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Abstract 

The interaction of the neurotransmitter acetylcholine 
with receptor binding sites has been well studied 
over the years, but much is still unknown about 
how intermolecular forces govern the lock-and-key 
fit. Here we present an analysis of cation-anion 
hydrogen-bond interactions in a single crystal of 
perdeuteroacetylcholine bromide, using pulsed neu- 
tron diffraction data to refine the X-ray crystal 
structure. The molecule crystallizes in space group 
P21/n, with a = 10.951 (4), b - -  13.396(8), 
c=7.072(4)/~,,  13= 108.88(3) :, Z = 4 .  The final 
refinement included anisotropic temperature factors 
on all atoms and converged to wR(F)= 0.055 (244 
parameters). The pyramidal configuration of 
C- -D- . .Br -  contacts observed in the crystal is in 
good agreement with ab initio molecular orbital 
predictions of favoured configuration and is consis- 
tent with a modest polarization of C - - D  bonds 
close to the N atom. There is evidence that close 
contact with Br- is hindered by the repulsive 
influence of the ester O atoms, dependent on the 
conformation of the acetylcholine cation. This is the 
most detailed picture to date of close interatomic 
contacts around the cation and analogies are drawn 
with the bonding of acetylcholine to its receptors. 

to the importance of electrostatic attraction between 
the cation and the quadrupole moment of aromatic 
amino acid fragments at receptor binding sites, the 
so-called cation-:r interaction (Dougherty, 1996). 
Although this evidence is recent, the idea that the 
ACh cation may show orientational preferences with 
respect to regions of receptor negative electrostatic 
potential was put forward over a decade ago 
(Rosenfield & Murray-Rust, 1982). Our study of 
perdeuterated ACh molecular structure includes 
accurate determination of D-atom positions and 
examines anion interactions with the D atoms that 
surround the quaternary ammonium group. 

In the first instance, we have exploited the power 
of low-temperature neutron diffraction to accurately 
determine all atomic positions in a single crystal of 
fully deuterated ACh bromide (CTDI602N+Br-). 
Deuteration improves the accuracy of the neutron 
experiment in two ways. First, it reduces the 
incoherent background scattering observed with 
protonated samples and, second, deuterium has a 
coherent scattering length of significantly larger 
magnitude than hydrogen. This means that while 
neutrons will detect H-atom positions with good 
accuracy and precision, the situation is still better 
for deuterium, assuming that any isotope effects on 
the molecular structure are negligible in the context 
of the experiment. 

1. Introduction 
The way in which an acetylcholine (ACh) cation 2. Experimental 
binds to a receptor requires a knowledge of the Deuterated ACh bromide was supplied by MSD 
three-dimensional molecular structures of the recep- Isotopes. Large colourless, hygroscopic single crys- 
tor and cation, and an understanding of the non- tals were obtained by slow evaporation from 
covalent interatomic forces bonding the cation to the saturated ethanol solution and stored in airtight 
receptor. There are no high-resolution structures containers under nitrogen prior to the diffraction 
available for muscarinic or nicotinic ACh receptors experiment. 
[cf. the ACh esterase enzyme (Sussman et al., 1991, Diffraction data were collected from a single 
Harel et al., 1993)], although progress in the last crystal on SXD at the ISIS spallation neutron source 
few years has seen the nicotinic structure determined (Wilson, 1990, 1996) using the time-of-flight Laue 
by electron microscopy, in the open- and closed- diffraction method. The crystal and data collection 
channel states, at 9A resolution (Unwin, 1993, parameters are summarized in Table 1. The crystal 
1995). There is a growing body of evidence pointing was mounted on a two-circle orienter (X,~0) in a 
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Table 1. Data collection and refinement parametersfor peak integration a local UB matrix for each frame 
perdeuteroacetylcholine bromide was used. The peaks were integrated using a profile 

Instrumental fitting approach based on the known analytical shape 
Diffractometer SXD neutron time-of-flight Laue diffractometer at ISIS of the reflections in the time-of-flight direction, well 
Temperature (K) 100 
Detector 64 × 64 3 mm pixel scintillator, placed 128mm from 

sample 
Angular range ( )  20 = 110 5:35 
Wavelength range (A) 0.48-4.8 
Sample 
Compound Acetylcholine bromide (99.3 atom% D) 
Formula C7DI602 N ÷ . Br- 
Molecular weight 242.22 
Recrystallizing solvent Ethanol 
Crystal size (mm) 5 x 3 x 1.5 
Refinement 
Space group P21/n 
Unit-cell refinement 172 reflections 
Unit cell ( A , )  a = 10.951 (4), b = 13.396(8), c = 7.072(4); 

¢~ = 108.88 (3) 
Volume (A~) 981.6 (9) 
Calculated density 1.639 

(gcm ~) 
Data frames 

understood from the characteristics of the ISIS 
source and moderator. The function used, a 
Gaussian convoluted with a decaying exponential 
function, reproduces the peak shape well. The 
variable parameters in this fit are the Gaussian 
height and width and the time constant of the 
exponential, all of which vary with time-of-flight. 
This method is sensitive and reliable in the 
integration of both strong and weak peaks. Reflec- 
tions for which this profile fitting procedure failed 
after four attempts on different integration windows 
were excluded from the data set, thus resulting in a 
somewhat reduced occurrence of very weak or 
'unobserved' peaks in the final data set. This 

25, allowing for much overlap between adjacent recently implemented intensity extraction procedure 
frames and hence measurement of many equivalent 
reflections is currently under further development to improve 

Maximum sin 0/,;. (A-I)  1.22 
Measured reflections 7094 
Unique reflections 3101 (1 > 3csl) 
Index limits 0 < h < 25,0  < k < 33. - 1 7  < I < 14 
Refined parameters 244 
Thermal parameters All atoms anisotropic 
Agreement factors R(F) = 0.072 

wR(F) = 0.055 
w =  [ 2 E , / a t F  ~,)] -~ 

the handling of these weak or unobserved reflec- 
tions. It should a l so  be noted that the method of 
data collection occasionally allows for the observa- 
tion of very high sin0/)~ reflections, even when no 
real attempt has been made to measure in this 
region. For these reasons, the sin0/2 limit of the 
data is difficult to estimate precisely, but the 
planned improvements to the weak peak handling 

Displex closed-cycle refrigerator (CCR) helium will help mitigate this problem in the future. 
cryostat. The data collection temperature was The reflection intensities were normalized to the 
computer controlled to +1 K and was measured by wavelength-dependent incident beam profile using the 
a Rh-Fe thermocouple situated -~10mm from the incoherent scattering from a polycrystalline vanadium 
sample at the CCR head. Collection of a comp!ete sample. Semi-empirical absorption corrections were 
structure factor set in this diffraction geometry also applied at this stage, using the vanadium and 
consists of the accumulation of a series of data perdeuterated ACh bromide sample scattering. The 
frames, each containing a large volume of reciprocal resulting intensities were reduced to structure factors, 
space and collected with a stationary crystal and giving a data set as detailed in Table 1. The data were 
detector arrangement. Typical frame exposure times used in the Cambridge Crystallographic Subroutine 
in this experiment were around 45min, yielding Library (Brown & Matthewman, 1993)least-squares 
several hundred observed reflections in each frame, refinement program SFLSQ, to apply a variable wave- 
This data collection method, with a large degree of length extinction correction based on the Becker- 
overlap maintained between adjacent frames, leads to Coppens formalism (Becker & Coppens, 1974a,b) 
a large overdetermination of equivalent reflections in using a Gaussian model with one variable parameter, 
the data sets. It is clear from subsequent normal- the mosaic spread. The resulting corrected structure 
ization and merging procedures that there was no factors were merged (see Table 1) and refined as 
measurable change in the scattering power of the described below. 
crystal during the data collection. The overlap 
between frames also to some extent mitigates the 3. Structure refinement 
problem that different sin 0/2 ranges are accessed in 
different parts of the detector. The corrected and merged data were used to refine the 

With many reflections determined within each atomic coordinates and thermal parameters by full least- 
frame, determination and refinement of the UB squares methods on Fwithin the program GSAS(Larsen 
matrix is straightforward. Each three-dimensional & Von Dreele, 1994), using the X-ray structure 
data histogram was searched for peaks and these (Svinning & Serum, 1975) as a starting model. 
were indexed using the UB matrix. The final unit- Subsequently, it was found that the cell metric (Table 
cell dimensions were determined using reflections 1), and that of the original study, is also consistent with 
taken from a wide range of data frames, while for a C-centred orthorhombic cell of twice the volume of 



178 PERDEUTEROACETYLCHOLINE BROMIDE 

Table 2. Fractional atomic coordinates and equivalent 
isotropic displacement parameters (,~2) at 100 K 

Gq = ( [ / 3 ) ~ ,  ~--2i uiJa~fl;a,.aj. 
.1 

Br l  0.28565 (14) 
('1 0.42119 (16} 
C2 0.41995 (16) 
( '3  0.58255 (16) 
C4 0.59914 (15) 
C5 0.54206 ( 16} 
( ' 6  0.60772 ( 15 ) 
C7 0.56690 ( I 8} 
N1 0.50468 (11)) 
()1 0.50884 (17) 
O2 ().71792 117} 
I ) l l  0.3652 (2) 
1)12 0.4857 (2} 
1)13 (}.3628 (2) 
[)21 0.3595 {2} 
D22 0.4818 12) 
D23 I}.3600 12) 
D31 0.6430 {2) 
I)32 O.M21 (2) 
1733 (}.5163 {2) 
D41 0.6688 (2} 
D42 0.6484 (2) 
D52 0.4514 (2} 
1751 0.6115 (2) 
D71 0.4(}44 ( 2 ) 
I)72 0.6234 {2) 
D73 0.5884 (3) 

.V 
- 0 . 3 8 3 9 1  13) 
0.34295 14} 
0.34731 14) 
(}.43982 13} 
O.26O32 13} 
(}. 15707 13) 
0.10747 ( 13 ) 
0.09716 (15} 
0.34599 (9) 
0.13197 5) 
1}. l ( } (x )8  7}  

o.27621 7) 
0.34201 8} 
0.4(}876, 8) 
O.28126 81 
().35192 19) 
0.41409 19) 
(}.43939 18) 
0.44197,  ]7} 
0 .502]3  16) 
0.27269,  16} 
0.26956 15} 
O. 14829 18) 
0 .10337,  17} 
(}.()833 (2} 
i}.0399 ( 2 ) 
(). 1669 (2} 

- Ucq 
- 0 . 3 5 8 9 7  119} 0.0126 
- 0 . 4 5 8 3 0  ( 19} 0.0119 
-().114(} (2} (}.()I 15 
-0.2(}72 {2) 0.(}112 

- 0 . 1 8 7 8 2  (19) 0.(X}90 
-.0.22955 (19} 0.0104 

- 0.5(}27(} { 18} 0.0101 
- 0 . 7 2 5 0  (2} ().(}155 
- I}.24352 ( 12} (}.0(}83 
- 0 . 4 3 8 7  {2} 1}.1}115 
- 0 . 3 9 1 0  12} 0.0145 
- 0.4842 (3) 0.{}229 
- 0 . 5 5 0 6  {2} (1.(}253 
- 0.4872 13} 1}.(}254 
- 0.1395 (3 } (}.(}262 
0.0414 (3) 0.1}266 
(}. 1531 13) (}.(}28(} 

- 0 . 3 0 4 6  (3} I}.0253 
-0.{}514 13) I}.0246 
- 0 . 2 4 3 0  {3 } (}.0247 
--{}.2669 (2} 1).(}19 I 
- -0.0274 (2) 0.0193 
- 0 . 1 9 4 6  (3) 0.0237 
--0.1428 (2) 0.0228 
--0.7895 (3) 0.0348 
-- 0.767(} { 3 } 0.0323 
- -0.7830 13) 0.0431 

the monoclinic cell. This would imply the existence of 
reflections of the type ( [ h -  k]/2, 1 , - h )  if the ortho- 
rhombic cell was the correct choice. Extensive searches 
through our data revealed no reflections inconsistent 
with the monoclinic cell choice to support the adoption 
of the C-centred orthorhombic cell. All refinements and 
further calculations were thus carried out in the 
monoclinic space group as in the X-ray study. The 
final refinement included anisotropic temperature 
factors on all atoms and converged to wR(F) -- 0.055 
(24 parameters), w = [2Fo/cr(F,2,)] 2. 

4. Results and discussion 

The refined molecule is shown in Fig. 1, with 
atomic coordinates and thermal parameters given in 

D23 _ Q 

D 3 2 ' ~  

. . . . . . .  i {:7 

" 

"- w a d  ~i[~D42 ~ " ~ i ) 4 i  ......................... " 

D31 

Fig. i. ORTEPII (Johnson, 1971) plot of the ACh cation, with 
anisotropic thermal ellipsoids plotted at 50% probability. The 
dashed lines indicate the intramolecular interactions C I - -  
DII . . -O1 = 2.446 (3) and C 4 - - D 4 1 - . . 0 2  = 2.591 (3),~,. 

Table 3. Perdeuteroacetylcholine bromide. Covalent bond 
lengths (f~) and angles ( ° ) for  the neutron refinement 
(e.s.d. 's in parentheses), with X-ray values (Svinning and 

N 1 - -C 1 
N I- -(72 
N I- - (73 
N I -  ( '4  
C 4 ~ ( . ' 5  
{ :5 - - (}  I 
C'6-- O I 

C 6 - - O 2  
('6--C7 

( ' I - - N I ~ ? 2  
C I - - N  I - - C 3  
( 7 1 - - N 1 ~ ' 4  
C 2 - - N  1 - - C 3  
C 2 - - N I - - C 4  
C 3 - - N  I ~ { ' 4  
N I - - C 4 -  -C5  
( '4 - -  C 5 - . - O  1 
(?5-- ( )1  ~(_ '6  
01 - - C 6 -  --(" 7 
{} 1 - - C 6 - - 0 2  

( '7  - - C 6 - - O 2  

Serum, 1975)for comparison 

Neutron X-ra )  
1.499 ( I )  .496 15} 
1.500 12} .498 (6} 
1.494 (2) .502 (4) 
1.51(} {2} .513 (4} 
1.507 (2) 5 0 0  (5) 
1.444 (2} .452 (5) 
1.342 (3} .358 (5} 
1.214 (2} .192 {4) 
1.495 12) .487 (6} 

Neutron 
1 0 8 . 9  I ) 
108.9 1 } 
112.7 I1 
108.5 I } 
110.9( ) 
1{16.9 1 } 
116.2( ) 
111.41 } 
116.0 ( ) 
112.2 1) 
122.8 (2} 
124.9 (2) 

I ) 3 1 - - C 3 - - N 1  108.28(17} 
1 ) 3 1 - - C 3 - - D 3 3  110.6 (2) 
D 3 2 - - { ' 3 - - N I  1()8.64{17} 
I ) 4 1 - - C 4 - - N 1  1(}6.47(16} 
D 4 1 - - C 4 - - - D 4 2  1()g.73 (19} 
D 4 2 - - { : 4 - - - C 5  109.93 (16) 
D 5 1 - - C 5 - - O 1  108.92(18} 
D 5 2 - - ( . ' 5 ~ ' 4  113.58 119) 
D 7 1 - - C 7 - - D 7 2  111.6 {21 
I ) 7 1 - - C 7 - - C 6  112. I (2) 
D 7 2 - - C 7 - - C 6  11(I.481161 - 

Ncutr(}n 
C I - -  D I I  I.I)66 13 
C I -  1)12 1.106(3 
C I - - I ) I 3  1.1)69 {3 
C 2 - - I ) 2 1  1.085 {3 
C 2 - - D 2 2  1 .{}91} (2 
C2-  -D23 1.091 {3 
(73--1731 1.1}99 (3 
( ' 3 - - 1 ) 3 2  1.084 (2 
C 3 - - I ) 3 3  1.081 13 
(74--1741 1.O94 13 
(74--1)42 1.094 (2} 
( ' 5 - -1 )51  I .{}82 12) 
C5- -1752  1.11}4 (3} 
C7- -D71 1.082 13 } 
C 7 -  I)72 1.1}85 { 3 } 
C7- -I)73 1.077 (4} 
A~cragc C - - I )  1.087 

X-ra', Ncutr{m 
109.8(3)  I ) l l - - C I - - D I 2  109.3(2} 
108.613) 1711--(.71- 1)13 112.612} 
112.213) l ) l  I - - ( ' 1  - - N  108.99116) - 
11)8.3 (3) 1712- -C1--1713  111).7 {2) - 
l lO.7 (3} D I 2 - - C I - -  N 107.56 { 15} - 
1(}7.1 (2} D I 3 - - C I - - N  1(}7.61 (16) - 
116.413) D 2 1 - - C 2 - - 1 ) 2 2  111.1 {2) - 
111.6{3} D 2 1 - - C 2 - - 1 7 2 3  11(}.O{2) 
115.7 {3) D2 I - - C 2 - - N  1 110.73 {18} - 
111.3 13) D 2 2 - - C 2 - - I 7 2 3  109.612} - 
122.8 14) D22--C2--NI  1()8.1()(19} -- 
125.9 14) I 7 2 3 - - C 2 - - N  I 11}7.18 118) - 
- D 3 1 - - C 3 - - D 3 2  111}.5(2) - 
- D 3 2 - - { : 3 - - D 3 3  110.8(2)  - 
- D 3 3 - - C 3 - - N I  1(}7.g6 {16) - 
- D41 - - -C4 - - ( ' 5  110.64 (18) - 
- I ) 4 2 ~ C 4 - - N I  104.54 {15) - 
- 1)51 - - ( ' 5 - - C 4  109.18 ( 15 } -- 
- 1751 ~ C 5 - - I ) 5 2  108.6 12} - 
- D 5 2 - - C 5 - - O I  104.94 (151 - 

D 7 1 ~ 7 - - D 7 3  108.313) - 
1 7 7 2 - - C 7 - - D 7 3  107.2(3} - 
D 7 3 - - C 7 - - C 6  107.03 119) - 

X-Fay 
{}.9(} ( 3 ) 
O.93 14) 
0.98 (4} 
I).92 14} 
1 . 0 0 / . 5  } 

I).97 {4) 
O.91 (4) 
0.94 13) 
I.Ol (3} 
I).93 {4) 
O.94/3}  
1.03 {31 
0196 {4} 
0.95 { 5 } 
I .()(} 15} 
I . I )015} 
0.96 

X-ra} 

Table 2, and bond lengths and angles in Table 3.* 
For C, N and O atoms the difference between the 
nuclear positions observed with neutrons, and the 
electron density maxima observed with X-rays, is 
insignificant. The single-crystal neutron refinement 
therefore gives C - - C ,  C - - N  and C - - O  bond 
lengths which are in good agreement with the 
X-ray results. The mean C - - D  bond length, 
however, is a significant improvement upon the 
mean C - - H  value obtained with X-rays, with 
e.s.d.'s smaller by a factor of 10. The 
N 1 - - C 4 - - C 5 - - O 1  and C 4 - - C 5 - - O 1 - - C 6  torsion 
angles which define the overall gauche-gauche 
conformation of the cation in the crystal are 

* Lists of anisotropic displacement parameters and structure factors 
have been deposited with the IUCr (Reference: AN0532). Copies may 
be obtained through The Managing Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 
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77.87(18)  and 76.3(2)  , respectively, in good 
agreement with the X-ray values. 

The C - - D . . . O  interactions identified in Fig. 1 are 
favoured by the delocalization of positive charge from 
the nitrogen (see below), which results in a decrease in 
electron density around D11 and D41. The observed 
distances are consistent with the results of a neutron 
diffraction analysis of C - - H . . . O  interactions in crystal- 
line amino acids (Jeffrey & Maluszynska, 1982), where 
C - - H . . . O  distances ranged from 2.16 to 2.65A, 
(mean=2.45 ,~ , ) .  Although these contacts are signifi- 
cant, it seems unlikely that they contribute much to the 
conformational stability of the ACh cation. The 
significance really lies in the fact that all of the D 
atoms surrounding the nitrogen seek close contact with 
an electronegative atom, either O or Br-.  

The deuteriums on C1 to C5 of the ACh cation 
make a total of 11 short (2 .7-3 .2~, ) ,  and one long 
(4.0,~,), contacts to four symmetry-related bromide 
ions (Fig. 2, Table 4). Each anion is positioned over a 

~ 10 
4 DI3 

5 ' 6 • ~ , " ~  ! 

' ~  " X  ~ ? D  11 ~ D ' 3 2  

" ~ l ~  OI D 4 1 ~ i  A ~ r ~ .  ' ~ .  D23 

4 ' ~  " 3 
D52 1 8 ~_, 

- 

• . 

Fig. 2. An alternative view of the ACh cation, showing four 
symmetry-related bromide ions clustering around the quaternary 
ammonium group. Each bromide ion lies close to the centroid of a 

plane formed bv three deuteriums. The covalent bonds are thicker 
than those depicted in Fig. 1 in order to distinguish the cation from 
the non-covalem bromide ion contacts which are indicated by the 
hollow bonds numbered 1 to 12. 

C 

A 
D 

~ - ~) + 

D D 
. . . . . . . . . . . . . .  

J"  
Fig. 3. A schematic representation o f  a bromide ion positioned over a 

triangular plane of D atoms. 

Table 4. Distances (/1) for the numbered D. . .Br-  
contacts shown in Fig. 2 

Contact 12 is significantly longer ( >  3 0 )  than the mean of distances 
1-11 ( 2 . 9 2  ± 0 . 1 6 A ) .  

Symmetry-related 
D atom bromide ion Distance Contact 

Plane 1 D33 x, 1 + y. z 2.836 (3) 6 
D23 3.056 (3) 9 
DI3  3.122 (3) 10 

Plane 2 D22 1 - x .  - y ,  - z  2.830 (2) 3 
D32 2.858 (2) 7 
D42 3.009 (2) 8 

Plane 3 D31 1 - x. - y .  - I - z 2.834 (3) 4 
DI2  2.836 (3) 5 
D41 3.214 (3) 11 

Plane 4 D21 ~ - x . ~ + y . - ~ - z  2 . 7 2 2 ( 3 )  1 
D52 2.776 (3) 2 
DI1 3.977 (3) 12 

Table 5. Distances (ei) and angles ( ) between D atoms 
in planes 1-4 

x is the distance (A) between the centroid of the triangle and the point 
where a perpendicular from Br- intersects the plane. 

X 

Plane I 0.393 

Plane 2 0.351 

Plane 3 0.633 

Plane 4 0.746 

DI3.  
D33. 
D23. 
D22. 
D42- 
D32. 
DI2.  
D41. 
D31. 
DI1.  
D52. 
D21. 

.D33 2.343 DI3 . .  
• D23 2.330 D33- • 
• DI3  2.374 D23. .  
.D42 2.314 D22. .  
• D32 2.316 D42. 
.D22 2.390 D32. 
.D41 2.511 DI2.  
• D31 2.256 D41. 
• D12 2.399 D31. 
• D52 2.602 D11. 
• D21 2.144 D52. 
• D I I  2.468 D21. 

.D33. - .D23 61.1 
-D23 . . .DI3  59.8 
• D I 3 . . . D 3 3  59.2 
• D 4 2 . . . D 3 2  62.2 
-D32. • .D22 58.9 
.D22. . .D42  59.0 
.D41. . .D31 60.2 
• D 3 1 . . . D I 2  65.2 
• D I 2 . . . D 4 1  54.6 
• D52. . .D21 61.6 
• D 2 1 - . . D I I  68.4 
• DI 1- . .D52 50.0 

plane of three deuteriums, in a pyramidal configura- 
tion. This is shown schematically in Fig. 3, with the 
distances and angles between the deuteriums in each 
of the four planes given in Table 5. Ab initio 
molecular orbital calculations on the isolated tetra- 
methylammonium and ACh cations (Barrett, Roberts, 
Burgen & Clore, 1983) show that the positive charge 
formally located on the nitrogen is delocalized 
extensively onto the methyl groups, with a decrease 
in electron density around the H atoms. The calcula- 
tions also suggest that the pyramidal geometry is 
favoured over the other possible configurations for an 
interacting halide ion. This is generally consistent with 
what we observe in the crystal structure, except at 
plane 4, where the pyramidal geometry is distorted by 
a long D 1 1 . . . B r -  distance (contact 12 in Fig. 2). It is 
important to note that, in general, small spherical 
anions will readily occupy sites of favourable electro- 
static interaction in a crystal lattice, because they are 
relatively free from steric constraints (Rosenfield & 
Murray-Rust, 1982; Jeffrey & Saenger, 1991). This 
enables us to make a valid comparison between what 
we observe in the crystal structure and ab initio 
predictions of favoured configuration. 
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The most striking feature in the analysis of 
D . . .Br -  distances is the distortion of the pyramidal 
geometry at plane 4. It is clear that this is a 
consequence of the conformation of the ACh cation, 
which places O1 in close proximity to D l l .  Thus, 
O1.. .Br-  repulsion hinders the anion from adopting 
a preferred position close to the centroid of plane 4, 
particularly as O1 carries a significant partial 
negative charge (Fig. 4). A smaller distortion of 
the geometry at plane 3 occurs due to the proximity 
of 02 to D41 (Fig. 1). 

There is an obvious analogy with cation-receptor 
interactions, where O1 and 02  might well influence 
the availability of specific cation H atoms to interact 
with regions of negative electrostatic potential on the 
receptor. 96% of non-covalent interatomic contacts 
in this crystal structure (out to a distance of ~3 .5  A) 
involve deuterium, underlining the importance of 
deuterium in determining how the molecules pack in 
the crystal. By analogy, contacts to H atoms will 
play a key role in the bonding of ACh to its 
receptors. Observations in this study are certainly 
consistent with a modest polarization of C - - D  
bonds close to the nitrogen. More importantly, the 
role of O1 and 02  in receptor binding may well 
extend beyond the possibility of intermolecular 
hydrogen bonding. The cation is flexible enough to 
adopt conformations which bring oxygen into close 
contact with H atoms in planes 2, 3 and 4, but not 
plane 1. It is therefore interesting to speculate that 
unhindered interaction with plane 1 has evolved as a 
common feature of binding to all ACh receptor 
types, while the specific contacts with planes 2, 3 
and 4 vary with cation conformation at the different 
receptors. Although we have reached our conclu- 

Fig. 4. A space-filling model of the ACh cation using van der Waals 
radii, showing bromide ions positioned over three of the four 
deuterium planes [plane 4 top, plane 1 bottom and plane 3 to the 
right (plane 2 obscured in this view)]. The model clearly shows why 
bromide cannot adopt a central position over plane 4 - to do so 
would bring the anion prohibitively close to the O atom. 

sions based on the study of a single fixed 
conformation of the ACh cation, the general idea 
of electronegative atoms competing to interact with 
cation hydrogens will apply, irrespective of the 
conformation of the cation bound to a receptor. 

5. Conclusions 

(1) The single-crystal neutron refinement at 100K 
provides accurate atomic positions and thermal 
parameters for all atoms in perdeuterated ACh bromide. 

(2) The pyramidal configuration of C - - D . - . B r -  
interactions observed in the single crystal is consistent 
with ab initio molecular orbital predictions of the 
optimal configuration for an anion interacting with an 
isolated cation. 

(3) The conformation of the cation places O1 in close 
contact with the D l l  atom, hindering the D l l - . . B r -  
interaction and distorting the pyramidal configuration at 
plane 4. 

We wish to thank Dr Kenneth Shankland at ISIS and 
Dr John Connolly at University of Strathclyde for 
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through EPSRC and BBSRC. 
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