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ABSTRACT. Choline acetyltransferase (ChAT) catalyzes the synthesis of the neurotransmitter acetylcholine
from choline and acetyl-CoA, and its presence is a defining feature of cholinergic neurons. We report the
structure of human ChAT to a resolution of 2.2 A along with structures for binary complexes of ChAT
with choline, CoA, and a nonhydrolyzable acetyl-CoA analodsié?-oxopropyl)-CoA. The ChAF+

choline complex shows which features of choline are important for binding and explains how modifications
of the choline trimethylammonium group can be tolerated by the enzyme. A detailed model of the ternary
Michaelis complex fully supports the direct transfer of the acetyl group from acetyl-CoA to choline through
a mechanism similar to that seen in the serine hydrolases for the formation of aeazyme intermediate.
Domain movements accompany CoA binding, and a surface loop, which is disordered in the unliganded
enzyme, becomes localized and binds directly to the phosphates of CoA, stabilizing the complex.
Interactions between this surface loop and CoA may function to loweKthér CoA and could be
important for phosphorylation-dependent regulation of ChAT activity.

Choline acetyltransferase (ChATE.C. 2.3.1.6) catalyzes ChAT (hChAT) has functional nuclear localization signal
the transfer of an acetyl group from acetyl-CoA to choline moatifs that are involved in regulating its distribution between
to form the neurotransmitter acetylcholine. Communication the nucleus and cytoplasrg,(7); furthermore, it has been
between cholinergic neurons and their target cells and tissuesilemonstrated recently that ChAT is present in the nuclei of
is dependent on functional ChAT, with the loss of ChAT cholinergic neurons in necropsy human brain and spinal cord
expression and activity found in several neurological and (8). Although a functional role for ChAT in neuronal nuclei
psychiatric disorders, such as Alzheimer's diseasg ( has not been identified, polymorphism in its transcripts and
schizophreniag), and neuromuscular diseas8s @Although the targeting of the enzyme to the nucleus suggests that
primarily associated with the cholinergic nervous system, ChAT may engage in more complex functions in addition
both ChAT and acetylcholine are also found in cells and to its essential role synthesizing acetylcholine in nerve
tissues such as T-lymphocytef éind placentay), suggest- termini.
ing that acetylcholine may have a novel role in non-neuronal  To serve its function as a neurotransmitter, the acetylcho-
systems. line synthesized by ChAT must be transported into synaptic

ChAT is a relatively large, complex protein that is vesicles by the vesicular acetylcholine transport). (
produced from six different mRNAs, termed H-, M-, N1-, Acetylcholine is base-labile, but an acidic pH is maintained
N2-, R-, and S-ChAT; two of these transcripts, M- and inside the vesicles, providing an optimal environment for
S-ChAT, also encode 83- and 74-kDa forms of the protein the temporary storage of acetylcholine. To minimize the time
through alternative translation start sites. Interestingly, humanbetween synthesis and storage and to facilitate uptake by
the vesicular acetylcholine transporter, acetylcholine syn-
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Table 1: Data Collection and Refinement for HChAT Structures

ChAT— ChAT— [S(2-oxopropyl)
ChAT choline ChAT-CoA -CoA]
crystallographic data
space group P212121 P212121 P212121 P212121
resolution (A) 2.25 2.25 2.3 2.6
unit-cell parameters (A) a=>54.74 a=54.78 a=>54.70 a=>55.00
b=75.75 b=76.26 b=73.98 b=73.93
c=165.69 c=164.29 c=165.70 c=165.66
no. of observations 166287 178465 359471 385898
no. of unique reflections 32578 29676 30048 19670
lola 17.1(9.7) 7.0(2.8) 6.7 (2.7) 6.2 (1.8)
[ S— 3.8(9.3) 6.5 (19.8) 8.0 (28.8) 13.3(53.0)
completeness (%) 94.3 (90.4) 84.0 (42.9) 93.1 (85.6) 83.7 (57.7)
refinement statistics
Ruorkd Riree 0.195/0.235 0.196/0.233 0.203/0.240 0.237/0.280
no. protein atoms 4584 4653 4604 4514
no. solvent molecules 544 546 447 104
average B values @ 19.3 22.1 29.4 43.6
protein 18.2 21.5 29.2 43.6
solvent 28.5 27.6 315 37.3
ligand 22.3 29.0 50.1
rmsd bond lengths 0.007 0.006 0.009 0.007
rmsd bond angles 1.3 1.2 14 1.3
pdb ID 2FY2 2FY3 2FY4 2FY5

aValues in parentheses correspond to the highest resolution SRell.reflections withl > ol.

ChAT is a member of the CoA-dependent acyltransferase structures provide a comprehensive description of CoA and
superfamily that includes carnitine acetyltransferase, chloram-choline binding along with insight into the catalytic mech-
phenicol acetyltransferase, dihydrolipoyl transacetylase, andanism for human ChAT.

VibH (15). In all members of the family, the active site is

buried in the interface between two domains and is accessibleRESULTS AND DISCUSSION

to substrates through tunnels on either side of the enzyme.
Results from kinetic studies indicate that synthesis of X . ;
acetylcholine by ChAT follows an ordered sequential reaction accomplished by th.e mutation of selected surface r§5|dues
in which the acetyl group is transferred directly to choline t© reduce conformational entropgd). The surface mutations
from acetyl-CoA, with acetyl-CoA being the leading sub- did not affect the catalytic properties of hChAZY, but
strate (6). An essential histidine residue, corresponding to they did mg_ke _the enzyme extremely easy to crysta_lllze,
H324 in hChAT (7), is thought to act as a general base thereby facilitating a comprehensive _structur_al analysis of
catalyst in the reaction. The activity of ChAT is decreased the @po form and binary complexes with choline, CoA, and

under oxidizing conditions and by modification with sulf- S(2-o>§opropyl)-(;oA, a stablg gcetyl-Co_A analogue. Data
hydryl-reactive agents1g), indicating the presence of collection and refinement statistics for unliganded ChAT and

cysteines in the vicinity of the active site. Reaction of ChAT the_ three complexes are given in Table 1. The structure of
with butanedione, an arginine-modifying reagent, affects the Uniiganded hChAT was solved by molecular replacement
activity of the enzymel9), and two arginine residues, R442 using coordmatles from the rat e_nzy_rm_S)c and the refined
and R443, have been shown to be involved in CoA binding structure o_f unliganded hChA‘!’_ls similar to that'of the rat
(20). In addition to these arginine residues, the binding of NZYmMe, with an rmsd (CA positions) of 0.72 A (Figure 1A).
acetyl-CoA and CoA are strongly affected by the enzyme’s HChAT is composed of two domains, each consisting of
environment: the dissociation of CoA is the rate-limiting @ Six-strandeg@-sheet surrounded ly-helices, with the same
step at low ionic strength, but other steps become rate-pseudo 2-fold symmetry noted originally for the related
limiting at high ionic strengthZ1, 22). The effect of ionic carnitine acetyltransferas@@). The active site histidine,
strength is not evident with dephospho-CoA, and therefore H324 (17), is at the interface between these two domains,
it is thought that anions compete for theghosphate binding  in the middle of a tunnel that runs through the enzyme
site 0). (Figure 1B). The domains can be defined on the basis of
Crystal structures of unliganded rat ChAT (rChAT) have their function. The binding domain includes residues 1 to
been published 23, 24), and these structures include a 89 and 392 to 615 and makes most of the interactions with
description of an unrefined 3.7 A resolution rChAT-CoA the two substrates, CoA and choline, as will be evident from
structure 23) and a model for the rChAT-choline complex the structures of the binary complexes. The catalytic domain
(24)' but high-resomtion structures of the enzyme in Comp|ex consists of residues 90 to 391 and contains H324 and other
with either CoA or choline are not available. A structure for residues that are important for catalysis.
human ChAT (hChAT) was elusive because of the difficulties  An inspection of crystal-packing interactions shows that
in obtaining diffraction-quality crystals, but mutation of key engineered surface residues mediated two crystal contacts.
surface residues facilitated rapid, reproducible crystallization One of the crystal contacts involved E225A, D226A, and
(25), allowing us to obtain high-resolution structures for E227A on one molecule and residues H134 and Y156 on a
hChAT alone and in complex with its ligands. These symmetry-related molecule (Figure 2A). The other included

Structure of HChAT.Crystallization of hChAT was



Human Choline Acetyltransferase Biochemistry, Vol. 45, No. 49, 20064623

Ficure 2: Engineered crystal contacts in HChAT. The stereo
diagrams illustrate crystal contacts in hChAT that were mediated
by surface residues mutated to A from either K, D, or E. (A) The
mutations E225A, D226A, and E227A facilitate close contact and
hydrogen-bonding interactions (dotted green lines) with H134 and
Y156 on a symmetry-related molecule. (B) The mutations K582A
and E583A allowed a crystal contact to form via water molecules
Ficure 1: Domain structure of HChAT and comparison to rat (yellow spheres) that mediate hydrogen bonds to the C-terminal
ChAT. (A) CA backbone traces of the rat enzyme (magenta; pdb helix of a symmetry-related molecule.
accession code 1Q6X3) superimposed on hChAT (blue). The
L”‘Csﬁpf?r;ﬁ %‘gn? i‘?jgd7'2né> f(t)rgh(ej j;g?r:g“gosse%:ttrrgt‘gué‘?nsd,I(qB) tunnel. In this position, the trimethylammonium group
VI | W Ins, u Indi . . : . f
domain (light blue), comprising residues 1 to 89 and 392 to 618, mteracts with ChAT through a catl.om-bonq with Fhe Slde.
and a catalytic domain (dark blue), comprising residues 90 to 391. chain of Y552 and van der Waals interactions with the side
The active site tunnel, which runs through the enzyme and is locatedchains of M84 and Y436 (Figure 3B). Interactions between
at the domain interface, is indicated by the red circle. CoA binds the binding domain and the trimethylammonium group
between the two splaygiistrands (on either side of the red circle)  fnction to position the choline hydroxyl such that it is 2.8
ﬁ}stggig?lﬂggz}ws gﬁg\\:\?nsgse t;gggléeT_ ;‘iﬁi%d%g;f'r?]ggg;'e catalytic A from the catalytic histid.ine, H324, and idealllyloriented' to
make a hydrogen bond with NE2 of the H324 imidazole ring.
K582A and E583A and residues D599, D602, and S605 on A requirement for the precise positioning of the choline
a symmetry-related molecule (Figure 2B). hydroxyl may explain why ChAT is so sensitive to oxidation
Choline Binding.To obtain information on the mode of  (27). There is a cluster of four cysteine residues in the vicinity
substrate binding by hChAT, the enzyme was crystallized of the choline binding site (Figure 3B), and within this
in the presence of 10 mM acetylcholine. The crystals were cluster, disulfide bonds could form between C563 and C550
isomorphous to unliganded hChAT, and the initia—Fc or C574, or between C550 and C574 (Figure 3B). Any one
difference electron density map (Figure 3A) showed a clear of these disulfide bonds would affect the structure of the
boundary for the choline moiety, including the choline choline binding site and, in particular, the position of Y552,
oxygen atom, but absolutely no density that could correspondwhich is in intimate contact with the choline trimethylam-
to the acetyl moiety, even when contoured a1l Gn this monium group. These cysteines, along with C322, are the
basis, we concluded that the acetate ester had been hydroenly ones in the vicinity of the active site, and one or more
lyzed and that only choline was bound to the enzyme. of them likely represents the site of modification by
Choline was positioned using the trimethylammonium group, sulfhydryl-reactive agentslg).
which was distinguishable as a peak of electron density with  The side chains of S438 and S538, along with the main
three protruding knobs. The trimethylammonium group sits chain carbonyl of G553, contribute dipoles that impart a net
on a ledge against one side of the substrate-binding tunnel;negative electrostatic potential to the trimethylammonium
two of the N-linked methyl groups are cradled in form-fitting binding surface (Figure 3A). The tunnel leading to the
indentations in this ledge, whereas the third methyl group choline binding site also has a negative surface potential,
hangs over the ledge and points toward the exit from the which does not extend to the outside surface of the enzyme

Binding Domain
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A Table 2: Chemical Structure of Choline and Analogues
K\
Compound Structure
(mM)
N
choline 0.17 T%""
&
monoethylcholine 13 /\T\/\o«
6.7 ro
pyrrolcholine <:"‘\/\oH
N.D.®
B-methylcholine \T<)\
"OH
~i
homocholine N.D. T\/\/OH
1% oH OH
hemicholinium-3
\ﬁﬁ _
. - \
(hemi-acetal) k/t’ o\)
. - N.D.° oH o
hemicholinium-3 ~; Q Q .
/k/ o
(seco) !

aKinetic parameters were obtained from Barker and Mitt2§).(
b At 50 mM, B-methylcholine (D or L isomer) is acetylated at a rate
less than 5% that of choliné The Ky for hemicholinium-3 refers to
an equilibrium mixture of the hemi-acetal form and seco forms in which
the hemi-acetal form is expected to predominate. The seco form is most
likely the form that is acetylated.

: (Figure 3C). The entrance to the tunnel is much larger than
Tunne : X that required to accommodate choline, and there is a vestibule
Entrance Py, - s adjacent to the choline binding site with a pronounced

. ' negative electrostatic potential. A similar negatively charged
vestibule is not present in the homologous carnitine acetyl-
transferase26), which may reflect the fact that choline is a
cation, whereas carnitine is a zwitterion. In ChAT, there is
space in the vestibule for an additional choline molecule,

Y

Ficure 3: Choline binding site of HChAT. HChAT was cocry- but a choline ion was not evident in the electron density,

stallized with acetylcholine, but the initial difference electron density and therefore there does not appear to be a specific choline
map (blue mesh, contoured at)3showed only the presence of  binding site in the vestibule. The negatively charged vestibule

bound choline, indicating that the acetyl group had been hydrolyzed may function to attract choline molecules to the vicinity of

during crystallization. Note that to distinguish between the three o5 tive site and/or facilitate the exchange of choline for
trimethylammonium methyl groups, two have been colored white,

whereas the third is colored magenta. (A) The choline binding @c€tylcholine at the active site. _

surface is made up of residues belonging to the binding domain  The ability of ChAT to interact with and acetylate a
and is colored according to its surface potential. Two of the number of different choline analogues can be rationalized
trimethylammonium methyl groups (in white) are cradled on a ledge from the mode of choline binding seen in the ChAdholine

in the active site tunnel, whereas the third methyl group (in magenta) ; ; ;
hangs over this ledge and points toward the exit from the tunnel. complex. The area around the trimethylammonium group is

Crystallographic waters are indicated by red spheres, showing that"ather open, as indicated in Figure 3 by the presence of
there is considerable space around the trimethylammonium group,crystallographic waters; in contrast, theandp-carbons of
which explains how the enzyme can accommodate a variety of choline are sandwiched between the wall of the active site
nitrogen-substituted choline analogues. (B) Specific residues in- tynnel and the side chains of M84 and Y85 (Figure 3B).

volved in binding choline are illustrated in this stereo diagram. Note : :
that the crystallographic waters at the top of the panel, between These observations explain why the enzyme can accom-

S438 and ‘S540, are occupying the space where the pantothiendnodate substantial changes to the groups attached to the
arm of CoA binds. (C) A cutaway view of the enzyme to show the nitrogen, but not to thet- or g-carbons 22, 28 Table 2).
surface properties of the tunnel in the vicinity of the choline binding For example, thé&y for o-methylcholine is over 100-fold
site. The surface has been colored according to electrostatichigher than that for choline, angtmethylcholine is such a

potential. The position of bound choline is shown, and a CoA .
molecule (yellow atoms; modeled using the binary ChAT-CoA poor substrate that thiéy has not been determined. The

complex) indicates the relative position of the CoA binding site. addition of an extra methylene group in homocholine (Table
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2) also has a striking effect because homocholine is not A
acetylated by soluble ChATh wuitro (29—31). Thus, the
separation between the hydroxyl and trimethylammonium
groups is critical and is determined by the distance between
the ledge on which the trimethylammonium group sits and
the catalytic machinery. On this basis, it is interesting that
homocholine is acetylatad situ by a membrane-associated
form of ChAT (29). It may be that membrane association
leads to a conformational change in the enzyme, perhaps by
altering the positions of residues M84 and Y85, thereby
providing room for the homocholine methylene carbons to
bulge outward and bring the hydroxyl group into the correct
position for catalysis. Residues M84 and Y85 are on a coill
region connecting the binding domain and the catalytic
domain, and therefore it is not unreasonable to think that
they could be subject to conformational changes.

In contrast to thex and 3 carbons, ChAT can accom-
modate modifications at the choline nitrogen. For example,
monoethylcholine has Ky only 7-fold higher than that of
choline, and pyrrolcholine, in which the nitrogen is part of
a 5-membered ring, is still a reasonably good substege (

An intriguing substrate for ChAT is hemicholinium-3 (HC- 1
3), which has &y only 10-fold greater than that of choline Tago ¥
despite its radically different structure (Table 2). In fact, the g T d
open-ring (seco) form, rather than the hemi-acetal, is most ~ o-¢-7 ( V
likely the molecule that is bound and acetylated by ChAT. 0439*-'53':__ ) S* AP
As noted by Barker and Mitta@@), the seco form “can be 2 ‘XE-uﬂ Lo
viewed as an N-substituted choline analogue withoyt a \ "IE PONR
substituent and therefore a possible substrate”. In aqueous Wi ?
solution, most of the HC-3 will be present as a hemi-acetal, ¢ e
and therefore, thiy, for the actual substratehe seco form FIGURE 4: The CoA binding site of HChAT. (A) The molecular
of HC-3—is likely much smaller than the measurég, surface of the binding domain is shown, along with the bound CoA

ik ; . . and the initial difference electron density map for CoA (green
which incorporates the nonactive hemi-acetal form. On this mesh). (B) Stereo diagram showing hydrogen-bonding interactions

basis, the seco form of HC-3 appears to be an exceedinglyin the' CoA binding site of ChAT. The CoA molecule forms five
good substrate, perhaps even better than choline. Interesthydrogen bonds with the enzyme: two occur between pantotheine
ingly, the distance between the two phenyl rings of HC-3 amide atoms PO9 or PN4 and ChAT main chain amide atoms, at

has a striking effect on the ability of ChAT to catalyze the Sgpc%hg:;r?atgro%%tlr{s t‘(’)vf a?]tggzgﬁms%elnz gro B?Lilaisgg::vt\{\e/glg'
acetylation of HC-3 analogues; the insertion of one, two, or and the fifth is between thé-phosphate and the side chzj{in of K407.

four methylene groups between the two phenyl rings of HC-3 The pyrophosphate moiety sits above the two closely interacting
decreases the rate of acetylation of the compound ap-carboxylic acid side chains of D414 and E437. Because there are

proximately 10-fold, but insertion of three methylene groups no formal positive charges in the vicinity of these side chains, they
has no effect32). These results show that the active site impart a negative electrostatic potential to the region.
tunnel imparts specificity for extended N-linked substituents hydrogen bonds with the pantotheine amides of CoA, locking
of choline analogues. the CoA sulfur atom into position in the active site (Figure
CoA and Acetyl-CoA BindingTo map ChAT-CoA 4B). Additional hydrogen bonds between ChAT and CoA
interactions, CoA was soaked into crystals of unliganded are formed by O1 and O2 of the pyrophosphate moiety as
ChAT, and data were collected to a resolution of 2.3 A (Table well as the 3phosphate of CoA.
1), providing good difference electron density for the entire  An interesting feature of the CoA binding surface is a
CoA molecule (Figure 4A). Most of the interactions with region of negative electrostatic potential that forms the
CoA are mediated by the binding domain of ChAT. The binding site for the two methyl groups of the pantotheine
pyrophosphate and-phosphoadenosine moieties lie on the arm (Figure 4). The negative surface potential is generated
surface of a shallow and open groove on the binding domain by two acidic groups, D414 and E437, whose carboxylates
(Figure 4A). The positively charged side chains of K403 and come in close contact such that the two side chain oxygens
K407 interact directly with the negatively charged- 3 have an interatomic distance of less than 2.6 A and likely
phosphate of CoA (Figure 4B), and although the substrate- share a proton33), resulting in a combined charge ofl at
binding tunnel has a neutral or negative electrostatic potential, physiological pH; this is supported by a theoretiddhpralue
the surface surrounding the tunnel entrance for CoA has aof 11.8 for the side chain of E437. Although there are no
relatively strong positive electrostatic potential (Figure 4A). positive compensating charges in the vicinity, each carboxy-
The pantotheine is bound more deeply in the tunnel, cradledlate accepts a hydrogen bond from a flanking glutamine,
between the two splayef-strands, which are a hallmark either Q489 or Q541, with an additional hydrogen bond
feature of this family of acetyltransferases. The separation donated to the side chain of D414 by a water molecule.
of the g-strands exposes main chain amides that form Closely associated acidic residues are not uncommon in

| PN4
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proteins 83, 34), but it is surprising to find them involved

in binding two neutral methyl groups. In fact, it may be that
the function of D414 and E437 is not to actively bind the
methyl groups but instead to to repel the negatively charged
pyrophosphate moiety so that the CoA molecule is forced
to bind in only one manner.

Acetyl-CoA was also soaked into unliganded crystals of
ChAT, but electron density for the acetyl moiety was always
weak or nonexistent ifro—Fc difference maps, indicating
that acetyl-CoA can be hydrolyzed when it is bound to the
enzyme. To help position the acetyl group of acetyl-CoA in
the active site, we synthesized a stable analogue of acetyl-
CoA, S(2-oxopropyl)-CoA, and determined that this com-
pound is a competitive inhibitor of ChAT with i& of 2.8
uM, which is similar to theK, for acetyl-CoA (3.8uM).

The difference betwee®-(2-oxopropyl)-CoA and acetyl-
CoA is in a methylene group that separates the CoA sulfur
from the carbonyl carbon of the acetyl group. Crystals of
unliganded ChAT were soaked in a solution contair(@-
oxopropyl)-CoA to obtain a dataset for the complex (Table
1). In the structure of the complex, theghosphoadenosine,
pyrophosphate, and pantotheine moietieS-(#-oxopropyl)-
CoA were bound in the same manner as CoA. The position
of the sulfur atom was confirmed by the presence of a peak
in the anomalous difference electron density map and was
the same as that of the sulfur atom in bound CoA (Figure
5A). The 2-oxopropyl group attached to the sulfur was
positioned inside the difference electron density, with the
carbonyl oxygen positioned to form a hydrogen bond with
the sulfhydryl of C550.

To build a model for acetyl-CoA using tH&(2-oxopro-
pyl)-CoA structure, the carbonyl carbon of acetyl-CoA was
placed at the position of the 2-oxopropyl methylene carbon
(Figure 5). The acetyl group was then rotated around the
S—C bond so that the carbonyl oxygen could form a
hydrogen bond with the side chain oxygen of S540. In this
position, the thioester in the ChAT/acetyl-CoA model fits

well with the position of bound choline that was obtained (F:'ﬁXRTE 5: AC'“V? site Ptp]em'Stth'l“ HChf\yT- C(AA)\The ftrul%‘zfze of
. : in complex with a stable acetyl-CoA analo -
from the ChAT/choline binary complex. . oxopropyl)-CoK, was determined. Difference Fourigr electron
Structure-Based Model for Acetylcholine Synthestse density, (red mesh, contoured at)2and anomalous difference
binary ChAT/acetyl-CoA and ChAT/choline complexes were electron density (blue mesh, contoured @) &re shown along with
used together to obtain a model for the ternary Michaelis the pantotheine arm of th&(2-oxopropyl)-CoA molecule; the
complex between ChAT, acetyl-CoA, and choline (Figure oxopropyl group was used to help position the acetyl group in a

. model of the ChAF-[acetyl-CoA] complex. Note that the choline
5B). In this model, the carbonyl carbon of the acetyl group molecule present in this panel was not part of the crystallographic

is positioned approximatgl2 A from the oxygen of bound  structure but has been modeled on the basis of its position in the
choline, which is in turn hydrogen bonded to the catalytic ChAT—choline binary complex. (B) A model for the active ternary
histidine, H324. Thus, the choline oxygen atom is poised complex based on the two binary complexes of ChAToline and

for nucleophilic attack on the carbonyl carbon of the ChAT—[S(2-oxopropyl)-CoA]. To model acetyl-CoA, the acetyl
thioester. The carbonvl oxvaen of the thioester is hvdroaen group was positioned such that the carbonyl carbon occupies the
' yl oxyg Yarogen same position as the oxopropyl methylene group in the CRAT

bonded to S540, which likely functions to support the [s(2-oxopropyl)-CoA] structure; rotation about the-6 bond
developing negative charge. allows the carbonyl oxygen to hydrogen bond with the side chain
The relative positions of the acetyl-CoA thioester substrate of S540. Choline has been placed such that its position is identical

; ; ; . ~to that in the structure of the ChATcholine binary complex. (C)
and the catalytic machinery, base, nucleophile, and OXyanion,~p AT uses the same chemistry as the serine endoproteases to

ligand, resemble what is found in serine endoproteases, WhiCheftect ester hydrolysis. In this panel, the active site elements of
use a similar chemistry to effect amide hydrolysis and trypsin (pink carbon atoms) and the scissile bond of pancreatic
formation of an acytenzyme intermediate. The relationship trypsin inhibitor (BPTI; blue carbon atoms) are superimposed with
can be illustrated by comparing the ChAT ternary Michaelis the ChAT—choline-[acetyl-CoA] ternary complex.

complex with the trypsirrBPTI complex 85) in which BPTI the nucleophile, either the side chain of S195 in the case of
provides a good model for bound substrate (Figure 5C). By trypsin or the hydroxyl group of bound choline in the case
superposing the two scissile ester bonds, the thioester ofof ChAT, is positioned directly below the carbonyl carbon
acetyl CoA and the amide ester of BPTI, the relationship of the ester substrate, with a general base, namely, an
between the catalytic elements can be seen. In each casémidazole nitrogen, approximately 2.8 A away. The overall
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geometry of the base, nucleophile, and substrate is almost A
identical in the two complexes. In trypsin, the negative charge
on the transition state oxyanion is supported by two main-
chain amide groups, one from S195 and the second from
G193, which are positioned to form geometrically ideal
hydrogen bonds with the oxyanion. In the ChAT Michaelis
complex, the side chain hydroxyl of S5483 A from the
carbonyl oxygen of acetyl-CoA, and is found in the same
relative area as the oxyanion hole in trypsin (Figure 5C).
Thus, by analogy with trypsin, the position of S540 relative
to that of the nucleophile, substrate, and catalytic base
supports its role as an oxyanion ligand. The only other
potential hydrogen-bonding partners for the oxyanion are the
thiols of C550 and C563; however, both thiole & A away
from the carbonyl oxygen of acetyl-CoA, and neither is in a
good position to donate a hydrogen bond.

Conformational Changes Accompanying CoA Binding. B
Binding of CoA leads to conformational changes in hChAT Catalytic Domain
that can be visualized if the binding domains of the
unliganded and CoA-bound enzymes are superposed (Figure — ,,/
6A). The catalytic domain is rotated approximately*labout
an axis that runs through the active site of the enzyme. Figure
6B shows the CA displacements for this conformational
change, where it can be seen that a similar conformational
change took place in the complex between ChAT &i{d-
oxopropyl)-CoA but was not observed in the ChAdholine
complex. Thus, CoA binding is causing a small but signifi-
cant domain movement. .

An important structural change occurs in a P-loop, which oo = . prm - oo ol
helps to bind CoA. In the case of the unliganded protein,
there was no electron density for P-loop residues 139 to 146,
indicating that the loop was mobile. In the ChATo0A
complex, electron density for residues 139 to 146 indicated
that the loop lies across the surface of the binding domain
(Figure 6A) such that residues 142 to 144 interact directly
with the phosphates of bound CoA (Figure 6C); the interac-
tion consists of two hydrogen bonds from the main chain
and side chain amides of Q44 to pyrophosphate oxygens O1
and O4. In addition, the side chain of K142 is close enough
(5—8 A) to the 3-phosphate that its positive charge would
contribute to the P-loop/CoA interaction. Thus, the CoA
binding site is formed primarily from residues on the binding
domain, but residues 139 to 148 on the catalytic domain, FIGURE6: CoA-induced conformational changes in ChAT. (A) To

_ : : : «illustrate the domain movements that occur in ChAT upon ligand
the P-loop, reach across the active site tunnel to interact Wlthbinding, the binding domain of apo-ChAT (blue) was superposed

phosphoadenosine of either CoA or acetyl-CoA. ~ on the binding domain of CoA-bound ChAT (green); the confor-
Cai and co-workers cocrystallized rat ChAT (rChAT) with  mational change accompanying CoA binding involves a° 1.5
CoA and obtained data to 3.7 A resolutiod3). In the rotation of the catalytic domain relative to the binding domain and
resulting rChAT-CoA structure, domain movements and/or an e;]nchboringdoz:thpe\ P(_||3CSORSU|Ch thfatCitAin(tjef;acts with tt?e phosphhates
H H . of the boun OA. pot (0] ifferences between the
a change in the 903'“0.” of the P-loop were not rgported, unliganded ChAT structure and each of the three complexes. To
however, the low resolution of the data precluded refinement generate this plot, CACA distances were calculated after the
of the structure, and coordinates were not deposited in thebinding domain of unliganded ChAT was superposed over that of
Protein Data Bank. Interestingly, in the two published either ChAT-choline (blue), ChAT-CoA (dark green), or ChAT
structures of unliganded rChAT, the P-loop was well- [S(2-oxopropyl)-CoA] (light green). The residues corresponding

: . . to the catalytic domain are indicated by the bar above the plot. (C)
localized @3, 24); however, in both cases, the P-loop Residue Q144 of the P-loop (green carbon atoms) forms hydrogen

participates in a crystal contact, and therefore it_s location ponds with two of the CoA pyrophosphate oxygens. The P-loop
and conformation are probably not representative of the also interacts with the side chains of R442 and R443. The side

structure in solution. In fact, the conformation of the P-loop chain of S440 is a site of phosphorylatiofd}.

is different in the two rChAT structures (the outermost  ChAT is unique in that the P-loop is not present in other
residues of the loop are displaced more than 10 A), members of the family, such as carnitine acetyltransferase
supporting the notion that the loop is conformationally (CrAT), chloramphenicol acetyltransferase, or dihydrolipoy!
flexible in solution, and its position in the unliganded rChAT transacetylase26, 36, 37). In particular, the CoA binding
structures is determined by crystal-packing forces. site of human CrAT Z6) is very similar to that of hChAT,

1.5°

CA-CA Difference (A




14628 Biochemistry, Vol. 45, No. 49, 2006 Kim et al.

and the extended P-loop in ChAT is one difference that could interacts with the phosphates of CoA. This loop is 4 residues
explain its 10-fold loweKy for CoA compared with that of ~ shorter in CrAT, and as such, it cannot interact with CoA; a
CrAT (16, 38), a possibility that was raised when the comparison of the CoA-bound structures of these two related
structure of rChAT was solve®8). The difference irKy enzymes shows that the P-loop is responsible for the lower
likely reflects requirements imposed on the enzymes by their Ky of hChAT, which allows it to be optimally active under
cellular locations. ChAT resides in the cytosolic compartment the lower concentration of acetyl-CoA in the cytosol. ChAT
in which the acetyl-CoA concentration has been estimated and CrAT differ in that the well-characterized effect of salts
to be 3.5-10.9 uM, whereas CrAT is located in the on the activity of ChAT (high ionic strength raises both the
mitochondria 89), where the acetyl-CoA concentration is Ky and Vmax Of the enzyme Z1, 22)) has not been
thought to be much higherd(). Thus, by increasing the documented for CrAT. Thus, the P-loop in hChAT is most
affinity of the enzyme for acetyl-CoA, the P-loop in hChAT likely responsible for the effects of salts on the catalytic
may enable it to more efficiently use the lower concentrations activity of the enzyme, consistent with the hChAT-CoA
of acetyl-CoA found in the cytosol. structure showing that interactions between the P-loop and
There is evidence that CoA binding and the interaction COA are electrostatic in nature. Serine 440 is a major site of
between the P-loop and CoA are important for ChAT Phosphorylation of hChAT41), and its presence in the
function and regulatiom vivo. In studies of the rat enzyme, Vicinity of the P-loop is noteworthy. A phosphate group on
R442 and R443 were shown to be important for CoA S440 could interfere dil’eCtly with CoA b|nd|n@$), or it
binding. A double mutant, R442Q/R443Q, h&g for CoA could interfere indirectly by competing with the P-loop for
over 100-fold greater than that of the W||d_type enzyme, interaction with R442 and R443 (Figure 6C) In either case,
along with an 18-fold greatde., consistent with CoA release ~ Phosphorylation would be expected to raiseKfyefor acetyl-
being the rate-limiting step in acetylcholine synthegi§)(  COA. The higheKy would increase th¥maxin itro, butin
The effect of mutations at R442 and R443 were much less viv0, the activity of the enzyme would be expected to
pronounced when dephospho-CoA was used in the kineticdecrease with the relatively low acetyl-CoA concentration
analysis, suggesting that these arginine residues were imin the cytosol.
portant for binding the '3phosphate of CoA. These points The hChAT-choline complex explains how a variety of
were raised in the article describing the rChAT-CoA structure substrates can be acetylated by the enzyme. It is particularly
(23), prompting the authors to speculate that theldsphate interesting that homocholine is not a substrate for the soluble
might bind directly to R442 and R443, although the structure enzyme but can be acetylated by membrane-bound ChAT
of their complex indicated that this was not the case. The (29). The structure of the choline binding site shows that
structure of CoA-bound hChAT confirms that R442 and there may be a conformational change in the enzyme, most
R443 do not bind directly to the'phosphate group, but likely involving movement of residues 84 and 85, that allows
they do form multiple interactions with P-loop residues. To it to bind and acetylate homocholine. It is possible that a
be specific, R442 interacts with the side chain of D139 and change in the position of residues 84 and 85 takes place when
the main chain carbonyl oxygen of C151, whereas R443 ChAT binds to membranes. These residues are not part of
hydrogen bonds to the main chain oxygens of Q144 and an inflexible domain core but instead are part of the
L145. Regarding R442 and the function of hChAT, it is polypeptide that connects the binding domain with the
noteworthy that the mutation to histidine was found in a catalytic domain. On this basis, it is not inconceivable that
patient with episodic apnea, amdvitro, the R442H enzyme  residues 84 and 85 could shift under certain conditions.
had a markedly increaséd, for acetyl-CoA @). Thus, the Regulation of ChAT activity may take plade vivo,
mutagenic data for R442 and R443 support the idea that theperhaps to ensure that acetylcholine synthesis is efficiently
interaction of the P-loop with bound CoA is critical for the  coupled to choline uptake and acetylcholine transport at
enzyme'’s catalytic properties amul vivo function. synaptic vesicles. ChAT is phosphorylated on at least six
CoA binding and the subcellular localization of ChAT residues4l, 43, 44), and phosphorylation of ChAT appears
appear to be regulated by phosphorylation, and one of theto alter its catalytic activity and subcellular localizatiat)

sites phosphorylateth vivo was identified as S4404(), and may regulate its interaction with other protei3)( all
which is in the CoA binding site in the region of the P-loop of which could regulate acetylcholine production and affect
(Figure 6C). Phosphorylation of hChAT by PKi@ vitro cholinergic neurotransmission. Future studies should focus

led to a 2-fold increase in its catalytic activit§?), and the on the mechanisms by which ChAT is compartmentalized
activity of the 69 kDa form of hChAT in HEK293 cells was  within the nerve terminal and the structural factors modulat-
increased 1.6-fold by treatment with phorbol 12-myristate ing its association with cellular membranes and acquisition
13-acetate, an activator of PKC. The mutation of S440 to of choline from CHTL1.

alanine resulted in a pronounced decrease in overall phos-

phorylation of ChAT, an attenuation of the PKC-mediated MATERIALS AND METHODS

increase in activity, and a loss of membrane binding of ChAT
in situ (41). These results suggest that the phosphorylation
state of S440 has a role in coordinating key functions of the
enzyme.

Crystallization and Data CollectiolRecombinant hChAT,
with surface mutations designed to improve crystallization,
was expressed, purified, and crystallized as previously
described 25, 27). Appropriate residues for mutation were
CONCLUSION located using the rChAT structur€3) as a model for

hChAT. Three turns that project glutamyl and/or lysyl side

The structure of hChAT in complex with CoA shows that chains away from the surface of the enzyme were identified,
a P-loop, which is disordered in the unliganded protein, and the residues in these turns were mutated to alanine on
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the basis of the prediction that they would form good crystal  The refined structure of unliganded hChAT was used to
contacts 45). The three sets of mutations were E225A/ calculate difference electron density maps for the three
D226A/E227A, K518A/E519A, and K582A/E583A. In ad- complexes; in each case, there was clear electron density
dition to these changes, a loop region in ChAT was also for the ligand, choline, CoA, d&-(2-oxopropyl)-CoA. In the
altered. The loop in question comprises residues 346 to 358case of the CoA-bound structures, the initial rigid body
and was found to be highly mobile and disordered in the refinement was improved by dividing the protein into two
rChAT structure 23); however, the corresponding loop was domains, the binding domain, residues 1 to 89 and 392 to
relatively well-ordered in the structure carnitine acetyltrans- 615, and the catalytic domain, residues 90 to 391. For both
ferase (CrAT), a closely related enzym26). Therefore,  of the CoA structures, highly redundant datasets were
residues 346 to 358 in hChAT were replaced with the collected, and anomalous difference electron density maps
sequence PELVRSPMVP from human CrAT, shortening the were used to confirm the position of the sulfur atoms in the
|00p by three residues. Finally, the last 15 amino acids of |igands_ All Figures were created using PyMo| (DeLano
ChAT, residues 615 to 630, were deleted because they arescientific LLC; http://pymol.sourceforge.net/), and surface
prone to proteolysis and likely disorderezlf). None of the  potentials were calculated using the program APBS).(
changes had a significant effect on the catalytic activity of Note that the surfaces displayed are molecular surfaces,
the enzyme 25). which allows the visualization of bound ligands, but the
For the ChATF-choline complex, the protein was cocrys- potentials correspond to those found on the solvent-accessible
tallized with 10 mM acetylcholine. Crystals of unliganded surface. TheoreticalKa values were calculated using the
ChAT or the ChAT-choline complex were cryoprotected PROPKA server (http://propka.chem.uiowa.e8a).
in crystallization mother liquor containing 30% glycerol and Synthesis of S-(2-Oxopropyl)-CoA and ChAT Inhibition.
flash frozen in liquid nitrogen. Complexe; between ChAT The synthesis and purification 6f(2-oxopropyl)-CoA were
and CoA orS-(2-oxopropyl)-CoA were obtained by soaking g nitored by silica gel TLC developed in propanol/methanol/
crystals of the unliganded protein in mother liquor supple- water= 4:3:2; S(2-oxopropyl)-CoA migrates with aR of
mente_d with 0.1 mM tris(2-carboxyethyl)phosphine (TCEP) 0.65 under these conditions. To synthesize the compound,
and glther 20 ”."V' CoA 0B(2-oxopropyl)-CoA fa 5 h or CoA trilithium salt (100 mg or 0.127 mmol; Sigma) was
75 min, respectlvely,.at . Th_e.ChAT-CoA crystals were dissolved in 5 mL of degassed water. While stirring under a
transferred to a solution containing 20% PEG 2000 monom- nitrogen atmosphere, 0.04 mmol of DTT and 0.81 mmol of

ethyl ether, 10% glycerol, 20 mM CoA, and 0.1 M Tris at | . ) N
. . . Li,CO; were added. Chloroacetone (0.37 mmol; Aldrich) in
pH 8.5-9 for cryoprotection, briefly before being flash- 12 mL of 95% ethanol was added to the above mixture, and

frozen. The cryoprotection solution for ChAS€2-oxopro- the resulting turbid solution was stirred at room temperature
- 0, 0,
pyl)-CoA crystals was 30% PEG 3350, 10% glycerol, 0.5 for 24 h. The solution was then filtered and concentrated

mM TCEP, and 20 mMS(2-oxopropyl)-CoA. Diffraction = - . give a yellow film. The film was dissolved in water

data for human unliganded ChAT as well as the CoA and and was purified by reverse-phase HPLC (Symmetry 300

S-(2-oxopropyl)-CoA complexes were collected in-house )
using a Rigaku RUH3R rotating anode X-ray generafor ( C18, Waters). The amount & (2-oxopropyl)-CoA obtained

= 1.5418 A) with a MAR345 image plate detector. Data was 38 mg, c_;orresponding to an overall yield_ of 36%. A
from ChAT-CoA crystals were collected at the National molecular weight of 823.33 g/mol was determined for the

Synchrotron Light Source (NSLS) beamline X8C= 1.1 purified compound by mass spectrometry (theoretical MW

A) using an ADSC Quantum 4R CCD detector system, with 23-61 g/mol).
a crystal-to-detector distance of 150 mm and an oscillation ~To characterize the inhibition of ChAT activity b (2-
angle of 2. In all cases, the images were indexed, processed,oxopropyl)-CoA, a modificationg3) of the radio-enzymatic
and merged using the HKL suitd). assay of Fonnumb@) was used. ChAT was diluted with 10
Structure Determination and RefinemeTie structure of ~ MM N&HPQ;, 1 mM EDTA, 0.5% Triton, 150 mM NaCl,
unliganded hChAT was solved by molecular replacement 0-05% BSA, and 0.5 mM TCEP at pH 7.5 to give a final
using the coordinates of rChAT28, pdb accession code Cconcentration of 1.2g/L. The reaction was initiated by the
1Q6X) and the program AMoRe47). Refinement was addition Qf 10/4I._ of the dllutgd ChAT solution to 1@L of
initiated by rigid body fitting, followed by simulated an- theé reaction mixture comprised of 50 mM H&Q,, 150
nealing, energy minimization, grouped B-factor refinement, MM NaCl, 0.05% BSA, 0.5 mM TCEP, 10 mM choline at
and, finally, individual B-factor refinement within CNg§). pH 7.5, along with varying amounts 6HJacetyl-CoA and
The Ryee value was monitored throughout refinement using S(2-oxopropyl)-CoA. The reaction was allowed to proceed
10% of randomly selected reflections. Subsequent roundsat 37°C for 10 min and then stopped by the addition of 100
of refinement were done by manual rebuilding and water uL of cold water; note that during the 10 min reaction course,
placement using 040), followed by energy minimization ~ product formation increased in a linear fashion, as expected
and B-factor refinement in CNS. The final structure was for an initial rate measurement. To extrattJacetyicholine,
validated with PROCHECK50), and in the final model, all 300 uL of 20 mg/mL sodium tetraphenylboron in 3-hep-
residues were found in favored regions of the Ramachandrantanone was added, and the samples were vortexed for 30 s
plot except for V94 ¢ = 68.6,9 = —49.7), which isina  and centrifuged at 70@0for 5 min. The PH]acetylcholine
type Il turn in the vicinity of the active site. Regions for contained in 20@.L of the organic phase was measured by
which electron density was not observed, namely residues 1liquid scintillation spectrometry; samples were normalized
to 7, 139 to 146, 176 to 179, and 608 to 615, were not for protein content and incubation time to yield activity units
included in the model of unliganded ChAT. of umol of acetylcholine/min/mg.
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