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Abstract. The effect of structural alterations of the M4 Key words: Torpedo californica— Cassette mutagen-
transmembrane segment in tA®rpedo californica esis — Single channel electrophysiology — lon channel
AChR has shown that substitution of specific residuesggating

can be critical to the channel gating (Lasalde et al.,
1996). In a previous study we found that phenylalanine
and tryptophan substitutions at th€418 residue in the
M4 transmembrane segment of thierpedo californica
AChR significantly altered ion channel function (Lee et
al., 1994; Ortiz-Miranda et al., 1997). Cassette mutagendhe nicotinic acetylcholine receptor is a member of Ii-
esis was used to mutate the Cys residue at the corr@and-gated ion channels including the glycine receptor,
sponding C418 position in the subunit of mouse the GABA, receptor, the 5-HJ receptor, and the neu-
AChR. A total of nine mutations on the mous€418 ronal AChR (Betz, 1990). In the vertebrate neuromus-
position were tested, including theC418A, «C418V,  cular junction, the binding of two agonist molecules to
aC418L, aC418S, aC418M, «C418W, aC418H, the receptor induces a conformational change, which
«C418E andaC418G mutants. All the mutants tested opens a cation-selective channel. The flow of cations
were functional except theC418G which was not ex- initiates a membrane depolarization and causes the
pressed on the surface of the oocyte. The data obtaine@eneration of an action potential. The muscle-type
from macroscopic and single channel currents demonAChR is a pentamer composed of four different homolo-
strate that different types of amino acids can be accomdous subunits (for reviewseeArias, 1998; Changeux
modated at this presumably lipid-exposed position with-& Edelstein, 1998; Karlin & Akabas, 1995; Pradier
out loss of ion-channel function. As with tHEorpedo & McNamee, 1992). Each subunit contains four hydro-
AChR, the mutation of Cys to Trp dramatically de- Phobic domains of 20-30 amino acids designated as M1,
creased the Eg for acetylcholine and increased channel M2, M3 and M4, that are proposed as membrane-
open time. The lack of expression of the moug%18G ~ SPanning regions (MSRs) (Noda et al.,, 1982). It is
suggest that there are some differences in folding, oligoknown that the large N-terminal and short C-terminal
merization and perhaps transport to the surface merfdomains are located on the extracellular side (DiPaola

brane for this mutant between tfierpedoand the mam- et al., 1989). The primary and secondary structure of
malian AChR. the MSRs are crucial for the gating and permeation prop-

erties of the channel. Most of the studies that combined

site-directed mutagenesis and electrophysiological
* Present addressthe Research Division, Oriental Medicine Research anaIyS|s .have focused on the M2 transmembrane S€g-
Center, The Kitasato Institute, 5-9-1 Shirokane, Minato-ku, Tokyo 108.ment (Giraudat eF al., 1986, 1987, 1989; Hucho,
8642 Japan Oberthur & Lottspeich, 1986; Imoto et al., 1986, 1988,

1991; Charnet et al., 1990; White & Cohen 1992; Vil-
Correspondence tol.A. Lasalde-Dominicci laroel & Sakmann, 1992). These studies provided con-
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vincing evidence that M2 segments from each subuniMaterials and Methods

associate about a central axis to form at least part of the

aqueous ion channel. The M4 segment is the most hy-

drophobic and least conserved and has been shown fJATERIALS

have the largest contact with lipid (Blanton & Cohen

1992, 1994). The first studies involving mutational pSP64T-My) were a gift from Dr. H. Lester (California Institute of

analySIS of M4 residues were reported on WS]‘ and Technology). The cDNA coding the subunit was obtained from Dr.

aC418 position of thérqrpedoreceptor (Lietal, 1990, c. Gomez (University of Minnesota). pGEM-11Z(-) was purchased
1992). Further analysis of theCys418 demonstrated from Promega (Madison, WI).

that tryptophan substitution at this position dramatically

prolonged channel open time at low acetylcholine con-

centrations (Lee et al., 1994). It also has been demonCASSETTE MUTAGENESIS OF THEa SUBUNIT OF

strated thatyLeu440 andyMet442 located in the M4 MOUSEACHR

domain of the mouse subunit, contribute to the in-

creased channel open time characteristic of the embryT-O utilize the commercially available M13-forward primer to carry out
onic receptor (Bouzat, Bren & Sine, 1994)_ The funC_ponmt_erase_cham reaction (PCR),thg EcoRIfragmenF containing the

. . . S subunit coding gene was subcloned into the EcoRlI site of the pGEM-
tional consequences of amino acid substitutions at the;z(_y under the SP6 promoter. PCR mutagenesis was carried out to
mouse M4 were first reported at theCys418 position introduce novel restriction sites for cassette mutagenesis. The BstX |
(Tamamizu, Lasalde & McNamee, 1996). Estimation ofsite (a native unique restriction site) is preceding, Nar | is after, and a
changes in free energy barrier for the channel closur&pn I site is inside the mouseM4 coding region geeFig. 1). The
state for several amino acid substitutions atdi@ly421 BstX I-Kpn | cassette was employed to introduce mutations at the

. . «418Cys position. A mutagenic primer pair were synthesized for the
position in theTorpedoreceptor suggests that Van der BstX I-Kpn | cassette mutagenesis at t18 position. The NNS (N

Waal’s and perhaps dipole interactions at the pe”pher)/epresents AorCorGorT,and S represents C or G) codon was used
of the AChR with the lipid interface could play a Sig- at thea418 position to generate 20 possible amino acids substitutions
nificant role in the overall mechanism of channel gatingat this position, while eliminating two of three chances for stop codon
(Lasalde et al., 1996). Subsequently, the mechanisti€TAG, TGA, and TAA) and also enhancing the possibility for getting

contribution of the M4 transmembrane segment to chaneét (ATG) and Trp (TGG) substitutions, which have only one codon
hoice. A novel unique restriction site, Avr I, was designed for mu-

nel gating was exa_mmed using bL_”St'O”enj[ed a_malySIS Eﬁ:mts between the BstX | and Kpn | sites. Because the Avr |l site does
several acetylcholine concentrations (Ortiz-Miranda etyot exist in either the coding gene of the mousesubunit, or the

al., 1997). This study showed that the increase in theriginal vector, the mutant products from the cassette mutagenesis can
open channel probability of theTrp418 was due to a be discriminated from the wild type by this Avr Il restriction site.
decrease in the channel closing rate and possibly an irF_inaIIy, double strand DNA sequencing was performed to identify the
crease in the effective opening rate. In a similar study jt"utaton sequences.

was shown that replacement €418 andaT422 with

glanine in the mouse AChR increased the channel Closgypression INXENOPUS LAEVISOOCYTES

ing rate (Bouzat et al., 1998).

In this work we substitute this highly conserved Cys gy transcripts were synthesized in vitro as described by Lee et al.
residue in the M4 domain of subunit in the mouse (1994). The RNA transcripts (10 ng/oocyte at the concentration of 0.2
muscle AChR §C418) for a variety of amino acids in- ug/pl) of «, B, v, andd subunit at a 2:1:1:1 ratio were injected into
cluding, polar, hydrophobic, negatively and positively Xenopusoocytes. Combinations of the RNA mixes includiagp, ¢,
charged side chains. A total of nine mutants generate§"d ® at a 2:1:1:1 ratio were injected using Ou/ul to give 20
by cassette mutagenesis were expressedaopuso- ng/oocyte because the adult fp(m AChRs with the momwpumt

. . . (a,Bed) gave less channel activity compared to the ones withythe
cytes and ion channel function was examined by wholezypynit ¢,pys).
cell voltage clamping and patch clamping. The rationale
for this work was to examine the structural constraints
of this conserved M4 position to accommodate amino™*3-a-BUNGAROTOXIN BINDING ASSAY
acid side chains that could induce alteration of ion-
channel gating mechanism or loss of functional activity.The expression of AChR in the oocyte membrane was assayed by
This study provides new insight into the role of lipid- measuring the binding o*zsl-a-b_ungarotoxin (Amersham Life Sci-
exposed residues inthe ACHR channel funcion and furflS 17001 e, )t et ooyt o o Loe et
ther support.s ,the involvement (,)f theM4 tra,nsmem_ mg/ml bovine serum albumin in MOR2 at room temperature for 2 hr
brane domain in the channel gating mechanism and alsﬁ%d then washed several times with MOR2. Nonspecific binding was

in the functional assembly of this relevant receptor-gdetermined by the amount of toxin bound to noninjected oocytes under
channel. the same conditions.

The mouse AChR cDNAs (pGEM1-& pGEM2-MB, PSP65-M;, and
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BstX I Kpn I Nar I
(el ol 5 ]

Mouse oM4 domain
I L L GV P ¥ LV C L I G T L A V F A

5°-GCC ATG GTG ATG GAT CAC ATC CIC CTC GGA GIC TTT ATG CTG GIC TGT CTC ATC GGT ACC CTG GCT GIG TIT GCA GGG COGC CTC-3°*
3'-0GG TAC CAC TAC CTA GTG TAG GAG GAG CCT CAG AAA TAC GAC CAC ACA GAG TAG CCA TGG GAC CGA CAC AAA CGT CCC GOG GAG-5'

BstX I Kpn I Nar I

Fig. 1. MouseaM4 cassette. Th BstXIl site is a native unique restriction site. Nar | is after and Kpn | is insid&theoding region. The restriction
sites are unique inside the coding gene of the mouse A&lsBbunit.

The M4 Transmembrane Domain
VOLTAGE CLAMPING
Muscle-type AChR

ACh-induced currents were recorded with a two-electrode voltage

A . o Torpedo a ILLCVFMLICIIGTVSVFA
clamp 3-5 days after mMRNA |_nject|on with the Axoclamp—_ZA am_pllfler Ccalf a ILLAVFMLVCIIGTLAVFA
(Axon Instrument_s, Foster City, CA). Electrodes were filled yvmh 3 Chicken o LLLVIFMLVCIIGTLAVFA
KCI and had resistance of less thanv®). Impaled oocytes in the Human o TLLGVFMLVGIIGTLAVFA
recording chamber were perfused at a rate of 0.5 ml/sec with MOR2
buffer (82 m4 NaCl, 2.5 mu KCl, 5.0 ma MgCl,, 1 mv Na,HPO,, 5.0 Xenopus  ®  ILLAVEMTVCVIGTLAVFA
mm N-2-hydroxyethylpiperazine-N2-ethanesulfonic acid (HEPES), Mouse ¢ ILLGVFMLVCLIGTLAVFA
0.2 mv CaCl, pH 7.4) supplemented with 2.Qm atropine. ACh
solutions were made from calcium-free MOR?2 to avoid activation of an Torpedo B LFLYVFFVICSIGTFSIFL
endogenous CGa-dependent Clcurrent (Barish, 1983; Mishina et al.,

1984).
Neuronal AChR
= C Chicken a2 IFLWMFIIVCLLGTVGLFA
ATCH LLAMPING Chicken ©3 IFLWVFILVCILGTAGLFL
Chicken o4 IFLWMFIIVCLLGTVGLFL
The oocyte vitelline membrane was removed manually after incubation Rat a2  IFLWLFIIVCFLGTIGLFL
in hypertonic solution composed of 150mmMNaCl, 2.0 nu KClI, 3% Rat a3  IFLWVFILVCILGTAGLFL
sucrose and 5.0 mHEPES (pH 7.6). The oocytes were placed in a Rat a4  IFLWMFIIVCLLGTVGLFL
recording chamber containing bath solution (10 iKCl, 1.0 nm Rat o7 MAFSVFTIICTIGILMSAP
MgCl, and 10 nm HEPES, pH 7.2) at 20-22°C. The patch pipettes
were made of_ tr_li'ck-wall_ed borosilicate glass (Sutter In_struments, No- Rat B2  LFLWIFVEVCVEFGTVGMFL
vato, CA) exhibiting resistances of about 8-#12. The pipette solu- Rat B4 LFLWVFVFVCILGTMGLFL

tion contained 100 m KCI, 10 mm HEPES, 10 mi EGTA, pH 7.2 and
4.0 pm ACh. All experiments were performed in a cell-attached patch
configuration. Single channel currents were recorded using a DAGAN
3900 amplifier (Dagan, Minneapolis, MN), filtered at 5kHz (Frequency
Devices, Haverhill, MA) and stored on VHS tapes using a digital data
recorder (VR-10B, Instrutech, Mineola, NY). The data traces were
played back into an IBM compatible computer through DigiData 1200
ig_tenl‘aceh(Axor: Instrurrt1ents, Fc:jstter ?té/ CtAr\‘) anhd Ic:igitiz?_cti ?jpsec. _tated to Gly (C418G), Ala (C418A), Val (C418V), Leu

Ingle channel currents were detected with a nall-amplituae crossin H
alggrithm (IPROC) and data_analysis was performed Ssing pCLAMP%gjigh))’ S;r:(:i(célts(SC),l‘rl\]/.Igltfgc;Aerlig/lt)e,dT?u(t)?]‘:lisglzl’ AHIS
(Axon Instruments, Foster City, CA). A . . ) .

was coinjected with wild-typg, 8 ande subunit RNAs

in Xenopusoocytes and the expression level of mutants
were determined by th&3-a-bungarotoxin binding as-
say. As shown in Fig. 3, the expression level of all mu-
tants is relatively lower than that of wild type. To ex-
amine the ion channel function of the mutants, the ACh-
induced currents were measured by two electrode
voltage-clamp. The ACh induced maximum currents for
The Cys residue at position 418 in the subunit of mutant C418G was not detected at a holding potential of
mouse receptor is highly conserved among AChR sub-80 mV whereas other mutants exhibited the same level
units and species as shown in Fig. 2. This Cys was muef current amplitudes as wild type (800—1000 nA).

Fig. 2. Aligned M4 domain sequences for subunits of the AChR. The
cysteine residue at positiad38 in the mouse receptor is in bold and
is highly conserved in other AChR.

Results

ExPRESSION oFFUNCTIONAL Mouse MUTANT ACHR
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Fig. 3. Expression of surface AChRs otenopus laevi®ocytes. In
vitro transcribed wild type or mutant, 3, ¢ and 8 subunit mRNAs
were co-injected inXenopus laeviocytes and?3-a-bungarotoxin
binding assay was performed on day 3 after injection. Values were

C418H ' ' ” ' ”

C418E

averaged after testing 6—10 individual oocytes for each mutant.

Table 1. Functional consequences of mouse M4 mutafions

AChR type (,Bed) ECso (uM) Hill coefficient®
Wild type (13) 28.6+10.3 1.25+0.22
C438G N.ES N.E.

C438A (7) 42.3+13.4 1.25+0.06
C438V (6) 39.9+8.72 1.13 +0.06
C438L (7) 32.7+115 1.20 £ 0.07
C438S (10) 26.9+10.1 1.13+0.13
C438M (8) 21.3+5.22 1.34+£0.22
C438W (9) 2.82+1.17 1.46+0.24
C438H (11) 13.8£6.55 1.04 £ 0.06
C438E (7) 20.7 £9.32 1.37+£0.23

@Values are given as the mearsz Numbers in parenthesis indicate

the number of oocytes tested.

b Data points from all ACh concentrations were fitted with the Hill

equationY = 100/[1+K/A)".
¢ Not expressed.

THE MOUSE 418 MUTANTS SHIFTED THE ECggS

B

Fig. 4. Single-channel traces of wild type and mutant AChRs ex-
pressed inXenopus laevi®ocytes. Recordings from a cell-attached
patch configuration were taken in the presence ofs@acetylcholine.

The membrane potential was held at —100 mV and the chamber tem-
perature maintained at 20 + 1°C.

Mutations to Ala and Val increased Eg&for ACh and
mutation to His decreased Egalthough the effect of
mutations is not as significant as that of C418W. The
ECss and the Hill coefficient of mutations, C418L,
C418S, C418M, and C418E did not show significant
differences compared with the wild type.

SINGLE CHANNEL ANALYSIS OF THE C418 MUTANTS

Patch clamp recordings of single-channel currents for the
aC418W mutant showed the most marked increase in
mean channel open time compared with the wild-type
channels. Figure 4 shows single channel currents re-
corded from cell-attached patches in oocytes expressing

The EGs of the wild type and C418 mutants are listed wild-type and the mutant AChRs. At 20 * 1°C, wild-
in Table 1. Mutation C418W shifted the ECfor ACh
from 29 um to 3.0m although the Hill coefficient from  msec whereas the mean open time ofdi@18W wasr

the C418W was not significantly different from the wild = 16.7 + 0.03 msec. Mutation C418E slightly increased
type. This result indicates that this mutation changes théhe mean channel open time= 6.32 + 0.01). As sum-
ECs, for ACh without dramatic changes in cooperativity. marized in Table 2, other mutations (C418A, C418V,

type channels showed a mean open time 3.75 £ 0.01
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Table 2. Mean open times for wild type and mutant AChR Table 3. Mean open times for wild type and C438W AChRs($y3)*
AChHR type @,Bed) Mean open time (msec) AChR type @,3vd) Mean open time (msec) Amplitude (pA)
Wild type 3.75+£0.01 Wild type 4.86 +0.01 8.1+0.01
C418A 2.99+0.03 C438W 18.9 +0.02 6.8 £ 0.06
c418v 3.39+0.01
C418L 3.58 +0.03 @Single channel currents were recorded from cell-attached patches at
C418S 458 +0.01 -100 mV using 4.Qum ACh.
C418M 5.44 +0.01
C418W 16.7 +£0.03
C418H 4.10+0.01 contact with the lipid region of the membrane (Blanton
C418E 6.32 +0.00 & Cohen, 1992, 1994). This residue is also conserved

amonga subunits from different species and neuronal
2 Single channel currents were recorded from cell-attached patches AChRs (Fig 2) The homologousaCys418 of theTor-
-100 mV using 4.Qum ACh. o . - ; .
pedoAChR has been investigated previously and substi-
tution of Cys by Trp and Phe have been shown to dra-

C418L, C418S, C418M and C418H) did not show Sig_matically alter channel functi_on_sz including al_tera'_[ions of
nificant differences in mean channel open time comparedh® EGo for ACh, and a significant reduction in the
to the wild-type channel. None of the amino acid sub-channel closing rate (Lee et al., 1994; Ortiz-Miranda et
stitutions in thenxC418 showed significant change in the al-, 1997). It remains unclear how a mutation at the pu-
single channel conductance or reversal potential comtative lipid-protein interface of the AChR can dramati-
pared to wild-type AChR. cally affect the ion channel gating kinetics. To gain
more insight into the structural nature as well as the
functional consequences of amino acid substitution in the
lipid-exposed domains of AChR, we examine the corre-
spondingaCys position in a mammalian AChR. In this
study we introduce more structural constraints in this
position by replacing a cysteine with acidic and basic
side chains. In addition, theC418W mutation in the
mouse AChR was examined with different wild-type
combinations, the adult typex{Bed) and embryonic
type (@,Bv3) AChR. This allowed us to study the mu-
tation effects on the structure-function relationship of
two type of receptors. At low ACh concentration (1.0
hLM) the mouse AChR has a relatively longer open time

THE C418W MUTATION INCREASESCHANNEL OPEN
TIME ON a3y CONFIGURATION

To examine functional effects of C418W further, the
subunit composition was changed frepBed to a,Bvd

by co-injection of mouse subunit RNA witha, g and

d subunit RNA instead of using the mousesubunit
RNA. It has been shown that the,3yd AChR has a
longer channel open time and a relatively small conduc
tance compared with the,¢d AChR (Mishina et al.,
1986). It was of interest to know whether 4.5-fold in-

crease of the mean channel open time of the C418W o
a,Bed configuration would be also observed agRyd (3.6 msec) compared tgorpedo AChR (0.40 msec)

configuration. As seen witl subunit, patch clamp re- When expressed iXenopusoocytes. Therefore, we are
cordings of single-channel currents for the ca18wable to compare the consequences of amino acid substi-

showed marked increase in mean channel open timtions at this putative lipid-exposed position when the
compared with the wild-type channels. At 20 + 1°C properties of the wild-type channels are significantly dif-

wild-type channels showed a mean open time 4.86  ferent.

+ 0.01 msec whereas the mean open time of the C418w  We found that of nine mutant AChRs tested, eight
wast = 18.9 + 0.02 msec (Table 3). This 3.9-fold in- Mutants (C418A, C418V, C418L, C418S, C418M,

crease of the mean channel open time witsubunit is ~ C418W, C418H and C418E) form functional AChRs in
slightly smaller compared to that with subunit. Xenopus laevidocytes. This result demonstrates that
various types of amino acids can be accommodated at
positionaC418 (except glycine) including aliphatic, aro-
Discussion matic, basic, and negatively charged acidic residues. If
«C418 does not face the lipid bilayer, it would have
The aCys418 of mouse AChR was mutated by usingcontact with other amino acids from adjacent subunits
cassette mutagenesis to study the functional role of thisnd there should be a limited space in this tightly packed
highly conserved cysteine in the mammalian AChR. Theglobular membrane protein. In this scenario, an amino
Cys at position of 418 is located in the putative trans-acid replacement that involves a significant change in
membrane segment M4 in the subunit of the AChR. volume or physical properties should produce alteration
Independent labeling studies suggest this position is if channel gating kinetics or loss of ion channel function.
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The current results support the hypothesis that the mouseferences on secondary structure elements of this lipid-
«C418 is located at the lipid-protein interface. exposed transmembrane segment based solely on these
The C418E and C418H, which possess chargediata.
side chains, did form functional AChR channels. The The secondary structure of the M4 transmembrane
hydrophobic ion theory provides a relatively simple segment of thelTorpedo AChR remains controversial.
explanation for how these charged molecules can b&he 9A structure obtained by micrograph image recon-
accommodated within a lipid bilayer (Flewelling & struction of frozenTorpedopostsynaptic membranes re-
Hubbell, 1986). Considering the inside-positive mem-ported by Unwin (1993) is consistent with & sheet
brane potential, the hydrophobic anion with a negativestructure for the M1, M3 and M4 transmembrane do-
charge would be relatively more energetically favorablemains based on a lack of helix-like density profiles at
than the hydrophobic cation to insert into the lipid the AChR periphery (Unwin, 1993). Conversely, bio-
bilayer. While the C418E substitution may act as achemical labeling data (Blanton & Cohen, 1992, 1994)
hydrophobic anion, the C418H substitution is not soand a series of hydrogen/deuterium exchange studies
strongly charged. Previously, it was found that AChRusing FTIR indicate arx helix structure for the four
mutated to Arg at theC418 position did not express on transmembrane segments (Baezinger &tivdg 1995;
the oocyte surface (Tamamizu et al., 1996). It is con-Méthot & Baezinger, 1998). Another important ob-
ceivable that thexC418H mutant may be able to insert servation is that thexC418E did produce functional
into the membrane with its neutral form at physiologi- AChR channel expression. Glutamic acid is considered
cal pH. to be the strongegi-structure breaker among all amino
Another important observation was that a Gly sub-acids (Chou & Fassman, 1974). Thissheet breaker
stitution at thexC418 prevents the functional expression does not disrupt the functional assembly of the mouse
of the mouse AChR channel. Previous mutagenesis eXAChR receptor. The present data suggest that the
periments at'C418 of theTorpedoreceptor showed that functional assembly of the mouse AChR is more vulner-
glycine substitution at this position produced a decreasedble to disruptions o&-helical secondary elements than
but measurable level of receptor expressiorXenopus to B-structure elements at the M4 trasmembrane seg-
oocytes (Lee et al., 1994; Ortiz-Miranda et al., 1997).ment.
The glycine residue at positionC418 in the mouse Of nine mutants, only thaC418W shows a signifi-
AChR may interfere with subunit assembly. The pri- cant decrease in the EgCfor ACh, approximately 10-
mary structure of the mouse afidrpedoaM4 has about fold. In addition, the single channel data recorded for
79% homology. There are four positions in the mousethis mutation displays an increase in the mean chan-
aM4 that are different fronTorpedo G412, L419, L423 nel open time of about 4.5-fold. Previously, it was
and A424. From these four positions only the G412found that the C418W mutation in the subunit of
which is equivalent to the C412 imorpedohas been TorpedonAChR increased the mean channel open time
shown to be exposed to the lipid by photoafinity labelingfrom 0.4 to 16.5 msec (Lee et al., 1994). A burst
(Blanton & Cohen, 1992, 1994). The most significant oriented analysis on th&orpedo AChR of the same
changes between these positions occur at position G41l2utation showed an increase in channel open probabil-
and L423 (C412 and S423 irorpedq. In this particular ity due to a decrease in the channel-closing rate and a
case, thexC418G mutation in the mouseM4 produces modest increase in the opening rate (Ortiz-Miranda,
a transmembrane segment containing three glycine resit997). The open time constant of the mousg418W,
dues:_ &/FMLVGLIGTLAVFA. In the Torpedorecep- measured under the same conditions as Thepedo
tor the same mutation only contains two glycine resi-receptor, was 16.7 msec. This value is very close to
dues: CVFMLIGQ.IGTVSVFA. The disruption of sec- the value obtained for theC418W Torpedo AChR,
ondary structure elements in the mous€418G  although, the mouse wild type has the longer open
mutation is probably more drastic due to the presence ofime of 3.8 msec compared to that of tAerpedo
three glycine residues in a ten amino acid sequence. Ongild type. In addition, replacement af subunit by-y
of the rules that allows prediction ef-helix formation  subunit does not affect the increased channel open
with 80% accuracy is that if a sequence of six residuegime constant of thenC418W AChR significantly.
contains two or more “helix breakers,” helix formation is These results indicate that a tryptophan substitution at
unlikely (Chou & Fasman, 1974). The introduction of a this lipid-exposed position has similar effects on the
glycine residue in the mouseC418 position could well channel gating mechanisms of these two different AChR
follow this rule, and this might be a possible cause of aspecies.
lack of functional expression of this mutation. Although, This mutational analysis of the mouseC418
in this particular case, the introduction of anhelix = mutations demonstrates that the M4 transmembrane
breaker at thisxM4 position is lethal to the functional segment of the mouse AChR can support dramatic
assembly of the mouse AChR, it is difficult to make changes in the chemical properties of the substituted side
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chain without loss of ion channel function. Only the gly- 1986. Structure of the high affinity binding site for noncompetitive

cine substitution did not produce functional AChR chan- blockers of the acetylcholine receptor: serine-262 of&tsibunit

nel activity In Torpedo the equivalent mutation pro- is labeled by fH]chlorpromazine.Proc. Natl. Acad. Sci. USA
" . . 83:2719-2723

duced functional AChR channel activity with reduced

level of expression compared to the wild tvpe. The re_Giraudat, J., Dennis, M., Heidmann, T., Hamont, P.Y., Lederer, F.,
p p ype. Changeux, J.-P. 1987. Structure of the high-affinity site for non-

sults are more consistent with the requirement for an  competitive blockers of the acetylcholine receptdit]ghlor-
a-helical secondary structure for the M4 domain. The  promazine labels homologous residues inghends chains.Bio-
large effect of the Trp substitution at the lipid-protein  chemistry26:2410-2418
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