ALKYLBORINIC ACID INHIBITOR OF ACETYLCHOLINESTERASE

A New, Specific and Reversible Bifunctional Alkylborinic

Acid Inhibitor of Acetylcholinesterase?

Karl A, Koehler? and George P. Hess*

ABSTRACT: A powerful reversible bifunctional inhibitor of
acetylcholinesterase has been synthesized. The inhibitor is
an alkylborinic acid analog of acetylcholine, N,V-tri-
methylpropylammonium bromide methaneborinic acid.
The steady-state kinetic parameters of acetylcholinesterase-
catalyzed hydrolysis of acetylcholine in presence of this in-
hibitor were measured between pH 5.4 and pH 8.5 at 25°.
The inhibition is competitive. The extent of inhibition de-
pends on the state of ionization of a group of the enzyme
with an apparent pX of ~6.7. Ionization of the borinic acid

It is well established that acetylcholine initiates changes in
electrical potential at nerve synapses and vertebrate neuro-
muscular junctions, and in the electric organ of certain fish.
The structure and function of the membrane component to
which acetylcholine binds, the acetylcholine receptor, are
being investigated in a number of laboratories (Nachman-
sohn, 1968; Fulpius et al., 1972; Olsen et al., 1972; Eldef-
rawi and Eldefrawi, 1972, 1973; O’Brien er al., 1972;
Schmidt and Raftery, 1973; Bulger and Hess, 1973; Karls-
son et al., 1972; Reiter et al., 1972; Patrick and Lindstrom,
1973; Biesecker, 1973; Klett er al.,, 1973; Fu er al,, 1974).
The use of acetylcholine itself in investigations of the mem-
brane component is hampered by the intimate association of
the receptor with acetylcholinesterase which catalyzes the
hydrolysis of acetylcholine very efficiently (Froede and
Wilson, 1971). The use of many irreversible or reversible
acetylcholinesterase inhibitors is limited because, at the
high concentrations of reagents required, they may react
with the membrane component of interest (Bartels and
Nachmansohn, 1969).

For these reasons we have searched for, and synthesized,
a highly specific, reversible inhibitor which binds considera-
bly better to acetylcholinesterase than to the acetylcholine
receptor.

The design of a number of specific enzyme inhibitors has
been based on the hypothesis that reactive intermediates, or
transition states, of compounds whose reactions are being
catalyzed, bind considerably better to enzymes than do the
compounds themselves (Pauling, 1948; Lienhard, 1973;
Wolfenden, 1972). One such compound is phenylethylboro-
nic acid, a powerful inhibitor of chymotrypsin, prepared by
Koehler and Lienhard (197!). They suggested that the v
oxygen of the reactive serine residue of this enzyme forms
an adduct with the trigonal boron of the inhibitor in the en-
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of the inhibitor interferes with the inhibition reaction and
indicates that the acid pH form of the inhibitor binds pref-
erentially to the enzyme. Inhibition of acetylcholinesterase
by a number of related inhibitors was also measured for
comparison. Preliminary electrophysiological experiments
indicate that the inhibitor has an additional advantage over
inhibitors used previously in that it interacts very poorly
with membrane components which initiate changes in elec-
trical potential of electroplax.

zyme complex to form a stable tetrahedral intermediate.
Because acetylcholinesterase is a member of the same class
of serine proteases as chymotrypsin, and is believed to oper-
ate by a similar mechanism (Froede and Wilson, 1971), we
synthesized an alkylborinic acid analog (ABA) of acetyl-
choline,  N,N,N-trimethylpropylammonium bromide
methaneborinic acid

?H
Br™(CH,),N* (CH,), —B—CH,

In this paper we report also steady-state kinetic measure-
ments of the acetylcholine-catalyzed hydrolysis of acetyl-
choline in the presence of the new inhibitor in the range pH
5.4-8.5 at 25°. The steady-state kinetic parameters of some
related inhibitors were also measured for comparison. A
few preliminary electrophysiological experiments using
ABA have also been carried out.!

Experimental Section

Materials

Enzyme. Acetylcholinesterase was prepared from elec-
troplax of Electrophorus electricus as described by Leuz-
inger and Baker (1967), and the 35% (v/v) ammonium sul-
fate precipitate was used in the experiments. Stock solutions
of the enzyme were prepared by dialyzing the precipitate
against 0.01 M phosphate buffer (pH 7.0) and stored at 4°.
Prior to use in the experiments, 0.08 ml of this solution was
added to I ml of cold 0.1 M sodium chloride solution.

N,N,N-Trimethylammonium pentan-4-one iodide (I)
and 4-(N,N,N-trimethylammonium)butyramide chloride
(II) were gifts of Dr J. Fastrez. N,N,N-Trimethylamino-
propanesulfonic acid, a gift of Dr J. L. Fu, was recrystal-
lized from ethanol-water and dried in air. 2-Phenylethane-
boronic acid was a gift of Dr G. E. Lienhard. Choline-

! We are grateful to Dr. Eva Bartels and Dr. David Nachmansohn,
Department of Biochemistry and Neurology, Columbia University, for
electrophysiological experiments with the inhibitor and electroplax. At
concentrations greater than 2 X 10~4 M, the inhibitor initiates electri-
cal potential changes in electroplax.
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methylanesulfonyl chloride was purchased from Nutritional
Biochemicals and used without further purification. Acetyi-
choline bromide was purchased from Eastman Organic
Chemicals and was recrystallized from ethanol-water be-
fore use.

NN N-Trimethylbutylammonium iodide was prepared
by reacting methyl iodide and N, N-dimethylbutylamine in
benzene, collecting the white precipitate, and recrystallizing
it from ethyl acetate. Its mass spectrum was consistent with
the expected fragmentation of NN N-trimethylbutylam-
monium iodide. The uncorrected melting point was 236
238° (lit. 232°). Methaneboronic acid was synthesized
using the reaction of methylmagnesium bromide with tri-
methyl borate by the method of McCusker e al. {(1957) us
described by Nesmeyanov and Sokolik (1967). The result-
ing boronic acid was recrystallized twice from benzenc and
ligroin, mp 99° uncorrected (lit. 96-100°), and allowed (o
dry in the air. Anal. Caled for CH<BO2: C, 20.1; H, 8.03:
B, 18.1. Found: C, 20.24. 19.95; H. 7.98, 8.08: B. 18.07.
18.06.

The proton magnetic resonance spectrum on an A-60
Varian instrument in D>O at approximately 40° showed the
following signals (expressed in ppm downfield relative to an
external tetramethylsilane standard): a singlet a1 0.2
(CH;-B); a singlet at 4.75 (H-O-D).

Potentiometric titration of 0.05 M methaneboronic acid
with 1.0 M sodium hydroxide under nitrogen at 23°. using
degassed, nitrogen-saturated solutions in the presence of 0.3
M mannitol to fower the apparent pK , to approximately 7.0
(Steinberg, 1964), vielded an equivalent weight of 59.3
(molecular weight 59.8). Similarly. titration in the absence
of mannitol at 25.2°, ionic strength 1.0 maintained with so-
dium chloride, yielded a pK, value of 10.5. The base was
added with a Hamilton microliter syringe.

NN N-Trimethylpropylammonium bromide methane-
borinic acid was synthesized as follows. Di-n-butyl meth-
aneborate (CH;B(0O-#n-butyl).) was prepared by the meth-
od of Torssel (1954) and Brindley et af. (1955): 9.8 g (0.17
mol) of methaneboronic acid and 3 ml of I-butanol/g of
methaneboronic acid were heated at atmospheric pressure
and the water-butanol azeotrope was collected. When
water production stopped. the product was distilled under
reduced pressure (approximately 13 mm). Its boiling point
and nuclear magnetic resonance (nmr) spectrum were fully
consistent with the di-z-butyl ester of methaneboronic acid.

N.N-Dimethylaminopropy! Chloride. N.N-Dimethylam-
inopropy! chioride hydrochloride was treated with slightly
less than 1 equiv of sodium hydroxide and extracted with
diethyl ether. Subsequent slow distillation of cther, followed
by distillation at reduced pressure, vielded N,V -dimethyla-
minopropy! chloride which was stored in the cold and used
within 1 day.

The magnesiunt Grignard of the amine chloride was pre-
pared under nitrogen in reagent grade tetrahydrofuran
which had been dried by distillation from preformed meth-
ylmagnesium chloride directly into the reaction vessel: 0.11
mol of Grignard was prepared in about 150 ml of tetrahy-
drofuran from 13.4 g of N N-dimethyvlaminopropyl chlo-
ride; 16.4 g (0.1 mol) of di-n-butyl methaneborate was
added to approximately 100 ml of freshly distitled tetrahy-
drofuran, and the 150 mlof NV V-dimethylaminopropylmag-
nesium chloride was added slowly under a stream of nitro-
gen, with vigorous stirring. to the borate. During this addi-
tion the reaction vessel was cooled in a Dry lce-acetone
bath. The vessel was then allowed to reach room tempera-
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ture overnight. Stirring and a slow stream of nitrogen were
maintained. The reaction mixture was heated briefly to
drive any alkylboron compounds which may have formed
into a Dry Ice trap, and the Grignard mixture was hydro-
lyzed by addition of saturated ammonium chloride solution
{Fieser and Fieser, 1967), extracted with diethyl ether,
dried over magnesium sulfate, and its volume reduced by
distillation. Excess methyl bromide was distilled into the
cooled distillation vessel, and the precipitate was filtered
and dried in the air. Two recrystallizations from benzene-
acetonitrile yielded white plate-like crystals, mp 155°.
Anal. Caled for C;H gNOBr: C, 37.6; H, 8.52; N, 6.30; B,
4.83: Br, 35.7. Found: C, 37.56; H, 8.59; N, 6.39; B, 4.97;
Br. 35.6.

The pmr (D,0) spectrum and its integration lead to the
following assignments (expressed in ppm downfield from an
cxternal tetramethylsilane standard): singlet 0.2 (CH;B),
multiplet 0.7 (CH,B); multiplet 1.8 (-CH;-); singlet 3.0
(-*N(CH3)3): multiplet 3.2 (CH,N™); singlet 4.6 (H-O~
D).

Titration of 0.0272 g of N,N,N -trimethylpropylammon-
ium bromide methaneborinic aeid with 1 N sodium hydrox-
ide. ionic strength 0.5 maintained with added 2 M sodium
chloride, at 25.2° in a 10 m! volume under nitrogen, yielded
a pK, value of 8.4, and an equivalent weight of 243 (molec-
ufar weight 224), as is shown in Figure 1b.

Sodium hydroxide solutions and standard buffers were
either made up from BD ampoules or were Fisher Certifted
solutions. Reagent grade salts were used without further
purification. Distilled water was used throughout. Microan-
alyses were performed by Schwartzkopf Microanalytical
Laboratory Inc.

Methods

Instruments. A Cary Model 14 recording spectropho-
tometer was used to determine the formation of complexes.
A Radiometer pH meter, Type TTTI1, was used for the
pH-Stat steady-state kinetic experiments. It was standard-
ized with an appropriate standard buffer whose pH was
within 2 pH units of that of the samples. Between each run
the electrode and the reaction vessel were rinsed with 0.01
\M hydrochloric acid in order to inactivate any enzyme re-
maining, and were then rinsed several times with distilied
water.

A Corning Model 12 research pH meter equipped with a
scale expander was used to determine the titration curves.
The meter was standardized at pH 7 and pH 10 at 25° with
appropriate buffers.

Procedures. The initial rate of acetylcholinesterase-cata-
lyzed hydrolysis of acetylcholine bromide was measured by
the consumption of sodium hydroxide in the pH-Stat. All
rates were determined at 25.0-25.2° under nitrogen with
15-ml reaction mixtures containing 0.2 M sodium chloride
and 1073 or 3 X 103 M sodium phosphate. Each kinetic
run was organized as follows. A solution of buffer, sub-
strate, and inhibitor, when present, was incubated in the
thermostated reaction vessel at 25°. The reaction was ini-
tiated by the addition of 20 ul of diluted enzyme stock solu-
tion, and the uptake of 5 X 1073 M sodium hydroxide, with
time. was recorded. Over the pH range investigated, there
was no significant background “uncatalyzed™ hydrolysis of
acetylcholine bromide.

At cach pH value and with each inhibitor, sets of initial
ratc measurements were made at four to six substrate con-
centrations, in the absence of an inhibitor, and in the pres-
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ence of one or more constant concentrations of inhibitor.
The substrate concentrations varied from a value of about
one-third that of the K, at the ionic strength employed to a
value of about three times that of the K, (1.4 X 10=% M).
Acetylcholine bromide stock solutions (1072 M) were pre-
pared fresh daily immediately prior to use.

The activity of the diluted enzyme stock did not change
significantly during the time these experiments were carried
out. The following arbitrary standard assay was carried out
periodically; 20 ul of diluted enzyme stock solution were
added, at pH 7.8, to 10 ml of a solution containing 2.5 X
10~* M sodium phosphate, 0.2 M sodium chloride, and 1073
M acetylcholine bromide. The latter concentration is about
five times the K of the catalytic reaction (Table I). Typi-
cally, 0.123 ml of 5 X 10~3 M sodium hydroxide consumed
per minute was the rate observed when less than 10% of the
substrate was consumed. In order to compare steady-state
kinetic data obtained with different enzyme preparations,
all velocity measurements were normalized using this reac-
tion velocity. This normalization procedure assumes that v
is directly proportional to the enzyme concentration. An ap-
proximation of the concentration of enzyme in such a prep-
aration can be made from the data of Leuzinger and Baker
(1967).

Values of the dissociation constant of the enzyme-inhibi-
tor complex, Kj, were derived from 1/v vs. 1/[S] plots
using the equation

K; = [I]slope,/(slope; ~ slope;) (1)

in which slopeg is the slope of the plot when no inhibitor is
present, and slope; is the slope of the plot for each set with
inhibitor present.

Values of K .pp for the formation of a complex between
chromotropic acid and CH3;B(OH), were determined spec-
trophotometrically. Varying concentrations of methanebo-
ronic acid were added to a series of solutions containing 0.4
M sodium acetate (pH 7.0) and 8 X 10=° M freshly pre-
pared chromotropic acid disodium salt, ionic strength 0.5
maintained with added sodium chloride.

The range of methylboronic acid concentrations used was
4 X 1073 to 5 X 1073 M. The uv spectra were determined
on the spectrophotometer at room temperature (approxi-
mately 23°). Three distinct isosbestic points at 3530, 3490,
and 3380 A were observed. A plot of 1/AA4 at 3620 A vs.
1/[CH3B(OH)2]otal, where 1/AA is the reciprocal of the
difference between the absorbance of chromotropic acid
alone and the absorbance of chromotropic acid in the pres-
ence of methaneboronic acid at 3620 A, is linear with a
slope of 8.66 X 10™% and a 1/AA intercept at 1.14 OD

units~ .

Results

The steady-state kinetic measurements of acetylcholines-
terase-catalyzed hydrolysis of acetylcholine bromide in the
presence and absence of inhibitors at pH 7.5 and 25° are
tabulated in Table I, in which are given the coordinates of
lines calculated from the rate data by means of a digital
computer program written for the Lineweaver-Burk (1934)
form of the Michaelis-Menten rate equation. Data weight-
ing was performed as discussed by Wilkinson (1961). The
table gives the slopes of the lines, which are proportional to
the steady-state kinetic parameter, K ,/V max. The table
also gives the ordinate intercept which is proportional to
1/V max and the abscissa intercept which is proportional to
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FIGURE 1: (a) Semilogarithmic plot of K y(obsgy vs. pH for the inhibi-
tion of acetylcholinesterase-catalyzed hydrolysis of acetylcholine bro-
mide by N,N,N-trimethylpropylammonium bromide methaneborinic
acid (ABA). The solid lines have been calculated from the derived pa-
rameters (Table I). For comparison, the K| values of the carbon analog
of ABA, compound [, in the pH region investigated, are also shown, A.
The K, value for the acetylcholinesterase-catalyzed hydrolysis of ace-
tylcholine is indicated by M. All experiments were performed at 25°,
0.2 M NaCl. (b) Titration curve for N,N,N-trimethylpropylammon-
ium bromide methaneborinic acid (1.21 X 1072 M) at 25° with | N so-
dium hydroxide, the ionic strength of 0.5 being maintained with 2 M
sodium chloride solution under nitrogen. The curve is corrected for sol-
vent titration by subtracting values obtained for an equivalent titration
but without substrate, Error due to ignoring correction for the volume
of titrant added is <1% at the highest volume of titrant added.

1/K m when no inhibitor is present, and to 1/Km{l + (Io/
K1)]7!in presence of a competitive inhibitor.

It can be seen from the table that the ordinate intercepts
are the same, within experimental error, in the presence and
absence of inhibitor (ABA). The data in Table I indicate
that in the presence of ABA the slope of the line increases.
Since the V', values are constant, the K m(obsd) values of
the catalytic reaction are increased. Identical V .« values,
but different K (obsay values in the presence of ABA indi-
cate competitive inhibition between substrate and inhibitor.
Similar results were obtained throughout the pH range in-
vestigated, pH 5.4-pH 8.5. The dissociation constant, Ky,
of the inhibitor, at various pH values is also listed in Table
L. It should be noticed from the data in Table I and Figure
la that K| is pH dependent, and the affinity of the inhibitor
for the enzyme increases from pH 5.5 to 7.5 and then de-
creases. The data in Table I and Figure 1a indicate that the
apparent K, of the acetylcholinesterase-catalyzed hydroly-
sis of acetylcholine is essentially independent of pH in the
range pH 7.5-8.5.

A minimum mechanism which accounts for these data is
shown in Scheme I. According to this mechanism only the

Scheme I
OH OH
Sk
R—B—CH; + H == R—B—CH, + H,0
OH :
(IOH)
K

i
HE + 1 =—= HEI

T

E +1=—— El = EIOH
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TABLE 1: Constants for the Inhibition of Acetylcholinesterase-Catalyzed Hydrolysis of Acetylcholine Bromide by Quaternary
Ammonium and Boron-Containing Inhibitors, 25°, 0.2 M NaCl.

Parameters of a 1/[S]
vs. 1/v Plot in the
Absence of Inhibitor

Ordinate Abscissa (x)

) Intercept
Inhibitor 11 (m) pH Ky (M) Slope (X 107%) Intercept (X 109
(H,C);"N—(CH.); SO4~ 0.1 5.5 9.3 X 1072 1.0 0.06 —0.63
Cholinesulfonate 0.1 7.4 7.4 X 102 1.1 0.07 —0.72
0.1 8.5 9.5 X 102 1.0 0.06 —0.65
(H;C);"N—(CH,),OSO,CH; Cl~ 108 7.5 2.1 X 1073 1.0 X 107® 0.07 -0.72
Methanesulfonylcholine chloride
O 10-38 6.0 6.9 X 10— 3.1 X 1075 0.2 -0.7
| 103 7.0 4.9 X 1078 1.2 X 107¢ 0.09 —0.7
(H;C);"N—(CH.);—C—CH; I~ 103 7.5 5.1 X 10-3 1.0 X 1073 0.07 —-0.7
N,N,N-Trimethylammonium- 10—3 8.4 5.1 X 10® 1.0 X 10°°% 0.07 —-0.07
pentan-4-one iodide (I)
CH; 10-¢ 5.40 2.1 X 1077 4.8 X 10-® 0.03 —0.68
| 10-s 5.5 2.9 X 107 5.8 X 1078 0.42 —0.72
H,C—"N—(CH,);B(OH)CH; Br~ 10-8 6.0 2.2 X 1077 2.9 X 107? 0.20 -0.70
1078 X 5 6.1 1.4 X 1077
CH; 10-7 6.5 1.6 X 1077 1.8 X 1073 013 —-0.70
N,N,N-Trimethylpropylammonium 10-8 6.5 1.3 X 1077 1.70 X 10—3 0.10 —0.60
bromide methaneborinic acid 1007 X 5 6.8 1.1 X 1077 1.5 X 107 0.09 —0.61
10-7 6.80 4.1 X 108 1.70 x 1072 0.08 —-0.52
1077 X 5 7.10 1.6 X 1078 1.3 X 10° 0.08 —0.66
1078 X 2
10-7 7.30 1.5 x 1078 1.1 X 1078 0.08 —0.70
1077 x 2 7.50 2.4 X 1078 1.0 X 1078 0.07 —0.68
0 7.5 1.6 0.07 —0.4
108 7.5 2.7 X 1078 2.8
108 x 2.3 7.5 2.6 X 1078 4.7
1007 X 5.0 7.5 3.0 X108 7.7
1077 X 1 7.5 3.2 X 1078 14.0
1077 X 2 7.80 1.8 X 1078 1.0 X 1078 0.07 —0.70
1077 X2.5 8.00 4.3 X 108 1.1 X 1073 0.06
10-7 8.1 2.3 x 108 9 X 10°¢ 0.07 —-0.73
1077 X 5 8.20 1.7 X 1077 1.0 X 1073 0.07 —0.68
1077 X 1.5 8.4 1.6 X 1077 0.9 X 107°? 0.07 -0.7
10-¢ 8.50 1.8 X 1077 1.2 X 1073 0.07 —0.68
(H;C);"N—(CH;),—OH CI- 103 X 5 7.5 4 X 104 2.1 0.14 —~0.69
Choline chloride
(CH;)5*"N—(CH,),—CH, I~ 1073 X 5 7.5 1.1 X 10+ 1.1 0.07 —0.69
N,N,N-Trimethylbutylammonium
iodide
(CH;);*N—CH; I~ 10— 7.5 1.1 X 1073 1.4 0.07 —0.54
Tetramethylammonium iodide 1073 X 2 7.5 1.0 X 103 1.4 0.07 —0.54
CH;—B(OH). 1073 X 5 7.5 3.2 X 1073 2.1 0.12 —0.58
Methaneboronic acid
10—+ 7.5 3.7 X 1078 1.6 0.11 —0.65
@_{CHM_B/OH 10~¢ 7.5 2.5 X 107 1.6 0.11 ~0.65
7 om 10—+ 5.5 1 X 1074 4.6 0.32 —0.7
2-Phenylethaneboronic acid 1074 X5 8.3 1.9 X 1078 1.1 0.07 —0.7
0]
i 10-¢ 7.5 3.1 X 10°¢ 1.6 0.11 —0.7
(H,;C);"N—(CH,);—C—NH, Cl~ 10~2 7.5 1.9 X 1073 1.6 0.11 —0.7

(N,N,N-Trimethylammonium)-
butyramide chloride (I)
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TABLE 11; Values for the Competitive Inhibition of the Acetylcholinesterase-Catalyzed Hydrolysis of Acetylcholine Bromide by

Mixtures of Inhibitors, at pH 7.50, 25°.°

Slope, Sloper Slopenotn Slopecatea  SIop€ohsa/

Inhibitor [Inbibitor] (M) (X 1079 (X 1079) (X 1079) (X 107%)  Slopesaied
(CHg)N* I~ 2 X 107 1.4 4.0 7.1 5.6 1.3
CH;B(OH), 5% 103 1.4 2.9
(CH4)sN+(CH,),CH; I~ 5% 104 1.1 7.9 7.5 1.1
CH;B(OH), 5% 10-? 1.1 3.0
(CH;);N+(CH,); I~ 5% 103 1.1 0.5 0.8 0.5 1.6
CH,B(OH); 5% 107 1.1 3.1
(CH;)sN+(CH,),CONH; I~ 5% 108 1.7 6.7 0.35 0.3 1.2
(CH3);N+(CH,);OH CI~ 5% 1073 1.7
CeH:(CH:);B(OH), 5 % 10~¢ 1.8 0.5 0.3 1.9
(CH);N*(CH,);0H CI~ 102 1.8
(CH4);N*(CH,)OH CI~ 5% 1073 2.1 0.3 0.46 0.3 1.4
CH;B(OH), 5% 10°3 2.1 0.02
(CH3);N*(CH,),OH 5% 1073 1.9 0.2 1.0 0.5 2.2
CH;B(OH), 2.4 X 1073 1.9 0.15

¢ Any given set of experiments was run on an identical enzyme preparation. Slope, = slope of line in 1/[S] vs. 1/v plot in absence

of inhibitor; sloper

slope of line in the presence of each separate inhibitor; slopeso.en = slope of line in the presence of both

inhibitors; slopecs1.a = slope of line calculated on assumption that the competitive inhibitors do not interact.

un-ionized form, I, of the inhibitor binds to the enzyme. K
represents the apparent acid dissociation constant of the in-
hibitor. Furthermore, binding to acetylcholinesterase de-
pends on the ionization of an amino acid residue of the en-
zyme. The form of the enzyme in which this particular resi-
due is unprotonated, E, forms a final, stable inhibitor com-
plex, E - IOH, which represents a stable complex between
the boron and an amino acid residue in the active site of the
enzyme involving an intramolecular proton transfer. The
enzyme configuration in which the residue is protonated,
HE, does not form such a complex. Ky is the acid dissocia-
tion constant of this ionizing group in the free enzyme and
of the enzyme-inhibitor complex. K is the dissociation con-
stant of the enzyme-inhibitor complexes, E -1 and HE - I.
K is the equilibrium constant for the conversion of EI to
E - IOH.

When the initial inhibitor concentration is much greater
than the initial enzyme concentration Io, the pH depen-
dence of K1(obsd) is given by

) (s )
@)

At low pH when [H*] » Kp and Ky, and Ky > K/
[H*], K i(obse) = K 1.

The observed pH dependence of K (obsd) is adequately
accounted for by the following parameters: KK = 2.8 X
1078, pKy = 6.7, and pK g = 8.2. The solid line in Figure
la was computed using these parameters. The titration
curve of the inhibitor at 25.2°, 0.5 ionic strength, is shown
in Figure 1b. The apparent dissociation constant,
pK B(app), is 8.4 under these conditions.

A priori the pH dependence of K jobsd) below pH 7.0 can
be explained by a simpler model in which the inhibitor
binds only to E and not to HE. The data with the carbon
analog of ABA, compound I, do not favor this model. The
data in Figure la and Table I indicate that compound I in-
hibits the enzyme strongly, but by a factor of 103 less than
ABA. The dissociation constant of this inhibitor is indepen-

Kl(obsd) = (KIKII
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+ I
(CH,);N(CH,);—C —CH,
I

dent of pH between pH 5.5 and pH 8.5. The values of K|
for a number of other inhibitors are also listed in Table I for
comparison.

Attempts were made to generate the ester between cho-
line and methaneboronic acid. The formation of this ester

+
X (CH,),N(CH,),0H + CH,B(OH), =—=
OH

N |
(CH,);N(CH,), O -B ~CH,

can be observed by measuring the decrease in absorbance of
the chromotropic-boronic acid complex (see Experimental
Section). At pH 7.0, using up to 0.1 M choline chloride and
4 X 1073 M methaneboronic acid in the presence of 8 X
10~* M chromotropic acid, at an ionic strength of 1.0 M
(maintained with added sodium chloride), no significant
change in absorbance was observed. Controls were run for
blank absorbance by 0.1 M choline and 4 X 1074 M
methaneboronic acid over the range 4000-32000 A. As-
suming that we could see only a 20% decrease in free
methaneboronic acid the experiments of Koehler er al.
(1972) suggest that the association constant for ester for-
mation from choline and methaneboronic acid is less than 2.

The possibility of using the choline~methaneboronic acid
ester as an inhibitor of the acetylcholinesterase-catalyzed
hydrolysis of acetylcholine was explored. The steady-state
kinetic measurements of the enzyme-catalyzed hydrolysis of
acetylcholine at pH 7.5 and 25° in the presence of methane-
boronic acid, choline chloride, and equimolar mixtures of
methaneboronic acid and choline chloride are presented in
Table II. The combination of compounds inhibits the en-
zyme about twice as well as calculated, indicating that the
ester is a better inhibitor than choline chloride or methane-
boronic acid alone. Table 11 includes values for competitive
inhibition of the acetylcholinesterase-catalyzed hydrolysis
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of acetylcholine by mixtures of alcohols and boronic acids
to serve as comparison.

Discussion

The extent of the inhibition of ABA depends on the state
of ionization of a group on the enzyme with an apparent pK
of 6.7. and on the ionization of the inhibitor itself with ap-
parent pK of 8.2 (Figure la). The effect of hydrogen ions
on the inhibition of acetylcholinesterase by ABA at low pH
is similar to the effect on the inhibition of chymotrypsin by
phenylethylboronic acid, and on the rate of reactions cata-
lyzed by acetylcholinesterase and other serine proteases. In
many serine proteases this ionizing group has been identi-
fied as a histidine residue in the active site of the enzyme.
[ts unprotonated state yields both maximum catalytic effi-
ciency and, in our experiments, optimum binding of ABA.

Above neutral pH the effect of hydrogen ions on the
binding of ABA to acetylcholinesterase is different from
that observed with phenylethylboronic acid and w-chymo-
trypsin.

Unlike a-chymotrypsin (Hess, 1971), acetylcholinester-
ase does not undergo pH-dependent conformational change
in the pH range investigated. Unlike 2-phenylethaneboronic
acid of pK, 10.0 (Koehler and Lienhard, 1971), ABA has a
pK., of 8.4 (Figure 1b). We conclude that the second ioniz-
ing group which affects the binding of ABA is the borinic
acid itself. This leads to the interesting conclusion that the
tetrahedral adduct of the inhibitor with hydroxide ion does
not bind to the catalytic site of the enzyme. This may be
due to the geometry of the binding site of acetylcholinester-
ase. The known crystal structure of the active site region of
another serine protease, a-chymotrypsin, indicates no ob-
vious impediment to the binding of tetrahedral compounds
(Matthews er al.,, 1967; Henderson, 1970). Another expla-
nation of this observation, consistent with suggestions made
by Koehler and Lienhard (1972) for the inhibition of chy-
motrypsin by 2-phenylethaneboronic acid, is that the boron
must be in trigonal form so that it can form a stable tetra-
hedral adduct with the v oxygen of a serine residue in the
active site of the enzyme. Direct evidence supporting this
suggestion has recently been obtained using laser Raman
spectroscopy (Hess er al ., 1975).

The derivative synthesized and used in the present studies
is the most powerful bifunctional reversible inhibitor
known. It has the added advantage over inhibitors used pre-
viously that it interacts only very poorly with membrane
components which initiate changes in electrical potential al-
lowing suppression of enzyme activity by a factor of 10%.
One of the powerful and frequently used reversible inhibi-
tors (Table 1), 3-hydroxyphenyltrimethylammonium bro-
mide (Wilson and Quan, 1958), binds by a factor of 10 less
well to the enzyme than ABA does, and perturbs the mem-
brane potential of electroplax at 10 times lower concentra-
tions (Podleski, 1967), allowing suppression of enzyme ac-
tivity in membrane studies by a factor of only 10-.

Combinations of various alcohols of quaternary alkylam-
ines with boronic acids used to inhibit the enzyme did not
give clear-cut results because of the unfavorable equilibri-
um in the presence of water. The data in Table 11 indicate
that these compounds do not act as ideally noninteracting
inhibitors. However, the results with a combination of cho-
line bromide and methaneboronic acid suggest that ester
formation may occur and that the ester is a better inhibitor
than the alcohol or acid alone.

5350

BIOCHEMISTRY, VOL. 13, NO. 26,

1974

KOEHLER AND HESS

References

Bartels, E., and Nachmansohn, D. (1969), Arch. Biochem.
Biophys. 133, 1.

Biesecker, G. (1973), Biochemistry 12, 4403.

Brindley, P. B., Gerrard, W., and Lappert, M. F. (1955), J.
Chem. Soc., 32956.

Bulger, J. E., and Hess, G. P. (1973), Biochem. Biophys.
Res. Commun. 54, 677.

Eldefrawi, M. E., and Eldefrawi, A. T. (1972), Proc. Nat.
Acad. Sci. U. 5. 69, 1776.

Eldefrawi, M. E., and Eldefrawi, A. T. (1973), Arch. Bio-
chem. Biophys. 159, 362.

Fieser, L. F., and Fieser. M. (1967), Reagents for Organic
Synthesis, New York, N. Y., Wiley.

Froede, H. C., and Wilson, 1. B. (1971), Enzymes, 3rd Ed.
5, 87.

Fu, J. L., Donner, D. B,, and Hess. G. P. (1974), Biochem.
Biophys. Res. Commun. 60, 1072,

Fulpius, B., Cha, S., Klett, R, and Reich, E. (1972), FEBS
(Fed. Eur. Biochem. Soc.) Lett. 24, 323.

Henderson, R. (1970), J. Mol. Biol. 54, 341,

Hess, G. P., (1971), Enzymes, 3rd Ed. 3, 213.

Hess, G. P, Seybert, D., Lewis, A., Spoonhower, J., and
Cookingham, R. E. (1975), Science (in press).

Karlsson, E., Heilbron, E., and Widlomo, L. (1972), FEBS
(Fed. Eur. Biochem. Soc.) Lert. 28, 107.

Kiett, R. P., Fulpius, B. W., Cooper, D., Smith, M., Reich,
E., and Passani, L. D. (1973), J. Biol. Chem. 248, 6841.
Koehler, K. A., Jackson, R. C., and Lienhard, G. E. (1972),

J. Org. Chem. 37, 2232.

Koehler, K. A., and Lienhard, G. E. (1971), Biochemistry
10, 2477,

Leuzinger, W., and Baker, A. L. (1967), Proc. Nat. Acad.
Sci. U.S. 57, 446.

Lienhard, G. E. (1973), Science 180, 149.

Lineweaver, H., and Burk, D. (1934), J. Amer. Chem. Soc.
56, 658.

Matthews, B. W, Sigler, P. B., Henderson, R., and Blow,
D. M. (1967), Nature (London) 214, 652.

McCusker, P. A., Ashby, E. C., and Makowski, H. S.
(1957). J. Amer. Chem. Soc. 79, 5779.

Nachmansohn, D. (1968), Proc. Nat. Acad. Sci. U. S. 61,
1034,

Nesmeyanov. A. N., and Sokolik, R. A. (1967), in The Or-
ganic Compounds of Boron, Aluminum, Gallium, Indium
and Thallium, Amsterdam, North Holland Publishing
Co.,p23.

O’Brien, R. D., Eldefrawi, M. E., and Eldefrawi, A. T.
(1972), Annu. Rev. Pharmacol. 12, 19.

Olsen, R. W.. Meunier, J. C., and Changeux, J. P. (1972),
FEBS (Fed. Eur. Biochem. Soc.) Lett. 28, 96.

Patrick, J., and Lindstrom, J. (1973), Science 18, 871.

Pauling, L. (1948), Amer. Sci. 36, 58.

Podleski, T. R. (1967), Proc. Nat. Acad. Sci. U. S. 58, 268.

Reiter, M. J., Coburn, D. A., Prives, J. M., and Karlin, A.
(1972), Proc. Nat. Acad. Sci. U. S. 69, 1168.

Schmidt, J.. and Raftery, M. (1973), Biochemistry 12, 852.

Steinberg, H. (1964), Ofganoboron Chemistry, Vol. I,

Torssel. K. (1954), Acta Chem. Scand. 8, 1779.

Wilkinson, G. N. (1961), Biochem. J. 80, 324,

Wilson, I. B., and Quan, C. (1958), Arch. Biochem. Bio-
phys. 77, 286.

Wolfendon, R. (1972), Accounts Chem. Res. 5, 10.



