T aeRRIL

—
.« SCIENTIFIC REPORT
Yo
—
—  Structural models of the nicotinic
o  acetylcholine receptor and its
toxin-binding sites
£ | HR Gy | &\C}[@\} |
LS
XA
et :
% f
8 DEFENSE NUCLEAR AGENCY ‘
L_; ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE s
= .
=

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION U;I;TED- O 4 08 0 ‘. 3 ‘

R




Best
Available

Copy




AR

REVIEWED AND APPROVED

s Pl

DAVID R. LIVENGOOD Ph.D
Chairman
Physiology Department

Panh EW0r

PAUL E. TYLER, M.D.
CAPT, MC, USN
Director

Research was conducted aecording to the principles enunciated in the
*Guide for the Care and Use of Laboratory Animals, " prepared by the
Institute of Laboratory Animal Resources, National Research Council.




Mm

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When l)ulull"nve-r«d)

READ INSTRUCTIONS
REPORT DOCUMENTAT")N PAGE BEFORE COMPLETING FORM
1. REPORT NUMBER 72 GOVT ACCESSION NO.f 3 RECIPIENT'S CATALOG NUMBER
AFRRI SR81-30 VIR R
. > ‘ /
Ar A7 oo
4. TITLE (and Subtitle) 5 TYPE OF REPORT & PERIOD COVERED

STRUCTURAL MODELS OF THE NICOTINIC
ACETYLCHOLINE RECEPTOR AN ITS TOXIN-
BINDING SITES

6 PERFORMING O3G. REPORT NUMBER

7. AUTHORrs) 8. CONTRACT OR GRANT NUMBER/
H
H. R. Guy _
‘
I 9 PERFORMING ORCANIZATION NIfME AND 2 JORESS 10 igSGQQAMOEQLEMENTT F'FQB_'EES,' TASK
. . . O EA WORK UNIT NUM s
! Arimed Forces Radiobiology Research Institute (AFRRI)
Defense Nuclear Agency NWED QAXM
Bethesda, Maryland 20814 147 00032
V. CONTROLLING OFFIZE NAME AND ADDRESS '2. PEPORT DATE
Director November 1981
Defense Nuclear Agency (DNA) T3 NUMBER OF PAGES
! Washington, DC 20305 33
14, MCNITORING AGENCY NAME & ADDRESS 1t different from Contenlling Off. o 15 SECURITY CLASS. “of this repiort
UNCLASSIFIED

T5a CFL_ASSIFICATICN DOWNZRADING |
STHEDULE

16. DISTRIBUTION STATEMENT rof thi Repor: I 4

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (uf the abstract ente-2d . Block 26, il different from Report)

' 18. SUPPLEMENTARY NOTES

Published in Cellular and Molecular Neurobiology 1: 231-258, 1981.

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

acetylcholine receptor; rnolecular model; protein structure; shake neurotoxin; cholinergic
agonists; cholinergic antagonists.

20. ABSTRACLT rContinue on reverse side If necessary and identify by block number)

Models of the protein striucture of agonist-, competitive antagonist-, and snake
neurntoxin-hinding sites were designed using the sequence of the first 54 residues of the
acetylcholine receptor (AChR) . subunit fron Torpedo californica. These models are
hased on the premise that the N-terminal portions of the subunits form the outerinost
extracellular surface of the AChR and that agonists bind to this portion. The models
were developed by predicting the secondary structure of the -subunit N-terminal

DD , 52::'1,3 1473 EDITION OF 1 NOV 6515 OBSOLETE UNCLASSIFIED (]

SECURITY CLASSIFICATION OF THIS PAGE (#When Data Entered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

20. ABSTRACT (continued)

segment from its sequence, then using these predictions to fold the segment into tertiary
structures that should bind snake neurotoxins, agonists, and antagonists. Possible gating
mechanisms and quaternary structures are suggested by the proposed tertiary structures
of the subunits. Experiments are suggested to test aspects of the models.

v

s oh o WLy

C o —

Accession For o |

‘NTIS GRAMI

! DTIC TAB O

' Unansounced a

' Justification. . 4
By.

pTi0

> _g'istrzgauztonl ,

H:g::;@ Availability Codoe
< 2 T o
Dist | Lorrlxl

UNCLASSIFIED

SECURITY CLASSIFICATICY OF A

A L b SO e




¢ em——

Cellular and Molecular Neurobiology, Vol 1, No. 3. 198]

Structural Models of the Nicotinic
Acetylcholine Receptor and Its
Toxin-Binding Sites'

H. Robert Guy**

Received November 21, 1980: accepted March 20, 1981

Models of the protein structure of agonist-. competitive antagonist-. and snake neurotoxin-binding sites
were designed using the sequence of the first 54 residues of the acetvicholine receptor (AChR) « subunit
Srom Torpedo californica. These models are based on the premise that the N-terminal portions of the
subunits form the outermost extracellular surface of the AChR and that agonists bind to this portion. The
models were developed by predicting the secondary strucutre of the a-subunit N-terminal segment from its
sequence, then using these predictions to fold the segment into tertiary structures that should bind snake
neurotoxins, agonists, and antagonists. Possible gating mechanisms and quaternary structures are
suggested by the proposed tertiary structures of the subunits. Experiments are suggested 1o test aspects of

the models.

KEY WORDS: acctylcholine receptor; molecular model; protein structure: snake neurotoxin:
cholinergic agonists; cholinergic antagonists.

INTRODUCTION

The electrical activity of nerves and muscles is regulated by a variety of voltage- and
transmitter-activated proteins that form ion channels through the cellular membranes.
A major unresolved problem in neurobiology is the molecular structure of these
channels and their associated receptors. It is generally recognized that a precise
knowledge of these structures would be invaluable in understanding the functional
mechanisms of the nervous system and the ways that various drugs and toxins alter
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these mechanisms. Unfortunately, there are two severe impediments to determining
membrane channel structures: (1) most membrane channels are difficult 1o 1solate in
sufficient quantities and purity 1o determine their amino acid sequences, and (2) it is
difticult to crystallize membrane proteins in the manner required for X-ray ditfraction
analysis. Nicotinic acetylcholine receptors uand their associated channels (AChR
‘ complexes) have been studied extensively. Because of the abundance of AChR

I complexes in the clectric organs of clectric rays and cels, considerable progress ii.. '
been made in isolating them and analyzing their structures. The sequence of the first
54 residues of cach of the subunits from Torpedo californica AChR complexes has ]

been determined recently (Rafiery et al., 1980). Since X-ray data of AChR complex
crystal may not be available in the forsecable future, alternative approaches may have
to be used to analyze the data that are available.

The models presented here were developed by using the sequence of the
N-terminal portions of the « subunit to design structures that should be energetically
stable and that should bind the potent snake neurotoxins and the most potent of the
small competitive inhibitors: alloferin. The models are consistent with the available
structural data for the AChR complex and suggest mechanisms by which activation
occurs. Both models are intended as working hypotheses that can be used to design
experiments 10 eliminate the ambiguities of the model. The models also serve as a 1
method of integrating the various data on the structure and function of the AChR
complex into a coherent picture.

EXPERIMENTAL DATA

Structural Data

Before proposing detailed structures for the N-terminal segments, it is necessary
to describe the data and a nonspecific model of the entire AChR structure on which

-

Fig. 1. Nonspecific model of an AChR dimer. A cross section of a
monomer is shown on the right. The order of subunits is arbitrary. The
models presented in subsequent figures of the N-terminal segments of
the subunits represent a top view of the portions of the subunits above
the dashed lines. See text for details.
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the detailed models are based. A schematicized drawing ol the nonspecific model is
shown in Fig. 1. Most of the structural data described here were obtained from AChR
complexes of the electric organ of Torpedo californica. These AChR complexes are
comprised of four types of subunits, called «, 3. ¥, and 6 with apparent molecular
weights of about 40,000, 50,000, 60,000, and 65,000, respectively (for review, see
Heidmann and Changeux, 1978; Raftery er al.. 1979). The stoichiometry of the
subunits is «,3v6 (Raftery et al., 1980). These subunits apparently comprise both the
agonist receptor and the channel since functional ACh-activated channels have been
obtained in preparations in which these were the only subunits present in significant
quantities (Gonzalez-Ros er al., 1980; Moore er al., 1979. Nelson er al.. 1980:
Schindler and Quast, 1980). Studies with cell-free synthesis of AChR subunits
suggest that cach of the subunits spans the membrane and that the N-terminal ends
are on the extracellular side of the membrane (Anderson and Blobel, 1980).

Electron micrographs of membrane fragments that are enriched in AChR
complexes indicate the presence of asymmetric “rosette” or “doughnut™-shaped
structures that are about 85 A in diameter and have a center pit or hole of about 20-A
diameter (see Fig. 7) (Ross er al., 1977; Zingsheim et al., 1980). The length of the
protein perpendicular to the membrane is about 110 A, with a 50-A segment
extending from the extracellular membrane surface and a 15-A segment extending
from the intracellular surface (Ross er al., 1977). A calculation of the volume of the
rosette structure indicates that its molecular weight is about 255,000 (Klymkowsky
and Stroud, 1979). This and the stoichiometries described above indicate that each
rosette is comprised of two «, one 3, one v, and one 4 subunits. In Torpedo californica.
the AChR complexes appear to form dimers which are joined by a disulfide bridge
between two & subunits (Raftery er al., 1979). This disulfide bridge appears to be near
the C-terminal end of the & subunits (Oswald et al., 1980) and is thus probably on the
inside of the cell.

X-ray diffraction studies of AChR-rich membrane fragments suggest the
presence of two large structures: one with a repeat distance of 5.2 A and a length of 80
A that probably corresponds to « helices oriented perpendicularly to the membrane.
and one with a repeat distance of 6.3 A and a length of 90 A that may be due to a 3
structure (Ross et al., 1977). Circular dichroism and infrared spectroscopy studies of
isolated AChR complexes from various preparations suggest that they are comprised
of 34% « helices and 297% (3 sheets (Moore et al., 1974). However, the isolation process
may have altered the conformations. Sequences of the N-terminal portions and the
total amino acid compositions of all the subunits are very similar (Raftery er al., 1980:
Vandlen et al., 1979; Lindstrom et al., 1979). These compositional similarities suggest
that the subunits evolved from the same protein and that their overall structures are
similar.

The data described in this section support a model in which the AChR complex is
comprised of five structurally similar subunits (two «, one g, one v. and one ) that
stack next to each other so that a channel forms between the subunits when the AChR
is in the open conformation. The N-terminal portions for which the sequence is known
probably form part of the extracellular domain that binds agonists and competitive
inhibitors.
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Binding of Agonists and Antagonists

The literature on the binding of various agonists and antagonists is rather
confusing and often diflicult to evaluate (for review, see Heidmann and Changeux.
1978). In addition to several potential sources of experimental error, the studies are
complicated by the fact that the AChRs may have a number of different conforma-
tions that bind the drugs with different atlinities and possibly by different mecha-
nisms. Athinity-labeling experiments, in which an agonist is covalently bound to a
sulfhydry! group on thc AChR, suggest that the agonist-binding site is on the «
subunit (Karlin ez al., 1976). Very potent neurctoxins from the venoms of elapid and
hydrophid snakes also bind to the « subunit. Agonists inhibit the binding of the snake
neurotoxins. Some studies indicate that one agonist molecule binds for every neuro-
toxin molecule (Neubig and Cohen, 1979; Weber and Changeux. 1974), whereas
other studies indicate only one agonist-binding site for every two neurotoxins (Raftery
et al., 1979; Maclicke er al., 1977). The majority of the binding and dose-response
data supports a mode! in which each AChR has two equivalent snake neurotoxin-
binding sites and two nonequivalent agonist-binding and competive antagonist-
binding sites.

The binding of snake neurotoxins is inhibited by the competitive inhibitors
alloferin, d-tubocurarine (d-TC), bezoquenoium and hexamethonium. Neubig and
Cohen (1979) reported that membrane-bound Torpedo californica AChRs bind d-TC
al two nonequivalent sites and that the binding of one d-TC molecule at each site
inhibits the binding of one snake neurotoxin molecule. However. Maelicke er al.
(1977) found that solubilized AChRs from Electrophorus electricus have only one
curare-type binding site for every two snake neurotoxin-binding sites and that the
binding of one curare-type competitive inhibitor inhibits the binding of two snake
neurotoxin molecules.

Either the presence of apolar compounds or the disruption of the lipid environ-
ment of the AChR appears to alter the conformation of the AChR. Detergents reduce
the affinity with which reversible agonists bind (Chang and Bock. 1979). When the
AChRs are solubilized or when they are in membranes and apolar compounds such as
chloroform and ethanol are present, snake neurotoxins bind to the AChRs with
biphasic kinetics in a manner that suggests that the two snake neurotoxin sites
interact. The neurotoxins bind to normal membrane-bound AChRs at a slower rate
and with simple exponential kinetics that indicate no interaction between the agonist-
binding sites {Blanchard er al.. 1979; Maelicke et al., 1977).

THEORETICAL MODEL

The evidence just described suggests that the N-terminal portion of the AChR
subunits forms part of the extracellular soluble domain that binds agonists, competi-
tive inhibitors, and snake neurotoxins. It is feasible that the N-terminal segments are
on the most peripheral and exposed portion of the subunit and that the agonists and
antagonists bind to this portion. If this hypothesis is correct, one should be able to use
the known sequences to design a structure that will bind the agonists and antagonists
and that will be consistent with other experimental data.
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Fig. 2. Comparison of secondary structures predicted by Chou and Fasmen (1978) analysis
with Levitt (1979) data base, Lim (1974) analysis, and proposed structure of subunits. Chou
and Fasmen structural parameters (P)Y,. (P), and (P,) arc indicated above appropriate
segments. The g-turn parameter P, x 10%is indicated in parentheses. The P, value for Pro-23
was determined from the probability that Pro is one of the first three residues in the N
terminal of an « helix (Chou and Fasmen, 1974).

The structures proposed here for the N-terminal segments of the AChR subunits
were developed in three stages. First, secondary structures were predicted by using the
Chou and Fasmen (1974) and Lim (1974) methods of analysis. Next, tertiary
1 structures for the « subunit were developed by requiring that it bind strongly the
crystalline structures of the snake neurotoxins, « cobra toxin and erabutoxin b.
Finally, quatcrnary structures were developed on the basis of interactions among the
proposed tertiary structures, the structures of competitive inhibitors that bind to the
ACHR, and electron microscopy images of AChRs. For the quaternary models, the 3,
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Fig. 3. Three tertiary conformations of the « subunit. Secondary structures of the conformations are the
same except for Gilu-15 and Asn-16. In A these residues are part of the N-terminal « helix; in B they arc
second and third residues of a 8 turn; and in C. Glu-15 is in a radom coil, and Asn-15 is the first residuc of o ;
3 turn. In all figures of protein conformation in this paper. cach amino acid side chain is placed in one of i
three categories according to the free energy change, AF, associated with their transfer from a polar to a :
nonpolar environment (kdlestein et al., 1979). Residues [Cys (C), Pro (P). Met (M), lle (1), Leu (L), Tae 1
(Y), Phe (F), Trp (W)] that have a AF value greater than 1.0 kcal/mol are classified as apolar and are !
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ACh Receptor Structure 237

y.and o subunits were given tertiary backbone structures similiar to that of one of the
a-subumt models. Ditferent tertiary and quaternary structures were considered in an
attempt to account for the conformational chianges during activation and desensitiza-
tion of the AChRs.

Secondary and Tertiary Structures

The most commonly observed structures in proteins are o helices. .3 sheets, and 3
turns. Several methods have been developed for using the sequence of a protein to
predict which residues will be in cach of these tyvpe conformations (for review, see
Chou and Fasmen, 1978: Sternberg and Thornton, 1978).

In the Chou and Fasmen analyvsis, cach residue has a conformatioral parumeter.,
P for cach of the three secondary structures. A P value greater than 1.0 indicates that
the residue oceurs in the particular structure more frequently than in a total protein
composition. An o helix s predicted for six or more residues when the average o
conformational parameter, (P) s greater than 103, and a3 sheet is predicted when
(P), - 1.05. A 3 wrn s predicted for a tetrapeptide when its (P - 1.0 and the
factor p,. based on the product of the frequency of occurrence of each residue in cach
of the four positions of the 3 turn, is greater than 0.75 « 10 % The predictions of the
Chou and Fasmen analysis and the values of the conformational parameter for the
four AChR subunits are shown in Fig. 2. The data base on which the method depends
his been enbarged recently (Levitt, 1979). The enlarged data base is used here.

An alternative approach of predicting « and 3 segments is to analvze the
distribution of polar and apolar residues within the sequence. Soluble proteins tend to
have polar groups on the exterior of cach domain and apolar groups buried in the
hydrophobic core. Using thie principle. Lim (1974) developed @ method of predicting
the a-helix and g-sheet segments. The predictions of this method are show in Fig, 2.
The « helices and 43 sheets of the AChR subunits predicted by this analysis should be
on the surface of the subunit. The o helices predicted by the Lim analvsis are
amphipathic: i.c.. the hydrophobic side chains are clustered on one side of the helices.
These hydrophobic residues should be in contact with the hyvdrophobic core of the
subunit. The predicted 3 sheet formed by residues 31 to 39 in cach subunit has a
hydrophobic residue in every other position. so that one side of the 3 sheet has ali
hydrophobic residues. These residues should face the hvdrophobic core of the protein.

« Suhunit. Three possible tertiary structures for the a subunit are shown in
Fig. 3. The differences among the secondary structures of the three conformations
involve only residue Glu-15 and Asn-16. In conformation A these residues are the last
two residues of the N-terminal o helix, whereas in conformation B they are in the
second and third positions of a3 turn. The transition of these residues from the 3 turn
10 the « helix moves the « helix about 2.2 A closer to the rest of the subunit, lowers the
« helix slightly. and changes its orientation slightly. In conformation C the N-terminal
« helix has hinged about the Glu-15 and Asn-16 residues so that the o helix is oriented

represented by blled circles. Residues [Ser (S). Asn (N Gin (Q). Gy (G), Thr (T), His (1D, Ala (A)] that
have & AF value between 0.3 and 0.5 keal/mol are classitied as indifferent and represented by shaded
circles. Residues [Asp (D). Glu (F). Lys (K)o Arg (R)] that have AF values more negative than 2.8
keal/mol are charged and represented by open circles. The N-termanal amine groups are indicated by a -
symbal
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perpendicular to the plan of the membrane. Possible implications of these ditferent
conformations on gating mechanisms are discussed later.

The secondary structure of conformation A is compared in Fig. 2 ta the
structures predicted by the Chou and Fasmen and Lim analyses. The agreement with
the Chou and Fasmen analysis is very good. The only residues that are in conforma-
tions not predicted by the Chou and Fasmen analysis are Asp-31, the six residues from
Leu-37 1o Leu-420 and Gin-50. Most of the residues that are in conformations not
predicied by the Chou and Fasmen analysis are in conformations consistent with the
Chou and Fasmen parameters. in the model, all of the residues from Val-24 o Val-36
are in i g-sheet contormation except for Asp-31. Leu-39. Leu-42. and Asn-39. The o.
¢ angles about the «c carbons of these residues are similar to those of «-helin residues.
All of these residues have o P, value greater than their £, value. Val-20 and He-30 and
lle-40 have a 3-sheet contformation consistent with their high P, values: however, the s
sheets containing these residues are too short o be predicted by the analysis. The
Pro-23 residue is in a conformation similar to one of the initial residues of the N
terminal of un « helix. Prois one of the most commoniy found residue in the first three
positions of « helices.

The B conformation of the « subunit has a 3 turn from residues 12 to residue 17,
[Using the Raftery er al. (1980) numbering. there are no residues in the 13th and 14h
positions for the «. 3, and y subunits.] 1ts (P} value of 0.98 is atmost high enough to
predict the turn: but, the presence of Leu-12 in the first position of the turn makes it
too low since P, of Leu is much higher than P, However. in the model presented here
the Leu-12 residue is the last residue of the « helix as well as the first of the 3 turn.
Thus, the 3 turn of the B conformation is reasonable. The Chou and Fasmen analyvsis
of the v subunit predicts @ 3 turn in this position.

The main basis for selecting the tertiary structure of the a-subunit residues 15 to
49 is the formation of a binding site for the snake neurotoxins. Venoms from the
elaplid and hydrophid snakes contain neurotoxins that bind with a high aflinity 1o
nicotinic ACh receptor. These neurotoxins have been classified into two categories: the
short-chain neurotoxins that have 60 to 62 residues and the long-chain neurotoxins
that have 67 to 70 residues. The sequences ol over 50 of these neurotoxins have been
determined (Karlsson, 1979). Certain positions within these sequences are alwavs
occupicd by one or a few similar residues. These invariant residues have been classified
into two categories: the structurally invariant residues that are important in deter-
mining the overall structure of the toxin protein, and the functionally invariant
residues that are important for the binding of the ncurotoxin to the AChR (Low.
1979).

The crystalline structures of the short-chain neurotoxin, erabutoxin b (Low er al..
1976: Kimball er al.. 1979: Tscrnoglon and Petsko. 1976). and the long-chain
neurotoxin, ¢ cobra toxin (Walkinshaw er al.. 1979) have been determined. Nicholson
molecular models of the crystalline structure of erabutoxin b and « cobra toxin were
constructed. Next. a model of the N-terminal portion of the o subunit was
constructed. The Chou and Fasmen and Lim analyses were used as general guidelines
for the secondary structure of the « subunit. Attempts were then made to find a
conformation of the « subunit that will bind the snake neurotoxins with a high aflinity.
Proposed binding structures of crabutoxin b and « cobra toxin and the way they bind
to the modet of the AChR are shown in Fig. 4.
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Q& SUBUNIT (A CONFORMATION)

Fig. 4. (A, B) proposed binding structures of crabutoxin b
and « cobra toxin. Only those side chains that can interact
with the proposed AChR structure are shown. The « cobra
toxin structure is the same as the crystal structure (Walkin-
shaw er al., 1980). The erabutoxin b structure is like the
crystal structure (Low ef al., 1976; Tsernoglou and Petsko,
1976) except for residucs 44 1o 48. (C) A conformation of the
« subunit. Asterisks indicate backbone polar groups that
form H bonds when toxins bind to AChR. Table | indicates
which groups of toxins and the « subunit interact,

239
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The proposed «-subunit structures should bind the neurotoxins very strongly.
Interactions between the neurotoxins and the « subunit are indicated in Table 1.
Erabutoxin b forms 6 salt bridges, 29 hydrogen bonds, and 9 hydrophobic bonds, and «
cobra toxin forms 5 salt bridges, 26 hydrogen bonds, and 11 hydrophobic bonds with
the « subunit. The structure of « cobra toxin is identical to the crystalline structure:
however, the structure of residucs 44 to 48 of erabutoxin b has been changed slightly.
This change is conservative since it involves only a few residues on the periphery of the
toxin and the change converts the crabutoxin b structure to one more like the
crystalline « cobra toxin structure. An important feature of the proposed binding

Table 1. Bonds Between Snake Neutrotoxins and Model | of the a Subunit®

a Cobra toxin « Subunit Erabutoxin b « Subunit
Salt bridges R-1 E-47 & D-32
K-12 D-46 K-i5 D-46
K-23 E-25 K-27 E-25
D-27 R-22 D-31 R-22
R-33 E-15 R-33 E-15
D-38 K-19 E-38 K-19
Hydrogen bonds N-§ Q-41
bb 7-11 bb 39-43
H-7 N-16
S-8 Y-17
$-9 Q-41
bb7-14 bb 41-48 bb12-17 bb 43-48
T-10 Q-41 & S-44 T-13 Q-4i & S-44
T-16 E-47
N-t6 D-32 S-19 bb 32-33 or D-32
bb 16-17 bb 31-32 S-22 bb 31-32
bb 22-23 bb 30-31
bb 34-35 N-16 §-23 bb 29-30
bb 28-29 N-16 Y-25 H-27 & H-29
bb 34-35 N-16 N-ié
D-38 Q-38 E-38 Q-38
bb 37-41 bb 39-35 bb 37-41 bb 39-35
bb 46-49 bb 27-24 bb 43-47 bb 28-24
T-47 H-26 T-45 H-26
Hydrophobic interactions I-5 L-37
1-9 143 P-11 1-43
C-14 V-35 Cc-17 V-3]
P-15 1-33
v-19 V-3t
W-25 1-21 0or V-20 Ww-29 1-21 or V-20
L-31 L-11
I-36 V-20 & L-39
L-39 L-37
C-41 V-31 C-41 V-31
V-48 1-21 V-46 1-21
P-48 P-23
1-52 1-21 I1-50 1-21
F-65

°Shown in Fig. 4. The bb notation indicates scctions of potypeptide backbone that form hydrogen bonds.
Other potations same as in Fig. 4. Types of bonds are divided into three categories: salt bridges. hydrogen
bonds, and hydrophobic interactions.
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scheme is the hydrogen bonds formed between the backbones of the neurotoxins and
AChR. Most of these bonds involve the formation of extended 3 sheets. The postulate
that the backbone polar groups of the g sheets of the neurotoxins bind to backbone
groups on g segments of the « subunit is very helpful in designing the AChR model
since the positions of the backbone groups are much more constrained than those of
the side chains.

B. y. and 6 Subunits. For simplicity and because of the homology of the
sequences of the four subunits, the g-, y-, und é-subunit tertiary structures were made
as similar to that of the « subunit as was feasible. The structures of the subunits shown
in Fig. 5 are not as consistent with the Chou and Fasmen analysis as is the
proposed a-subunit structure. These structures are important in analyzing the quater-
nary structure of the AChR complex. In that respect, only those regions that interact
with adjacent subunits are important for the analysis. These regions are residues 6 1o
17 and 39 to 50 for the y and 6 subunits and residues 6 to 22 and 39 to 42 for the g
subunit. The other regions could have a conformation more consistent with the Chou
and Fasmen and Lim analyses. Those portions that have apolar side chains exposed to
the aqueous phase and buried charged groups (e.g., residues 50 and 51 of the 3
subunit) in the final quaternary model are particularly suspect.

The y-subunit backbone structure is identical to that of the «-subunit B
conformation. The B conformation was selected because the first 4 turn
(residues 12-17) is predicted by the Chou and Fasmen analysis. The é-subunit
conformation differs only in the region surrounding residues Ile-13 and Vai-14, which
are absent in the other subunits. The g turn of residues 15 10 18 is predicted. The
conformation of the 3 subunit is perhaps the most speculative since its sequence differs
most from that of the other subunits. The orientation of its N-terminal « helix
downward and conformations of residues 15 to 19 was selected primarily on the basis
of the quaternary structure presented in the next section.

Quaternary Structures

The quaternary structures proposed here were designed to satisfy four criteria:
(1) the interactions between adjacent subunits must be energetically favorable, (2) the
overall structure should account for the binding of agonists and antagonists, (3) there
should be at least two conformations to account for activation of the AChR complex,
and (4) at lcast one of the conformations should be consistent with electron
microscopy images of membrane-bound AChR complexes.

Interactions Among «, v, and b Subunits. The proposed «. v. and & tertiary
structures have a relatively high number of exposed apolar side chains. These apolar
residues would make the structure unstable unless they are buried either by an
additional segment of the same subunit or between adjacent subunits. Figure 6 shows
how the B-conformation « subunit can form a dimeric complex with the 4 subunit ina
way that burics many of these apolar residues. Similar complexes between anaanda é
subunit, two « subunits, and a y and a 8 subunit would accomplish the same thing.
Most of the apolar residues remain buried if the subunits are placed in the A or C
conformations of Fig. 3.

The two subunits that have the most similar sequencies are the ¥ and 6 subunits.
If the v subunit forms a dimeric complex with onc « subunit, it is thus reasonable to
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Fig. 5. Postulated tertiary structures of 8, v. and é subunits. The
backbone structure of « is identical to that of the B conformation of the
« subunit. The backbone conformations of residues 20- 56 of the 3 and &
subunits are identical to that postulated for the o subunit. Residues 1 -6
of the g subunit are not shown,
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Fig. 5. Postulated tertiary structures of 8, y. and § subunits. The
backbone structure of v is identical to that of the B conformation of the
« subunit. The backbone conformations of residues 20-56 of the g and §
subunits are identical to that postulated for the o subunit. Residues 1 -6
of the g subunit are not shown.
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Fig. 6. A dimeric complex of a and vy subunits. Backbones of
the subunits are the same. Subunits are positioned so that there
is twofold symmetry for backbones. Note that most of the
residues at the interfaces between subunits are apolar.

assume that the 4 subunit forms a similar dimeric complex with the other « subunit. If
this hypothesis is correct, one should be able to position the a—y complex. a-b complex.,
and g subunit next to each other in a way that will account for the binding of agonists
and antagonist, the opening and closing of the channel, and the electron microscopy
images of membrane-bound AChRs.
Figure 7A shows an electron microscopy image of a membrane-bound AChR
. from Torpedo marmorata. The image has three lightly stained regions that surround a
| densely stained area. The AChR complex is clearly assymetrical, with the appearance
of an opening to one side. Kistler and Stroud (1980) have obtained similarly
shaped images from Torpedo californica; however, the three lightly stained areas are
not as apparent in their images.
e The electron micrograph image can be closely mimicked by assuming that one of
i the lightly stained areas corresponds to the 3 subunit, that the other two areas
correspond to a—y and a-6 complexes, and that the densely stained area is the
entrance to the channel. The complex shown in Fig. 7B is a hypothetical open
conformation in which both « subunits have the C conformation of Fig. 3. The
N-terminal « helix of the 8 subunit separates the a—y and a—é complexes on one side.
This positioning explains why the N-terminal « helix of the 8 subunit has more apolar
side chains than those of the other subunits. There is a gap between the complexes on
the side opposite the 8 subunit. The dimensions of the gap are based on the closed
conformation in Fig. 8. The gap could easily be smaller for the open conformation.
This gap accounts for the apparent opening on one side of the image of the AChR. The
binding of the 3 subunit to the y subunit was favored over binding to the 4 subunit
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| Fig.7. Comparison of postulated AChR open conformation to electron microscopy image of negatively
stained membrane-bound AChRs (reproduced with the permission of Zingsheim et al., 1980). Two of
the least staincd regions are postulated to correspond to a—y and «- § complexes. and the third region to
the 3 subunit. The channel is formed between subunits.

because the & subunits of two AChR monomers bind together to form the AChR
dimer. The presence of a 3 subunit bound to the 4 subunit couid interfere with this
process.

The closed conformation in Fig. 8 is identical to that of the open conformation
except that the « subunit of the a—6 complex has the A conformation in Fig. 3 and the
‘ « subunit of the «—y complex has the B conformation. A difference in the conforma-
tion of the two a subunits is required by the asymmetric positioning of the «—y and a-6
complexes that is suggested by the AChR image. In this model the « helices of the «
subunits arc held in place by a series of salt bridges between side chains of the two «
subunits and the hydrophobic interactions between the « and the v or 4 subunits.

In addition to the asymmetric structures in Figs. 7 and 8, one can easily envision
structures in which the two « subunits have twofold symmetry, i.c.. they have the same
conformations, and one is rotated 180° to the other. Three such structures are shown
in Fig. 9. This figurc illustrates that activation and desensitization could be due to
tertiary and/or quatcrnary conformational changes. The structure in Fig. 9A is
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Fig. 8. Postulated closed conformation of AChR. Conformation is the
same as the open conformation in Fig. 7 except for the first 14 residues of &
subunits.

similar to that in Fig. 8 cxcept that both « subunits are in the A conformation and the
relative positions of the subunits have shifted slightly. A tertiary conformation change
of the « subunits to the C conformation leads to the open conformation in Fig. 9B. The
tertiary structure of this conformation is identical to the structure in Fig. 7B.
However, the positions of the subunits are shifted; i.e., the quaternary structure is
different. A different type of quaternary change, involving a shift of the a—y complex.
leads to the closed structure in Fig. 9C. It is possible that desensitization is due to this
type of conformational change.

It is obvious from the five conformations just described that. with five subunits,
one can postulate many different tertiary and quaternary conformational changes that
could cause activation and desensitization. Additional data are needed to decide which
conformations are most likely. The structures in Figs. 7B and 8 are more consistent
with the image of the AChR in Fig. 7A and with reports that the two agonist-binding
and antagonist-binding sites differ. However, the structures in Figs. 9A and B are
supported by the structures of the snake neurotoxins and the potent compeutive
inhibitor alloferin (also called alcuronium).
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Fig. 9. Conformations in which « subunits have identical conforma
tions and arc rotated 180° with respect to cach other.
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Fig. 9. Continued.

When an « cobra toxin binds to each of the « subunits of the structure in Fig. 9A,
the “tail regions™ (residues 28 33) of the two toxin molecules meet in a manner that
closely mimics the structure of alloferin (Fig. 10). In addition to the interactions with
the « subunit described carlier, several side chains of « cobra toxin and erabutoxin b
can bind to side chains of the « helix of the adjacent « subunit. Alloferin should bind
with a high affinity since cach of its positively charged moieties can bind to an
a-subunit Glu-15 carboxyl group. its hydroxyl group can bind to the Asn-10 and
Asn-16 amide groups, and each aromatic ring can fit between the Leu-7 and the
Asn-10 side chains and next to the Ala-9 side chain. The neurotoxins tail segments
bind in a similar manner.

The symmetrical closed structure in Fig. 11 should also bind alloferin and a
single snake neurotoxin molecule with a high affinity. In addition to the interactions
with the « subunits, the apolar Phe-32 side chains of erabutoxin b and Phe-29 side
chain of « cobra toxin can fit between the lle-43 and the Leu-45 side chains of the y or
& subunit and the positively charged erabutoxin b Lys-47 and « cobra toxin Lys-49
side chains can form salt bridges with the Asp or Glu-49 and Asp or Glu-31 side
chains of the y or 6 subunits. Each of the positively charged moieties of alloferin can
bind to the Glu-15 carboxyl group, its hydroxyl groups can bind to the amide groups of
Asn-16. and its apolar moieties fit next to the apolar Ile-43 and Leu-45 side chains of
the v and é subunits and the Ala-11, Val-8, and Val-20 side chains of the «a subunit.
Because of steric hindrance between the tail regions of the neurotoxins. only one
neurotoxin molecule can bind at one time. The predicted stoichiometries of this model
appear consistent with binding studies to isolated AChRs from Electrophorous
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a COBRA TOXIN TAILS

Fig. 10 A comparison of binding of (A) alloferin and (B) two e
cobra toxin “tails” (residues 27 33) to the N-terminal « helices
of « subunits in the Fig. 9A conformation. Note the similarities
in structure of alfoferin and cobra toxin tails.

clectricus (Maclicke et al.. 1977) but arc not consistent with studies of membrane-
bound AChRs from Torpedo californica (Neubig and Cohen. 1979). The biphasic
kinetics of necurotoxin binding to isolated AChR (Maelicke er al.. 1977) or 1o
membranc-bound AChRs when cthanol and chloroform are present (Blanchard er al..
1979) are also consistent with steric hindrance in the binding of the two neurotoxin
molecules. Binding kinetics to normal AChRs indicate no interaction (Blanchard er
al.. 1979). 1t is possible that the isolation procedure or the addition of chloroform and
cthanol alters the AChR 1o the conformation in Fig. 11.

There are a number of reasons to suspect that the positively charged moieties of
agonists and antagonists bind to the Glu-15 carboxyl group of the « subunit: (1)
Tsernoglou et al. (1978) and Kimball et al. (1979) have suggested that the Arg-33
and Asp-31 side chains of erabutoxin b mimic the structure of ACh and that the
guanidium group of the Arg side chain binds to the negatively charged group of the
agonist-binding site. In the model presented here, the Arg-33 group binds to Glu-15 of
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Fig. 11. Conformation that can bind only one smake
neurotoxin molecule. The 3 subunit is not shown and
cannot bind in the manner of conformations shown in Figs.
7 10.

the « subunit. Glu-15 is also the residue to which the positively charged moieties of
alloferin arc postulated to bind. (2) Glu-15 is one of the two residues for which the
secondary conformation changes in the proposed mechanism of channel activation.
‘I his conformational change could most casily be induced by the binding of the agonist
to Glu-15 and Asn-16. (3) Smythies (1980) proposed a model in which the agonist and
antagonist sites are located between two « helices formed by the first 21 residues of the
« subunits. His model is based on a steriochemical analysis of the binding of agonists
and antagonists to the proposed structure. The first 12 residues of wne Smythies model
is virtually identical to the “closed™ conformation proposed here; however. the rest of
the structure is entirely different. Because of the similarities of the models. some of the
steriochemical arguments of the Smythices model are applicable to the model presented
here. One of the agonist-binding sites on the Smythies model involves Glu-15.

If the proposed model is correct, agonist and antagonist should be able bind 1o the
AChR in a manner consistent with experimental findings. Beers and Reich (1970}
analyzed the conformation of scveral nicotinic agonists and antagonists and proposed
that the bindings of these agents is due to a coulombic interaction involving the
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positively charged alky kimmoniunt moiety and a hvdrogen bond o an aceeptor group
on the agents that is formed 59 A from the center of the charge. Al of the agonists
(ACh, nicotine, and cvtisine) and antagonists (trimetaphan, s-erythrodine. and
strychnine) considered by Beers and Reich can bind to the Glu-T135 carboxy! group ol
the postubiated closed and open conformations in o manner that allows their acceptar
group to form i hydrogen bond with the guanidium group of Arg-6 or Arg-22 or with
the amide group of Asn-10 or Asn-16. Using these groups, one ¢an coneeive of several
ways the agonists and antagonist could bind. For the closed conformation in fig. &,
one of the a subunits is in the A conformation and the other is in the B conformation
The positively charged moiety of ACh can bind to the Glu-15 carbosy group of A
conformation site so that the oxygens of the ACh ester linkage form hydrogen bonds
with the Asp-16 and Asn-10 amide groups and the end methyl group sets next to the
Leu-t1 side chains or it can bind so that the oxygens bind to the Arg-6 or Arg-22
guanidium groups and to the Asn-16 amide group and the end methy [ group fits next
to the Val-20 side chain. ACh could bind to the same two sites of the B conformation.
but the binding would be different. The simultaneous binding of the two ACh oxygens
to the Asn-10 and Asn-16 amide groups is not as favorable since the amide groups are
farther apart. The binding of the oxvgens 10 the Asn-16 and Arg-22 side chains may
be more favorable. In all of the conformations there will be some coulombic
interaction between the positively charged moiety of ACh and the Glu-2 carbossl
group.

For an agonist to activate the AChR. it must bind with & higher aflinity to the
open than to the closed conformation. ACh can bind to the a-subunit C conformation
of the open AChR by binding 1u the same groups. with the exception of Arg-6. us it
binds in the closed conformation. The two oxygens can bind simultancously o the
Asn-10 and Asn-16 amide groups or 1o the Arg-22 and Asn-16 groups. The spacing
between the groups and thus the binding would be different. Perhaps more important
is the removal of the Arg-6 side chain from the vicinity of the cation binding site. In
the open conformation the ACh binding sites have a net negative charge due
Glu-15, Arg-22 of the « subunit, Glu-47 of the § or 4 subunii. and. for one of the sites.
Glu-15 of the 3 subunit. The closed conformation has a neutral charge if one considers
only the Glu-15, Arg-22. Glu-2, and Arg-6 side chains. When His-2 is charged. the
site is more positive than negative.

Divalent agonists and antagonists also can bind in a number of ways. A possible
mechanism by which alloferin binds to the Glu-15 side chains of the two o subunits

has already been described. This mechanism is not appropriate for the binding of

d-tubocurarine (d-Tc) o membrane-bound Torpedo calitornica AChRs since it binds
to two noncquivalent sites and the binding to one site inhibits the binding of only one
snake acurotoxin molecule (Neubig and Cohen. 1979). More likely mechanisms for
d-Te¢ binding are to the closed conformations Glu-15 and Glu-25 of the same subunit
or 10 Glu-15 und Glu-4 of the adjaccut subunits. Divalent agonists, such as succinyl-
choline and decamethonium, may bind to the a-subunit Glu-15 of the open conforma-
tion and to Glu-47 of the y or 4 subunit or 1o Glu-15 of the 3 subunit.

Other Conformations.  Because of the many degrees of freedom in folding
polypeptide chains and in positioning subunits aext to cach other, it is unlikely that
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Fig. 12, Model H ol g-subunit tertiary structure. See text tor
details

every aspect of the proposed models is correct. The least ambiguous part of the models
is the tertiary structure of the portion (residues 15 10 49) of the o subunit that bind to
the snake neurotoxins. Even portions of this segment are not certain: e.p. there are
other ways of fulding the sections 23 36 and 39 56 that will bind the toxin as well as
the model presented hiere.

An alternative structure of the « subunit is shown in Fig. 12, The bonds that this
structure would make with the neurotoxins are listed in Table [ This model (Model
1) is similar to the original model (Model 1) in that (1) the initial segment is an o
helix and other parts of the secondary structures are the same., (23 Glu-15 and Glu-25
bind to the same positively charged groups on the toxins, and (3) the backbone of o 3
segment binds to the backbone of one of the central 3 strands of the snake neurotoxins.,
The tertiary structures, however, are quite different. Model T agrees well with the
predictions of the secondary structure. but it forms fewer bonds with the neurotoxins.

Model I o subunits can form a dimeric complex that, like Model 1, will bind two
snake toxins so that their “tails™ meet in a way that mimics alloferin (see Fig. 13).
Alloferin should bind well to the center of this complex since its aromatic rings it over
the aromatic Tyr-17 side chains. its hvdroxyl groups bind to the Gln-38 amide groups.,
and its positively charged groups fit near the negatively pelar C-terminal end of the
a-helix and Glu-15 carboxyl groups. Formation of a channel between two Model 1
subunits is more ditlicult 1o envision; however. this is not a stringent requirement since
it is not supported by any experimental data. Like Model 1. conformational changes
can be envisioned that involve movements of the « helices: e.g.. the two helices could
swing down so that the hydrophobic groups of the two helices bind to each other and
the carboxyl group of one Glu-4 side chain binds to the N-terminal amine of the
adjacent helix. As with Model I, portions of Model 1l can be modified in a manner
that should still allow it to bind the neurotoxins: e.g.. sections 23 29 can be given an
a-helix conformation or sections 30 56 can be altered so that the backbone of sections
32 40 binds to the backbone of sections 34 42 of « cobra toxin and erabutoxin b and
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‘Table H.  Bonds Between Snake Neuarotoxins and Model 1 ot the a-Subunmit®
« Cobra toxin « Subunit Lrubutoxin b « Subunit
Salt bridges K-12 »-32 K-15 D-32
K-23 E:-25 K-27 t--25
D-27 K-19 D-31 K-19
R-33 E-15 R-33 E-15
‘l R-36 E-18 E-3% R-22
| ”-38 R-22
Hydrogen bonds Y-21 T-28
K-23 T-2% K-27 T-28
bb 30-33 bb 37-40
5-31 Q-38 bb 32-33 Q-3%
bb 34-42 bb 37-29 bb 34-43 bb 37-3%
Q-8 T-34
bb 44-47 bb 27-24
T-47 H-26
Hydrophobic interactions W-25 1-21 W-25 1-21
F-28 Y-17 F-32 Y-17
1-32 L-12 & 1.-39 I1-36 V-3S
C-41 & C-14 F-30 C-41 & C-17 F-30
P-50 p-23
“Shown in Fig. 12, Notation is the same as in Table |,
the backbone of sections 49--55 binds to sections 8- 14 of « cobra toxin and sections
{{-17of erabuxton b.

Finding that the same sequence can be placed in quite different tertiary
structures that are consistent with the secondary structures and that should strongly
bind the neurotoxins indicates the limitations of the approach. It also stresses the
importance of obtaining better structural data and developing better methods of 1

predicting the structure.

Fig. 13. A dimeric complex of two Model 11 « subunits. Alloferin
would bind in the center between the two subunits. Sce text for
details
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the free sulfhydryls without altering the binding of the toxin. It may be possible to use
this method to bind together two neurotoxin molecules. From the model, one can
predict the connecting chain lengths that should be required to allow both toxin
molecules to bind to the various conformations. When both toxin molecules bind, the
total number of bound toxins should be only half the value obtained when only one
molecule binds, and the binding affinity should be higher. Alternatively, the distance
between the tails of bound neurotoxins may be determined by attaching to the
| sulfhydryl group fluorescent or spin probes that interact with each other.

{ Many features of the models described here were developed by constructing
Nicholson or CPK molecular models of the proposed structure and examining possible
ways that the toxins or drugs could interact with various sites. This method appears
satisfactory for large molecules, such as the snake neurotoxins, that bind very strongly
and have many points of interaction. It is less satisfactory for small molecules like the
agonists because of the small number of interactions, the degrees of freedom that one

] has in positioning the protein side chains and altering the conformations of the agents,
and the nonquantitative nature of the approach. Assuming that the positively charged
group of agonists and antagonists binds to Glu-15 of the « subunit, it is still dithcult to
use this approach to determine which of the possible conformations is most likely to be
correct. Showing that agonists could bind to a given conformation is a necessary
condition, but it is certainly not suflicient. For this type of analysis to be convincing. a
more quantitative approach is needed that can evaluate the binding constants of a
series of drugs to each conformation. Several groups are attempting to develop systems
to evaluate interactions between drugs and their receptors (for review. see Gund ¢1 al.,
1980): however, it is not apparent that these approaches are sufliciently quantitative
to correctly predict which of the possible models is most likely to be correct. In spite of
the uncertainties, the models predict the positions of various groups on the receptor
fairly well. It thus may be feasible either to systhesize new compounds or to modify
existing compounds that should bind to specific sites on the AChR with a high atlinity.
If the agents bind covalently, it may be possible to identify the subunit and residue 1o
which they bind.

Covalently bound aflinity-labeling agents and cross-linking agents could help
determine which subunits arc next to each other. Raftery et al. (1979) have shown
that a photolabeling agent that is covalently bound to a sulfhydryl on the tail portion
of a-bungarotoxin will bind covalently to the é-subunit. This result is consistent with
the model presented here, although it is not apparent why the v subunit is not labeled
also.

One of the main purposes of this discussion is to emphasize the importance of the
determination of the entire scquence of all of the subunits. Although Raftery er al.
(1980) have made a good start, there is difficulty in isolating large quantities of the
protein and in analyzing the sequence of large, insoluble proteins. The recent
identification of the AChR messenger RNA suggests an alternative approach in which
the complementary corresponding DNA is synthesized and the DNA is then
sequenced (Mendez et al., 1980). Thus the prospects of eventually obtaining the entire
sequence are fairly good.

Obviously, the determination of more of the sequence of the subunits would be
helpful in analyzing more of the AChR structure and in eliminating some of the
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DISCUSSION

The main finding of this paper is that the polypeptide chains of residues 15 10 49
of the « subunit can be folded so that it should bind the snake neurstoxins with a high
afhinity. The implications of these structures on aggregation of the AChR subunits,
the agonist and antagonist binding, AChR gating, and overall structure of the
subunits were examined. These implications are secondary and more speculative than
the tertiary structure of the « subunits. It is important to recognize that the models
presented here are working hypotheses and that it is unlikely that every aspect of the
models is correct. The main purpose of the models is to aid in the design of
experiments that will test aspects of the models.

Before a great deal of time and encrgy is spent on testing precise details of the
models, it is prudent to test more general features. One of the most crucial tests of the
model is to determine whether the N -terminal segments are part of the extracellular
soluble domains and, if so. whether they form the postulated binding sites. In a
number of experiments, side chains near the cholinergic or neurotoxin-binding sites
have been covalently labeled. By analyzing the sequence of labeled AChRs, it may be
possible to identify the portions that comprise the receptor-binding sites. These types
of experiments could be facilitated by enzymatically cleaving the subunits into
identifiable peptides and then determining which peptides contain the labels and/or
whether any of the peptides will bind the drugs and toxin. An initial step in this
direction has already been taken. Trypsin treatment of isolated AChRs can be used to
separate the « subunit into two domains: a 27.000-dalton soluble domain that binds
neurotoxins, agonists, and competitive inhibitors (Bartfeld and Fuchs, 1979). and a
membrane domain that can be selectively labeled with [5-'**IJiodonaphthyl-1-azide
when the AChR complex is in the membrane (Tarrab-Hazdi et al.. 1980). If the
model proposed here is correct, the soluble domain shoald have the same N-terminal
sequence as the entire subunit.

An alternative approach of determining whether the N-terminal segments form
the receptor-binding sites is to isolate or synthesize the N-terminal segments. make
antibodies to these segments, and determine whether the antibodies bind to the
extracellular AChR domains and. if so, whether they inhibit the binding of the
neurotoxins, agonists, or antagonists to the AChR. Also, if antibodies are found that
inhibit the binding of these agents to AChRs, their binding and that of agonists and
antagonists to the N-terminal segments could be analyzed.

If it is shown that the N-terminal segments form the cholinergic binding sites.
one must determine whether any of the conformations suggested here are correct. If it
can be shown that the N-terminal scgments or some other segment still has the
structural integrity to bind neurotoxins and/or cholinergic agents, then structural
analysis of these segments could be informative. It is probable that the soluble
domains of AChRs can be crystallized more casily than the entire subunit. However,
the crystalline structure of portions of the subunits must be interpreted with care
because of possible differences in the conformations.

The proposed mechanism of binding of the snake neurotoxins may be testable.
Raftery et al. (1979) have found that the disuifide bond of the tail portion of
«-bungarotoxin can be reduced and that a molecule can be covalently bound to onc of
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ambiguities of the model proposed here. Aflinity-lubeling experiments indicate that
reduction of a disultide bond on the AChR leads to the exposure of an «-subunit
sulthydryl group that is near the cholinergic binding site (Karlin, 1969; Damle and
Karlin, 1980). Thus, one hopes that determination of more of the sequence N terminal
will reveal a sulfhydryl group that can be positioned neur the proposed agonist-binding
site without altering the model conformations. It is quite feasible that this would be
possible for only one of the alternative conformations described here.

The model presented here has not dealt seriously with conformation of the
transmembrane domain other than to suggest that the channel is formed between the
subunits. However, transmembrane domains may be more appropriate for the model-
building approach than are soluble domains. There are theoretical reasons to believe
that the hydrophobic environment of the lipid phase will impose considerably more
order (i.e., more «-helix and g-sheet structures and more regular packing of these
structures) than is generally observed in soluble proteins (Kennedy, 1978). This
hypothesis is supported by the very regular structure of bacteriorhodopsin (Unwin and
Henderson, 1975: Engleman et al., 1980). Because the protein is in a membrine,
labeling agents can be used to identify residues and segments that are in contact with
the lipid phase, the extracellular aqueous phase, and the intracellular aqueous phase,
and residues that become cxposed when the channel opens. Labeling agents have
already been used to show that portions of the a-subunit are in contact with the
membrane lipid (Tarrab-Hazdai er «l., 1980) and that the 6 subunit of Torpedo
marmorata is near and/or comprises the local anesthetic-binding site (Saitoh er al.,
1980). In designing a model of the transmembrane protein structure, one can also use
the structure of the putative channel-blocking drugs. the size and nature of the various
cations that will and will not pass through the channel, and the voltage dependence of
activation and desensitization kinetics. If membrane fragments can be isolated that
have present only the transmembrane portions, then X-ray diffraction. electron
microscopy, or other technigues that give structural information could be informative.
Additional constraints on the model would be suggested by similarity of the amino
acid compositions and sequences of the transmembrane portions to those of gap
junction channels or other channels for which the protein structure is better defined.

This paper is intended to indicate the role that model building may play in
determining the structure of the AChR complex. With current progress in analyzing
AChR complexcs, data should be available soon to allow the design of models less
speculative than those presented here. Progress is also being made in the development
of methods to predict the secondary and tertiary structure of proteins from their
sequences (Cohen er al., 1980), in modeling structures of other membrane proteins
(Engelman et al., 1980; Guy. 1980), and in predicting more precisely how drugs bind
to proteins (Gund et al., 1980). Thus it may be possible to predict the structure of the
AChR complex without having precise X-ray diffraction data.

Biochemical and structural analysis of the nicotine AChR complex is made
possible primarily because of its abundance in the clectric organs of rays and eels.
Most postsynaptic receptors and channcls are not as casily analyzed. It is quite likely,
however, that most postsynaptic receptor complexes cvolved from the same protein
and that they have similar structural features. This concept is supported by the finding
thai scveral postsynaptic channels that are activated by different transmitters are
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blocked by the same drugs (Carpenter et al.. 1977). Determination of the structure of
the nicotonic AChR complex may thus be important in the design of molecular models
of other postsynaptic channels. For example, by changing side chains on the general
backbone structures of portions of the AChR, one may be able to design molecular
models of other types of receptors and channels that account for differences among the
pharmacology, gating kinetics, and ion selectivities of the channels.

SUMMARY

(1) The N-terminal sequence of the first 54 residues of the four subunits that
comprise the acetylcholine receptor (AChR) complex of Torpedo californica were
determined recently (Raftery er al., 1980). The aim of this paper is to examine the
hypothesis that these segments form the binding sites for the cholinergic snake
neurotoxins, agonists, and competitive inhibitors.

(2) Nicholson molecular models were constructed of the structures of erabutoxin
b, a-cobra toxin, various agonists and antagonists, and the N-terminal segments of the
AChR subunits. The conformations of the AChR subunits were influenced by theories
that predict the sccondary structure from the sequence. the requirement that the
structures bind the agonists and antagonists with the appropriate stoichiometries. the
requirement that most of the apolar side chains be buried in the interior of the
structure, and the dimensions and spatial arrangements of the AChR indicated by
electron microscopy studies.

(3) Subunit conformations were found that were consistent with the hypothesis
that the cholinergic binding sites are formed by the N-terminal segments of the «
subunit. The models suggest mechanisms by which opening of the channels is
triggered and the AChR complex desensitizes. For some portions where the structure
is less certain, a number of alternative conformations are suggested.

(4) The proposed models serve as excellent working hypotheses for the design of
experiments to examine the AChR structure. By testing the hypotheses, by obtaining
more structural data on the AChR. and by improving the methods of analyzing the
AChR structure, it may be possible to determine the structure and functional
mechanisms of the AChR without having precise X-ray crystallographic data.
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