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Hydrophobic Regions on the Active Surface of Choline-esterases

M.).Kabachnik, A.A.Abduvakhabov, |.1.Agabekova, A.P.Brestkin, R.1.Volkova,
N.N.Godovikov, E.l.Godyna, S.S.Mikhailov, M.Ya.Mikhel’son, V.l.Rozengart,

E.V.Rozengart, and R.V.Sitkevich

The methods of synthesis of S-alkyl{aryl) derivatives of methylphsophonothioic acid and methods for the investigation of
their anticholine-esterase activity have been briefly described. Data confirming the anticholine-esterase activity of the

compounds synthesised are presented.

11 has been shown that, in the inhibition of choline -esterases by organophosphorus compounds, the hydrophobic sorption
of these substances on the active surface of the enzymes plays an important and sometimes a decisive role.

It is suggested that the presence of hydrophobic regions on the active surface of choline -esterases tends to increase the
probability of the sorption of acetylcholine {a choline esterase substrate) on this surface.

The bibliography includes 68 references.
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I. INTRODUCTION

Choline-esterases (CE) are important enzymes for vital
processes whose purpose is to hydrolyse acetylcholine
(AC), one of the mediators in nerve excitation. According
to modern concepts!~?, the catalytic centres in these
enzymes consist of two distinct regions which are sepa-
rated in space: anionic and esterase regions. The
anionic region is probably formed by the carboxylate anion
of a dibasic aminoacid included in the polypeptide chain of
the enzyme. This may be an aspartic or glutamic acid
residue. The role of the anionic region consists in the
specific sorption of the trimethylammonium group of
acetylcholine, which helps to ensure a favourable orienta-
tion of the substrate molecule on the active surface of the
enzyme.

The esterase component, where the hydrolysis of
acetylcholine takes place, is located at a distance of 4-5
A from the anionic component. It has a complex structure
in which the hydroxyl of serine, an aminoacid also
included in the polypeptide chain of the enzyme, plays a
central role. Proton-donating and proton-accepting
groups are present in the immediate vicinity of the serine
hydroxyl. These may be respectively the tyrosine
hydroxyl and the imidazole group of histidine.

It is still unknown how the functional groups comprising
each of these active components are located in the overall
structure of the enzyme, i.e. whether they belong to the
same polypeptide chain or to different chains, but it may
be supposed that the mutual approach of these groups,
leading to the formation of the active centre, takes place
at the instant of interaction with the substrate and
involves its direct participation®’®,

The information available on the structure of the active
surface of choline-esterase is largely due to large-scale
and intense studies on the properties and activity of organo-
phosphorus inhibitors (OPI), carried out at an increasing
rate for more than 25 years ' ~*°.
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The following mechanism of the hydrolysis of acetyl-
choline by choline-esterases has been generally accepted.
Initially the substrate is sorbed on the active surface of the
enzyme with formation of a Michaelis complex and subse-
quent acetylation of the serine hydroxyl. The last stage
involves the deacetylation of the enzyme by water and the
restoration of its initial structure. There is every reason
to suppose that this is not spontaneous water hydrolysis but
a more complex process.

It is known that the inhibition of choline-esterase by
OPI consists in the phosphorylation of the serine hydroxyl
in the esterase component of the enzyme. In contrast to
the deacetylation of choline-esterases, which occurs in the
enzymic hydrolysis of acetylcholine and other substrates,
dephosphorylation takes place extremely slowly and there-
fore the inhibition is almost irreversible. It is significant
that the hydrolysis of the phosphorylated enzyme requires
the dissociation not of an O-acyl but of an O-alkyl bond,
which is not characteristic of choline-esterases.

The activity of the inhibitor depends primarily on its
phosphorylating capacity, i.e. on the effective positive
charge of the phosphorus atom. However, the anticholine-
esterase activity of OPI is not determined solely by their
phosphorylating capacity "'°™**, Ionic and ion-dipole inter-
actions also plays an important role. They are shown
most clearly on introduction of a cationic group into the
eliminated componentf of the OPI molecule. OPI is then
fixed on the anionic region of the enzyme as a result of
which the probability of the reaction between the inhibitor
and the esterase component is enhanced. First examples
of such cationic OPI were investigated in 1955-1958 —they
contained ammonium '*™*7 or sulphonium '®~2® groups.

T We refer to the group of atoms linked directly to the
phosphorus atom and split off on phosphorylation of cho-
line-esterase as the eliminated component of the OPI
molecule.
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In the study of the first ammonium OPI it was impossible
to demonstrate sufficiently clearly the role of the ‘onium
group, since the tertiary analogues of thiophosphonylcho-
line are so highly protonated owing to the high basicity of
the amino-nitrogen at biological pH values that conversion
to a quaternary base enhances the anticholine-esterase
activity only by a factor of 3-4.

The role of the positive charge was revealed much more
clearly in studies on certain OPI containing sulphides and
sulphonium groups°72¢, In sulphide OPI the sulphur atom
is incapable of being protonated under the usual conditions
and therefore the appearance of a charge on conversion
into sulphonium compounds increases the anticholine-
esterase activity by a factor of 2000~3000.%° Later a
similar striking increase of activity was achieved also with
nitrogen-containing OPI derived from aromatic amines of
low basicity. Such amines are protonated to only a slight
extent at pH 7-8 and therefore the appearance of a charge
on their conversion into quaternary bases also increases
the activity of such OPI by a factor of several thousand®’.

The position of the ‘onium atom in the OPI molecule is
very important. The greatest effect is achieved when the
atom carrying the positive charge is located in the elimi-
nated component of the OPI molecule at the same distance
from the phosphorus atom as that between the quaternary
nitrogen atom and the carbonyl carbon in acetylcholine. ®#**°

It should be noted that, on introduction of a cationic
group into the OPI molecule, there is not only a possibility
of ionic interaction but, by virtue of the inductive effect,
there is a significant increase also in electrophilic phos-
phorylating capacity. These two effects are difficult to
separate experimentally*2%%%,

The electrophilic reactivity of OPI and their capacity
to interact with the anionic component of the enzyme are
the two properties of the inhibitor which have been widely
discussed in numerous publications dealing with the rela-
tion between the structure of OPI and their activity.

However, as will be shown below, these two factors do
not exhaust the possibilities of the interaction between OPI
and the active surface of choline-esterase. It may be
supposed that Coulombic attraction is not the only impor-
tant factor in the interaction between the cationic “head”
of acetylcholine and the anionic group of choline-esterases.
The three methyl groups linked to the n1tro§en atom also
play a significant role in this interaction®*’*°. It has been
found that uncharged 3,3-dimethylbutyl acetate, the t-butyl
group of which imitates sterically the trimethylammonium
group of acetylcholine, is hydrolysed by choline- esterase
only a little more slowly than acetylcholine itself*

Hence it may be supposed that the introduction of the t—
butyl group in the required position into the molecule of the
choline-esterase inhibitor can also intensify its interaction
with the enzyme. There is also some other evidence in
support of this hypothesis, for example the high anticho-
line-esterase activity of the pinacolyl esters of alkylphos-
phonic acids ®"'?,

The first results of studies on this problem ***** led to
the hypothesis that, around the active centre of choline-
esterases, there are several hydrophobic regions which
can interact with the alkyl groups of both substrates and
inhibitors °.

The hypothesis of the “hydrophobic interaction” is
nowadays widely used in enzymology. It has been shown
for various enzymes, such as pepsin, chymotrypsin,
trypsin, carboxypeptidase, and others, that the rate of the
enzymic hydrolysis of substrates depends significantly on
the size of their constituent hydrocarbon groups capable
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of being sorbed on the hgdrophoblc regions of the catalytic
centre of the enzyme®

The mechanism of the 1nh1b1t1on of choline-esterases
was not examined previously from this standpoint. This
review presents the results of systematic studies on the
“topography” of the hydrophobic regions located on the
active surface of horse serum choline-esterase and the
acetylcholine-esterase from bull erythrocytes.

II. MATERIALS FOR INVESTIGATION

Enzymes. We employed a preparation of choline-
esterase from horse blood serum (BuCE, EC, 3.1.1.8),
manufactured at the Mechnikov Institute, which had a puri-
fication factor of 60 and a specific activity of 1.2-1.6
umole of AC per minute per milligramme of protein at
25°C, pH 7.5, and a substrate concentration of 0.02 M.

The stroma of bull erythrocytes carefully washed free
of haemoglobin and then lyophilised, serves as a source of
acetylcholine-esterase (ACE, EC, 3.1.1.7), *>%

OPI preparations. Theseconsistedof S-alkyl(aryl)
derivatives of methylphosphonothioic acid some of the
physicochemical constants of which are listed in Table 1.

Table 1. Designation and constants of the organophosphorus
inhibitor (OPI)

0
Scries | Ha: N P 7
CM:07 Ng(chy), R
No. R n B.p.. °C/mmilg "gDo dzo
1 2 | 3 | 4 5 6
1 | CH, 1 62—64/1 1.4760 1.0969
2 | CH; 2 85—86/2.5 1.4820 1.0712
3 | CHy 3 100—102/2 1.4810 1.0530
4 CH, 4 108—110/3 1.4678 1.0306
5 | CHy 5 105—106/1 1.4712 1.0178
6 | CHs 6 124—126/2.5 1.4650 1.0040
7 | CH, 7 155—156/5 1.4690 0.9957
8 | CH, 8 142--144/2 1.4702 0.9841
9 | CH; 9 152—153/2 1.4705 0.9725
10 | (CHy)sC 1 78—80/2 1.4640 1.0262
11 | (CHysC 2 76—77/1 1.4746 1.0120
12 | (CHg)C 3 84—83/1 1.4710 1.0015
13 | (CHy)C 4 124 —-126/2 1.4700 0.9896
14 | (CHs)C 5 126—128/1.5 1.4670 0.9811
15 | (CHa)C 6 134—136/2 1.4700 0.9723
16 | (CHy)sCH 1 120—121/2.5 1.4770 1.0610
17 | (CHy),CH 2 73—74/1 1.4710 1.039
18 | (CHg),CH 3 84—85/1 1.4768 1.0270
19 | (CHg),CH 4 126—427/1 1.4698 1.0010
20 | (CHg):CH 6 132—134/1 1.4705 0.9862
21 | C¢Hs 1 135—136/1.5 1.5462 1.1521
22 | C4Hy 2 13672 1.5398 1.1369
23 | CeHs 3 150—151/2 1.5346 1.0808
24 | CHs 4 137—139/1 1.5300 1.1068
H,C. 0
Series I1 \P/
CH0” NSCH,CH,S—R""
1 2 3 4 5
25 CH,4 110—-112/1.5 1.5211 1.1665
26 CoHg 98—99/1 1.5181 1.1429
27 n-CH, 132---133/1 1.5082 1.0963
28 n-CeH, 5 437—-138/1 1.5037 1.0650
29 n-CgHy, 170—174/4 1.4998 1.0341
30 n-CyoHyy 192—195/1 1.4880 1.0097
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Table 1 Cont'd.

H 0
Series 111 N 14 + _
€:H:0” \s—cngm.?—n'“-so.cn,
CH,

1 2 3 4 5
3 CH, - 1.5255 -
32 CH, - 1.5210 —
33 n-CqHy — 1.5212 —
% n-CeHis - 1.4944 -
35 n-CgHyy — 1.4898 -
36 2-CyoHy — 1.5002 —

HC. O
Series 1V Np/
R0/ \SCH,

1 2 3 4 5
37 CH, 64—65/1 1.4772 1.0825
38 n-CgH, 85.-86/1 1.4692 1.0280
39 n-CeHy 92-93/1.5 1.4675 1.0125
40 n-CeHy 87/1.5 1.4700 0.9983
4 n-CeHys 11672 1.4706 0.9930
452 n-CoHyg 70/2.10°2 1.4603 0.9783
43 n-CgHys 95/3.108 1.4697 0.9656
& n-CoHyg 110/2-10-2 1.4690 0.9680
45 1-CyoHy 120/2.10-2 1.4710 0.9643
46 (CHy)sCH 79/1.5 1.4703 1.0166
47 (CHy)sCHCH, 80/1.5 1.4693 1.0053
48 (CH3),CH(CHy)s 108/2 1.4693 0.9965.
49 (CHy)eCH(CHy)s 73/3.10-2 1.4725 0.9929
50 (CHa),CH(CHy)s 76/3.102 1.4693 0.9835
51 (CHg)oCH(CH,)s 9294/3.10"2 1.4730 0.9818
52 (CHy)sCCHy 82--83/2 1.4636 0.9891

H 0
Series V HC\P/
R'07 \SCH,CH,SC,H

1 2 3 4 5
53 CH, 100/1.5 1.5252 1.1728
54 n-CqH, 105/2 1.5101 1.1089
55 n-CeH, 95--96/3.10"% 1.5082 1.0960
56 n-CsHyy 104—105/2-10~% 1.5040 1.0708
57 n-CoHyg 103—104/10- 1.4984 1.0493
58 n-C;Hys 120.—121/2- 102 1.499 1.0430
59 #-CyHy 117/103 1.4974 1.0365

H 0
Series VI .C\P/ + —
R'0” “\SCH,CH,SC;H; - SOCH,
|
CH,

1 2 3 4 5
60 CH, - 1.5201 -
61 n-CsH, - 1.5010 -
62 nCH, — 1.5092 —
63 n-CgHyy — 1.5045 —
64 n-CoHis - 1.5044 -
65 n-CHyy —_ 1.4982 —
66 * 1-CeHyy - 1.5000 —

The general method for the preparation of S-alkyl O-ethyl
methylphosphonothiolates and O-ethyl S-(w-phenylalkyl)-
methylphosphonothiolates (series I) and also O-alkyl S-n-
butyl methylphosphonothiolates (series IV) consisted in the
alkylation of sodium O-alkyl methylphosphonothioate with
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the corresponding alkyl halides or w-halogenophenylal-
kanesss,s4, -4,
CH CH. (s}
3N XR' >  Npf 4 NaX.
R0’ NoNa R po/ Sspe

Exceptions were O-ethyl S-(2,2-dimethylpropyl) methyl-
phosphonothiolate (T'able 1, compound 1.10), which was
synthesised by the reaction of O-ethyl methylphosphono-
chloridate with sodium 2,2-dimethylpropanethiolate 84,

CH (e}
o/ aCl 4

CH3\P/O
(CHg)s CCH,SNa —» P -+ N:
o+ (G CCHRSN = 10 NSCHy—C (CHls

GHOZ a1

and S-n-butyl 0-2,2-dimethylpropyl methylphosphonothio-
late (Table 1, compound IV, 5.2), which was obtained by
the interaction of 0-2,2-dimethylpropyl methylphosphono-
chloridate with sodium butanethiolate:

CH CH3\ /0

P NaCle
Ss—can T
(CHysC—CH,O

3

\P/ ° {4 CHSNa —
/ Nct

(CHy)yC—CHy—O

All the S-(R-alkylthioethyl) O-ethyl methylphosphono-
thiolates (series II) and O-alkyl S-(B-ethylthioethyl) meth-
ylphosphonothiolates (series V) were obtained by the reac-
tion of sodium O-alkyl methylphosphonothioate with
B-chloroethylalkyl sulphide **"*¢:

CHa\P/S

CH o
rRO7 NN + CICH,CH SR~ >Spf
! la

NaCl.
RO/ NSCHCHSR™ T

Next compounds of series II and V were converted by
dimethyl sulphate into the corresponding S-methyl metho-
sulphates:

C,H,0 (CHy) P (0) S (CHy)oS(CHy) R"**-SO,CHy (series 11)
and R'O(CHy) P (0) S (CHy)sS (CHa) C;H - SO,CH, (series 1v):

CH (o] CH (o]
Npd CHy): SOs— _ 35P¢ _
rR0” \SCH,CH,SR"'+( Hala S0~ £ 07 N scHycagS (CHy R 50,CHs

O0-Alkyl methylphosphonothioates were obtained by the
hydrolysis of O-alkyl methylthiophosphonochloridates *':

Cﬂa\p/s KOH CHJ\P /5 _Ha CHJ\p ol
GH: 07 NI GH,0” NOK CH,0” “OH
Some of the physical constants and the pK, values of
these substances are listed in Table 2.

III. RESEARCH METHODS

1. Estimation of Anticholine-esterase Activity

The anticholine-esterase activity of the OPI was esti-
mated from the rate constant 2yy for their interaction with
the enzyme *7*®%°,

The enzyme (E) and the inhibitor (I) were incubated in
the presence of 0.007 M phosphate buffer for a definite
period (¢, minutes) and then acetylcholine was added to the
reaction mixture. The reaction between the OPI and the
enzyme tended to cease completely in a dilute reaction
mixture containing acetylcholine at a concentration corre-
sponding to complete saturation of the enzyme by the sub-
strate. The acetic acid formed in the hydrolysis of acetyl-
choline under the action of the residual concentration of
the enzyme was determined by potentiometric titration with
0.1-0.12 N sodium hydroxide solution. The rate of reac-
tion A; corresponding to f minutes of incubation of E with
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I was determined from the slope of the experimental linear
plots of the volume of the solution of alkali against time.

In some of the experiments At was found from the change
in the concentration of acetylcholine in the reaction mix-
ture, which was determined by Hestrin's method *.

Table 2. Constants for O-alkyl methylphosphonothiolates:
N T N
R0 Non R0 Nsh
pKy
R’ B.p., °C/mmHg ”%o Pra 60% - g | thiolic
alcohol § 25 form
00 5 gl—n
CHs 98--99/3 1.5062 | 1.2527 3.27 3,78 3.48
CeHj 172/ 1.4927 | 1.1762 3.35 3.92 3.66
n-CgH, 92-93/1 1.4874 1.1285 3.42 3.96 3.59
n-CHy 102—103/1 1.4830 | 1.0991 3.41 3.99 3.43
n-CyHyy 106/2 1.4823 | 1.0686 | 3.46 | 3.99 -
n-CeHys 110/2 1.4814 | 1.0498 | 3.47 4.00 —
n-CHyy 74/2-10~2 14794 | 1.0315 | 3.46 | 3.97 -
n-CHyy 84/2-10~ 1.4790 | 1.0196 | 3.46 | 4.01 —
n-CeHyy 97/2.40~3 1.4786 | 1.0087 | 3.49 4.00 —
n-CyoHy 115/2-10~2 1.4780 | 0.9983 | 3.44 | 4.01 —

Since the reaction was carried out under standard con-
ditions, the measured rates At were directly proportional
to the corresponding concentrations of the active centres
of the enzyme [Ek. Accordingly the values of [E} were
calculated from the formula

(E(] = [Ely A/ Ay, 1)

where Ao is the rate of the enzyme reaction in the absence
of the inhibitor with all other conditions kept constant and
[E]o the initial concentration of the active centres of the
enzyme in the reaction mixture. [E]o for the given initial
enzyme solution was determined in a preliminary experi-
ment by Berry's method'**® involving partial phosphoryla-
tion of the active centres of the enzyme (between 20 and
80%) with a highly active organophosphorus inhibitor—
Gd-42 (Tables 1 and 6, compound III. 32)~—at a known con-
centration, the inhibitor being completely consumed in the
reaction. The end of the reaction was inferred from the
constancy of Ay as a function of the duration of incubation
of E with I. The data obtained were used to calculate kyp
by the equation

2.5 [El, ({llo — %)
k = v
1 e — (Bl (Tl (Elo— ) @)

where [I)o is the initial concentration of the OPI in the
reaction mixture and x the decrease of the concentration of
the enzyme and the OPI calculated from the difference

[E}o - {E}t- This formula is readily transformed into
another more convenient for practical use *:

_ 288 r( (Ew), (Bl
A= e — B "{A, (1 mo)‘Lm,]' @)

The concentration in the reaction mixture of the inhibi-
tor of low activity was always many times higher than that

Russian Chemical Reviews, 39 (6), 1970

of the enzyme, i.e. [IJo> [EJo. In this case Eqns. (2) and
(3) become

238 4 4
by = T lg 2 “)

However, for the majority of the OPI, the constant kyy
falls significantly with increase in time ¢, %’%°

Kinetic studies have shown *** that this type of relation
between 211 and ¢ follows from the generally accepted two-
phase mechanism of the interaction between E and I:

E+ xféE:kEr+Ph (5)
where EI is the enzyme-inhibitor complex, analogous to
the Michaelis complex, EI'the phosphorylated enzyme,
and P? the corresponding mercaptan split off from the OPI
on phosphorylation of the enzyme. Therefore we found the
value of k] corresponding to the beginning of the reaction
between E and 1.

For certain OPI, the constant k11 was determined at
different temperatures, which made it possible to find the
activation energy E .t for the inhibition of choline-ester-
ases and to calculate the pre-exponential factors PZ in the
Arrhenius equation.

2. Determination of the Rate Constants for Alkaline
Hydrolysis

To estimate the electrophilic reactivity of the OPI, we
determined the rate constants for their alkaline hydrolysis.
An agueous or aqueous alcoholic solution of the OPI was
incubated at 25°C with a 2.5-fold excess of sodium hydrox-
ide. The concentration of the OPI in the reaction mixture
[TJo was usually 0.01 M and that of alkali [B]o was 0.025 M.
The pH at the beginning of the reaction was 10.5-10.8.
Samples were removed at definite time intervals and their
sodium hydroxide concentration was determined by poten-
tiometric titration. The pH at the beginning of the experi-
ment fell by not more than 0.3. The hydrolysis rate con-
stant Koy was calculated from the formula

_ 230 [T} (Bl — )
(Bl — (1l © (Bl (p—n '

kon

where x is the decrease of the concentration of NaOH and
the OPI during the experiment, determined from the differ-
ence between the amounts of alkali consumed in the titra-
tion of a control reaction mixture (¢ = 0) and in the experi-
ment after a period of incubation ¢.

The OPI containing a cationic group in the molecule are
hydrolysed rapidly and their koH were found by direct
titration of the reaction mixture at pH 10.5.® Since the
concentration of OH™ ions in these experiments was con-
stant, ko was calculated from the equation

2.3 (lh
OH = JIOH] € [{Tlo— ) '

where x is the decrease of the inhibitor concentration
determined from the amount of alkali consumed in the
titration.

Determination of pkia. To estimate the electro-
philic reactivity of certain OPI, we also employed the
ionisation constants (pKj) of the corresponding 0-alkyl
methylphosphonothioates.
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All the pKa determinations were made by measuring
the pH (using a silver, silver chloride electrode at 20°C)
of partly neutralised (degree of neutralisation 30, 50 and
80%) 3.5 x 1073-50.1 x 10™* M acid solutions. Since the
ionic strength of the solution did not exceed 0.01, a cor-
rection for activity coefficients was not introduced. The
calculation was based on the formula

Ky
[Na*) + [H') —

K, =[H]

M —{ Nt (111 ;‘Y,’J J

Table 3. Inhibiting activity of series I compounds.
S-Alkyl O-ethyl methylphosphonothiolates and O-ethyl
S-{w-phenylalkyl) methylphosphonothiolates with the general
formula

H,C
s \,,/0
CHO” s (cHy, R
BuCE ACE X
i i L1010 i a0 | O
Series & R o Fplite | By, Pz | kyplitre | B, |107Vpz, flitre
no, mole; keal flitre mote™| mole’] | keal | hitre mote”l{mOleT
min™ mole” min'l min® mole-l . min
{ min

i1 CH, 1} 6.4-101 12.0 4 2.2.102 11.0 3 0.45
1.2 CH; 21 1.4-10% 12.0 12 5.2.102 — - 0.13
1.3 CH, 31 8.2-10% 12.5 90 | 1.2.108 - — 0.15
1.4 CH; 41 2.6.-10° 12.0 170 2.6-102 — — 0.13
1.5 CH,4 51 3.8-104 12.5 4100 1.6.104 10.8 130 0.12
1.6 CH, 6] 3.3-10* — —_ 2.1-104 —_— — 0.13
1.7 CH; 71 4.1-10* — — 3.6:10¢ | 10.7 260 0.13
I.8 CH; 8| 3.4-10* — — 3.1-104 — — 0.13
1.9 CH, 9] 3.8-10* — — 1,.6-10¢ — — 0.13
1.10 C(CHyps | 1] 2.1-10% 12.5 3170 2.0-104 11.0 120 0.10
I C(CHy)s | 2 4.7-108 12.5 510 1.6-10% [ 11.0 16 0.16
1.12 C(CHy)3 | 3| 1.8-10* 12,2 1660 2.2-10% — — 0.13
1.13 C(CHy); | 4} 9.1-10* 12.0 5870 7.2-108 — - 0.15
1.14 C(CHy)s | 5| 9.0-10* - — 1.1-10% —_ — 0.12
1.15 C(CHg); | 6} 9.9-10* — — 1.9-104 — — 0.15
1.16 |CH(CHgy),| 1| 6.7-10% — — 1.6-10% - — .14
1.17 | CH(CHy).| 2| 2.3-10% 12.0 150 1.3-103 — — 0.16
1.18 |CH(CHs),! 3| 2.5-10% — — 8.3-102 — - 0.13
1.19 | CH(CHj).| 4] 5.9-10* — —_ 9.0-10? — — 0.16
[.20 {CH(CHg), 6 9.3-10¢ — — 2.2-10% — — 0.13
.21 CgH; 1] 1.2-108 — — - — — 0.11
1.22 CgHs 2] 1.4-10% — — 1.2-10* — — 0.14
1.23 | CgHy 3| 8.5-10* — — 1.8-104 — — 6.41
1.24 | CH, 414008 | — — 1349001 — - 0.12

Since O-alkyl methylphosphonothioates can exist in two
tautomeric forms (Table 2), the pKy values for both forms
were calculated by the method described previously *

These values characterise the effective positive charge at
the phosphorus atom in the acids and consequently to some
extent also the phosphorylating capacity of the corre-
sponding esters. Since the pK5 values of the acids vary
relatively little when the size of R increases from CHs to
CioHa1 (Table 2), one may assume that the phosphorylating
capacities of the corresponding OPI are also virtually
identical. For other series of OPI, a similar conclusion
follows from the constancy of the alkaline hydrolysis rate
constant within each series (Tables 3, 5, and 6). Thus
the OPI in each series react with the esterase component
of choline-esterases as phosphorylating agents of virtually
equal effectiveness.
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A. Effect of the Structure of the Hydrocarbon Group in the
Eliminated Components of OPI on their Anticholine-ester-
ase Activity

The first series of OPI used to investigate the effect of
hydrophobic sorption on the rate of phosphorylation of the
enzyme have the general formula

SN /
C,H,,O/ \s (CHy, R,

where R = H, C(CHs)s, CH(CHs)z, or CeHs.

The results of these investigations are presented in
Table 3 and show that the rate constants for alkaline
hydrolysis (kQp) and also the activation energies Egct for
the compounds investigated in reactions with choline-
esterases are almost constant, while the inhibition rate
constants 2y differ sharply.

In the subseries of straight-chain alkane derivatives
(compounds I.1-1.9) the constants kqp increase with the
length of the chain of the alkyl group up to the hexyl deri-
vative (I.5) for BuCE and up to the octyl derivative (I.7) for
ACE. Further increase in the length of the alkyl chain
in the case of BuCE does not cause significant changes in
kyr and in the case of ACE actually leads to an appreciable
decrease of the constant ®**** (Fig.1). Thus a simple
increase in the length of the hydrocarbon group leads to a
sharp increase of the rate of inhibition—by a factor of 170
for ACE and 600 for BuCE.

e
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Figure 1. Variation of the rate constants &gy for the
inhibition of BuCE (curve 1) and ACE (curve 2) by com-
pounds of the type C2HsO(CHs)P(O)SCyHapn.: With the length
n of the straight alkyl chain.

The second subseries of compounds, in which the alkyl-
thio-substituent contained a t-butyl group at different dis-
tances from the phosphorus atom (compounds I1.10-1.15),
proved to be extremely interesting. The C(CHs)s group is
a complete steric analogue of the N(CHs); group in the
acetylcholine molecule. The first member of this sub-
series (I.10) exhibits a fairly high anticholine-esterase
activity. Then [compound (I.11)] ky1 decreases. In experi-
ments with BuCE subsequent members of the subseries
(1.12-1.13) showed an increase of k] with increase in the
number of methylene groups n, but the change in 211 on
going to compounds 1.14 (n = 5) and I.15 (# = 6) is already
small (Fig.2). In experiments with ACE there was a con-
tinuous increase of k1 with n.
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Next it was found that in this subseries of OPI all three
methyl residues at the quaternary carbon atoms are impor-
tant. The replacement of one methyl residue by a hydro-
gen atom, i.e. the replacement of the t-butyl group by an
isopropyl group, results in a significant decrease of kyy,
particularly for OPI with a small » (compounds 1.16-1.18).
A feature of the compounds of the third subseries which
distinguishes them from those of the second is the absence
of a decrease of k1 on going from the first member (1.16,

n = 1) to the second (I.17, » = 2). The variation of kyy with
n in this subseries has much in common with that for com~
pounds of the first subseries.

7 2 3 4 5 6n

Figure 2. Variation of the rate constants kyy for the
inhibition of BuCE (curve 1) and ACE (curve 2) by com-
pounds of the type C2HsO(CH;)P(O)S(CHz)C(CHs)s with the
number of methylene groups =.

In the fourth subseries of the first series of OPI (I.21~
1.24) under consideration an w-phenylalkyl group is attached
to sulphur. The high anticholine-esterase activity of the
first member of the subseries (.21, » = 1) is striking here.
On going to the second member (1.22, n = 2), kJf decreases
sharply. Further increase of # leads to an increase of Apy,
upton =4.%

The very high anticholine-esterase activity of individual
members of this series of OPI is particularly noteworthy.
Thus the rate of inhibition of BuCE by compounds 1.13, 1.14,
1.15, 1.20, I.21, 1.23, and 1.24 is not inferior to that by an
inhibitor as powerful as armin (b = 2 x 107%),4°

The data obtained will make it possible to elucidate the
effect on k1 of the gradual conversion of the terminal
methyl group into a t-butyl group. This effect is seen from
an examination of Table 4, which lists the relative values
of k1 for the OPI. kg7 for the first compound in each of the
five groups =1, n =2, n =3, n =4, and # = 6) was
assumed to be unity.

Table 4 shows clearly that the gradual “conversion” of
the methyl into a t-butyl group is accompanied in all cases,
except for the inhibition of ACE by compounds with #» = 4
and 6, by an increase of k[1. To what extent this increase
is specific, i.e. whether it is associated with the presence
of the tetrahedral t-butyl group as such or whether it is due
to a simple increase in the “bulk” of the alkyl substituent,
can be seen by comparing the constant k7 for compounds
containing a t-butyl group with those for the corresponding
compounds with an n-butyl group. The greatest effect of
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the t-butyl group for BuCE and ACE was observed with the
compound in whichn = 1. Here the distance between the
quaternary carbon atom and the phosphorus atom is almost
equal to the distance between the quaternary nitrogen atom
and the carbonyl carbon atom in the AC molecule:

o}
0 CH, C,H,0 CH,
I [ cn N CHy "en
CH, a 1Ns” o
HyC—C. 2 N HC 1S
’ N0/ \CHﬂ/ \\CHx : \CHzc
b A—s b b A

Acetylcholine Compound 1.10

Table 4. Variation of the inhibiting activity of com-
pounds of the type C2HsO(CHs)P(O)S(CHz),R as the group
R is varied from methyl to t-butyl for different » (based
on the results in Table 1).

=

k" (relative
4 " R values)

3 BuCE | ACE
11 1 | CH; 1 1
1.2 1 | CHCH; 2 2
1.16 1 | CH(CHy), 10 7
1.10 1 | C(CHs)s 330 | 90
1.4 1t | CHy 40 | 12
1.2 2 | CH, 1 1
.3 2 | CH,CH;3 6 2
1.47 2 | CH(CHy): 17 2
.41 2 | C(CHg)s 34 3
1.5 2 | CHy 275 |30
1.3 3 | CHy 1 1
1.4 3 | CH,CHg 3 2
1.18 3 | CH(CHy): 3 1
1.12 3 | C(CHy)s 22 2
1.6 3 ([ CHy 40 | 18
1.4 4 | CH, 1 1
1.5 4 | CH,CHg 15 6
1.19 4 | CH(CHy), 23 3
1.13 4 | C(CHy)y 35 3
1.7 4 | CHy 16 | 14
1.6 6 | CH; 1 1
1.7 6 | CHsCH,q 1 1.5
1.20 6 | CH(CHy): 3 2
1.15 6 | C(CHg)s 3 1
1.9 6 | CH, 1 0.7

It is striking that here k1 for compound 1.10 is approxi-
mately eight times higher than kyy for its isomer 1.4. A
similar effect of the complete conversion of the methyl
into a t-butyl group is observed for compound 1.3 (z = 4)
and 1.6 (n = 4) in relation to BuCE. In all other cases the
isomers with a straight alkyl chain have a higher value of
kq than the compounds with a t-butyl group.

Table 3 shows that the observed increase of 211 as the
hydrocarbon group of the OPI becomes longer and more
branched is caused solely by a change in the probability
factor —the pre-exponential factor PZ in the Arrhenius
equation. The activation energy Egct is almost constant:
it amounts to 12.0-12.5 kcal mole™ for the interaction of
the OPI investigated with BuCE and between 10.7 and 11.0
kcal mole™ for the interaction with ACE. The rate con-
stants for the non-enzymatic alkaline hydrolysis of these
compounds proved to be invariant to an equal extent: they
vary from 0.13 to 0.15 litre mole™ min~ at pH 10.5, **’*
As stated above, these findings indicate that the electro-
philic phosphorylating capacity of this series of OPI is
identical. The differences between them are determined
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by the different rates of their sorption on the membrane and
consequently the different concentrations at any instant of
the sorbed and appropriately oriented OPI molecules on
the surface of the enzyme. This is equivalent to differ-
ences in the rate of formation of an enzyme-inhibitor EI
complex, which has in fact been confirmed by careful
kinetic analysis **’%".

Since the reaction takes place in water, the increase in
the extent of sorption of the OPI molecules with increase
in the size of the S-alkyl substituent may be associated
solely with the presence on the surface of the enzyme of
hydrophobic regions: the hydrophilic medium (water) dis-
places the hydrocarbon groups of the OPI to these hydro-
phobic regions of the enzyme and thereby ensures their
more complete sorption. Regions of this kind in the poly-
peptide chain of the enzyme may be formed by leucine,
isoleucine, valine, and phenylalanine residues.

Evidently one of such hydrophobic regions, adapted for
the sorption of the trimethylammonium group of acetyl-
choline, surrounds the anionic component of the active
centre of the enzyme. One cannot exclude the possibility
that the t-butyl group of compound 1.10, in which the dis-
tance between the group and the phosphorus atom is close
to that between the esterase and anionic sites of the
enzyme, is sorbed precisely on this region. In this con-
nection we must note yet again the higher value of kyy for
compound I.10 compared with that for its isomer 1.4,

Table 5. Inhibiting activity of series IIl compounds:
S-methyl methosulphates of S-(8-alkylthicethyl) O-ethyl
methylphosphonothiolates with the formula

Series & R kg Nitre mote’! min1 k1 (ACE) kg litre
no- BuCE | ACE | kp(BuCE) | gret min'!
111.31 CH, 1.0-108 5.5-107 55.0 17.0
111.31 C,Hy 3.7-108 2.5-108 67.5 17.0
111.33 n-CqH,q 1.1-107 2.2-108 20.0 20.0
.35 | n-CyHys 8.9-107 1.1-10° 12.4 214
111.35 n-CgHy, 1.0-108 4.6-10% 4.6 25.0
111.36 n-CyoHgy 1.8-108 4.0-108 2.2 19.0

The nearest homologue of substance 1.10, i.e. substance
I.11 (R = t-C4Hs, n = 2), has a constant kyp smaller by a
factor of 3.5. The distance between the phosphorus atom
and the tertiary carbon atom in this compound (5.3 A) is
somewhat greater than the optimum value (4.7 A) and the
methyl groups sorbed on the hydrophobic surround of the
anionic component prevent the exact orientation of the
electrophilic phosphorus atom in relation to the hydroxy-
group of the esterase site of the enzyme. Hence follows
a sharp decrease of the probability factor PZ (by a factor
of 6 for BuCE and 8 for ACE).

However, on further increase of » in this subseries an
increase of ky1 is again observed (up to #» = 4 for BuCE and
upton =6 for ACE). Therateof formation of the enzyme—
inhibitor complex increases. Apparently on the surface
of the enzyme there is yet another hydrophobic region of
a similar type separated from the first by hydrophilic
units. In BuCE it is undoubtedly complementary to the
t-butyl group, as can be seen from the data in Table 4
(groups with n = 4 and z = 6). In ACE this is not so and,
with the exception of the first compound (z = 1), the iso-
meric compounds with straight-chain alkyl substituents
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are in all cases more active than the compounds with the
t-butyl group and the activity of the OPI with n = 6 alto-
gether depends little on the structure of the terminal
group. The isopropyl derivatives (Table 3) behave simi-
larly to the straight-chain subseries but with the difference
that these compounds reach the second hydrophobic region
of the enzyme starting with » = 4 (compound 1.19). This
corresponds to the chain length with » = 6 in the subseries
of the straight-chain alkyl derivatives.

The phenylalkyl derivatives containing the bulky phenyl
group at the end of the chain show the same type of varia-
tion of k1 as in the subseries with the t-butyl group.

Although in relation to ACE this behaviour is shown
less markedly, nevertheless the increase of 211 with
increasing length of the hydrocarbon group in the compounds
of the first and second subseries (Table 3) suggests that in
ACE in the vicinity of the anionic site there is also a
hydrophobic region, although its role is less pronounced
than that of the hydrophobic region surrounding the anionic
site.

It is noteworthy that a similar relation between the rate
of inhibition of ACE and the structure of the hydrocarbon
group in derivatives of di-0-ethyl phosphorothioate was
found by O'Brien and Bracha®. Their investigations con-
firmed the above conclusions concerning the existence of
hydrophobic regions in the vicinity of the anionic site of
the enzyme.

/7 4 & &  Wa

Figure 3. Variation of the rate constants kyy for the
inhibition of BuCE (curves 1) and ACE (curves 2) by com-
pounds of the type C2HsO(CHs)P(0O)SC2HS(CH:)CpHonm

(a) and CzHsO(CHs)P{O)SC2H4SCpHznw (b) with the length n
of the straight alkyl chain.

In order to show that the second hydrophobic region in
both BuCE and ACE is in fact located beyond the anionic
site, compounds of series of II and III were investigated.
Compounds of series III are of particular interest:

HCs /0 o

C.H:0” “SCH,CH,—SR”.SO,CH,

&n,

They contain a positively charged sulphur atom which
should be fixed precisely at the anionic site of the enzyme.
If the hypothesis of the existence and particular location
of the above hydrophobic region is correct, an increase
in the size of the hydrocarbon group R’!’ should entail an
increase in the inhibiting activity of these compounds.
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The data in Table 5 and Fig.3 show that k7 does indeed
increase with increase in the size of R’'’, particularly in
reactions with BuCE. Compound II1.36 is more active
than II1.31 by a factor of 180 in relation to BuCE and by a
factor of 7.3 in relation to ACE. The increase of R''' is
accompanied by an appreciable equalisation of the & for
the two enzymes. While the first two compounds (I11.31
and I1.32) inhibit ACE 60~70 times faster than BuCE, the
inhibition by the last compound ITI1.36 is only 2.2 times
faster *>* (Table 6).

Table 6. Inhibiting activity of series II compounds.
S-(B~alkylthioethyl) O-ethyl methylphosphonothiolates:
CeHyO(CH;)P(0)SC,H(SR"**
N S IS k. (ACE) kg litre
. kyy, litre mole”™ min 1 OH
Series and no. R n
BuCE ACE Ky BuCE) | ote! min”
11.25 CH, 3.2.10 4.0-104 12.5 0.29
11.26 C.Hy 6.8-10° 6.0-10* 8.8 0.28
11.27 n-CyH, 7.8-104 9.0.104 1.2 0.31
11.28 n-CeHys 1.3-10 4.0-10° 3.1 0.28
11.29 n-CgHyy 3.0-10% 3.3.40 1.4 0.29
11.30 n-CyoHyy 4.0-108 2.0-108 0.5 0.27

It is significant that, apart from these findings, in this
series of compounds the rate constants for non-enzymatic
alkaline hydrolysis also vary within very narrow limits
(16.0-22.0 litre mole™ min™"') and therefore here too one
may speak of the constancy of the electrophilic reactivity
of the OPI.

A similar relation between 21 and R obtains also for
compounds with an uncharged sulphur atom (series II,
Table 6 and Fig. 3):

HC_ 0
>R
CH0” “SCH,CH,SR

Compound II.30 inhibits BuCE approximately 130 times
faster and ACE only five times faster than compound I1.25.
In this series an increase in the size of R leads not only to
an equalisation but actually to a reversal of the relative
values of kyy for the enzymes investigated: substance I1.25
inhibits ACE 12.5 times faster than BuCE, while the inhi-
bition of ACE by compound I1.30 is slower by a factor of 2
than that of BuCE (Fig.3). Here too the rate of alkaline
hydrolysis is virtually the same for all the substances.

Thus the data obtained leave no doubt about the exist-
ence of a hydrophobic region beyond the anionic site. This
region is fairly extensive: in BuCE at a distance equivalent
to 3-5 methylene groups from the anionic site there is a
region which greatly increases the sorption of the t-butyl
group.

In ACE this region is less distinctive and evidently this
is why the hydrophobic properties of OPI do not play such
an important role in the inhibition of ACE as in the inhibi-
tion of BuCE.

In the determination of the inhibiting effect of compounds
of series IT and III additional data were obtained on the
different roles of the anionic sites in BuCE and ACE in the
sorption of charged OPI. The ratio of the constants kyy
for corresponding pairs of charged and uncharged OPI
varies from 140 to 680 for BuCE and from 1400 to 4200
for ACE (Table 7).
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Thus in the sorption of OPI by enzymes the anionic
region plays a more important role in ACE than in BuCE,
while the hydrophobic environment of the anionic site is
more important in BuCE.

Table 7. Comparative estimates of the inhibiting activities
of S-(B-alkylthioethyl) O -ethyl methylphosphonothiolates
C2HsO(CHs)P(O)SCzH4SR ''' and their S-methyl methosul-
phates C2HsO(CHs)P(0)SC2H4S(CHs)R'"".SO4CH;s (according

to data in Tables 5 and 6)

R CH, | CH, | CHy | CeHys | GHys | CogHns

BuCE 3201 550 ( 140 | 680 ( 330 ( 450
2750 | 1400

Ratio of kyy values for charged
and uncharged OPI ACE 1370

B. Effect of the Structure of the Hydrocarbon Group in the
Non-eliminated Components of the OPI on their Anticholine-
esterase Activity

The next three series of compounds (IV, V, and VI)
were synthesised in order to elucidate the hydrophobic
region surrounding the esterase component of the enzyme.
The reactivity of a series of O-n-alkyl S-n-butyl methyl-
phosphonothiolates was investigated first:

LN
R'O7 “SCH,
(series IV, Table 8), where R’ represents n-alkyl groups
with a chain length comprising between 1 and 10 carbon
atoms /%% As mentioned above, the phosphorylating
capacity of these compounds is virtually the same.

Table 8. Inhibiting activity of series IV compounds.
O-n-alkyl S-n-butyl methylphosphonothiolates:
R'O(CH,)P(0)SC.H,

Series and R Ky, litre mote™ min! [ Series and R ey, litre mole™ min”!
no. BuCE ACE no. BuCE ACE
IV.37 | CH, 5.8-401 | 2.6:40% [| 1V.41 | CyHys 5.0-10¢ | 4.2.10°

1.3 CsHy 5.2.10% | 1.2.10% | IV.42 [ C,H,, 1.1-10¢ | 4.5. 0®
V.38 | GH; 4.5-40% | 5.6-40% || 1V.43 | CgHy, 3.6-10% | 4.1.10°
IV.39 | CiHp 1.24404 | 1:4-10* || IV.44 | CyHyp 7.0-105 | 6.2.10%
V.40 | CHy 1.640% | 6.810% || IV.45 | CoHy | 6.2-10% | 2.9.10%

Table 8 shows that the anticholine-esterase activity of
the compounds investigated depends significantly on the
length of the O-alkyl group. In experiments with BuCE
a gradual increase in the length of the group up to heptyl
leads to an increase of the inhibition rate constant. The
heptyl derivative proved to be a very powerful inhibitor
of BuCE, its anticholine-esterase activity exceeding that
of the methyl derivative by a factor of 18000. A further
increase in the length of the substituent entails some
decrease of kyj.

A different type of relation with the structure is
observed in the interaction of the OPI of this series with
ACE. The anticholine-esterase activity increases with
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hydrocarbon chain length only as far as butyl (the butyl
derivative is 50 times more effective than the methyl
derivative). The anticholine-esterase activity of the OPI
with longer alkyl groups (between pentyl and decyl) is
somewhat lower and varies within narrow limits. The
variation of the anticholine-esterase activity in this series
is determined, as in the previous series, mainly by the
variation of the capacity of the OPI for the formation of an
enzyme-inhibitor complex as a result of the sorption of
the hydrocarbon components of the alkoxy-groups on the
hydrophobic regions of the active surface of the enzyme.

The relations found in these experiments resemble those
described above for studies on the series of S-n-alkyl O-
ethyl methylphosphonothiolates (Table 3), but differ from
them in important details.

Comparison of the effects of both series of OPI on BuCE
showed that, with increase in the length of the alkoxy-
group, the maximum effect is observed for the heptyl deri-
vative, whereas variation of the length of the alkylthio-
group shows the maximum effect with the hexyl derivative.
Bearing in mind that in the first case the hydrocarbon
group is linked to the phosphorus atom via an oxygen atom
and in the second via a sulphur atom, one may assume that
the maximum anticholine-esterase activity of these two
series of compounds corresponds to the same length of the
alkoxy- or alkylthio-substituents.

Table 9. Inhibiting activity of series V and VI compounds
in relation to BuCE. O-n-alkyl S-(B8-ethylthioethyl)
methylphosphonothiolates and their S-methyl methosul-
phates:
R’O(CHy)P(0)SGH,SC;Hy (V)
R'O(CH,)P(0)SC;H S(CHy)CHy -SOCH, (V)

1

Series and no. R’ kyp, litre _ri\ole' Series and no. R k". litre _mole'l

- min min
V.53 CH, 9.6-10? VI.60 CH, 7.7.40%
11.26 C.H, 4.4-10° 111.32 C.H; 3.8.100
V.54 CaH, 5.8-10% VI.61 CsH, 3.8-107
V.55 C.H, 1.6.10% V1.62 C.H, 4.8.107
V.56 CsHyp 1.7-108 V1.63 CyHyy 7.5-107
V.57 CsHya 3.7-10% V1.84 CeHis 1.8.10°
V.58 CHys 2.8-108 VL85 C,Hig 2.5.10%
V.59 CgHyy 1.1-108 V1.66 CyHyy 2.8-108

This finding can have two explanations. The first
involves the assumption that the hydrophobic regions
located beyond the anionic and esterase components of the
active centre of the enzyme are equidistant from these
sites. The second involves the recognition that the sorp-
tion of the alkoxy- and alkylthio-groups takes place on the
same region of the enzyme surface.

The second assumption must be immediately rejected in
relation to ACE. In the series of S-n-alkyl O-ethyl methyl-
phosphonothiolates the maximum activity on ACE (as well
as on BuCE) is attained with the hexyl derivative (Table 3),
whereas in the O-alkyl S-n-butyl methylphosphonothiolate
series the butyl derivative is the most active (Table 8).

In order to obtain additional information about the locali-
sation of the hydrophobic regions of choline-esterase with
which alkoxy-groups may interact andin particularin order
to find whether these groups are sorbedin the region of the
anionic component of the enzyme, special experiments
were carried out, consisting in the investigation of the
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anticholine-esterase activity of two series of OPI®¥—0-n-
alkyl S-(B-ethylthioethyl) methylphosphonothiolates (series
V) and the corresponding S-methyl methosulphates (series
VI). The choice of these OPI was based on the fact that
the reaction of choline-esterase with OPI of type VI, con-
taining the sulphonium group, should necessarily involve
the interaction of the 'onium group with the anionic site.
Under these conditions, the alkoxy-group is incapable of
being sorbed on the hydrophobic regions in the vicinity of
the anionic centre. The results of the investigation of
these two series of OPI in relation to BuCE are presented
in Table 9.

Table 9 shows that, with increase in the length of the
hydrocarbon component in the alkoxy-group in the OPI
series of type V, there is an appreciable increase of kyg.
The maximum value of 211 was noted for the heptyl deriva-
tive (higher by a factor of 2900 than for the methyl deriva-
tive). The constantkyy forthe octylderivativeis somewhat
lower. In the series of OPI of type VI the anticholine-
esterase effect also increases with the length of the hydro-
carbon component of the alkoxy-group. Comparison of
these two series of inhibitors shows that all the S-methyl
methosulphates have k11 values higher by 2-3 powers of 10
than their uncharged analogues.

.7a

1

T TR TN SR T
/113 45 67 8n

Figure 4. Variation of the rate constants ky1 for the
inhibition of BuCE (curves 1) and ACE (curve 2) by com-
pounds of the type CnHzpa O(CH3)P(O)SR with the length n
of the straight alkyl chain: @) R = C2H4S(CH;)CzHs;

b) R = CZH4802H5; C) R = n-C4H,.

One may assume with certainty that the higher anticho-
line-esterase activity of the S-methyl methosulphates
observed in all cases depends on the interaction between
the charged sulphonium group and the anionic site of BuCE
and in particular on the associated orienting effect.
Therefore one may assume that the increase of the anti-
choline-esterase activity with increasing length of the
hydrocarbon component of the alkoxy-group is also a con-
sequence of the orienting effect, due to its sorption on a
suitable hydrophobic region of BuCE.

Since the anionic centre of BuCE in the interaction with
series VI OPI is occupied by a group containing sulphonium
sulphur, one may conclude that the hydrophobic region of
the active surface of BuCE on which the alkoxy-group is
sorbed is located outside the anionic site of the enzyme.
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In all probability the alkoxy-group of uncharged OPI is also
sorbed on the same hydrophobic region of choline-esterase.
This conclusion follows from an examination of Fig. 4,
where the variation of 1g kyy with the number of carbon
atoms in the alkoxy-~group is plotted for the OPI of series
IV, V, and VI.

Fig. 4 shows that the curves representing the effect on
BuCE by the inhibitors of all three series vary in exactly
the same sense and actually coincide in detail (the sharp
rise on increasing » from 1 to 3, the inflection in the
region with » = 3-5, and another sharper rise as 7 is
increased to 7). This agreement can only be explained by
the fact that the hydrocarbon components of the alkoxy-

-groups of the OPI of all three series interact with the same
hydrophobic region of BuCE. The overall extent and loca-
tion of this region probably correspond sterically to the
heptyl group. However, the stepped form of the curve
may be an indication that in fact we are dealing here with
two hydrophobic regions separated by a hydrophilic group.

Fig. 4 also shows that the effects of the same series of
OPI on BuCE and ACE (curves 1 and 2) differ significantly.
Whereas up to #n = 4 the inhibition of both enzymes is
almost the same, further increase in the length of the
hydrocarbon group, which resultsinan appreciable increase
of effectiveness in relation to BuCE, has completely no
effect on the capacity of the OPI to inhibit ACE. We are
inclined to explain this difference by the fact that in the
region of the esterase centre ACE has not two but only one
hydrophobic region, corresponding sterically to the butyl
group.

To characterise more fully the steric configuration of
the hydrophobic regions located in the vicinity of the ester-
ase centre of the choline-esterases, a study was made of
the effect on the choline-esterases of compounds con-
taining a branched substituent in the alkoxy-group® (com-
pounds IV.46-IV.51):

HC, /0 )
RO7 NSCH,
where R' = (CHs):CH(CHz)y.

Table 10. Inhibiting activity of series IV compounds.
S-Butyl O-isoalkyl methylphosphonothiolates:
R’O(CH3)P(0)SC,Hy

——
Series | R'=(CHsWCH(CH,), | K10 "n'f,m{’i“e
& no.

" n BuCE | ACE
1V.46 0 4.5.103 2. 10°
V.47 1 4.4- 1091 5. 10¢
1v.48 2 3.4. 10461 - 104
V.49 3 3.9-1044.3- 105
1V.50 4 6.5-1049.3- 100
V.51 5 3.1.1048 .6 - 10

Table 10 shows that, with increase in the length of the
hydrocarbon group, the anticholine-esterase activity of the
compounds in relation to BuCE increases up to the isoheptyl
derivative, while that in relation to ACE increases up to the
isohexyl derivative. Further increase in the length of the
group results in a decrease of k11, the decrease for BuCE
being slight (approximately by a factor of 2). On the other
hand, in the case of ACE ky for the isoheptyl derivative is
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smaller by a factor of 46 than for the isohexyl derivative.
Moreover, it is seen that the first members of this series
of compounds, up to the isohexyl derivative, are more
active in relation to ACE than BuCE.

Ahove it was shown that an increase in the length of the
alkoxy-group in the series of O-n-alkyl S-butyl methyl-
phosphonothiolates does not result in a significant change
of the electrophilic activity of the phosphorus atom in these
compounds. It may be supposed that also in the series of
O-isoalkyl derivatives the length of the hydrocarbon sub-
stituent will not have a significant influence on the magni-
tude of the effective positive charge of the phosphorus atom.
This means that in this series too the factor determining
the anticholine-esterase activity should be the hydrophobic
interaction between the isoalkyl group and the hydrophobic
regions on the surface of choline-esterase.

Y ALY S0 S T U TSN WY B
07 23480 072345

Figure 5. Variation of the rate constants kqy for the
inhibition of BuCE (diagram 1) ACE (diagram 2) by com-
pounds of the type C2Hs(CHz)nO(CHs)P(O)SC4Hs (@) and
(CH;3).CH(CH2), O(CH:s)P(O)SC4H, (b) with the number of
methylene groups ».

Since there is every reason to suppose that the hydro-
carbon components of the isoalkyl and n-alkyl derivatives
interact with the same parts of the enzyme, it is of interest
to compare the effects of both series of compounds. Such
a comparison is made in Fig. 5, where the isoalkyl deriva-
tives are represented by compounds with an isopropyl sub-
stituent located at different distances from the phosphorus
atom (curve &) while the series of OPI with straight-chain
alkoxy-groups consists of compounds containing the ethyl
group at the same distances (curve a). Thus compounds
with the same length of a straight hydrocarbon chain are
compared at each point. In the case of BuCE (Fig. 5) it is
seen that initially (for #n = 0 and 1) the branching of the
substituent has no effect. For n = 2-3, i.e. in the region
of the inflection in the curve, the branched-chain com-
pounds are somewhat more effective, but on further
increase in the length of the substituent the branched-chain
group not only does not increase the anticholine-esterase
activity but becomes a serious obstacle in the interaction
between the OPI and the enzyme: kg for the branched-
chain compound with z = 5 is lower by a factor of 34 than
for the corresponding straight-chain alkyl derivative.

In the interaction with ACE (Fig. 5), the branching of the
substituent initially enhances appreciably the anticholine-
esterase effect. The contribution of the branched-chain
group is particularly pronounced for » = 3: kyq for this
compound is higher by a factor of 63 than the constant for
the corresponding OPI with a straight-chain substituent.
Further separation of the isopropyl group from the phos-
phorus atom prevents the interaction of the OPI with ACE:
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kqp diminishes by a factor of 46 and approaches the values
of the rate constants for the straight-chain OPI. A still
greater increase in the length of the substituent does not
alter the anticholine-esterase activity of either series of
OPI.

The above data confirm and complement the above con-
siderations concerning the characteristics of the hydro-
phobic regions in the vicinity of the esterase component of
the active centre of the choline-esterases. Probably in
BuCE this region actually consists of two hydrophobic com-
ponents. In general they are both complementary to
hydrocarbon substituents with a straight-chain structure
but the first, located closer to the esterase site, is not
quite so rigorously specific and therefore the branching of
the hydrocarbon substituent of the OPI does not prevent its
sorption. The structure of the second (more remote)
hydrophobic region is adapted solely for the sorption of a
straight-chain substituent.

In ACE there is only one hydrophobic region. Its struc-
ture differs significantly from that of the first hydrophobic
region of BuCE and is rigorously complementary to the
isohexyl group (the maximum in curve 2b in Fig.4).

Yet another comparison is of interest for the characteri-
sation of the configurational features of the hydrophobic
region in the vicinity of the esterase component of the cho-
line-esterases. Above, in the discussion of the anticho-
line-esterase properties of the OPI containing a branched-
chain component in the alkylthio-group, it was noted that
the introduction of a t-butyl substituent into this group
significantly increases the capacity of the OPI to inhibit
choline-esterase (Table 3).

An organophosphorus inhibitor containing the t-butyl
group in the alkoxy-part of the molecule was synthesised *.
Comparison of its activity with a series of other OPI des-
cribed above shows how the gradual introduction of such a

group affects the anticholine-esterase properties (Table 11).

Table 11. Anticholine-esterase effectiveness and the
rate of alkaline hydrolysis (40°C) of OPI of the type
RCH>O(CH;3)P(O)SC4Hs.

BuCE ACE kOH, litre
Series and R kyy, litre relative kyy, litre relative US|
no. mole’! min'l|  value mote”} mint value mole " min
1.3 CH, 5.2-10% 1 1.4.108 1 0.145
1v.38 CH,CH, 4.5-10% 9 5.8-10% 5 0.160
1V.47 (CHg),CH 4.4.10° 8 1.5-40¢ 13 0.146
V.52 (CHg)sC 9.5-10% 2 5.9.10% 5 0.200
V.39 n-C¢H, 1.6.10¢ 30 6.8.402 6 —

For comparison, the table also lists the anticholine-ester-
ase activities of substances with R = n-C4H,, which is iso-
meric with the t-butyl group.

Table 11 shows that the degree of branching of the group
R hasg little effect on the mobility of the P-S bond, which

we estimated from the rate constant for alkaline hydrolysis.

Consequently, the anticholine-esterase activities found
must also be attributed to the different capacities of the
hydrocarbon groups for sorption on the active surface of
the enzyme.

Examination of the data for BuCE shows clearly yet
again that the hydrophobic part of this enzyme has a struc-
ture complementing an unbranched hydrocarbon group.
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Indeed the replacement of one H atom by a CHs group on
going from 1.3 to IV.38 (increase in the length of the
straight chain) increases the activity by a factor of 9,
while the replacement of a second hydrogen atom by a
methyl group (compound IV.47) has no effect despite the
increase in the size of the group, and the introduction of a
third methyl group (compound IV.52) causes a distinct
decrease of activity. At the same time compound IV.39
is 15 times more active than the isomeric t-butyl deriva-
tive.

Compound 1V.47 is the most effective in relation to
ACE, the introduction of a third methyl group reducing the
activity by a factor of 2.5. The straight-chain compound
with R = n-C4Hjy has no advantages compared with the t-
butyl derivative.

Thus the hydrophobic region in ACE, in contrast to
BuCE, complements best the isobutyl group. The above
comparison leads to the conclusion that the fit of the
hydrophobic regions in the vicinity of the esterase centre
in both choline-esterases to the tetrahedral structure of
the t-butyl group is poor. Therefore in the series of com-
pounds investigated the introduction of such a group into
the alkoxy-substituent results in a distinct hindrance of
the sorption of the inhibitor on the active surface.

-~-000-~~

Analysis of the results of the investigations leads to a
general hypothesis concerning the location of the hydro-
phobic regions in the vicinity of the active centres of BuCE
and ACE and certain characteristics of these regions ®*.

A A
144 =
ACE
A
t4 Ap
5 4

oH -
CE

Figure 6. Topography of the hydrophobic regions on

the active surface of ACE and BuCE.

The structure of the hydrophobic regions on the active
surface of choline-esterase is shown schematically in
Fig.6. In the vicinity of the anionic centre there are two
hydrophobic regions: A, surrounding directly the anionic
centre and A; located at some distance beyond it. There
is reason to believe that in BuCE region A, plays a rela-
tively greater role than in ACE. Thus, according to
Augustinsson®®, van der Waals forces play a major role
together with Coulombic forces in the interaction of sub-
strates and inhibitors with the anionic site in BuCE, while
in ACE purely Coulombic forces predominate. The region
A; is also different in the two choline-esterases: in BuCE
its extent corresponds to a chain of six carbon atoms and
in ACE to a chain of eight carbon atoms. The steric con-
figuration of this region in both enzymes is such that it
complements best groups containing the highly branched
t-butyl substituent.

Near the esterase site of BuCE there are two hydropho-
bic regions separated by a hydrophilic group. The overall
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extent of these hydrophobic regions corresponds to a chain
of seven carbon atoms. They are both in general comple-
mentary to straight-chain groups, but the first (B,) is not
quite so rigorously specific and branched-chain groups can
also be sorbed on it.

In ACE there is only one hydrophobic region, the struc-
ture of which differs significantly from that of the B,
region in BuCE: it is rigorously complementary to the
isohexyl group.

An important characteristic of the steric configuration
of the B, regions in both enzymes is that they are com~-
pletely unadapted for the sorption of groups containing the
t-butyl substituent. Thus differences in the structures
and extents of the hydrophobic regions located on the active
surface of BuCE and ACE have been established. 1t is
quite likely that these differences are to a large extent
responsible for the different properties of the two choline-
esterases,

The problem naturally arises of the biological value of
this type of structure of the active surface of the choline-
esterases. What is the purpose of the extensive hydro-
phobic regions surrounding the catalytic centre of the
enzyme ? It is hardly likely that the hydrophobic regions
were formed in the evolutionary process solely as essen-
tial constructional details. The following hypothesis may
be put forward: acetylcholine consists of highly hydro-
philic molecules capable of being sorbed not only at the
active site of choline-esterases but also at any other site
on the polypeptide chains of the enzyme. Such sorption
would lead to retardation of the hydrolysis of acetylcho-
line. The hydrophobic regions prevent the “parasitic”
sorption of acetylcholine and thereby increase the likeli-
hood of its sorption at the active centre of choline-ester-
ase. They play the role of a kind of energy “hill” from
which the acetylcholine molecule “rolls down” on to the
active site of the enzyme. In this way the effective cross-
section of the active site of the enzyme in the hydrolysis
of acetylcholine is increased.

In this connection it is essential to consider also the
problem of the structure of the active site of the choline
receptor (CR). There is very significant evidence sug-
gesting the hypothesis that there are hydrophobic regions
also around the CR active site® and that there must be at
least three of them: one fits the methyl groups of acetyl-
choline, another serves as the anionic site of the choline
receptor, and the third is a site with affinity for the ester
group. This hypothesis is supported by the enormous
amount of factual data on the relation between the structure
and the effect of substances blocking the choline receptor
which have now accumulated. The empirical rule
according to which acetylcholine must be made more
“bulky” in order to prepare blocking substances was for-
mulated long ago. Indeed, the introduction into the acetyl
component of the acetylcholine molecule of phenyl, cyclo-
hexyl, and large alkyl groups converts acetylcholine from
an exciting to a blocking agent. An increase in the “bulk”
of the cationic head has the same effect. It is striking
that, as acetylcholine becomes more “bulky” at either end,
its cholinomimetic, exciting effect is gradually weakened,
thenthe blocking effect appears, andits intensity increases.
This is easily understood. Not only rapid sorption but
also easy desorption of the substance from the receptor is
important for the exciting effect®’®. Retardation of
desorption leads to the blocking effect. Naturally, the
introduction of bulky hydrophobic groups into the acetyl-
choline molecule increases the interaction with the hydro-
phobic regions in the vicinity of the active site of the
choline receptor and hinders desorption.
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It is reasonable to suppose that, for the interaction of
acetylcholine itself with choline-esterases, the biological
purpose of the hydrophobic regions consists in a reduction
of the “parasitic” sorption and an increase in the proba-
bility of the collision of the acetylcholine molecule with the
active site of the choline receptor.

Returning now to the problem of choline-esterases we
must finally conclude that the inhibiting capacity of the
organophosphorus inhibitors depends, at any rate for the
series of compounds which we investigated and possibly
others as well, not only on the intrinsic phosphorylating
capacity of the compound (electrophilic reactivity) but
mainly on the rate of sorption, i.e. the rate of formation
of the enzyme~inhibitor complex.
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