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ABSTRACT: lon channels open and close their pore in a process called gating. On the basis of crystal
structures of two voltage-independent khannels, KcsA and MthK, a conformational change for gating
has been proposed whereby the inner helix bends at a glycine hinge point (gating hinge) to open the pore
and straightens to close it. Here we ask if a similar gating hinge conformational change underlies the
mechanics of pore opening of two eukaryotic voltage-dependérnthiiinnelsShakerand BK channels.

In the Shakerchannel, substitution of the gating hinge glycine with alanine and several other amino acids
prevents pore opening, but the ability to open is recovered if a secondary glycine is introduced at an
adjacent position. A proline at the gating hinge favors the open state ddlihkerchannel as if by
preventing inner helix straightening. In BK channels, which have two adjacent glycine residues, opening
is significantly hindered in a graded manner with single and double mutations to alanine. These results
suggest that K channels, whether ligand- or voltage-dependent, open when the inner helix bends at a
conserved glycine gating hinge.

Potassium channels are allosteric proteins that undergochanges underlying Kchannel opening may be somewhat
conformational transitions between closed and opened statesimilar regardless of the opening stimulus, whether it is lig-
induced by changes in chemical or electrical potential and binding or membrane voltage. In support of a conserved

(1—5). These conformational transitions underli€ kon gating transition among Kchannels, gating-sensitive muta-
diffusion across membranes and are essential to manytions in the Shakervoltage-dependent K channel were
biological processe%). shown to cluster mainly at two regions (when mapped onto

Recent X-ray crystallographic studies have provided the the KcsA structure): at the inner helix bundle crossing and
first pictures of structural rearrangements that probably occur near the conserved glycine (where the inner helix presumably
when a K channel opens7(-10). These pictures are based bends) {1). Correlated mutation analysis using multiple-
on the structures of KcsA, a Kchannel in its closed sequence alignment of the voltage-dependentcannel
conformation {, 8), and MthK, a C&f-activated K channel family further demonstrates that allosteric communication
in its C&"-bound, opened conformatio,(10). The main network in this protein family consists mainly of residues
conformational change between the closed and opened porefining these two locations1@). This consistency between
occurs in the inner helix, which lines the ion conduction structural, functional, and evolutionary data for differert K
pathway on the intracellular side of the selectivity filter channels suggests that, in essence, pore opening mechanics
(Figure 1). In KcsA (the closed channel, Figure 1, left) the in the Shakewvoltage-dependent channel (and perhaps other
four inner helices (one from each subunit) are straight so K™ channels) is similar to the opening mechanics demon-
that they cross over each other, forming a right-handed helicalstrated upon comparison of the KcsA and MthK voltage-
bundle that constricts the pore near its intracellular entryway. independent channels: opening that is induced by rigid-body
In MthK (the opened channel, Figure 1, right), the inner motion along the glycine gating hinge. Here we further test
helices are bent so that the helical bundle comes apart,this hypothesis by studying the effects of flexibility perturba-
allowing a wide tunnel{12 A diameter) leading from the  tions introduced, by means of mutagenesis, at the gating
cytoplasm to the selectivity filter. hinge position. Our experiments focus on two different

The inner helices bend at a position that is conserved aseukaryotic voltage-dependent Kchannels Shakerand the
glycine in KcsA, MthK, and many otherKchannels (Figure  high-conductance (BK) calcium- and voltage-dependent K
1, red highlight). Conservation of glycine at a specific channels.

location in the inner helix implies that the conformational
EXPERIMENTAL PROCEDURES
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- fnner helix bath solution was identical to the pipette solution but
shaker (C1: 85110} mmli I'V'G ST == PVCFUCKIVCSLOVVARVLTIALPVPVIVENFNYFY Contalned 1 Or 10QM free CaC& and no MgQ' Free Cal-
provterit bt - Rt i cium ion concentrations were set by adding the appropriate
SHAL(GI: 17737640} ¢ WYTIVIH VIALPVPVI ¥ . 7
BER(CI:2870854) 5 YLLNVING ARTTLGRLNVYPT IELIGHRK amount of CaGlcalculated using a value of 3.8610° ' M
dBK(GI: 17738178}  YFLEVT V¥--CETVLGRTFLVFFLLVELANFASSIPELIEL VEEEH L .
gioTasniesz 1 T eI TLCORL PP FILE AR ASTUPEADLICNR for the equilibrium constant f(_)r formatlon_of the EGTA _
atin (6T: 168083021 | YVTITATIOUM LT e ALVTRLFLASLITATVETAETNG Ca&" complex. Patches were first excised in a bath solution
h3K2(CI: 18983780} : WLISITFI PHT L 1 ELTE « .

NIKL(GIZ6S5059] i WLIPITF containing 1uM free CaC}, and K' currents were recorded
hIBKL{GI: 2460307} : L.PSIE'I ::E S:EHI‘IDECPIA\H:IHIV?I!QSIW CIIM!IIGAUHAK:D::ﬁ . . . .
Bt | i e ruisen after gravity flow solution exchange with a bath _solutlon
oG zezieeh)  ; WTroTAET per bimery e containing 10Q«M free CaC}. K* currents were elicited by
BCHGLIGT: 230739} ¢ YWETLTLT e TPP-PVEDSEVFFVVADFLIEVLIFATIVCHICEHISHIN

various strength depolarizations from a holding potential of
—100 mV followed by repolarization, typically t660 mV.

For any given patch, three data sets were acquired and
averaged. Five to eight patches were measured for wild-type
or mutant BK channel proteins, and the data were averaged
after normalization. Analogue data from the amplifier were
filtered (2—4 kHz, —3 dB) using a low-pass Bessel filter
Warner Instruments), digitized at 10 or 20 kHz for the
FicurRe 1. Sequence and structural analyses suggest conservedshakeor BK channels, respectively, and stored on a personal

gating hinge motions upon pore opening. (A) Shown are sequences . - .
from the inner helices of various ligand and voltage-dependent K computer hard disk. All experiments were carried out at room

channels and a CNG channel. The selectivity filter is colored orange temperature (22C).
and the gating hinge glycine re&hakey Drosophila melanogaster Data Analysis Voltage-activation curves were generated
Kv 1.1 K* channel; SHABD. melanogasteKv 2.1 K* channel; using the measured tail currents and were fitted using Origin

SHAW, D. melanogasteKv 3.1 K+ channel; SHAL,D. melano- : ; _
gasterKv 4.1 K+ channel: hBKH. sapiensBK channel: dBK.D. (version 5, Microcal Software Inc.) to a two-state Boltzmann

melanogasterBK channel; cBK, Caenorhabditis elegan®8K equation
channel; hERGH. sapienseag-type K channel; D.radDeino-
coccus radiodurangputative voltage-dependenttchannel; Aqua- GIG, OF 1 = [1 + e‘ZF(V‘Vl/z)’RT]‘l

fix, Aquifex aeolicuputative voltage-dependentichannel; hSK3,

H. sapienssmall conductance K channel; hiK1,H. sapiens .
interm%diate conductancetkchannel; hIRK1H. sapiensin\?vard whereG/Graxand!/Imaxare the normalized conductance and

rectifying K+ channel; hGIRK2H. sapiens-protein-activated K tail current amplitude for the BK an&hakerchannels,
channel; M. JanMethanococcus jannaschi{* channel; KcsA, respectivelyZ is the activation slope facto¥;,, is the half-
Streptomyces didans K* channel; MthK,Methanococcus ther- activation voltage, andl, F, and R have their usual

R + . i . . .
mautotrophicumK™ channel; and bCNG1Bos tauruscyclic tharmodynamic meaning. Free energy differences between
nucleotide-gated channel. GenBank accession numbers are givern

in parentheses. (B) Shown at the bottom are three subunits of thedosed (C) and open (O) states of the \_NIId-type or. muta_nt
KcsA (left) and MthK (right) closed and open pore structures, Channels were parametrized on the basis of the gating shifts
respectively, with colors corresponding to those in panel A. M1, and slopes according toZFVy, (=—RTIn[O]/[C]). Standard
P, and M2 denote the outer, pore, and inner helices, respectively.arrors iN—ZFVi, and A(ZF Vi) [=—F(ZmuVazme — ZatVare
wt)] were calculated by standard linear error propagation.

and confirmed by sequencing the entire cDNA. To evaluate Recombinant Protein Expression in Xenopus Oocifties.
channel expression iKenopusoocytes, a six-histidine tag cRNAs of wild-type or mutant K channels were injected
was added to the C-terminus of either wild-type or mutant into Xenopusoocytes. Protein expression was analyzed 4
K* channels using site-directed mutagenesis. RNA was days after cRNA injection. Oocytes were first placed in
prepared by T7 polymerase transcription and injected into washing buffer containing 20 mM MOPS (pH 7.2), 130 mM
Xenopus lagis oocytes. K currents were recorded under a NaCl, and 3 mM KCI. Following three rounds of washing,
two-electrode voltage clamp (OC725B, Warner Instruments Triton homogenization buffer containing 20 mM Tris-HCI
Corp.) 1-2 days afterShakermRNA injection (~50 ng). (pH 7.6), 1% Triton X-100, 100 mM NaCl, 1 mM PMSF,
Electrodes were drawn from borosilicate glass capillaries 10 mM methionine, and protein inhibitor cocktail (leupeptin,
(World Precision Instruments) to a resistance~@.5 MQ aprotinin, and pepstatin) was added to the oocytesu{20
(3 M KCI). Bath solution contained 58 mM NaCl, 40 per oocyte) followed by vigorous vortexing for 45 s with
mM RbCI, 0.3 mM CaGl, 1 mM MgCh, and 5 mM HEPES  intermittent cooling on ice. The resultant homogenized
(pH 7.6). Oocytes were typically held at100 to —80 solution was centrifuged, and the supernatant containing
mV and were stepped to different test voltages followed proteins was removed and analyzed by SIPAGE and
by repolarization, usually to the holding voltage. The tail Western blot analyses, as described below.
current amplitude was typically measuree-£2 ms after Western Blot Analysi$rotein samples were separated by
repolarization. electrophoresis on 7.5% SB$olyacrylamide gels using

Macroscopic currents were recorded (Axopatch 200B, standard loading solution$4). The proteins were transferred
Axon Instruments) from the BK channels using inside-out to nitrocellulose and blocked with 5% BSA, 150 mM NacCl,
patches excised from oocytes2 days after mMRNA injec- 20 mM Tris-HCI (pH 7.4), and 0.1% Tween,rf@ h atroom
tion. Electrodes were drawn from patch borosilicate glass temperature. Primary incubationrfd h with an anti-His tag
(PG150T-10, Warner Instruments) and were polished to a antibody was followed by washing (4 5 min) in blocking
resistance of £2 MQ. The pipette solution contained 140 solution, and subsequent addition of horseradish peroxidase-
mM potassium gluconate, 20 mM KCI, 20 mM HEPES (pH conjugated goat anti-mouse secondary antybody (1 h).
7.5), 2 mM MgC}, 1 uM CaCk, and 5 mM EGTA. The Immunoblots were developed using the SuperSignal chemi-
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luminescence detection system according to directions sup- wild type GA66A G466P
plied by the manufacturer (Pierce).

RESULTS

Gating Hinge Mutations in the Shaker*KChannel.
Glycine is unique in its ability to adopt a range of main chain
dihedral angles wider than that adopted by other amino acids.
In the MthK structure, the inner helix is bent at a glycine
residue, and the bend causes the pore to be open. We refer 15 ms 15 ms 500 ms
to this position as the glycine gating hinge. It seems
reasonable to suppose that conservation of glycine at this Residue at position 466 | Currents
position in many different K channels, including voltage- G'—"A(I\IVT) yes
dependent K channels, reflects the requirement for a flexible B Va‘: :ﬁ
hinge to open the pore. To test this idea, we made mutant T =
ShakerK* channels with different amino acids replacing Met no
glycine 466, the gating hinge position. Asn no

When expressed itXenopusoocytes, wild-type (WT) Asp o
ShakerK* channels are closed when the membrane is ,FI:]“; Eg
hyperpolarized and opened upon depolarization (Figure 2A). Pfo yes
Eight mutant channels with single-amino acid substitutions
at the gating hinge produced no current (Figure 2B). o UL K g
Representative recordings from one example in which the C ' f bl
gating hinge glycine was replaced with alanine, the next 081 / I
smallest side chain after glycine, are shown (Figure 2A). f J
Similar results were found in seven additional mutations that 0.6 1 / 4
were tested (Figure 2B).

One mutant channel with proline at position 466 did yield 041 / J
K™ currents (Figure 2A,B). A particularly interesting property v .
of the proline mutant is that it not only opened but also was e
very difficult to close. This reluctance to close can be seen
in the voltage dependence of opening: the mutant channel
reaches half-maximal activation at aroun80 mV, whereas
the wild-type channel does not reach half-maximal activation
until nearly —25 mV (Figure 2C). In other words, large WT  G466A  G466P
negative membrane voltages are required to drive the proline
mutant channel into a closed conformation. A kinetic

4uA
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i
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5 PP Y g
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manifestation of the shift in equilibrium favoring the opened Bl fog:
conformation (in the proline mutant) can be seen in the very AR
slow rate of closure following membrane repolarization I
i5kD — — —

(Figure 2A).

That proline’s effect is uni mong the amin i . .
at proline’s effect is unique among the amino acids Ficure 2: Reduced flexibility at the gating hinge of tt&haker

subs_tituted at the gating hinge po_sition i_s nqt Vvery surprising. cpannel prevents pore opening. (A) Kurrents recorded from
Glycine mutated to any other amino acid will tend to reduce Xenopus lagis oocytes under a two-electrode voltage clamp

flexibility, but proline will tend to produce a rigid artificial ~ expressing wild-type (WT), G466A, or G466P gating hinge mutant
kink. We interpret the results presented so far in the following channels. Currents were elicited by various strength depolarizations
way. The inner helices have to straighten in order to pack from holding voltages of-110 mV for the G466P mutant aneB5

. . . . mV for WT and G466A channels. (B) Effects of replacements at
against each other at the inner helix bundle to achieve a stablé, gjtion 466 on K current expression measured as described in

closed conformation of the pore, and they have to bend atpanel A. (C) Voltage-activation data for the'Kchannels listed in
the gating hinge in order to open the pore. Eight of nine panel B. Smooth curves correspond to a two-state Boltzmann
mutations (Figure 2B) favor a straight helix and thus stabilize function (see Data Analysis). The following values were obtained
the closed conformation, while mutation to proline favors a for_the activation midpoints and slopes of WT and mutant

. . - . channels.Vl/z wr= —26+ 0.2 mV,Zwt = 3.2+ 0.1, V12 gae6p—
kinked helix and destabilizes the closed conformation. We 74 0.1 mv, andZeser= 6.0+ 0.2. (D) Functional expression
do not expect the proline mutant to have a “normal” open of the G466A and G466P Kchannel mutants iXenopuocytes.
pore structure, but we think what is important is the de- Immunoblots are from membrane proteins extracted fx@nopus
stabilization of a normal closed structure. It is possible that g?]‘;)’ktgé ﬁ;‘ﬁﬁiﬁgﬁéﬂﬁé&d'ﬁ;?ﬂe?sat{ﬁﬁé lse';ﬁt"‘c"sr'rtgggggﬁo he
our inability to obsgrve lonic currents fqr the gr?ltlng hinge mature fully glycosylated (110 kDa) and partially egcoFs)yIated (75
mutants reflects their extremely right-shifted activation pro- kpa) Shakerprotein bandsis, 16).
files which are beyond our measuring capabilities.

Although the conclusion described above, regarding the intuitive sense, another possible explanation for the absence
requirement for flexibility at the gating hinge for the proper of current when glycine 466 is replaced by other amino acids
opening of the K channel pore, is appealing and makes could be that the mutant channels may not be expressed in
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Ficure 3: Pore opening is recovered in a double mutant lacking 02 K gg}‘l’:
the natural gating hinge but containing an artificial adjacent one. N L x G310AG311A
(A) KT currents recorded fronX. laevis oocytes under a two- 0'0200 0 : o o
electrode voltage clamp expressing the wild-type (WT) or G466A/ ) )
V467G gating hinge double mutant channel. Currents were elicited Voltage (mV)

by various strength depolarizations from holding voltages-85 FIGURE 4: Pore opening of the BK channel is more difficult in

mV followed by repolarization to the holding potential. (B) Voltage-  g44ing” hinge mutants with reduced flexibility. (A) *Kcurrent

activation (;ata for the Kcharénells given 'f” panel A. Sm(éoth curves  families recorded from inside-out patches expressing the G310A

correspond to a two-state Boltzmann function (see Experimental o 5311 A single mutant channel o the corresponding double mutant

Procedures). The following values were obtained for the activation (gee Experimental Procedures). Currents were elicited by voltage

T‘{dﬁo(;nlt an\c/i slogze of éhgféGfA/ V467G mutant channél, = steps betweer 100 and 200 mV and were recorded in the presence
L mvantz = 2. L of 100uM Ca* in the bath, conditions at which the maximal open

robability has been reached for all mutant channels (not shown).
oocytes or for some reason may never have reached th#ail potentials are-60 mV. (B) G—V relations for the K channels

membrane. To address this latter possibility, we have mea-given in panel A. Smooth curves correspond to a two-state
sured protein expression levels of the wild-type, G466A, and Boltzmann function (see Experimental Procedures). The following
G466P channel proteins in oocytes. As could be seen fromVvalues were obtained for the activation midpoints and slopes of

; oA i~ the single and double mutant channel;, wr = —29.0+ 0.7
the Western blot analysis of Triton-extracted oocyte proteins MV, Zur = 1.004 0.03, Vi gston = 31.0 4 1.0 MV, Zoaron =

(Figure 2D), the G466A nonconducting mutant and, as g4 0.03,Vap garia= 37.9+ 1.0 mV, Zgg11a = 0.86 + 0.02,
expected, the G466P functional mutant are both expressedy,, ss1onca114= 97.6 % 0.6 MV, andZasioncaiia= 0.82+ 0.02.

in oocytes, although they migrate at a position corresponding

to the partially glycosylate®hakerform [Figure 2D (5, or nonmature targeting. The results presented here for the
16)]. This evidence can still not be fully conclusive with gating hinge mutants of thBhakerchannel (studied in the
regard to the cell surface localization of the G466A mutant; ooctye expression system) are similar to results obtained in
however, further evidence in support of normal cell surface the mammalian expression system (R. Horn, personal com-
expression of this mutant will be presented below. munication).

If the absence of ionic currents in the majority of gating  Gating Hinge Mutations in the BK Chann@&K channels
hinge mutants results from an inability to bend the inner are K" channels gated by intracellular €aconcentration
helices, then it should be possible to introduce a secondaryand membrane voltagé&7, 18). In a BK channel fronHomo
hinge point that will suppress the effect of mutating the sapiens(hBK), the gating hinge position corresponds to
normal gating hinge. This is indeed the case (Figure 3). In glycine 311. An unusual feature of this channel is that it has
the background of a glycine 466 alanine mutant channel, a second glycine at an adjacent position, 310 (Figure 1). We
which by itself does not produce *Kcurrents in oocytes  studied the effect of mutating each of these glycine residues
(Figure 2A), a second mutation of valine 467 to glycine has to alanine, one at a time and together; the results are shown
a rescuing influence. The double mutant channel requiresin Figure 4. Voltage-dependent activation was studied in
more positive membrane voltages than the wild-type channelinside-out membrane patches excised fdéemopuocytes
to open, but there is no reason to expect wild-type gating at a fixed concentration of bath &a(see Experimental
properties since the hinge point has been moved along theProcedures). Both the single glycine mutant channels and
helix. The main point of this experiment is that it provides the corresponding double mutant channel expressufrents
very strong evidence for the importance of a flexible hinge (Figure 4A). Either single mutation shifted the midpoint of
point in the inner helix to open the channel. Furthermore, the voltage-activation curve to positive membrane voltages
recovery of current by a secondary mutation argues that theby a roughly equal amount, and the double mutation caused
primary mutation prevented opening, not channel misfolding twice the voltage shift{130 mV). In contrast to th8haker
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Ficure 5: Flexibility at the gating hinge position is essential for pore opening in both ligand- and voltage-depenhaiainikels. (A) The

Z andV,,; phenomenological gating parameter values of the G466P and G466A/V467G single and double mutant channels, respectively,
mapped onto th&—V,/, phase space (red circles) in the context of a previously observed experimental correlation betieamdtg,

values of wild-type and mutar8hakerchannel proteins (black circles). Straight lines are for the wild-tgpakerchannel values (refer to

ref 11 for further details). (B) Gating mechanics involving gating hinge motions is conserved in both ligand-gated and voltage-dependent
K* channels.

K* channel, the hBK channel still opened without a glycine  The important weight given here to the results on the
gating hinge, but the equilibrium was shifted significantly Shakemating hinge mutations, specifically the G466P mutant
toward the closed state. When parametrized in terms of gatingthat locks the channel open and the gating hinge recovery
shifts and slopes using a simple two-state Boltzmann double mutant G466A/V467G that stabilizes the closed state
isotherm (1), the equilibrium for the pore opening transition of the channel, may raise some reservations as, after all, as
is shifted by more than 3 kcal/mol toward closed, reflecting shown by other labs, many mutations along the S6 inner helix
the fact that it is a 100-fold more difficult to open the pore are gating sensitive, showing similar right or left shifting
of the gating hinge-deficient hBK channel than that of the effects of the activation curves upon mutation. It is interesting
wild-type channel. As in the case of thakeK* channel, to note, however, that thé andVy, values of the G466P
substitution of glycine 311, the primary gating hinge, with and G466A/V467G mutants (see the legends of Figures 2
proline (G311P mutant) resulted in a channel for which the and 3), when mapped on th&—Vi, phase space, lie
midpoint activation voltage\My) is shifted to the left along  significantly out of the experimental correlation observed
the voltage axis by more than 30 mV as compared to that of between th& andVy,, values of many wild-type an8haker

the wild-type channel (not shown), a manifestation of an open channel variants (Figure 5A)L{). This finding, so rarely
state stabilization effect. The results presented here for theobserved for the manghakermutations that have been
BK channel are thus consistent with the results obtained for characterized, even for cases in whishakerpositions are

the ShakerK™ channel. replaced with alanines, tryptophans, lysines, aspartates, or
asparagines, further highlights the importance of the gating
DISCUSSION hinge position to the mechanics of pore opening in this
In this study, we ask whether voltage-dependerit K channel. Mutations at the hinge position, if functional, result

channels gate their pore by bending their inner helices at al? channels with a modified gating pathway; that is, such
glycine gating hinge. The crystal structure of the opened chanr}e]s no Ionger conform to the detailed _gatlng mt_)del
MthK K™ channel showed such a bent hinge in the inner describing the wild type chapnel (the mutatlon of which
helix compared to the straight inner helix in the closed Kcsa Normally affects only the ratio of equilibrium constants
K+ channel structuredj. Conservation of a glycine amino connecting t_he model states but not the gating mpdel itself).
acid at the corresponding position in most Ehannels led ~ Rather, a different gating model needed to be invoked to
to the proposal of a conserved pore-opening mechanics,eXpla'” such outlier channel behavior which probably reﬂe_cts
independent of the stimulus leading to opening. The experi- the perturped pore structure of the channel upon mutations
ments presented here are very simple and direct; they addres&t the gating hinge.

the outcome of mutations at or near the proposed gating hinge The results on theShakerK* channel presented here
position in two different voltage-dependent” Khannels, highlight the importance of the gating hinge for the mechan-
Shakerand hBK. The effects of mutations are not identical ics of pore opening; however, they shed no light on how
in the two channels, but they are similar and underscore thewide the open pore conformation of t&akerK* channel
importance of having a glycine residue at the gating hinge. is as compared to the MthK structure. Recent data published
It seems that the ability to bend the inner helix (favored by by Yellen and colleaguesl®) argue that the open pore
the conformational flexibility conferred by glycine) is diameter at the region of the bundle crossing is narrower
important for channel opening, while the ability to straighten for the Shakerchannel than what is revealed by the MthK
the inner helix (hindered by proline) seems to be important open channel structure. The conclusion reached in that study
for proper closure of the pore. that, in the open state, the inner pore helices ofShaker
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channel maintain a KcsA-like bundle crossing moti) is
somewhat inconsistent with the results presented here. This
study attributes an important role in pore opening to the PVP

hinge point, a sequence motif conserved in all voltage-gated 7.

K* channels located at the intracellular bottom part of the
inner helices, and minimizes the role played by the conserved

glycine gating hinge as found here. As already suggested g

(19), itis possible that pore opening mechanics of$haker
channel is brought about by concerted or sequential motions
(yet to be determined) along both hinge points. The type
and magnitude of motions along both hinge points might
explain differences in open pore conformations expected for
different subtypes of voltage-gated Khannels. We think,
however, that the glycine gating hinge is universal to dll K
channels (see Figure 1) and maybe to other ion channels,
and that other slight adaptations (like the PVP motif of the
Shakerchannel) accumulated during evolution to accom-
modate variations in conductance and gating mechanisms
among different channels.

The interpretation of the essential role of the glycine gating
hinge in pore opening is further strengthened by a compre-
hensive sequenedunction analysis of the Kchannel family
using evolutionary informatior2Q) and by functional studies
of gating in both G-protein-dependent (GIRK) Kand Na
channels. Specifically, in the GIRKKchannel, introduction
of a proline into the inner helix gating hinge led to a
constitutively activated K channel 21, 22). In the bacterial
sodium channel NaChBac, mutation of the glycine gating
hinge (position 219) to proline, which would strongly favor
bending of thea-helix, greatly enhances activation by
shifting its voltage dependence to the left along the voltage
axis by 51 mV and slowing deactivation by 2000-foR8).
Thus, inner helix motions allowed by the glycine gating hinge
appear to underlie gating in a wide range of khannels
(Figure 5B) and perhaps in other related channels. Upon
changes in chemical or electrical potential, gating domains
of K channels exert a lateral force on the C-terminal extent
of the inner helices, causing the gating hinge to bend, the
bundle to come apart, and the pore to open.
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