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Revised assignments for the bilayer helices of the G-, - and d-subunits of the acetylcholine receptor are
presented. A new feature of the model is extensive charge matching between the polar groups of the ion
channel elements of different subunits.

Acetylcholine receptor

Single group rotation theory

1. INTRODUCTION

Single group rotation (SGR) theory [1] led to
the design of a model binding site for acetyl-
choline (ACh) and to a prediction for an acetyl-
choline receptor (AChR) ion channel sequence:
lys(1)...glu(5)...lys(8)...glu(12).. (polar side
chains lining one side of an a-helix). The amino
acid sequences for all of the AChR subunits
(a24) have been elucidated [2—6]. Remarkably,
the predicted sequence was located in the a-subunit
(@373—a391). In the form of a helix, the segment
was amphipathic and thus suitable as a membrane-
spanning portion of an ion channel (ion channel
element) [7]. SGR theory was used to choose ion
channel elements in the other subunits [8], and to
construct plausible models for the ACh-binding
site [9,10] and the exobilayer portion of the a-sub-
unit [11].

Structural models for a complex protein mole-
cule like the AChR can guide the experimenter into
asking new questions and therefore can stimulate
new types of experiments in the search for the
actual structure. Models are valuable in many
other ways: (i) as an aid in the design of labeling
and blocking agents; (ii) for insight into potential
mechanisms such as how ACh is bound and how
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the AChR ion channel might function; (iii) for the
design of immunogenic peptides as probes of anti-
body specificity; (iv) for the selection of interesting
points for genetic manipulation; and (v) for ideas
about the complexity of biological receptors. Since
it is likely that most of the 2333 amino acids in the
AChR serve some purpose, models should be
modified to reflect new information or sharper
perceptions about the receptor.

New information on (i) the location of phos-
phorylated serines [12—15] (R. Huganir and P.
Greengard, personal communication) and (ii) the
inclusion of amides as potential channel-active
groups (as in alamethacin [16—18] or the serine and
aspartate bacterial chemoreceptors [19]) brings us
to revise our original assignments for the ion chan-
nel elements of the &-, 7- and d-subunits.

2. THEORY AND DISCUSSION

Serines in the acetylcholine receptor are phos-
phorylated by a specific cytoplasmic kinase and
dephosphorylated by a specific phosphatase. The
target sequence is normally arg*-X-ser (table 2.5 of
[20]), and the active serines have been identified
tentatively as y-ser354 and d-ser361 (R. Huganir
and P. Greengard, personal communication). In
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order to place the serines on the cytoplasmic side
of the membrane of the cell, another hydrophobic
transmembrane helix was added to those previously
chosen for the §-, v- and é-subunits (essentially the
same sequence had been selected as a hydrophobic
membrane segment by others [4—-6]).

The use of one amide as a polar group in the
channel elements for the 9- and d-subunits led to
very attractive choices as ion channel element se-
quences. The amphipathic nature of the channel
elements was improved and a striking new feature,
charge-matching, appeared for most of the inter-
actions between the 5 subunits (see below). The
F-subunit ion channel element was also extended
with an amide group.

208thr

209phe
210tyr 4261yst
211leu 4251yst  427asp”
212ile 424leu 428trp
213ile 423asp”  429gln

214g9ln 274ser—--~ 275leu 422asp”  430tyr
215argt  273thr  276ser  42lphe  43lval
216lyst  272glu”  277val  420glu”  432ala
217pro 271pro 278pro 419ser  433met
218leu 270val 27%ile 418ala 434val
219phe  2691yst 280ile  417ser 435ala
220tyr 268asp” 28lile  1416glu” 436asp:_
221ile  267ala  282arg’ |415leu  437arg
222val 266leu 283tyr  |414gln  438leu
223tyr 2651eu 284leu  |413glu” 439%phe
224thr 2641eu 285met  |412zla  440leu
225ile 2631eu 286phe  |41lile 44ltyr
226ile 262phe 287ile  |410tyr  442val
227pro  26lval  288met  |4091ys* 443phe
228cys  260thr  289ile |40Bile  444phe
229ile 259val 290leu  |407ala  445val
230leu 258ala 291val  |406glu” 446ile
231ile 2571eu 292ala  |405val  447cys
232ser 2561eu 293phe  |404ala  448ser
233ile 255ala 294ser  |403glu” 449ile
234leu  254ser  295val  |4021yst 450qly
235ala  253ile  296ile [40lleu  451thr
236ile 252ser 297leu  |400asp” 452phe
237leu  251leu  298ser {399glm  453ser
238val 250ser 299val 398pro  454ile
239phe  249met  300val  397leu  455phe
240tyr  248lyst  301lval 396thr  456leu
2411leu 247glu”  302leu 395val  457asp
242pro 246gly 303asn 3%pro
243pro 245ala 304leu

244asp”

[ K P HW —————1

BHelices H1-3 (H) H4 (Chan) H5 (H)

B —Bubunit Bilayer Helices

Fig.1. Partial tertiary structure of the bilayer portion of
the @-subunit of AChR, the acetylcholine receptor.
Channel elements are indicated by vertical line () in
front of the component amino acids. The amino acids
with polar side chains lining one side of an a-helix are
shown in boldface. Cysteines are also shown in boldface.
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The revised assignments for the ion channel ele-
ment and 4 hydrophobic helices for each subunit
(G-, y- and §6-) are shown in figs.1-3.

The choices for the channel elements are made
on functional grounds. The word functional im-
plies a reasonable mechanism for motion of ions
through a membrane ion channel. This will be ex-
plained in a full article. The validity of the current
choices is strongly supported by the considerable
genetic homology of the @-, y- and d-channel ele-
ments with the Sa-channel element, using the
sequence homology constructed by the Numa
group [4,21] and slightly modified by Guy [22]. In
addition, the channel elements have amphiphilic
character, as required if they are located within the
bilayer.

The revised set of channel elements is assembled
in fig.4. The helices are numbered within given
subunits; 4« is the fourth bilayer helix found
within the amino acid sequence for the a-subunit.
Examination of the channel element set reveals a
new feature of receptor structure, that of charge-

44311e-444gly .
4421eu 4451ys

2141le 441val 446val
2151le 440trp 447ile
21€égln 277ser—---278leu 439asn 448asp”
217argt  276thr  279asn 438glu” 4491ys+
218lyst  275glu- 280val 437asn  450ala
219pro 274pro  28Blpro 436glu”  451cys
220leu 273val  282leu 43Sser 452phe

221phe 2721ys+ 283ile 434qly 453trp
222tyr 271gln  284qgly 433ser 454ile
223ile  270ala 2851ys*  |432asp”  455ala
224ile 2691le  286tyr l431asn 4561eu
225asn 268leu  287leu 1430g1n 4571eu
2261le 267phe  288ile 1429g1u”  458leu
227ile  266leu 289phe  |428lys*  459phe
228ala 265phe  290val l427thr 460ser
229pro 264ile  29lmet [426ser 46lile
230cys  263thr  292phe 14251yt 46291y
23lval  262gln  293val 1424ala  463thr
2321leu 26lala 294ser 1423ile 4641eu
23311e 260leu  295met |422phe 465ala
234ser 2591eu 296leu |421asn 466ile
235ser 258val  297ile |420cys  467phe

236leu 257ser  298val 1419ala  468leu
237val 256ile  299met [418glu~  469thr
238val 255ser  300asn |417val 47091y

2391eu 254leu  30lcys |416cys 471his
240val 253thr  302val 1415ser 472phe
241tyr  252cys  303ile 18141yst  473asn

[ —— e DR R DO m————ﬂ

242phe 2511)/5+ 304val 41311e 474gln
243leu 250g1n 305leu 412glu” 475val
244pro 24%gly  306asn 4l1lpro 476pro
245ala 248gly  307val 410ala 477glu”

246gln—--—247ala 308ser 409phe

Helices HI-3 (H) B4 (Chan) H5 (H)

y—Subunit Bilayer Helices
Fig.2. Partial tertiary structure of the bilayer portion of

the y-subunit of AChR, the acetylcholine receptor. See
legend to fig.1.
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215val 445asn 446trp

216thr 444gly 447asn
217phe 443val 448leu
218tyr 442glu”  449%val
219leu 441glu”  450qly
220ile 440asp”  451gln
22lile 439tyr 452thr

222argt  282ala——-283leu  438ala 453ile
223arg+ 281thr 284ala  437asn 454asp
2241yst 280glu™  285val  436lys’t  455arg*
225pro  279pro 286pro  435glu”’  456leu
226leu 278leu  287ieu 14341yst  457ser
227phe  277argt  288ile |433ile  458met
228tyr 276gln  289gly [432gln 459phe
229val  275ser  290lys’ |4311ys* 460ile
230ile 274thr  291tyr |430val  46lile
23lasn  273leu 2921eu  |429ile 462thr
232phe  272leu 293met  |428tyr 463pro
233ile 271leu  294phe |427asn  464val
234thr  270phe 295ile |426thr 465met
235pro  269val 296met  |425ser 466val
236cys 268ala 297ser |424asp™ 4671leu
237val  267gln 298leu |423ile 468gly
238leu  266ala  299val |422gly  469thr
23%ile 2651eu 300thr |421ser 470ile
240ser 264leu  30lgly |4201ys*  471phe
241phe  263val 302val }419ile 472ile
2421eu  262ser 303ile |418glu™ 473phe
243ala  26lile 304val |417asp” 474val
244ser 260ala 305asn |416his 475met
245leu  259thr 306cys |415leu 476gly
246ala  258ser 307gly |4l4gln 477asn
247phe  257met 308ile 1413asp 478phe
248tyr 2561ys+ 309val 4l2ser 479%asn
249leu  255glu”  310leu 4llala 480his
250pro  254qgly 3llasn  4l0ala 481pro
25lala  253ser 312phe  40%ile 482pro
252glu”

———————————— P H R P O H W ———-———-—1

Helices H1-3 (H) H4 (Chan) HS (H)

5 ~Subunit Bilayer Helices

Fig.3. Partial tertiary structure of the bilayer portion of
the J-subunit of the AChR, the acetylcholine receptor.
See legend to fig.1.

matching between the polar groups along the same
sides of adjacent helices. Matching is good be-
tween the 5o and 46, 4o and 4y, 4y and 4d-channel
elements, and is consistent with the subunit order
favored in our previous papers [9,10]. The charge-
matches are listed in scheme 1; there are no special
interactions between 4« and 44, and a net of one
unfavorable interaction between 5« and 44.

The extensive genetic homology among subunits
[6] and among species ranging from Torpedo to
human [21] gives rise to the idea that the exobilayer
model for the a-subunit [11] can be applied to the
exobilayer portions of the other subunits. The
AChHR structural model developed thus far is thus
expanded to include >80% of the 2333 amino
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Sa 3717 *354 4q
380* "345
ce- 387* "338
3917 *334

Sa (348% *434) 4

Sa 373% “a13 4p 3717 *431
377, _A0e 3847 "418>
330% “age
3847 ‘402

5a 3717 *354 4a 4y 4327 *431 4¢

380* 345 425" ~424
337* ~338 a14* 413
2917 *334 <4187 "413)

da 354% 432 4r
350" ‘428
3477 *425
340* ~418

Scheme 1. Charge-matching between channel elements.

acids in the AChR (E.M. Kosower, in prepara-
tion).

Using the average transfer energies for the side
chains of amino acids from a hydrophobic en-
vironment to water, Eisenberg [23—25] has formu-
lated a way to evaluate a ‘hydrophobic moment’
and thus search for amphiphilic helices. As in the
case of the Kyte-Doolittle SOAP procedure for
selection of hydrophobic protein segments [26], a
caveat is that the transfer energies for the side chains
cannot be completely accurate. The Eisenberg pro-
cedure has been applied by Stroud [27-29] to the
ACHhR, yielding a choice for the ion channel ele-
ments somewhat different from, but similar to
those chosen on functional grounds.

Thermodynamic rules similar to those use by
Eisenberg, and Kyte and Doolittle concerning the
location of amino acid segments have been used by
Guy [22] to formulate a model for the bilayer por-
tion of the AChR. Although there is substantial
similarity between the ‘thermodynamic’ model and
our functional model, important differences exist
especially with respect to the choices for the chan-
nel elements.

SGR theory could be useful for other receptor
problems. We have applied it to the formulation of
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445asn
444gly

427asp” 443val
BILAYER 4261ys™ 442g1u”
| 42s51yst 4421eu 441g1u”
| 4241leu 441val 440asp~
362phe———-363gln | 423asp” 362phe~~--363gln 440trp 439tyr
36lile 364thr |  422asp™ 36lile 364thr 439asn 438ala
360val 365pro | 421phe 360val 365pro 438glu” 437asn
359glu”  366leu | 420glu”™ 359glu”  366leu 437asn 4361ys+
358gly 367ile |  419ser 358qgly 367ile 436g1lu” 435glu”
357thr  1368lys¥ ~ 418ala  357thr  |368lyst  435ser  |434lyst
356val  |36%asn 417ser 356val  1369asn 434gly 1433ile
355gln  |370pro |416g1u~ 355gln  |370pro 433ser 1432g1n
I3541yst  [371asp™ 14151eu I3541ys*t [371asp” |432asp”  43l1ys
1353gly  372val l414gin 1353q1y 372val [431asn |430val
[352ser 13731yst  l4l3glu™ [352ser  |3731ys*  |430gln 1429i1e
I351ile  374ser l412ala 1351ile  1374ser  [429g1u”  l428tyr
|350asp™ [375ala l411ile |350asp™ |375ala l4281yst  |427asn
1349ser 1376ile {410tyr |349ser 1376ile 1427thr 1426thr
|348ile  1377q1u” l4091ys* [348ile |377glu”  |426ser 1425ger
1347asp™  [378g1y l408ile |347asp~ |378gly  |4251yst  |42dasp”
1346ile  [379val 1407a1a 1346ile  |379val 1424ala 1423ile
|345asp” |3901yst  1406g1lu™ |345asp™ |3801yst  |423ile  l422gly
{344asp”  1381tyr l405val |344asp™ [381tyr 1422phe |421ser
|343a1a  |382ile l404ala 1343312 |382ile  ‘l42lasn  |4201ys*
1342phe  [383ala 403g1u~ 1342phe  |383ala |420cys l419ile
1341ile  1384g1u~ |4021yst |341ile  [|384glu™ 1419ala |418g1u”
13401ys*  |385his l4011eu [3401ys* |385his  |418glu” |417asp™
33%asn  |386met 1400asp™ 33%asn  |386met |417val |416his
|338g1u”  |3871yst 1399g1n 1338g1u~ |3871yst  l416cys {4151eu
1337gin  {388ser 398pro 1337g1n  1388ser l415ser 414gin
13361ys™  1389asp™ 3971eu 1336lyst 138%asp”  l4141yst  l4l3asp”
13351y~ {390g1u” 396thr 13351y~ 139%0giu”  413ile 412ser
13341ys*  [391g1u” 395val 13341yst  [391glu™ __ 412glu”__ 4llala
333ser  392ser | 394pro  333ser  392ser 4llpro
| 410ala
BILAYER ! 409phe
42 5-2 48 Foc-] 4o-2 4 4s

Channel Elements, AChR

Fig.4. Channel elements of the AChR, the acetylcholine receptor.

a molecular theory of olfactory detection [30] and
to the construction of a mechanism for the action
of sodium channel opening toxins [31].
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