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The Pore-Lining Region of Shaker Voltage-Gated Potassium Channels:
Comparison of -Barrel and a-Helix Bundle Models

lan D. Kerr and Mark S. P. Sansom
Laboratory of Molecular Biophysics, The University of Oxford, Oxford OX1 3QU, England

ABSTRACT Although there is a large body of site-directed mutagenesis data that identify the pore-lining sequence of the
voltage-gated potassium channel, the structure of this region remains unknown. We have interpreted the available biochem-
ical data as a set of topological and orientational restraints and employed these restraints to produce molecular models of
the potassium channel pore region, H5. The H5 sequence has been modeled either as a tetramer of membrane-spanning
B-hairpins, thus producing an eight-stranded g-barrel, or as a tetramer of incompletely membrane-spanning «-helical
hairpins, thus producing an eight-staved a-helix bundle. In total, restraints-directed modeling has produced 40 different
configurations of the B-barrel model, each configuration comprising an ensemble of 20 structures, and 24 different
configurations of the a-helix bundle model, each comprising an ensemble of 24 structures. Thus, over 1300 model structures
for H5 have been generated. Configurations have been ranked on the basis of their predicted pore properties and on the
extent of their agreement with the biochemical data. This ranking is employed to identify particular configurations of H5 that

may be explored further as models of the pore-lining region of the voltage-gated potassium channel pore.

INTRODUCTION

Despite impressive advances in the determination of the
structure of membrane proteins (e.g., Iwata et al.,, 1995;
Tsukihara et al., 1996) the number of high-resolution struc-
tures remains small. However, for a growing number of
membrane proteins, there is an accumulation of biochemical
and site-directed mutagenesis data that may contain direct
or indirect structural information. For example, site-directed
mutagenesis (reviewed in Hucho et al., 1996) and electron
microscopy (Unwin, 1993, 1995) of the nicotinic acetylcho-
line receptor have identified the pore-lining sequences and
suggested their secondary structural conformation. Further-
more, mutagenesis combined with spin-labeling and fluo-
rescence energy resonance data has suggested possible
three-dimensional models for the transmembrane helices of
Escherichia coli lac permease (Wu and Kaback, 1996). In
this paper we attempt to integrate the results of site-directed
mutagenesis data into molecular models of the pore of the
voltage-gated potassium channel.

Potassium channels are responsible for the selective flux
of potassium ions across the cell membrane of virtually all
organisms (Hille, 1992). They are ubiquitous, being found
in both excitable and nonexcitable cells, and are responsible
for the maintenance of the resting membrane potential, as
well as the hyperpolarization of membranes during action
potentials. Sequences encoding potassium-selective chan-
nels have been cloned from mammals (Frech et al., 1989),
insects (Tempel et al., 1987), plants (Schachtman et al.,
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1992), and bacteria (Milkman, 1994). Potassium channels
have recently been classified into two families on the basis
of their proposed membrane topologies. The voltage-gated
(Kv) family of potassium channels (Gutman and Chandy,
1993) is characterized by a proposed membrane topology of
six transmembrane (TM) a-helices (S1-S6), and a further
transmembrane region HS (sometimes called the P-region or
S$S1-SS2), which is located between S5 and S6. The S4
helix contains a positively charged residue at every third
position and acts as the primary voltage-sensing element.
The inward-rectifier family (Kir) of potassium channels
(Doupnik et al., 1995) has a simpler proposed transmem-
brane topology, with two TM a-helices (M1 and M2) on
either side of a region homologous to H5 (Ho et al., 1993;
Kubo et al., 1993). Thus the M1-H5-M2 region of Kir
channels is believed to be analogous to the S5-H5-S6 region
of Kv channels (Aldrich, 1993). Both Kv and Kir channels
are believed to form tetramers (MacKinnon, 1991; Li et al.,
1994; Yang et al., 1995). More recently, a number of
potassium channels have been cloned with two M1-HS-M2
regions adjacent in their sequence (Ketchum et al., 1995;
Lesage et al., 1996). These may define a further family of
potassium channels.

Currently there are no three-dimensional structural data
for Kv channels that may be used to explain their function.
However, the expression of cloned Kv channels and the
investigation of expressed channels by patch-clamp meth-
ods have made it possible to accumulate a large body of
functional data (Pongs, 1992). Moreover, the expression
and characterization of site-directed mutants, and more re-
cently the application of the cysteine-scanning mutagenesis
technique have produced a considerable body of data
(Brown, 1993). Such data may contain indirect information
on both the structure of the pore domain and the mecha-
nisms underlying voltage gating.
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A substantial number of site-directed mutagenesis studies
have focused on the HS region situated between S5 and S6
in the Kv channel sequence. This 21-residue region is the
most highly conserved sequence within the potassium chan-
nel superfamily. It has been successfully employed as a
target search sequence in automated searches of amino acid
and nucleotide sequence data bases in attempts to identify
novel potassium channels (Ketchum et al., 1995; Lesage et
al., 1996). Mutagenesis data have identified the HS region
as the primary determinant of ionic selectivity and of sus-
ceptibility to the channel blocker tetracthylammonium
(TEA). HS has been found to play a role in Kv channel
block by scorpion protein toxins such as charybdotoxin
(CTX) (MacKinnon and Miller, 1989; Hartmann et al.,
1991; Kirsch et al., 1992; Taglialatela et al., 1993). It has
also been suggested that this 21-residue region spans the
membrane twice, as residues as the start and end of the
sequence lie at the extracellular mouth of the channel, and
residues at the midpoint of HS contribute to the intracellular
mouth of the channel (Yellen et al., 1991; Yool and
Schwarz, 1991). More recently, it has been demonstrated
that residues in the S5 and S6 regions may also be exposed
to the pore (Lopez et al., 1994; Shieh and Kirsch, 1994;
Taglialatela et al., 1994).

The key role of HS in Kv channel function has inspired a
number of molecular modeling studies based on different
underlying structural motifs. Both long-pore (Bogusz et al.,
1992; Jin and Weaver, 1993; Bradley and Richards, 1994;
Lipkind et al., 1995) and short-pore (Durell and Guy, 1996)
models for the H5 region have been proposed. The central
HS region of these has been modeled variously as an anti-
parallel B-hairpin (Bogusz et al., 1992; Bradley and Rich-
ards, 1994), an a-helix-turn-random coil conformation (Du-
rell and Guy, 1996), and a pB-strand-turn-random coil
conformation (Lipkind et al., 1995). Although all of these
models have their merits, it is evident that a somewhat more
wide-ranging and systematic comparison of possible models
is called for.

In this communication we present an alternative, more
automated approach to modeling the Kv channel HS region.
We present an analysis of the current site-directed and
cysteine-scanning mutagenesis, which is interpreted as a
series of restraints that any valid Kv channel model should
satisfy. Two structurally distinct families of Kv channel
pore-region models are generated: 1) eight-stranded B-bar-
rel models, in which each HS unit adopts a membrane-
spanning B-hairpin conformation; and 2) eight-staved a-he-
lix bundle models, in which each HS5 region adopts a
partially membrane-spanning «-helical hairpin conforma-
tion. For each structural class of model (a-helix bundle
versus f$-barrel), a number of different configurations can
be defined. Analysis of the 42 possible B-barrel and 24
possible a-helix bundle configurations identifies the most
plausible models, which can be investigated further as can-
didate structures for the narrowest region of the Kv channel
pore.
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METHODS
Programs

Distance geometry, simulated annealing, and restrained mo-
lecular dynamics simulations were performed using Xplor
version 3.1 (Briinger, 1992), running on a DEC Alphaserver
2100 4/275 or Silicon Graphics Indigo2 workstation. Dis-
tance geometry (DG) calculations were performed with an
all-atom representation (PARALLHDG parameter set), and
simulated annealing and molecular dynamics were per-
formed with extended atoms for nonpolar hydrogens
(PARAM19 parameter set; Brooks et al., 1983). This switch
in parameter sets was justified, because the PARALLHDG
set is parameterized for DG calculations, whereas
PARAMI19 is more suited to conventional MD. Manipula-
tion and visualization of structures was performed with
Quanta v4.0 (Molecular Simulations, Waltham, MA) and
Rasmol v2.6 (Roger Sayle, Glaxo-Wellcome). Pore radius
profiles were calculated with the program HOLE (Smart et
al., 1993), and stereochemistry was analyzed with Procheck
(Morris et al., 1992). Additional analysis was performed
either with Xplor or with programs written in Fortran 77.

Simulated annealing via molecular dynamics

Final models for both B-barrels and a-helix bundles were
generated from templates by simulated annealing via re-
strained molecular dynamics (SA/MD). The generation of
templates for B-barrel models is described below, and the
generation of templates for a-helix bundle models is de-
scribed in the Results. We have adopted the SA/MD pro-
cedure employed to model the leucine zipper of the GCN4
transcriptional activator (Nilges and Briinger, 1991), and
have previously described in detail our implementation of
SA/MD in molecular modeling studies of a number of ion
channel systems (Kerr et al., 1994; Breed et al., 1995, 1997;
Mitton and Sansom, 1996; Sankararamakrishnan et al.,
1996). Briefly, structures were grown from fixed template
atoms (excluding loop template atoms, which were unre-
strained) by molecular dynamics at 1000 K. During this
period, energy terms for bond lengths and bond angles were
gradually introduced, followed by terms for dihedral and
improper torsion angles. Once side-chain atoms had been
generated, loop atoms were released from constraints, and a
repulsive van der Waals potential was introduced as the
structures were slowly cooled to 300 K at intervals of 25 K.
No electrostatic terms were present during this stage. From
each template, m structures were generated by repeat runs of
simulated annealing.

Stage 2 of SA/MD consisted of a 4-ps molecular dynam-
ics simulation during which the temperature was cooled
from 500K to 300K, and template atoms were released from
initial restraints. During this phase electrostatic terms were
also introduced by the scaling of partial atomic charges on
polar and charged side chains from 5% to 42% of their full
values in the PARAM19 parameter set. After cooling to 300



Kerr and Sansom

K, 5 ps of unrestrained molecular dynamics was performed,
followed by 2000 steps of conjugate gradient energy mini-
mization. For each structure generated by simulated anneal-
ing, n structures were generated by independent MD runs,
yielding a total of m X n structures (Kerr et al., 1994).

During SA/MD, restraints were applied to models to
retain the desired configuration. For B-barrel models, re-
straints were as described for distance geometry calcula-
tions (see below). For a-helix bundles, a-helicity was main-
tained by distance restraints between the O atom of residue
i and the H atom of residue i + 4. Target distances for these
restraints were 2.06 + 0.32 A (Baker and Hubbard, 1984).
A single distance restraint with a target distance of 10.5 A
acted between the geometric centers of neighboring a-he-
lices to retain overall bundle structure.

Generation of p-barrel model templates

Distance geometry and simulated annealing (DG/SA) were
employed to generate $-barrel structural templates for fur-
ther refinement by simulated annealing and molecular dy-
namics. Input restraints for DG/SA calculations consisted of
a molecular structure file (which specifies the covalent
structure), dihedral angle restraints, hydrogen bond distance
restraints, and cross-pore distance restraints. In DG/SA,
Ala®' models were constructed (i.e., containing backbone
and CB atoms only) because the experimentally derived
restraints provide no information on possible side-chain
conformations. DG/SA consisted of two stages, an embed-
ding stage and a simulated annealing regularization stage. In
the embedding stage, the restraints (above) are used to
produce a distance matrix for all atom pairs i in the H5
tetramer. One hundred solutions to this matrix were deter-
mined by standard distance geometric methods (Kuntz et
al., 1989) implemented in Xplor (Briinger, 1992). Of these,
~50% were discarded as having the wrong chirality (i.e., in
the case of B-barrels, negative shear numbers; Murzin et al.,
1994). The regularization stage consisted of a short burst of
simulated annealing via molecular dynamics, cooling the
structure from an initial temperature of 2000 K to a final
temperature of 100 K, while increasing the weight applied
to a repulsive van der Waals potential.

Prediction of conductance

Conductances were predicted by treating pores as an irreg-
ular cylinder with radius 7(z) (derived with HOLE; Smart et
al., 1993), filled with an electrolyte of resistivity p. For a
pore running from z = a to z = b, a reasonable approxi-
mation to the electrical resistance of the pore may be ob-
tained by integrating p/(7r%) along its length (Hille, 1992;
Sansom and Kerr, 1995), and the pore conductance obtained
by the reciprocal of this is

b o -
Gpore = J.;;jdz

a
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If the radii at the mouths of the pore are given by r(a) and
r(b), then an access resistance can be written as

L

Gaceess = 4r(a)  4r(b)
The upper limit upon the pore conductance is thus obtained
a8 Gypper = Gpore T Gacess: The value for G, can be

corrected by dividing by a scale factor s, where s is derived
from analysis of ion channels with known structure and
conductance (Smart et al., 1997). A value of s = 5 was
employed to produce values for predicted conductance, i.e.,

Gpred = Guppex/ 5.

RESULTS

Although mutagenesis has been performed on a variety of
Kv channels from different species, we have assumed that
data obtained on, for example, Kv2.1 are applicable to all
Kv channels. The extremely high conservation of the HS
region across the Kv channel family supports the validity of
this assumption. Thus the HS5 sequence from Shaker-A
(Tempel et al., 1987) was employed in all modeling studies:

1 5 10 15 21

P-D-A-F-W-W-A-V-V-T-M-T-T-V-G-Y-G-D-M-T-P

430 450

Pro' and Pro®' correspond to Pro*** and Pro**°, respec-
tively, in the full-length protein. The sequence was blocked
with an acetyl group at the N-terminus and an amide at the
C-terminus to mimic the presence of peptide bonds at either
end of HS in the intact protein.

Interpretation of site-directed and cysteine-
scanning mutagenesis on Kv channels

We have interpreted published site-directed (Table 1) and
cysteine-scanning (Table 2) mutagenesis data on Kv chan-
nels in terms of restraints on possible models. In both tables
we summarize the published data for each residue in the H5
region from Pro' to Pro?!. We have qualified mutagenesis
data either as an orientational restraint, i.e., data that support
the exposure of a residue to the channel lumen, or as a
topological restraint, i.e., supporting the location of a resi-
due at the intra- versus extracellular mouth of the Kv
channel pore.

To indicate the manner in which these data have been
interpreted, let us take a single residue, Val'4, as an exam-
ple. Val'* immediately precedes the characteristic GYG
motif of Kv channels. In a study of the residues of the Kv
channel “signature sequence” comprising the eight residues
TMTTVGYG in Shaker, replacement of Val'* by Ala, Gly,
Asn, or Gln resulted in loss of selectivity for potassium over
sodium, whereas three other substitutions (Cys, Leu, and
Thr) retained normal selectivity (Heginbotham et al., 1994).
A number of studies involving a chimeric channel in which
the H5 region of Kv2.1 was substituted for the HS region of
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TABLE 1 Site-directed mutagenesis of Kv channel H5 region
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Equivalent residue

in Shaker-H5 Mutant Effect Restraint Reference
Pro’ — — —
Asp? Sh D431K Effected block by externally applied TEA E, P (MacKinnon and Yellen,
1990)
Sh D431 Direct effect on CTX block P Pescobar et al., 1993)
Kv2.1/Kv3.1 D372X Contributes to CTX site E, P {MacKinnon and Miller,
1989)
, (Gross et al., 1994)
Ala — — —
Phe* Sh F433Y/S Small effect on selectivity P? (Yool and Schwarz, 1991)
Trp® — — —
Trp® — — —
Alad’ — — —
Val® — — —
val® Kv3.1/Kv2.1 V369L altered Gg,,.. from Kv3.1 to Kv2.1 P (DeBiasi et al., 1993)
Thr'® Sh T439G,S S mutation reduced selectivity, G P (Heginbotham et al., 1994)
nonselective
Met"'! Sh M4401 TEA binding drastically reduced P, 1 (Choi et al., 1993)
Thr'? Sh T441S TEAyr binding reduced LP (Yellen et al., 1991)
Sh T441S8 Gnpas increased P (Yool and Schwarz, 1991)
Sh T4418 Effected block by internal hydroxylamine ILP (Yool and Schwarz, 1995)
Thr'? Sh T442S N-type inactivation decreased I (Yool and Schwarz, 1995)
val' Sh V443X Effected selectivity P (Heginbotham et al., 1994)
Sh/Kv3.1 V443L Switched Gy ., TEA;yr, Ba>* block and P? (Kirsch et al., 1992)
Kv3.1/Kv2.1 V374L Ggp+ from Kv3.1 to Kv2.1 values LP (Taglialatela et al., 1993)
(Taglialatela et al., 1993)
(Taglialatela et al., 1992)
(Aiyar et al., 1994)
TEA [yt altered to Kv1.3 like values (Harris and Isacoff, 1996)
Kv3.1/Kv1.3 V398L Mg>* blocking kinetics reduced. P, halfway
Electrical distance suggested a deep-
pore location
Kv3.1 L401V
Gly'® Sh G444X Nonselective channels P (Heginbotham et al., 1994)
Tyr'® Sh Y445V Reduced selectivity P (Heginbotham et al., 1994)
Sh A445 Loss of selectivity P (Heginbotham et al., 1992)
Gly"’ Sh G446X Nonselective channels P (Heginbotham et al., 1994)
Sh A447 Loss of selectivity P (Heginbotham et al., 1992)
Asp'® Kv2.1 D378T Selectivity reduced, rectification altered P (Kirsch et al., 1995)
Met'® Kv2.1/Kv3.1 CTX sensitivity conferred by Met'® (and E, P (Gross et al., 1994)
M389X also D2 see above).
Thr*® Kv1.3 H401Y Effected block by externally applied TEA E, P (Busch et al., 1991)
Sh T449K Effected block by externally applied TEA E P (MacKinnon and Yellen,
1990)
Sh/Kv3.1 T449Y TEAgxt and Ggy,+ switch from Sh to E, P
NGK2
Kv1.4 K533Y TEAgxt and Ky sensitivity effected E, P (Taglialatela et al., 1994)
Kv1.4 K533Y TEAgyr and Ky sensitivity effected E, P (Pardo et al., 1992)
Sh T449Y or F Fourfold contribution of T449 to external E,P (Ludewig et al., 1993)
TEA site
Sh T449 Direct contribution to CTX binding E (Heginbotham and
MacKinnon, 1992)
Sh T449C High susceptibility to Cd>*/Zn** block P (MacKinnon et al., 1990)
(Escobar et al., 1993)
(Yellen et al., 1994)
ProZl

Notes: Sh, Shaker, other channel nomenclature from Gutman and Chandy (1993); mutations are denoted as follows: T449Y indicates that residue Thr*4?
was replaced by tyrosine, etc. X denotes more than one mutation made at that residue. Effect abbreviations: TEAny/exr. Tetraethylammonium, applied
from the intra- or extracellular mouth of the channel; G,,,,, conductance of ion (K, NHJ, or Rb); CTX, charybdotoxin. Restraints abbreviations as follows:
E, Extracellular mouth; I, intracellular mouth; P, exposed to the channel lumen (pore-lining); NP, not exposed to channel lining. A question mark (e.g.,
for Phe*) indicates a degree of uncertainty in assignment of a restraint.
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TABLE 2 Cysteine-scanning mutagenesis of Kv channel HS region

Equivalent Ag™ probed MTSET probed MTSET probed

residue in Shaker (Lii and Kv2.1 (Kiirz et Kv2.1 (Pascual Suggested

Shaker-HS Miller, 1995). al., 1995). et al., 1995). restraint P,
Pro' Exposed MTSET external Not tested P.E 1
Asp? Exposed Not exposed Not tested P? 2
Ala® Rarely exposed Not exposed Not tested P? 0
Phe* Buried Not exposed Not tested NP 0
Trp® Exposed Nonfunctional Not tested P 1
Trp® Exposed Nonfunctional Not tested P 1
Ald’ Buried Not exposed Not tested P? -1
Val® Buried Not exposed Not tested P? -1
Val® Exposed Not exposed Not exposed pP? 2
Thr'® Not determined Nonfunctional MTSET internal I 1
Met'! Not determined Nonfunctional MTSET internal I 0
Thr'? Not determined Not exposed MTSET internal I 1
Thr'? Not determined Nonfunctional MTSET internal I 0
Val' Exposed Nonfunctional MTSET internal P, 1 2
Gly's Nonfunctional Nonfunctional Not exposed NP? 0
Tyr'® Exposed Nonfunctional Not exposed P 2
Gly"’ Buried Nonfunctional Not exposed NP 0
Asp'® Exposed Nonfunctional MTSET external P, E 2
Met!® Exposed MTSET external MTSET external P,E 2
Thr?® Exposed MTSET external MTSET external P,E 2
Pro?' Exposed Nonfunctional Not exposed P, NP? 1

Notes: Residue “exposures” are taken from the referenced publications. MTSET, (2-trimethylammoniumethyl)methanethiosulfonate bromide. MTSET is
assumed to provide topological information only. Abbreviations as follows: E, Extracellular mouth; I, intracellular mouth; P, exposed to the channel lumen
(pore-lining); NP, not pore-lining; P,, residue exposure index. See text for details.

Kv3.1 indicated that Val'* was the primary determinant of
the differences in internal TEA block and the conductance
ratio Gg/Gg,., between Kv2.1 and Kv3.1 (Kirsch et al.,
1992; Taglialatela et al., 1992, 1993a,b), and the same
residue was identified as being partly responsible for the
different sensitivity to internal TEA displayed between
Kv3.1 and Kv1.3 (Aiyar et al.,, 1994). Additionally, the
effect of residue 14 upon channel block by internal Mg?*
was investigated by Harris and Isacoff (1996). They deter-
mined that the faster blocking kinetics of Kv3.1 (compared
to Shaker) was due to the presence of Val at position 14 in
Shaker-HS, compared to Leu at this position in Kv3.1.
Substitution of Leu at this position into either channel
produced fast blocking, whereas Val at position 14 in either
channel produced slower block (Harris and Isacoff, 1996).
Taken together, these results are consistent with residue 14
being exposed to the channel lumen, in a location close to
the intracellular pore mouth. Recent electrical distance es-
timates suggest a deep-pore location (Harris and Isacoff,
1996). The results are reinforced by cysteine-scanning mu-
tagenesis experiments (Table 2), which demonstrate that
Cys'* (i.e., Val'® being mutated to Cys) is accessible both to
Ag” ions (Lii and Miller, 1995) and to internally applied
methanethiosulfonate reagents (Pascual et al., 1995), and
suggest that Val'* is oriented toward the channel lumen and
is closer to the internal mouth than the external mouth of the
channel. This is denoted by the P (pore-lining) and I (intra-
cellular) in the “restraint” column of Tables 1 and 2.

Similar interpretations for other positions were used to
label each residue in HS with a Positional Index (P;) (Table
2) as follows:

—1: Residue appears not to be exposed to the pore

0: Conflicting data, or no available data

+1: Residue appears to be exposed to the pore by either
Cys-scanning mutagenesis or by site-directed mutagenesis
data

+2: Residue is identified as pore-lining by both site-
directed mutagenesis and Cys-scanning mutagenesis

In the absence of high-resolution three-dimensional struc-
tural data for the pore-lining region of Kv channels, there
are two secondary structural motifs that can be investigated
as possible models for the HS region, namely an eight-
stranded B-barrel and an eight-staved a-helix bundle. Mod-
els for both structural classes are produced and described
below.

Mutagenesis defines 42 possible configurations
of B-barrel

If a B-barrel topology for the HS region is assumed, there
are still a number of variables that must be accounted for
that would give rise to different final models. These param-
eters include the shear number and orientation (described
below), but also the thread of HS onto an idealized B-hair-
pin, i.e., the position of the loop within the sequence and the
length of the B-strands. The thread thus determines which
residues will line the pore of the resultant models. Candidate
threads were examined by threading the H5 sequence onto
idealized B-hairpin templates differing in the number of
residues in the “downward” (N1) and “upward” (N2)
strands, and in the position and number of residues in the
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loop region (N3). N1 and N2 were varied from 6 to 11
residues, whereas N3 was varied from 2 to 4 residues. Thus
each thread is identified by a numerical code N1-N3-N2.
Threads were scored on a residue-by-residue basis by their
agreement with the mutagenesis data interpreted as de-
scribed above. At each position in the thread, a score was
defined as the sum of the following components:

+1 if the orientation of the residue agreed with
mutagenesis

+1 if the topology of the residue agreed with
mutagenesis

0 if no data were available or if agreement was

ambiguous

—1 if the orientation of the residue disagreed with
mutagenesis

—1 if the topology of the residue disagreed with
mutagenesis

Loop residues were excluded from the orientational
score, as a residue within the loop would clearly expose its
side chain to the ion conduction pathway. For similar rea-
sons, the N- and C-terminal proline residues were excluded
from the scoring. The score for a particular topology is
summed over all residues. Sequence threading of H5 to
idealized B-hairpins identifies four threads with the highest

scores (Fig. 1). The four selected threads have scores of

+12, +13, +8, and + 10, respectively, for Fig. 1, A-D, and
the overall range of scores is from —3 to +13. Clearly, none
of these four idealized B-threads shows perfect agreement
with mutagenesis data. In particular, none can have the
pattern of pore-lining and non-pore-lining residues in the
descending strand required for perfect agreement.

In addition to these four identified threads, there are three
additional templates that require consideration. Although
they are similar to three of the threads above, they have
different hydrogen bond requirements and so should be
considered as distinct. The 8-3-9, 7-4-9, and 9-4-7 threads
usually would have a pair of hydrogen bonds between the
residues immediately preceding and following the loop and
would form 3:3 and 4:4 B-hairpins (Sibanda et al., 1989).
However, so-called 3:5 and 4:6 $-hairpins do not have these
hydrogen bonds and thus form a somewhat looser turn
(Sibanda et al., 1989). Threads in which hydrogen bonds are
not required immediately adjacent to the loops are denoted
with the letter L (Loose).

A B-barrel configuration for the H5 region may be thus
defined in terms of three parameters. These are:

1. The thread (discussed above)

2. The shear number of the barrel. The shear number (S)
of a B-barrel is a measure of the angle between the compo-
nent strands and the central barrel axis. Here we define § as
the number of residues moved along a strand A by following
the hydrogen-bonding pattern from residue j on strand A
around the barrel until strand A is reached again (strand A’
in Fig. 2). In this nomenclature a stable eight-stranded
B-barrel can adopt a shear number of 8, 10, or 12 (Murzin
et al., 1994; Sansom and Kerr, 1995).
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FIGURE 1 Threading of Shaker-HS to idealized B-hairpins. H5 was
threaded onto ideal B-hairpins as described in the text. Shown here are the
four highest scoring threads. The four threads are identified by the numer-
ical codes (A) 9-2-9, (B) 8-3-9, (C) 7-4-9, and (D) 9-4-7 (i.e., 9-2-9is a
hairpin where each strand is nine residues in length, with a two-residue
loop at residues 10 and 11 (Thr-Met)). Pore-lining residues are represented
by open circles; shaded circles represent non-pore-lining residues. Loop
residues are boxed. Scores for each residue are given. Where there is both
an orientational restraint and a topological restraint for a particular residue,
the score against the orientational data is given first, i.e., for residue D2 in
thread 9-2-9 (A), the residue disagrees with its orientational restraint
(scores — 1), but agrees with its topological restraint (scores +1). The total
scores for the four threads are (A) +12, (B) +13, (C) +8, (D) +10.

3. The orientation of the component strands around the
barrel axis. The orientation of strands around the barrel
when viewed from the extracellular face can be either
anticlockwise (A) or clockwise (C) (Fig. 2).

Thus, as defined above, there are seven possible threads
(9-2-9, 8-3-9, 9-4-7, 7-4-9, 8-3-9-L, 7-4-9-L, and 9-4-7-L),
three shear numbers (S = 8, § = 10, and § = 12), and two
orientations (anticlockwise and clockwise) that must be
considered. This combinatorial definition of B-barrels leads
to 7 X 3 X 2 = 42 possible configurations of B-barrel to be
explored. Our nomenclature for these configurations is
“shear-thread orientation” (i.e., the configuration S10-
839-LA has a shear number of 10, a thread 8-3-9 with no
hydrogen bonds adjacent to the loop residues, and a anti-
clockwise orientation of strands around the barrel axis).
This nomenclature is simpler than that employed in a pre-



Kerr and Sansom

Extraceliular \AN"- % BN-" bc N ‘e DN-“ e An
j=0'e (o] . (o} o
.O .\O ° O. .O ‘oo. O. .0
O 0 %'p® 0 0 e 5° O
° * 0.0 o °* o O o
0 0 e A% 0 O o * o
* 0% 0 O e’n® 0 O «
O O ¢ 5% 00 e p° 0
[ ] o‘ (o] .o L o.\ (o] .o s
o o ® o O Y \\ o ,0
A /j=12
Intracellutar £t

FIGURE 2 Structural features of 3-barrels. An eight-stranded B-barrel is
represented by a 2D projection of the Ca atoms, such that filled circles
represent pore-lining residues and open circles represent residues facing
the exterior. Subscripts N and C denote the N- and C-termini of HS. The
strand at the far right (i.e., A’} is the same as the first strand. The shear
number of the barrel (S), a measure of the angle between each strand and
the central barrel axis, is identified by following the hydrogen-bonding
pattern around the barrel circumference from residue j = O of the first
strand to residue j = S of strand A’. Thus, in this case, S = 12. Possible
orientations of HS around the barrel axis (clockwise and anticlockwise) are
also indicated.

vious analysis of (3-barrel models of the Kv channel pore
(Bogusz et al., 1992), although that study had an invariant
shear number (S = 8). For example, the configuration here
termed S8-839-LA would correspond to a configuration
T439 CCW 3:5 in the nomenclature of Busath and col-
leagues (Bogusz et al., 1992).

Unique combinations of restraints files define
each B-barrel configuration

For each of the 42 different configurations described above,
a unique combination of restraints files was required in
DG/SA structure generation and SA/MD refinement to gen-
erate ensembles of candidate structures:

1. Dihedral angle restraints. Torsion angle restraints on
the ¢ and ¢ angles of those residues in a B-strand confor-
mation define the thread of a configuration. Target values
are ¢ = —135 (= 30°), ¢ = +135 (£ 30°). For configu-
rations with relaxed hydrogen-bond requirements proximal
to the loop (i.e., L-configurations), the allowed deviations
on ¢, Y of residues adjacent to the turn were increased to
*50°.

2. Intrahairpin hydrogen bond restraints. Distance re-
straints, acting between O atoms and H atoms of residues in
the same HS5 segment, are unique for the thread of a con-
figuration. Target hydrogen bond distances were 1.92 =+
0.15 A (Baker and Hubbard, 1984). For configurations with
relaxed hydrogen-bond requirements proximal to the loop
(i.e., L-configurations), the restraints involving residues ad-
jacent to the turn were removed (Sibanda et al., 1989).

3. Interhairpin hydrogen bond restraints. Distance re-
straints, acting between O atoms and H atoms of residues in
adjacent H5 segments, describe the orientation and shear
number of the B-barrel. Again, target distances were 1.92 =
0.15 A (Baker and Hubbard, 1984).
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4. Cross-pore distance restraints. Distance restraints act-
ing between Cf3 atoms of equivalent pore-lining residues on
opposite sites of the pore reflect the shear number, and were
determined from ensembles of idealized eight-stranded
Ala'® B-barrels (Sansom and Kerr, 1995) with shear num-
bers S = 8, S = 10, and S = 12. The target distances were
10.2 A, 11.0 A, and 11.7 A, respectively.

B-Barrel modeling by DG/SA and SA/MD

Of the 42 configurations, two, S10-749-A and S10-947-LA,
failed to yield any structures after DG/SA. This indicates
that no solutions to the restraints files for these two ensem-
bles with the correct B-strand chirality were possible. The
other 40 configurations yielded between 2 and 100 struc-
tures (Table 3). The degree of structural variation within an
ensemble and the structural consequences of different shear
numbers are evident in Fig. 3. Before side-chain addition of
the DG/SA produced structures, the members of each en-
semble were ranked. Structures 1 were ranked according to
a number of criteria: 1) the number of violations of input
dihedral angle and distance restraints (v;), 2) the backbone
stereochemistry of the models (b;), assessed by the number
of residues in the disallowed region of the Ramachandran
plot as defined by Procheck (Morris et al., 1992), 3) the
fourfold symmetry of the model (r;; defined in Kerr et al.,
1994), and 4) the energy of the model (&;). A normalized
score (T;) for each structure was calculated as follows:

B w/V) + (b/B) + (r/R) + (u/U)
4

Ti=1

where V, B, U, and R are the mean values of v, b, u, r
averaged across all 2784 models in all 40 ensembles. Thus
a T, value of O indicates an “average” structure compared
against all structures in all 40 ensembles. Values for T;
across all members of all ensembles are presented in Table
3. There is also considerable variation in the value of T; for
individual structures within an ensemble. Fig. 4 indicates
typical distributions of T; observed across four ensembles
that share the same thread (9-4-7) and shear number (S = 8),
but differ in terms of orientation and hydrogen-bond re-
straints proximal to the turn. The observed large variation in
T; across ensembles gives rise to (T;) values greater than 0
for most ensembles. At this stage it is possible to tentatively
suggest which threads yield less plausible models of Kv
channel pores. In particular threads 7-4-9 and 9-4-7 yield
fewer structures with 7; < 0 (and their mean T; scores are
also higher) than 9-2-9 and 8-3-9 threads. However, a more
complete ranking of the models was only possible once they
had been refined by the addition of side chains.

Five structures selected from each DG/SA-generated en-
semble were refined by simulated annealing via restrained
molecular dynamics (SA/MD) (Kerr et al., 1994) to add side
chain atoms of the HS sequence to the restrained backbone
(see Methods). Structures were selected at random from
those members of each ensemble that had 7; < 0. Where
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TABLE 3 Scoring of DG/SA generated g-barrel ensembles

Configuration Npg (T) %T; < 0 Tioviny
58-929-A 51 0.16 (0.68) 49 -0.84
$8-929-C 42 0.10 (0.86) 64 —-0.86
$10-929-A 96 0.42 (0.88) 40 -0.72
$10-929-C 99 0.43 (0.97) 43 -0.70
$12-929-A 83 0.18 (0.72) 57 —0.69
$12-929-C 83 0.17 (0.74) 55 —0.70
58-947-A 51 0.27 (0.48) 27 —0.48
$8-947-C 43 0.66 (0.81) 16 —-0.12
$8-947-LA 54 0.43 (0.53) 19 —0.45
$8-947-LC 49 0.30 (0.55) 31 —0.60
$10-947-A 76 0.75 (0.78) 12 —0.32
$10-947-C 32 1.25 (0.63) 0 +0.32
$10-947-LC 98 0.71 (0.62) 10 —0.49
$12-947-A 100 0.70 (0.63) 17 -0.22
$12-947-C 100 0.75 (0.71) 10 -0.23
S12-947-LA 99 0.72 (0.63) 7 -0.36
S$12-947-LC 100 0.53 (0.47) 11 —0.35
§8-749-A 54 0.38 (0.61) 31 -0.47
$8-749-C 53 0.43 (0.59) 28 -0.20
S8-749-LA 47 0.48 (0.66) 47 -0.54
$8-749-LC 52 0.57 (0.76) 19 -0.32
$10-749-C 50 0.68 (0.75) 6 —0.24
S$10-749-LA c 7 0.95 (0.38) 0 +0.33
$10-749-L.C 100 0.76 (0.61) 5 —0.42
S$12-749-A 100 0.57 (0.72) 26 -0.58
S12-749-C 100 0.60 (0.69) 17 -0.52
S12-749-LA 100 0.85 (0.86) 2 —-0.16
S12-749-L.C 100 0.86 (0.54) 4 —0.24
$8-839-A 59 0.32 (0.62) 41 -0.57
$8-839-C 54 0.25 (0.76) 52 -0.78
$8-839-LA 53 0.00 (0.61) 64 -0.86
$8-839-LC 60 0.16 (0.52) 43 —0.69
$10-839-A 5 0.59 (0.61) 40 -0.16
$10-839-C 35 0.55 (0.81) 26 -0.49
S10-839-LA 2 —0.09 (0.41) 50 —-0.50
$10-839-LC 97 0.38 (0.68) 32 —-0.53
S$12-839-A 100 0.44 (0.58) 31 -0.50
S12-839-C 100 0.53 (0.70) 31 -0.61
S12-839-LA 100 0.43 (0.71) 32 -0.61
S12-839-LC 100 0.19 (0.56) 47 -0.70

Npg, Number of structures produced by distance geometry and simulated
annealing; (T;), mean (=SD) score across DG/SA ensemble (see text); %
T; < 0, percentage of structures in DG/SA ensemble with T; < 0; T, n»
lowest T; within the ensemble. Ensembles S10-947-LA and S10-749-A
produced no structures in DG/SA and are thus excluded from this table.

fewer than five members on an ensemble had 7; < O, the
highest ranking five structures were refined. For each of the
selected structures, independent runs of stage 1 (m = 2) and
stage 2 (n = 2) generated ensembles of 5 X 2 X 2 = 20
structures for each configuration. A total of 779 structures
were produced across the 40 ensembles by SA/MD. The
analysis of these models is discussed below.

Twenty-four configurations of a-helix bundle can
be defined

The second structural motif that could underlie the pore
region of the Kv channel is an a-helix bundle. In these
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configurations, each HS segment would form an a-helical
hairpin, thus generating an eight-staved a-helix bundle. As
with f-barrel geometry, there are a number of variables
defining distinct a-helix bundle configurations (Fig. 5):

1. The position of the loop within the HS sequence

2. The length of the loop

3. The overall orientation of helices when viewed from
the extracellular face (i.e., clockwise or anticlockwise)

4. The orientation of the two helices of a helical-hairpin
(6, and 6,), which determine which residues will point
toward the center of the resulting eight-helix bundle

5. The crossing angle between adjacent helices, (2
Parameters 1, 2, and 3 define the “thread” of the a-helix
bundle. Threads were considered with either two-, three-, or
four-residue turns, in which the loop was entirely within the
seven-residue sequence from Val® to Val'®, These limits
were chosen so that each a-helix would contain at least
seven residues (i.e., two complete a-helical turns). Twenty-
four possible configurations are thus defined (listed in Table
5). Each thread is identified by the number of residues in the
turn (T), the residue preceding the turn, and the orientation
of the overall helix bundle. Thus the code T3-Thr10-C
describes a configuration with a three-residue turn compris-
ing residues Met'! to Thr'?, with helices arranged clockwise
when viewed from the extracellular face. For each thread
the optimal combination of (6,, 6,, {)) was determined by a
grid search. Ca templates were generated on a grid with 6,
= 0 to 360°, 6, = 0 to 360°, and {} = —20 to +20°, using
4° intervals for each parameter. Each eight-helix bundle
template (containing only Ca atoms) was scored for its
agreement with the restraints derived from the site-directed
and cysteine-scanning mutagenesis data as follows: for each
residue i, a cross-pore distance R,_; was calculated between
Ca-i on the first H5 helical-hairpin and Ca-i on the third
(i.e., opposite) H5 helical-hairpin. For residues that are
suggested to be pore-lining (Tables 1 and 2), we score A;,
where

Ai = R|_3 - 22

whereas for residues that are suggested to be non-pore-
lining, we score

Ai =28 — R|_3

The values of 22 A and 28 A are obtained from analysis of
the cross-pore Ca distances of idealized eight-helix bundles
(Kerr, unpublished observations). Thus the score for each
(8, 6,, 1) combination is summed over all residues, ZA;.
Thus a (6,, 6,, {2) combination that has Ca atoms oriented
in agreement with the mutagenesis data will have a low 2A;
and vice versa. The range of ZA, values was between 15 and
60. Fig. 6 displays the variation in XA, as a function of (8,,
0,) for a fixed value of () for the thread T3-Thr10-A. It is
clear that the global minimum occurs at 6, = 190°, 6, =
180°, and there is a local minimum at 8, = 300°. The global
minimum in (6,, 6,, {}) was employed as the starting Ca
model for SA/MD.
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FIGURE 3 Distance geometry-generated ensembles. Five structures from the ensembles $8-929-C (A, B), $10-929-C (C, D), and S12-929-C (E, F) are
shown as superimposed Ca traces. A, C, and E are parallel to the channel axis with the extracellular face uppermost, and B, D, and F are looking along
the pore axis from the extracellular mouth. The increasing shear number is visible as an increase in the tilt of strands to the channel axis (A, C, E) and a
shorter but wider pore.

Ensembles of a-helix bundle structures were generated a-helicity, and thus the thread, was maintained by distance
from Ca templates by simulated annealing via restrained restraints between the O atom of residue i and the H atom of
molecular dynamics (Kerr et al., 1994). During SA/MD, residue i + 4. A single distance restraint acted between
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FIGURE 4 Ranking of distance geometry-generated ensembles. The
normalized score (see text) is plotted for four ensembles, sharing a com-
mon thread and shear number. For each ensemble, between 40 and 55
structures were generated by distance geometry and simulated annealing.
Structures satisfying most of the input dihedral angle and distance re-
straints, while maintaining good stereochemistry and high symmetry, have
T; values less than 0. Thus the $8-947-C ensemble has seven structures
with T; < 0, whereas the other three $8-947 ensembles have ~15-20. Five
structures with 7; < 20 are selected for side-chain addition and further
refinement.

neighboring a-helices, and there were no distance restraints
across the pore lumen. For each Ca template, independent
runs of stage 1 (m = 6) and stage 2 (n = 4) generated
ensembles of 6 X 4 = 24 structures for each configuration.
The variation across an a-helical ensemble is evident in Fig.
7, which represents the entire T2-Thr10-A ensemble as a
ribbon diagram. Although there are some highly symmetri-
cal structures (for example, the structure indicated by an
asterisk), there are also many structures in which some
helices become almost perpendicular to the channel axis
(for example, marked by a # in Fig. 7).

Analysis of g-barrel and a-helix bundie models
of (H5),

The modeling procedures described have given rise to 64
ensembles of models for the pore-lining HS region of Kv
channels, 40 with an eight-stranded S-barrel architecture,
and 24 with an eight-helix bundle. The total number of
models is 1355, comprising 779 B-barrel models and 576
a-helix bundle models. To identify candidate models for
further refinement studies, it is necessary to compare the
ensembles and rank them.

Ensembles could not be ranked by evaluation of their
energies. There is virtually no difference in the mean total
potential energy of the ensembles (data not shown). The
interaction energy (i.e., the nonbonded energy between ad-
jacent HS segments, which stabilizes the HS tetramer) is
considerably more favorable for B-barrels than a-helix bun-
dles (not shown), reflecting the hydrogen-bond network that
defines the B-barrel. However, interaction energies could
not be employed to rank within the a-helical or B-barrel
configurations.
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FIGURE 5 Construction of initial a-helix bundle ensembles. The H5
unit is represented as an a-helical hairpin. Four parameters can be varied
to generate alternative Ca templates for a-helix bundles before simulated
annealing via restrained molecular dynamics. The parameters are as fol-
lows: (A) The orientation of each helix in the hairpin about its long axis (0,,
0,). Each helix is represented as a cylinder viewed looking down the long
axis. (B) The crossing angle between adjacent helices ({2). (C) The orien-
tation of the overall helix bundle. Each helix is represented as a circle. A
®© corresponds to a helix pointing from the intracellular side to the extra-
cellular side, and a ® corresponds to a helix pointing from the extracellular
to the intracellular side. Shown is the anticlockwise orientation viewed
from the extracellular face.

As potential energy cannot be used to rank ensembles, we
have analyzed a number of geometrical properties that may
be useful in ranking configurations and present the data in
Tables 4 and 5. The stereochemical quality of the peptide
backbone (B), a measure of the number of residues in the
less favorable regions of the Ramachandran plot, indicates
that the two-residue turns in B-barrels introduce some strain
into the backbone at this point that is not seen for the
four-residue turns (Table 4). In a-helix bundle configura-
tions, the length of turn is uncorrelated with B. It is clear
that the a-helix bundle configurations (Table 5) have a
much higher degree of variation across an ensemble with
RMSD values for backbone atoms between 2.7 A and 3.6 A,
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FIGURE 6 Scoring of initial Cer templates. Combinations of (6,, 8,, ()
were generated by grid searching, and each template was scored as de-
scribed. Preferred combinations of (8,, 6,, £2) for each thread are identified
by contour plots. Displayed is a contour plot of score versus (,, 6,) for a
constant value of 0 = —12° for the thread T3-Thr10. The solid line is the
contour indicating the lowest score (i.e., preferred combination of (6, 6,),
SA;, = 16), while other contours reflect poorer agreement. The global
minimum occurs at 8, = 188°, §, = 178°, and there is a local minimum at
6, = 300°. A combination of 8, = 0° and 8, = 0° orients the hairpins such
that the pore-lining faces of the a-helices are defined by residues Phe®,
Ala’, and Gly'®.

whereas (-barrel ensembles show less backbone variation
with RMSD values between 0.9 A and 1.8 A. This reflects
the presence of multiple restraints between adjacent
B-strands (i.e., inter- and intrahairpin hydrogen-bond re-
straints). This also produces structures with a higher degree
of foyrfold symmetry (meim R, for B-barrel ensembles is
5.1 A, compared to 8.8 A for a-helix bundle ensembles;
Tables 4 and 5). It should be noted that we have not imposed
symmetry during the modeling. Although Kv channels are
homotetrameric proteins, there is no evidence that side-
chain or loop conformations obey exact fourfold rotational
symmetry. Such structural properties are, however, still
insufficient for ranking ensembles, although they could be
employed for ranking individual members of a particular
ensemble (i.e., the structure with the highest degree of
fourfold symmetry, combined with a stereochemically cor-
rect backbone). Instead, ranking by comparison of predicted
and experimental pore properties was employed.

Pore radius profiles and predicted conductance
of Kv channel models

Predicted properties of the H5 models can be compared to
experimentally obtained characteristics of Kv channels.
Pore radius profiles were calculated for all members of all
ensembles using the program HOLE (Smart et al., 1993).
The results are presented in Tables 4 and 5 and in Figs. 8
and 9. Two trends are evident from these data. First is an
increase in minimum pore radius with shear number for
B-barrels, as is illustrated in Fig. 8. The S = 8 configuration
(Fig. 8, A and B) has a mean minimum pore radius across
the ensemble of only 0.50 *+ 0.18 A, which increases in the
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FIGURE 7 Ribbon representation of a T2-Thr10-A ensemble. Structures
generated in stage 2 of SA/MD from the same stage 1 structure form the
rows of the figure. The highlighted structures indicate a highly symmetrical

structure (*), and a structure in which component a-helices become less
perpendicular to the membrane plane (#).

S = 10 ensemble (Fig. 8, C and D) to 0.80 = 0.42 A, and
to 1.15 + 0.45 A for the S = 12 ensemble (Fig. 8, E and F).
The second evident trend is the greater pore radius of
a-helix bundles compared to B-barrels. Indeed, all of the
eight-helix bundle configurations have a higher minimum
pore radius than the -barrel ensembles. There is, however,
considerable variation between the helix bundle ensembles
in pore radius. Fig. 9 depicts three configurations with a low
(1.71 + 0.85 A), medium (2.55 * 0.81 A), and high (3.26 +
1.28 A) minimum pore radius. It should be noted that the
variation in pore radius within the a-helix bundle ensembles
is considerably greater (reflecting the higher RMSD of these
ensembles), but also that the pore is considerably shorter.
From Figs. 8 and 9 it can be seen that the narrow region of
the pore extends for some 20—25 A in B-barrel models, but
for only 10-15 A in a-helix bundle ensembles. Although
this may seem unlikely in the context of membrane-span-
ning pores (given that the thickness of the lipid bilayer is
~30 A), it should be remembered that the HS region is in
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TABLE 4 Properties of g-barrel ensembles
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Configuration Noeetine B Ry (A) RMSD, (A) Roin (A) Grea (0S) M
$8-929-A 20 16.0 (5.3) 2.8(0.4) 0.93 0.57 (0.22) 25 -0.25
$8-929-C 20 13.6 (4.2) 2.6(0.2) 0.89 0.52(0.39) 25 -0.23
$10-929-A 20 11.8 (2.5) 5.3 (0.9) 0.93 0.50 (0.29) 1.9 -0.25
$10-929-C 20 124 (4.5) 5.2(0.3) 0.88 0.63(0.29) 35 -0.22
$12-929-A 19 12.0 (3.8) 5.3(0.3) 0.96 0.83 (0.34) 4.8 —-0.26
$12-929-C 20 10.0(3.2) 54(04) 0.89 0.65 (0.38) 4.0 -0.27
$8-947-A 20 103 (2.7) 4.4 (0.6) 1.5 0.53 (0.33) 2.1 -0.25
$8-947-C 20 8727 4.3 (0.5) 1.3 0.54 (0.20) 24 -0.21
S8-947-LA 20 82(34) 4.1(0.8) 1.4 0.58 (0.17) 24 -0.22
$8-947-LC 20 6.7 (3.4) 3.9(0.5) 1.4 0.54 (0.20) 24 —-0.24
S$10-947-A 20 89(2.7) 5.9(0.5) 1.4 0.76 (0.30) 33 -0.24
$10-947-C 20 9.4 (2.7 7.0 (0.8) 1.8 0.72 (0.30) 35 -0.29
S$10-947-LC 20 6.2 (2.8) 5.7(0.5) 1.3 0.80 (0.42) 3.8 -0.24
S$12-947-A 20 9.8(2.8) 6.4 (0.4) 1.5 1.15 (0.45) 7.8 -0.24
S$12-947-C 20 9.22.2) 5.7 (0.6) 1.3 0.86 (0.44) 5.4 -0.23
S$12-947-LA 20 9.5(3.3) 6.1 (0.6) 1.5 0.97 (0.47) 6.3 -0.22
$12-947-L.C 20 7.73.6) 5.7(0.5) 1.3 1.02 (0.33) 6.3 -0.22
S$8-749-A 20 11.5 (0.36) 4.0 (0.6) 1.5 0.54 (0.34) 2.7 -0.09
$8-749-C 20 114 (3.5) 4.0(0.5) 1.5 0.46 (0.39) 2.2 —0.06
$8-749-LA 20 9.0(3.3) 4.2 (0.6) 1.6 0.55 (0.26) 2.8 -0.12
$8-749-LC 18 10.8 (4.7) 4.4(0.8) 1.6 0.59 (0.23) 2.8 —0.09
$10-749-C 20 11.3(3.6) 6.4 (04) 1.5 0.58 (0.32) 3.6 -0.11
S10-749-LA 20 154 (4.7) 7.0(0.6) 1.8 0.72 (0.35) 4.5 -0.07
S$10-749-LC 20 84(3.9) 5.8(0.5) 1.4 0.52 (0.28) 35 -0.10
S12-749-A 20 8.2(5.1) 6.1(0.5) 1.4 0.68 (0.25) 4.6 -0.10
$12-749-C 20 59(3.5) 6.0 (0.6) 1.4 0.72 (0.24) 4.6 -0.14
S12-749-LA 20 12.3 (3.6) 6.6 (0.6) 1.7 0.75 (0.28) 52 -0.07
S$12-749-LC 20 6.2(3.2) 6.2 (0.5) 1.5 0.85 (0.31) 5.6 -0.10
S$8-839-A 18 12.3(3.3) 3.0(0.4) 1.1 0.60 (0.33) 2.1 -0.32
$8-839-C 20 12.8 (4.4) 3.0(0.5) 1.0 0.42 (0.18) 1.8 -0.36
S$8-839-LA 20 13.1(5.1) 3.3(0.49) 1.1 0.58 (0.22) 2.2 -0.40
S$8-838-LC 17 14.0 (5.9) 3.2(0.6) 12 0.50 (0.18) 1.9 -0.34
S$10-839-A 20 12.5 (4.1) 5.6 (0.6) 12 0.56 (0.25) 2.6 -0.36
S10-839-C 19 7.6 (4.0) 53(0.5) 1.1 0.52 (0.31) 24 -0.35
S10-839-LA 8 12.1 (6.0) 5.4 (0.6) 12 0.49 (0.24) 24 —0.40
S$10-839-LC 20 12.5(3.7) 5.9 (0.6) 1.3 0.61 (0.20) 2.8 -0.42
S$12-839-A 20 8.8 (3.5) 5.6(0.3) 1.1 0.82(0.27) 42 -0.36
$12-839-C 20 8.2(4.9) 59(0.5) 12 0.57 (0.23) 34 -0.38
S12-839-LA 20 8.1(2.8) 5.8(0.3) 1.1 0.71 (0.31) 39 -0.37
S12-839-LC 20 8.5(2.8) 5.8(04) 1.1 0.75 (0.27) 4.5 -0.37

Niefine» Number of structures produced during sidechain addition; R,,,, mean self RMSD (Kerr et al., 1994); RMSD,, root mean square deviation of

ref

backbone atoms; R,,;,, minimum pore radius of ensemble; B, stereochemical quality of peptide backbone, defined as B = a + 2b, where a and b are the
percentage of residues in the “generously allowed” and “disallowed” regions of the Ramachandran plot (Morris et al., 1992); M, agreement with
mutagenesis. Ensembles $10-947-LA and S10-749-A produced no structures in DG/SA and are thus excluded from this table.

contact with/surrounded by the other transmembrane seg-
ments of the Kv channel (such as S5 and S6), which would
thus shield the short pores of the a-helix bundle models
from the outer lipid environment.

We have employed pore radius profiles to produce esti-
mates of the ionic conductances (G4 of the H5 region
models and present the data in Tables 4 and 5, with distri-
butions of G4 for a-helix bundle and B-barrel configura-
tions presented in Fig. 10. G4 values were calculated with
a resistivity of 0.775 Qm, which is equivalent to 100 mM
KCl solution (Atkins, 1994). The experimental conductance
of Shaker channels is ~19 pS in 100 mM KCI (Hegin-
botham and MacKinnon, 1993; Taglialatela et al., 1994).
Predicted conductances for B-barrel models are rather low

compared to the experimental value, with the majority of
ensembles having G,y = ~2-5 pS, although the S12-
947-A ensemble has G .4 = 7.8 pS. In contrast, the a-helix
bundle ensembles have predicted conductances greater than
the experimental value, although four ensembles (T2-
Val8-C, T2-Val9-A, T4-Val8-C, and T4-Thr10-A) all have
G preq Values of 20-25 pS. Although the pore radius profiles
and G4 values (Figs. 8 and 10 and Table 4) of B-barrel
ensembles are rather low, it should be remembered that
these models are produced in vacuo. Molecular dynamics
studies of a number of channel models containing explicit
water molecules within the pore have demonstrated that the
pore radius (and thus G,,,.4) tends to increase upon solvation
(Breed et al., 1996; Kerr et al., 1996; Mitton and Sansom,
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TABLE 5 Properties of a-helix bundle ensembles
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Configuration B Ry (A) RMSD, (A) Roin (A) Gorea (PS) M

T2-Valg-A 29(2.9) 7.1(1.3) 2.7 2.39 (0.82) 30.4 ~0.19
T2-Val8-C 11.3 3.0) 7.6 (1.7) 29 2.05(1.18) 24.0 —0.25
T2-Val9-A 7.7 (4.1) 8.4 (1.5) 3.1 1.71 (0.85) 21.0 -0.38
T2-Val9-C 6.5(2.9) 8.6 (1.3) 32 2.55 (0.81) 36.0 -0.44
T2-Thr10-A 7.2(4.2) 8.5 (1.4) 32 2.22 (0.95) 28.8 -0.20
T2-Thrl0-C 5827 10.1 (1.4) 3.6 2.92 (0.73) 426 -0.26
T2-Metl1-A 2.4 (2.6) 9.8(1.2) 36 3.30 (1.00) 532 -0.22
T2-Met11-C 14.4 (3.1) 8.8 (1.5) 3.2 3.24 (1.01) 46.6 -0.14
T2-Thri2-A 8.3(3.3) 9.3 (1.5) 33 3.43 (1.02) 53.0 -0.35
T2-Thri2-C 13 (2.6) 8.8 (1.3) 3.2 3.26 (1.28) 448 —0.42
T3-Val8-A 7.7(5.5) 8.4(1.2) 3.1 2.32 (1.03) 29.8 -0.05
T3-Val§-C 13.1 (2.3) 8.4 (1.4) 3.1 2.45 (0.96) 31.8 —-0.03
T3-Val9-A 11.0 (3.0) 93 (1.4) 3.4 2.09 (0.84) 27.0 -0.05
T3-Val9-C 47(3.2) 8.5(1.4) 3.1 2.75 (0.90) 404 -0.16
T3-Thr10-A 8.2(3.8) 9.4 (1.6) 3.4 2.53 (0.96) 34.0 -0.20
T3-Thrl0-C 6.3 (3.1) 84(1.2) 3.1 2.67 (0.99) 37.2 -0.19
T3-Metl1-A 75@3.7) 9.7 (1.5) 3.6 3.17 (0.77) 44.4 -0.21
T3-Met11-C 12.1 4.9) 9.6 (1.4) 35 3.14 (0.79) 40.6 -0.25
T4-Val§-A 6.0 (3.7 9.2 (1.5) 3.4 2.39 (0.82) 272 —0.08
T4-Val8-C 114 (3.8) 7.8(1.2) 3.0 2.05 (1.18) 320 +0.01
T4-Val9-A 7.2(3.6) 89(1.7) 34 1.71 (0.85) 324 -0.13
T4-Val9-C 9.5(3.5) 8.6 (1.3) 3.3 2.55 (0.81) 240 -0.03
T4-Thrl0-A 12.3 (3.9) 9.2(L.7) 3.4 1.97 (0.85) 234 -0.26
T4-Thr10-C 78 (3.7 8.7 (1.3) 3.2 2.33 (0.85) 314 -0.26

Ryym» RMSDy; R, B, M, defined as in Table 4. Ensembles contain 24 structures.

1996). Extended MD simulations on Kv channel models
with intrapore water molecules, designed to determine
whether this may be true for 8-barrel models, are under way
(Ranatunga, Kerr, and Sansom, unpublished observations).
Furthermore, the G4 calculations are conducted on mod-
els that omit additional elements which may contribute to
the pore (e.g., the S5 and S6 segments; Lopez et al., 1994;
Shieh and Kirsch, 1994; Taglialatela et al., 1994). However,
the value of G4 depends to a large extent on the narrowest
region of the pore (i.e., that defined by HS5), and thus
incorporation of S5 and S6 into further molecular models is
not expected to significantly effect conductance calculations.

Overall ranking of models versus experimental
mutagenesis data

To rank the 64 ensembles, we must compare their fit to the
experimental data. For this comparison we must identify the
pore-lining residues of every model in each ensemble.
Clearly, a visual inspection of all 1355 models would be
somewhat time consuming. Instead, automatic identification
of pore-lining residues was achieved by calculating the
center of mass of the backbone atoms of each residue, and
the center of mass of the side-chain atoms of each residue.
For a given residue, if the center of mass of the side chain
is closer to the pore axis than the center of mass of the
backbone, then this residue is flagged as pore lining. Thus,
for each of the 64 ensembles we could identify the percent-
age of times a residue i is exposed to the pore, expressed as
the Exposure Index, e;.

Each ensemble is then scored for the agreement of ¢; with
P,, the Positional Index for residues within H5 determined
from analysis of site-directed and cysteine-mutagenesis data
(Table 2). Because e; values are on a scale of O to 1, and P;
values range from —1 to +2 (Table 2), the former are
normalized to be on the same scale as P;. Then, for each
residue i in a given ensemble, the agreement between the
normalized exposure index, E;, with the positional index, P;,
is defined as M,, where

Mi = |El - P,|—1.5

as demonstrated in Table 6. It should be noted that in the
following discussion we refer to a “high-scoring bundle” as
one with good agreement with the mutagenesis data (i.e., a
low value of M). The score (M) for each ensemble is
presented in Tables 4 and 5, with distributions plotted as
histograms in Fig. 11. No ensemble shows perfect agree-
ment with the biochemical data. A perfect agreement would
yield a score of —1.50, whereas random agreement would
correspond to a score of +1.50. The data indicate that
B-barrel ensembles tend to show slightly better agreement
with the data (mean M = —0.24 = 0.10) than «a-helix
bundle configurations (mean M = —0.20 * 0.12). Interest-
ingly, the agreement over the first half of the HS5 region is
considerably better for a-helix bundle configurations than
for B-barrels, whereas the converse is true for the C-termi-
nal half of HS. For the two examples shown, the N-terminal
and C-terminal scores per residue for S12-839-LA are
—0.33 and —0.56, respectively, and for T2-Val9-A the
scores are —0.82 and +0.49, respectively.
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FIGURE 8 Refinement of B-barrel models by simulated annealing and molecular dynamics. (4, B) $12-947-A; (C, D) S10-947-LC; (E, F) S8-839-LC.
The pore radius (Smart et al., 1993) is plotted as a function of the distance along the pore axis (z) averaged across all 20 members of the ensemble (A, C,
E). The corresponding structure diagram is of a representative structure (with a high degree of fourfold symmetry) viewed from the extracellular mouth.
The minimum pore radius increases from $8-839-LC (R,,,, = 0.50 A) to $10-947-LC (R,;, = 0.80 A) and $12-947-A (R, = 1.15 A).

Analysis of highest-scoring ensembles

Fig. 12 presents a detailed analysis of the pore-lining resi-
dues in three selected ensembles. We present the data for
structures selected from the highest scoring B-barrel ensem-

ble (S10-839-L.C; Fig. 12 A), from the B-barrel ensemble
with the highest G .4 (S12-947-A; Fig. 12 B), and from the
highest scoring «-helix bundle ensemble (T2-Val9-C; Fig.
12 C). Representative structures are those whose score (or,
in the case of S12-947-A, whose G,,q) is close to the
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FIGURE 9 «a-Helix bundle ensembles. Pore radius profiles are calculated with the program HOLE (Smart et al., 1993) and are displayed as the pore radius
calculated along the pore axis (z), averaged over the 24 members of each ensemble. A representative structure with a high degree of fourfold symmetry
selected from each ensemble is shown from the extracellular side. (A, B) The T2-Thr12-A ensemble has a minimum mean pore radius of 3.4 A.(C, D) The
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ensemble mean. Residues are colored on the basis of their The S10-839-LC model selected shows good agreement
M; values from red (good agreement) to cyan (poor  for pore-lining residues and is lined (and indeed constricted)
agreement). by the aromatic residues Phe*, Trp®, and Tyr'®, of which the



596 Biophysical Journal

12 T T T T T T
[ ]
9t 4
g
1=
o
L
3-|7 i
0 [
3

4 5
Gpred (pS)

Frequency

0
15 20 25 30 35 40 45 50 55 60
Gpred (pS)

FIGURE 10 Predicted conductance of final ensembles. Conductance
was estimated from pore radius profiles as described in the text. Distribu-
tions are shown with a 0.5-pS interval for 3-barrel configurations (A) and
in with a 5-pS interval for a-helix bundle configurations (B).

tyrosine appears to play a key role in channel selectivity
(Heginbotham et al., 1992, 1994). The extracellular mouth
of the model is lined by a ring of eight aspartic acid residues
that have been demonstrated to be functionally important in
CTX and TEA binding (MacKinnon and Miller, 1989;
MacKinnon and Yellen, 1990), and the intracellular mouth
is lined by threonine residues (Thr'® and Thr'?), the latter of
which forms part of the internal binding site for TEA
(Yellen et al., 1991) and hydroxylamine (Yool and Schwarz,
1995), whereas the former may have a role in the determi-
nation of selectivity (Heginbotham et al., 1994). Residues
that disagree with mutagenesis data include Trp® and Val®,
the orientations of which (non-pore-lining and pore-lining,
respectively) disagree with data obtained by cysteine-scan-
ning mutagenesis (Lii and Miller, 1995), which suggests the
opposite orientation for both residues. Val'®, discussed
above, is both exposed to the pore (e; value over the en-
semble is 0.94) and located ~75% of the way through the
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pore, i.e., close to, but not directly at, the intracellular mouth
of the channel.

The considerably wider S12-947-A ensemble (the model
in the figure has a pore radius of 1.47 A) shows poorer
agreement with the mutagenesis data. In particular, Phe* is
now non-pore-lining, which disagrees with data indicating a
possible role in ionic selectivity (Yool and Schwarz, 1991),
but agrees with Cys-scanning mutagenesis data at the same
residue (Kiirz et al., 1995; Lii and Miller, 1995). Addition-
ally, Asp'®, although pore-lining, is deep within the pore,
which is in conflict with the accessibility of this residue to
external MTS reagents when mutated to Cys (Pascual et al.,
1995).

The model selected from the highest scoring helix bundle
ensemble (T2-Val9-C) is shown in Fig. 12 C. The lumen of
the pore, which has a minimum radius of 1.2 A, is con-
stricted by Metl1 at the intracellular mouth and is lined by
the aromatic rings of Phe'® and Trp®. Again, there is a ring
of aspartic acid residues at the extracellular mouth contrib-
uted by Asp'®, although this ring is not as exposed as in the
S510-938-LC model described above. The other Asp residue
(Asp?) is not exposed in the T2-Val9-C model (e; 0.25),
which is in conflict with mutagenesis data on this residue,
which demonstrate that it is a site of interaction with exter-
nally applied TEA and CTX (MacKinnon and Miller, 1989;
MacKinnon and Yellen, 1990; Escobar et al., 1993; Gross et
al., 1994). The threonine side chains of residue 12 line the
intracellular mouth of the channel, in agreement with mu-
tagenesis experiments (Yellen et al, 1991; Yool and
Schwarz, 1995). An additional conflict with mutagenesis
data is the orientation of Val'®, which has an ¢; value of 0.5
in this model (and 0.27 across the ensemble), contrary to its
identification as a pore-lining residue by both cysteine-
scanning (Li and Miller, 1995) and site-directed mu-
tagenesis (Kirsch et al., 1992; Heginbotham et al., 1994)
experiments.

Tables 4 and 5 identify a number of other ensembles that
could be candidates for further refinement studies. Of the
B-barrel models, it is evident that the ensembles based on an
8-3-9 thread have higher scores than other B-barrel models,
and thus selected 8-3-9 models will be the subject of con-
tinuing modeling studies. Of the a-helix bundle models,
additional high-scoring ensembles are T2-Val9-A, T2-
Thr12-A, and T2-Thr12-C. However, of these, the latter two
have very high predicted conductances and pore radii that
are difficult to reconcile with high K* selectivity, given the
crystal radius of a K* ion, 1.33 A (Moore, 1972). Such
analyses suggest that further simulation studies may con-
centrate on B-barrel models rather than on a-helix bundle
models.

DISCUSSION
Critique of the methods

There are a number of underlying assumptions in our inter-
pretation of the site-directed mutagenesis and cysteine-scan-
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TABLE 6 Scoring ensembles
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S$12-839-LA
Sequence D2 A3 F4 W5 Wé A7 V8
P; 2 0 0 1 1 -1 -1
e 0.91 000 091 000 084 000 0.89
E, 1.73 -1.00 1.73 -1.00 1.52 -1.00 1.67
M; -123 -050 023 050 -098 -—150 1.17
T3-Val9A
Sequence D2 A3 F4 W5 wé A7 V8
P 2 0 0 1 1 -1 -1
& 072 000 003 0.89 0.68 0.01 0.42
E; 116 -1.00 -091 1.67 1.04 -097 0.26
M; -066 —-050 -059 -083 -146 -147 -024

T12 T13 Vi4 GI5 Y16 G17 DI8 M19  T20
1 0 2 0 2 0 2 2 2
091 0.00 091 091 081 091 091 0.00 091
1.73 -1.00 1.73 1.73 143 1.73 1.73 —-1.00 1.73
-077 -050 -123 023 -093 023 -1.23 1.50 -1.23
T12 Ti3 Vi4 G15 Y16 G17 DIS8 M19  T20
1 0 2 0 2 0 2 2 2
0.06 0.81 0.03 1.00 068 1.00 0.00 0.06 0.69
~0.82 143 -091 2.00 1.04 200 -100 -082 1.07
032 -0.07 141 050 -0.54 050 1.50 1.32 —-0.57

P;, Positional

index for each residue in H5 determined from site-directed and cysteine-scanning mutagenesis data; e;, exposure index (see text); E,,

normalized ¢; values (to be comparable to P; values); M;, residue score = | normalized E; — P; | — 1.5. The score for the ensemble (M) is given by ZM/N,
the number of residues. Note that loop residues and proline residues are not included in the calculation.

ning mutagenesis data that should be discussed. First, we
have assumed that all mutagenesis data are the result of a
direct effect, i.e., that mutations do not unduly perturb the
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FIGURE 11 Agreement of ensembles with site-directed mutagenesis
data. Ensembles were scored as described in the text. The frequency
histogram was calculated with a bin width of 0.05. The distributions are
shown in A for B-barrel configurations and in B for a-helix bundle
configurations.

structure of the Kv channel. Although it seems unlikely that
this is the case for all mutations made in the HS region, it is
an unavoidable assumption to make as we are unable to say
unequivocally that a particular mutation must be acting via
an indirect structural perturbation. Second, we have inter-
preted data from many different Kv channels as restraints on
models of the Shaker Kv channel. This is valid, given that
there is a very high degree of conservation in the H5 region
between Kv channels from a variety of species (Tempel et
al., 1987; Frech et al., 1989; Schachtman et al., 1992,
Milkman, 1994), suggesting that the conformation of H5 in
different Kv channels is the same. Third, we do not draw
any inferences from null mutations (i.e., mutations that
result in the failure of a channel to express). This seems a
necessary assumption to make, as again we cannot be sure
why such a mutant does not express. It may be due to a
critical disruption of the channel-lining region, but it may be
due to an effect on the overall structure of the channel or
resulting from, e.g., a defect in the processing of the newly
synthesized protein.

In addition, we have made two assumptions regarding the
structure of the H5 region, viz., that HS adopts a regular,
defined secondary structure for its entire length (i.e., either
an eight-stranded B-barrel conformation or an eight-staved
a-helix bundle conformation) and that models of HS gen-
erated in the absence of the remainder of the TM region of
the protein are valid. The first assumption was made on the
grounds that among high-resolution structures for integral
membrane proteins, there are no examples of disordered
transmembrane structure, with the exception of the L3 loop
in porins (Weiss et al., 1991). Although this loop penetrates
the porin lumen, it must be remembered that porins are
generally nonselective proteins with large, water-filled
pores, an environment in which the L3 loop could fold in a
nonrepeating conformation. The extremely high selectivity
of Kv channels suggests a narrower pore in which less water
would be available for the hydration of exposed backbone
hydrogen bonding atoms. Thus the adoption of a regular
secondary structure in which all backbone hydrogen-bond-
ing groups are satisfied (either by inter-HS5-subunit interac-
tions in the case of B-barrels, or by intra-HS-subunit inter-
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FIGURE 12 Analysis of pore-lining residues of selected ensembles.
Representative structures from the highest scoring -barrel ensemble (S10-
839-LC) (A), largest Gprcd B-barrel ensemble (S12-947-A) (B), and highest
scoring a-helix bundle ensemble (T2-Val9-C) (C) are displayed as viewed
from the intracellular mouth of the channel. Residues are colored for their
agreement (M,) with mutagenesis data as follows: red, —1.50 < M; <
—0.90; gold, —0.90 < M, < —0.30; lime, —0.30 < M; < +0.30; green,
+0.30 < M, < +0.90; cvan, +0.90 < M; < +1.50. Residues that are not
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actions in the case of a-helix bundles) would be preferred.
However, in the current study, we have not addressed the
question of local distortions (e.g., B-bulges) in otherwise
regular secondary structural models that may produce en-
sembles with lower M values (Kerr and Sansom, unpub-
lished observations). Our assumption that models of H5 can
be generated in the absence of the remainder of the protein
is likely to be valid, as we are simply investigating whether
there are sufficient site-directed mutagenesis data to deter-
mine the conformation of the HS region. We do not present
the HS models as definitive models of the Kv channel pore
and discuss further refinements of the models in a later
section.

Modeling from biochemical data

In this paper we have attempted to produce objective mo-
lecular models in the absence of any structural data by
employing restraints derived from site-directed mutagenesis
data. We have shown that site-directed mutagenesis exper-
iments can be interpreted as topological and orientational
restraints and can be combined with secondary structural
restraints to produce a small number of candidate models
for Kv channel pores. A common question in both globular
and membrane protein structure prediction is how accurate
modeling can be in the absence of structural information. It
has been demonstrated that Ca-Ca distance restraints de-
rived from identification of the residues contributing to
nonoverlapping, functional epitopes could be employed to
screen structural models for human growth hormone (Jin et
al., 1994). Such restraints were able to reduce 1388 plausi-
ble models to 4, which final models showed an RMSD to
the known structure of 4.2 A. A related study by Lund and
colleagues suggested that knowledge of secondary struc-
ture, combined with known disulfide arrangements and as-
signment of surface-exposed residues, could be employed to
produce accurate predictions of protein structure only when
a single additional distance restraint for each residue in the
protein was included in an empirical energy function (Lund
et al., 1996).

The application of restraints derived from biochemical
and low-resolution structural data to predict membrane pro-
tein structure has been demonstrated by a study of bacte-
riorhodopsin (bR) (Herzyk and Hubbard, 1995). This group
interpreted site-directed mutagenesis data, sequence vari-
ability data (Donnelly et al., 1993), and interhelix loop
lengths as a set of positional and orientational restraints on
the seven TM helices of bR. In addition, helix positional and
orientational restraints were interpreted from low-resolution
electron microscopic data (Henderson and Unwin, 1975).
Incorporation of these restraints into a Monte Carlo simu-

scored (i.e., prolines and loop residues) are displayed in white. The back-
bone is displayed in white for 3-barrel models (A, C) and is represented in
ribbon form in the a-helix bundle model (C).
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lated annealing protocol, employing a reduced representa-
tion of amino acids, produced a model with an RMSD of 1.9
A to the high-resolution structure of bR (Herzyk and Hub-
bard, 1995).

The application of restraints derived from electron mi-
croscopic data has also been demonstrated for the pore-
lining region of the nicotinic acetylcholine receptor. Low-
resolution data for the closed (Unwin, 1993) and open
(Unwin, 1995) states of the receptor were interpreted in
terms of helix axis restraints. By using SA/MD (Kerr et al.,
1994), ensembles of models have been produced that are
compatible with these restraints and satisfy the results of a
large number of biochemical and site-directed mutagenesis
experiments (Sansom et al., 1995; Sankararamakrishnan et
al., 1996).

We have demonstrated that in the absence of high-reso-
lution structural information, biochemical data can be inter-
preted in the form of restraints to screen a large number of
putative models, thus identifying a set of candidate models
for further modeling studies. However, it seems that the Kv
channel pore structure is still underdetermined by the avail-
able data, and that further distance restraints will be re-
quired. Such distance restraints could be derived from a
number of sources, including spin-labeling studies (Wu et
al., 1996), solid-state NMR spectroscopy (Smith and
Peersen, 1992), or disulfide bridge cross-linking (as dem-
onstrated for mapping of helix-helix contacts in rhodopsin;
Yuetal.,, 1995). Alternatively, experiments that estimate the
distance between electrostatically interacting residues on
CTX and residues in the Kv channel outer vestibule must be
used to map the contacts between CTX and the channel
(Naranjo and Miller, 1996). The recent determination of the
structure of the inactivating “ball” peptide by NMR spec-
troscopy should form the basis for similar experiments to
“map” the binding site of the “ball” peptide at the intracel-
lular mouth of the channel (Antz et al., 1997).

Comparison with in vitro studies of isolated
HS5 peptides

A number of studies have concentrated on the structure and
function of synthetic peptides corresponding to the HS5
region of Kv channels (Peled and Shai, 1993; Haris et al.,
1994; Shinozaki et al., 1994). The secondary structure has
been quantified by circular dichroism (CD) and Fourier-
transform infrared spectroscopy in a variety of aqueous and
hydrophobic media, and the potential of HS to self-associate
(Peled and Shai, 1993) and form ion channels in planar lipid
bilayers (Haris et al., 1994; Shinozaki et al., 1994) has been
documented. The results of such studies have been some-
what ambiguous, as might be anticipated if the secondary
structure of the HS5 region is determined, in part, by its
macromolecular environment. HS has been reported to con-
tain a high fractional a-helical content in micelles (Haris et
al., 1994) and a high percentage of B-sheet content in
aqueous solution and in liposomes (Shinozaki et al., 1994).
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A CD study of peptides containing the N- and C-terminal
halves of the HS region, respectively, suggested that in
trifluoroethanol/water, the N-terminal segment adopted a
predominantly a-helical structure, whereas the C-terminal
region had no defined structure (Peled and Shai, 1993).
Furthermore, peptides corresponding to the P-regions from
the four repeats of the eel voltage-gated sodium channel
have been demonstrated to have an environment-sensitive
secondary structure (Cosette et al., 1997).

Comparison to other models

It is of interest to compare our models with those produced
in several previous studies of Kv channels. In principle, our
method of restraints interpreted from site-directed mutagen-
esis data is similar to that employed in a study of B-barrel
models of the HS region performed earlier by Busath and
colleagues (Bogusz et al., 1992). This group produced 12
models for the H5 region, all containing an eight-stranded
B-barrel. In all cases the shear number (§) was 8, and the
variables were the position and number of residues in the
turn, and the overall orientation of the barrel (i.e., similar to
our clockwise and anticlockwise distinction). It is notewor-
thy that these models, which were generated using restraints
derived from only a handful of experimental studies, iden-
tified a plausible $-barrel model that would correspond to
our S8-839-LA ensemble (Bogusz et al., 1992), a configu-
ration that we have shown still possesses a high degree of
agreement with the more extensive mutagenesis data. Ad-
ditional eight-stranded -barrels have been constructed by
homology modeling to the S = 8 B-barrel of superoxide
dismutase (Bradley and Richards, 1994). However, from the
published data it is not possible to determine precisely the
thread of this model, although the pattern of pore-lining
residues indicates that it is equivalent to our 9-2-9 or 9-4-7
threads. The B-hairpin model of Jin and Weaver (1993),
constructed employing distance restraints to maintain resi-
dues 2 and 20 (in our current nomenclature) in a pore-lining
orientation, appears to be a thread of 7-4-7 (i.e., similar to
our thread 9-4-7), with the N-terminal ends of HS region
unrestrained, to allow residue 2 to be directed toward the
lumen. The shear number and orientation of this model are
again not deducible from the published data.

Both classes of our models («-helix bundle and B-barrel)
are somewhat more distinct from the mixed secondary
structural models of Kv channel pores that have been pre-
sented (Lipkind et al., 1995; Durell and Guy, 1996). In their
continuing studies on modeling voltage-gated channels
(Guy and Durell, 1995), Guy and colleagues have gradually
refined the HS region of the Kv channel to be consistent
with the bulk of the available mutagenesis and pharmaco-
logical data (Durell and Guy, 1992, 1996). Their current
model bears some similarities to ours in that the HS region
does not fully traverse the lipid bilayer. Rather, the N-
terminal half of HS (residues —1 to 12 in our sequence; see
Results) is modeled as an a-helix, thus satisfying the label-
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ing periodicity of the cysteine-scanning mutagenesis exper-
iments (Li and Miller, 1995), although this helix is not
directly lining the pore, whereas the C-terminal half is
modeled as random coil for residues 13 to 16, with residues
17 to 19 (Gly-Asp-Met) in a short 3,, helix (Durell and
Guy, 1996). This model also presents multiple possible
potassium ion-binding sites within the pore, in agreement
with the multiion nature of potassium channels (Perez-
Cornejo and Begenisch, 1994). The other model incorpo-
rating mixed secondary structure is that of Fozzard and
colleagues (Lipkind et al., 1995). This model incorporates
the N-terminal segment of H5 as a B-strand, with the
C-terminal half in the conformation B-og-oy -ag-a; (where
oy and ag denote the left-handed and right-handed a-helical
region of a Ramachandran plot) for residues Val-Gly-Tyr-
Gly-Asp, respectively, thus exposing five consecutive back-
bone carbonyl oxygens to the pore.

Both of these models incorporate the glycines of the
C-terminal half of HS in nonrepeating secondary structural
conformations, reflecting the prevalence of glycine in
B-turns and as a traditional secondary structural breaking
residue (Richardson and Richardson, 1989). However, the
presence of glycine does not preclude regular hydrogen-
bonded secondary structures. Indeed, we note that in the E.
coli outer membrane porin, 11 of 16 B-strands contain at
least one nonterminal glycine residue, and that the B-hairpin
comprising $-strands 9 and 10 of these porins contains six
glycine residues in a regular antiparallel hydrogen-bonded
conformation (Cowan et al., 1992).

Extensions to the modeling

We have identified a number of configurations of HS tet-
ramers (both a-helix bundie and $-barrel) that have a high
degree of agreement with the original mutagenesis data and
have a predicted pore conductance comparable to that ob-
tained for Shaker Kv channels. These models will be ex-
tended in a number of ways. First, the pore properties of the
models will be investigated in greater detail by performing
molecular dynamics simulations in which the channel lu-
men is solvated by water molecules. These simulations will
thus “refine” the models and allow a detailed analysis of the
dynamic and structural features of water molecules within
the pore. As we have shown for a number of other systems,
MD refinement in the presence of water may result in an
increase in pore radius over that of unsolvated models
(Breed et al., 1996; Kerr et al., 1996; Mitton and Sansom,
1996). Preliminary simulations indicate that this may also
be true for the B-barrel models of Kv channels (Ranatunga,
Kerr and Sansom, unpublished observations), with a con-
comitant increase in G4 to values closer to the experi-
mentally determined 19 pS. Simulations can also be per-
formed in the presence of ions to investigate the selectivity
of the models (Roux, 1996; Singh et al., 1996). The H5
region models that we have produced require the addition of
the remainder of the TM region (i.e., the helices S1-S6). We
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have developed a Monte Carlo simulated annealing method
to automatically pack TM helices into bundles (Son and
Sansom, 1996) and have extended this method to allow the
generation of models for S1-S6 with fourfold symmetry and
with a hole large enough to accommodate the HS models
described. The results of these simulations will be presented
elsewhere (Son, Kerr, and Sansom, manuscript in preparation).

In summary, we have demonstrated how restraints can be
derived from site-directed mutagenesis data, and how such
restraints can be used to screen a large number of candidate
models for the Kv channel pore. Refinement of the models
is under way, although more powerful structural restraints
may be required to further discriminate between a small
number of candidate models.
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