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ABSTRACT Binding sites of Torpedo acetylcholinesterase
(EC 3.1.1.7) for quaternary ligands were investigated by x-ray
crystallography and photoaffinity labeling. Crystal structures
ofcomplexes with ligands were determined at 2.8-A resolution.
In a complex with edrophonium, the quaternary nitrogen ofthe
ligand interacts with the indole of Trp-84, and Its m-hydroxyl
displays bilbrcated hydrogen bonding to two members of the
catalytic triad, Ser-200 and Hls-440. In a complex with tacrine,
the acridine Is stacked against the indole of Trp-84. The
bisquaternary ligand decamethonium Is oriented along the
narrow gorge leading to the active site; one quaternary group
Is apposed to the indole of Trp-84 and the other to that of
Trp-279, near the top of the gorge. The only major conforma-
tional difference between the three complexes is in the orien-
tation of the phenyl ring of Phe-330. In the decamethonium
complex it lies parallel to the surface of the gorge; in the other
two complexes it is positioned to make contact with the bound
ligand. This dose Interaction was confirmed by photoaffnity
labeling by the photosensitive probe 3H-labeled p-(N,N-
dimethylamlno)benzenediazonium fluoroborate, which la-
beled, predominantly, Phe-330 within the active dte. Labeling
ofTrp-279 was also observed. One mole oflabel is incorporated
per mole of AcChoEase inactivated, indicating that labeling of
Trp-279 and that of Phe-330 are mutually exclusive. The
structural and chemical data, together, show the important
role ofaromatic groups as binding sites for quaternary ligands,
and they provide complementary evidence assigning Trp-84
and Phe-330 to the "anionic" subsite of the active site and
Trp-279 to the "peripheral" anionic site.

Acetylcholinesterase (AcChoEase, acetylcholine acetylhy-
drolase, EC 3.1.1.7) terminates transmission at cholinergic
synapses by rapid hydrolysis of acetylcholine (AcCho) (1).
Symptomatic treatment of diseases whose etiology involves
AcCho depletion can be achieved by controlled inhibition of
AcChoEase. Anticholinesterase agents are thus of therapeu-
tic importance (2), and they are under active consideration
for managing Alzheimer disease (3). The active site of Ac-
ChoEase comprises an esteratic subsite, containing the cat-
alytic machinery, and an "anionic" subsite, which binds the
quaternary group of AcCho (4). A second, "peripheral,"
anionic site exists, so named because it appears to be distant
from the active site (5, 6). Bisquaternary AcChoEase inhib-
itors are believed to derive their enhanced potency, relative
to similar monoquaternary ligands (7), from the ability to
span the two "anionic" sites, .14 A apart (8, 9). The
three-dimensional structure of AcChoEase reveals that, like
other serine hydrolases, it contains a catalytic triad (10). This
triad is located at the bottom of a deep and narrow cavity,
named the "aromatic gorge," since -40% of its lining is
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composed of the rings of 14 conserved aromatic amino acids.
Docking studies suggested that the primary site of interaction
of the quaternary group ofAcCho is with the aromatic ring of
a conserved tryptophan, Trp-84 (10). This agreed with earlier
spectroscopic and labeling studies (11, 12), as well as with its
affinity labeling (13). We present below x-ray crystallograph-
ic** and photoaffinity labeling evidence showing the pres-
ence of Trp-84 and Phe-330 in the "anionic" subsite of the
active site and suggesting that a distal residue, Trp-279, near
the top ofthe gorge, is also involved in ligand binding and may
be part of the "peripheral" anionic site.

MATERIALS AND METHODS
Chemicals. Dithiothreitol, acetylthiocholine iodide, 5,5'-

dithiobis(2-nitrobenzoic acid), and tetramethylammonium
(TMA) bromide were purchased from Aldrich; edrophonium
(EDR) chloride, tacrine (THA), and decamethonium (DECA)
bromide were from Sigma; and bovine pancreatic trypsin
(sequencing grade) was from Boehringer Mannheim. 3H-
labeled p-(N,N-dimethylamino)benzenediazonium fluoro-
borate ([3H]DDF; 5 Ci/mmol; 1 Ci = 37 GBq) was prepared
as described (15). AcChoEase for the crystallographic studies
was the G2 form, from Torpedo californica (16), and for
photolabeling it was the G4 form from Torpedo marmorata
(15).

Crystallographic Data Collection and Refinement. Crystal-
line complexes with EDR, THA, and DECA were obtained
by soaking the appropriate ligand, dissolved in crystallization
mother liquor, into native crystals of T. californica AcCho-
Ease at 19°C. Thus, EDR-AcChoEase was obtained by soak-
ing the native crystals in 10 mM EDR chloride in 65%
saturated (NH4)2SO4/0.36 M sodium phosphate, pH 6.3, for
14 days. THA-AcChoEase was similarly obtained by using a
2 mM solution for 2 days, and DECA&AcChoEase, by using
10mM ligand for 7 days. X-ray data sets were collected as for
native crystals (10). Structures were determined by using the
difference Fourier technique and were refined as for native
AcChoEase (10). All Fo > 0a in the range of 6- to 2.8-A
resolution were used for refinement, while all Fo > Oa in the
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**Atomic coordinates of the three AcChoEase complexes have been
deposited in the Protein Data Bank, Chemistry Department,
Brookhaven National Laboratory, Upton, NY (14), and will be held
for one year (references for the THA, EDR, and DECA complexes
are 1ACJ, lACK, and 1ACL, respectively). They are available
immediately to academic users from J.L.S.; nonacademic users
should contact the Yeda Research and Development Co. Ltd. at the
Weizmann Institute of Science.
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range of 20- to 2.8-A resolution were used for difference
Fourier maps. For each complex, (Fo - Fj) maps were
computed after initial refinement of the native protein coor-
dinates (in the absence of the ligand) by simulated annealing
(17). Stereochemistry of all three complexes was very good,
with rms deviations in bond lengths < 0.02 A, and in bond
angles < 40.

Covalent Labeling with [3H]DDF. Preparative photolabel-
ing of purified T. marmorata AcChoEase was performed in
50 mM sodium phosphate buffer, pH 7.2, by energy transfer
at 295 nm (100 ,V) for 20 min at 10°C. Total volume for each
irradiation was 2 ml, and final concentrations were AcCho-
Ease at 300 ug/ml, 40 .&M [3H]DDF and, in protection
experiments, either 0.1 M TMA or 5 uM EDR. After irradi-
ation, 10 mM dithiothreitol was added to destroy unreacted
[3H]DDF. Free radioactive ligand was removed by extensive
dialysis against 50 mM phosphate buffer before lyophiliza-
tion.

Proteolytic Cleavage. Modified AcChoEase was redis-
solved in 2 M urea/0.1 M TrisHCl, pH 8.5, at a final
concentration of 1.1 mg/ml. Trypsin was added periodically,
up to a 1:20 (wt/wt) trypsin-to-AcChoEase ratio, in the
course of 24 hr at 37°C.

Peptide Separation. Tryptic digests were loaded onto a
reverse-phase HPLC column (Vydac C18, 250 x 4.6 mm).
Peptides were eluted by a linear gradient of 0-80% (vol/vol)
CH3CN in 0.1% trifluoroacetic acid, in 100 min, at a flow rate
of 1.5 ml/min. Selected labeled peaks were rechromato-
graphed on the same column preequilibrated with solvent A
[5% 1-propanol/l0o CH3CN/0.1% heptafluorobutyric acid,
vol/vol]. A linear gradient was developed from O%o to 70%o
solvent B [30%o 1-propanol/60% CH3CN/0.1% heptafluo-
robutyric acid, vol/vol] in 140 min, at a flow rate of 1 ml/min.
[3H]DDF Incorporation. To study [3H]DDF incorporation

as a function of the degree of inactivation of AcChoEase,
irradiation was performed for various times. For each time,
residual activity was measured (18), and the labeling pattern
was analyzed by proteolysis and HPLC.

Protein Sequencing. For loading, peptides were dissolved
in 70%6 (vol/vol) formic acid. Automated Edman degradation
was carried out on an Applied Biosystems 477A liquid-phase
sequencer, using standard cycle programs. Aliquots of the
phenylthiohydantoin derivatives of amino acids released at
each cycle were analyzed on-line by using an Applied Bio-
systems 120A reverse-phase HPLC system. The remaining
output from each cycle was used to determine radioactivity.

RESULTS AND DISCUSSION
Crystalline ligand-AcChoEase complexes were obtained by
soaking the ligands into native crystals. The ligands were as
follows: (i) EDR [ethyl(3-hydroxyphenyl)dimethylammo-
nium], a powerful competitive inhibitor of AcChoEase (19)
used clinically to diagnose myasthenia gravis (1). Since EDR
is quaternary, it does not penetrate cell membranes or the
blood-brain barrier, acting primarily at peripheral sites (2).
(ii) THA (1,2,3,4-tetrahydro-9-aminoacridine), also a potent
competitive inhibitor of AcChoEase (20). Due to its tertiary
character, it penetrates the blood-brain barrier, and it is a
promising candidate for treating Alzheimer disease (21). (iii)
DECA, a bisquaternary ligand, is both a depolarizing neu-
romuscular blocker and an anticholinesterase (22).
DECAAcChoEase Complex. Crystals obtained by soaking

DECA into the native crystals displayed an elongated elec-
tron density within the gorge consistent with that expected
for a DECA molecule (Fig. 1A). We see, however, only small
differences between the electron density map for these crys-
tals and that for "native" crystals previously regarded as
representing an unliganded form (10). This suggests that
DECA, which had been used to elute AcChoEase from the

affinity column used for its purification (16), had remained
bound in the active site gorge of "native" AcChoEase,
perhaps at lower occupancy, despite prolonged dialysis. In
the complex, DECA assumes a curved shape along the gorge,
with a mixture of trans and gauche rotamers along its length.
Apart from space adequate to accommodate five or six water
molecules, DECA defines and fils the volume of the gorge.
Both quaternary groups are in van der Waals contact with
tryptophan indole rings. One is apposed to that of Trp-84 at
the base of the gorge; the distal quaternary group is apposed
similarly to the indole of Trp-279, =12 A distant, at the top
of the gorge, and appears to have a slight effect on its
conformation.
EDR AcChoEase Complex. The quaternary group of EDR

nestles adjacent to the indole of Trp-84, a position virtually
equivalent to that of the proximal quaternary group ofDECA
(Fig. 1B). Trp-84 is covalently labeled by aziridinium (13),
which is similar in structure to EDR, and EDR protects
against labeling by aziridinium. Our data thus demonstrate
good correspondence between the crystal structure and that
in solution. The m-hydroxyl group is positioned between NB2
of His-440 and OY of Ser-200, making hydrogen bonds of 3.0
and 3.5 A, respectively, to two of the three members of the
catalytic triad (see Fig. 1B). There is also a 3.5-A hydrogen
bond to N of Gly-119, which is part of the oxyanion hole (not
shown). This provides a structural basis for the observation
that such m-substituted anilinium ions are potent competitive
inhibitors of AcChoEase (19).
THA AcChoEase Complex. In the THA-AcChoEase com-

plex, THA is stacked against Trp-84, its ring nitrogen hydro-
gen-bonding to the main-chain carbonyl oxygen of His-440
(3.1 A); its amino nitrogen forms a hydrogen bond to a water
molecule (Fig. 1C). This agrees with earlier solution studies
identifying tryptophan in the active site of AcChoEase (12,
13). Moreover, our finding that the three-ring structure of
THA is stacked against the indole of Trp-84 agrees with the
observation that N-methylacridinium forms a charge-transfer
complex with a tryptophan in the active site of AcChoEase
(11).
The overall conformations of AcChoEase in the EDR-

AcChoEase and THA-AcChoEase complexes are similar to
the conformation of the DECA-AcChoEase complex. In all
three complexes, the only residue undergoing conspicuous
conformational change is Phe-330 (Fig. 2). In DECA
AcChoEase, it lies parallel to the methylene chain of DECA
and thus to the gorge axis. In EDR-AcChoEase, Phe-330 is
slightly rotated about X2 and is in contact with the ethyl
substituent of EDR. In THA-AcChoEase, the ring of Phe-330
is rotated about both X1 and X2, lying parallel to and in contact
with THA. THA is thus sandwiched between the rings of
Phe-330 and Trp-84. Since there is at least partial occupancy
by DECA in the native crystal (see above), the position of
Phe-330 in the absence of ligand remains to be established.

Photoaffinity Labeling. Photolabeling of AcChoEase and
the AcCho receptor by DDF has yielded valuable information
about the amino acid residues participating in AcCho-binding
pockets. DDF, which, in the dark, is a reversible competitive
antagonist of both AcChoEase and the nicotinic AcCho
receptor, attaches covalently upon photoactivation (12, 23).
Due to the high reactivity of the photogenerated aryl cation,
it is a very efficient topographical probe of both these
AcCho-binding proteins (24-26).
For T. marmorata AcChoEase, [3H]DDF incorporation

was a linear function of the extent of inactivation (Fig. 3). One
molecule of [3H]DDF incorporated per active site (0.93 ±
0.11, n = 7) sufficed to block enzymic activity completely. It
had been shown previously that TMA could completely
protect Torpedo AcChoEase from photoinactivation by
DDF, demonstrating that labeling was specific (15).
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FIG. 1. Initial stereo (F. - F.) electron density maps, at 2.8-A resolution, of DECA-AcChoEase (A), EDRAcChoEase (B), and
THA*AcChoEase (C). Maps were contoured at 3.5o" (A) or 3.9a (B and C) after refinement of the native protein coordinates (in the absence
of the ligands; see Materials and Methods). The final refined coordinates of the complexes, R = 19.9%o (A), 17.9%o (B), and 18.4% (C), are
superimposed on the corresponding electron density maps. Broken lines indicate hydrogen bonds.

Identification of Labeled Residues. To identify the site(s)
labeled by [3H]DDF, labeled AcChoEase was subjected to

tryptic digestion followed by HPLC. This revealed seven
labeled "massifs" (Fig. 4). TMA (0.1 M) abolished incorpo-
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FIG. 2. Stereoview of the overlap of the conserved aromatics in the active site gorge, the catalytic triad residues, and the inhibitor molecules
in the refined structures of DECA-AcChoEase (blue), EDR*AcChoEase (red), and THA-AcChoEase (yellow), showing the local conformational
changes in Phe-330 and Trp-279. The orientation is similar to that in Fig. 1A, and the van der Waals surface of the gorge is depicted by green
dots.

ration of radioactivity into all seven, whereas EDR (5 ,uM)
prevented incorporation into only five. The EDR concentra-
tion was chosen to fully occupy the active site (Kd = 0.25 uM)
(6), but not the "peripheral" site (Kd = 400 ,uM) (27); this
suggests that the peptides of massifs 4 and 5 are part of the
"peripheral" site. Indeed, a higher EDR concentration (>20
AM) fully protects all seven massifs, presumably by occu-
pying both active and peripheral sites (not shown). The first
five massifs, accounting for 71% of specifically incorporated
radioactivity, were resolved into several peaks (not shown).
Edman degradation revealed a major amino acid sequence in
each peak.

In all peaks of massifs 4 and 5, the residue labeled was
Trp-279. These peptides differed in length, but all contained
the sequence PQELIDVEWN, and heterogeneity was attrib-
uted to partial proteolysis. The radioactivity in these peaks
represents 22% of the total radioactivity specifically incor-
porated. The greater part, 49%, was found on Phe-330 in
peptides purified from massifs 1-3. These were also of
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FIG. 3. Extent of AcChoEase inactivation as a function of
[3H]DDF incorporation. AcChoEase was irradiated in the presence
of 40 ,uM [3H]DDF for various times (3-20 min). For each point,
radioactivity specifically incorporated was determined from HPLC
profiles of tryptic digests.

different lengths, but all contained the sequence, DEGSFF-
LYG, corresponding to residues 326-334.
The labeling of Phe-330 supports the crystallographic data,

as well as the previous assignment, based on labeling Elec-
trophorus AcChoEase (24). Labeling of Trp-279, at the top of
the gorge, is ofespecial interest in light ofthe crystallographic
data showing that the distal quaternary group of DECA is
close to the indole of this residue. Labeling of these two
residues gains additional significance if one recalls that
incorporation of one molecule of [3H]DDF per active site
suffices to block enzymic activity completely. This indicates
that labeling of Trp-279 or Phe-330 is mutually exclusive and
thus that the two sites are somehow coupled (see also ref. 28).
While the direct role ofPhe-330 in the active site seems clear,
that of Trp-279 remains to be established. However, both its
position at the top ofthe gorge and the data presented suggest
that it may be regulating entry into the gorge. Replacement of
Trp-279 by Ala, by site-directed mutagenesis, greatly reduces
inhibition by the peripheral-site ligand propidium (28, 29).
The "peripheral" anionic site may also be the substrate-
binding site involved in substrate inhibition (27). The mutu-
ally exclusive labeling observed may thus be formally anal-
ogous to substrate inhibition.

Polar Interactions of Aromatic Residues. The differences in
orientation of the aromatic ring of Phe-330 observed in the
different ligand-AcChoEase complexes must clearly be taken
into account in designing anticholinesterase drugs. Increas-
ing evidence implicates ir electrons of aromatic residues in
polar interactions within proteins (30-32). Moreover, theo-
retical considerations and model host-guest studies invoke
aromatic groups as a general feature of quaternary-ligand-
binding sites (33, 34).

It is thus of interest to speculate whether conformational
changes of the type induced in AcChoEase upon binding of
various ligands may also occur upon ligand binding by
nicotinic or muscarinic AcCho receptors or by receptors
activated by biogenic amines bearing aromatic groups-e.g.,
epinephrine and serotonin. Photoaffinity labeling shows sev-
eral aromatic rings to be involved in the AcCho-binding site
of the nicotinic AcCho receptor (26). Labeling of some
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FiG. 4. Reversed-HPLC profile of [3H]DDF-labeled peptides.
AcChoEase was irradiated in the presence of 40 ,uM [3H]DDF (with
or without 0.1 M TMA or 5 &M EDR as protective agent). After
irradiation, labeled AcChoEase was digested by 5% trypsin. Peptides
were separated by HPLC and 0.75-ml (0.5-min) fractions were
collected. Absorbance at 214 nm (Top) and radioactivity (Middle and
Bottom) were monitored.

residues was increased in the desensitized state, suggesting
that they may play a key role in the putative conformational
changes involved in regulating ligand-gated ion channels (35).
Both the specificity and conformational changes observed in
the present study may thus have general significance for
receptor function.
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