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Ketoxime Acetates: Substrates for Cholinesterases

GEORGE M. STEINBERGA, NORMAN C. THOMAS, MORTON L. MEDNICK, and

VERNON BALTHIS

Abstract ] Ketoxime acetates function as typical substrates for
acetylcholinesterase. Several 3-pyridinium ketoxime esters have
potential utility for spectrophotometric studies with the enzyme.
Each is highly water soluble and gives a large change in absorbance
upon hydrolysis. With each, the acylation step is rate limiting.
They bind to the enzyme strongly; the lowest K, pp) Observed is
1.5 X 10-% M. The substrates are hydrolyzed by butyrylcholines-
terase. Several show great selectivity for butyrylcholinesterase over
acetylcholinesterase.

Keyphrases [J Ketoxime acetates—as cholinesterase (acetyl and
butyryl) substrates, binding constants, hydrolysis, absorbance
changes, selectivity [] Cholinesterase substrates, acetyl and butyryl
—ketoxime acetates, binding constants, hydrolysis, absorbance
changes, selectivity [J Acetylcholinesterase—1-alkyl 3-pyridinium
ketoxime halide esters as substrates [] Butyrylcholinesterase—
1-alkyl 3-pyridinium ketoxime halide esters as substrates

A recent publication (1) reported the activity of
aldoxime acetates as substrates for acetylcholinesterase
(acetylcholine hydrolase, E.C. 3.1.1.7). The two prin-
cipal purposes of that study were: (@) to gain informa-
tion on the kinetic specificity and selectivity of the
enzyme, and (b) to widen the range of spectrophoto-
metrically useful substrates for studying enzyme prop-
erties. This note extends the work to ketoxime esters.

T
(CH;);NCH,—CHOCCH,; X-

I:R=H
II: R = CH;,

Acetylcholinesterase is generally insensitive to bulk-
ing on the alcohol portion of the ester molecule. For
example, methacholine (II) is hydrolyzed nearly as
rapidly as acetylcholine (I) (2). The reverse pattern is
observed with butyrylcholinesterase (acylcholine aryl-
hydrolase, E.C. 3.1.1.8), where bulking near the ester
linkage in a test substrate may markedly reduce or
even completely abolish response to the enzyme (2).
This study was initiated to learn if these characteristics
extend to the oxime esters and to determine whether
appreciable changes in K,, could be provided by the
simple expedient of changing the size (bulk) of the alkyl
group attached to the pyridine nitrogen atom.

EXPERIMENTAL

The oxime acetates (II1-VII) were prepared in conventional
manner by oximation of the corresponding aldehydes or ketones,
acetylation with acetic anhydride, and finally alkylation of the
pyridine nitrogen atom with methyl iodide or benzyl bromide (3-7).

R,

H, |
H(-@—C=NOCOCHJ
H, H,

N

R,

R, R;
11T CH, CH;
1v: CH:; CgH:,CHz
V: C2H5 H;
VI: H CsHsCHz
VII: acetophenone oxime acetate
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Table I—Elemental Analyses

Table II—Spectral Characteristics of Oxime Acetates and the
Corresponding Oximes

Com- —_— Analysis, %%
pound C H Br I N (¢
I Cale. 37.52 409 — 39.64 8.75 10.00
Found 37.4 4.2 39.5 8.7 10.0
v Calc. 55.03 491 228 — 8.02 9.16
Found 54.9 5.2 22.8 8.2 9.1
\Y Calc. 39.53 4.52 37.97 8.38 9.58
Found 39.7 4.5 —  371.7 8.4 9.4
V1 Calc, 53.74 4.51 23.84 — 8.36 9.54
Found 53.5 4.5 239 - 8.1 9.7
3-Acetylpyridine oxime acetatc
Calc. 60.66 5.65 — —_ 15.72 17.96
Found 60.4 5.5 -- — 157 17.8

NMR spectra! of the oxime acetates were determined in ap-
proximately 107 solutions containing internal standards. For the
aromatic compounds, the solvent was CDCl; and the standard was
tetramethylsilane. For the pyridine derivatives, D,O was used as
the solvent and sodium 3-trimethylsilyl-1-propanesulfonate was
the standard. The chemical shifts (8) reported are in parts per
million.

The integration of peaks together with the sharpness of spectra
indicates the absence of impurities. Hence, the purity of each com-
pound is greater than 96-97 %, and each exists as a single isomer (1).
For several compounds, elemental analyses were performed (C,
H, N, O, and halogen, Table 1).

Pertinent data? on the studied compounds are as follows: aceto-
phenone oxime acetate, m.p. 56 -57°¢ [lit. (6) m.p. 55°], with NMR
chemical shifts at 2.23 and 2.34 (acetate and C-methyl, respectively);
syn-benzaldoxime acetate, m.p. < room temperature [lit. (7) m.p.
21¢], with an NMR chemical shift at 2.12 (acetate methyl); IV,
glass, with NMR chemical shifts at 2.43 (acetate methyl), 5.99 (C-
methyl), 7.59 (benzene), 9.48 (H.), 8.28 (1 or 2d, H.), 8.99 (d), and
9.13(d, one is H, and the other H.)); 3-acetylpyridine oxime acetate,
m.p. 37.8°, with NMR chemical shifts at 2.36 and 2.39 (acetate
methyl and C-methyl, respectively), 7.55 (m, H,). 8.18 (d, H,), 8.69
(d, H.), and 8.85 (H,); 111, m.p. 116-119° dec. [lit. (3) m.p. 115°],
with NMR chemical shifts at 2.39 (acetate methyl), 2.60 (C-methyl),
4.55 (*N-methyl), 8.25 (m. H.), 9.00 (m, H, and H,), and 9.35
(Ha); V, m.p. 112-115° dec.. with NMR chemical shifts at 1.04 (C-
methyl), 2.38 (acetate methyl), 3.08 (m, methylenc), 4.54 (*N-
methyl), 6.95 (m, H.), 7.64 and 7.77 (H, and H,, respectively), and
8.06 (H,); and VI, m.p. 126-128°, with NMR chemical shifts at
2.40 (acctate methyl), 6,02 (methylene), 7.65 (benzene), 8.30 (m, H,),
8.90 (aldehydic proton), 9.10 (m, H, and H,;), and 9.46 (H,).

Absorption Spectra®—All measurements were made at 25.0 =+
0.1°, pH 6.61, in 0.1 M 2-(N-morpholino)ethanesulfonic acid,
using buffer solution in the reference compartment (Table II).
The oximes were obtained by enzymatic hydrolysis of the corre-
sponding esters. Oxime configuration probably remains unchanged.

For the difference spectra, the ketoxime esters were placed in the
reference beam. Hence, the positive values of Ae represent an in-
crease in absorbance upon hydrolysis. With syn-benzaldoxime
acetate, the reverse is true; hydrolysis results in a reduction in ab-
sorbance. At pH 6.61, the oximes listed in Table II exist in the
protonated form, since all have pKa values greater than 9 (3, 4).

Enzyme Kinetics— Aceryicholinesterase—Measurements  were
made spectrophotometrically as previously described (1). The
enzyme source! and jts storage were identical. Runs were made at
25 = 0.1°in 0.1 M 2-(N-morpholino)ethanesulfonic acid, pH 6.61.
Computation of K.,upy and Vinax (Or kest) was made by computer
using the Wilkinson (8) weighted regression method. Estimates of
the 959 confidence limits of the computed constants were calculated
from their standard errors using the Student 7 table (n — 2 de-
grees of freedom). The number of experimental points taken varied
from seven to 15, using a minimum of seven different concentrations
of substrate. In each case, double-reciprocal plots (Lineweaver—
Burk) gave good straight lincs. With Compounds V and VI, the

! Varian A-60D.
2d = doublet, t = triplet, m = multiplet.
3 Cary model 14,
4 Worthington Biochemicals, Code ECHP.

1382 [ Journal of Pharmaceutical Sciences

—Acetate— ——Oxime—— Difference
€max, €max, "SPCCYI’UTW-\
M—l M_l Aemnx.
cm,t cm,”! M1
>\max, X )\mnx, X >\max, cm,”!}
Compound nm. 1073 nm, 107% nm. X 1072
111 254 5.17 258 6.04 260 8.5
295 16.8
Iv 241 10.2 <240 — 263 11.0
254 8.87 300 16.9
\% <240 — <245 — 259 8.0
268 4.9 297 18.1
Vi 248 11.4 252 11.0 263 15.9
305 15.9
VIl 239 13.3 240 14.6 — —
syn-Benz- 257 5.8 253 4.8 262 —12.4
aldoxime
acetate

a Ester is reference beam, Ae = AA/[substrate).

Beer-Lambert relationship was examined and the plots of both sub-
strate and products, in each case, were linear (Table I11),

Butyrylcholinesteraseb—A standard solution of the enzyme was
prepared in potassium chloride-gel (1), which gave one-seventieth
the activity of the acetylcholinesterase concentrate ( E.,) when assayed
with phenyl acetate, 7.71 X 102 M, at pH 6.61 in the standard
buffer. Comparative hydrolysis rates were determined for the two
enzymes using appropriately diluted solutions to give the same
hydrolysis rate with phenyl acetate.

Phenyl acetate was chosen as the basis of comparison instead of
acetylcholine because its hydrolysis could be measured spectro-
photometrically. However, the hydrolysis rates of the two substrates
by these enzymes are closely similar, so extrapolation to the more
conventional acetylcholine can be mades.

Measurements were made at pH 6.61 in the standard buffer
using the concentrations of the substrates indicated in Table IV.

RESULTS AND DISCUSSION

Comparison of the kinetic constants of the 1-methylpyridinium
Compounds 1II and V (Table IlI) with those of syn-3-formyl-1-
methylpyridinium iodide oxime acetate, VII (1), indicates that the
bulking methyl and ethyl groups have little effect on either K cpp
or Vmax for the enzyme acetylcholinesterase. Elimination of the
positive charge, as in VII, resulted in an increase in Km(appy Without
change in V.x. Replacement of the 1-methyl group by the larger
1-benzyl group, as in Compounds IV and VI, decreased Kmapp) bY
one order of magnitude and produced a corresponding reduction in
Vmax. The decrease in Knsppy may be attributed to increased hy-
drophobic binding in the region just beyond the anionic binding
site (9). The decrease in Vwuax cannot clearly be attributed to any
specific parameters. Speculation on its cause at this point seems
unwarranted.

The hydrolytic stability of the pyridinium ketoxime acetate, 111,
is approximately twice that of the corresponding aldoxime ester,
VIII (Table IiI). The hydrolysis rates of the pairs III and IV and
VI and VIII are probably very similar, since the effect of in-
creased bulk at the remote mera-position should be very small.
Similarly, Compound V, with the bulkier ethyl group in place of the
methyl group in Compound III, may be expected to be equal to or
even a bit more resistant to hydrolysis than 111. Elimination of the
charge, as in VII, considerably reduces the hydrolysis rate of this
oxime ester.

5 Worthington horse serum cholinesterase, code CHE.

¢ H, Michel, unpublished, Using acetylcholine, pH 7.4, 0.224 M
KCl, 0.1% gelatin, 25° titrimetrically, acctylcholinesterase had a
K, =3X 10 4 Mand ¥V, = 1.6 X 10~*meq./min. and horse scrum
cholinestecrasehad a K,, = 1.85 X 10-3 M and V,,,, = 1.4 X 10-*meq./
min. Using phenyl! acetate, fH 1.2, 0.01 M morpholinopropanesulfonic
acid, 0.01 M magnesium sulfate, 0.01% gelatin, 10-2 M Versene, 25°,
spectrophotometrically, acetylcholinesterase had a K, = 1.8 X 103 M
and V. = 1.4 X 1074 meq./min. and horse serum cholinesterase had
ak, =1.6% 103 Mand Vo, = 3.2 X 10-* meq./min.



Table II—Ester Hydrolysis by Eel Acetylcholinesterases

Venax ) X 1000 Concentratlon Range, Ae, M 1cm. ! kouw-, M1
Substrate Kn, M X 104 Vinaz(r M X 104 A, nm. X 1073 sec.”1
11 1.7 5.0 2.5-22 302.5 1.6 42¢
(0. 54—2 9)
v 0.1 0.60 0.2-2.6 300 1.69 -
. 11—0 20)
v 2.5 5.1 5-35 300 1.75 —
VI 0.15 0.76 0.24.7 305 1.59 —
(0.10-0.20)
vl 25 4.4 7-25 295 0.355 2.46¢
(11-39)
VI 1.55 10 — 305 2 80¢

s 25.0°, 0.1 M 2-(N-morpholino)ethanesulfonic acid, pH 6.61.% V_ . (s and V,,.x(p refer, respecuvcly. 10 Vax values of the individual substrates

and of phcnyl acetate. ¢ Reference 3. 4 Reference 4. Reference 1,

Table IV—Comparative Hydrolysis Rates: Butyrylcholinesterase
versus Acetylcholinesterase®

Concentration
of Substrate,
Substrate CChE/UACKE M X 103
Phenyl acetate 1.0 7.7
I 20.8 8.35
v 15.4 6.0
v 6.7 9.03
\| 57 5.89

we and r,cpg refer, respectively, to the substrate hydrolysis
rates calalyzed Aby horse serum cholinesterase and eel acetylcholin-
esterase.

Following the discussion in Reference 1 for the three-step mech-
anism involved in substrate hydrolysis by acetylcholinesterase,
the data in Table III lead to the conclusions that acylation is the
rate-limiting step and that the K,.(appy values are closely similar to
K., for the compounds examined here. A comparison of the reac-
tion rates of Compounds III and VII shows that VII, the uncharged
ester, reacts equally rapidly with acetylcholinesterase while its reac-
tion rate with hydroxide ion is only one-twentieth that of ITl. With
Compound VII, kinetic specificity is reflected in loss of affinity (in-
creased K ) and with a relative increase in reaction rate.

The pyridinium ketoxime esters have similar kinetic constants
to the corresponding pyridinium aldoxime esters. They are more
resistant to aqueous hydrolysis. Furthermore, experience has shown
that the ketoximes are substantially more stable during storage than
the aldoximes, and it is assumed that this property extends to the
oxime esters, Hence, in the absence of other considerations, the
ketoxime esters would be preferred.

Table 1V indicates the comparative ease of hydrolysis of Com-
pounds IIT-VI by butyrylcholinesterase and acetylcholinesterase,
using phenyl acetate as the reference standard. The oxime acetates
are considerably more selective than phenyl acetate as substrates
for butyrylcholinesterase. Compound VI is particularly outstanding
in this regard, and the corresponding butyrate might be even more
useful as a highly selective substrate for serum (butyryl) cholines-
terase.

syn-Benzaldoxime acetate is hydrolyzed by acetylcholinesterase.
However, the spectra of ester and oxime are quite similar. Thus, at
262 nm., the wavelength of maximum absorbance change, the ester
absorbance is very high, ¢ = 5.7 X 103, At longer wavelengths
where the ester absorbance falls, Ae falls correspondingly. Thus,

this compound is not particularly useful for spectrophotometric
purposes and its properties were not studied further.

SUMMARY

1. 3-Substituted 1-alkyl pyridinium ketoxime acetates are useful
substrates for acetylcholinesterase.

2. Among the 1-alkyl pyridinium compounds, replacement of the
methyl group by the benzyl group decreases Komupp approximately
10-fold and reduces Vmax (keat) tO approximately the same extent.

3. The oxime acetates are good substrates for butyrylcholines-
terase. 1-Benzyl-3-formylpyridinium halide oxime acetate is hy-
drolyzed considerably more rapidly by butyrylcholinesterase than
by acetylcholinesterase. This compound or the corresponding bu-
tyrate might be useful as a highly selective substrate for butyryl-
cholinesterase.
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