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ABSTRACT. Using the KcsA bacterial K channel crystal structure [Doyle, D. A., et al. (1998)ience

280, 69—74] and the model of the outer vestibule of thetNdnannel [Lipkind, G. M., and Fozzard, H.

A. (2000) Biochemistry 398161—-8170] as structural templates, we propose a structural model of the
outer vestibule and selectivity filter of the pore of the?Cahannel ¢c or Ca1.2). The C& channel P

loops were modeled byg-helix—turn—p-strand motifs, with the glutamate residues of the EEEE motif
located in the turns. P loops were docked in the extracellular part of the inverted teepee structure formed
by S5 and S&ux-helices with backbone coordinates from the M1 and M2 helices of the KcsA crystal
structure. This construction results in a conical outer vestibule that tapers to the selectivity filter at the
bottom. The modeled selectivity ring forms a wide open peré ) in the absence of G4 When C&*

is present{1 uM), all four glutamate side chains move to the center and form a cage around the dehydrated
C& ion, blocking the pore. In the millimolar concentration range?'Calso interacts with two low-
affinity sites located externally and internally, which were modeled by the same carboxylate groups of
the selectivity filter. Calculation of the resulting electrostatic potentials show that the singjidddas
located in an electrostatic trap. Only when three*Cans are bound simultaneously in the high- and
low-affinity sites of the selectivity filter is Cd able to overcome electrostatic attraction, permitting'Ca

flux.

Voltage-gated Cd channels belong to a structurally transmembrane helices. In accordance with prediction, the
homologous superfamily of voltage-gated channels that P loops between M1 and M2 are arranged to form the
includes the K and Na channels®). Each channel type is  selectivity filter of the channel, which is 12 A long and 3 A
distinguished by specific selective permeability for physi- in diameter. In the P loop, the main chain carbonyls of four
ologically relevant cations. The L-type &achannel is or five highly conserved amino residues (TVGYG, the

permeable to divalent cations €aSe*, and B&", while “signature sequence” for Kselectivity) face the pore, while
rejecting monovalent ions by ratios 6£1000:1 under their side chains face outward into the protein.
physiological conditions3). All of the voltage-gated chan- The outer vestibule and selectivity region of the'Nand

nels share a common motif of four homologous domains or C&* channels must be different from the*Kchannel
subunits (+1V), each composed of six hydrophobic putative structure to account for their different selectivity properties.
transmembrane segments {S36) @—6). Biophysical and For the N& channel, the side chains of a restricted number
biochemical data indicate that the extracellular segment of amino acid residues form the selectivity filté, 0—13),
between S5 and S6, usually called the P loop, folds backrather than the main chain carbonyls. Specifically, four highly
into the membrane to form the extracellular mouth of the conserved amino acids in the same relative position in the
pore and the selectivity regior?); while S6 and possibly ~ Na" channel P loops of domains-1V participate in the
S5 segments form most of the pore lining from the P loop formation of the selectivity filter, Asp-384, Glu-942, Lys-
to the intracellular side of the porg,(8). 1422, and Ala-1714 (the DEKA motif), using the rat brain

Recently, MacKinnon and colleagues have determined atchannel numbers. The P loops of domairs\M of L-type
3.2 A resolution the pore structure of a bacterial ¢hannel Ca* channels contain a highly conserved pattern in positions
called KcsA (). This K' channel has the characteristic corresponding to those of the DEKA motif4, 15). These
selectivity of voltage-gated Kchannels, but is not voltage-  residues are Glu-393, Glu-736, Glu-1145, and Glu-1446 (the
dependent. The protein subunits contain only two membrane-EEEE motif), using the numbers of the rabbit cardiac L-type
spanning segments, M1 and M2. Four subunits form the channel (rabbit C4.2). Surprisingly, it has been possible
conducting pathway, lined by a “teepee” of converging M2 to switch the selectivity filter properties of the Nand C&"

channels by mutation of the DEKA and EEEE motifs.
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micromolar levels of C& (16, 17). Further, a double mutant 376 387 393
of the C&" channel, E1086K/E1387A (human L-type

Ca1.2), in which two glutamic acids of the selectivity ing I NFPNEFAFAMLTVIEQCTITME rov
. - . II TFDNFPQSLLTVFILTEE WNSV
were substituted to mimic the Nachannel at equivalent
. s . L ITI D FIDNVLAAMMALF VST FIE WPEL
positions exhibited pore properties similar to those of Na
v NE‘QTE‘PQAVLLLFCATEE WQDTI

channels by permeating Nd5-fold more effectively than
Ba2™ (18). These fundamental observations allow the conclu- o i b
sion that the EEEE locus is essential for ion selectivity in

+ ; Ficure 1: Alignment of the amino acid sequences of the P loops
g§+ Eﬂgﬂ?lglz ?::ytgzt ;?riiﬁ:;sm pore structures of atal of domains +IV of the C&" channel (Cgl.2). The numbering

S i ) ) ] ) corresponds to the P loop of domain I. Residues of the selectivity

Substitution of single amino acids systematically in the filter EEEE motif and the neighboring glycine residues are enclosed
EEEE motif of C&" channels contribute to the high-affinity in boxes. The other highly conserved residue locations are also
site for C&", with the carboxylate in the P loop of domain highlighted. At the bottom, the bar labeledepresents the proposed
Il having the strongest effecL8—23). Neutralization of any a-helical region 8 represents thg-strand region, and t represents

. . . the inner turn of the P loops.

of the glutamates to a glutamine shifted the block of Li
current to much higher Ca concentrations. Therefore, all
four glutamate side chains form a binding site foPCahe

proximation (cvff). For minimization procedures, the steepest
L . : . descents and conjugate gradients were used. Calculations of
aCCGS.SIb.Ihty of sulfhyd'ryl-rea'ctlve agents with cysteine electrostatic potentials inside the outer vestibule offCa
SUb]ft'tu“?l_r:St 3‘; the_:dresL(lju_es "; ttl’r:e EEFltE Ioctﬂé) (alsol_k | channels was accomplished by the DelPhi module, based on
contirms that the side chains of these giutamales are Ikely v, methodology described by Gilson and Hor8g)( The

toerlr?r:gftpr: Iné%sth'?'hgo'ﬁér\évgr?rirsf%iy o?a;or;?éegae?éc\t,ylt? dielectric constants were set to 10 for the protein interior
P INg 10NS. ! Versi VILY and 80 for the solvent water region.

functions between Na and C&" channels presumably
reflects an underlying structural similarity of these channels, RESULTS AND DISCUSSION

especially in the selectivity region, offering the chance for

molecular modeling of Cd channels. Modeling of the Na In our presentation of the outer vestibule of the*Na
channel outer vestibule has been more advanced, becausgnannel (Figure 7 of re2), P loops of domains+V were

of the availability of selective and very high affinity block  gocked into the extracellular part of the inverted teepee
by the struc‘gurally defined natural toxins, tetrodotoxin (TTX)  strycture formed by the C-terminal segments of S5 and the
and saxitoxin (STX) &, 29). N-terminal segments of S6 helices that were spacially located
We have recently described a molecular model of the pore py the coordinates of the KcsA M1 and M2 main chains
of the Na channel, combining an outer vestibule structure (1). As a result, each P loop formed densely packed contacts
with a pore analogous to the crystal structure of the KcsA \ith o-helices of S5 and S6 segments of its own domain
channel 2). The outer vestibule modelg, 26) was based  5nq S6 of the neighboring domain. The domains were
on sitg—directed mutagenesis data of parts of the P I_oqps Ofarranged clockwise, as supported by our studies of the
domains +1V (9, 27) and the structures of the guanidinium jieractions of the guanidinium toxing2) andu-conotoxin
toxins 28). The vestibule-pore model utilized the-helix— 31). No direct information about domain orientation is

turn—f-strand motif of P loops and the teepee structure of \ Jijaple for the CA channel, so we followed the clockwise
M1 and M2 of the KcsA channel for the analogous S5 and arrangement of the Nlachannel. The first steps in recon-

S6 helical segmentsl), because the Kand Na channels g, cing the pore of the achannel require alignment of

probably have a common genetic ancest2g){ Conse- the amino acids of P, the S5 and S6 sequences corresponding
quently, it is likely that the voltage-gated channels have a to those of the KcsA channel and the ‘Nahannel
similar arrangement of their transmembrane segments, Withrespectively '

specific adaptation of the selectivity filter region. Using this i ) )
Na* channel pore as a template, we present a model of the P Loops Alignment of the P loop amino acids of the Na
ca*+ channel pore, placing the EEEE motif in the same channel ) and L-type C&" channels 15) by the putative
position as the DEKA motif of the Nachannel. This model selectivity filter residues shows that they contain a region
predicts significant features of the €achannel selectivity ~ Of highly conserved hydrophobic residues just N-terminal
and sieving properties and provides testable features of thet0 the selectivity filter (Figure 1 and also Figure 1 of &f
pore. It also provides a candidate structural framework for For domain | of the Na channels, these correspond to

molecular dynamics calculations on channel selectivity. ~ residues 386394 (Na1.4 numbering), and for domain I of
the C&" channels, they are residues 37387 (Cal.2

METHODS numbering). Noteworthy are the very conserved Phe or Tyr

. . . . . residues in two positions in both channel types (positions

rgﬂ?]?fgpger\:\:/?for?ﬁ:nr?p(ﬁg?d Il:Ctheslgslggitear;d 2';;: O\;E: 376 and 387 in GA..2) and the Trp (position 395) that reflect

grap . ’ " A ' .~ unique amino acid sequence homology between domains and
previously described2@). Molecular mechanics energetic ;

; - ; i channel types, suggesting that the two P loop types have
calculations utilized the consistent valence force field ap- : )

the same structural motifs. The hydrophobic character of

these sequences N-terminal to the selectivity filter and the

1 Abbreviations: TTX, tetrodotoxin; STX, saxitoxin; a2, al- ; - _helix- i i
subunit of the cardiac Cachannel; Nal.4, a-subunit of the skeletal high proportion ofo-helix-forming residues (Ala, Leu, Phe,

muscle Nd channel isoform; MTSET, methanethiosulfonate ethyltri- and Met;32) encourages their modeling ashelices 83,
methylammonium; TMA, tetramethylammonium. 34). Typically, the N-terminal ends ofi-helices show a
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with MTSET was 66-80% for all position 1 residues (Gly-
394, Asp-737, Gly-1146, and Ala-1447) substituted with Cys.
Therefore, it is likely that the position 1 residues face the
pore and adopt uniform locations in the selectivity region,
while position—1 residues are removed from the center of
the pore. Consequently, the glutamate residues of the EEEE
locus can be arranged symmetrically on the same level of
the pore, forming a single binding site for €aons. An
alternative alignment has been proposed by Varady et al.
(33), placing glutamates of domains Il and IV external to
those of domains | and IlI, forming two distinct &asites.
This, however, contradicts the mutational data orf'Ca
channels 2Z2) that showed that all of the glutamates
participate in the high-affinity site.

X _ S5 and S6 AlignmenThe P loops of the Nachannel of
FiGurRe 2: a-Helix—turn—p-strand conformation of the €a  he four domains are necessarily widely separated because

channel domai | P loop. The inner hydrophobic core that stabilizes . . . s .
the structure is formed by the side chains of residues Cys-389, wmet-Of the dimensions of the pore-occluding guanidinium toxins

392, and Trp-395, which are shown as space-filling images. Glu- (Figure 3 of ref2). A consequence of this separation is that
393, which participates in the formation of the selectivity filter, is the P loops do not have mutual van der Waals contacts, in

also distinguished. contrast to the closely packed P loops of the KcsA channel
(2). If itis assumed that the €achannel has a pore structure

preference for Ala, Glu, and Asn and the C-terminal ends more like the N& channel, the G channel P loops require
for Arg, Lys, and GIn 82), suggesting that the P helix stabilization by nonbonded contacts with some other parts
includes residues 37389. The P loops were therefore of the protein. One possibility for occupancy of the space
modeled, as for Nachannels, asi-helix—turn—g-strand  petween the P loops is the upper parts of the S6 segments.
motifs with residues of the selectivity filter at the beginning  As a first approximation, the S5 and S6 helices are
of the f-strands. This motif is a common type of structural arranged like the M1 and M2 helices of the KcsA channel,
organization, with a hydrophobic residue on one side of the forming an external inverted teepee. For alignment of the
f-strand fitting into a hydrophobic pocket in thehelix (35, S6 amino acids of the Gachannel (Cal.2) with those of
36) to stabilize thex-structure of the P loops. As suggested the KcsA M2 and also with the Na.4 isoform of the Na
for the KcsA channell), the P loopa-helix would produce  channel, we can use drug interactions with the inner pore.
a dipole field, focused at the turns and the selectivity filter. Hockerman et al.39, 40) have shown for the L-type Ga

The optimized structure of the €achannel domain | P channel that mutations Y1463A, A1467S, and 11470A in
loop is shown in Figure 2. Here the inner hydrophobic core domain IV S6 were less sensitive to block by the phenyl-
is formed by the side chains of amino acid residues Cys- alkylamine (-)D888, suggesting that these amino acids face
389, Met-392, and Trp-395. The other P loops were the channel pore. Using this orientation, domain IV S6 could
organized in the same manner. Residues of the EEEE locusde aligned, locating Tyr-1463 and Ala-1467 in the pore-
face the pore after the turns and form the first residues of facing positions corresponding to Met-96 and lle-100 of
the C-terminalB-strands. All C&" channels contain con-  KcsA, and with lle-1575 and Phe-1579 of Ma4 (2) (Figure
served glycine residues in neighboring positions. In domains 3 and Figure 4 of reR). The Phe-1454 at the beginning of
Il and IV, these glycines precede Glu residues, while in the domain IV S6a-helix (A. Stea et al., 1995) coincides
domains | and lll, they follow Glu residues so that they with the N-end Trp-87 residue of the M2helix (1).
occupy positions—1 or 1 relative to the selectivity filter Similar logic allows alignment of the S6 segment of
(Figure 1). Taking into account the high conformational domain Il on the basis of coincidence of its Tyr-1152 with
preference of Gly residues to be included in reverse turns of Tyr-1463 of domain IV (Figure 3); mutations of Tyr-1152
peptide chains32, 37), we might expect the very conserved changed the affinity of G4.2 for binding of phenylalkyl-
dipeptides GlyGlu and GluGly to participate in the formation amines 40). For the S6 segments of domains | and I,
of 5-turns of the P loop hairpins and, consequently, to result mutagenesis information is absent, and their arrangement
in different conformations. Instead, the proposed construction inside the pore was predicted on the basis of a high degree
maintains the symmetry of the Glu residues and locates theof homology with the alignment of S6 domains | and Il of
conserved Gly residues of repeats | and Il inside the the Na channel. As in the case of KcsA, the N-ends of S6
C-terminalg-strands, in positions preceding conserved Trp domains | and Il helices of Gh.2 are also bulky hydrophobic
residues. There is also a tendency for Gly residues/fn residues (Leu, Leu, Val, and Phe).
fragments to be located not only in turns but also in positions  Less experimental evidence is available to assist in the
preceding bulky hydrophobic residues (for example, Gly- alignment of S5 segments. We chose to assume that they
228 before Trp-229 in triose phosphate isomera8g;Most contain conserved Gly residues inside the C-terminus ends
likely, the Gly residues in the proximity of the EEEE locus (Figure 4), which we predict to play a structural role in
do not play specific conformational roles because all of thesedocking the C-ends of the S5 helices with the bulky
positions could be substituted with cysteine while maintain- hydrophobic residues on the N-ends of the S6 helices to form
ing channel functionZ4). When replaced with Cys, positions the teepee structure. This permitted the formation of the
—1 were almost insensitive to the sulfhydryl-modifying agent inverted teepee motif for S5 and S6 of both"Nand C&"
MTSET, while the level of current reduction after interaction channels using the crystal coordinates of M1 and M2, despite
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KcsA I IT ITT Iv

Trp-87 Leu-410 Leu-758 Val-1143 Phe-1454

Gly Pro Val Glu Ala

Arg Trp Cys Ile val

Leu Val Ile Ser Phe

val Tyr Tyr Ile Tyr

Ala Phe Phe Phe Phe

Val Val Ile Phe Ile

Val Ser Ile Ile Ser

Val Leu Leu Ile Phe

val  ene

Val Ile Ile Ile Met

Ala Phe Cys Ile Leu

Gly Gly Gly Ile Cys

Ser Asn Ile Ala-1467

Thr Phe Tyr Ala Phe

Sexr Phe Ile Phe Leu

val Leu Phe Ile-1470

Gly Leu Leu Met Ile

Leu Asn Asn Met Asn

Val Leu val Asn Leu

Thr-107 Val Phe Ile Phe Ficure 5: Model of the outer vestibule of the €achannel shown

Ala Leu Leu Phe val as space-filling images. The model includesg units of P loops

Ala Gly Ala val Ala with regular colors of the atoms awdhelices of S5 (yellow balls)

Leu val Ile Gly val and S6 (pink balls) segments of domainslV in a clockwise

. arrangement. Note that the P loops intercalate between the S6

Ala Leu Ala Phe Ile segments of the four domains with the P laopelix also in contact

Thr Ser val val Met with S5 of its own domain. A wide opening on the bottom
FiGURE 3: Proposed alignment of S6 segments of domairiy/| represents the selectivity filter, formed by the side chains of

of the C&* channel with M2 of the KcsA channel. Some residues 9lutamate residues of the EEEE motif.
with the side chains facing the pore are enclosed in boxes. The
pore-facing residues in domains Il and IV were predicted on the
basis of local anesthetic drug interactions within the pore.

I IALLVLFVIIIVYAIIGILELTF
IT LLLLLFLFIIIFSLLGMQLTF
IITIVIVTTLLQFMFACAG|IVQLTF
Iv VALLIVMLFFIYAVIGMQVTF

Ficure 4: Alignment of amino acid sequences of S5 segments of
domains IV of the C&" channel. The conserved Gly residues, -
which are enclosed with boxes, establish the interaction between FIGUR
the C-ends of S5 and the N-ends of &helices.

WXV AL 6 s %t € /8
E6: Model of the outer vestibule of the &€achannel where

the backbones of P loops and S5 anddSBelices are shown as

. . . . . green, yellow, and pink ribbons, respectively. Four amino acid
differences in the residues and the lower confidence in the ogjques of the selectivity filter, Glu-393, Glu-736, Glu-1145, and

alignment of S5. Glu-1446, produce an opening-6 A diameter) in the absence of
Ca&" Channel Outer Vestibulén the Na channel model  external C&", which allows permeation of tetramethylammonium
(2), the P |Oop N_enm_hehces are |n contact Wlth 85 he“ces (TMA, ShOWn. in the.Center). The ﬁgure also ShQWS C|Qse contacts
That was the only way to locate the Nahannel P loops Egg’;’ggﬁo%%c'rgesi[jeuségugﬁ t(;::atr,lle_ ;ﬁgg?gm'ecss with bulky
farther from the center of the pore, in the space between the
S5 and S6 segments. This docking determined the locationarrangement for the four-domain assembly. Reconstruction
of the selectivity filter approximately at the level of lle-1575 of the Cal.2 outer vestibule viewed from the outside is
of domain IV S6, and resulted in a closed model of the outer shown in Figures 5 and 6 by space-filling and ribbon images,
vestibule and selectivity filter of the N&.4 channel (Figure  respectively. As in the Nachannel model, the surface of
7 of ref2), where the Lys-1237 side chain forms a hydrogen the outer vestibule was formed Ig}¢strands of the four P
bond or salt bridge with Glu-755 of domain Il and also loops, which are held in position by their interactions with
interacts with Asp-400 of the opposite domain | through a the P loopa-helices, and which in turn are held in position
water bridge. The Ca channel vestibule also formed a by their interaction with the S5 and S6 segments. This differs
densely packed structure at a similar location in the teepeefrom the packing arrangement of the KcsA channel. Figure
transmembrane helical structure. Packing of eacli* Ca 6 also presents interactions of the conserved Gly residues
channel P loop into the spaces between the S5 and S6 helicesf the S5 helices (Figure 4) with the bulky hydrophobic side
of the same domain and S6 of the neighboring domain waschains of the neighboring S6 helices. For example, the Gly
accomplished by adjustment of the location and conformation residue of S5 of domain Il is in immediate contact with the
of the residue side chains to avoid the more obvious van side chain of lle-1147 of the S@&-helix. The backbones of
der Waals conflicts. The minimization of the potential energy the P loopo-helix—turn—/j-strand motif were populated by
of nonbonded interactions was made, determining the optimalCa,1.2 residues Glu-393, -736, -1145, and -1446 in the
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positions analogous to the DEKA ring selectivity filter of passage of molecules smaller than 6 A. In this sense, the
the Na channel. These residues are shown on the bottompore of the Ca?" channel inside the selectivity filter is

by space-filled images (Figure 6). normally open so that the channel in the absence of external
This construction results in a conical outer vestibule with C&" is quite unselective4@).
dimensions similar to those of the Nahannel, but without In this construction, the outer vestibule of the*Cehannel

its outer ring of charged residues (Glu-403, Glu-758, Asp- pore is 18 A deep, with a conical configuration that tapers
1241, and Asp-1532). Instead, only hydrophobic or weakly from a top diameter 0f-20 A to the narrov 6 A selectivity
polar amino acid residues (Thr-356, Asn-739, Pro-1148, andfilter at the bottom (Figures 5 and 6). All four P loops
GIn-1449) face the pore at a corresponding level. Becausepenetrate the membrane to the same depth. The selectivity
for the Na channel that charged ring is very important in filter is formed by the side chains of glutamic acids of the

interactions of TTX, STX, ang-conotoxin 9, 12, 41, 42), EEEE locus. The EEEE residues are arranged approximately
the proposed structure of the Tachannel vestibule would  on the same horizontal level relative to the axis of the pore.
not bind those toxins. This model therefore produced a single binding site with

In the Na channel outer vestibule model, the S6 segments optimal stereochemical conditions for the interaction of four
do have immediate contact with selectivity filter residues. Glu residues with the one €a
The domain IV S6 residue one helical turn above Phe-1579 Ca&* PermeationPermeation of cationic ions through the
is lle-1575 @3), which is located by energy minimization at Ca&" channel is very specific. The channel is highly
the level of the selectivity filter. It is notable that the®Ca  permeable to Naor Li* in the absence of divalent ions.
channel residue analogous to the™Nzhannel lle-1575 is  C&" blocks the monovalent currents with an affinity el
Tyr-1463. Its mutation to Ala alters the reversal potential of uM, and C&" current itself develops in a saturable fashion
the channel by-15 mV and increases the level of permeation only in the millimolar range3). This has been explained as
of N-methyl-o-glucamine 89), suggesting that Tyr-1463 is Ca&" occupying a high-affinity site in the pore in the
indeed located in the proximity of the selectivity filter. The micromolar range, blocking the monovalent current. The
proposed alignment of S6 segments of domainsvI of bound C&" does not permeate because of its high affinity.
Ca.2 (Figure 3) locates Tyr-1152 of domain Il on the same When the concentration of €ais increased to the millimolar
level as Tyr-1463 inside the pore. Mutation of Tyr-1152 to range, it is proposed that a second*Chinds to another
Ala also altered selectivity4Q). In the model of the Ca high-affinity site in the pore, destabilizing the first one by
channel outer vestibule (Figure 6), Tyr-1152 is located electrostatic repulsionlg, 17). This phenomenon has been
between the side chains of glutamic acids of the domain Il studied intensively, and several points are clear. First of all,
and Il selectivity filter (Glu-736 and Glu-1145), while Tyr-  there is only a single high-affinity site comprised of the four
1463 is between Glu-1145 and Glu-1446 of domains Il and glutamic acids in the selectivity ring, rather than two
IV. Tyr-1152 and Tyr-1463 also modulate the affinity for independent sites. Pairwise replacement of these four glutamate
phenylalkylamines and dihydropyridine3 40, 44). The residues with alanine in all six possible combinations
proximity of these residues to the selectivity filter suggests (E393A/E736A, E393A/E1145A, etc.) exhibited greatly
that they might interact with this critical region. Most likely, reduced affinity ¢200-500-fold) for C&" block of Li*
the protonated form of the phenylalkylamines can interact current in each of the double mutan2®); If two independent

with the glutamatic acids of the selectivity filte(). high-affinity sites existed, then one or more of the double
Dihydropyridines, containing strongly polarized N@nd mutant channels should have shown high-affinity block of
C=0 groups, could interact with Cainside the pore45, monovalent current without divalent current, but this was

46). The dihydropyridines and benzothiazepines approach not observed. Consequently, all four glutamic acid residues
their binding sites from the outside, while the phenylalkyl- must participate simultaneously in direct interactions in the
amines access their site from the inside, supporting the ideasingle high-affinity site. Replacement of single glutamate
that their overlapping sites must be near the selectivity filter. residues with glutamine or alanine weakened the high-affinity
Both Na and C&" channels are characterized by promi- C&" interaction differently. In general, substitutions in
nent sieving behavior. In the absence of external inorganic domains Il and 11l produced stronger effects than substitu-
ions, the channels allow permeation of small organic cations tions in domains | and IV, suggesting asymmetry of the P
and polar nonelectrolyte8). Guanidine and aminoguanidine loops (L8—20, 22). However, for the same Gh2 channel,
permeate the Nachannel, but not methylammonium. In  Parent and Gopalakrishna@3j found that glutamates of
contrast, not only methylammonium but also di-, tri-, and domains Il and IV are most crucial for €abinding, and

tetramethylammonium (TMA) permeate the ?Cahannel that the glutamate of domain Il is relatively neutral. In any
(47, 48). This has led to the conclusion that the?Cahannel case, the changes in energy predicted by these differences
selectivity filter has an opening equivalent to a 5.5«%.5 are relatively small. For example, substitutions of individual

A square o a 6 A diameter circle. If this proposed &a glutamates in all four domains with GIn reduced affinity by
channel pore model has the correct dimensions, then itsonly 0.5-1.5 kcal/mol 2). Consequently, it is reasonable
selectivity filter should accommodate TMA. The structure to consider the selectivity filter of Cachannels as a quasi-
shown in Figure 6 forms a selectivity filter5—6 A in symmetrical arrangement of the four glutamates. The selec-
diameter, exactly the correct size to allow TMA to pass tivity filter also presents a single narrow aperture across the
through. This is because the side chains of the Glu residuesmembrane, because £€ahows block at the same field level,
are flexible, and electrostatic repulsion keeps their side chainwhether it arrives from the inside or the outsid®)(
carboxylates as far apart as possible. When divalent ions are A pore with only one high-affinity site would not permit
not present to offset the field, the Glu side chains are directedCe&" current 61); under such conditions, flux would be only
away from the pore and the selectivity filter is open to the about 50 st (51, 52). It is therefore necessary to include
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Ficure 7: High-affinity binding site of C&" inside the pore of the
Ca&* channel. In the presence ofL uM C&2*, all four glutamate ) . )
side chains (shown by balls) of the selectivity filter move to the At the same time, this model presents a blocking state of

center of the pore and simultaneously interact in their extended the C&* channel, inhibiting C# flux. Calculation of the
conformations with a single Caion (violet ball). electrostatic field for the complex of the pore containing one
the presence of other low-affinity binding sites for2Ca C&" inside (Figure 8) shows the positive potential (blue
inside the pore. Indeed, ierion interactions are present in  contour) created by the €3 surrounded by the negative
the C&" channel pore, because the direction of exit of the electrostatic field (red contour) created by the four carboxyl-

blocking C&" is always with, not against, the Licurrent

ate groups of the selectivity filter, placing €ain an

(53). Experimental observations have shown that the pore electrostatic trap. In this calculation, each carboxylate was

can bind several, at least three,2C#ons (0, 54). Lower-
affinity sites for monovalent or divalent binding can be
identified on both sides of the high-affinity site when divalent
concentrations are relatively lovs@, 53, 55). Recognition

of the presence of low-affinity sites led to the conclusion
that permeation of CGa through the pore is accompanied
by stepwise changes in binding affinit3).

assumed to have one net negative charge.

The proposed binding of €a by radially symmetrical
carboxylate groups from the four domains is different from
Ca* binding in typical high-affinity sitesg6, 57). Typically,

C&" is bound in a seven-coordinate pentagonal bipyramidal
geometry, where coordinating oxygens surround the ion in
a spherical manner. However, there is precedent. In the

How might the glutamates function in a quasi-symmetrical bacteriophagePX174, C&" is located at the center of a
selectivity filter, as developed in the model? The model 5-fold symmetry axis and interacts with aspartate side chains
selectivity ring forms a wide open pore in the absence of from each of the five domains of the phage G proté&i8) (
divalent ions because of the electric field generated by theseFurthermore, the symmetrical binding pattern offers the
negatively charged residues, moving their side chains awayopportunity for displacement of the €aby external or
from the pore center (Figures 5 and 6). In the presence ofinternal ions.
~1 uM Cea*, the pore is occupied by a singleaon (see The high-affinity site has been shown experimentally to
refs 16 and 17). We propose that all four glutamate side be flanked by low-affinity sites in the permeation path,
chains move to the center and simultaneously participate inlocated internally $0) and externally %5). When the
similar direct interactions with the single dehydrated?Ca  structural possibilities for formation of the low-affinity
ion (Figure 7). The interactions are considered to be direct binding sites are considered, it is logical to expect that these
because substitution of any single glutamate with the shorterlow-affinity sites are also formed by the same four glutamates,
aspartate weakened the interactions witB'Cas expected  since no alternative candidates are found in this region.
if there were direct ligand coordination rather than through- Ca,1.2 does contain an Asp at position 737, just above the
space electrostatic interactio@?). In this interaction, the  selectivity filter Glu of domain II, where it might participate
carboxylate groups occupy vertical positions and both in the selectivity process. It and other carboxyls on the

oxygens of each glutamate interact withi’*Camploying the
bidentate mode5), so the high-affinity site contains eight
oxygens that represent a possibléGan coordination site.

C-ends of P loops (Figure 1), which are also inside of the
vestibule, were shown by mutation not to affec€Chlock
of Li* currents 19, 23). Previously, Armstrong and Neyton

Separation of the P loops inside the outer vestibule (Figure (59) also proposed that a high-affinity binding site containing
6) determines the distance between the carboxylate oxygen®ne C&" can interact weakly with a second incoming?Ca

and C&" of ~2.8-2.9 A, within the limits of CaO
distances found for bidentate binding in proteisg)( In this
manner, the binding of Caions creates a definite structure
for the selectivity filter, which does not exist in its absence.

To identify the origin of these lower-affinity sites, we need
to consider the lone pair electrons of the two oxygen atoms
of the carboxylate groups, where syn pairs are directed inside
and anti pairs are directed outsidé6). At low Ca*
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FiGURE 9: Binding of three C& ions (violet balls) inside the ~ FIGURE 10: Electrostatic fields of the pore of the €achannel
selectivity filter of the C&" channel in the millimolar external €a with occupation of the high-affinity and two low-affinity sites by
concentration range. The central high-affinity site is flanked by two three C&" ions. In this situation, the four glutamate side chains
lower-affinity sites in the permeation path located externally and cannot form an electrostatic trap, permitting?Céux through the
internally, and formed by the same four glutamate residues of the Pore (central positive electrostatic potential shown in blue).
EEEE motif (their oxygens are shown as red balls'dans in
the low-affinity sites are only partially dehydrated. situation, the four glutamates cannot form an electrostatic
trap, permitting C& flux. The occupancy of the pore by
concentrations, only the syn lone pair electrons of the eight three C&* ions when the concentration is in the millimolar
oxygens in:]er?:?t hWitf?' the Ga in the central position,  range is in accordance with previous experimeig, 64).
preceng h Hghafily cage (e 7, 1108 1 o th assumptons of s e model s
o . . ; . the P loops of both Naand C&" channels are arranged
initiates interactions between the anti lone pairs of the UpPer ..\ metrically to form planar selectivity reqions. Consider-
four oxygens and the second®amost likely in a partially )k;I functi yI tudi ph " thi yreg i ' d ¢
dehydrated state. In the same fashion, there is a similar?h{;te tﬁgcp'olgipz L;rfztc dﬁ‘fgpe%? d(le?:)tsr?smirr??hrg'p?c?re Sourg%z?
interaction with the lower four oxygens on the internal side each P loop has a different secondary structée 62)

of the pore, where partial rehydration of &aan occur on N mult ticinati £ 1 boxvlat
exit from the central position. Consequently, the proposed OWEVer, simultaneous participation of four carboxylate
groups in C&" binding tolerates a relative shift o2 A

conformation of the selectivity filter containing the four | h di he ch f bid

glutamates could form three sites (Figure 9), a high-affinity aong_t € pore, corresponding to_t e change from bidentate

site flanked by two lower-affinity sites. The calculated to unidentate binding. Modest displacement of glutamates
from the planar, symmetrical arrangement in this model

electrostatic interaction for the middle €aion is 3 times - ) .
stronger than corresponding energies for additionat @as would be sufficient to produce small differences in electro-
’ h2Cand to

as a consequence of the oxygen arrangement. An exampl&tatic interactions of each carboxylate wit
where the carboxylate groups of two glutamic acids partici- €XPlain the nonuniform results of mutations9( 22, 23).
pate in bidentate binding with one €aand simultaneously Alternatively, the asymmetrical behavior could result from

in unidentate binding with another ais found in the X-ray the influence of residues adjacent to the glutamates, altering
structure of thermolysingQ). their reactivity or flexibility 63). The expected asymmetry

of the pore residues is at this point beyond the limits of
structural resolution; for example, the KcsA structure was
determined with 3.2 A resolution.

Occupancy of the first lower-affinity site can destabilize
the adjacent high-affinity site. This newcomer’Caan then
function as an “enhancer” of displacement of théGzound
in the higher-affinity site, increasing its occupancy of the ~ Nonner et al. §4) recently presented an ion exchange
lower site formed by the lone anti pairs of electrons of the model of the C& channel selectivity process. Using a
lower oxygens of the carboxylate groups. Alternatively, this Vversion of the DebyeHuckel equations incorporating ionic
anti interaction could provide a site for monovalent ions for Size, they demonstrated that eight oxygens, each with a
“lock-in” or “enhancement” of flux $3). The movement of negative half-charge, located in a restricted volume could
Ca&* from the high-affinity site to the next internal site with ~ discriminate between monovalent and divalent cations re-
intermediate affinity as the result of electrostatic repulsion ceived from adjacent compartments with physiological salt
eases exit of CGd from the pore. Without these energetic solutions by opposing electrostatic attractive and van der
stairsteps, the exit barrier from the high-affinity site would Waals exclusion forces. They predicted binding ratios
be very high,~25 kcal/mol 62). The electrostatic field of  reproducing the biphasic pattern of ionic currents experi-
the complex with three Ga ions bound simultaneously in  mentally generated by addition of €aor B&* to monova-
the three sites is shown in Figure 10. In the case of a singlelent cation solutions. The model placed no constraint on the
bound C&", the negative electrostatic potential of the pore exact location of the oxygens, except that they remain in
holds C&" inside (Figure 8); three Ca ions are able to  the assigned volume. The assumption of a continuous
overcome electrostatic attraction of the four carboxylate medium was confirmed by Monte Carlo simulations in a
groups, and one can leave the selectivity area. In this similar model of oxygens and ions in a restricted sp&&g (
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The oxygens used in those simulations must be pairs 9. Terlau, H., Heinemann, S. M., $tmer, W., Pusch, M., Conti,
derived from carboxylates, which have a relatively fixed
geometry. The volume is determined by the flexibility of

the

tethered carboxylates and their proximity. Using coor-

dinates and structural motifs derived from the KcsA crystal
structure, analogy to the Nahannel vestibule, and limited

mutational experiments, we have predicted an exact structure

of the selectivity region of the Ga channel that satisfies
the geometrical requirements of the models of Nonner et al. 14.
(64) and Buda et al.gb). Carboxylates are tethered to a rigid

backbone ring such that they may spontaneously coordinate
with at least three cations of appropriate dimensions without

creating a coordinate shell for €asuch as is found in

chelators. In the absence of divalent ions, the carboxylates
can retract to provide a sieving pattern for large organic

molecules. Our model offers a realistic geometry for the
selectivity of the C&" channel, and it may be useful in further
exploration of the ion exchange model, including protons
and water molecules.

Modeling SummaryWe tested the idea that the P loop
motif and the ME-M2 teepee motif and coordinates of the
KcsA channel crystal structure could be applied to th&'Ca
channel pore, analogous to the ‘Nahannel model we
developed using similar logic. The channel P loops could
be constructed with the-helix—turn—g-strand motif that
was successful for the Nachannel in preserving the
characteristics of the multivalent guanidinium toxin binding

sites. Phenylalkylamine interactions with the inner pore were

10.

1

F., Imoto, K., and Numa, S. (199BEBS Lett. 29393—96.
Favre, 1., Moczydlowski, E., and Schild, L. (199%ipphys.
J. 71, 3110-3132.

11. Schlief, T., Schonherr, R., Imoto, K., and Heinemann, S. H.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

used to align the S6 helical residues, and the S5 and S6 26.
helices could then be assembled with the KcsA helical

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 dimen-

sions of the selectivity filter. G4 channel selectivity occurs

at a single site formed by the four glutamates of the EEEE

motif. It can bind one CH with high affinity, but it also
provides for two adjacent lower-affinity cation sites. In the
millimolar external C&" concentration range, binding of
three C&" ions simultaneously to the high-affinity site and

the

two low-affinity ones is necessary to overcome the

electrostatic trap and permit flux through the pore of th&"Ca
channel.
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