyzing the kinetics of the effect of a drug on
the target recepror is very important for elucidating
reactive

its pharmacological properties and

mechanism. The first model to explain interacting

process of a receptor and its ligand was put forward
by Clark'!, from which a sequential model to

describe  the concentratiocn dependence  of
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acetylcholine (ACh) action was provided'2+3 .

nA + R AnR AnR” (1

In the sequential model 1, a receptor (R} can
be activated by ACh (A} by forming an. inactive
ACh-receptor complex, where AnR and AnR” are
inactive and active agonist-receptor complexes,
is the number of ACh
molecules activating a single receptor channel.
Acoording to the above scheme, the Clark equation
oould be transformed into the following equation:

E =FE, 0 AFAK + AH) (2)

In the equation 2, E = response induced by
nAChR agonist at a given concentration; E_,, = the
largest response of nAChR; A = agonists; K =
constanmt; H = Hil
coefficient, just equating to m in the sequential
mode] 1.

The sequential model is now widely used for
the kinetic analysis of
interaction of end-plate currents and single-channel
currents of muscle nAChR*.  There are 2 ligand
binding sites en the muscle nAChR and 2 molecules

respectively. And =»

equilibrium  dissociation

acetylcholine-receptor

of agonist are required to excite a Teceptor
molecule[s'r’]( ie H=2}. However, in the central
netvous systemn, receptor binding assays have
revealed a single class of binding sites in neurcnal
nAChR(7 -9, Neurcnal nAChR display a
complicated diversity of the structure and biclogical
funetions compared with nAChR in  skeletal
muscles''" . It is still uncertain that whether 1 or 2
molecules of an agonist are required to activate 1

molecule of neuronal nAChR in sympathetic


http://www.cqvip.com

