SCIENTIFIC CORRESPONDENCE

A superfamily of ion channels

SIR—Recent studies have revealed struc-
tural similarities among voltage-gated
cation channels. It would be interesting to
know whether some of the second-
messenger-gated channels are similar in
structure to voltage-gated channels. We
report here that a second-messenger-gated
channel, the bovine rod photoreceptor
cyclic GMP-gated channel', belongs to the
same superfamily as voltage-gated cation
channels.

Like voltage-gated potassium channel
polypeptides™, the cyclic GMP-gated
channel polypeptide resembles one of the

four internally homologous domains of
the alpha-subunit of voltage-gated sodium
or calcium channels®’. The six hydro-
phobic sequences (H1-H6) and an S$4
sequence that is between H3 and H4 of the
cyclic GMP-gated channel can be aligned
with the corresponding sequences of
potassium channels and each of the four
domains of sodium and calcium channels
(see figure). The probability of this occur-
ring by chance is negligible, suggesting
that cyclic GMP-gated and voltage-gated
cation channels are related in structure.
The presence of an S4 sequence in the
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cGMP-gated,  channel
K*  channel
Shaker RVVAIISVFVILLSIVIFCL ~ FELIETLCIIWETEELTVRFLA  UMNVIDIIAIIPYFITLATVVA
MBK1/RCK 1  RVIAIVSVMVILISIVIFCL FFIVETLCIIWFSFELVVREFA  IMNFIDIVAITPYFITLGTETA
BK2/RCKS RITAIVSVMVILISIVSFCL  FFIVETLCIIWFSFEFLVREFA  IMNIIDIVAIIPYFITLGTELA
RCK3 RGTAIVSVLVILISIVIFCL FEVVETLCIIWFSFELLVRFFA  IMNLIDIVALIIPYFITLGTELA
RCK4 RGIAIVSVLVILISIVIFCL FFIVETVCIVWFSFEFVVRCFA  IMNIIDIVSILPYFITLGTDLA
drkl KILAIISIMFIVLSTIALSL  LAHVEAVCIAWFTMEYLLRFLS  PLNAIDLLAILPYYVTIFLTES
shab RVIAVISILFIVLSTIALTL LAMVEAVCITWFTLEYTLRFSS  GLNIIDLLAILPYFVSLELLET
Shaw KTIGVVSVFFICISILSFCL  FFYIECVCNAWFTFEILVRFIS  SUNIIDYIATLSEYIDLVLQRE
1st domain, Nd channel
brain I ILVHSLFSMLIMCTILTNCV  TKNVEYTFTGIYTFESLIKITA  PWNWLDETVITFAYVTEEVDLG
11 TLVHSLENVLIMCTILTNCV ~ TKNVEYTFTGIYTFESLIKILA  PWNWLDFTVITFAYVTEFVNLG
111 TLVHSLFSMLIMCTILTNCV ~ TKNVEYTFTGIYTFESLIKILA  PWNWLDFSVIVMAYVTEFVDLG
muscle VLIHALFSMFIMITILTNCV ~ SKHVEYTFTGIYTFESLIKMLA  PWNWLDFSVITMAYVTEFVDLG
eel VEVNSAFNFFIMFTIFSNCI ~ SKIVEYTFTGIYTFEVIVKVLS  PWNWLDFSVVTMTYITEFIDLR
c&* channel
muscle IVEWKPFETIILLTIFANCV ~ LEKLEYFFLTVFSIEAAMKIIA  GWNVLOFIIVFLGVETAILEQV
heart IVEWKPFEIIILLTIFANCV ~ LERVEYLFLIIFTVEAFLKVIA  GWNLLDFITVVVGLESAILEQA
2nd domain, Na' channel
brain 1 VVMDPFVDLAITICIVLNTL ~ LTVGNLVFTGIFTAEMFLKITA  GWNIFDGFIVTLSLVELGLANV
11 VVMDPFVDLAITICIVLNTL ~ LSVGNLVETGIFTAEMFLKIIA  GWNIFDGFIVSLSLMELGLANV
111 IVMDPFVDLAITICIVLNTL  LTVGNLVFTGIFTAEMVLKIIA  GWNIFDGIIVSLSLMELGLANV
muscle IVMDPFVDLGITICIVLNTL ~ LSVGNLVFTGIFTAEMVLKLIA ~ GWNIFDSFIVTLSLVELGLANV
5, @l VMMDPFTDLFITLCIILNTL ~ LSAGNLVETTIFAAEMVLKITA  TWNIEDSIIVSLSLLELGLSNM
ca?* channel
muscle LVKSRVFYWLVILIVALNTL ~ QDIANRVLLSLETIEMLLKMYG ~ IFNRFDCFVVCSGILELLLVES
heart AVKSNVFYWLVIFLVELNTL ~ QDTANKALLALFTAEMLLKMYS  LENRFDCFIVCGGILETILVET
3rd domain, N& channel
brain 1 IVEENWFETFIVEMILLSSG ~ LEYADKVFTYIFILEMLLKWVA  AWCWLDFLIVDVSLVSLTANAL
11 IVEENWFETFIVEMILLSSG ~ LEYADKVFTYIFILEMLLKWVA  AWCWLDFLIVDVSLVSLTANAL
%4 IVEHNWFETFIVEMILLSSG ~ LEYADKVETYIFILEMLLKWVA  AWCWLDFLIVDVSLVSLVANAL
muscle IVEHNWFETFIVFMILLSSG ~ LEYADKVETYIFILEMLLKWVA  AWCWLDFLIVDVSIISLVANWL
eel IVEHDYFETFITFMILLSSG ~ LEYADKVETYVFIVEMLLKWVA  AWCWLDFVIVGASIMGITSSLL
cé” channel
muscle IVNATWETNFILLFILLSSA ~ LGYFDIAFTSVFTVEIVLKMTT  YFNILDLLVVRVSLISMGLESS
heart TVNDTIFTNLILFFTILLSST  LFYFDIVFTTIFTIETALKMTA  YENILDLLVVSVSLISFGIQSS
4th domain, Na' channel
brain I QUFDISIMILICLNMVTMMV  LSRINLVFIVLFTGECVLKLIS  GWNIFDFVVVILSIVGMFLAEL
1 QVFDISIMILICLNMVTMMV  LYWINLVFIVLFTGECVLKLIS  GWNIFDFVVVILSIVGMFLAEL
TIX  QVFDISIMILICLNMVTMMV  LSRINLVEIVLETGEFLLKLIS  GWNIFDEVVVILSIVGMFLAEL
muscle QVEDISIMILICLNMVTMMV  LYNINMVFIIIFTGECVLKMFA  GWNIFDFVVVILSIVGLALSOL
5. eel PETDIFIMALICINMVAMMV ~ LSQINVIFVIIFTVECLLKLLA  GWNVFDFAVVVISIIGLLLSDI
ca’ channel
muscle SYFEYLMFALIMLNTICLGM  SDILNVAFTITETLEMILKLLA  PWNVEDFLIVIGSIIDVILSET
heart TYFEYLMFVLILLNTICLAM MNTLNMLETGLFTVEMILKLIA PWNVFDFLIVIGSIIDVILSET
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cGMP-gated Channei ISNLVMYIIIITHWNACVYFST  EYFFVVADFLIGVLIFATIVGNIGS  IFADCEAGLLVELVLKLQPQVYS
K* channe
Shaker LGLLIFFLFIGVVLFSSAVYFA  DAFWWAVVTMTTVGYGDMTPVGFWG  IVGSLCAIAGVLTIALPVPVIVS
MBK1/RCK1  LGLLIFFLFIGVILESSAVYFA  DAFWWAVVSMTTUGYGDMYPVTIGG  IVGSLCAIAGVLTIALPVPVIVS
BK2/RCKS LGLLIFFLFIGVILFSSAVYFA  DAEWWAVVSMTTVGYGDMVPTTIGG  IVGSLCAIAGVLTIALPVPVIVS
RCK3 LGLLIFFLFIGVILFSSAVYFA  DAFWWAVVTMTTVGYGDMHPVTIGG ~ IVGSLCAIAGVLTIALPVPVIVS
RCK4 LGLLIFFLFIGVILFSSAVYFA  DAFWWAVVIMTTVGYGDMKPITVGG ~ [VGSLCAIAGVLTIALPVPVIVS
drkl LGLLILFLAMGIMIFSSLVFFA  ASFWWATITMTTVGYGDIYPKTLLG  IVGGLCCIAGVLVIALPIPIIVN
Shab LGLLMLFLAMGVLIFSSLAYFA  EAFWWAGITMTTVGIRDICPTTALG  VIGTVCCICGVLVVALPIPIIVN
Shaw LTLLVFFLVLGIVIFASLVYYA  LGLWWALVTMTTVGYGDMAPKTYIG  FVGALCALAGVLTIALPVRVIVS
1st domain, Na* channel
brain I VMILTVECLSVFALIGLQLEMG ~ DTESWAFLSLFRLMTQDEWENLYQL ~ TYMIFEVLVIFLGSFYLINLILA

I1 VMILTVECLSVFALIGLQLFMG
ITI  VMILTVECLSVFALIGLQLEMG

muscle VMILTVFCLSVFALVGLQLFMG

5, €el VVILTVESLAVE TLAGMQLEMG
Ca®’ channel

muscle IALLVLEMVIIYAIIGLELFKG

heart IALLVLEVIIIYAIIGLELEMG
2nd domain, Na* channel
brain I LGNLTLVLAIIVF IFAVVGMQL

11 LGNLTLVLAIIVFIFAVVGMQL
111 LGNLTLVLAIIVF IFAVVGMOL

muscle LGNLTLVLAIIVE IFAVVGMOL
eel LGNLTIVLAIIVF IFALVGFQL,
Ca?* channel
muscle IASLLLLLFLETIIFALLGMQL
heart IASLLLLLFLFITIFSLLGMQL

3rd domain, Na*
LVCLIFWLIFSIMGVNLEAGKF
11 LVCLIFWLIFSIMGVNLFAGKE
111 LVCLIFWLIFSIMGYNLFAGKE

muscle LVCLIFWLIFSIMGVNLEAGKF
eel LVCLMFWL IF'S IMGVNLFAGKE
ca?* channel
nuscle LVTTLLQFMFACIGVQLFKGKE
heart IVITLLOFMFACIGVQLFKGKL
4th domain, Na* channel
brain I LLFLVME TYAIFGMSNFAYVKR
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DTF SWAFLALFRLMTQDYWENLFQL
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DFFHSFLIVERVLCGEWIETMWDCM
DEFHSFLIVFRVLCGEWIETMWDCM
DFFHSFLIVFRVLCGEWIETMWDCM
DFFESFLIVFRILCGEWIETMWDCM
DFFHSFLIVFRALCGEWIETMWDCM

NFPQALISVFQVLTGEDWNSVMYNG
NFPQSLLTVFQILTGEDWNSVMYDG

DNVGFGYLSLLQVATFKGWMDIMYA
DNVGLGYLSLLQVATFKGWMDIMYA
DNVGAGYLALLQVATFKGWMD IMYA
DNVGLGYLSLLQVATFKGWMD IMYA
DNAGMGYLSLLQVSTFKGWMD IMYA

DNVLSAMMSLFTVSTFEGWPQLLYR
DNVLAAMMALFTVSTFEGWPELLYR
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TYMIFFVLVIFLGSFYLINLILA
TYMIFFVLVIFLGSFYLVNLILA
TYMIFFVVIIFLGSFYLINLILA
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LPWVYEVSLVIFGSFEVLNLVLG
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KYEESLYMYLYFVIFIIFGSFFT
KYEDNLYMYLYFVIFIIFGSFFT
1YEENLYMYLYFVIFIIFGSFFT
HYEVNLYMYLYFVIFIIFGSFFT
IYEINVYMYLYFVIFIVFGAFET
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11 LLELVME IYAIFGMSNFAYVKR
Iz LLFLVMFIYAIFGMSNFAYVKK
LLFLVMF 1YSIFGMSNFAYVKK
LLFLIMEIF SIFGMSNFAYVKK

muscle

eel
Ca?* channel

nuscle

heart
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PGKGITFFCSYITLSFLVVVNMY

TNFAYYYFISFYMLCAFLIINLF
SSFAVFYFISFYMLCAFLIINLF

Sequence alignment of the cyclic GMP-gated channel and voltage-gated potassium, sodium and
calcium channels. Crosses, residues in the cyclic GMP-gated channels found in at least 8 of the
36 sequences of voltage-gated cation channels. Dots, residues found in less than 8, but at least
one of these 36 sequences. Asterisks, residues in the cyclic GMP-gated channel that are
identical to the corresponding residues in four or more of the nine groups of voltage-gated
channel sequences (the group of Shaker and RCK1,3,4,5, and each of the four domains of the
sodium or calcium channel). The probability of finding the same level of sequence identity as
observed for all 12 residues marked by asterisks is 2.3 x 10™%. Details of the sequence
alignment and statistical treatment are available from the authors on request.
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cyclic GMP-gated channel polypeptide is
interesting, as the S4 sequences in vol-
tage-gated channels have been proposed
to serve the function of voltage sensors.
Unlike voltage-gated channels, the cyclic
GMP-gated channel requires the binding
of three or more molecules of cyclic GMP
to become activated, though the gating
shows weak voltage dependence (see ref.
1 for futher references). The conservation
of the S4 sequence in this second-
messenger-gated channel could reflect a
requirement for the close packing of the
protein interior.

Ponder and Richards” have proposed
that the basic architecture of a globular
protein is largely determined by the ‘ter-
tiary template’, the core structure formed
by buried residues that are inaccessible to
solvent. Only a few particular combina-
tions of amino acids fulfill the criteria for
the tertiary template for a given globular
protein'". By analogy, the tertiary tem-
plate of an ion channel could correspond
to those residues that do not interact with
water or lipids, or ions in the pore; these
residues form the core structure and are
important in establishing the basic archi-
tecture of the channel. Before the struc-
ture of a channel is determined, its tertiary
template can not be identified. But on the
basis of their conservation, it seems likely
that some of the hydrophobic residues,
and perhaps even some of the basic res-
idues that are highly invariant among the
cyclic GMP-gated and voltage-gated
cation channels, correspond to part of this
tertiary template. Thus, the S4 sequence
probably arose in an ancestral channel. In
addition to its postulated function as a
voltage sensor for some of the descendant
voltage-gated channels, it probably forms
part of the core structure of both voltage-
gated and cyclic GMP-gated channels.
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