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A possible model for the inner wall of the acetylcholine
receptor channel

Sylvie Furois-Corbin and Alberte Pullman

Institut de Biologie Physico-Chimique, Laboratoire de Bicchimie Théorique associé au CNRS. Paris (France)

(Received 11 January 1989)

Key words: Acetylcholine receptor; Channel

Model ;N blocker

A structural mods! of the inner wall of the acetylcholine receptor (AChR) channel is developed wsing assumptions
derived from the results of the recent labelling experiments of the MI helices by noncompetitive blockers. The
assumption of steric blocking of the channel by chlorpromazine (CPZ) in the neighhourhood of the labelled serines
imposes the MII helices to be in contact at this level and allows the calculation of their minimal interaxial distance, The
assumption that CPZ diffuses to this position through the upper crowded part of the channel imposes that the helices
are more distant in this region and permits the determination of a tilt of about 7 degrees with respect to the central axis.
Electrostatic pot-ntials are used to demonstrate the effect of the charged residues at the exit of the pore. A discussion is
given on the possible uptit:de of MI to satisfy the contacts necessary with the MII /s at the different heights of the

model.

Introduction

Dhue to the difficulty to obtain appropriately diffract-
ing crystals of the acetylcholine receptor (AChR), there
is not yet precise information on the three-dimensional
structure of thls membrane protein at atomic resolunon
The availabl ge on its

and the bovine AChR & subunits [20] point strongly to
the fact that the helices called MII, one MII in each
subunit, contribute to the channel inner wall. Moreover,
the identification of the labelled residues, homologous
serines in the five MII helices at positions 248, 254, 257,
262. ina B, v, 8 respecuvely‘ suggests that these

indicates that its four polypeptide chains «, 8, y and &
in the stoichiometry a,By8 [1-3], are arranged roughly
reguic.ly around a central axis with an approximate
pentagonal symmetry [4-6] and in the clockwise order «
Ba ¥ 8 (viewed from lhe extracellular side) [7). Se-
and lysis [8-11] led to the
concept that each a.ubumt forms, in the membrane, a
bundie of a-helices made by hydrophobic segments,
various models having been proposed [12-15] for their
number and organization around a central inner pore.
In the presently prevalent vu:w [16,17), each subunit
four t MI to M1V,
the dlsposntlon of which cannot he distinguished in the
electron microscopic images [6].
Recent labelling exp with ith
blockers (NCB) [18,19,14,5) and conductance measur&
ments using chimaeras between the Terpedo Californica

Correspondence: A. Pullman, Institut de Biologie Physico-Chimique,
Laboratoire de Biochimie Théorique associé au CNRS, 13, rue Pierre
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ially face the center of the inner pore
[21,22] and, consequentiy, largely imposes the part of
the MII helices which is turned towards the interior of
the pore. We develop, in the present paper, a structural
model of the channet inner wall based on conditions
deduced from the impli of these results and
patible with the di p of the re-
ceptor. In a preliminary study [23] we showed that, in
order to satisfy the suggestion [19] that the high-. afhmly
site of the non-cc itive blocker chlorp
(CP2Z) lies at the level, or in the ncngnbourhood of the
labelied serine residues, on the axis of quasi-symmetry
of the a,Bv8 oligomer and at minimum distances to all
five chains, consecutive MII helices must be laterally in
crntact at this level rather than separated by another
helix. Satisfying this condition with five parallel MH
helices in lateral contact we showed further that the
lower part of the resulting pore from a Ser-252, 8
Ala-258, v Ala-261, 8 Ala-266 down to the N-terminus
was wide enough to accommodate sterically the largest
permeant ion, dimethyl diethanolammonium (DMD-
EA). Furthermore, calculations of the energy profile for
DMDEA brought into evidence the decisive role in the
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exit of the ion of the regatively charged glutamates
situaied at the N-terminal of the MII's, a finding strik-
ingly cenfirmed since by siie-directed mutation experi-
ments [24].

In the exploration quoted, limited to the lower part
of the channel, that containing essentially the most
polar groups, we have announced that the resulting
partial model needed to be refined and completed by
taking into deration the entire of the
MI helices as well as their possible inclinations. We
present here the results of these investigations.

A possibie model including the entire length of the MII
helices

{a) Delimitation of the helices

We now ider the | of the five
MII helices of Torpedo marmorata. The relevant hydro-
phobic segments and their alignment, taken from Ref.
11, are recalled in Fig. 1. Different limits have been
proposed for the helices on the basis of hydropathy
plots and /or charge considerations [11). Concerning the
lower limit we adopt the point of view suggested by the
calculations on DMDEA and apparently confirmed by
the site-directed mutation experiments of Ref. 24,
namely that they start with the charged amino acids
Glu-Lys (Gln-Lys in y). These residues are conse-
quently numbered 1 and 2 in the simplifying numbering
indicated in Fig. 1.

Concerning the upper limits, we do not include in the
helices the residues a Glu-262, 8 Asp-268, y GIn-271, 8
GIn-276, noting that, if the helices went further up, the
presence of a proline in position 25 in our numbering,
would produce a break (vide infra) at residue 21 by
leaving a free non hydrogen-bonded carbonyl. Note
that this carbonyl points upwards in the arrangement
shown, thus towards the pore entrance.

(b) The necessity of a tilted arrangement of the MII
helices

Let us consider first the overall shape of the arrange-
ment of the five MII helices on the inner wall of the
channel. We assume for simplicity that they are dis-
posed symmetricaily with respect to the center of the
pore.

As recalled above, we have used in Ref. 23 the
hypothesis deduced from the labelling experiments with
tritiated NCB's, that the non-competitive blockers block
the pore sterically at or in the neighbourhood of the
labelled serine residues to demonstrate that the helices
must be in contact at this level, and have built an
approximate arrangement by setting them parallel at a
distance of 10.5 A. We now evaluate more precisely the
minimal distance permitted for this contact.

On the cther hand, to extend our modelling to the
upper part of the pore we need information on their

Synaptic side
© tarminol of M2

Cytopiasmic side
N terminal of M2
Fig. 1. The aligned sequences of the MII segments of Torpedo
marmorata AChR, «—-—- , limits of the MII helices according to Ref.
i .. » limits of the MII helices according to Ref. 10. (A) Portion
investigated in Ref. 23, (B) Sequences involved in the present model.
*, Residues labeled by >[HICPZ [18,19] and *[HITPMP [5,14) 2, free
carbonyls (direction as indicated). §, region of probable bend. The
numbering used in our computations is indicated in the first column.
The other numbers correspond to the numbering used in the AChR
aligned subunits sequences (see, for instance, Ref. 24).

minimal distance in this region. For this, we assume as
a working hypothesis, that the n itive blocker
approaches its high-affinity site [25] through the chan-
nel from the extracellular side. This implies that it must
be accommodated, at least sterically, in the upper part
of the pore. E: of thé of Fig. 1
indicates that this section contains an appreciable num-
ber of bulky side chains. Among those, some will face
the interior of the channel. If one admits on the basis of
the labelling experiments that the labelled serines face
the interior of the pore, a similar situation will hold (see
the helix wheels of Fig. 2) for residue 15 in each helix,
Valin a, B, 8 and Ile in v, as well as for residue 19, Val
in & and Len in 8, vy, 8. It may be foretold that, for a
constant interaxial distance of the helices, the side chains
of these bulky residues would protrude much more into
the pore than the side chains of the serine, leaving thus
a narrower free space in their part of the channel. An
approximate evaluation of the space occupied by these
residues was performed by energy optimization (see




TABLE I

Distance (d, in A} to the axis of the most external atom of the X (X = lle, Leu, Val or Ser) side chain for the most retracted (1) and the most extended (11)
conformations of X, in a COCH (Alay, X(Ala),NHCH, optimized a-helix (&, y fixed at their standard values of Ref. 30)

Dihedral angles (x. in degrees) defined according to the IUPAC-IUB (1970) convention (for Ile x stands for X1, X3 for x22 and x4 OF X3,).
Only one conformation is allowed for Val in the tested a-helix, all others leading to close contacts between the side-chain and the helix backbone.

[ {In

d X1 X2 X3 Xa d X1 X2 X3 Xa
Tle 578 -73.1 166.5 522 734 5.99 -8 -771 451 484
Les 6.24 -789 1580 542 59.7 6.63 -1733 1363 584 60.7
Val 524 166.4 482 55.8 524 166.4 482 55.8
Ser 406 -653 76.1 511 -176.2 -1765

Appendix) (using a large number of starting conforma-
tions) of the most extended and most retracted (with
respect to the helix axis) allowed conformations of the
residue X (for X = Val, Ile, Leu and Ser) in an a-helical
sequence COCH;-(Ala), -X- (Ala),-NHCH;, and the
corresponding distance to the helical axis of the most
external side chain atom was determined. The resulting
values (Table I) show clear’y that the side chains of Leu,
Val and 1le do indeed fill a larger space than that of Ser
in a similar situation,

Therefore if the non competitive blocker is at a
contact distance of the five MID’s at the level of the
labelled serines, it would feel steric hindrance in the
upper part of the pore if the helices were parallel. We
have verified this situation on our graphic terminal
using the real MII sequences by explicit computations

Fig. 2. Projection, onto the plane to the helical axis, of
the C, atoms of the MII helices surrounding the pore. The a-helical
structure starts with the Glu{GIn in y) residues following the common
Gly in the sequences of Fig. 1. The Ser residues labelled by the NCB
are noted by a star and placed in a completely symmetric fashion
facing the central axis. The Glu(Gin) at the N-terminal are noted by
an oval, the following Lys by a rectangle. The 21st residue indicated
by a fat dot carries a free carbonyl. The position of the C, of the
residue following it is shown by an arrow.

of Van der Waals contacts (see Appendix) using differ-
ent possible conformations for CPZ.

The necessity to relieve this steric hindrance in the
upper part of the channel while maintaining the ap-
propriate minimal diameter at the level of the labelled
serines imposes thus a model where the helices are rilted,
forming a truncated conical structure, with the largest
spacing at the top. The arguments developed above
allow an expiicii determination of the width of the
transmembrane part of the pore at different levels.

(c) Determination of the minimal dimensions of the inner
pore

The dimensions of the truncated cone delimited by
the five MII helices satisfying the conditions stated
above have been determined in a first approximation

Fig. 3. Geometrical construction used to allow an estimation of the

inner free space available at the level ,of ihe residue considered

(example given for residue 15). @, helical axis of the MII a-helices. x,

C, atom of residue X. C, most external atom of the side-chain of

residue X (Valin a, B, 8, lle in v) taken in a given conformation.
Van der Waals envelope of the involved side-chain.
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using geometrical considerations. Fig. 3 and its caption
indicate the gcometrical elements intervening in the
computations. The figure is drawn in the most general
case in a plane perpendicular to the central axis at the
height corresponding to the a carbons of the residues
considered. (When these residues are the serines 8,
assumed for simplicity to point exactly towards the
central axis, the a carbons are along the bisector of the
angles of the regular pentagon delimited by the traces of
the five helical axes on the plane). Three levels were
considered: first that of the labelled serines, to obtain
the minimal distance compatible with a pore dimension
barely accommodating sterically CPZ (keeping it just in
contact with the five MII helices); then, the levels of
residues 15 and 19, respectively, to obtain the minimal
distance between the helices producing a pore wide
enough to accommodate CPZ withcut contact at both
lavels. Using the projections onto the plane of the most
external atoms of the five side chains considered and
taking into account their Van der Waals radii, permits
to draw the limits of the inner pentagon defining the
hole for the conformation considered. Simple geometry
relations existing between the angles «, B8, v, the dis-
tances r, d, and the tilt angle of the helices permit to

Fig. 4. The truncated cone formed by the five MII helices in the
model. The pentagons are drawn to iacilitate viewing at C, of residues
1,8,15and 21.

express the distances a; in the inner in terms
of the i ial di Ab two adj MIr's
and thus to find the value of 4 compatible with the

dimensions imposed by the size of CPZ. We used on the

15 and 19, respectively. With these dimensions
the atom-atom contacts at all levels satisfy the condi-
tions imposed (see Table II). It is observed that at the
level of residues 15 (Val or Ile), an increase of the
i ic di by 0.1 A would suffice to remove

one hand the geometry corresponding to the availabl
crystal structure of CPZ [26], and also, a conformation
obtained by energy optimization where the

fills a smaller space, perpendicularly to the channe! axis,
than in the crystal structure.

This preliminary search led to a set of values of the
distance A between the helices at different levels which
allowed us to build several bundles. In fact, in these
bundles, we accounted for the experimental result [21]
that in MII of the 8 subunit both Ser-254 and Leu-257
are labelled by 3[HICPZ, by slightly rotating this helix
around its helical axis so as to bring both Ser-254 and
Leu-257 to face the channel interior. These bundles
were then submitted to a more thorough examination
on our interactive graphic terminal coupled with energy

Icul: of their Lennard-Jones i (see Ap-
pendix) with CPZ placed at different heights within the

the contact observed: this can easily be achieved by a
slight change in the relevant aminoacid side-chain con-
formation (all side-chain conformations are taken here
from Ref. 27) or a slight rotation of the helix involved.
This is true also for the contact found at the level of the
labeiled serines. In that case, however, CPZ is at the
permitted minimal distance of the five helices: im-
mediately below much stronger contacts exist.

The di i btained d 10 a tilt of the
five helices of about 7 degrees with respect to the

TABLE II
Characteristics of the positions of CPZ at different levels in the channel

‘The zverage height of the atoms of the CPZ ring system is the same,
within the channel, than that of the C,, atoms of the residues indicated
(acecrding to the numbering shown in Fig. 1). Epy{i. f) (kcal.mol) is

pore, with the average plane of its ring perpendicular to
the channel axis, in different orientations.

Extensive examination of a large number of bundles
in this fashion finally led to the acceptable structure
reproduced in Fig. 4. In this siructure the distances
between the axes of two adjacent MII helices go from
10 A at the level of the « carbons of the first residue
(Gluin g, B, 8, Glnin v) t0 14.2 A at the level of the
carbons of the 21st residue (Val in a, Ala in 8 and v,
Ser in §). It is 11.5 A at the level of the labelled serine
residues, becoming 13.0 and 1375 A at the level of

the (di (see text) of the interaction
energy between atom i on CPZ and atom j belonging to the MIl
helix indicated. H(X) is one hydsogen atom bound to X; designation
of the amino-acid side-chains atoms following the IUPAC-IUB (1970)
convention. r;; (A), interatomic distance between i and j. r™" (A),
mininal distance at which there is no more close contact between i
and j.

Co  EuG.j) i J ry
19 1.84 H(C10) H(Cy;) Lenig, MII, 195 181
15 104 H(C2)  H(C,) Valy;, Ml 171 181
9 85 H(C2)  H(Cy) Sery, MIl, 174 181




TABLE 1T

w3

The six first conformations, in order of decreasing stability, resulting from energy optimization of a COCH (Alaj GluLys(Ala),NHCH , a-helix (¢,

fixed at their standard vafue of Ref. 30

E, conformational energy (in kcal/mol) with respect to that of the most stable structure. »r=H -~ Q (Ang,su‘oms) for *he interaction PH--- Q,
= (PH, HQ) in degrees. Dihedral angles (x. degrees) according to the IUPAC-TUB (1970) convention. H(N;) is one of the hydrogen atoms of the

NH,; group of Lys; O(C”) is a peptide carbony! oxygen.

E s Tnvolved atoms 7 @ Sidechain conformation
bridge Gla Lys
X X2 X3 x: X2 X3 X4 xs
00 yes Glu O, Lys H(N) 175 129 1715 —939 —aa1  —768 —821 —151 805 778
23 yes Glu 0O, Lys H(N;) 174 96 1765 -101.9 -756 —102.6 760 —161.8 913 653
43y Glu 0,  Lys HN) 16 38 1770 -983 -584 -1262 638 -1230 1515 446
47 yes Giw 0, Lys HN) 177 132 1747 —1161 -530 1068 642 —1597 1555 614
112 no -169.5 -97.7 -764 -702 =517 1075 -~1495 6.1
307 Hboné Ala OC’) Lys H(N) 202 269 ~66.2 152.6 1629 ~103.3 882 -922 1616 687

central axis considered vertical. With these dimensions
the helices are in close contact at their bottom and up to
about the level of the labelled serines, above which the
close imbrications become looser, slowly beginning to
leave a gap between the helices, gap which widens up to

while the positively charged lysines face the external
side of the helix (see the helical wheels of Fig. 2).
These apparently distant locations do not preciude,
however, the possibility for the two residues to use their
long side chains for the formation of a salt bridge in a

the top. We shall come back to this in point
(e) below. Concerning the lower part of the present
model, we have tested that the conclusions obtained in
[23] remain valid, namely that it 3 d easily

conf where tiie Glu(Gln) side chain curls up
towards the side chain of the following lysine. The
feasibility and stability of such n, n+1 bridges was

the largest permeant ion DMDEA :ven in its narrowest
part.

Let us consider in more details the structure at the
low end of the model and its sigaificance.

(d) The exit of the channel and the role of the charged
residues at the end

As recalled earlier, we have included at the N-termi-
nal of the MII helices the Glu-Lys residues (GIn-Lys in
v) since their presence has proven instrumental in pro-
viding the attraction necessary to help the cation exit
the pore. This is due to the fact that the inclusion of
these residues within the helical stretch forces the nega-
tively charged residues to face the interior of the pore

TABLE IV

d by eneigy minimization (see Appendix) of the
two following a-helices:

81:COCil5-{Ala)s-Glu-Lys-(Ala)s-NHCH,
$2:COCH 3-(Ala)s-Gln-Lys-(Ala)s-NHCH,

using as starting conformations of the Giu(Gin) and
Lys side chains those given in the conformer library of
Ref. 27. 49 different structures of S1 and of S2 were
optimized, labilizing all the side chain dihedral angles
while keeping the backbone dihedral angles at their
standard a-helical values [28]. The results, indicated in
Table 111, show that the most stable conformation of S1
involves a strong salt bridge between the extremity of
the side chain of Glu and that of Lys, whereas the next

The six first conformations, in order of decreasing stability, resulting from energy optimization of 2 COCH,{Ala) (GlnLys(Ala) NHCH, a-helix (&, ¥ as

in Table H1)

‘Conventions as in Table 11I; H(N,2) is one of the hydrogen atoms of the Gln NH, group.

E Hbond Involved atoms r [ Side-chain conformation

Ghn Lys

X1 X2 X3 Xa X1 X2 X3 Xa Xs
00 yes Gln 0, Lys H(N,) 19 142 1787 -1655 798 ~-1791 ~-1014 662 ~—1663 1766 652
11 no =743 1737 -963 1796 1715 582 1727 168.1 579
12 no -1745 -1798 982 —-1796 1731 579 1712 1693 580
1.8 no —743 1728 -988 1796 —1708 -—984 1656 -1742 604
28 yes Gln 0, Gln H(M,;) 221 378 -1798 633 82 -1782 1718 584 172 1639 580
33 no ~1752 1776 958 ~—1795 —1698 -980 1654 —1747 601




344

ok

(o)
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o
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Fig. 5. The free space at the N-terminal of the bundle of Fig. 4: (a) when the charged residues form salt bridges; (b) when they are free in a more
extended conformation (see text).

stable conformation which does not involve a salt bridge
is by far less stable (line 5 in Table III). These results
are in good correlation with the conclusnons ofa survey
[29] of the a-helical in 47 globul
showing that the occurrence of a Glu-Lys lon pair of
the n,n + 1 type follows immediately in frequency that
of the predommam nn+4 type, an indication of an
le intrinsic prop y of this ion. In
(he case of the S2 hellces (Table IV) the most stable
state involves a strong hyd bond t the end
of the Gln side chain and that of the charged lysme
following it. These overall results support the hypott

salt bridges as indicated above, is sufficient to favor the
exit. This is possible because, as stressed earlier, the
a-helical structure, together with the interr:al positions
of the labelled serines imposes the location of the nega-
tively charged restdues on the internal face of the hehx
with the posi id on the opp
side. The formmon of salt bridge brings about only a
partial neutralization and an y of the charge
remains with the negative end closer to the pore, thereby
acting favorably on the cation.

A pictorial demonstration of these effects is given in
Fig. 6 showing the el ials created by the

that a similar situation can occur in the MII helices
considered here. The corresponding salt bridges were in
fact constructed in [23] using the real sequences of the
lower half of the MII’s and shown in the energy minimi-
zation, to allow stable structures with no close contact
between their atoms and the rest of the structure.
Despite the fact that other conformations of these
Glu(Gln)-Lys groups might be imagined, their inclusion
in the helix and their folding in bridges has the ad-
vantage of avoiding the problem raised in Ref. 30 of
steric hiadrance caused by the (assumed) floating of the
Glu side chains towards the center of the pore: Fig. 5
shows clearly the difference in the size of the inner
space enclosed by the helices (seen from their C-termi-
nal extremity) when the Glu(Gln)-Lys residues are in a
salt bridge conformation and when the Glu(Gln) extend
towards the center of the channel. In the last case,
DMDEA would indeed encounter a large steric
hindrance to exit while it can pass easily in the first
case. Furthermore, not only can the ion pass easily from
the sterical point of view, but also, as demonstrated in
Ref. 23, from the energetical point of view, since the
field created by the ring of glutamates, even involved in

bundle of MII helices placed as in Fig. 4, in a plane
containing the C,’s of Thr-244 and homologs (thus,
near the exir of the channel). When the Gly-Lys (Gln-
Lys) are not included in the a-helices, the

(Fig. 6a) are everywhere strongly posmve (repulsive for
a cation). When these two residues are included (Fig.
6b) these potentials decrease strongly in a wide area of
the inner region, a result due to the proximity of the
negative glutamates. At the same time, the potentials in
the exterior part of the helices become still more posi-
tive than in Fig. 6a, clearly indicating the effect of the
lysines closer to the exterior. Note that a strong positive
potential remains in the inner region facmg the Gln of
subunit vy, a reflection of the i i of
the Lys positive charge less well compensated in this
salt bridge than in the four others.

The site-directed mutation experiments of Ref. 24
confirm entirely these conclusions and our underlying
hypotheses: (i) ing the negatively charged resid
at the level considered (intermediate ring in the nota-
tions of Ref. 24) has the strongest effect on the conduc-
tance, showing that they are close to the pore and closer
than any other negatively charged residue; (i) the ab-
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11073 [5]

103,37

92.01

80.65

69.29

57.93

46.57

35.21

23.85

12.49

Fig, 6. Maps of the electrostatic potential created by the ensemble of the five MII heiices in a plane situated near the exit of the pore about the level

of & Thr-244. Scale of shading as indicated, in the left side, in kcal/mol. Contour lines: the potentials are interrupted at 2 A from the atoms

intersecting the plase studied. (a) Glu-Lys (Gln-Lys in y) at the N-terminal not included in calculation. (b) Glu-Lys (Gla-Lys in y) at the
N-terminal included in calculation.
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(a)

(b)

Fig. 7. (a) The lower part of the truncated cone >f MII helices seen along the axis of the cone from the twelfth residue down to the N-terminal. (b)
The upper part of the same cone seen from the C-terminal.

sence of effect seen when mutating the positively charged
residues at the adjacent position in the sequence peaks
in favor of their being on the outer side. These findings
favor the hypothesis adopted that the Glu-Lys (Gln-Lys)
residues at this level are part of the helix and disposed
as indicated. They also confirm the location of a Glu-262
and homologs as indicated in section (a) above: their
Jocation just after the last residue of the helical struc-
ture can still impose the location of their C, only as
indicated in the helix wheels of Fig. 2, but farther from
the symmetry axis than « Glu-241 and its homologs.

(e} The gaps between the MII helices on the inner wall
and the possible role of MI

In the model described above, the interaxial dis-
tances between the adjacent MII helices at the different
levels show that they are in close interaction at the
lower level and up to the neighbourhood of the labelled
serines. Further up, a very small gap between them
appears which widens lowards the top of the pore
where, however, the di two
helices does not exceed 14.2 A The free space is rela-
tively small (see Fig. 7), anyway insufficient to ailow the
complete insertion of another helix (even a partial i inser-
tion [23] requires a minimal distance of at least 14.6 A
between two consecutive MII helices). In fact, in the
present model, a simple contact with another helix in
the gap region is sufficient to insure the tightness of the
wall as well as the stability of the packing.

Overall the small tilt of the helices suggests that the
contact with the outer helix occurs as schematized in
Fig. 8a in the neighbourhood of the high-affinity site of
the non-competitive blocker, and as in Fig. 8b in the

‘gap’ region: if we assume that each subunit participates
in the transmembrane structure by the four hydro-
phobic helices MI-MIV, one may attempt to specify
further which of the helices of each subunit plays the
role of the contact helix in Fig. 8. From the point of
view of proximity, Ml or MIII which are separated
from MII by relatively short segments, are good candi-
dates, while MIV could be further away. (The exposure
to the lipid of M1V in Torpedo marmorata is supported
by its labelling by photoreactive markers in PC heads
[31).

A role for helix MI in the channel wall is sometimes
suggested (see for example, Refs, 30 and 32) on the
basis that labelling of this helix by the non-competitive
blocker quinacrine azide was reported [33,34] although
not confirmed or explicited.

Another feature pointing to a special role for the
hydrophobic segment MI, underlined initially by Noda
et al. [10] resides in the presence in this segment of three
strikingly conserved proline residues at homologous

(a) (b)
Fig. . Mutual disposition of two adjacent MII helices and another
helix (a) lower part of the channel; (b) upper part of the channel (see
text). The view is schematic.

M2
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Fg 9 ‘The aligned sequences of the M1 helices of Torpedo marmorata

R, <——- Jlimits of the MI helices according to Ref. 11, --.-.- .

hrm!s of the MI helices according to Ref. 10. !, free carbonyls

(direction as indicated). $, region of probable bend. The numbering

on the left side refers to the residues included in M1 aligned to those

of MII (see text). Beware of the oppasite senses of MI and MII on the
figures.

positions in the four subunits, one on the side of the
N-terminal, Pro-211, Pro-217, Pro-219, Pro-225 in a, 8.
v.8, respectively; Pro-221, -227, -229, -235 in the same
order ten residues further, and Pro-236, -242, -244, -250
similarly, in the C-terminal region (see Fig. 9 for a

inder of the seq of MI in the four
subunits). In view of recent inaccurate statements (see,
for example, Refs. 32 and 35) on the effect of such
prolines it is not superfluous to restate the situation
briefly: proline resid prod “kinks’ in a-helical
structures due first to the fact that they lack one free
'NH bond for hydrog ding to the carbonyl oxygen
normally situated four residues below in the helix on
the N-terminal side, second to the steric crowding pro-
duced by the structure of the residue itself, which
interferes in particular with the carbonyl group of the
residue situated three positions down in the sequence
Recent energy optimizations [36,37] show explicitly how
a *bend’ occurs in the helical structure by changes ia the
dihedral angles intervening between the proline-n and
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the (n — 4)th residue left with a free carbonyl. a regular
a-helical structure being essentially reestablished from
the proline up towards the C-terminal.

The incidence of this effect on the hydrophobic
segments M1 is indicated formally in Fig. 9 showing the
positicns of the non hydrogen-bonded carbonyls (at
Met-277. He-213. lle-215, Ile-221, at Asn-217. Tyr-223,
Asn-225. Asn-231 and at Val-232, Val-238, Val-240,
Ala-246) and of the consecutive probable bends in the
three regions betwecn the nth prohne and thc (n—Hth
residue. This lysis leads to a of
the N- and C -terminals of helix MI and of its possible
role in comparison to that of MIIL

Concerning the C-terminal, it arpears reasonable to
assume that the bend initiates ti«: necessary curvature
of ihe ‘loop’ intermediate between MI and MIL This,
together with our hypothesis that the helices M extend
to Glu-247 in a and equivalent positions in the other

bunits, ensures a length to this loop, set-
ting the C-terminal limit of the helical segments MI at
Val-232 in a and homologs in 8, y and 8, with a free
carbonyl group pointing towards the cytoplasmic side.
Such a carbonyl could play a role in the interaction with
ions and/or water, or another side chain of the loop
(see also Ref. 35).

Concerning the N-terminal limit of MI, there is at
the no evid that it includ idues pre-
ceding Pro-211 in a {Pro-217, Pro-219 and Pro-225 in
B. v. 8). At any rate, the a-helical stretch would be
inierrupted at o Met-207, B 1le-213, y lle-215 and &
Ile-221 four residues before Pro-211 and its homologs
with an intermediary bend apt to make the connection
with the extracellular segment. (It is for the same reason
that we have interrupted the M1 helices after a Val-261,
B Ala-267, y Ala-270 and & Ser-275: a Glu-262, 8
Asp-268, vy GIn-271 and & GlIn-276, initiating, respec-
tiveiy, the loop between MII and MIII in each subunit).

With the limits defined in this fashion the helical
portion of M1 includes thus 22 residues, only one more
than the helical portion of MI[ defined earlxer Hence

MI and MII can be d as
the same transmembrane width, all the more so since
MI is ily somewhat bent. Calculations on the

details on the various bends in the AChR helices will be
given elsewhere. To illustrate briefly the possible situa~
tion created by a proline in its neighbourhood, we give
simply here the results of energy optimization upon
labilizing all the dihedral angles including the proline
ring (see Appendix) on the portion of MI of subunit &
which contains the internal proline-221, considering the
real sequence Asn-Val-Ile-lle-Pro-Cys (from N- to C-
terminal) embedded in an a-helix made otherwise of
alanines. Using different energy-minimization path-
ways, the most stable structure obtained described in
Table V by the values of the backbone dihedral angles
¢, ¢, and @ and the ct of the hyd
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TABLE V

Characteristics of the bazkbone ydrogen bonds O(C") ~H(N) and values (in degrees) of the backbone diedral angics in an optimized COCH,(Ala),-

Asn-Val-lle-1le-Pro-Cys-(Ala) ,-NHCH sequence starting from an a helix
d=2{0---H) in Angstroms; 6 = (NH, HO) in degrees.

Backbone hydrogen bonds Backbone ditedral angles

Residues d 9 Residucs * ) P
198 85 Ala, —57.8 —48.2 -1796
200 119 Ala, ~550 -50.5 -176.0
»21 193 Ala, —~58.6 —49.9 -178.4
1.96 192 Ala, —55.3 -50.5 -175.0
199 34 Asng ~57.1 -434 -1788
no H-bond Valg —64.9 -524 —165.9
no H-bond Tie, —-70.8 —60.2 ~153.5
1.96 13.0 Tleg -59.4 —-579 -169.9
Heg Ala, 198 14.3 Proy -61.0 —558 ~176.3
Fro,  Alayy + 197 128 Cysio —55.9 -418 ~1756
Cysig  Alaya 198 139 Alay, —596 -419 -1770
Alay,  (NHCH;) 1.96 87 Alay; —61.8 —46.6 —-176.4
Alays -609 -451 ~179.3
Alay, -62.2 —482 1785
bond network, indicates clearly that the helix is some- in & that the MII phobi are

what bert from Asn-5 up to Pro-9: beside the lack of
the Asn-5 - - - Pro-9 hydrogen bond, due to the absence
of the hydrogen atom on the nitrogen of the proline.
another lack in the a-helical hydrogen-bond network is
observed between Val-6 and Cys-10. Interestingly, this
is replaced by the formation of a hydrogen bond be-
tween the peptide carbonyl oxygen of Val-6 and the
hydrogen atom bound to the sulfur of Cys-10. The fact
that a cysteine residue is present at the same position
after the proline in all MI segments in the AChR
indicates a possible importance of this structural fea-
ture. The values of ¢ and ¢, in the a-helical domain up
to Asn-5, deviate appreciably from the standard values
(¢, $)=(—57°, —47°) [28)) from Val-6 to Pro-9.
From Cys-10 onwards, ¢ and ¢ have a-heli-

as a-helices around the pore in a pentagonal arrange-
ment with the labelled serines facing the interior, we
have shown that:

(a) the notion that CPZ is at minimal distances to all
five chains at or in the vicinity of the labelled serines
imposes that adjacent MII helices are in contact with
each other, w:th a minimal interaxial distance of about
115 A at the level of the o carbons of the labelled
serines;

(b) if the five helices adopt this interaxial distance
along their entire length, the bulky side chains lining the
upper part of the pore preclude diffusion of large per-
meants or NCB’s through this part. For such diffusion
to occur, the MII helices must be tilted. The minimal

cal values. These calculations illustrate the essential
structural features of the situation which can be created
by the proline residue in its neighborhood for the par-
ticular sequence involved. The consequences of these
features on the lability of helix MI and on its interac-
tion properties with the other helices, particularly MII,
must be ascertained by explicit_calculations, It is how-
ever, interesting that if one adopts our proposed limits
for MI and the alignment of its C-terminal with the
N-terminal of MII (numbering of Figs. 1 and 9), the
calculated bend coincides with the region where the
separation of the adjacent MII's become detectable in
cur cone-shaped model, possibly facilitating the ap-
propriate packing of the helices at different heights.

Concluding remarks

Adopting the assumption based on the labelling of
the serine residues 248 in a, 254 in B, 257 in y and 262

puted to allow free passage of CPZ
correspond to a tilt of about 7 degrees of each MII helix
with respect to the central axis in an assumed regular
arrangement;

(¢) the resulting bundle allows free passage of
DMDEA in its lowest narrow portion;

(d) energy profiles and molecuiar electrostatic poten-
tials show that the negatively charged residues a Glu-241
and its homologs are of determining importance for
insuring the exit of the cation;

(e) the relatively small tilt of the MII helices in the
proposed model generates only a small gap in the upper
part of the pore wall, which can be easily closed by
contact with a single other helix;

(f) the reassignment of the extension of the helical
part of the MI hydrophobic segments on the basis of
the properties imposed by their three conserved proline
residues leads to limit their length to 22 residues, with
an intermediary bend. This length and the location of
the bend can possibly help the MI segments to insure



the necessary contact at the different heights of the
truncated cone of MII helices.

At this point a few remarks are in order: concerning
point (a), a referee suggested that the binding of CPZ at
the level of the labelled serines may be reactivity- rather
than sterically controlled. There is at present no experi-
mental evidence one way or the other. However, the
‘contact’ argument which we have used is valid whatever
the events which occur after contact (in order to react
the reagents must first be in contact). Too little is
known at present concerning the nature of the reagents
after irradiation for going beyond this by theory. A
theoretical study of the behavior observed [38] with the
NCB QX222 in the native and mutated channel will
perhaps bring new insights in this connection.

Another remark concerns the truncated conical struc-
ture obtained for the channel. We have shown that it
results from the structural featuses of the helices and
from our basic assumptions. This is not the same as
imposing the tilt [0] on the (very i basis of
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Tiﬂ second term com:sponds to the sum of the
persion and repul gies treated as a Lennard-
Jones i with the ional 6-12 di
dependence, the parameters A and B originating from
Zhurkin et al. {43] and extended [39]. Furthermore, to
account for the dngulzlr dependence of hydrogen bonds
interactions, the second term of Eqn. A-1 becomes:

~am e 4, B,
3 =|eos ol — +(1-cos )| - =L+ 2
Pitvansea " o3 [

where 4¥® and B"® have been derived by fitting to ab
initio SCF results on small molecule interactions (see
Ref. 39). (§=(MH. HN) for the hydrogen bond
M-H---N). Beyord §=90° or beyond H---N=6
A, the normal Lennard-Jones term is employed.

The third term in Eqn. A-1 accounts for the torsional
or anomeric potentials around single bonds S with
dihedral angles =: ng is the multiplicity of the torsional

the ‘funnel’ shape of ke extramembranar part of the
receptor seen in the electron microscopic image. The
small tilt found in the model is compatible with the
funnel but not imposed by it.

The resulting model is compatible with the known
experimental features and allows a clear rationalization
of the role of the charged residues situated at the N-
and C-terminals of the MII helices. As it is, we hope
that it can provide an inspiration for further experimen-
tal and theoretical investigations.

Appendix

The conformational studies of the a-helical se-
quences COCH -(Ala),-X-(Ala),-NHCH,, where X is
Val, lle, Leu or Ser, and COCHj-(Ala),-Y-Lys-(Ala) 4
NHCH,;, where Y is Glu or Gln hnve been carned out
using the energy mini d in
our laboratory [39]. The method bemg descnbed in
detail in Ref. 39, we only recall here its essential.

The energy formula is given by the following equa-
tion:

%9, —4, B, Vs
> /+;(r_6’+7})+};7‘[1tms(nsfs)1 (A1)
PR

Sy

The first term represents the electrostatic energy
computed for an assembly of atomic charges ¢,

p ial and Vj is the height of the potential barrier.
the parameiers employed having buen derived in our
laboratory from experimental values and quantum
chemical calculations (see Ref. 39)

The energy a ca-
jugate gradient minimizer, usmg the BFGS algorithn
[44], which uses analytical energy derivatives, requiring
the analytical calculation of the forces and torques
acting on each atom of the system.

The conformational study with optimization of all
dihedral angles of the sequence Asn-Val-lle-le-Pro-Lys
embedded in an a-helix made otherwise of alanines was
carried out using a method derived [45] from that
described above to allow for the flexibility of rings in an
energy optimization procedure, a necessity imposed by
the presence of the proline residue. In the method used
(CINFLEX, standing for constrained internal coordi-
nate flexibility), the variables describing the conforma-
tion of the rings are limited to dihedral and ring valence
angles and the ring closure conditions are treated as
equality constraints. The ring can be described by a set
of independent and dependent valence angles and inde-
pendent anud dependent dihedral angles. This method
allows the backbone dihedral angle ¢ of the proline
residue, included in the ring, to be treated as an inde-
pendent variable. The angle distortion force constants
used in CINFLEX have been developed by fitting to
ab-initio calculations (for their values, see Ref. 45).

The ination of the exi or absence of Van

over all pairs of atoms ij* separated by at least three
chemical bonds. The charges are optimized atomic
monopoles reparametrized [40] from the Hiickel-Del Re
[41,42] p di so as to rep to very good
accuracy the electrostatic potential and field surround-
ing the protein constituents (the peptide backbone and
the different amino acid side-chains), in different con-
formations.

der Waals b two molecules A and B
involves energy calculations of their Lennard-Jones in-
teraction. This is computed using the second term of
Eqn. A-1 this time summed over all pairs of atoms jj, i
belonging to A and j belonging to B. When this term
for a given pair of atoms ij (i on A, j on B) is greater
than 5 kcal/mol the two atoms implied are considered
to be in close contact. Among such contacts found
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between CPZ and different bundles, two extreme cases
were differentiated: (i) one involving large values of the
ij (i on CPZ, j on one helix) Lennard-Jones term
whatever the orientation of CPZ, and which are unlikely
to be removed upon a simple change in the conforma-
tion of the side chain implied in the contact but would
instead require a significant change in the position of
the helix involved; the corresponding structures were
thus eliminated for too much contact; (i) the other
involving relatively smaller values of this term (between
5 and 10 kcal/mol), for which the contact between the
atoms implied can obviously be removed by a slight
conformational change of the side chain involved and /or
a very small rotation or displacement of the helix. In
such a situation the structure is not rejected since it is
clear that the contact would disappear upon complete
energy optimization.
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