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ABSTRACT. The crystal structure of the pore-forming part of the KcsA bacterigdsKlective channel
suggests a possible motif for related voltage-gated channels. We examined the hypothesis that the spacial
orientation of the KcsA M1 and M2-helices also predicts the backbone location of S5 and S6 helices

of the voltage-gated Nachannel. That channel's P region structure is expected to be different because
selectivity is determined by side-chain interactions rather than by main-chain carbonyls, and its outer
vestibule accommodates relatively large toxin molecules, tetrodotoxin (TTX) and saxitoxin (STX), which
interact with selectivity ring residues. The Nahannel P loop was well-modeled by thehelix-turn-
B-strand motif, which preserves the relationships for toxin interaction with thé d&fennel found
experimentally. This outer vestibule was docked into the extracellular part of the inverted teepee structure
formed by the S5 and S6 helices that were spacially located by coordinates of the KcsA M1 and M2 helix
main chains [Doyle et al. (199&cience 28069—74], but populated with side chains of the respective

S5 and S6 structures. van der Waals contacts were optimized with minimal adjustment of the S5, S6, and
P loop structures, forming a densely packed pore structure. Nonregular exterrial®8 P-S6 segments

were not modeled here, except the $6 segment of domain Il. The resulting selectivity region structure

is consistent with N& channel permeation properties, offering suggestions for the molecular processes
involved in selectivity. The ability to construct a Nahannel pore model consistent with most of the
available biophysical and mutational information suggests that the KcsA structural framework may be
conserved in voltage-gated channels.

Voltage-gated K, Na*, and C&" channels belong to a cal data, the extracellular segment between S5 and S6 of
structurally homologous superfamily of voltage-gated chan- each subunit or domain is proposed to fold back into the
nels @). Each channel-type is characterized by a highly membrane to form the outside mouth of the pore and part
selective permeability for specific ions.*Kchannels dis-  of the ion-conducting pathway. This segment is called the P

criminate almost perfectly against Neand C&" under  |oop, and it includes the channel’s selectivity filte).(
physiological conditions. Nachannels discriminate against

C&" and K' ions in ratios of at least 0.1. At physiological . :
concentrations, Ga channels exclude permeation by Na A resolution the pore st+ructure of a bacteriaf Ishann_el :
and K, although they are permeable to monovalent cations "@med KcsA 1). This K™ channel has the characteristic
at low divalent ion concentrations. All of the cloned voltage- Selectivity of voltage-gated Kchannels, but it is not voltage
gated channels share the common transmembrane topologicf€Pendent. The protein subunits contain only two membrane-
motif of four homologous domains or subunits (1, 11, Ill, and  SPanning segments M1 and M2. Four subunits form a 4-fold
IV), each of which is composed of six transmembrane Symmetrical conducting pathway, lined by a “teepee” of
segments (S1S6) (3—5). The voltage-gated channels have converging M2 transmembrane helices. The P loops between
characteristic S4 segments that contain positively chargedthe four sets of M1 and M&-helices are arranged together
amino acids at every third position, conferring their voltage to form the selectivity filter of the channel, which is a 12 A
sensitive property. On the basis of biophysical and biochemi- long ard 3 A diameter pore. In the P loop, the main-chain
carbonyls of four highly conserved amino acid residues
" Supported by Grant PO1-HL20592 (H.A F.) and a grant from the (| v Of the signature sequence) face the pore, and their
American Heart Association Midwest Affiliate (G.M.L.). side chains face outward into the protein. This selectivity
* To whom correspondence should be addressed. region structure was originally implied by mutational data

le?]_epartment of Biochemistry and Molecular Biology, The University (7), and the motif of five main-chain carbonyls facing the
0 icago.

Recently, MacKinnon and co-workers have solved at 3.2
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transmembrane segments of the KcsA channel subunit; TTX, tetrodo- SEIECtIVIty sequence Is arrhelix, resultingn a P loop wit

toxin; STX saxitoxin;u1, adult skeletal muscle Nachannel isoform. the motif of ana-helix-turn-nonregular extended strand.
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Structural and experimental evidence favor the idea that diameter, corresponding to the sizes of TTX and STX. The
the KcsA channel is an evolutionary predecessor of the six- outer opening of the vestibule must be this wide because
transmembrane segment family of voltage-gatédKannels the toxins enter the vestibule and interact directly with several
(10, 11). The M2 a-helices of the four KcsA P subunits, of the selectivity ring residues within the vestibulle3(17).
which would correspond to the S6 segments in voltage-gatedThe P loops were arranged in a clockwise pattern, although
K* channels, form the central pore with an inverted teepee the alternative counterclockwise pattern has also been
or cone structure. The pore-helices that precede the proposedd, 27, 28). The basis for the clockwise choice is
selectivity filter signature sequence in the P loops are 2-fold. First, this arrangement is most compatible with
positioned between M2 helices of neighboring subunits. The docking of the guanidinium toxinsly). Second, contact
outer M1a-helices, corresponding to S5 of the voltage-gated points between amino acids residuegafonotoxin, which
channels, face the lipid phase of the membrane. Denseis a 22-amino acid peptide toxin, and the outer ring of
packing of the helices and the P loops provides the residues of the Nachannel outer vestibule (Glu-403, Glu-
nonbonded contacts that hold the tetramer together. An758, Asp-1532, and Met-1240) according to mutant cycle
important structural feature of the P loop is that it confers analysis are most consistent with the clockwise arrangement
rigidity to the channel’s selectivity region. of the four domainsZ9).

It is likely that voltage-gated Nlachannels have evolved The structural motif for the C-terminal part of P loops of
from K* channels by gene duplicatiod), suggesting the  domains IV of the Na" channel in our original model is
intriguing possibility that some general features of their in accordance with the pattern of fractional electrical
transmembrane helical structures may be similar. However, distances into the membrane field that were determined by
to account for their different permeation and selectivity the voltage dependence of €dlock of cysteine-substituted
properties, the outer vestibules of the pores and the selectivitymutants in corresponding position30(-32). The proposal
filters must obviously be different. For the Nahannel, the that the DEKA selectivity filter residues are part of a turn
side chains of a restricted number of amino acid residues,and change of direction of the P loops proposed in our model
instead of main-chain carbonyls, form the selectivity filter has been supported experimentally. The amino acid residue
(13—18). Specifically, a series of point mutations in P loops positions in the C-terminal parts of all of the P segments
of Na" channels identified residues intimately related to are deepest in the electric field for the DEKA selectivity
sodium conductance, selectivity, and interaction with the filter residues (e.g., 0.32 for Asp-400), and this depth
pore-blocking guanidinium toxins, TTX and STX. Amino decreases monotonically toward the C-terminus, as in our
acid homology alignment distinguishes a cluster of four original model in which these segments wgrstrands 23).
highly conserved amino acids in the same relative positions The residues of the vestibule’s external charged-+iGu-
in the P loops of domains—IV that participate in the 403, Glu-758, Asp-1241, and Asp-1532 demonstrate only
formation of the selectivity filter-Asp-400, Glu-755, Lys-  shallow voltage dependence, consistent with their more
1237, and Ala-1529 (DEKA motif) (numbers of thd adult superficial location. Cysteine substitutions of the N-terminal
skeletal muscle channel). Other nearby residues have alsgarts of the P loops show either noZdr methanesulfonate
been reported to influence selectivity more modestly, (  block from inside or outside or are more shallow than the
20). DEKA ring, implying that they are removed from the pore

It has been difficult experimentally to resolve the molec- or are partially buried in the proteir82). However, these
ular interactions responsible for selectiviiyg( 21). Analysis results for the N-end segments of the P loops preceding the
of the molecular basis for permeation and selectivity of the selectivity filter provide no direct structural insight into its
voltage-gated Na channels would benefit from crystal secondary structure.
structures of the appropriate regions. However, because of We originally proposeds-hairpins for the secondary
their size and less symmetrical structure, it is unlikely that structure of the P loops because they provided us with stable
such crystal structures will be available soon. Molecular structures for docking of the pore-blocking toxins in the
models based on primary structure, rules of protein secondarymolecular model. However, another plausible alternative for
structure, and intuition from biophysical studies have yielded the secondary structures of both Nand C&" channel P
important insights into channel structure and helped to guide loops is thea-helix-turn{-strand motif ¢ arches) 83),
experimental studies( 9, 22). We previously described a  which would be more consistent with the P loop motif of
molecular model of the outer vestibule of the™Nzhannel the KcsA channel 1). Given their probable common
that was formed by the binding surfaces for TTX and STX, ancestry, it is likely that the voltage-gated channels have a
which are small, structurally defined pore-occluding toxins similar arrangement of their P loops, as originally proposed
(23). This model was based on site-directed mutagenesis dataon structural grounds by Guy and Cor@).(Here we examine
(13, 24) and the structures of the guanidinium toxib) the implications for Na channel pore structure of using the
It consisted of four 10-amino acid segments, one from each a-helix-extended strand motif for the P loop and the KcsA
of the four P loops. Our predicted P loop secondary structure channel teepee structure for the S5 and S6 transmembrane
wasf-hairpins, based on protein structural rul2g)( These segments. The S556 segments vary substantially in length
were not arranged ag@barrel, but radially, with the C-ends  between domains, and somewhat less between isoforms. The
forming the inner walls of the pore and the N-ends outside domain | S5-S6 segment is longest-(00 residues) and
to face the protein. These four P loops partially traversed contains consensus glycosylation sites. The domain H S5
the membrane and created at the bottom of the vestibule aSé6 is the shortest, with 53 residue®l), The P loops are a
narrow region formed by the side chains of the DEKA small, quite conserved part of the entire-S86 segments,
residues. The shape of the modeled vestibule was roughlyand we consider 24 residues from each domain as the P
conical, with a wide outer opening about 402 A in loops. The less homologous S56 segments outside the P
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Ficure 1: Alignment of amino acid sequences of P loops of
domains +1V of the Na" channel 41 isoform). The numbering
corresponds to the P loop of domain I. Residues of the selectivity
filter DEKA motif are enclosed in a box. Two other highly
conserved residue locations are also highlighted. At the bottom,
the bar labeled: represents the proposeghelical region, angs
represents thg-strand region.

loops were not included in the model because of lack of
experimental constraints on their structures, except for
domain Il P-S6 segment, for which some data are available
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forms summarized by Goldin5), position 394 and its
equivalent in the other domains has only phenylalanine or
in a few cases leucine, and position 402 and its equivalents
has only tryptophan, except for a proline in the unusual
second heart isoform that has never been expressed. The
hydrophobic character of these sequences N-terminal to the
selectivity filter residues and the high proportionoehelical
forming residues (Ala, Leu, Phe, and Me2g( 35) encour-
ages their modeling ae-helices 9, 36). Moreover, the
preference of Asp, Glu, and Asn for the N-terminus and Arg,
Lys, and GIn for the C-terminus af-helices allows their
extension to 382397. The first question is does thishelix-
turn-strand motif form an appropriate structure for the P loops
of the voltage-gated Nachannel?

The a-helix-turn{-strand motif is a common type of

(see later). P loops were aligned and organized into thestructural organization, with a hydrophobic residue on one

o-helix-turng-strand structures, with thg-strands facing
the pore. The four P loops were assembled radially with the
same relationship of the C-terming-strands that was
required for formation of the guanidinium toxin sitez3).

The P loop backbone motifs were assumed to have 4-fold

side of theS-strand fitting into a hydrophobic pocket in the
o-helix (33, 37). In this motif, two interacting bulky
hydrophobic residues (usually Leu, Val, lle, or Phe) are well
conservedrthe first is inside the last turn of the-helix and
the second is at the beginning of thestrand in the second

symmetry, despite the specific residue differences betweenposition. An example of such a polypeptide sequence is
the domains. The S5 and S6 segments were aligned and th@ositions 55-74 in nuclease3g) with interaction between
backbones were assigned the identical coordinates as the Mihe a-helix Val-66 with lle-72 of the3-strand. Ino3-arches

and M2 segments of the KcsA channel. The P loops were with short turns, these hydrophobic residues usually occupy
then added to the inverted teepee structures of transmembranghe first and seventh positions in the amino acid sequences.
segments organized in a clockwise pattern, permitting denseUnexpectedly, there is a tendency for Gly residues in the
packing of the amino acid residues. This procedure allowed aj-fragments to be located not only in turns, but also

us to reconstruct a closed model of the outer vestibule of
the Na channel with P loops of domains-1V inside and

preceding a bulky hydrophobic residue inside fhstrands
(Gly-228 before Trp-229 in triose phosphate isomer&8 (

transmembrane segments S5 and S6 outside. The modefsee also Table 2 in re87). The residues between the

predicts the spacial relationship between the residues df Na
channel that are known to be critical for selectivity and
permeation, for comparison with its sieving properties and
the experimental studies of selectivity alteration by mutation.

MATERIALS AND METHODS

Modeling was accomplished in the Insight and Discover
graphical environment (Biosym Technologies, Inc., San
Diego, CA) as previously describe@3). Energetic calcula-
tions utilized the consistent valence force field approximation.
For minimization procedures, the steepest descents an

conjugate gradients were used. Because much of the muta

tional data are from the adult skeletal muscle isofout)(

of the Na channel, residue modeling and the residue

numbering will be according to that isoform. The regions

modeled are highly homologous, and any isoform differences
will be noted.

RESULTS AND DISCUSSION

P Loops.Alignment of the P loop amino acid sequences
of Na" channels %) by the putative selectivity filter residues

o-helices and theg-strands (Thr-398, GIn-399, and Asp-
400 in domain 1) form the turn region of the P loops.
Although -strands of3 motifs often participate in forma-
tion of 5-sheets ofs-barrels, as in the case of triose phosphate
isomerase39), they often exist as single extended strands.
One such example is an exterastrand of the B-chain of
insulin (B24-B28), interacting with the preceding-helix
(B9—B19) (40).

In the proposed:-helix-turn{-strand model for P loops,
the first residues on the N-terminal sections of the extended

Osegments facing the pore are the selectivity filter residues

(which also participate in formation of the turns). Then, there
is a conserved Trp in the second position of efedtrand
(e.g., Trp-402 of domain 1), except for domain I, where the
analogous residue is lle. Thg-structure 55-74 of nuclease
resembles the conformation of P loops of the KcsA channel,
with the relatively tilted arrangement of the N-terminal
o-helix (1). Using it as a template, we configured the P loops
with the fg-strand Trp residues interacting with bulky
hydrophobic residues in the appropriate positions of the
o-helices (Leu-396 in domain | gf1, and Val, lle, Cys in
the other domains). This hydrophobic interaction stabilizes

shows that they contain a region of highly conserved the af structure of the P loops. The optimized structure of
hydrophobic residues just N-terminal to the selectivity filter the P loop of domain I of the Nachannel is shown in Figure
(Figure 1). For domain |, these correspond to residues 386-2. Here, the inner hydrophobic core is formed by the side
394. Noteworthy are the Phe-394 and Phe or Tyr-383 chains of amino acid residues Leu-396, GIn-399, and Trp-
residues in two positions and the Trp-402, which are 402. Substitution of these hydrophobic residues by hydro-
conserved in the other domains and adjacent to charged omphilic ones would be expected to destabilize the vestibule
hydrophilic residues, reflecting unique structural similarities above the selectivity filter.

between domains. These residues are highly conserved in It is essential that any model of the Nahannel vestibule
mammalian and invertebrate isoforms. Among the 17 iso- retain an energetically correct binding site for the guani-
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interactions with the guanidinium toxins include the follow-
ing features 17, 23):

(1) The 7,8,9 guanidinium group of STX and the 1,2,3
guanidinium group of TTX are directed into the pore, where
they interact most strongly with Glu-755 of domain Il and
Asp-400 of domain |I.

(2) The 1,2,3 guanidinium group of STX, which is located
at right angles to the planes of the 7,8,9 guanidinium in the
rigid STX structure, interacts with Asp-1532 of domain IV.

(3) In the plane of the 1,2,3 guanidinium group on the
opposite side of the STX molecule is a C-g2mdiol,
postulated to interact with Glu-758 of domain II.

(4) There is a strong nonbonded interaction between the
aromatic ring of Tyr-401 of domain | and the nonpolar
surface of TTX.

A consequence of the wide separation of the P loops that
FIGURE 2: The a-helix-turn{)’-strand conformation of the Na is necessary to accommodate STX and TTX is that the P

channel domai | P loop. The inner hydrophobic core that stabilizes ; : : :
the structure is formed by the side chains of amino acid residues loops fail to have interdomain van der Waals contacts (Figure

Leu-396, GIn-399, and Trp-402, which are shown by space-filing 3). in contrast to the closely packed P loops of the KcsA
images. channel. For the vestibule structure to be maintained without

mutual interactions between P loops, it must be stabilized
by nonbonded contacts with some other parts of the protein.
One possibility for occupancy of the space between P loops
is the upper parts of S6 segments, which have themselves
been implicated in pore behavior (see below).

S5 and S6 Alignmenthe M1 and M2 helices of the KcsA
channel form an inverted conical “teepee”. In accordance
with the idea that the KcsA channel is analogous to the pore
part of the Na channel, we considered the hypothesis that
the S5 and S6 helices are equivalent to the M1 and M2
helices. To test this construction, it is first necessary to
determine an alignment of the S6 amino acids with those of
M2. Doyle et al. () found that the N-terminal Trp-87
residues of the M2 helices play an important part in the
helical arrangement within the membrane. Therefore, our
initial step was to align the conserved bulky hydrophobic
residues on the N-ends of the S6 helices with the Trp residue
of KcsA (Figure 4). This alignment results in considerable
homology of amino acids of domains-IV. In the case of
domain IV S6 oful, the corresponding residue is lle-1566,
while for S6's of domains I, Il, and Ill, the residues are Tyr-
417, Met-771, and Tyr-1263. Two aromatic residues in the
Ficure 3: Arrangement ofi-helix-turn{-strand motifs of the Na middle of domain IV S6 (Phe-1764 and Tyr-1771 of the

channel P loops of domains-1V, shown by green ribbons, in a . j .
clockwise manner to form the TTX/STX binding site. STX and brain2 channel, or Phe-1579 and Tyr-1586:0) have been

some interacting residues are shown by space-filling images. NoteProposed to interact with local anesthetic drugs within the
that in this model the P loops are not in van der Waals contact pore @1, 42). This alignment places them in the correspond-
with each other, and could maintain this arrangement only if ing pore-facing positions of lle-100 and Thr-107 of KcsA.
supported by other parts of the channel protein. This alignment also directs the side chains of residues Asn-
dinium toxins. Assembly of the four Nachannel P loop 434 and Leu-437 of domain | S6 into the pore, in accordance
o3-hairpins to form the guanidinium toxins binding pocket with the report of Wang and Wangg) that mutations to

is shown in Figure 3. In the previously usgéhairpin model, Lys at these sites affected the local anesthetic block of the
the glycines were located in the turns, but the new turns in Na* channel. These residues guiding the orientation of S6
domains IIl and IV locate them next to the bulky hydro- a-helices are highly conserved in mammalian and inverte-
phobic Trp residues. The new model presents a symmetricalbrate isoforms of the channel. The proposed alignment of
model of the TTX/STX-binding site, with thg-strands of S6 residues can be further tested by substitution of these
the af-structures located toward the central axis and the residues by cysteine and determination of their orientation
a-helices located outside the pore. The alternation of toward the water-filled pore by reaction with methansulfonate
direction of side chains in thé-strands are most consistent reagents. The alignment also suggests possible additional
with known interactions of these stretches with TTX and interaction sites for local anesthetics.

STX (13, 17, 23); alternative nonregular patterns for these  No direct experimental evidence is available to assist in
segments result either in loss of the toxin interactions or loss alignment of S5 segments. The C-ends of the S5 helices have
of stability of the af structure or both. The retained highly conserved Phe residues (Squid &rdsophilahave
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Kecsa I IT ITT v

Trp-87 Tyr Met Tyr Ile-1566

Gly Met Cys Met Gly +

Arg Ile Leu Tyr Ile P(Na™) M2(S6)

Leu Phe Thr Leu Cys pa— g

Val Phe Val Tyr Phe i )

Ala val Phe Phe Phe |} 2 @

Val vVal Leu Val Cys

val Ile Met Ile Ser P(K+) w)

Val Ile val Phe Tyr )
{Met-96 Phe Met Tle Ile-1575]

Val Leu vVal Ile Ile @

Ala Gly Ile Phe Ile

Gly Ser Gly Gly Ser M1(S5) (@

I1e-100Phe Asn __ Ser Phe-1579]

Thr Tyr Leu Phe Leu

Ser Leu Val Phe Ile | MZ(SG)

Phe Ile Val Thr val

Asn-434 Leu Val
iii Leu ;zﬁ Asn Asn FIGURE 6: Superposition of the Nachannel P loop (green ribbon)
val Ile Teu Leu Met on the KcsA P loop and neighboring M1 (S5) and M2 (S6)
[Thr-107Leu-437Phe Bhe TYr-1589] transmembrane helices. The P loop of one KcsA subunit and the
INE) iia Teu 1o T1e corresponding M1(S5) and M2(S6) are shown by the yellow ribbon,
and a segment of the adjacent domain is shown by the red ribbon.

Ala val Ala Gly Ala Because of the need of the Nahannel vestibule to accommodate
Leu val Leu Val Tle TTX and STX, its P loop is displaced away from the center of the
Ala Ala Leu Ile Ile pore and its3-segment is spacially in the location of the KcsA P
Thr Met Leu Ile Leu loop a-helix.

FiGURE 4: Proposed alignment of S6 segments of domairiy/| . .

of the Na (ulpisoform)gchannel with Mzg of the KcsA channel.  the M2 helix teepee, while the nonregular extended P loop
Some residues with the side chains facing the pore are enclosed irfC-terminal sections are densely packed to form a long narrow
boxes. Some of the pore-facing residues in domains | and IV were (~3 A diameter) selectivity regionl}. However, the outer
predicted on the basis of local anesthetic drug interactions within moyth of the N& channel vestibule is much wider(2 A

the pore. diameter) than that of the KcsA channel because of the need
266 270 for it to accommodate the large TTX and STX molecules
I VMILTVFCLSVFALIGLOLF petwee_n the Ehlogp sif(;alc?air@( 17) andhbecause]:‘ ZTN
II LTLVLAIIVEIFA oL interacting with Cys- eaves enough room for*Na

permeation Z4). Initial superposition of the P loops of this
III VLLVCLIFWLIFSIM L ‘ wide funnel-shaped Nachannel vestibule with the KcsA
1V LLLFLVMFIYAIFGMSNFAY | channel P loops, relative to the same central axis, showed
FiGURE 5: Alignment of amino acid sequences of S5 segments of that the N& channel P loog-strands are necessarily more
domains +IV of Nat channels 1 isoform). The conserved distant from the pore axis, almost occupying the space of
portions are highlighted. The conserved small G/S residues establishthe o-helices of the KcsA P loop. This displaces théelices
I(:ltﬁgﬁgtelgn between the C-ends of S5 and the N-ends of S6 uf the Ng channel P loops away from the pore, where they
' are in contact with the S&-helices. This is the only way to
Tyr in domain I) and four residues proximal in each domain locate theset-helices farther from the center axis of the pore
is a very conserved Gly (Figure 5). We assumed that thesein the space between S5 and S6 segments without signifi-
conserved Gly residues inside the C-terminus play a structuralcantly changing the S5 and S6 spacial coordinates from those
role in docking the C-ends of S5 helices with the bulky of the M1 and M2 teepee (Figure 6). This specific location
hydrophobic residues on the N-ends of S6 helices to form of the P loopa-helices also determines orientation relative
the teepee structure. Consequently, these Gly residues weréo the pore of the turns and location/@fstrands of the rigid
placed at the interfaces with bulky hydrophobic residues of frame of the four P loops inside the teepee (Figure 3). To
the S6a-helices to form the inverted teepee motif for S5 determine the approximate depth of the outer vestibule of
and S6 with the identical spacial coordinates of the M1 and the Na channel within the teepee, on the next docking step
M2 backbones. For example, the Gly of domain Ill S5 the framework ofg-strands and neighboring turns alone,
interacts with Tyr-1265 of S6 in this model. The interactions without the P loopx-helices, were lowered one by one into
between S5 and S6 residues were similar to those betweerthe inverted teepee composed of the S5 and-®@lices of
M1 and M2, despite changes in residues. Alternative orienta- four domains. The alignment of thstrand framework to
tions of the S5 helices are possible, but this proposedthe center axis of the pore to intercalate them between the
alignment provides a hypothesis that can be tested experi-S6 helices was retained, while maintaining an approximately
mentally by using simultaneous mutations of these Gly planar relation between the turns. Each P loop fragment was
residues and the corresponding bulky residues on the N-endplaced clockwise to its S6, viewed from the outside,
of S6 a-helices. according to the relationship found in the KcsA crystal
Docking of the Na Channel Vestibule Structure with the structure. These fragments formed van der Waals contacts
S5-S6 Teepedn the KcsA structure, the P loogp-helices with the narrowing walls of the S6 teepees approximately
are intercalated at an angle between the outer segments oét the level of lle-1575 from domain IV S6. Consequently,
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This procedure now resulted in a closed model of the outer
vestibule of theul Na" channel outer vestibule (Figure 7).
The dense packing of the P loops between the S5 and S6
helices provided structural stability of the selectivity region
at the P loop turn without requiring alteration of the spacial
relationships between the DEKA selectivity residues. The
surface of the outer vestibule was formed fygtrands of
the four P loops, as in our initial mode23). The P loop
[-strands were held in position by their interaction with the
P loop a-helices, which were themselves held in position
by their S5-S6 interactions. Note again that this differs from
the densely packed arrangement of the P loops of the KcsA
channel 0). In this modeled structure (Figure 7), the P loops
do not form immediate steric contacts. Rather, one residue
from each S6 is intercalated between each pair of side chains
on the level of the selectivity DEKA residues. However, there
is little room for backbone flexibility inside the-helix-turn-
p-strand P loop motifs in this native Nachannel outer
vestibule structure. The least constrained residues are those
of the outer charged ring, which are fixed only by hydro-
phobic interactions between neighboring Trp or lle and the

FIGURE 7: Model of the outer vestibule of the Nahannel 41

isoform) shown by space filling images. The model includes- P loopa-helices. Presumably, they are also in contact with
units of P loops with regular colors of the atoms anéielices of residues of the PS6 segments not modeled here (but see
S5 (yellow balls) and S6 (pink balls) segments of domainB/I below). Stereochemically different substitutions in tié

in a clockwise arrangement. Note that the P loops are imerca“"‘tedhydrophobic pocket, such as mutation from Trp to Cys
between the S6 segments of the four domains, with the P loop ! . . Lot
o-helix also in contact with S5 of its own domain. would be expected to result in local conformatlona'll.erX|b|I|ty

of the 5-strands of the P loops. Backbone flexibility of the

this S6 level determined the subsequent arrangement of the 100Ps has been suggested by double Cys mutants in the
P loopa-helices, which can be located only laterally between C-€nds of the P loops, with formation of disulfide bonds

the S5 and S6 helices of the same domains and the S6 helicet20: 4;5’ 46) betw?en resffduei that in OUL model elxceed

of the neighboring domains. typical distances for disulfide ormatlo_n. T 0se resu ts' are
. L expected to be a consequence of disruption of the inner

_ Packing of each Nachannel P loop (domain lis illustrated -,y qrophobic interactions of the-helix-turn-strand structure,

in Figure 6) into the space between the S5 and S6 helices ofhen the critical Trp residues are replaced with Cys.

the same domain gnd S6 of the nelghbormg domain Was T4 maintain the spacial relationships of the P Igegtrand

accomplished by adjustment of the location and conformation residues known to interact with the guanidinium toxins as

of the residue side chains o_f the P loaghelices as wellas o previously modeled thend 7, 23), it was necessary that

the S5 and S6 of neighboring segments to avoid the more,e g strands not move significantly in either the vertical or
obvious van der Waals conflicts. The potential energy of e horizontal directions, despite different amino acids in both
nonbonded interactions for each set of-§-P 100p-S6  he p |gops and the S5 and S6 helices between the domains.
was minimized independently. The S6 main-chain helical oyever, experimental studies have suggested that the
coordinates required no adjustment because of the good fit,gg|ectivity filter DEKA residues may not be at exactly the
but the S5 helices were minimally displaced outward by their same depth within the por81, 32). When these selectivity
additional interactions with the P loaphelices. As aresult,  fjiter residues are replaced by Cys, they forn?Gtinding

the P loopo-helices formed a densely packed contact with sjtes allowing the voltage dependence ofCHlock and,
a-helices of S5 and S6 segments of their domain and S6 ofthereby, estimation of the fraction of the membrane field
the neighboring domain. The domains were arranged clock-seen at the level of the substituted Cys residue SH group.
wise, as supported by our studies of the interactions of the The selectivity filter residue Asp-400 is thereby estimated
guanidinium toxins 17) and u-conotoxin @4). The four  to be 32% into the field, Lys-1237 is at 25%, and Ala-1529
optimized assemblies, includjra P loop and the S5 and S6  is at 37%. The outer ring residues are also reported to be at
helices from one domain and the S6 helix from an adjacent sjightly different fractions of the membrane field: Glu-403
domain were combined on the basis of superposition of theirjs at 13%, Glu-758 is at 8%, Met-1240 to be at 10%, and
S6a-helices with corresponding backbones of&elices  Asp-1532 to be at 16%. Translation of these electrical
of the initial teepee model that was formed using the measurements into physical distances is uncertain, because
backbone coordinates of the M2 helices of the KcsA crystal of possible nonuniformities of the electric field in the pore
structure. Then minimization of the potential energy of and its distortion by mutations. Furthermore formation of
nonbonded interactions was made, determining the optimalthe DEKA selectivity filter most likely requires that the
arrangement of the four domain assembly (Figure 7). residues be arranged adjacent to each other. Nevertheless,
Although the initial docking was made with the P loop turns these experimental data do raise the possibility that the P
planar, the additional constraints of the symmetrical S6 loops are not quite as symmetrical as presented here. A model
teepee were such that there was little opportunity for based on the Cd field depth data has been proposed,
displacement vertically of any of the-helices and turns. consisting of four nonregular structures for the P loop C-ends
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IVS6

] . . . FIGURE9: Side view of the arrangement of P loops (green ribbons)
FiIcURE 8: Possible arrangement of the short domain+9® linker inside the teepee that is formed by Séhelices (plnk ribbons).

(blue ribbon). Side vLew alslo presents domains llland M P 100ps Amino acid residues of the selectivity filter and lle-1575 and Phe-
(green ribbons) and the enclosed domain I S5 (yellow ribbon) and 1579 of domain IV S6 are shown by space-filling images. Beneath

domain II S6 (pink ribbon). Space-filling images are the four P o calectivity filter i ; ; ; i

h \ h 1 y filter is a relatively wide region of the pore, sufficient
loop residues involved in TTX/STX binding (Asp-400, Glu-403,  f5, 5 |ocal anesthetic molecule to interact with Phe-1579 and
Glu-755, Glu-758) and the two charged residues in th&@linker locating it abot19 A from the selectivity filter lysine residue. Ile-

(Asp-762 and Glu-765). This arrangement buries the top of the S6 1575 5 just above Phe-1579 and at the level of the selectivity filter.
o-helix with the P-S6 loop, and exposes two charged residues

near the vestibule’s outer ring of charged residues, where they might

interact with vestibule blocking molecules. membrane 41, 42) Figure 9 illustrates that the dOCking

procedure placed the side chain of Phe-1579 below the

(46). Because of its asymmetry, it was not feasible to dock selectivity filter and in proximity to the selectivity ring Lys-
that vestibule model into the S5,S6 teepee. 1237 of domain Ill. The location of domain IV S6 between

The outside ends of the S6 helices, marked by pink in the P loops of domains Il and IV was a consequence of the
Figure 7 are located behind the P loops. Although in this relationship of the P loops to the transmembrane helices of
view, the S6o-helices appear to be on the protein surface, the KcsA channel and our clockwise domain arrangement.
the loops connecting the C-ends of the P loops to the S6This relationship is also supported by the experimental
helices must lie on top of the S6 helices, screening them demonstration of an electrostatic interaction between Lys-
from the outside. These-56 connectors therefore could 1237 and the local anesthetic drugs, and the absence of such
form the more superficial walls of the outer vestibule, and interaction with Asp-400 and Glu-755 of the selectivity filter
they may contribute to the interactive site forconotoxin. (42). Lys-1237 is located in the model at a distance of about
Neutralization of charged residues Asp-762 and Glu-765 in 9 A from the local anesthetic site. As seen in the KcsA crystal
the domain Il P-S6 have been reported to have a large effect structure, the pore region immediately inside the selectivity
onu-conotoxin block 47) (but see re#8). They are unlikely filter is sufficiently large to contain local anesthetic molecules
to have much effect on TTX and STX, which bind deeper in a water environment.
into the vestibule 17, 23). A speculative reconstruction of In this examination of the suitability of the M1 and M2
the conformation of the PS6 segment of domain Il is teepee structure of the KcsA channel for organization of the
proposed in Figure 8. This arrangement places Asp-762 andNa" channel pore, we have not considered the inner third of
Glu-765 on the vestibule surface between and just exteriorthe pore. In the KcsA structure the transmembrane helices
to Glu-403 and Glu-758 locating-conotoxin inside the pore  overlap to create a small inner vestibule openifly é&nd
(see refd44). Models of the other PS6 segments were not the suggestion has been made that this region might be
attempted here because of their greater length and the paucitynvolved in activation gating52). However, there is evidence
of experimental data. that the S6 helices of the Shaker Khannel are sharply

In this model, the S6 segments have immediate contacttilted outward 63). Because of the lack of experimental
with the selectivity filter residues. The domain IV S6 residue information about the inner third of the Nachannel S6
one helical turn above Phe-1579 is lle-1575, which is located segments and the likelihood that they may also be tilted, it
by the energy minimization procedure at the level of the was premature to model that part of the pore.
selectivity filter between the side chains of Lys-1237 and  Speculation on Mechanism of Seleitji of the Na
Ala-1529. lle-1575 has been connected experimentally to theChannel Based on This Moddt. has long been believed
selectivity process. Its mutation to Ala creates an access patfhthat selectivity involves interaction of the permeating"Na
for the membrane impermeable lidocaine derivative QX with one or more carboxyl residue?)( Furthermore, at
molecules through the pordl, 49—51). The side view of physiological concentrations, the Nahannel behaves like
the P loop docking with the S6 teepee highlights the a single ion pore, although at molar concentrations there may
relationship of two amino acids of the Nahannel domain be a second Nabinding site 27). This means that usually
IV S6—lle-1575 and Phe-1579, as shown in Figure 9. Phe- only one N4& ion interacts with the critical narrow region at
1579 of theul Na' channel corresponds to Phe-1764 of the a time @). Evidence that the DEKA ring is a key part of the
rat brain2 channel, and both of these highly conserved selectivity filter of the Na channel has been thoroughly
residues are thought to interact directly with local anesthetic reviewed by Favre et al.1g). Figure 10 illustrates the
drugs that typically access their site from the inside of the detailed relationships within the Nahannel DEKA selec-
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Ficure 10: The selectivity filter of the Nachannel 1), with PP =015 PP =11
residues of the DEKA motif shown by space-filling images. The D Kt 7% E D bl E
side chains of Glu-755 and Lys-1237 of domains Il and Il are
located at a distance compatible with a salt bridge interaction. The co, 0, co. 05
side chains of Asp-400 of domain | and Lys-1237 are separated by o 2 :
one molecule of water, which is shown in the center of the figure. CO; = =HN" CH, HC
The open area inside of the pore is about 3 A (in the absence :
of water), and there is room for the side chain of Lys-1237 to move

toward Ala-1529. E KA A
interactions inside of the selectuiy fiter o the Nahannel and

tivity ring according to the proposed model. The dimensions :Pster:wetj(igcr)]?ss II?j)ls,seibcl)e substitutions inside of the DEKA maotif are
are such that the positively charged amino group on the LS g,5un on corners of the squares. The permeability ratios indicated
side chain is in immediate contact with Glu-755 of domain for each schematic have been determined experimentally for the
II, with formation of a hydrogen bond or salt bridge, while substitutions shown at the corners of the squat&} except for
Asp-400 of domain |, opposite to the Lys, could interact with the DEKE mutant 16). The proposed normal permeation process
Lys through a water bridge. This sort of interaction is typical IS Shown in the upper two panels, with Ndisplacing Lys-1237

L . : from its interaction with Glu-755. Mutation of selectivity filter
of lysine in proteins 5). Consequently, the long chain of  yegjgyes is proposed to alter the interaction energy between Lys-
Lys-1237 of domain Il and its two interacting carboxyls 1237 and Glu-755 of domains IIl and 1.
fill the space within the selectivity ring. In this model, the
two carboxyls, Asp-400 and Glu-755, which are appropriate increased the permeability offK(Px/Pna = 0.15) (L6). The
for the binding site for N&ions within the selectivity filter, residue effects are positional, because simple exchange of
are already engaged by their interaction with the amino group positions of the Lys and Glu residues within the ring (DEKA
of lysine. These interactions would be expected even if the to DKEA) further reduces selectivityl ). In addition, there
DEKA residues were not planar, because of the flexibility are reports that mutations of other residues in the vestibule
of the side chains. Replacement of Lys with Ala results in can affect selectivity. Both Chiamvimonvat et al9f and
removal of this block. This greatly increases the functional Tsushima et al.Z0) have reported that substitution of Cys
size of the selectivity ring opening, because the carboxyls for Asp-1532 or Trp-1531 alter tHex/Pya ratio substantially.
now withdraw from the pore by electrostatic repulsion. Sun For Asp-1532, this is partly related to charge at that site,
et al. 1) have shown that this mutation in the Nehannel because restoration of charge with methanethiosulfonate
permits permeation of bulky organic cations, including ethylsulfonate tends to restore selectivityg), Our studies
tetramethylammonium and tetraethylammonium (dianeter  (44) have failed to show a selectivity change for D1532N.
8.2 A). Consequently, it appears that normally the lysine side- Replacement of Trp-1531 with a hydrophobic residue (Ala,
chain blocks the pore to permeation by these larger cationspPhe, and Tyr) preserved selectiviB0j, suggesting that the
by its interaction with the carboxyls, as illustrated in Figure hydrophobic interaction we propose to be necessary to

10. stabilize thea-helix-turn-strand of domain IV is important
The lysine side chain is also critical for selectivity of Na  for the vestibule function.

over K (14—16, 28, 54). Any residue substituted for Lys Can these complex selectivity changes be understood in

results in approximately equal permeability for'Nand K*. terms of the modeled structure (Figure 11)? In the wild-type

This is not simply the consequence of a positive charge, channel with DEKA, Lys(lll) forms a strong interaction with
because substitution with Arg fails to preserve selectivity Glu(ll) and interacts through a water bridge with Asp(l). In
for Na™ with respect to K. Other residues in the DEKA this conformation, we propose that Naas sufficient energy
locus appear to have smaller roles in this selectivity process.to displace the ammonium group of Lys from its interaction
Neutralization of Asp-400 of domain | by Asn substitution with the carboxyls, but K is less successful. For the
markedly reduces Napermeation ratel3, 18), but fails to selectivity process, only the close interaction between Lys(lIl)
affect the selectivity of K (P«/Pna = 0.03) (15). Neutraliza- and Glu(ll) is important. Asp(l) is needed for rapid perme-
tion of Glu-755 in domain Il resulted in a modest increase ation, perhaps via its negative field and hydrophilicity, but
in relative K" permeation P«/Pna = 0.09) (L5), although it is not required for selectivity. Replacement of Glu(ll) by
also drastically reduces single channel conductah8gel). Ala leads to interaction of Asp(l) with Lys(lll) and continued
Replacement of Ala-1529 by the long side chain of Glu also block of the pore. However, this interaction has lower energy
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because of the necessary water bridge, andsktherefore
more effective in displacing the ammonium group. Less
obvious is the possible mechanism of effect of Glu in place
of Ala in domain IV. Possibly, this also electrostatically

Biochemistry, Vol. 39, No. 28, 200B169

guanidinium toxin binding sites. Local anesthetic interactions
with the inner pore were used to align the S6 helical residues,
and the S5 and S6 helices could then be assembled with the
KcsA helical coordinates. The Nahannel P loop structures

destabilizes and weakens the close interaction betweencould then be docked into the teepee, locating the selectivity

Glu(ll) and Lys(lll), so that K can compete more success-
fully and, therefore, permeate better.

The logic described above leads to the following proposal
for the normal process of selectivity for Naver K*. The
normal binding site for permeation of Nancludes two
carboxyls—Asp(l) and Glu(ll). These both interact with
Lys(lll), and they close the selectivity ring to permeation
almost entirely. N& as a stronger Lewis acid is able to
compete with the amino group of Lys more successfully than
K*, displacing the Lys(lll) away from the carboxyls and
toward Ala(lV), allowing the Na& ion to interact directly
with one of the carboxyl groups, Glu(ll) or Asp(l). Conse-
quently, this implies a dynamic model of selectivity, with
the Lys(lll) side chain undergoing a conformational change
for each N4 ion that pemeates. Selectivity is not determined
by the size of the pore at the selectivity ring level but by the
ability of the permeating ion to compete with the amino
group of Lys. Lif, with an ionic radius significantly less than
that of Na (0.6 and 0.95 A, respectively), is also effective
in displacing Lys, while K, Rb", and Cg$ are not as
effective, as predicted by the Eisenman series for a strong
field site @). The proposed interactions are possible because
of the exact spacial relationship of the DEKA selectivity filter
residues. Favre et all%) have proposed somewhat different
mechanism by analogy to the two-divalent site selectivity
filter of the C&* channel §5, 56). They suggest that the
permeating Nabinds to the static selectivity filter, with the
positively charged Lys amino group stabilizing the metal-
binding cavity to an appropriate size. Lys(lll) then acts as a
second, endogenous cation, altering affinity of"Nénding
within the pore. In both cases, it is clear that the positive
charge tethered to domain Il must have a large effect on
the electrostatic field within the selectivity filter and on any
cations in that region.

The permeability of organic cations through the selectivity
filter is restricted by their capability to substitute for the water
bridge to Asp-400 inside the ring (Figure 10). Removal of
the water molecule without disturbing the Glu-795ys-
1237 interaction results in the pore opening approximately
3.2x 5.2 Ain size (see re?). Guanidinium is small enough
to fit this opening, and it can replace the water bridge
between Asp-400 and Lys-1237. Despite similar size, perme-
ability of hydroxylammonium is close to that of Navhereas
methylammonium is practically impermeag).(The possible
explanation for this difference in permeation between
similarly sized molecules is that the hydroxyl group of
hydroxylammonium can interact with Asp-400 and Lys-1237
simultaneously. Methylammonium is not able to form the
bridge because of its hydrophobic side chain, failing to open
the space in proximity to the side chain of Ala-1529 of
domain IV.

Modeling SummaryWe tested the idea that the P loop
motif, the M1/M2 teepee motif, and the coordinates of the
KcsA channel crystal structure could be applied to the
voltage-gated Na channel pore. The channel vestibule P
loops could be constructed with thehelix-turn{-strand
motif, preserving the characteristics of the multivalent

filter just external to the residues involved in the inner drug
sites. In this model, the outer vestibule is formed by elements
of the P loops and the S6 helices, with the S6 structures
setting limits on the dimensions of the selectivity filter.Na
interacts directly only with the residues of the DEKA motif.
The filter structure leads to the suggestion that selectivity in
the Na channel is normally blocked by an interaction
between the amino group of lysine and the carboxyl group
of domain Il glutamate, with the amino group acting as a
tethered cation. Selectivity is a dynamic process that results
in displacement of the Lys amino group by Nanore
successfully than by K We conclude that the crystal
structure and motifs of the KcsA channel are useful to
interpret the structure of the voltage-gated'N&annel, to
make predictions of exact residue locations for further
mutational study.
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