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ride (1.4 g, 0.01 mol) during a period of 10 min. The mixture was
refluxed for 1 hr and was stirred at room temperature overnight.
After evaporation of the solvent, HO (100 ml) was added and the
product collected by filtration and washed thoroughly with water.
Recrystallization of the crude product from 50% ethanol gave the
desired compound.

Amino Acids (Table II). The procedure of Kazmirowski, et
al.,*! was followed. A mixture of cyano acid in methanol-concen-
trated ammonium hydroxide (2:1) and W-2 Ranev nickel was hy-
drogenated at room temperature at an initial pressure of 45 psi for
5 hr. The filtrate of the reaction mixture was concentrated to dry-
ness and the residue was recrystallized from water to yield the cor-
responding amino acid.

Amidino Esters (Table IV). The procedure of Dox?? was em-
ployed.

Ethyl 4-Amidinocinnamate (41). Into a solution of ethyl 4-
cyanocinnamate (1.02 g, 5 mmol) in 20 ml of absolute ethanol
cooled to 0-5° was passed dry HCI gas tor 5 1nin. The solution was
stirred overnight. Evaporation of the ethanol and hydrogen chlo-
ride in vacuo at room temperature gave a white solid which was
collected and washed with ether. The product, an imino ether, was
kept in a desiccator over alkali for several days to remove excess
HCL The imino ether was then treated with 1 equiv of alcoholic
amnmonia solution with stirring overnight. Evaporation of the ex-
cess of alcoholic ammonia gave the product, ethyl 4-amidinocinna-
mate hydrochloride. Recrystallization of the product from ethanol-
ether yielded the pure compound.

Ethyl 4-Hydroxyamidinophenoxyacetate (45). To a solution
of NH:OH - HCI (1.05 g, 0.015 mol) and K»COj3 (1.04 g, 0.0075 mal)
in H2O (9 ml) was added a solution of ethyl 4-cyanophenoxyace-
tate (2.05 g, 0.01 mol) in ethanol (40 ml). The mixture was stirred
at reflux for 3 hr. After the mixture was cooled to room tempera-
ture the solvent was stripped off in vacuo. Water (100 ml) was
added to the residue. The solids were filtered and washed with
water. The crude crystals were recrystallized fromn 50% EtOH to
give ethyl 4-hydroxyamidinophenoxyacetate, which was dissolved
in an excess of absolute ethanol saturated with HCIl gas. After
evaporation of the solvent the residue was recrystallized from
EtOH-Et:0 to give conpound 45: mp 159-161° {1.85 g, 67%).
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Base-Catalyzed and Cholinesterase-Catalyzed Hydrolysis of Acetylcholine and

Optically Active Analogs
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The base- and cholinesterase-catalvzed hydrolyses of the following optically active analogs of acetylcholine were
studied: 3(a)-trimethylammonium-2(a)-acetoxy-trans-decalin iodide. threo- and ervthro-«,8-dimethylacetyvicholine
iodide, «-methvlacetylcholine, and 3-methylacetylcholine. Evidence that the optimum dihedral -N-C-C-O angle
in the transition state for acetylcholinesterase hydrolysis of acetylcholine analogs is positive and anticlinal is given.
The data obtained suggest that acetylcholine undergoes a geometrically flexible mode of attachment to the en-

zvme.

Acetylcholine [ACh (1)} is well known as the chemical
transmitter of nerve impulses in cholinergic neural sys-
tems.? Once it has accomplished its function at a receptor
site it is rapidly destroyed in a hydrolytic reaction cata-
lyzed by the enzyme acetylcholinesterase (AChE, E.C.
3.1.1.7) as givenineq 1.

The work reported herein is part of a continuing inves-
tigation®”? into the structural requirements for cholines-

H I’;I v OgCH
' z 3
HO + +>cA 50\/ AChE
(CH1N H 'H
1

.
(CHy),NCH,CH,0H + CH,COOH (1)
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/7 OAc
T, = +150°
+ -
N(CH3)3

Figure 1.

terase action; of particular interest has been the confor-
mation about the ACh C4-Cs bond, that is, the optimum
dihedral angle, r2, at the transition state of the reaction.
Correlation of crystal structure data®$2° and relative
rates! of enzymatic hydrolysis of open-chain, conforma-
tionally flexible ACh analogs of known absolute configura-
tion led Chothia and Pauling® to conclude that the opti-
mum torsion angle in question was +150°+ as illustrated
in Figure 1. Since there is no necessary correlation be-
tween solid state (or even solution-state ground-state
structure) and transition state conformation of a flexible
substrate at an enzyme active site (see discussion in ref
13d), these conclusions required further experimental ver-
ification. Nevertheless, numerous studies2-4.13 of AChE
activity toward conformationally rigid ACh analogs, i.e.,
those with restricted rotation about the C4-Cs bond (fixed
72), where solid-state and transition-state geometry should
be little changed, generally supported the Chothia and
Pauling contention; conformationally rigid ACh analogs
with 72 in the synperiplanart to synclinal range did not
hydrolyze in the presence of AChE; analogs with 72 in the
anticlinal (ac) to antiperiplanar (ap) range did hydrolyze.
As recently reported from these laboratoriest after
studying the AChE-catalyzed and nonenzymatic hydroly-
sis of compounds 6 and 10, an angle of 147° is preferred to

0 0
CH3(1,lOCH2CHN*(CH3)3 CH3(|%OCHCH2N*(CH3)3
H, éHs

2 3
K A
CH,COC—CN*(CH,);  CH,COC-— CN*(CH,),
L, K b, Lk,
4 5
OAc CH, H
H H OAc
*N(CH), CH,
6 10

one of 169°, clearly demonstrating a preference on the part
of the enzyme for an ac transition state angle over an ap
angle. Since the compounds studied were racemic, no con-
clusions were drawn regarding the sign of the preferred
angle. (Contrary to some reports, no pharmacological or
kinetics studies on the optically active decalin compounds
6 have been carried out prior to this report; see ref 14 and
15))

The present work deseribes the resolution and kinetics

tConventions for giving the sign of 7y (positive when the angle is
measured clockwise from the front substituent A to the rear substituent B
in a Newman projection for a system A-C-C-B) and the terms synperi-
planar (sp, 0 + 30°), synclinal (sc, 60 + 30°), anticlinal (ac, 120 * 30°), and
antiperiplanar (ap, 180 £ 30°) are those of Klyne and Prelog.12
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Table I. Absolute Configuration and Physical Constants
for (+)- and (—)-2(a)-Acetoxy-3(a)-trimethylammonium-
trans-decalin lodide

New-
man
Absolute Mp, [a),°1,(+N-  pro-
Compd confign °C deg C-C-0 jection
OAc OAe
(55)-(+)-8 218 +10.9 +148°
H H
N*(CH)), *NeCH ).
OAc OAc
(RR)-(-)-6 H 218 —10.8 —148° { (
H H
N*(CH,) *N(CH)),
°[@]3°D in 90% v/v EtOH.

of the enzymatic {eel AChE and horse serum butyrylcholin-
esterase (ChE)] and nonenzymatic, basic hydrolysis of
the rigid ACh analog 6 and the four conformationally
flexible analogs 2-5.

Results

Resolution of the five ACh analogs 2-6 into their optical
isomers was accomplished according to previously report-
ed!12.18 or otherwise standard procedures. The absolute
configurations of the isomers of 6 were established by
X-ray crystallography? and are shown in Table I together
with the observed value for the dihedral angle +N-C4-
Cs5-O. The structures, absolute configurations (where
known), and specific rotations for compounds 2-5 are
given in Table II.

All hydrolysis rates were measured by following the pro-
duction of acid at 25° using the pH-stat method. The en-
zymatic hydrolyses were studied at pH 7.2, each of the
base-catalyzed reactions at four different pH’s from 10 to
11. The enzyme concentration varied from 0.1 to 10 uM
units/ml depending on the substrate activity; six concen-
trations were used for each substrate from 0.3to 1 mM.

The results of the kinetics studies are given in Table III.
Column 2 lists the second-order rate constants, kon, for
the base-catalyzed hydrolyses and column 3 gives these
values relative to that for ACh. Column 5 tabulates values
for the Michaelis-Menten parameter Km. After dividing
the experimentally determined Vmax values by the en-
zyme concentration (Eg, in M units/ml) a normalized
value for Vmax is obtained. This value is a first-order cat-
alytic rate constant (since Vimax = kcat Eq) for the reac-
tion (in units of umol unit~-! min-1) and is designated
here as k’cat.. Values for k’car. appear in column 6 of
Table Il and are related to that for ACh in column 7. Di-
vision of these relative k’car. values by Km gives a relative
second-order rate constant for the enzyme-catalyzed hy-
drolysis (column 9) which may be compared with that for
nonenzymatic hydrolysis (kou, column 3) to give in col-
umn 10 the observed accelerations of the enzymatic reac-
tion over the nonenzymatic reaction for each substrate
relative to the acceleration for ACh (arbitrarily set at
100); these values may be used to assess the preference of
an enzyme for a particular transition-state geometry. It is
important to note that in most previously reported work it
is simply relative Vmax, that is, k’cat., quantities, such as
those in column 7 of Table III, that are used to assess the
enzymic geometric preference. However, since different
substrates have intrinsically different rates of hydrolysis
even in the absence of enzyme (refer to columns 2 and 3 of
Table III), the nonenzymatic hydrolysis rate constant
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Table II. Structure and Specific Rotations (29°; 90% v/v EtOH) for Conformationally Flexible Optically

Active Analogs of AChe
Compd Name _ {aP®p, deg Structure
2 (¢)-a-Methylacetylcholine Ve NCHCH 1 CHOAC
. “H OA
(R)-(+)-2 (R)-(+)-a-Methylacetylcholine +8.62 \’(‘~<‘\
Me \'/ \ H
H
” A Odr
(S)-(-)-2 (S)-(-)-a-Methylacetylcholine -8.41 “/(;v«\
Me.N \VH
H
3 (+)-8-Methylacetylcholine Me NCH CH(CHLIO Ac
H OAc
(8)-(+)-3 (S)-(+)-5-Methylacetylcholine +26.4 Hf‘c~(1/
ven” VH
CH,
H' OAc
(R)-()-3 (R)-(—)—B—Methylacetylcholine ~27.8 s ST
M(—w':«’/ }{‘CH
4 (2)-threo-a,p-Dimethylacetylcholine Me; NCH(CH,)CHCH 0AC
(+)-4 (+)-threo-a,3-Dimethylacetylcholine +3.4
(-)-4 (=)-threo-a,3-Dimethylacetylcholine -3.3
5 (2)-erythro-a,3-Dimethylacetylcholine Me NCHCH JCH(CH W4Ac
(+)-5 (+)-ervthro-a,3-Dimethylacetylcholine +10.5
(-)-5 (-)-erythro-a,3-Dimethylacetylcholine

-10.9

2All compounds are iodides.

must be divided out (as in column 10) before a truly reli-
able comparison of relative enzymatic activity can be
made. Frequently the order of reactivity is unchanged but
occasionally an important reversal is seen [see especially
ref 4 and note compound (R)-(+)-2 in Table III]. Unfortu-
nately, for some of the discussion below it has been neces-
sary to compare relative Vmax data as reported in the lit-
erature rather than relative enzymatic accelerations since
the nonenzymatic rate constants were unavailable.

Several immediate observations can be made upon ex-
amination of Table III. (A) The rate constants for the var-
ious analogs 2-6 differ from one another and from ACh it-
self. Thus the rate-limiting process for these compounds
cannot be deacylation of the common acetyl enzyme in-
termediate and the data must pertain to the transition
state for a prior (acylation) step. (B) ACh is the best sub-
strate for both enzymatic and nonenzymatic hydrolysis.
The relative rates fall off for the open-chain compounds in
the order 2 > 3 > 4 > 5 for both types of reaction al-
though the falloff is more pronounced with the enzyme
reactions, particularly with the ChE which does not cata-
lyze the hydrolysis of compounds 4, 5, or 6 at all. The re-
sults are in qualitative agreement with those reported for
bovine erythrocytes AChE.112.16 (C) The effect of a-meth-
ylation (compounds 2) is to lower the base-catalyzed hy-
drolysis slightly (to 95% that of ACh) and the enzyme-cat-
alyzed rate somewhat more. For both enzymes studied the
hydrolysis rates are in the order (S)-(—)-2 > (%)-2 >
(R)-(+)-2, that is, the racemate hydrolyzes at a rate in
between that of the (+) and (—) isomers. (D) The effect
of a 3-methyl group (as in compounds 3), i.e., substitution
closer to the reaction center, is predictably to decrease
markedly both enzymatic and nonenzymatic hydrolysis.
Again the effect is more pronounced with enzyme cataly-
sis and again one of the enantiomers is a much better sub-

strate than the other with the racemate showing interme-
diate reactivity: (S)-(+)-3 > (£)-3 > (R)-(—)-3. (E)
The presence of two methyl substituents in the substrate
as in the threo- and erythro-«,3-dimethylacetylcholine
(compounds 4 and 3, respectively) serves to depress the
hydrolysis rate relative to ACh still further. In the pres-
ence of eel AChE, the ervthro series showed extremely
slight hydrolytic activity with a nevertheless observable
difference between enantiomers; the threo series, although
hydrolyzing at an observable rate, showed no significant
difference in rate between the racemic or either of the op-
tically active modifications. (F) Compound 6, although
stereochemically analogous to the threo compound 4, ex-
hibits very different hvdrolytic behavior. While its nonen-
zymatic hyvdrolysis rate is much less than that of the threo
compound, its enzymatic hydrolysis rate is 5-6 times that
of 4. Further, and more significantly, the AChE-catalvzed
hydrolysis rate is very sensitive to the absolute configura-
tion of 6; the (+) isomer hydrolvzes at a rate 25% that of
ACh and greater than that for the (£) modification
whereas the { —) isomer undergoes no observable reaction.

Discussion

As has been noted above and as can be seen from 'I'a-
bles I and III, the SS-(+) isomer of compound 6 with
dihedral +N-C-C-0O angle, 12, of +148° is a substrate for
eel AChE while the RR-(—) isomer with 72 of —148° has
no substrate activity. These results clearly and for the
first time unambiguously demonstrate that the lowest en-
ergy transition-state * N-C-C-O dihedral angle for AChE-
catalyzed hydrolysis of ACh analogs is positive and anti-
c¢linal (+ac) and as represented in Figure 1.

Indeed, correlation of relative activation energies for
various rigid ACh analogs with their *N-C-C-0 torsion
angles as presented in Table IV and in Figure 2 suggests
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Table III. Kinetic Data for Base- and Esterase-Catalyzed Hydrolysis of ACh and Analogs at 25°

k’cat.
K.,°®
Vinas® = unit ! Rel 102 rel
kOH’ k’cat.’ umol Rel ml k’ca‘/ k’cat,/Km
Substrate =~ M'! min-! Rel b,y  Enzyme K., mM unit-! min! k', min! K rel koy
1 114 +5¢ 100.0 AChE 0.11 +£0.02¢ 1.1+0. 1¢ 100.0 10.00  100.0 100.0
(electric
eel)
2 108 + 4 94.8 0.13 £+0.02 0.95:0.1 87 7.31 73.1 77
(R)-(+)-2 0.28£0.,02 0.92:0.1 84 3.28 32.8 35
(5)-(-)-2 0.16 £+0.03  1.22 :0.1 110 7.63 76.3 80
3 40 + 3 35.0 0.56 £+0.04  0.22 +0.02 20 0.39 3.9 11
(8)-(+)-3 0.57 £+0.05  0.35 £0.03 32 0.61 6.1 17
(R)-(-)-3 0¢ 0 0 0 0
4 33.7+0.9 29.6 0.69£0.07 0.09 £0.01 8 0.11 1.1 4,4
(+)-4 0.69+0,07 0.07+0.01 6 0.11 1.1 3.4
(-)-4 0.70 £ 0.08  0.08 £0.01 7 0.11 1.1 3.7
5 28.1+0.5 25.5 0.43+£0.09 0.003 £0.001 0.3 0.007 0.07 0.03
(+)-5 0.86 0.3 0.014 £ 0.002 1.3  0.016 0.16 0.6
(-)-5 0.52+0.21  0.015 + 0,008 1.4  0.029 0.29 1.1
6 21,7+0.2 19.0 0.43£0.04 0.16 £ 0.06 15 0.37 3.7 19.5
(8S)-(+)-8 0.84:0.20 0.40 +0.05 36 0.48 4,8 25
(RR)-(-)-8 0 0 0 0 0
1 100.0 ChE 0.51 £0.09 0.63 +0.07 100 1.23  100.0 100.0
(horse
serum)
2 94.8 0.70 £0.06  0.43 68 0.6 50 52
(R)-(+)-2 1.34 + 0,11 0.49 78 0.4 30 32
(s)-(-)-2 1.40 + 0,40 1.03 163 0.7 59 63
3 35.0 3.78+0.39  0.01 1.4 0.002 0.002 0
(8)-{+)-3 0.66 = 0.07 0.005 0.8 0.007 0.006 0
(R)-(-)-3 0 0 0 0 0

aFor comparison purposes, experimental Vimax values (Vimax = kcat.Eo) have been divided by the enzyme concentration (Ep in micromolar
units/ml). The result gives a value for the catalytic rate constant, kcat., in units of mM min-? unit-1 ml or ymol unit-* min-1, (If the
enzyme concentration were known in mM, this first-order rate constant would have units of min-1.) These normalized Vax quantities are
designated henceforth as k’ca;.. *This quantity has units of a second-order rate constant. ¢This compares with a value of 120.5 M~1 min-1
calculated for our conditions of jonic strength from data presented by M. Robson-Wright, J. Chem. Soc. B, 545 (1968). 2Average of 35 runs.
These and all other error limits are standard deviations. ¢Smaller velocities cannot be measured accurately by our methods. 7 Average of 25

runs.

that the optimum angle may be significantly less than
+148° and possibly as low as +120°. [Values for G*.s were
obtained from the relationship G*es = —2.3RT log (6/rel
k’cat.) where 6 is the approximate factor by which the rate
constant for the deacylation step must be multiplied to
give the acylation rate constant for the ACh/AChE reac-
tion.] Definitive conclusions must await comparison of
relative enzymatic accelerations possible only when the
nonenzymatic rate constants for the compounds in ques-
tion are known.

Results obtained for the open-chain analogs 2-5 can be
tentatively interpreted assuming the requirement (or pref-
erence) on the part of AChE for a +ac *N-C-C~Q transi-
tion-state conformation. Shown in Table V are the New-
man projections about the C4~Cs bond and the relative
enzymatic rate accelerations (from column 10, Table III).
Nonbonded interactions and steric strain are expected to
be small for ACh and for (S)-(—)-a-methylacetylcholine
and larger for the (R)-(+)-a-methyl isomer. The predicted
increases in transition-state energy as the molecule tries
to adopt the preferred +ac conformation are reflected in
the lowering of hydrolytic reactivity (100% to 80% to 35%)
in the presence of AChE. Substitution of a methyl group
in the 8 position (compounds 3) results in a decrease in
substrate activity. Of the two isomers of 3, the R-(—) en-
antiomer should have a severe restriction to attainment of
a +ac conformation and, in fact, this enantiomer is not a

: ©,
AAGT g g 2
kcal mole”?

100 150 200
+

TZ(N~CH-C5-O) ,deg

Figure 2. Relative free energy of activation vs. dihedral +N-C4—
Cs—0 angle for rigid analogs of acetylcholine (see Table IV).

substrate for AChE. Results observed with the disubsti-
tuted ACh analogs 4 and 5 are less definitive. These are
barely reactive substrates and any differences between
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Table IV. Solid-State Torsion Angles (* N-C-C-0) for Rigid ACh Analogs and Relative kcar. Values for

Their AChE-Catalyzed Hydrolyses at 25°

T, (N—
C-C- Rel
Compd No. 0), deg Enzyme R as, Ref
B CH, OAc T
(1) WH 7 +74 Eel AChE ~0.1° 4
N
CH
OAC
R-(2) B 8 +106 Bovine 83° 13d,e
ON H erythrocytes
AChE
QA
55-(+) V 9 +137 ? 96 13a
*NieCH.)
OQAc
\,
S5-(+) N 6 +148 Eel AChE 36 This paper
«CH)N*
CH H
(+) A OA 10 +169 Eel AChE ~4.5° 4

CH.

sCompounds 7 and 10 were studied as the racemates: the experimental relative k’cai. values were divided by 2 to give the approximate
values given in this table. *The AChE used in this study was from bovine erythrocytes. Since relative k’¢cai. values obtained from this enzyme
are somewhat different (see ref 11a and 18) than for eel AChE, the value of 83% given here should be considered approximate.

Figure 3. Proposed structure of the AChE active site showing
flexibility in binding to the anionic region.

isomers are less likelv to be significant. It is, however, dif-
ficult to explain the observed reactivity, although slight,
of the RR-threo isomer if a +ac transition-state angle is
required. Such a conformation would be extremely diffi-
cult to achieve.

It is important to note that so far in this paper and in
earlier work (see, for example, ref 8), it has been attempt-
ed to establish (for flexible ACh analogs) a particular
transition-state dihedral angle, assumed to be the same
for all compounds, and to ascribe any rate differences to
difficulties in achieving that particular conformation. It is
possible, however, to explain the data in another way.

It is suggested that the dihedral angle between the ace-
toxy group (which group is bound to the enzyme at the

transition state) and the enzyme anionic binding site is
+ac (data from Table 1V and Figure 2 suggest it may be
~+120°) as illustrated in Figure 3. A molecule whose
quaternary ammonium cationic function can achieve that
conformation, e.g., a suitably designed rigid molecule or a
flexible molecule with minimal barriers to rotation about
the C4+—Cs bond, will result in a maximum electrostatic
attraction, a consequent lowering of transition-state ener-
gy, and a fast reaction, as observed for compounds 9, 8§,
(S)-(=)-2, and (SS)-(+)-6. Furthermore, it is proposed
that the ammonium group of flexible analogs will adopt
any +ac conformation (dihedral angles from ~ +90° to
+170°) that will result in maximum electrostatic attrac-
tion and minimum steric nonbonded repulsions, i.e., a
minimization of electrostatic and torsional strain energies.
Figure 4 is a plot of log relative k’cat. vs. free energy of
activation (relative to ACh) for conformations giving the
minimum such energy for four of the eight flexible ACh
analogs studied. The activation energy plotted, AAG*cont,
was assumed to be the sum of the electrostatic energy (re-
sulting from the purely electrostatic attraction between
the anionic site and the quaternary ammonium group)
and the rotational barrier energy (resulting from nonbond-
ed interactions encountered upon rotation about the

C4—C5bond)
AAG* ;= BAG*, + AG*y,, + C (2)

where C is a constant. Estimates of AAG%*es at various an-
gles 72 can be obtained from Figure 2; the equation for the
parabola is

AAG*, = 0.0013(7, — 120)° (3)

Estimates of AG*ster, rotational barriers at various angles
79, can be obtained from quantum theoretical studies.
Data which were recently reported by Radna, et ql.,17 for
the same flexible ACh analogs that have been of interest
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Table V. Structure and Reactivity of Various Nonrigid
Analogs of ACh

10% rel
k’cat./Km
Compd C;—C; Newman projection  rel koy
OAc
1 //&}; 100
N+
OAc
(8)-(-)-2 /i&c& 80
N+
HC OAc
R)-(+)-2 j}& 35
N+
OAc
(5)-(+)-3 //&}:CH 17
Nt
OAc
(B)-()-3 mﬁ}: 0
N
OAc
(5S)-(+)-4° /éi}cm 3
CH,
N+
H,C OAc
(RR)-(-)-4" &9; 3
HC
N+
H,C OAc
(RS)-(+)-5° //&9: 0.6
CH,
N+
OAc
(SR)-(-)-5° CH, 0
HC
N+

¢The absolute configuration of these compounds is not known.

The structures given are believed to be the most likely.

in these studies were used. (It is recognized that different
quantum theoretical methods and different initial as-
sumptions will on occasion give quite different energy/
angle relationships; see, for example, discussion in ref 18).
From their data the differences in energy from the mini-
mum energy for various 72 (*N-C-C-0) angles (with
angle C-C-0O-C fixed at 180°) were calculated and were
plotted vs. 72 in Figure 5. Since the relationship is essen-
tially linear in the region where 15 is ~+90 to +150° an
expression for AG*sier (eq 4) was easily obtained. (It is

AG*ster = Wl(7'2 - 150) + AG*150 (4)

assumed that the energy differences calculated for
ground-state conformations can be carried over to obtain
the steric contribution to the activation energy
AAG*conr.) The derivative for the evaluated expression
given in eq 2 is then set to zero and solved for 72 (the di-
hedral angle of minimum energy). This value of 73 is then
used to solve for AAG*conr in order to construct the plot
shown in Figure 4. Figure 4 shows that there is a correla-
tion between transition-state conformational energy at the
AChE active site and reaction rate. It further suggests
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Figure 4. Plot of log rel k’cat. vs. minimum relative activation en-
ergy for the AChE-catalyzed hydrolysis of four flexible ACh ana-
logs.
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Figure 5. Data obtained from the INDO theoretical study.!?

that the optimum +N-C-C-O angle is different for the
various flexible compounds with values as given. Inter-
esting confirmation for our hypothesis for geometrically
flexible substrate conformations arises from recently mea-
sured secondary deuterium isotope effects for the ACh/
AChE system.1® Within experimental error the isotope ef-
fect for the enzyme-catalyzed hydrolysis of each of four
different ACh’s deuterated in each of the four different
hydrogenic sites, (L3C)sN*t-CL2-CL2-OCOCL3 was
1.00, an experimentally and mechanistically significant
result providing evidence for a rather loose enzyme-sub-
strate interaction. The authors conclude that the rate-de-
termining step for events preceding deacetylation of
AChE occurs prior to the acylation process and propose a
rate-determining enzyme conformation charge. Their
suggestion is entirely consistent with our data.

Conclusion

This work has demonstrated that the optimum dihedral
+N-C-C-0 angle in the transition state for the acylation
step of AChE-catalyzed hydrolysis of ACh analogs is posi-
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tive and anticlinal, possibly as low as +120°. The data
suggest that flexible ACh analogs will adopt any +ac con-
formation so as to minimize rotational barriers and maxi-
mize attraction between the anionic binding site and the
quaternary ammonium cation, thus implying a geometri-
cally flexible mode of attachment to the enzyme.

Experimental Section

Materials. Water. Carbon dioxide iree water was prepared by
passing distilled water through a Corning LD-3 demineralizer
equipped with a cartridge of “ultrahigh puritv” resin No. 350A
immediately before use.

Magnesium Chloride Stock Solution. Because of the hygro-
scopic nature of MgCl, the following method was adopted to pre-
pare a standard stock solution. A saturated aqueous solution of
MgCl, was prepared from reagent grade MgClz-6Ho0 at 20°: 10
ml of this solution was transferred with a volumetric pipet to a
flask containing 18.47 g (18.5 ml) of HzO. Since the density of
H20 at 20° is 0.9982 g/ml and the solubility of MgCl, at 20° is
54.25 g/100 ml, the concentration of the final standard solution is
190.4 mg/ml at 20°.

Salt Solution. The assay solution was 0.16 and 0.002 M in
NaCl and MgCle. respectively., and contzined 50 mg ot bovine
serunt albumin per liter.

Enzyme Solution. Immediatelv prior to use. enough Sigma
Chemical Co. electric eel (Electrophorus electricus) Tvpe III
AChE is dissolved in the enzyme salt assay solution described
above to give a convenient rate of reaction (from 0.1 to 10 uM
units/ml) and kept under a stream of N. (The activity of the en-
zyvme as supplied from Sigma is described as ca. 700-2000 uM
units/mg of protein.) A 1-uM unit will hydrolyze 1 umol of ACh
per minute at pH 8.0 and 37°. The trozen aqueous solution con-
tains approximately 5 mg of (NH4)2S04/mg of protein. ChE from
horse serum (Sigma Tvpe 1V: 6 uM units/mg) was dissolved in
salt solution to give a final enzyme solution containing from 0.330
to 0.340 uM units/ml.

Acetylcholine Chloride Solution. Because of the extremely hy-
groscopic nature of AChCI, stock solutions were prepared as fol-
lows. About 1 g of AChCI (crystalline. "99%.” Sigma Chemical
Co) was :ransterred under Nz in a glove box to each of several
weighing bottles. These bottles were stoppered, weighed. and
stored in a freezer until needed. Just prior to a kinetic run a 2.015
M stock solution is obtained by adding to one of the hottles an
amount of HaO weighing 1.8013 times the number of grams of
AChCI. The density of such a solution was previously determined
to be 1.0268 g/ml at 20°: 1.026 ¢ (1 1nl) of stock is removed and
diluted to 10 ml giving a 0.2015 M solution; 8 ml of this solution
is removed and diluted to 10 ml giving 0.1613 M solution. Repeat-
ing this dilution technigue four times gives four more solutions:
0.1291, 0.1033, 0.0826, and 0.0661 M.

Analog Substrate Solution. A stock solution (2 ml. approxi-
matelyv 0.2 M1 of each of the six compounds was prepared. Five
successive dilutions were inade bv removing 0.8 ml of the previous
solutions and diluting to 1 ml with distilled H2O. Six solutions for
kinetic study are thus obtained.

Enzyme Kinetics. The rate of AChE hydrolvsis of AChCl and
its analogs was followed by measuring the rate of acetic acid pro-
duction by the pH-stat method. The Radiometer Co. TTT 11 ti-
trator, ABU) auto-burette fitted with a 0.25-ml buret, SBR2C ti-
trograph recorder. PHM26 expanded scale pH meter with Type
202C glass electrode and Type K 401 calomel electrodes. and a
TTASR titration assemnbly equipped with a constant temperature
anaerobic assav chainber and motor driven stirrer were used.

Measurements were made under N; at pH 7.2 £ 0.1 at 24.90 =
0.05° using enzvme strengths of 0.1-10 uM units/ml and six dif-
ferent concentrations (ranging from 3 X 10-4 to 10 X 10-4 M) of
substrate. At least three runs were performed for each of the six
concentrations for each substrate. The titrant was 0.0100 N
NaOH. In a tvpical run 10 mli of freshly prepared enzyme solution
(kept under N2) is removed to the thermostated assay chamber
with a volumetric pipet and allowed to reach constant tempera-
ture. To this solution. under Nj, is added 0.050 ml of substrate
solution and the instrument activated. The end-point pH is set at
7.3 with a proportional band setting ot 0.2.

The raw data consisting of a chart trace of per cent full buret
vs. centimeters are punched onto cards. Reaction velocities are
extrapolated to 0 time to give the initial reaction velocity tor each
substrate concontration. An iterative least-squares fit directly to
the Michaelis equation affords values for Kn, and Vinax.

Base Hydrolysis Kinetics. Rates were studied at 24.90 + 0.05°

Schowen, Smissman. Stephen

using 10.00 ml of reaction solution containing substrate concen-
tration of approximately 6 X 10-* M. At least four runs were
made for each substrate at each of four different base concentra-
tions ranging from pH 10.7 to 11.0. The base concentration was
kept constant (£0.01 pH unit) by the addition of 0.0500 N NaOH
as described in the previous section. Electrodes were calibrated
for the pH range 9-12 at various temperatures with commercial
butfer solution and standard NaOH solution: corrections ai 25°
were found not to be required. Blank runs {no base present) gave
negligible rates. Using the relationship between rate constant and
ionic strength derived by Robson-Wright for ACh hydrolvsis, it
was calculated that any variations in ionic strength occurring
under our conditions either {a) during a run or (b) between runs
at different base concentrations have a negligible effect (within
experimental error) on our rate constant values.

A typical determination is carried out as follows. A NaOH solu-
tion (10.00 ml) of approximately the desired pH (about 0.05 pH
unit higher than the preset end point) is added to a thermostated
reaction vessel and stirred under N2 until constant temperature is
reached. To this solution is added 0.100 ml of a 0.06 M substrate
stock solution. The reaction is followed until 90% completion.
Raw data (in the form of a recorder chart trace of per cent ot full
buret vs. centimneters) are converted to time and concentration of
titrant added (i e., of ester reacted) and fitted bv a least-squares
technique to the first-order rate equation. The resulting observed
(pseudo-first-order) rate constants (knpsa = koii[OH-]) are plot-
ted against base concentration to give o values.

(R)-2-(N,N-Dimethylamino)propionic Aecid. D-Alanine was
subjected to reductive alkvlation in the presence of formaldehyde
and hydrogen using the procedure of Bowinan and Stroud:2® mp
188° (1it.20 188¢).

(R)-2-(N,N-Dimethylamino)-1-propanol. (R)-2-{N N-Di-
methylamino)propionic acid (10 g, 0.086 mol) was suspended in
300 mi of dry ether. An excess of lithium aluminum hydride in
ether was added dropwise with stirring and the mixture stirred
for 12 hr. Water was added, the ether layer was separated, diox-
ane added to the aqueous phase, and the inixture refluxed for 4
hr. The dioxane and ether solutions were combined uand dried
(MgS0,1, and the solvent was removed to give 4 g of crude prod-
uct.

(8)-2-(N.N-Dimethylamino)propionic Acid. (85)-2-Amino-1-
propanol (5 g, 0.067 mol: Aldrich Chemical Co.) and formalde-
hyde (20 g of 40% aqueous solution) were dissolved in 200 ml of
95% ethanol. The mixture was hydrogenated in the presence of
palladium-on-carbon catalvst to give the reductively alkviated
product. The catalyst was removed by filtration and the solvent
and excess formaldehyde were removed by distillation to give the
desired product in 60% yield.

«-Methylacetylcholine Iodide [(2-Acetoxy-1-methylethyl)-
trimethylammonium Iodide, 2]. Compound 2 was prepared
from the amino alcohol, 2-(V. N-dimethylamino)-1-propanol, pre-
pared by the method of Smissman. et al.,2 in 83% vield: mp 133-
134° (lit. mp 131-132°,21 137-138°22),

3-Methylacetylcholine Iodide [(1-Acetoxy-2-methvlethyl)tri-
methylammeonium Iodide, 3]. Compound 3 was prepared from
the amino alcohol, 1-(NV, N-dimethylamino)-2-propanol (Eastman
practical grade, redistilled bp 124°), as described by Smissman.
et al.,?1in 86% vield: mp 135-136° (1it.21 131-132°).

(R)-(+)-c-Methylacetylcholine [(R)-(+)-2]. Compound (R)-
(+)-2 was prepared in a manner similar to that described pre-
viously.?2 Treatment of (R)-2-(N,N-dimethylamino)-1-propanol
with methyl iodide in ether solution atforded the white crvstalline
methiodide (R)-{+)-«-methylcholine iodide. Anal. (CgH;sOND C.
H. N.

{R)-(+)1-a-Methylcholine was refluxed in 25 ml of acetic anhy-
dride for 9 hr. The resulting brown solution was cooled and
poured into 50 ml of ether to afford 0.48 g (49%) of gray cryslals.
Recrystallization from absolute ethanol-ether gave 0.15 g of flaky
white crvstals: mp 109-110° (lit.2* 107-108°); [«]2°p +8.62° (90%
ethanol) [lit.2? [«]2% +8.61° (90% v/v ethanob)]. Anal
(CsH150:NI) C. H, N.

(S)-(—)-a-Methylacetylcholine Iodide [(S)-(—)-2]. The S-(-)
isomer (S)-(—)-2 was prepared by treating (5)-(2-N,N-dimethyla-
mino)-1-propanol with methyl iodide as described for the R-(+)
isomer to give the methiodide (S)-(—)-«-methylcholine: mp 328-
333°; [«]32p —5.1° (90% ethanol). Anal. (CeH16ONI) C, H. N.

Acetylation gave a white crystalline product: mp 108-108.5°;
[«]29D =8.41° (90% ethanol) [lit.21 mp 108-109°; [«]?*"> —9.07°
(90% ethanol)]. Anal. (CgH,s0:ND C, H, N.

Preparation of Resolving Agents. The agents used to resolve
the compounds described below were the (+)- and (=)-«-bromo-
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camphor-r-sulfonic acids. These were obtained from the corre-
sponding optically active ammonium salts (Aldrich Chemical
Co.). To a stirred, ice-cooled suspension of 30 g (0.09 mol) of the
a-bromocamphor-r-sulfonic acid, ammonium salt in 900 mi of
chloroform, and 450 ml of absolute ethanol was added 100 ml of
acetyl chloride dropwise over 45 min. After 3.5 hr the reaction
mixture was filtered and the solvent removed. To the remaining
yellow oil was added 25 ml of benzene and the solvent removed
under reduced pressure. This latter procedure was repeated twice
and the remaining oil (29 g) was used without further purifica-
tion.

Resolution of (£)-1-(N,N-Dimethylamine)-2-propanol.
Crude (-)-a-bromocamphor-=-sulfonic acid (38.25 g, 0.12 mol)
was dissolved in a minimum amount of cold, ethyl acetate (about
60 ml). To this solution was added freshly distilled (&)-1-(N, N-
dimethylamino)-2-propanol (12.82 g, 0.12 mol) dropwise with
cooling. A white salt precipitated and was immediately filtered,
rinsed with ethvl acetate, and allowed to dry. The diastereomeric
salt was crystallized seven times from a solvent mixture consist-
ing of 5 ml of ethyl acetate and 1 ml of absolute ethanol for each
gram of salt according to the procedure of Major and Bonnett.23
After each crystallization the salt was filtered, rinsed with anhy-
drous ether, and dried. Optica} rotations were obtained using a
Perkin-Elmer polarimeter Model 141 using the sodium D line and
a micro polarimeter tube at 29° with 90% ethanol as the solvent.
The mother liquors were also reworked and the final yield was
9.88 g (39%) of the desired salt of the (—)-amino alcohol and the
(=) acid: [@]2°D ~89.2 + 2.2°,

To 9.7 g (0.02 mol) of the salt was added 24 ml of 5% sodium
hydroxide. The solution was extracted ten times with ether; the
extracts were combined, dried (anhydrous K2CO3), and filtered.
The resulting ether solution containing (—)-1-(V, N-dimethylam-
ino)-2-propanol was used without further purification.

(=)-1-(N,N-Dimethylamino)-2-propanol Methiodide. To the.

ether solution of the resolved alcohol was added 1.63 ml (2.5 g,
0.0176 mol) of methyl iodide. The solid which formed immediate-
ly was rinsed with anhydrous ether, air-dried, and recrystallized
from 1:1 absolute ethanol-benzene: mp 176-178° (lit.2* 175.5-
176.5%); [«]3°D —28.79° (90% ethanol) [lit.2? [2]23D —29.04° (90%
ethanol)}.

(R)-(=)-3-Methylacetylcholine Iodide [(R)-(—)-3]. To 0.63 g
(0.0026 mol) of (=) alcohol was added 7.5 ml of acetic anhydride
(8.15 g, 0.08 mol). The mixture was allowed to stir at 100° until all
the solid had disappeared (7.5 hr). The yellow solution was filtered
and the filtrate poured into 150 ml of anhydrous ether. A white solid
precipitated immediately, was filtered, rinsed with anhydrous
ether, and dried. The substance was recrystallized from absolute
ethanol-ether giving 0.6 g (80%) of (R)-(—)-3: mp 172-174°; [«]3%D
~27.8° (90% ethanol) [lit.21 mp 176-178°; [«}?3D —27.4° (90% eth-
anol)]. Anal. (CgH130,NI) C, H, N.

(S)-(+)-3-Methylacetylcholine Iodide [(S)-(+)-3]. The prepa-
ration of this compound was accomplished as described above for
the R-(—) isomer, utilizing the (+) resolving agent: mp 176.5-
177.5°, [«]?**pD +26.4° (90% ethanol) [lit.2! mp 177.5-178.5%
[@]23D +27.4° (90% ethanol)].

Resolution of (£)-threo-3-(N,N-Dimethylamino)-2-butanol.
To a cooled, stirred solution of 28 g (0.09 mol) of (—)-a-bromo-
camphor-r-sulfonic acid in 50 ml of ethyl acetate was added 10.7
g (0.09 mol) of freshly distilled (+)-amino alcohols.2 On removal
of the solvent 43.1 g of a syrup remained. The syrup was dissolved
in 170 ml of ethyl acetate and 40 ml of absolute ethanol and fil-
tered, the filtrate was heated to boiling, ether added to the cloud
point, and the solution allowed to cool. White crystals (30 g) were
recovered and recrystallized to constant specific rotation from
ethyl acetate-ether to give 9.0 g (75%): mp 88-92°; [a]?9D —76.9°
(90% ethanol).

(—)-threo-ct,3-Dimethylcholine Iodide. To 9.0 g (0.021 mol) of
the salt obtained above was added 5% NaOH until the solution
was basic to litmus. The solution was saturated with sodium
chloride and extracted five times with ether. The ether extracts
were combined, dried (K2CO3s), and concentrated. The addition
of 1.7 ml of methyl iodide gave 1.7 g (30%) of methiodide: mp
262-265° dec; [@]?®D ~3.14°.

(+)-threo-a,3-Dimethylacetylcholine Iodide [(+)-4]. The com-
pound (—)-threo-a,8-dimethylcholine iodide (1.7 g, 0.006 mol) was
heated with 20 ml of acetic anhydride for 5 hr. The cooled solution,
to which 25 ml of ether had been added, was placed in the refrigera-
tor for 4 days and gave 0.21 g of a white solid, mp 101-104°. Re-
crystallization from isopropyl alcohol-ether gave 0.12 g of a white
solid. This compound was dried in vacuo: mp 107-110° [@]2°D
+3.4° (90% ethanol). Anal. (CgH200:NI) C, H, N.
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(-)-threo-a,3-Dimethylacetylcholine Iodide [(—)-4]. Com-
pound (—)-4 was prepared in a manner similar to that described
for the (+) isomer. The salt of (+)-a-bromocamphor-=-sulfonic
acid and (+)-threo-3-N, N-dimethylamino-2-butanol was obtained
in 90% yield after three recrystallizations from ethyl acetate-eth-
anol to a constant specific rotation [@}?®p +75.8°, mp 86-90°. The
resolved amino alcohol was obtained from the salt by the addition
of a calculated amount of 5% sodium hydroxide and extraction
into ether. The ether extract was dried (KzCQO3), concentrated,
and mixed with a 10% molar excess of methyl iodide. After stand-
ing in the cold for 2 days the white crystalline methiodide was ob-
tained: mp 265-266.5° dec; [«]??D +3.5° (90% ethanol). Acetyla-
tion afforded, after recrystallization from ethyl acetate., very hy-
groscopic crystals: [@]?®D —3.3° (90% ethanol). The ir spectrum
was identical in all respects with that of the (+) isomer. Anal.
(CoH200:NI)C, H, N.

(+)-erythro-a,3-Dimethylacetylcholine Iodide [(+)-5] and
(—)-erythro-a,3-Dimethylacetylcholine Iodide [(-)-5]. Com-
pound 5, (&)-erythro-c,3-dimethylacetvicholine iodide, was pre-
pared according to the procedure of Smissman, et al.2 The resolu-
tion and the preparation of the optically active ervthro com-
pounds (+)-5 and (—=)-5 were performed as described previously
for the threo isomers. Racemic (£)-ervthro-3-(N.N-dimethylam-
ino)-2-butanol when treated with (+)-a-bromocamphor-r-sulfonic
acid gave a 50% yield of a salt: mp 176.5-179°; [«]?9D +83.6° (90%
ethanol). Treatment of the racemic ervthro-amino alcohol with
the (=) resolving agent afforded a 60% yield of a salt: mp 176-
179°; [a]?9D —85.5° (90% ethanol). Addition of methyl iodide to an
ether solution of the resolved amino alcohols produced white crys-
talline methiodides: mp 250-251° dec. [a]?9D +21.3° (90% etha-
nol); and mp 249-251° dec, [@]?*D —-21.9° (90% ethanol). respec-
tively. Acetylation and crystallization from ethyl acetate afforded
(+)-erythro-a,3-dimethylacetylcholine iodide, [a]29D +10.5° (90%
ethanol), and (—)-erythro-a.8-dimethylacetylcholine iodide,
[a]?®D —=10.9° (90% ethanol), respectively. Anal. (CqHgzqO2NI,
both isomers) C, H, N. The ir spectra of the (+) and (—) isomers
were identical.

(£)-2(a)-Acetoxy-3(a)-trimethylammonium-¢rans-decalin Jo-
dide (6). The preparation of 6 has been described in a previous
paper.?

(+)-2(a)-Acetoxy-3(a)-trimethylammonium-trans-decalin lo-
dide [(+)-6] and (—)-2(a)-Acetoxy-3(a)-trimethylammonium-
trans-decalin lodide [(—)-6]. The preparation of these com-
pounds is described in the paper concerning the X-rav crystallo-
graphic study of these compounds.?
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Potential Inhibitors of S-Adenosylmethionine-Dependent Methyltransferases. 3.
Modifications of the Sugar Portion of S-Adenosylhomocysteine
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Structural analogs of S-adenosyl-L-homocysteine (L-SAH), with moditication in the ribose portion of the molecule,
have been synthesized and their abilities to inhibit catechol O-methyltransferase (COMT), phenylethanolamine N-
methyltransferase (PNMT), histamine N-methyltransferase (HMT), and hydroxyindole (-methyitransferase
(HIOMT) have been investigated. From these studies it was concluded that, in general, the 2’-hydroxyl and 3’-hy-
droxyl groups of the ribose moiety of SAH play crucial roles in the binding of this molecule to most methyltransferas-
es. However, several interesting exceptions to this strict structural specificity have been observed. While S-3’-deoxy-
adenosyl-L-homocysteine produced no inhibition of HMT and HIOMT, it produced strong inhibition of the
transmethylation catalyzed by PNMT and COMT. Likewise, S-2-deoxyadenosyl-1.-homocysteine and S-5-{9-(ara-
binofuranosyl)adenyl]-L-homocysteine had little or no effect of COMT, HMT, and HIOMT but were potent inhibi-
tors of PNMT. The significance of these data relative to the nature of the SAH binding sites and the potential for in
vivo differential inhibition of methyltransferases will be discussed.

S-Adenosyl-L-homocysteine (SAH)! produces strong
product inhibition of most S-adenosylmethionine (SAM)-
dependent methyltransferases.! In the preceding papers of
this series,>® we described the synthesis and enzymatic
evaluation of SAH analogs with modifications in the homo-
cysteine or base portions of the SAH molecule. From the
results of these studies®” it was concluded that there exist
at least four functional groups on SAH, which play a pri-
mary role in its binding to methyltransferases. These
points of attachment appear to be the terminal carboxyl,
the terminal amino and the sulfur atom of the homocys-
teine portion, and the 6-amino group of the adenine moi-
etyv. In an effort to further elucidate the nature of the inter-
molecular forces involved in enzymatic binding of SAH, we
have synthesized a series of SAH dervivatives with minor
modifications in the sugar portion of this molecule (Chart
I). Coward and coworkers*? previously prepared analogs in
which the ribose moiety of SAH was replaced by a cyclo-
pentyl group, a 2,3-dihydroxycyclopentyl group, or a five-
carbon acyclic bridge. However, these analogs were nearly
Inactive as inhibitors of SAM-dependent methyltransferas-
es. In the present study we have made very minor changes
in the ribose moiety of SAH in an effort to elucidate the
important structural features of this portion of SAH in its
binding to methyltransferases. Using these sugar-modified

tThis work was done during the tenure of an Established Investigatorship
of the American Heart Association.

*Abbreviations used are SAM, S-adenosyi-L-methionine; SAH, S-adeno-
syl-l.-homocysteine; 2'-deoxy-SAH, S-2'-deoxvadenosyl-L-homocysteine:
%-deoxy-SAH, S-3-deoxyadenosyi-L-homocysteine; SAraAH, S-5'-[9-(ara-
binofuranosyl)adenyl}-L-homocysteine; COMT, catecho! O-methyltransfer-
ase (E.C. 2.1.1.6); PNMT. phenylethanolamine N-methyltransferase (E.C.
2.1.1); HMT, histamine N-methyltransferase (E.C. 2.1.1.8); HIOMT,
hvdroxvindole O-methyltransferase (E.C. 2.1.1.4); K}, inhibition constant
for the siape.

Chart I. Sugar-Modified Analogs of SAH Synthesized to Probe
the Binding Sites on COMT, PMNT, HMT, and HIOMT

H N—'CHCHZCHZ—S-CH2/O adenine

2 N
COEH R

Rx RE
Compd Ry R, R3
SAH OH OH H
21-deoxy—SAH OB i H
3'—deoxy=-SAH H OH H
SAraAH OH H OH

SAH analogs (Chart I) as probes of the active sites of
COMT, PNMT, HMT, and HIOMT, we have delineated
the contribution of the ribose moiety in the enzymatic
binding of SAH, which is the subject of this paper.

Experimental Section

Melting points were obtained on a calibrated Thomas-Hoover
Uni-Melt and were corrected. Microanalyses were conducted on an
F & M Model 185 C, H, N analyzer, The University of Kansas,
Lawreiice, Kan. Unless otherwise stated, the ir, nmr, and uv data
were consistent with the assigned structures. Ir data were recorded
on a Beckman IR-33 spectrophotometer, nmr data on a Varian As-
sociates Model T-80 spectrophotometer (TMS), and uv data on a
Cary Model 14 spectrophotometer. Scintillation counting was done
on a Beckman LS-150 scintillation counter. Tlc were run on Anal-
tech silica gel GF (250 i) or Avicel F (250 u). Spots were detected
by visual examination under uv light and/or ninhydrin for com-
pounds containing amino moieties.



