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ABSTRACT: Acetylcholinesterase and butyrylcholinesterase both rapidly hydrolyze the neurotransmitter
acetylcholine. The unusual three-dimensional structure of acetylcholinesterase, in which the active site
is located at the bottom of a deep and narrow gorge, raises cogent questions concerning traffic of the
substrate, acetylcholine, and the products, choline and acetate, to and from the active site. Time-resolved
crystallography offers a promising experimental approach to investigate this issue but requires a suitable
triggering mechanism to ensure efficient and synchronized initiation of the dynamic process being
monitored. Here we characterize the properties of two photolabile triggers which may serve as tools in
time-resolved crystallographic studies of the cholinesterases. These compounds are 2-nitrobenzyl derivatives
of choline and of carbamylcholine, which generate choline and carbamylcholine, respectively, upon
photochemical fragmentation. Both photolabile compounds are reversible inhibitors, which bind at the
active sites of acetylcholinesterase and butyrylcholinesterase with inhibition constants in the micromolar
range, and both photofragmentation processes occur rapidly and with a high quantum yield, without
substantial photochemical damage to the enzymes. Photolysis both of acetylcholinesterase and of
butyrylcholinesterase, complexed with a 2-nitrobenzyl derivative of choline, resulted in regeneration of
enzymic activity. Photolysis of acetylcholinesterase complexed with the 2-nitrobenzyl derivative of
carbamylcholine led to time-dependent inactivation, resulting from carbamylation of acetylcholinesterase,
which could be reversed upon dilution, due to decarbamylation. Both sets of experiments demonstrated
release of choline within the active site. In the former case, choline was produced photochemically at the
active site. In the latter case, choline was generated enzymatically, within the active site, concomitantly
with carbamylation of the acetylcholinesterase. The two photolabile compounds may thus serve as
complementary probes for time-resolved studies of the route of product release from the active sites of
the cholinesterases.

Any study of fast conformational changes in enzymes and
other proteins requires the development of appropriate time-
resolved experimental approaches. The emergent methodol-
ogy of time-resolved macromolecular crystallography (Cruick-
shank et al., 1992; Hajdu & Anderson, 1993; Bolduc et al.,
1995; Farber, 1995) offers the possibility of following such
conformational changes at the atomic level, provided efficient
and synchronized initiation of the dynamic process can be
achieved within the crystals of the protein investigated. While
a pH jump was used to trigger deacylation of a transiently

stable (p-guanidinobenzoyl)trypsin (Singer et al., 1993),
several groups have developed photoregulatory approaches
based either upon photochemical release of the desired
effector or upon photochemical unblocking of enzymic
activity (Porter et al., 1993). Photochemical triggering
methods are suitable for investigating fast enzymatic reac-
tions, provided that photochemical release of the effector is
fast and efficient. Examples include triggering of GTP
hydrolysis upon Ha-rasp21 by photorelease of GTP from a
photolabile 2-nitrobenzyl derivative (Schlichting et al., 1990),
and the deacylation of a conjugate of chymotrypsin by
photoisomerization of an inerttrans-acyl enzyme derivative
(Stoddart et al., 1991).
Hydrolysis of the neurotransmitter acetylcholine (ACh)1

by the cholinesterases acetycholinesterase (AChE) and bu-
tyrylcholinesterase (BuChE) is a particularly fast enzymatic
process (Chatonnet & Lockridge, 1989). AChE operates at
a rate which is almost diffusion-limited, with a turnover
number approaching 20 000 s-1 (Bazelyansky et al., 1986;
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Technique, the Socie´té de Secours des Amis des Sciences, and the U.S.
Army Medical Research and Development Command under Contract
No. DAMD 17-93-C-3070. L.P. is a recipient of an EMBO short-term
fellowship.
* Corresponding author.
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Quinn, 1987). The description of the 3-D structure of AChE
(Sussman et al., 1991), of several AChE-inhibitor complexes
(Harel et al., 1993, 1995, 1996; Bourne et al., 1995), and of
a model of BuChE, based on the 3-D structure of AChE
(Harel et al., 1992), has permitted a better understanding of
structure-function relationships in the cholinesterases. It
has, however, also raised cogent new questions concerning
the traffic of substrate and products to and from the active
site. Thus, the description of a deep and narrow gorge, with
the catalytic triad located near its bottom, appears to be
inconsistent with the high turnover rate of AChE already
noted. The unusual electrostatic characteristics of AChE,
Viz., a large dipole moment which may serve to attract the
cationic substrate toward the active site (Ripoll et al., 1993),
raised the possibility that alternative routes to the active site
might exist through the walls of the gorge and be involved
in movement of water and/or clearance of products (Gilson
et al., 1994). Site-directed mutagenesis was employed to
challenge both the role of the electric field and the so-called
“back door” hypothesis (Shafferman et al., 1994; Kronman
et al., 1994), and the topic has aroused considerable
controversy (Antosiewicz et al., 1995a,b; Ripoll et al., 1995).

Time-resolved crystallography would present an ideal
approach to monitoring the clearance of choline from the
active site of AChE, provided that suitable probes were
available. A recently synthesized photolabile precursor of
choline, compoundA (Chart 1; Peng & Goeldner, 1996),
and the photolabile precursors of carbamylcholine (CCh),
compoundsB andC (Chart 1), synthesized and characterized
earlier for time-resolved studies on the nicotinic acetylcholine
receptor [Walker et al., 1986; Milburn et al., 1989; reviewed
by Hess (1993)] are 2-nitrobenzyl derivatives of the ligands
which we are interested in generating. Being highly light-
sensitive (Pillai, 1980), 2-nitrobenzyl derivatives are sus-
ceptible to rapid photochemical fragmentation [reviewed by
McCray and Trentham (1989) and Corrie and Trentham
(1993)]. Laser pulse photolysis of these probes permits rapid
release of either the reaction product, choline, in the case of
A, or of a substrate of both AChE and BuChE, namely CCh,
in the case ofB andC. In the following, we characterize
the interaction of these probes with AChE and BuChE, as
well as their relevant photochemical characteristics, and
assess their potential use in time-resolved crystallographic
studies of the two enzymes.

MATERIALS AND METHODS

Materials

AChE was purified from electric organ tissue ofTorpedo
marmorata(Ehret-Sabatier et al., 1992), and BuChE from
human plasma (Lockridge & La Du, 1978).O-[1-(2-
Nitrophenyl)ethyl]choline iodide (A) was synthesized as

described (Peng & Goeldner, 1996), whileO-[1-(2-nitro-
phenyl)ethyl]carbamylcholine iodide (B) andO-(R-carboxy-
2-nitrobenzyl)carbamylcholine trifluoroacetate (C) were pur-
chased from Molecular Probes (Junction City, OR).
Carbamylcholine chloride (CCh), acetylthiocholine iodide
(ATCh), butyrylthiocholine chloride (BuTCh), 5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB), benzoylcholine chloride
(BzCh),p-nitrophenyl acetate, propidium iodide, and edro-
phonium chloride were from Sigma (St. Louis, MO).

Methods

Assays of Enzymic ActiVity. Unless otherwise indicated,
the activity of both AChE and BuChE was monitored
spectrophotometrically by the Ellman method (Ellman et al.,
1961), at 412 nm, using ATCh and BuTCh, respectively, as
substrate. The procedure was as follows: Appropriate
enzyme aliquots were added to a cuvette containing 1 mL
of the assay mixture,Viz., 0.5 mM ATCh (or BuTCh)/0.1
M NaCl/50 mM phosphate, at pH 7.2, containing 1 mg of
DTNB/mL. Activity was monitored in a Uvikon 860
spectrophotometer at 20°C.
Determination of Inhibition Constants.Inhibition of

cholinesterases by compoundsA, B, andC was measured
by the Ellman procedure at six substrate concentrations (20
µM-100 µM) and three inhibitor concentrations, and the
data were used to construct Lineweaver-Burk plots.
Ligand Displacement Measurements.Fluorescence in-

tensity was monitored in a Shimadzu RF-5000 spectro-
fluorophotometer, using 10-mm path length cuvettes at 20
°C.
AChE (150µg/mL) was incubated with 30µM propidium

in 5 mM Tris, pH 8.0, 20°C. Aliquots ofA were added,
and emission was monitored at 625 nm, upon excitation at
510 nm (Taylor et al., 1974).
AChE (30 µg/mL) was incubated with 0.1µM N-

methylacridinium in 0.1 M NaCl/20 mM MgCl2/10 mM
phosphate, pH 7.0 at 20°C. Aliquots ofA were added, and
emission was monitored at 490 nm, upon excitation at 358
nm (Mooser et al., 1972).
Estimation of the Affinities of ReVersible Binding of CCh

to AChE and BuChE.Aliquots of AChE or BuChE were
added to an Ellman reaction mixture containing CCh and
either ATCh or BuTCh; enzymic activity was measured
immediately by the Ellman method and obtained within 30
s.
For AChE, data were obtained at six ATCh concentrations

(20µM-100µM) and at three CCh concentrations in order
to construct Lineweaver-Burk plots.
For BuChE, data were obtained at 5.0× 10-4 M BuTCh

and at CCh concentrations in the range of 1.0× 10-7 to 3.3
× 10-2 M.
Enzymic Hydrolysis of CCh by AChE and BuChE.AChE

(220µg/mL) and BuChE (160µg/mL) were incubated with
various concentrations of CCh in 50 mM phosphate buffer,
pH 7.2, at 4 °C. At appropriate times, aliquots were
withdrawn for measurement of enzymic activity. Regenera-
tion of enzymic activity of carbamylated AChE and BuChE,
which had been inactivated by exposure to CCh concentra-
tions of 0.1 and 10 mM, respectively, was achieved by 500-
fold dilution into 50 mM phosphate buffer, pH 7.2, at 20
°C.

Chart 1: Photolabile Precursors of Choline (CompoundA)
and of Carbamylcholine (CompoundsB andC)
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Protection by Edrophonium of AChE against Carbamy-
lation by CCh. AChE (160 µg/mL) was incubated with
edrophonium (2.0× 10-6 M) and with CCh (4.0× 10-5

and 1.0× 10-4 M). At appropriate times, aliquots were
withdrawn for measurement of enzymic activity.
Laser Flash Photolysis.Laser pulses of ca. 100 mJ and

of ca. 20-ns duration (Peng & Goeldner, 1996) were applied
to a quartz cuvette (1 mm× 10 mm× 40 mm) containing
2 µg/mL AChE, together with 5.0× 10-4 M probeA in a
total volume of 0.4 mL of 50 mM phosphate buffer, pH 6.5.
Enzymic activity was monitored spectrophotometrically, at
400 nm, using 1 mMp-nitrophenyl acetate as substrate, in
50 mM phosphate buffer, pH 7.2, 20°C (Tripathi et al.,
1978). BuChE (3µg/mL) was incubated, in a quartz cuvette
(5 mm× 10 mm× 40 mm), with 5.4× 10-5 M probeA in
50 mM phosphate buffer, pH 7.2, in a total volume of 1.2
mL and similarly exposed to 351-nm laser flashes. BuChE
activity was monitored spectrophotometrically, at 240 nm,
using 5.0× 10-5 M benzoylcholine as substrate, in 50 mM
phosphate buffer, pH 7.2, at 20°C (Kalow & Lindsay, 1953).
AChE (294µg/mL) was incubated with 4.2× 10-3 M

probeB, in 50 mM phosphate buffer, pH 6.5, total volume
0.4 mL, in a quartz cuvette (1 mm× 10 mm× 40 mm).
After exposure to either 1 or 20 351-nm laser pulses, aliquots
were withdrawn for assay of enzymic activity both by the
Ellman method and by usingp-nitrophenyl acetate as
substrate (Tripathi et al., 1978). Regeneration of the enzymic
activity of carbamylated AChE was achieved by 500-fold
dilution into 50 mM phosphate buffer, pH 7.2, at 20°C.

RESULTS

CompoundsA, B, and C Are ReVersible Inhibitors of
AChE and BuChE. A, B, and C all act as reversible
inhibitors of bothTorpedoAChE and human plasma BuChE.
Inhibition constants are in the micromolar range forA and
B, whereasC is a very weak inhibitor of both enzymes
(Table 1). Whereas inhibition of AChE byA (Figure 1a)
andB (not shown) is of the mixed type, that of BuChE is
purely competitive (Figure 1b). Both mixed-type and
competitive inhibition imply thatA andB bind to the anionic
subsite of the active site.
CompoundA Binds to the ActiVe Site of AChE. The

binding of compoundA at the active site of AChE was
further assessed by ligand displacement experiments. AChE
has two binding sites for quaternary ammonium ligands, the
anionic subsite of the active site and the peripheral anionic
site (Quinn, 1987). The anionic subsite of the active site is
adjacent to the catalytic triad, near the bottom of the aromatic
gorge (Sussman et al., 1991), while the peripheral site is
located at the entrance to the gorge (Harel et al., 1993, 1995;

Bourne et al., 1995). The site of interaction of ligands with
AChE can be established by ligand displacement experiments
using site-specific fluorescent probes.N-Methylacridinium
is an active-site-specific fluorescent ligand whose fluores-
cence is quenched upon binding (Mooser et al., 1972).
Propidium is a peripheral-site-specific ligand whose fluo-
rescence is enhanced upon binding (Taylor et al., 1974). The
fluorescence ofN-methylacridinium increased in intensity
upon adding increasing concentrations ofA to an AChE
solution containing the fluorescent probe (Figure 2a), indicat-
ing thatA binds specifically at the anionic subsite of the
active site. In contrast, no decrease in the fluorescence of
propidium bound to AChE was observed upon addition of
A (Figure 2b), showing thatA does not bind to the peripheral
site.
Carbamylation of AChE and BuChE by CCh. It was

clearly demonstrated by Wilson et al. (1960, 1961) that CCh
serves as a slow substrate of AChE; rapid carbamylation is
followed by much slower decarbamylation (Scheme 1) which
can be accelerated by dilution, as is usually the case for
carbamate inhibitors of serine hydrolases (Aldridge & Reiner,
1972). Although BuChE is known to be inhibited by CCh
(Augustinsson et al., 1959; Fellman & Fujita, 1964), a similar
kinetic analysis has not been performed.

Table 1: Spectral Properties, Photochemical Reaction Data, and
Inhibition Constants ofA, B, andC

A B C

λmax (nm) 261a 262b 266c

εmax (M-1 cm-1) 5300a 5200b 5200c

t1/2d (µs) 10a 24b 18c

Φe 0.27a 0.25b 0.80c

Ki, AChE (µM) 13.0( 0.3 44.0( 0.9 > 1000
Ki, BuChE (µM) 11.1( 0.1 78.4( 1.5 > 1000
a Peng & Goeldner (1996).b Walter et al. (1986).c Milburn et al.

(1989).d t1/2, half-time of photofragmentation at pH 6.5 and room
temperature.e Φ, quantum yield.

FIGURE 1: Lineweaver-Burk plots of inhibition of AChE (a) and
BuChE (b) by compoundA. (a) (O) no A; (b) 3.0× 10-6 M A;
(2) 6.0× 10-6 M A. (b) (O) noA; (+) 1.0× 10-6 M A; (9) 2.0
× 10-6 M A.
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CCh is an analogue of ACh and, like ACh, forms a
reversible complex with AChE prior to hydrolysis (Scheme
1). The reversible binding constant (K) k-1/k1, eq 1 in
Scheme 1) of CCh to AChE, obtained from a Lineweaver-
Burk plot (Figure 3a), is 9.23× 10-5 M, similar to the value
for ACh. Unexpectedly, as shown in Figure 3b, CCh has a
very weak affinity for BuChE, unlike ACh, which displays
an affinity for BuChE similar to the affinity for AChE.
In Figure 4, panels a and b display the time courses of

loss of enzymic activity for AChE and BuChE, respectively,
upon incubation with CCh. The rate of inhibition of AChE
decreases progressively, reaching a plateau at about 90%
inhibition, employing 0.1 mM CCh, under the experimental
conditions used. In contrast, inhibition of BuChE requires
higher concentrations of CCh so as to achieve a comparable
initial rate of inactivation and, with 200 mM CCh, follows
pseudo-first-order kinetics up to 90% inactivation (Figure
4a,b). This difference may be ascribed both to the different
affinities of CCh for the two enzymes and to the different
rates of their carbamylation and decarbamylation. As already
mentioned, CCh has a very low affinity for BuChE, and

decarbamylation appears to be very much slower than
carbamylation (k2 . k3, Scheme 1). Consequently, decar-
bamylation remains negligible throughout the course of
inhibition of BuChE. For AChE, although carbamylation
is faster than decarbamylation (k2 > k3, Scheme 1), the ratio
of the rate constants is lower, and since decarbamylation
cannot be neglected, this results in a steady-state situation.
In Figure 4, panels c and d display the time courses of

regeneration of enzymic activity of carbamylated AChE and
BuChE, respectively, upon 500-fold dilution. AChE could
be regenerated>90% within 20 min upon 500-fold dilution
from an initial CCh concentration of 1.0× 10-4 M to a final
concentration of 2.0× 10-7 M (Figure 4c), whereas only
45% of the activity of BuChE was regenerated at 90 min,
after 500-fold dilution from an initial CCh concentration of
10 mM to a final concentration of 0.02 mM (Figure 4d).
These different rates of decarbamylation confirm the expla-
nation offered above for our observation that the inactivation
kinetics of AChE by CCh approach a steady state, whereas
inactivation of BuChE by CCh follows pseudo-first-order
kinetics almost to completion (Figure 4a,b).

FIGURE 2: (a) Displacement ofN-methylacridinium from AChE byA. (b) Back-titration of the propidium-AChE complex withA.

Scheme 1: Mechanism of Carbamylcholine Hydrolysis by Cholinesterasesa

aCarbamylcholine forms a complex with AChE prior to carbamylation, and decarbamylation proceeds through attack of water. Enz-OH,
cholinesterases; CCh, carbamylcholine;K, noncovalent binding constant of CCh to the enzyme;k1, rate constant for formation of the [Enz-OH‚CCh]
complex;k-1, rate constant for dissociation of the [Enz-OH‚CCh] complex;k2, carbamylation rate constant;k3, decarbamylation rate constant;Vcarb,
rate of carbamylation;Vdecarb, rate of decarbamylation;Vinact, rate of inactivation.
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Protection by Edrophonium of AChE against Carbamyl-
ation by CCh. Inhibition of AChE by CCh (4.0× 10-5 M
and 1.0× 10-4 M) was prevented by the reversible inhibitor,
edrophonium, at 2.0× 10-6 M (Figure 5).
Regeneration of the Enzymic ActiVity of AChE and BuChE

after Photolysis of Enzyme Solutions Containing Compound
A. Laser flash photolysis ofA, at 351 nm, generates choline
very rapidly, with a half-time of 10µs at 20°C, pH 6.5
(Peng & Goeldner, 1996). AChE and BuChE were inhibited,
with 1.5× 10-4 M and 5.4× 10-5 M concentrations ofA,
to 42% and 45% residual activity, respectively (Figure 6).
Both enzymes regained most of their control activity after
laser flash photolysis, as a consequence of the photolysis of
a large fraction ofA. BuChE could be regenerated up to
90% of the activity of a control sample (Figure 6b), and
AChE up to 75% (Figure 6a). Free choline at a concentration
of 1.5× 10-4 M produces 9% inhibition of AChE activity.
Thus photochemical restoration of AChE activity may
approach 84%.
Carbamylation of AChE by Carbamylcholine Photoge-

nerated fromB. Laser flash photolysis of a solution of AChE
containingB resulted in time-dependent inactivation of AChE
(Figure 7a). This strongly suggested that AChE was being
carbamylated by CCh generated from its photolabile precur-
sor. The rate of inactivation increased as the number of
pulses was increased (Figure 7a), as would be expected to
occur due to increased photogeneration of CCh. The activity
of AChE could be regenerated upon dilution of the enzyme
solution (Figure 7b). This confirmed that inactivation was
due to carbamylation which could be reversed by dilution,
just as is the case for AChE inhibited directly by free CCh.
Experiments of this type were not performed on BuChE

because of the requirement of a high concentration of CCh
and due to the slow rate of carbamylation of BuChE by CCh.

DISCUSSION

As outlined in the introduction, the unusual structure of
AChE, in which the active site is located near the bottom of
a long and narrow gorge, raises cogent questions concerning
traffic of substrate and products to and from the active site,
especially since AChE is an unusually rapid enzyme (Sus-
sman et al., 1991; Gilson et al., 1994). Time-resolved
macromolecular crystallography (Cruickshank et al., 1992;
Bolduc et al., 1995; Farber, 1995) offers a direct experimental
approach which may permit visualization of the route of
clearance of choline, the cationic product of enzymic
hydrolysis, from the active-site gorge, and putative confor-
mational changes in the AChE molecule which may occur
concomitantly. Such an experimental approach demands,
however, rapid and efficient initiation of the dynamic process
within the AChE crystal. This can, in principle, be achieved
by photochemical triggering, using photolabile precursors
which undergo a fast photolytic reaction with a high quantum
yield (Corrie et al., 1992).
In the present study we have studied photosensitive

precursors both of choline (the cationic product of ACh
hydrolysis) and of CCh (a slow substrate of both AChE and
BuChE) and have demonstrated their potential as photo-
chemical triggers in time-resolved crystallographic studies
on the two enzymes.
All three probes, one precursor of choline (A) and two

precursors of CCh (B andC), were shown to be reversible
inhibitors of bothTorpedoAChE and human plasma BuChE,
but onlyA andB display high enough affinity,Viz.,possess
inhibition constants in the micromolar range (Table 1), to
render them suitable candidates for time-resolved crystal-
lography studies. The inhibition constants for inhibition of
both AChE and BuChE byC, theR-carboxy-2-nitrobenzyl
derivative of CCh, were much higher than those forA and
B (Table 1). This is presumably due to a negative influence
of theR-carboxylic function on recognition of the positively
charged quaternary ammonium ion by both cholinesterases.
Advantage was already taken of this reduced affinity to
utilize C as an ideal “caged” compound for time-resolved
studies on the nicotinic acetylcholine receptor, in which no
interaction betweenC and the receptor was required before
photoactivation (Milburn et al., 1989; Hess, 1993). In our
case, the interaction of the probes with the target protein is
required before light activation. Thus, the reduced affinity
renderedC unsuitable for time-resolved crystallographic
studies on the cholinesterases.
Both A andB display rapid kinetics of product release

upon pulsed illumination. Their photochemical half-times,
10 µs for A and 24µs for B (Table 1), are in the range
required for studying even an enzyme as rapid as AChE,
since turnover rates in the range of 70-300µs, depending
on the species, have been reported for its action on its natural
substrate, ACh (Vigny et al., 1978). The quantum yields of
bothA andB ensure satisfactory conversion to choline and
CCh, respectively. Furthermore, the byproduct of photo-
chemical fragmentation, 2-nitrosoacetophenone, has no effect
on the enzymic activity of either AChE or BuChE, even at
concentrations as high as 1 mM (not shown).
The experiments in which we studied the recovery of

enzymic activity after photochemical fragmentation of solu-

FIGURE 3: (a) Lineweaver-Burk plot of non-covalent inhibition
of AChE by CCh. (~) no CCh; ([) 3.3× 10-5 M CCh; (9) 1.0×
10-4 M CCh. (b) Non-covalent inhibition of BuChE by CCh.
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tions of AChE and BuChE containing a large excess of
compoundA showed that fragmentation of the photolabile

compound in the bulk phase did not result in substantial loss
of activity of either enzyme. Not only did 2-nitrosoac-
etophenone have no inhibitory effect on the two enzymes,
as suggested by the control experiment mentioned above,
but both the byproduct and choline, which would be
generated concomitantly within the active sites of the
enzymes under such experimental conditions, were cleared
from their active sites. Thus, the experimental system can
indeed serve as a paradigm for studying the clearance of
choline from the active site of AChE and of BuChE under
the conditions of time-resolved crystallography.

Use of photolabile precursors of CCh may better mimic
the situation within the active site of the enzyme during
conditions of catalysis, since clearance of choline in this latter
case would be expected to occur concomitantly with car-
bamylation of the active-site serine by the CCh generated
by photofragmentation. This process should closely mimic
acylation of the serine by the natural substrate, ACh (see
Scheme 1).

To study the effect of probeB on AChE, we used a high
concentration of the probe, thus producing high occupancy
of the active site, so as to ensure efficient generation of CCh
within the active site. Indeed, even a single pulse, under
the experimental conditions employed, caused progressive
loss of enzymic activity to 60% of the control value, with

FIGURE 4: Inactivation of (a) AChE and (b) BuChE by CCh and regeneration of enzymic activity of (c) AChE and (d) BuChE after
subsequent dilution. (a) (O) no CCh; (0) 2.0× 10-5 M CCh; (4) 4.0× 10-5 M CCh; (2) 1.0× 10-4 M CCh; (b) 2.0× 10-4 M CCh;
(9) 2.0× 10-3 M CCh. (b) (O) no CCh; (2) 2.0× 10-3 M CCh; (b) 2.0× 10-2 M CCh; (9) 2.0× 10-1 M CCh.

FIGURE 5: Protection by edrophonium of AChE against carbamy-
lation by CCh. (O) 2.0× 10-6 M edrophonium; (2) 4.0× 10-5 M
CCh; (9) 1.0× 10-4 M CCh; (4) 4.0× 10-5 M CCh and 2.0×
10-6 M edrophonium; (0) 1.0× 10-4 M CCh and 2.0× 10-6 M
edrophonium.
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20 pulses decreasing activity by a further 15%. That the
progressive inactivation observed was indeed due primarily
to carbamylation by CCh generated by photofragmentation
of B was clearly demonstrated by the fact that>90% of
control activity could be regenerated in a time-dependent

fashion upon dilution of the sample of inactivated enzyme,
just as is observed for AChE inactivated directly by CCh.
Carbamylation could be achieved both by CCh generated

directly within the active site and by entry into the active
site of CCh generated in the bulk phase. Nevertheless,
carbamylation by CCh generated directly within the active
site has both kinetic and thermodynamic advantages over
that by CCh generated in the bulk phase. Kinetically,
carbamylation occurs at the active site, involving the active-
site serine of AChE. CCh generated in the bulk solution
must diffuse into the active site prior to carbamylation, while
CCh generated in situ, within the active site, fromB, can
carbamylate AChE directly. CCh forms a reversible complex
with AChE prior to carbamylation (Scheme 1). Formation
of a complex between AChE and CCh generated in the bulk
solution is a bimolecular process, while carbamylation by
CCh generated in the active site fromB, which is already
complexed with AChE (Scheme 1), may be considerated as
an intramolecular process. The binding constant of CCh on
AChE (9.23× 10-5 M) is similar to that of its precursor,
probeB (4.40× 10-5 M). Thus, in the first instance, it must
be primarily CCh, generated by photofragmentation ofB
bound within the active site should be involved in carbamy-
lation of the enzyme and only subsequently will CCh
generated in the bulk participate.
The data which we have obtained in solution show thatA

andB possess photochemical and specificity characteristics
which render them suitable to serve as probes for time-
resolved crystallography studies. Since the two probes
generate choline in two different ways, either by a direct
photocleavage reaction (A) or by enzymatic hydrolysis of a
substrate generated by photocleavage (B), they constitute
complementary tools for the time-resolved crystallographic
studies envisaged. Work is presently in progress to establish
the biochemical and photochemical properties ofA andB
soaked into crystals ofTorpedoAChE.
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