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A photoactivatable analog of phosphatidylserine, ~ZSl-labeled 4-azidosalieylie acid-phosphatidylserine (IZSl.ASA-PS) 
(Blanton, M. and Wang, H.H. (19901 Biochemistry 29, 1186-1194) was used to label the nicotinic acetylcholine 
receptor. The photoactivatable group of tZSl-ASA-PS is attached directly to the phospholipid head group making it 
an excellent probe of regions of the AchR structure in contact with the negatively-charged head group of 
phosphatidylserine. The 'binding domains'  were localized by chemically cleaving the labeled receptor with cyanogen 
bromide (CNBr), separating the generated peptides by reverse-phase HPLC, and N-terminal sequence analysis of 
radiolabeled material. CNBr fragments containing flanking regions of the transmembrane spanning region M4 as 
well as within M3 were identified within HPLC separated radiolabeled material. The results suggest a topological 
arrangement of the transmembrane helices in which the hydrophobic faces of M3 and M4 form the boundary of the 
receptor complex in contact with the lipid bilayer. 

The nicotinic acetylcholine receptor (AchR) is one 
of the best characterized membrane-bound allosteric 
proteins; it carries the cholinergic binding sites, con- 
tains the ion channel and mediates the conformational 
transitions responsible for the regulation of ion translo- 
cation [2-5]. The AchR is a heterologous pentamer 
made up of four different though homologous subunits 
with a stoichiometry of azf ly8 [6]. Each of the subunits 
span the membrane [7] and are thought to contribute 
structurally to form the ion channel. 

The complete primary structure of each of the re- 
ceptor subunits has been established by eDNA cloning 
and sequencing in Torpedo cali fornica [8-11]. Models 
for the transmembrane organization of the mature 
subunits have been proposed based on these sequences 
[10-14]. 

In line with its transmembrane organization the 
AchR has been shown to be quite sensitive to the lipid 

Abbreviations: AchR, nicotinic acetylcholine receptor: IzSI-ASA-PS, 
IZSl-labeled 4-azidosalicylic acid-phosphatidylserine; V8. Staphylo- 
coccus aureus V8 proteinase; CNBr. cyanogen bromide. 
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environment [15-18]. While it has been established 
that an appropriate membrane fluidity is necessary for 
receptor state transitions [18], the additional presence 
of both sterol and negatively charged phospholipids are 
required for both receptor state transitions and ion 
channel gating [15,16,18]. The specific requirement for 
negatively charged phospholipids such as phosphatidyl- 
serine indicates that interactions between the nega- 
tively charged phospholipid head group and regions of 
the AchR structure are important for receptor func- 
tion. 

Photoactivatable analogs of cholesterol [19] and 
phosphatidylserine [1] have been used to demonstrate 
a direct interaction with all four receptor subunits. 
Both analogs are probes of protein regions in contact 
with tile lipid head group area with the photosensitive 
group attached directly to the phosphatidylserine head 
group and for the cholesterol ana!og to the fl-hydroxyl 
group. Not surprisingly, the labeling stoichiometry of 
receptor subunits (a,  fl, y, 8) is very similar, 2:1 : 1 : 1 
for phosphatidylserine (obtained from densiometric 
scans of autoradiographs) and 2 : 1 : 1 : 2 for the choles- 
terol analog on a per mole basis. The binding site 
domains on the AchR subunits for the phosphatidyl- 
serine analog have been localized by Staphy lococcus  
aureus  V8 proteinase mapping. The majority of label 



incorporated in the a-subunit is localized to a region of 
the polypeptide chain extending from Asn-339 to the 
carboxy-terminus of the subunit and which contains the 
putative transmembrane region M4 [9,10] as well as 
MA [13,14]. In addition, the region between Ser-173/ 
Ser-162 and Glu-338 which contains the transmem- 
brane regions MI, M2, and M3 also incorporated sig- 
nificant amounts of label. 

An important first step in determining how the 
interaction of the negatively charged phospholipid head 
group with regions of the AchR structure affects recep- 
tor function is locating the helical regions of the sub- 
unit structure that interact with the phospholipid head 
group. It is interesting to us to determine whether 
J251-ASA-PS interact with membrane domains (M1- 
M4) of the receptor preferentially. In the following 
paper we have utilized chemical cleavage of the labeled 
AehR with cyanogen bromide and fragment separation 
by reverse-phase high performance liquid chromatog- 
raphy (HPLC) to further resolve the binding site do- 
mains on the AchR subunits for the photoactivatable 
analog of phosphatidylserine 1251-ASA-PS. The results 
indicate that ~251-ASA-PS is not only a useful probe of 
protein regions in contact with the negatively charged 
head group of phosphatidylserine, but also of the 
topology of the AehR transmembrane domains. 

Materials and Methods 

t251-4-Azidosalicylic acid-phosphatidylserine (~251- 
ASA-PS; Fig. 1), (60 Ci /mmol)  was prepared as de- 
scribed earlier [1]. Cyanogen bromide (CNBr) was pur- 
chased from Eastman Kodak. All solvents used were of 
HPLC grade. 

Photolabeling of tile AchR by teSI-ASA-PS 
Photolabeling of affinity purified and reconstituted 

AchR membranes was achieved as described earlier 
[1]. Briefly, an aliquot of the iodinated probe in a 
chloroform stock was removed, dried and resuspendcd 
by sonication into an aqueous buffer. The lipid probe 
suspension was added to AchR membranes (approx. 8 
nmol of a-BgTx binding sites) to a final concentration 
of 3 tsM probe and 2 mg /ml  protein. The membrane 
suspension was stirred slowly, overnight at 4 ° C  and 
any probe that had not partitioned into the membrane 
is then removed by centrifugation. The resuspended 
pellet was photolyzed for 10 min at 365 nm using a 
hand-held UVSL-25 lamp on the long-wave setting. 

Photolyzed membranes were pelleted by centrifuga- 
tion and the lipid extracted by adding 20 volumes of 
methanol/chloroform (2:1, v/v)  to 1 volume of pho- 
tolyzed membranes in a glass centrifuge tube. The 
mixture was shaken intermittently for 2 h, centrifuged 
at high speed in a clinical centrifuge and the super- 

natant removed. The pellet was extracted once more 
and the final pellet dried with a stream of N 2 gas. 

Chemical cleacage of tile AchR 
The dried, lipid extracted AchR subunits were dis- 

solved in 70% formic acid (2 mg /ml  protein) and 
CNBr added to a final concentration of 0.07 M. The 
mixture in a glass stoppered vial was flushed with N 2 
gas and incubated for 24 h at room temperature and in 
the dark. In subsequent runs CNBr was added to a 
concentration of 0.05 M incubated for 24 h, fresh 
CNBr added to a final concentration of 0.1 M and 
incubated for an additional 24 h. The digest was then 
diluted with 5-10 volumes of water and lyophilized. 

Purification of CNBr peptides 
The lyophilized CNBr pellets were resuspended in a 

small volume of formic acid and then diluted with 5 
volumes of 0.1% trifluoroacetic acid/6.0% 2-pro- 
panol /3% acetonitrile. The suspension was cen- 
trifuged and the supernatant subjected to reverse-phase 
HPLC on a Bio-Rad RP-318 C18 column (10 x 250 
mm) as detailed in the figure legends. Selected peaks 
of radiolabeled material were lyophilized ar, d subjected 
to N-terminal gas-phase peptide sequencing (Protein 
Structure Lab, Davis, CA). To justify our methods and 
to ascertain that the sequenced peptides are indeed 
radiolabeled, the specific radioactivity of the purified 
fractions were examined in preliminary studies under 
identical conditions; the yields of sequenced peptides 
were consistent with the amount of radioactivity in the 
injected fraction. 

Results 

Affinity purified and reconstituted AchR mem- 
branes were photolabeled with ~-~51-ASA-PS (Fig. 1) as 
described in an earlier paper [1]. Labeled AchR sub- 
units were separated from lipid and unreacted probe 
by chloroform/methanol extraction as detailed in the 
Materials and Methods. 
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Fig. I. Chemical structure of =251-ASA-phosphatidylserine. 



Fractionation of  CNBr digest 
A c h R  subuni ts  (approx.  1 mg) ext rac ted  f rom pho-  

tolyzed m e m b r a n e s  were  chemical ly diges ted with 
CNBr.  The  lyophilized C N B r  digest  was  complete ly  
solubilized in a small volume of  100% formic acid and  
then di lu ted with 5 volumes of  H P L C  star t ing solvent: 
0 .1% T F A / 6 %  2 - p r o p a n o l / 3 %  a c e t o n i t r i l e / w a t e r  for 
sample  injection. 

Analysis  o f  the CNBr  digest  by reverse-phase  H P L C  
yielded the c h r o m a t o g r a p h  in Fig. 2. Approx .  7% of  
the injected radioactivi ty was  associa ted with u n b o u n d  
mater ia l .  Peaks  of  radioactivi ty e lut ing at  29.16% (IA) 
and  47.2% (IIA) solvent B were  selected for fu r the r  
charac ter iza t ion .  

Characterization of  t2SI-ASA-PS labeled material bz peak 
1,4 

As shown in Fig. 2, the radioactivi ty presen t  in Peak  
IA compr ises  a sharp  rising peak  of  t251-iodine (frac- 
t ions 38-40) .  Sequence  analysis of  the pool of  f ract ions 
3 8 - 4 0  revealed three  amino  terminal  sequences  (Table 
!). The  major  sequence  ( G l y - A s n - P h e . . . )  co r responds  
to a C N B r  f r agment  of  the ~-subunit  beg inning  at  
Gly-476 (cleavage at  Met-475) and  on the basis tha t  
there  are  no  fu r the r  C N B r  cleavage sites (Met),  ex- 
tends  to the carboxy te rminus  of  the subuni t  (Ala-501). 
Also presen t  in the rad io labe l -conta in ing  pool was  a 
minor  sequence  ( L y s - L e u . . . )  co r r e spond ing  to a C N B r  
f r agment  of  the ot-subunit beginning at  Lys-145 (clea- 
vage at  Met-144)  as well as a sequence  which could  not  
be unambiguous ly  a l igned with the known pr imary  
s t ruc tures  of  T. californ&a subuni ts  (Noda  et al. (1983)). 
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Fig. 2. Reverse-phase HPLC chromatograph of CNBr digests of tile 
tzSI-ASA-phosphatidylserine-labeled AchR. The AehR subunits (ap- 
prox. 1 :ng) isolaled from affinity purified and reconstituted AchR 
membranes photolabeled with 1:51-ASA-PS were cleaved with CNBr. 
The lyophilized digests were solubilized in a small volume (approx. 
30 .u.I) of formic acid and then diluted with 5 volumes of HPLC 
equilibration buffer ((I.1% trifluoroacetic acid/6% 2-propanol/3% 
acetonitrile) and the soluble material injected into a Bio-Rad RP-318 
(Cls) reverse-phase HPLC column 110×250 mm). The column was 
equilibrated in 90% solvent A (0.1% trifluoroacetic acid)/10% sol- 
vent B 111.1% trifluoroacetie acid/60f~ 2-propanol/30% aceto- 
nitrile/10c?; H_,O) and material eluted at a flow rate of 1.0 ml/min 
with a gradient of solvent B indicated. 2.ml fractions were taken and 
directly counted in a gamma emission counter. Material contained in 
designated peaks IA (fractions 38-40) and IIA (fractions 68-711 
were pooled, lyophilized and subjected to sequence analysis. An 
aliquot of the pool fractions was taken and analyzed by NaDodSO 4 
polyaerylamide gel electrophoresis on an 18% polyaerylamide gel 

(see Fig. 3). 

The  ~-subuni t  f r agmen t  beg inn ing  at  Lys-145 p resum-  
ably extends  to the next avai lable c leavage site a t  
Met-171. 

TABLE 1 

Sequence analysis of material in pools IA and IIA 
Material in pools 1A (fractions 38-40) and IIA (fractions 68-71) (Fig. 2) were lyophilized and subjected to N-terminal gas-phase peptide 
sequencing (UC Davis Protein Structure Lab). For each analysis PTH amino acids are designated by the conventional three-letter abbreviations 
and their yields in picomoles shown in parentheses. The amino terminal starting position in each AchR subunit is indicated near the bottom, n,q, 
denotes PTH amino acids identified but not quantified. 

Cycle HPLC peak IA HPLC peak IIA 
Amino terminal sequence Amino terminal sequence 

I (yield) 2 (yield) 3 (yield) 1 (yield) 2 (yield) 3 (yield) 

I Gly (70) Phe (65) Lys (35) Lys 1441)) Pro 1310) Phe 1210) 
2 Asn (20) lie (30) Leu (20) Arg (180) Asn (270) Glu (80) 
3 Phe (20) Ala/Asp/Tyr (20/20/10) (n.d.) Ala (500) Lys (60) 
4 Ans 116) Glu/Val (22/10) Ser (240) lie (232) Gin (72) 
5 His (4) Glu (28) Lys (240) Arg (40) 
6 Pro (n.q.) Glu (8) - Glu (230) Gin (50) 
7 Pro (n.q.) Tyr (n.q.) Lys (24(I) lie (120) 
8 Ala (13) Gin (240) Phe (120) 
9 Lys (16) Glu 1150) lie (80) 

10 Pro (n.q.) Ash (I 20) 
I I Lys (140) 
Amino 

terminus (,5-476) (no fit) (ot-145) (~-330) (~-315) (6-383) 



Characterization of t"51-ASA-PS labeled material in peak 
I1/t 

It can be seen in Fig. 2 that in the midst of a rather 
broad peak of radiolabeled material is a sharp peak 
eluting at 47.2% solvent B (fractions 68-71) comprising 
peak IIA. Sequence analysis of the pool fractions re- 
vealed three amino-terminal sequences (Table I). A 
major sequence extending from a-Lys-330 (cleavage at 
Met-229), a sequence extending from /3-Pro-315 (clea- 
vage at Met-314) and a sequence extending from 8- 
Phe-383 (Met-382). 

Three rather high molecular weight bands are ap- 
parent on an 18% NaDodSO 4 polyacrylamide gel of 
radiolabeled material contained within peak IIA (Fig. 
3, lane 3). Based on an examination of the primary 
structure of each of the subunits extending from the 
amino terminus of each of the CNBr fragments and the 
molecular weight of the bands on an 18% gel, it is 
evident that these are partial digestion fragments of 
the AchR which contain internal CNBr cleavage sites 
(Met). From a comparison of the sequencing yield of 
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Fig. 3. Analysis of the CNBr digest of IzSI-ASA-PS labeled AehR 
resolved by reverse-phase HPLC and analyzed by SDS-PAGE. An 
aliquot of pool fractions from the reverse-phase HPLC separation of 
the CNBr digest of I'*Sl-ASA-PS-labeled AehR subunits was ana- 
lyzed by electrophoresis in a NaDodSO 4 polyacrylamide gel (18% 
acrylamide), followed by silver staining. Material from HPLC peak 
IA, fraction 50 and peak IIA are present in lanes 1-3, respectively. 
The molecular mass standards are myoglobin (17(1001 and myoglobin 
fragments (Diversified Biotcch) of molecular weight 1440(I, 8160, 

6210, and 25111 daltons. 

each of the fragments and the relative presence of each 
of the bands on an 18% gel, the bands were tentatively 
assigned as originating from the /3-subunit (18 kDa), 
a-subunit (14 kDa) and 8-subunit (12 kDa). This as- 
signment is consistent with the fact that only the frag- 
ment generated by cleavage at Met-315 of the /3-sub- 
unit and extending to the carboxy terminus of the 
subunit is of sufficient mass to generate an 18 kDa 
band on the 18% polyacrylamide gel. In addition, any 
fragment generated by internal cleavage of the a-sub- 
unit between Lys-330 and the carboxy terminus is of 
insufficient mass to generate any of the bands on the 
18% polyacrylamide gel regardless of the assignment. 
It is then evident that the CNBr fragments originating 
from the a- and/3-subunits each extend to the carboxy 
terminus of the subunit, while the fragment originating 
from the 8-subunit presumably extends to Met-475 
with the fragment present in peak IA beginning at 
Gly-476. The calculated molecular weights for each of 
these fragments is consistent with the apparent molec- 
ular weights of the three bands present on an 18% 
polyacrylamide gel. 

In subsequent runs labeled receptor subunits were 
digested with CNBr for a longer period of time in 
order to ensure more complete cleavage (see Materials 
and Methods). Examination of the chromatograph of 
the reverse-phase HPLC run (Fig. 4) reveals it to be 
extremely similar to the HPLC run shown in Fig. 2. 
Indeed, peak IVB in Fig. 4 and peak IA in Fig. 2 both 
contain radiolabeled material eluting at 29.16% solvent 
B, respectively. Peaks of radiolabeled material eluting 
at 16.4% (IB), 21.6% (liB) and 26.2% (IIIB) were 
selected for further characterization. 

Characterization of teSI-ASA-PS material in peak IB 
Sequence analysis of the peak radiolabel-eontaining 

fraction (fraction 61) in peak IB revealed the presence 
of two amino terminal sequences. Due to the rapid 
drop-off in the sequencing yield present in subsequent 
sequencing cycles the released amino acids could not 
be unambiguously assigned to either amino terminal 
sequences. Five possible permutations could be fit to 
the AchR primary structure (Table Ill). Four of the 
five possible fits are contained within the transmem- 
brant spanning region M3 of a,/~, % 6. 

Characterization of t251-ASA-PS material in peaks liB 
and lllB 

Sequence analysis of the peak radiolabel-containing 
fraction (fraction 86) in peak lIB revealed the presence 
of three amino terminal sequences (Table II). A major 
sequence extending from ',/-11e-359 (cleavage at Met- 
3581, a sequence extending from tr-Lys-387 (cleavage at 
Met-386) and a sequence which could not be aligned to 
the AchR primary structure. Assuming each of the 
fragments extends to the next CNBr cleavage site, the 
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Fig. 4. Reverse-phase HPLC chromatograph of CNBr digest of the 
t"Sl-ASA-phosphatidylserine-labeled AchR. The AchR subunits (ap- 
prox. I rag) isolated from affinity purified and reconstituted AchR 
membranes photolabeled with 12SI-ASA-PS were chemically cleaved 
with CNBr. The lyophilized digests were solubilized in a small 
volume (approx. 30 /.tl) of formic acid and then diluted with 5 
volumes of HPLC equilibration buffer ((1.1% trifiuoroacetic acid/6% 
2-propanol/3% acetonitrile) and the soluble material injected into a 
Bio-Rad R-P 318 (Cis) reverse-phase HPLC column (10×250 ram). 
The column was equilibrated in 9(1% solvent A (0.1% trifluoh)- 
acetic). 10c/~ solvent B (11.1% trifluoroacetic acid/60% 2- 
propanol/3(lt?/~ acetonitrile/l(IC; H20). The column was eluted at a 
flow rate of 1.0 ml/min with an elufion gradient of l).2~/~ solvent 
B/rain. 1 ml fractions were taken and directly assayed by gamma 
emission counting. Material contained in designated peaks IB (frac- 
tion 61), liB (fraction 86) and IIIB (fraction 107) were lyophilized 

and subjected to sequence analysis. 

f r a g m e n t s  ex tend  f rom y- l i e -359  to Met -374  and  a -  
Lys-387 to Met-404.  

S e q u e n c e  analysis  o f  the  p e a k  r ad io l abe l - con ta in ing  
f rac t ion  in p e a k  l l I B  ( f rac t ion  107) r e v e a l e d  a m a j o r  
s e q u e n c e  beg inn ing  at  a -Lys -387  ( c l eavage  at  Met -386)  
p r e s e n t  in a th ree - fo ld  g r e a t e r  a b u n d a n c e  than  two  
m i n o r  s equences .  O n e  o f  the  m i n o r  s e q u e n c e s  was  
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TABLE 111 

Sequence and location of material in peak IB 

Material in peak IB (Fig. 4) was subjected to N-terminal gas-phase 
peptide sequencing and two amino terminal sequences were identi- 
fied. However, the PTH amino acids released in subsequent cycles 
could not be unambiguously placed to either amino terminal se- 
quences (see text and Table II). In this table possible permutations 
which can be aligned to the primaq~ structure of AchR subunits are 
listed. Identified PTH amino acids are underscored for identification 
and the CNBR cleavage sites indicated by an arrow. The location of 
each potential CNBR fragment is indicated on the right. 

Amino terminal Sequence Location 
residue 

(cleavage site) 

a279 Met Leu-Phe-Thr Met M3 
/3286 Met Phc lie Met M3 
y296 Met Leu lie Val Met M3 
,~294 Met Phe lie Met M3 
r~325 Met Phe Phe Set Thr Met between 

M3 and M4 

ident i f ied  as a C N B r  c l eavage  f r a g m e n t  o f  the  8-sub-  
unit  beg inn ing  at  Gly-476 ( c l eavage  a t  Met -475)  whi le  
the  o t h e r  m i n o r  s e q u e n c e  cou ld  no t  be  a l i gned  wi th in  
the  known  p r i m a r y  s t ruc tu re s  o f  the  T. califomica 
A c h R  subuni t s  ( T a b l e  11). T h e  C N B r  f r a g m e n t  o f  t he  
a - s u b u n i t  beg inn ing  at  Lys-387 in teres t ingly  is a lso 
p r e s e n t  in p e a k  l iB  and  in bo th  cases  the  f r a g m e n t  
p r e s u m a b l y  ex tends  to t he  next  ava i lab le  c l e a v a g e  site 
at  Met-404.  Similarly,  the  m i n o r  s e q u e n c e  c o r r e s p o n d -  
ing to a C N B r  f r a g m e n t  o f  t he  8 - subuni t  beg inn ing  a t  
Gly-475 is a lso p r e s e n t  in p e a k  I A  and  for  r ea sons  
de sc r i bed  ea r l i e r  t he  f r a g m e n t  ex tends  to the  carboxy 
t e r m i n u s  o f  the  subuni t .  

TABLE 11 

Sequence analysis of material in pools IB, lib at~d ~lib 

Material in pools IB (fraction 61), liB (fraction 86) and IIIB (fraction 107) (Fig. 4) were lyophilized and subjected to N-termimd gas-phase 
peptide sequencing (UC Davis Protein Structure Lab). For ead~ analysis PTH amino acids are designated by the conventional three-letter 
abbreviations and their yields in picomoles shown in parentheses. The amino terminal starting position in each AehR subunit is indicated near 
the bottom (for Peak IB see Table 111). 

Cycle HPLC peak IB HPLC peak IIB HPLC peak 111B 
Amino terminal sequence Amino terminal sequence Amino terminal sequence 

1 (yield) 2 (yield) 1 (yield) 2 (yield) 3 (yield) I (yield) 2 (yield) 3 (yield) 

I Leu (94) Phe (80) lie (115) Lys (55) Pro (32) Lys (95) - Phe/Tyr (24/22) 
2 Phe (75)/Ile (26) Lys ( 1 l id Ser (30) Asp (2l)) Ser (80) Asn (21)) Gly (8) 
3 Ser (2l))/Thr (I 1 ) /Val  (8) Ala (88) Asp (25) Gly (16) Asp (60) Phe (12) Ala (n,q,) 
4 Thr (25) Gly (79) * Glu (74) * Phe (5) Glu (40) Asn (8) Asp (55) 
5 Glu (92) * Glu (92) * Thr (5) Glu (62) His (10) Asp (7) 

Ser (25) 
Amino 
terminal See Table 111 (~,-359) (a-387) (no fit) (a-387) (~-476) (no fit) 

* The glnlamie acid residues in cycles 4 and ,5 (pe;ak liB) are present in two of the scqaenccs hence the yield represents the sum of the two 
sequences. 



D i s c u s s i o n  

While an appropriate membrane fluidity is neces- 
sary for the AchR to undergo conformational changes 
associated with receptor state transitions [17], the addi- 
tional presence of both sterol and negatively charged 
phospholipids are required for both state transitions 
and ion channel gating [15-17]. A specific requirement 
for negatively-charged phospholipids such as phospha- 
tidylserine suggests that interactions between the nega- 
tively charged lipid head group and regions of the 
AchR structure are important for receptor function. 
One of our principal interests in labeling the AchR 
with the phosphatidylserine analog 1251-ASA-PS was to 
localize regions of the AchR primary structure which 
specifically interact with the negatively-charged head 
group of phosphatidylserine. With the photoactive 
group attached directly to the lipid head group of 
phosphatidylserine, it provides an excelknt probe for 
regions of the polypeptide in contact with the nega- 
tively-charged head group of the phospholipid. In an 
earlier paper [1] the 'binding domains' on the a-sub- 
unit were localized by Staphylococcus aureus V8 pro- 
teinase mapping. The majority of label was localized to 
V8 cleavage fragments of 11.7 and 10.1 kDa contained 
within the stretch of the polypeptide chain extending 
from Asn-339 to the carboxy terminus of the subunit. 
The proposed membrane spanning region M4 [9,10] as 
well as the amphipathic helix region MA [13,14] are 
both contained within this stretch of the polypeptide. 
An 18.5 (20) kDa V8 cleavage fragment of the a-sub- 
unit also incorporated significant amounts of label. 
This fragment extends from Ser-173/Ser-162 through 
the membrane spanning regions MI, M2 and M3 and 
terminates at or near Glu-338 [23]. 

In the present study we have further localized the 
'binding domains' of 1251-ASA-PS by chemically cleav- 
ing the labeled AchR with cyanogen bromide and 
purifying the generated fragments by reverse-phase 
HPLC. While interpretation of the sequence data is 
hampered by the presence of multiple sequences in any 
given radiolabel containing HPLC peak, previous work 
using Staphylococcus aureus V8 proteinase mapping to 
define the regions of the a-subunit which incorporated 
the phosphatidylserine photolabel [1] allowed us to 
constrain the labeled CNBr fragment(s) to those con- 
tained within the stretch of the polypeptide chain iden- 
tified by V8 proteinase mapping. Central to this analy- 
sis is the consensus view that due to the high degree of 
homology between each of the receptor subunits, they 
fold in a similar manner  to give rise to either four 
[10,12] or five [13,14] membrane-spanning regions. This 
conservative assumption allowed us to use information 
gathered for one subunit and apply it to each of the 
subunits as a whole. Finally, the pattern of locations of 
the identified peptides has allowed us to draw some 

valuable conclusions as to the regions of the AchR 
subanits whieh interact the phosphatidylserine analog 
employed in this study. 

The results of the sequence data are summarized in 
Fig. 5 along with results previously obtained from V8 
protease mapping. The three fragments identified in 
peak I1A (a-Lys-330, /3-pro-315, and ~-Phe-383) each 
originate in a region of the polypeptide chain which is 
proposed to be located on the cytoplasmic side of the 
membrane [10,11,13,14] provi~ding additional support 
for the view that each of the subunits fold in a similar 
manner. Incorporation of the phosphatidylserine ana- 
log into one or more of these fragments is entirely 
consistent with previous results demonstrating incorpo- 
ration of label into V8 proteinase fragments of the 
a-subunit beginning at Asn-339 and extending to the 
carboxy terminus of the subunit [1]. 

Since the photoreactive portion of 125I-ASA-PS is 
attached to the phospholipid head group, regions of 
the polypeptide chain in contact or in close proximity 
with the lipid bilayer are likely to be labeled. The 
proposed membrane-spanning region M4 as well as the 
amphipathic region MA are both contained within the 
stretch of the polypeptide chain found in the CNBr 
fragments identified within HPLC peak IIA as well as 
the V8 proteinase fragments of the a-subunit previ- 
ously identified. Evidence from the sobstitution of hy- 
drophobic domains [20] support a corelusion that the 
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Fig. 5. Locations of sequenced peptides within AchR primary struc- 
ture. Schematic drawing of the aligned primary sequences of the 7: 
californica AchR subunits. Black boxes indicate the hydrophnbic 
t,ansmembrane segments [10l. and the open box the amphipathic 
helix MA [13.14]. Identified CNBr and Staphylococcus aureus V8 
proteinase peptides are localized along the sequence as indicated by 
fraction numbers which contained peptides labeled by L~I-ASA-PS. 



M4 region either spans the membrane or is at least 
integrally associated with it, while the region contained 
within MA is cytoplasmically located [21,22]. 

In our study, peptide fragmeats contained within 
the major radioactive HPLC peaks were characterized 
by sequence analysis. Because of the presence of both 
labeled and unlabeled peptides in each fraction, it is 
not possible to assign unambiguously an observed se- 
quence to the radioactive peptide based on results 
from a single fraction. However, we have chosen to use 
independent sequencing results from the major ra- 
dioactive fractions to arrive at a conclusion consistent 
with all the results. Based on the identified sequences 
from the fractions examined, we are able to obtain an 
overall pattern of peptides present in the radioactive 
fractions. The results show that the sequenced peptides 
present in the radioactive fractions are not randomly 
distributed, but include primarily membrane-spanning 
domains as would be expected from a phospholipid 
probe. This conclusion is also consistent with con- 
straints based on our previous results using V8 pro- 
teinasc digestion [1]. 

Examination of the locations of sequences identified 
within HPLC radiolabel-containing peaks (Fig. 5A) in- 
dicate that either ~2Sl-ASA-PS is labeling regions of 
the polypeptide chain thought to be located in the 
cytoplasmic domain or the phosphatidylserine analog is 
labeling flanking segments of the membrane-spanning 
region M4. While the first case cannot be dismissed, 
~251-ASA-PS incorporation into flanking regions of M4 
support the proposed models of the transmembrane 
organization of the AchR subunits in which the region 
M4 is thought to represent an a-helical membrane- 
spanning region [10-14]. This conclusion is also consis- 
tent with the phosphatidylserine analog labeling 'flank- 
ing' regions of M4 as a consequence of the fact that the 
photoreactive group is attached to the phospholipid 
head group and would most likely label flanking re- 
gions of transmembrane helices. 

Similar labeling patterns observed for 12SI-ASA-PS 
and the hydrophobic probe 1251-TID [23] in this region 
of the polypeptide chain are consistent with the inter- 
pretation that each probe labels different regions of a 
transmembrane helix. Using a photoreactive analog of 
phosphatidylcholine, Giraudat et al. [24] concluded that 
Cys-424 within the M4 region of the a-subunit of T. 
m a m m o r a t a  is labeled. The phosphatidylcholine analog 
employed in these studies was a superficial probe of 
the membrane bilayer with the photoreactive group 
substituted for one of the fatty acid chains. Labeling of 
Cys-424 is then consistent with I~I-ASA-PS labeling a 
region slightly distal and in the region of helix in 
contact with the phospholipid head group. 

Significant incorporation of botll ~2SI-ASA-PS and 
I~I-TID into the region of the a-subunit which con- 
tains M4 suggests that of the membrane spanning 

regions (M1-M4), M4 is in greatest contact with the 
lipid bilayer. This conclusion is supported by the obser- 
vation that M4 is the most hydrophobic of the pro- 
posed transmembrane spanning regions, exhibiting a 
face which is essentially devoid of residues with hydro- 
gen bonding groups [3]. The M4 region is also the least 
conserved of the transmembrane spanning regions, 
suggesting that it interacts with the solvent (i.e., lipid) 
rather than solely with other regions of the polypep- 
tide. 

Several lines of evidence suggest that the M4 helix 
lies at the periphery of the ion channel [3], not the 
least compelling of which is that the M4 region can be 
replaced by foreign hydrophobic transmembrane se- 
quences without loss of ion channel activity [20]. A 
peripheral location of the M4 helix with respect to the 
ion channel is then entirely consistent with it interact- 
ing with the lipid bilayer to a greater extent than that 
of the other membrane spanning regions. 

Sequences identified within HPLC peak IB (Tables 
II, IlI) suggest that ~25I-ASA-PS is also incorporated 
into the transmembrane spanning region M3. Labeling 
of M3 is consistent with a significant amount of the 
total label incorporated into the a-subunit (15%) local- 
ized within a V8 cleavage fragment of the subunit 
containing the membrane-spanning regions M1-M3 [1]. 
However, based on the lower level of incorporation of 
~251-ASA-PS within the V8 cleavage fragment contain- 
ing M3 as compared to that incorporated within the 
fragment containing M4, M3 would appear to be in less 
contact with the lipid bilayer. Like M4, M3 differs from 
M1 and M2 in that it is less well-conserved, and like 
M4, it exhibits a certain lateral amphipathy, having a 
face with rather polar residues as well as hydrophobie 
face. 

While further work is necessary to determine 
whether helices M1 and M2 interact with the lipid 
bilayer, the labeling pattern of IzSI-ASA-PS enables 
one to construct a working model of the topological 
arrangement of the four transmembrane spanning he- 
lices (M1-M4). Labeling of the M2 region by photore- 
active analogs of non-competitive inhibitors (NCB) 
[24,25] suggests that the M2 region of each of the 
receptor suhunits form the lining of the ion channel. 
The hydrophobic faces of M3 as well as M4 would then 
form the boundary face of the channel complex in 
contact with the lipid bilayer with M4 forming the 
periphery in greatest contact with the membrane lipids. 
The hydrogen bonding faces of M3 and M4 are also 
presumably in contact with the other transmembrane 
helices. The significant hydrogen bonding capacity of 
the M1 helix suggests that it is primarily in contact with 
the other helices. The conserved proline residue in M1 
(position 240) of the aligned primary sequences [9,10] 
probably breaks the helix up into two segments [14]. 
The lower segment of M1 may form a hydrophobic 
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pocket  explaining the label ing o f  a -Cys-222 by pyrenyl  
male imide  (PM) [26]. Since label ing o f  a -Cys-222  by 
PM inhibits A c h R - m e d i a t e d  ca t ion  t rans loca t ion  while 
the muta t ion  a-Cys-222 to Ser  yielded a funct ional  
r ecep to r  [27], label ing o f  Cys-222 may block a confor-  
mat ional  c h a n g e  needed  for  channe l  open ing  possibly 
involving a n  isomerizat ion o f  a -Pro-221 .  Undoub ted ly  
M1 is integral ly associa ted  with the  ion channel  which 
is consis tent  with its relatively high degree  o f  regional  
homology [9,10]. 

In view of  the  fact  tha t  no  s ignif icant  d i f ference  in 
the label ing pa t t e rn  has  been  de tec ted  in the l~ i -ASA-  
PS label ing o f  the  A c h R  in the p resence  o r  absence  o f  
r ecep to r  agonis t  [1], no r  for  any  o t h e r  pbotoac t iva tab le  
lipid ana log  [19,24], it is p robab le  tha t  any  confo rma-  
t ional  change  i ndu : ed  by the b ind ing  o f  agonis t  is not  
sensed  a t  the l i p i d / p r o t e i n  interface.  A likely model  
which explains the r equ i r emen t  o f  negat ively cha rged  
phosphol ip ids  on  r ecep to r  funct ion is one  in which the  
b inding o f  the negat i :e ly  c h a r g e d  phosphol ip id  head  
g r o u p  with posi t ively-charged res idues  loca ted  at  the  
ends  o f  at  least  the M3 a n d  M4 helices, stabilizes the  
helices in the  m e m b r a n e  a n d  facil i tates the  fo rmat ion  
o f  a s table ion channe l  capable  o f  unde rgo ing  agonis t  
induced  act ivat ion.  
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