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The Hydration of the Neurotransmitter Acetylcholine in Aqueous Solution
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ABSTRACT Neutron diffraction augmented with hydrogen isotope substitution has been used to examine the water structure
around the acetylcholine molecular ion in aqueous solution. It is shown that the nearest-neighbor water molecules in the region
around the trimethylammonium headgroup are located either in a ring around the central nitrogen atom or between the carbon
atoms, forming a sheath around the onium group. Moreover the water molecules in this cavity do not bond to the onium group but
rather form hydrogen bonds with water molecules in the surrounding aqueous environment. Given that in the bound state the onium
headgroup must be completely desolvated, the absence of bonding between the onium headgroup and the surrounding water
solvent may be selectively favorable to acetylcholine-binding in the receptor site. Away from the headgroup, pronounced hydrogen-

bonding of water to the carbonyl oxygen is observed, but not to the ether oxygen in the acetylcholine chain.

INTRODUCTION

Acetylcholine (2-(acetyloxy)-N,N,N-trimethylethanaminium
(ACh; Fig. 1) was the first identified neurotransmitter.
Synthesized by the action of choline acetyltransferase and
stored in vesicles in the terminals of cholinergic neurons, it is
released into the synaptic cleft by depolarization. Postsyn-
aptically, it acts at two structurally distinct classes of recep-
tors, each having multiple subtypes with unique distributions.
They are the nicotinic receptors, which are ligand-gated ion
channels that open in a few milliseconds, and the muscarinic
receptors (mMAChRs), which are G-protein-coupled receptors
that initiate intracellular responses in a few tens of millisec-
onds to several seconds. The neurotransmitter actions of ACh
are terminated by extremely rapid hydrolysis by acetylcho-
linesterase (AChE). The physiological actions of ACh range
from muscle contraction and secretion to cognition and mem-
ory, and both classes of ACh receptor, as well as AChE, are
very important drug targets.

Common themes have emerged from studies of the inter-
actions of acetylcholine and its analogs with both receptors
and hydrolase. The first is the key role of aromatic side chains
in binding the positively-charged headgroup (1). The crystal
structure of the complex between carbamylcholine (CCh) and
molluscan ACh binding proteins (a model for the ACh bind-
ing site of nicotinic receptors) shows the onium headgroup to
be enclosed in a box of tryptophan and tyrosine residues (2).
Exhaustive mutagenesis studies have predicted that a charge-
stabilized aromatic cage surrounds the headgroup of ACh
bound to the M; mAChR (3-5). Aromatic residues guide li-
gands through the entrance gorge of AChE into the catalytic
site where a tryptophan residue is the key to onium binding (6).

The second is desolvation of the ligand and displacement
of water molecules from the binding site. In AChBP, water
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molecules are visible in the open conformation of the bind-
ing site of the apoprotein but are largely or completely ex-
cluded by an inward movement of contact residues on
binding the ligand (2,7). Closure of the aromatic cage around
the onium headgroup of ACh may help to trigger the
activation of the M; mAChR (8); a suggestion that has also
received experimental support (9). In AChE, water mole-
cules, poorly ordered in the apoprotein, are excluded from
the onium binding surface by bound ligands (10).

In each case, the development of the interactions made in
the bound state requires desolvation of the onium group.
Conversely, the nature of the water cage around the onium
headgroup in solution must influence the energetics of bind-
ing. The structure of water around the tetramethylammonium
ion, which has the same structure as the ACh headgroup, has
been studied by neutron diffraction with isotopic substitu-
tion, where both the onium and water hydrogen sites have
been labeled. This ion has been shown to conform to an
apolar rather than an ionic mode of hydration (11-13). Here
we report the extension of the technique to study the hy-
dration structure around the headgroup of the ACh molecule
itself. The results also show the hydration of the ester group,
which is thought to participate in a hydrogen-bonding
network in the mAChR binding site (3,14), and is the subject
of nucleophilic attack in AChE.

In this instance, a well-proven technique using isotopic
labeling allowed for the direct determination of the solvent-
solvent, solvent-solute, and solute-solute correlations in vari-
ous solutions (15,16). Explicitly, the isotopic substitution
was used for the water solvent itself and then on both the
headgroup and water simultaneously to probe a maximum
number of correlations. The first set of substitutions yields
the water-water correlations, whereas the second set gives a
combination of water-water, ACh-water, and ACh-ACh
correlations. Additionally, the experimental data have been
modeled using the disordered materials program empirical
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FIGURE 1 Molecularstructure of acetylcholine, where the light gray atoms
are oxygen, the dark gray atoms are carbon, the white atoms are hydrogen, and
the black atom is nitrogen.

potential structure refinement (EPSR) (17,18). Although there
have been a few neutron diffraction studies of biological
molecules in aqueous solution (19-21), (S. E. McLain, A. K.
Soper, and A. Watts, unpublished data), this report is among
the first applications applying both experimental and com-
putational techniques to the molecular-level structural study
of these molecules in an aqueous environment.

THEORETICAL OVERVIEW

Neutron diffraction with isotopic substitution is an excellent
technique to study the structure of hydrogen-containing fluids,
mixtures of fluids, and solutions (12,13,15,16,19,21-31). This
is due to the difference in scattering intensity by hydrogen
and deuterium, which have scattering intensities of by =
—3.73 fm and bp = 6.671 fm, respectively. This difference
allows for the measurement of chemically identical, yet
isotopically distinct, samples from which several different
diffraction patterns can be measured for a given system.

In a multicomponent system where some or all of the
hydrogen atoms present can be isotopically substituted, the
diffraction pattern obtained by neutron scattering can be
described by the total structure factor, F(Q), which is a sum
of three composite partial structure factors (CPSF), H,g(Q),
each weighted by their respective concentrations in the
sample and their neutron scattering intensities. This allows
F(Q) to be written as
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F(Q) = cxbyHyx(Q) + 2cxcybxbyHyy (Q) + cibyHyy (Q),
(1

where Q = (47 sin6)/)) is the wave vector of scattered neu-
trons at the scattering angle 26 and A is the neutron wave-
length. X refers to the atoms that have not been isotopically
substituted, and Y refers only to the substituted atoms
(hydrogen in this case). The atomic fraction, cx and cy,
and the corresponding scattering lengths, by and by, are
weighted sums over the values for the individual atoms that
appear in the CPSFs, namely,

Cx = z Cay Cy = Z Cas bx = z Caba/cX7 and
a=Y

a#£Y atY

by =Y caba/cy. )
a=Y

Therefore, it follows that each individual CPSF, Hxx(Q),
Hxv(Q), and Hyv(Q) can be written as a sum over individual
atom-atom partial structure factors (32). For example,

1
HXX(Q) =72,2 Z Z CacﬁbabBHaB<Q)7 3)

Cxby a7y g7y

with equivalent expressions for the other terms.

For acetylcholine in aqueous solution we have distin-
guished between the hydrogen atoms on the onium head-
group (M) and the hydrogen on the water molecules (H,,), so
in an experiment where both types of hydrogen are sub-
stituted the Hyy(Q) correlation contains contributions from
three terms, namely, Hgwuaw(Q), Hawm(Q), and Hypi(Q). Of
these, the Hywhaw(Q) function is derived solely from the
water hydrogen-hydrogen correlations. On the other hand
Hywm(Q) is a direct measure of the correlation between
methyl hydrogens on the onium headgroup and water hy-
drogens, whereas Hym(Q) yields the onium methyl-methyl
hydrogen correlations. Compared to these Hyy(Q) terms,
the Hxx(Q) and Hxv(Q) terms are more complex to interpret
as they contain many intra- as well as intermolecular cor-
relations on and between the acetylcholine and water
molecules.

The Fourier transform of any structure factor yields the
associated radial distribution function which, analogous to
the CPSFs, is the sum of the respective atom-atom radial dis-
tribution functions (RDFs) g.g(r)s, each weighted by con-
centration and scattering length of atomic species (« and 3)
present in the sample analogous to Eq. 1. The CPSFs are
related to the RDFs via the Fourier transform,

Hop(©) = 1+ 272 [ Hg,a(r) — Usin(@r)ar. @)

The RDFs show the distances in one-dimensional real
space on an Angstrom length scale between atoms present in
the solution. Additionally, integration of g.g(r) gives the
coordination number of atoms B around « atoms between
two distances, r; and r, as
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where p corresponds to the atomic number density of the
sample and cg is the concentration of atom S. The coor-
dination number is usually taken by integration up to the first
minimum (r,;,) after the first obvious peak in the RDF.

To extract each of the RDFs from the measured data, as
well as to provide insight into the average structure of the
system in three dimensions, computer refinement procedures
are employed. The EPSR technique was used to model the
extracted CPSFs from the neutron diffraction measurements
and hence allow the determination of the partial RDFs of the
system. EPSR, a computational method for modeling dis-
ordered materials such as liquids and glasses (17,31), allows
for three-dimensional information to be extracted from a set
of one-dimensional structure-factor measurements in a man-
ner that is consistent with the measured data. The procedure
begins with a standard Monte Carlo simulation using an ini-
tial reference potential consisting of an intramolecular har-
monic potential to define the geometry of the molecules
being modeled, and an intermolecular potential, which, here,
consists of Lennard-Jones 12-6 potentials for the site-site
interactions on different molecules, as well as Coloumbic
interactions for some sites. This initial reference potential is
used to generate a starting configuration of molecules in a sim-
ulation box at the appropriate density of the system. EPSR
then iteratively adjusts a perturbation to this reference poten-
tial to obtain agreement between the simulated H,(Q) and
the experimental diffraction data (17,31), thus providing for
the extraction of three-dimensional structural information
that is consistent with the measured data.

Any structure factor can be expanded into a series of
spherical harmonic coefficients that can be used to determine
the location of atoms or molecules relative to one another as
well as the orientational distribution of these molecules with
respect to the others (32). For example, in this study spher-
ical harmonic expansion was performed to determine the
orientation of water molecules about the onium headgroup
(vide infra). Details of the spherical harmonic expansion, as
well as the orientational correlation function calculation, are
given in detail elsewhere (16,32); however, for complete-
ness, a summary of these techniques is presented here.

A set of Euler angles within the laboratory reference frame
oM = (@pOmxy) for each molecule M is calculated using a
predefined set of molecular coordinate axes. The correspond-
ing set of generalized spherical harmonic functions, D!
(wm), are calculated for each molecule and for a range of
(I,m,n) values (up to ! = 6 in this instance). The set of such
functions is then correlated, taking into account the relative
position r= (r,wL) = (r,¢.,0.) of the second molecule
with respect to the first, yielding a set of orientational
correlation function expansion coefficients, g(/,//; nyny;r).
From these coefficients, the full orientational pair correlation
function is obtained as an expansion of the form:
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where C(l1/,l; mymom) are the Clebsch-Gordan coefficients,
w; represents the Euler angles of molecule 1, w, represents
the Euler angles of molecule 2, and r = (r, w.) represents
the position of molecule 2 relative to molecule 1 in the
laboratory coordinate frame.

To reconstruct the orientational correlation function, it is
convenient to set molecule 1 at the origin and orient it so that
w1= 0. This serves to define the coordinate system about
which the spatial density and orientation of second (neigh-
boring) molecules will be plotted. It also leads to an imme-
diate simplification of Eq. 6 in that D! (000) = &(mn), so
that combining this with the requirement from the Clebsch-
Gordan coefficients that m = mj+my, the orientational pair
correlation function relative to a central molecule at the
origin is given by

g(r,w, wy) :lelzl Y3 (bl niny; r)C (L1 nymam)

m npny
D! (wy) Dly(wr), )

where m; = m — n;. The spatial density function is gener-
ated by averaging the full orientational pair correlation
function over the orientations of the second molecule, wy=
(opmOMxm), which immediately eliminates any terms in the
summation shown in Eq. 6 for which /5, m,,n, # 0. Hence
the spatial density function is expressed as

g(r,w) =YY ¢(1,01;;n,0;r)C(1,0,;,0n,)D. ((w1), (8)
I} n
from the closure relations for the Clebsch-Gordan coeffi-
cients (I} + L =1= 1|1l — L)

In general, the full orientational pair correlation function
(Eq. 6) is difficult to visualize because it is a function of six
coordinates. To assist in this visualization, the spatial density
function can be plotted to gauge the most likely places of
finding neighboring molecules; then the orientational corre-
lation function can plotted for a specified wy, after either
fixing or averaging over one of the remaining angular coor-
dinates. This eliminates from some of the terms from Eq. 6,
leaving an average orientational pair correlation function
which is a function of three variables.

EXPERIMENTAL

Acetylcholine (N,N,N-trimethyl-dg) bromide (99% D) was
purchased from MSD Isotopes (Montreal, Canada) and fully
protiated acetylcholine bromide was purchased from Sigma
Chemical (Poole, Dorset, UK) and recrystallized from dry
acetone before use. Both fully deuterated and fully protiated
acetylcholine bromide samples were dried to constant
weight in a drying pistol before the addition of D,O and
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H,O, respectively, to give a mole fraction of 1 acetylcholine
bromide per 50 water molecules (~1 M). The other solu-
tions, described below, were prepared from these deuterated
and protiated stock solutions. The integrity of each solution
was checked by NMR spectroscopy after the neutron diffrac-
tion experiment and there was no evidence of hydrolysis in
any of the samples.

Neutron diffraction measurements were taken on aqueous
solutions of the bromide salt of acetylcholine (ACh) and in
each case the molar concentration was slightly less than 1 M:
specifically, each sample contained 1 molecule AChBr per
50 water molecules. This concentration was chosen because
it allows for a significant signal to be observed for the AChBr
molecules in solution while minimizing solute-solute inter-
actions, thus insuring the full hydration of the ACh cation.
For each measurement, the samples were contained in flat
plate cells constructed from Ti/Zr alloy where in each case
the sample thickness was 1 mm. The use of this alloy is
advantageous, as the coherent signal from the container itself
is minimal. Additionally, Ti/Zr is largely resistant to corro-
sion by ionic molecules in aqueous systems. Diffraction data
were recorded for ~12 h, at ambient temperature, for each
sample on the SANDALS diffractometer located at the ISIS
pulsed neutron source in the United Kingdom. Corrections
to the data for background effects, as well as normalization,
were performed using standard analysis procedures (33): the
procedures for extraction of the CPSFs (H,z(0Q)) has been
described in detail elsewhere (15).

A total of seven isotopomeric samples of 1:50 AChB1/
water were measured. These were dg-AChBr in H,O, D,O
and HDO (50:50 H,O/D,0); h-AChBr in H,O and D,O; and
50:50 dg-AChBr/h-AChBr in HDO and D,O. As mentioned
above, labeling the water hydrogens H,,, the onium methyl
hydrogens M, and all other atoms—including the water
oxygens, the remaining atoms of the ACh molecules, and
the bromine ions—X, combinations of the diffraction data
collected from these solutions yielded three sets of partial
structure factors: 1), H,/Hy, H,/M + X, X + M/X + M;
2),M + H,/M + H,,, M + H,/X, X/X; and 3), M/M, M/X +
H,, X + H/X + H,,. However, due to beam failure at the
end of the experiment the last data set (3) was measured at
another time under different experimental conditions. Addi-
tionally, the signal from the samples for data set 3 was weak
due to the low concentration of atoms with a significant scat-
tering intensity, so that information from this data set was
unreliable and was therefore discarded.

The EPSR modeling box was constructed using 20 AChBr
molecules and 1000 water molecules to give a molecular
ratio of 1:50 AChBr/water molecules at an atomic density of
0.1 atoms/A . The starting reference potentials are listed for
each atom in Table 1. In this table, O, and H,, refer to the
water oxygen and hydrogen atoms, respectively and the
starting reference potentials for these atoms were taken from
the SPC/E potentials (34). From this table, with reference to
Fig. 1, Oy is the ether oxygen, O, the C=0O (carbonyl)
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TABLE 1 EPSR reference potentials for fits to the neutron
diffraction data

Atom &/kJ - mol ™! a/A e
0, 0.65 3.166 —0.8476
H,, 0.0 0.0 0.4238
Br 0.2704 5.05 —1.00
0, 0.648 3.166 —-0.5

0, 0.648 3.166 —0.5

H 0.2 1.70 0.0

C, 0.606 3.96 0.333
N 0.650 3.25 0.0

M 0.2 1.7 0.0

C, 0.606 3.96 0.25

oxygen, H the hydrogen atoms on the backbone of the ACh
molecule, C; the onium methyl carbons, M the onium methyl
hydrogens, and C, the backbone carbons. The initial ref-
erence potentials for these atoms were adapted from the SPC/E
potentials for water, with the charges adjusted to achieve
electroneutrality in the system. Specifically, the ACh mol-
ecule has an overall net charge of + 1, whereas the bromine
has an overall charge of —1, and the water molecules are
neutral.

RESULTS AND DISCUSSION

The CPSFs extracted from diffraction data taken for the
acetylcholine water solution are shown along with the sub-
sequent EPSR fits to these CPSFs in Fig. 2. It can be seen
from this figure that the model fits to the data are good, with
the exception of the low Q region (~0-2 A™"), where in-
elasticity and background effects are the most difficult to
remove in samples containing light hydrogen.

The Hy H,, CPSF (Fig. 2) allows for the examination of the
H, H,, correlation between water molecules in the solution
and is shown in Fig. 3. Also shown in Fig. 3 are the RDFs for

X:X+8
] —
X+M:X+M+6
6
1 M+Hw:X+4
H©Q) 4 1 Hw:X+M+2.5

M-+Hw:M+Hw+1.5

Hw:Hw

Q/A™

FIGURE 2 Measured composite structure factors (circles) and EPSR fits
(solid lines) for AChBr in water. M, methyl hydrogens; Hw, water hydro-
gens; X, all other atoms present in the system.
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FIGURE 3 Water-water RDFs from AChBr in solution (circles) com-
pared with the case of pure water (lines).

the other water correlations (gownw(*) and gowow(?)) ex-
tracted from the EPSR model. Each of the functions shown is
compared with the equivalent curve for pure water (31). The
water-water RDFs from the present solution show a marked
similarity to the corresponding curve for pure water. This
indicates that the structure of the bulk water solvent is pre-
dominantly preserved upon the addition of AChBr. The
peaks in each of the RDFs are in the same positions and there
is only a slight difference in peak shape between AChBr/
water and pure water. The absence of a significant difference
indicates that the ACh molecule can be incorporated into the
water structure with no major modifications to the local
water structure, thereby leaving the average tetrahedral bulk
water network mostly intact. The fact that there is no large
difference between the water RDFs in pure water and in the
AChBr/water solution can be understood to arise from the
fact that the bulk water solvent essentially forms a hole that
incorporates the molecules in the solution without signifi-
cantly changing the bulk water structure.

Fig. 4 shows the RDFs relating to the water onium inter-
actions. The M-water correlations are quite broad, which is
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to be expected given that the bulk water structure remains
intact. On the other hand, both the onium methyl carbons and
the nitrogen atom show quite strong interactions with the
surrounding water as both gciow(7) and gnow(r) have quite
strong peaks at 3.4 A and 4.8 A, respectively, with the
gnow(r) function showing an additional shoulder before the
peak at 4.8 A. These strong correlations are also reproduced
in the gcipw(r) function, which shows two peaks, one at
~4 A and the other at ~5.8 A, whereas the gnpw(r) function
shows one strong peak at ~4.8 A. This indicates that
although the water molecules have a broader distribution of
interactions with the onium methyl hydrogens, they form
quite strong interactions with the carbons from the methyl
group and the central nitrogen atom. It would appear that
water molecules surround the heavier atoms of this group
(N and C) while having a very limited interaction with the M
hydrogen sites. This view is consistent with the M-water
correlations, which show a strong intensity (Fig. 4) at larger
values of r (~4.2 A and 6.2 A in the gmow(r) function and
~6.3 A in the gy () function). This is also consistent with
the bulk water network being largely unperturbed as the
water oxygen atoms show the strongest interactions and the
hydrogen atoms are likely pointed away from the onium
headgroup and are therefore available for hydrogen bonding
to the bulk water network. Inspection of the gnow(7") coordi-
nation number at r,;, = 6.0 A shows that there are 23 water
molecules surrounding the nitrogen atom in the onium
group. This is similar to what was found in an independent
study of the tetramethylammonium ion in aqueous solution
(11-13).

The RDFs associated with the two oxygen sites from ACh
with water are shown in Fig. 5. Again, from Fig. 1 and Table 1,
O, is the ether oxygen and O, is the carbonyl oxygen from
the ester group. From this figure, it is clear that the carbonyl
oxygen has the strongest correlation with the water envi-
ronment, whereas the ether oxygen interactions with water
are quite broad, though both of these atoms possess the same
fractional charge in the simulation. The coordination num-
bers for the two O, RDFs shown in Fig. 5 are ng" = 1.9 at
Fin = 2.55 A and n8;” =22atry,=3.36 A. These results
suggest that two different water molecules hydrogen-bond to
the carbonyl oxygen, indicating that the hydrogen-bonding
capacity of the carbonyl oxygen is saturated. This tentative
conclusion is confirmed by the orientational information
discussed below.

The spatial density functions (SDFs) from the EPSR fits to
the data have been extracted as described above for the water
distributions around the onium group, as well as the water
distribution around the C=0 group (vide infra). To generate
these functions for the ACh onium headgroup, shown on the
central axes in Fig. 6, @ and b, the nitrogen atom is set at the
origin and the geometric midpoint of the three methyl carbon
atoms is used to define the z axis. One of these carbon atoms
is then used to define the zx plane. From these axes, it is
possible to probe the distribution of water molecules

Biophysical Journal 91(6) 2371-2380
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FIGURE 4 RDFs for the onium-water interactions ex-

0.5 0.5 tracted from the EPSR fits to the diffraction data.
0.0 T T T y | 0.0 .

0 2 4 6 8 10 0 2 4 8 10
1.5 1.5

Znow(D) EamlD)

1.0 1.0
0.5 0.5
0.0 T T T v | 0.0 T . :

0 2 4 6 8 10 0 2 4 8 10

/A /A

surrounding this group. Fig. 6, a and b, shows the location of
water molecules as a shell around the onium headgroup in
respective ranges of O0— 4.5 A and 4.5-6 A. These distance
values were chosen from the gnow(r) function (Fig. 4). The
first distance range corresponds to the area of the shoulder
in the gnow(7) function, namely from the origin to the first
peak maximum at ~4.5 A corresponding roughly to a first
coordination shell. The second distance range is from the
peak maxium to the first minimum at ~6 A, corresponding
roughly to a second coordination shell. In these figures, the
surface contour level has been set so that 80% of the
molecules present are depicted in the surrounding solvent
shell for Fig. 6 a and 20% of the molecules are depicted in
Fig. 6 b.

From Fig. 6 a, the most likely location of water molecules
occupying the nearest-neighbor shell around the onium head-
group are distributed in a band around the central nitrogen
atom or in ‘‘strips’’ between the carbon groups above the xz
plane and also directly above the headgroup. There is a clear
absence of water molecules directly in front of the carbon
atom and below the headgroup. The presence of density in
the first coordination shell between the methyl groups shows
that the water molecules fill the ‘‘clefts’” between these
groups; this result is consistent with studies on tertiary-butyl
alcohol, where the same phenomenon was observed (27). In
Fig. 6 b, which corresponds to the next nearest-neighbor
shell, the water molecules are located in a shell in front of the
carbon atoms and above the z axis, with an absence of
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distribution below the onium headgroup. The absence of
density below in Fig. 6, @ and b, is as expected, as this is the
space occupied by tail of the ACh molecule.

To determine the orientation of the molecules in the sur-
rounding shell, the orientational correlation functions (OCFs),
described above, were extracted at two separate locations
corresponding to the distribution shown in Fig. 6. Specifi-
cally, Fig. 7 a shows the OCF of water molecules from r =
2-4.5 A surrounding the onium ion at oy = (¢, 0L) =
(0, 100) relative to the onium headgroup corresponding to
the band of density around the central nitrogen atom shown
in Fig. 6 a. In this figure, a representative water molecule
is shown on the central axis with the shell showing the
orientational probability distribution of the water molecule’s
dipole moment vector as a function of ¢, and 0y, with the
central water pointing toward the most likely orientation. At
this location, it is clear that the water dipole is approximately
tangential to the group, but points slightly away from the
headgroup on average. This orientation of the water
molecules relative to the onium group enables the water
molecules at this location to form hydrogen bonds between
other water molecules in the solvent, but there are no bonds
to the onium group itself.

Fig. 7 b, on the other hand, shows the orientation of water
molecules from r = 0—4.5 A directly above the z axis in Fig.
6, at w. = (¢,0.) = (0, 0) relative to the onium head-
group. Here the dipole moment vector is plotted as a function
of ¢ and y), to depict the orientation of the dipole relative
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FIGURE 5 RDFs for the ester oxygen (O1)-water cor-
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' ’ tions extracted from the EPSR fits to the diffraction data.
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to the central onium group. Similar to Fig. 7 a, it is clear that
the dipole orientation of the water molecules is also roughly
tangential to the onium headgroup, as was the case with
tetramethylammonium in aqueous solution (11), but with a
tendency to point slightly away from the ion on average.

It is clear from Fig. 7 that the preferred direction of the
water orientation about the onium headgroup is with the
molecules arranged so as to maximize their interaction with
the bulk water solvent rather than with the onium headgroup.
Fig. 8 shows a diagrammatic representation of the orientation
of water molecules from Fig. 7, a and b, relative to the central
onium headgroup of the ACh molecule. In this figure, the
negative portion of the water dipole is indicated by 6.
Taken together, Figs. 7 and 8 indicate that the water mole-

cule dipole is tangential to the headgroup on average, though
directly above the onium group the water dipole has a radial
component, indicating that the inside surface of the water
cavity is negatively charged.

Fig. 9 shows the SDFs for the carbonyl group on ACh. In
this case, the oxygen atom was set at the origin of the coor-
dinate axes with the C=0 bond defining the z axis; addi-
tionally, the zx plane is defined by the ether oxygen (not
shown). This figure shows 75% of the molecules surround-
ing the C=0 group from r = 0-3.5 A. It can be seen that
there is no density directly below the carbonyl group (z axis).

Fig. 10 shows the orientation of the water molecules
surrounding the carbonyl group in a similar fashion to that of
Fig. 7 a, where the orientations of the surrounding molecules

FIGURE 6 Spatial density functions (SDFs) for
water molecules surrounding the onium headgroup
(on the central axis) from ACh extracted from the
EPSR fits to the diffraction data. (¢) SDF from 2 to
4.5 A, where the contour level of the surrounding
shell encompasses 80% of the molecules. (b)) SDF
from 4.5 to 6 A, where the contour levels of the
surrounding shell encompass 25% of the surrounding
water molecules. In each case, the dimension of the
plotting box is 12 A, where the atom at the origin of
the axis is the nitrogen and the surrounding white
atoms represent the onium carbons. The methyl
hydrogens have been eliminated for clarity.
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are assessed as a function of ¢y, and 0y at a position of w;, =
(é,0L) = (0, 30) relative to the central carbonyl group
over a range of r = 0-3.5 A. The surrounding shell again
shows the most probable orientation of water molecules in
this region, where the water molecule itself is orientated
toward the highest probability location. The orientation of
the water molecule around the C=0 group is with one of the
hydrogen atoms pointed toward the carbonyl oxygen, indi-
cating hydrogen bonding from the water molecule. This
confirms the tentative conclusion drawn earlier from the
partial RDFs concerning the likely hydrogen-bonding of
water to the carbonyl oxygen.

CONCLUSIONS

ACh is a molecule that simultaneously displays polar and
apolar properties, though it is a charged ion. The bulk water
structure is not disrupted by the incorporation of the ace-
tylcholine molecule at the concentrations studied; the large
headgroup can apparently be incorporated into solution
without a significant perturbation to the water structure itself,

y

FIGURE 8 Representation of water molecule orientation surrounding the
onium headgroup.
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FIGURE 7 Orientational correlation  functions
(OCFs) for water molecules in the first shell surround-
ing the onium headgroup in the ACh molecule ex-
tracted from the EPSR fits to the diffraction data. (@)
OCF from 2 to 4.5 A at a position of ¢, = 0, 6, =100
relative to the central onium headgroup shown in Fig.
6. (b) OCF at the same distances above the onium
headgroup at ¢, = 0°, 6, = 0° relative to the central
molecule. In each case, a representative water mole-
cule is placed on the central axis and is oriented toward
the most likely orientation and the dimension of each
plotting box is 12 A. The contour level of the orien-
tational shell is set to encompass 35% of the molecules
in a and 50% in b, and the water molecule in each panel
is pointed toward the most likely orientation. Addition-
ally, both figures have been rotated by 90° for clarity.

where the charge on the nitrogen atom has been shielded
from the surrounding water environment by delocalization
onto methyl ligands. The water molecules surrounding the
onium group on ACh show no strong hydrogen bonding
interactions with the methyl groups or with the onium ni-
trogen. Along the chain of the molecule, the only atom that
hydrogen-bonds with the surrounding water solvent is the
carbonyl oxygen, where approximately one hydrogen bond
is provided by one water molecule for an average of two
hydrogen bonds to the carbonyl oxygen from two different
water molecules saturating the carbonyl oxygen’s hydrogen-
bonding capability. The hydrogen bonding here does not
significantly affect the bulk water structure but is rather eas-
ily incorporated into the surrounding water solvent. In con-
trast, the ether oxygen, despite its polar nature, shows an
absence of direct interaction with the surrounding waters.

FIGURE 9 SDF for water molecules surrounding the carbonyl group from
ACh extracted from the EPSR fits to the diffraction data from 0 to 3.5 A,
where the contour levels of the surrounding shell encompass 70% of the
surrounding water molecules. The dimension of the plotting box is 12 A and
the oxygen atom (white) is located at the origin of the axes, whereas the
carbon (black) is directly below, defining the —z axis.
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FIGURE 10 Water OCF at a position of ¢, = 0, 8, = 30 relative to the car-
bonyl group on the central axis in the first nearest-neighbor shell (1-3.5 A)
surrounding the carbonyl oxygen extracted from the EPSR fits to the
diffraction data. Here the dimension of the plotting box is 12 A, the contour
level is set to encompass 80% of the water molecules, and the water molecule
is oriented to show the most likely orientation.

The implications of these results for understanding the
binding energetics of ACh to a receptor protein are signif-
icant. Given that in the bound state the onium headgroup
must be partly or completely desolvated, the absence of
strong directional bonding between the onium headgroup
and the surrounding water solvent may be selectively fa-
vorable to acetylcholine binding in the receptor site. The
structural similarities of bulk water and the water surround-
ing the headgroup suggest that any entropic contribution to
the binding of the onium headgroup is unlikely to arise from
an increase in disorder upon the return of the water in the first
nearest-neighbor shell back to the bulk water environment.
This is consistent with other results on the hydration of
nonpolar groups (11,12,16), which also implies that the
entropic contribution to hydrophobic interactions is unlikely
to come from release of ordered water as implied by the
classical model of Frank and Quist (35). The origin of the
entropic contribution to the hydrophobic interactions thus
remains a matter of debate, perhaps relating to the entropic
costs of creating a ‘‘hole’” in the solvent large enough to
accommodate the ACh molecule (36).

In contrast, recent studies have emphasized the role of
enthalpic forces in driving ligand binding. Favorable enthalpy
changes arising from desolvation of the interface between
the ligand and its binding partner have been designated the
nonclassical hydrophobic effect (37), and these may well
be more relevant to the binding of ACh, through cation-7
interactions (38—40).

Water molecules are visible in the x-ray structure of the
open conformation of apo-AChBP (7), but are excluded
when the CCh-AChBP complex forms (2), particularly from
the aromatic box that encloses the onium headgroup. Al-
though there is no such direct structural evidence in the
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mAChRs, the similar amino acid composition of the
aromatic cage (3-5) and the inward movement that has
been deduced to accompany receptor activation (8,9) suggest
that in this protein desolvation may accompany the binding
of the ACh headgroup. An interesting analysis of buried
water molecules in x-ray structures of AChE and its ligand
complexes (10) has shown that water molecules associated
with hydrophobic subsites in the active-site aromatic gorge
of the enzyme are poorly ordered, probably forming weak
interactions with the m-electrons of the side chains. These
‘“‘activated”” waters are suboptimally H-bonded by ~0.8
H-bonds per molecule. As a result, they are loosely packed,
leaving voids, and are readily displaced by incoming ligands.

Water molecules with unsatisfied H-bonding potential in
aromatic onium binding pockets, if they are indeed a general
phenomenon, may be regarded as the mirror image of water
molecules around the headgroup of ACh revealed in the
present study. The displacement of these ‘‘unsatisfied”
waters into the cavity vacated by the incoming ligand would
provide a component of the binding energy. This would
primarily be an enthalpic effect, summating with the disper-
sion forces of the ligand-receptor interaction itself. Indeed,
the binding of ACh and CCh to AChBP, and of CCh to brain
and heart mAChRs has been reported to be driven primarily
by enthalpy rather than entropy changes (2,41,42).

Does the hydrogen-bonding pattern of the ACh ester
group also have implications for receptor binding? In the
AChBP complex, the ester group of carbachol does not seem
to be involved in specific hydrogen bonds (2), although no
structure is available for the complex with bound ACh. In the
mAChRs, it has been proposed that the ester group of ACh
hydrogen-bonds to the hydroxyl groups of tyrosine residues
in the aromatic cage (3-5) or participates in a hydrogen-
bonding network incorporating tyrosine and threonine OH
groups (14). Whether or not the water molecules hydrogen-
bonded to the ester carbonyl group are stripped away or
retained as part of a network should have implications for the
energetics of ACh binding, but this issue cannot be settled
without a high-resolution crystal structure of the complex.
Interestingly, classical structure-activity studies showed that
the ethoxy-ethyl derivative of ACh, in which the ether
oxygen alone is preserved, has higher muscarinic potency
and efficacy than the keto derivative, in which the ether
oxygen is replaced by a methylene group (43).
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