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Combined Inhibition of Cholinesterases by Organophosphorus Compounds

A.P.Brestkin and N.N.Godovikov

The review is devoted to studies on the combined inhibition of the catalytic activity of cholinesterases by organophosphorus
compounds. This type of inhibition depends significantty on the presence of hydrophobic substituents in the organophos-
phorus molecule. It is suggested that there is a possibility of “concerted” or ““non-concerted” sorption of the hydrophobic
groups of the inhibitor on the hydrophobic regions in the vicinity of the anionic and esterase sites on the active surfaces of
cholinesterases. These effects apparently determine the nature of the inhibition of cholinesterases.

The bibliography includes 44 references.
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I. INTRODUCTICN

The esters of phosphorus(V) acids, which exhibit a
phosphorylating capacity, are known to be capable of
inhibiting cholinesterases—vitally important enzymes
which regulate the transmission of nerve excitation from
the nerve to the innervated cell. Until recently it was
believed that organophosphorus compounds are capable of
only irreversible inhibition of cholinesterases by phos-
phorylating the serine hydroxyl, which forms part of the
esterase centre in these enzymes. However, in 1969,
Aldridge and Reiner ' observed in experiments with
coumarinyl phosphates (I) and (II) two types of inhibition
of the catalytic activity of acetylcholinesterase (ACE) of
bovine erythrocytes: (a) irreversible inhibition progress-
ing in the course of time, and caused by the phosphoryla-
tion of the active centre of the enzyme; (b) reversible

inhibition established instantaneously and non-progressive.

According to the authors’, the latter type of inhibition is
associated with the interaction of the organophosphorus
inhibitor (CPI) with the section of the active surface of the
enzyme responsible for the inhibition of the activity of
ACE by the excess of substrate.
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In 1971, a similar complex type of inhibition of cata-
lytic activity was observed by Kabachnik and coworkers
for another enzyme-—butyrylcholinesterase (BuCE) of
horse blood serum, in experiments with certain diphenyl-
phosphinothiate esters:

GHu | /0 ClH' GHa, 0 cll-la
GHy”  “SCH,CH,NGH,CH;, CiHy” \SCH,CH,II\HC.H,CH,J',
CH,
SN CHy /O )
CHy” NSCH,CH,SCH,,  CHy” SCH,CH,SCH,-I= .
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Since inhibition of activity by the excess of substrate is
not characteristic of BuCE, the authors?® explained the
presence of the reversible component in the enzyme

inhibition by the possibility of the “non-productive” sorp-
tion of the inhibitor on the active surface of the enzyme
(E), which does not entail the orientation of the inhibitor
on the active surface of BuCE favourable for the phos-
phyrylation of the serine hydroxyl. The authors suggested
that the enzyme— inhibitor complex (Elr) formed is incap-
able of subsequent conversion into the phosphorylated
enzyme (EIn'), in contrast to the usual Michaelis type
complex (EIn): it is analogous to the enzyme—inhibitor
complex obtained when cholinesterases are acted upon by
reversible inhibitors, for example tetralkylammonium
ionst. In other words, instead of the usual phosphoryla-
tion mechanism

E 4 In 2 Eln —2— EIn’ |

the following mechanism has been proposed for this com-
plex and so-called combined type of inhibition ”:

—* __Eln_4  Eln
=
E+ In—
Ki,r
——=El, ,

where k1, k.1, and k2 are the rate constants for the cor-
responding reaction stages and Ki r is the equilibrium
dissociation constant of the “non-productive” complex EI.

Combined inhibition is manifested primarily by the fact
that, with increase of the inhibitor concentration [In],
there ic a significant decrease of the experimental bimo-
lecular rate constant for the phosphorylation of the enzyme
k11, which is calculated from the equation

1
k= [I—n]—tln (vp/vt),

where v is the rate of the enzymatic hydrolysis of the
substrate in the absence of the inhibitor and v¢ the rate
(after £ min) of incubation of the enzyme with the inhibitor
S, the concentration of which is many times greater than

1 The extensive experimental data available at the
present time permit the hypothesis that the complex Ely
does not differ significantly from the complex EIn, and
may consist of a section of the enzyme —inhibitor complex
which does not enter into the enzyme phosphorylation
reaction. We shall therefore henceforth regard the com-
plex Elr as “non-productive” and the complex Eln as
“productive”.
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the enzyme concentration. Reversible inhibition by these
compounds is manifested both in the phosphorylation of the
enzyme, where it is estimated in terms of the equilibrium
inhibitor constant K i,r, and in the enzymatic hydrolysis of
the substrate (acetylcholine), where it is estimated in
terms of the constant Ki, 8.

The most reliable parameter of the combined inhibition
ic the decrease of the catalytic activity of the enzyme when
t— 0.

Inorder to calculate the rate constants for the irrevers-
ible inhibition of BuCE and ACE and of the equilibrium
constant° Kigand Kir, the following equations were
used ?:

1
[In] ¢

KNV
k= (lnu' In )

vo,x

where % is the experimental bimolecular rate constant for
the given value of {, and vo,i the rate of the enzymatic
hydrolysis of acetylcholine in the presence of the inhibitor
at zero time of the incubation with the enzyme:

Km
(K, + [SDleo/lw,,: — D1
where Ky, is the Michaelis constant and [S] the substrate
concentration. The true bimolecular rate constant kg,
which is independent of the inhibitor concentration, and
the inhibitor constant Kj ,r were determined graphlcally
from the values of & for different [In] using the relation

Kis=

k,

a

1+K;,

A study of the kinetics of the interaction of BuCE with
diphenylphosphinothioate esters? yielded data in good
agreement with mechanism (2) and the equations which
followed from it. This first study initiated a detailed
investigation of the relation between the chemical nature of
CPI and their ability to inhibit cholinesterases via the
combined mechanism,

Preparations of butyrylcholinesterase (BuCE, CE
3.1.1.3) from horse blood serum and of acetylcholinester-
ase (ACE, CE 3.1.1.7) from humanblood erythrocytes were
used. The enzyme activities were determined from the
rate of hydrolysis of acetylcholine chloride or acetylcholine
iodide (AX).

Table 1. Constants for the inhibition of BuCE by the
compounds (CeHs)P(O)SCH2.CH:R (A) and (CeHs).P(O)OCH,.
.CH.R (B).”

R 1078 kg, 107 Ky . 10" K; 50 100 K.
litre mole-! min-1| mole litre'l | mole litre! | mole litre-!
A B
SC.H, 0.25 21 33 12
+s'cHy 15 4.8 2.4 1,8
N(CH,) c.ﬁ (m—CH,) 0,05 0.41 13 3.9
+N (CH.)oCaH, tm-CHy) 1= 10 055 0.8 058

The rate of hydrolysis of AC under the influence of
BuCE and ACE were determined by potentiometric titration
of the acetic acid formed in the reaction at a constant pH
(7.5 or 7.8) using pH-meters with glass electrodes **, In
the study of the inhibition of the catalytic activity of
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cholinesterases by purely reversible inhibitors, the inhib-
itor constants Ki were determined by a graphical method®.
The results of these studies are described in the present
review.

II. INTERACTION OF CHOLINESTERASES WITH
DIPHENYLPHOSPHINOTHIOCATE ESTERS

As stated above, Kabachnik and coworkers?® investigated
the inhibition of BuCE by certain diphenylphosphinothioate
esters (Table 1),

The phosphinothioates investigated proved to be strong
inhibitors of BuCE with a combined activity. The bimolec-
ular irreversible inhibition rate constants obtained for
them are close to the values for the analogous OO -diethyl
S-alkylphosphorothioates and O -ethyl S -alkyl methyl-
phosphonothioates ®’ In terms of their reversible activ-
ity, they are greatly superior to typical reversible inhib-
itors such as tetra-alkylammonium ions®. The inhibitor
constants of the phosphinothioates are smaller approx-
imately by an order of magnitude than the values of Kj
for their oxygen analogues, which are also powerful but
only reversible inhibitors (Table 1). Thus both phos-
phinothioates and their oxygen analogues are capable of
forming very stable enzyme —inhibitor complexes, prob-
ably because of the presence in their composition of two or
three phenyl groups, which greatly intensify the hydro-
phobic interaction of OPI with BuCE, the latter having
comparatively large hydrophobic regions in the vicinity of
both the anionic and the esterase sites®™"'

The reversible inhibition by the phosphinothioates
investigated is of a competitive type, as shown by the
constancy of Ki g calculated by Eqgn.(14) for different [In]
and by the direct proportionality between 1/k and [In].
When [S] is reduced by a factor of 20 for a given [In], the
slope remains the same (Fig. 1), but the intercept b
diminishes, i.e. the substrate exhibits a protective function
in relation to the reversible inhibition of the enzyme,
which is again characteristic of competitive inhibition.

There is a definite relation between the phosphorylation
rate constants k3 and the equilibrium dissociation constants
of reversible enzyme —inhibitor complexes (Ki § and Ki,r):
the higher the value of ka, the lower the constants Kj § and
Ki,r, i.e. the more stable are the complexes. Inhibitors
with cationic groups have higher values of 23 and lower
values of Kj § and Ki r than “uncharged” compounds.

The data obtained in the study of the inhibiting activity
of S -(B-alkylthioethyl) diphenylphosphinothioates and thelr
methiodides '*"** (series Ia and IIa, Tables 2 and 3),

CeHj, CsHs 0
Npl p
CeHy” \SCHgCstR CH,” “SCHCHSR - 1=
CH,
R=CH,—CyHys,

as well as S -(w~ethylthioalkyl) diphenylphosphmothloates
14915 (geries Illa and IVa, Tables 4 and 5),

G /0 CiHy,_ 40 .
c.H,/ S (CHy), SC:Hs, CeHy” \S(CH,), slczn,.l-
CH,
n=2-6 , :

in relation to BuCE demonstrated a considerable influence
of the hydrophobic interactions on the combined inhibition.
It follows from Tables 2 and 3 that, with increase of the
length of the alkyl group attached to sulphide or sulphonium
sulphur (series Ia and Ila), a continuous increase of both
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irreversible (increase of k3) and reversible (decrease of
KigsandK i,r) inhibition of the catalytic activity of BuCE is
observed'®. An analogous increase of inhibition with
increase of the distance between the phosphorus and sulph-
ide or sulphonium sulphur atoms in compounds of series
IMlaand VIa (Tables 4 and 5) has also been noted'®, A
characteristic feature is that, with increase of the P—S
distance, the irreversible inhibition hardly changes (series
Illa, Table 5) or diminishes, particularly at the beginning
as#n increases from 2 to 3 (Table 5).

Table 2. Constants for the inhibition of BuCe by the
compounds (CsHs)2P(O)SCH2CH:SR (series Ia) and
(CHs)2P(0)OCH:CH:SR (series Ib).'*

o] 109Ki 5, [106K; 5,]106K;,
R 10‘416.‘1'““3 mole” molel'S mole.
mole litre-1 litre'! [llitre
series Ia series Ib
CH, 0.33 | 9.3 |1 28
CH, | 042 | 7.2 7.3 | 23
CH, | 0.77 | 3.8 41 |16
CH, | 25 2.1 3.4 | 8.4
CsHy, 7.2 0.90 0.95 | 4.0
CeHyy | 13 0.55 0.48 || 1.2

Table 3. Constants for the inhibition of BuCE by the
compounds (CeHs):P(Q)SCH.CH:S(CH3)R.I" (series Ila) and
(C4Hs)2P(O)OCH.CH.S(CH,)R.I" (series Ib)."'*

L0-5k,, 107%;y, |107Ki s 106k
R |litre mole-} mol‘e’ mole ’ N
min” el | litre1_Jmole litre'l
series [la series [Ib
CH, 3.0 14 6.6 16
C,Hy 4.9 10 4.4 13
C3H, 6.7 6.1 2.7 6.7
C,H, 15 4.8 1.2 1.3
CsHy; 22 3.1 0.89 0.94
CeHyp 27 1.2 0.56 0.51

Table 4. Constants for the inhibition of BuCE by the
compounds (CeHs)2P(0)S(CH2)nSC:Hs (series IIla) and
(CsHs):P(C)O(CH,)nSC:Hs (series IITo). *®

10-3k,, litre
i3

106K; p, | 106K; g, [ 106K;,
mole-

" min-! |mole litre Imole litre-Ymole litre-1

series Illa series I1Ib

2 4.2 7. 7.3 23
3 5.5 3.7 3.2 20
4 5.0 1.5 2.1 14
5 5.2 1.3 1.6 7.4
6 4.8 1.2 0.9 4.8

It follows from the results that the equilibrium con-
stants Ki s and Ki,r do indeed characterise the formation
of a “non-productive” enzyme —inhibitor complex Elr,
different from the Michaelis complex EIn which is rapidly
converted into the phosphorylated enzyme EIn’. This has
been shown most convincingly by the results of experiments
on compounds in series IVa: with increase of n, there is
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an appreciable increase of the sorbability of the inhibitor,
but at the same time the conditions for the formation of
the “productive” complex are impaired owing to the
increasing incompatibility of the distance between the
phosphorus and sulphonium sulphur atoms in the inhibitor
molecule and the distance between the esterase and
anionic sites of the catalytic centre of the enzyme ', The
influence of this incompatibility on the irreversible inhibi-
tion has been thoroughly investigated for the compounds
CHs(C2HsC)P(C)S(CH2)nC:Hs and their methosulphates *°.

Table 5. Constants for the inpibition of BuCE by the
compounds (CsHs)2P(O)S(CH2)nS(CH3)C:Hs.I™ (series (IVa)
and (CeHs):P(0)O(CH:)n§(CH,)C:Hs.I™ (series IVD). '

0%, | 107K;,, | 107K, | 108K
litre 1 mole mole mole
mole; litre'l 4 titrel | litre-!
in’ i
series [Va series
Vb
2 49 10 44 13
3 6.0 9.2 3.1 3.0
4 5.3 6.4 2.9 2.0
5 3.0 4.8 2.5 1.6
6 2.5 4.5 1.9 1.2

The observed enhancement of the sorbability of the
inhibitors on the active surface of BUuCE with increase of
the size of the alkyl group attached to the sulphide or
sulphonium sulphur in compounds of series Ia and IIa and
with increase in the length of the polymethylene chain in
compounds of series Illa and IVa takes place owing to the
improvement of the binding of the diphenylphosphinothio-
ates to the esterase site of BuCE. Evidently it is caused
by the enhanced interaction of the inhibitor with the enzyme
near the anionic site. A characteristic feature is that the
changes in Kj § and Ki r are in all cases correlated with
the change in the Ki for the corresponding oxygen ana-
logues *¥15:

CiHen 40 Gy 0
A e §
CHy” “OCH,CH,SR, CoHy” NOCH,CHSR - I-
CH,
R=CH;—C¢Hy;,
Gy, O CHen 0

CHy” O (CHy), SGH; CiHy” NO (CHy), SCH, - 1-

s

(n =2—6)

(series Ib, Ilb, Illb, and IVb, Tables 2—5), which indicates
the reliability of the results.

The study of the anticholinesterase activity of diphenyl-
phosphinothioate thioesters '"*'® (series V, Table 6), i.e.

GHten, /0
cH” NsR ?
R=CH,C¢H,; .iso- C;H;, iso-CyH,, or iso- CgHyy

showed that these compounds inhibit cholinesterases via
the combined mechanism. Both the reversible and
irreversible inhibiting activities depend on the length and
degree of branching of the alkylthio-group. Thus, when
straight-chain alkyl substituents in the alkylthio-groups
are displaced by branched substituents, a sharp decrease
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of both the irreversible and reversible anticholinesterase
activities is observed in relation to ACE.!? Inexperiments
with BuCE *® such replacement actually increases the
inhibiting activity of the compounds (Table 6). Therefore
comrpounds with straight-chain substituents inhibit ACE
more strongly [ka(ACE)/ka(BuCE) > 1], while compounds
with branched substituents inhibit BUuCE more strongly
[ka(ACE)/ka(BuCE) < ]]

Table 6. Constants for the inhibition of cholinesterases by
the compounds (Ce¢Hs):P(O)SR (series V).'®
102, 10Ky, | 105Kis, | 102%,, | 105Ky, | 106K;s, | ky(ACEY
R | litre molel mole mole litre mole [ mole mole k4(BuCE)
min-1 litre-1 litre-! min-1 litre'! titre-L 8
ACE BuCE
CH, 2.2 7.7 36 1.2 4,3 26 1.8
C.H, 4.9 4.6 19 1.5 3.5 14 3.3
CH, 12 1.9 3.2 1.9 3.2 7.6 6.3
C,Ho 25 0.62 1.3 2.2 1.8 5.0 | 11.4
CsHux 46 0.44 0.72 2.4 1.7 4.3 | 19.2
C:Hy, 58 0.29 0.64 2.5 1.4 2.8 | 23.2
iso-CyHy 0.3 50 50 2.9 4.5 16 0.10
iso-C,Hy 0.5 14 14 8.5 3.7 6.1 0.06
iso-CyHyy l 0.7 82 8.2 27 2.2 3.2 0.026

It follows from these results that the enhancement of
the hydrophobic sorption of inhibitors on the active sur-
faces of cholinesterases via the alkylthio-groups increases
the anticholinesterase activity of OPI of the types investi-
gated only when the given effect is consistent with the
hydrophobic sorption of phenyl groups on the hydrophobic
regions located near the esterase site of the enzyme, i.e.
when the increase of the activity of the OPI does not
impair the “productive” sorption of the inhibitor on the
active surface of the enzyme. If the impairment occurs,
then, instead of an increase, a decrease of the anticholin-
esterase activity should take place owing to the “non-
productive” sorption, which occurs when ACE interacts
with OPI having branched alkylthio-groups '

Cn the whole the result of experiments with diphenyl-
phosphenothioate esters confirm the existing ideas con-
cerning the “productive” and “non-productive” sorption
developed to explain the causes of the selective catalytic
activity of chymotrypsin '*’*° and cholinesterases ®’%,

III. REACTIONS OF CHOLINESTERASES WITH PHENYL -
PHOSPHONOTHICATE, CYCLOHEXYLPHOSPHONO-
THIOATE, AND BENZYLPHOSPHONOTHIOATE
THIOESTERS

In order to investigate the influence of hydrophobic
sorption on the manifestation of combined inhibition by
OPI, various phenylphosphonothioate esters were synthe-
sised and their anticholinesterase activity was investi-
gated 2®%:

N NS
CH0” \SCH,CH,SR CH 0" \SCH,CHgSR 1ol
CH,
R=CH;—CeH,; ,
C,H.\ 0 C,H,,\ 40
RO” \SCH,CH,SCH RO NsCH,CH,S ©CHps - T~ 5
R=C,Hs—CsHy3 .
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These compounds differ from those discussed above by the
fact that they contain a straight-chain alkoxy-group at the
phosphorus atom instead of the bulky phenyl group (Tables
T and 8).

Table 7. Constants (107* £y, litre mole™ min™") for the
inhibition of cholinesterases by the compounds
CeHs(C2Hs0) P(0)SCH2CH:SR (series VI).”

ACE | BuCE R | ACE | BuCE

CH, | 6.1 | 1.3 | CH,| 23 66
CH; | 3.1 | 3.7 | GHy| 7.1 19
CH; | 2.6 | 1.4 ol 1.7] 15

Table 8. Constants (1077 211, litre mole™ min~") for the

inhibition of cholinesterages by the compounds
CeH5(C2Hs0) P(Q)SCH:CH,S(CHa)R.I™ (series VII). ®

R ACE |BuCE| R ACE | BuCE

CH, |15 |0.63|CH,| 5.7 7.6
CHs | 7.8|1.8 | CHy| 12 | 6.5
CH; |11 |54 | CHyl 14 | 3.7

The replacement of one phenyl group in compounds of
series Ia and IIa by an alkoxy-group led to a sharp altera-
tion of the nature of the inhibition of ACE and BuCE. In
contrast to the analogous diphenylphosphinothioate esters,
O -ethyl phenylphosphonothioates of both sulphide (series
VI, Table 7) and sulphonium (series VII, Table 8) types
cause only the irreversible inhibition of cholinesterases®
The 1g (vo/vt)—¢ linear plots for these substances pass
through the origin of coordinates. Furthermore, the
values of k£ found are almost independent of the concentra-
tion of the inhibitors. The absence of reversible inhibition
indicates a complementarity between the compounds and
the active centre of the enzyme such that “non-productive”
sorption is either completely absent or is so weak that it
cannot be recorded with the aid of the methods described.

Thus, when the alkylthio-group, which may be sorbed
on the hydrophobic region near the anionic site, became
sufficiently elongated, the combined type of inhibition could
not be detected either for ACE or for BuCE.

Next an attempt was made to find inhibitors of the com-
bined type among compounds analogous to those discussed
above but having alkoxy-groups of different lengths, cap-
able of being sorbed on the hydrophobic regions near the
esterase centre. O-Alkyl S-(B8-methylthioethyl) phenyl-
phosphonothioates (series VIII, Table 9) and their meth-
iodides (series IX, Table 10) were selected as compounds
of this kind?®*, In experiments with BuCE combined inhib-
ition was observed for compounds with long alkoxy-groups
(CsHi1, CeHis). For compounds with short alkoxy groups,
only irreversible inhibition was observed®®., In the exper-
iments with ACE the reversible component was shown only
for the last two compounds of the sulphide type (series
VIII, Table 9). Substances of the sulphonium type (series
(IX) showed only irreversible inhibition (Table 10), which
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permitted the conclusion that in the case of ACE an
increase of the tendency of the inhibitor towards hydro-
phobic sorption on the active surface of the enzyme, both
near the anionic and esterase sites, is not accompanied
by the formation of a “non-productive” enzyme —inhibitor
complex, as in the case of BuCE.?>

Table 9. Constants for the inhibition of cholinesterases
by the compounds CsHs(RC)P(O)SCH:CH-SCH: (series
VI, 26

10=4 kyp, 10° Ky g 100 K; s 104 kg, 100Ky, ¢ 107Ky, s
litre mole’! § mole litre'! | mole litre-! | litre ,m‘{le'l mole litre'! | mole litre-1
min” | min” !
ACE BuCE
C,H, 6.1 — — 1.3 — -
CH, 5.5 — - 7.4 - —
CiHy 15 — — 26 — —
CgHy,y 17* 4.1 1.3 38 24 6.0
CH,, 19* 2.9 1.5 74 3.0 2.3

*The values of 5 (litre mole™ min™') are quoted.

Table 10. Constants for the inhibition of cholinesterases
by the compounds CsHs(RO)P(O)SCH:CH:S(CH3)..I” (series
x).*®

107 k. | 1077 Ay

WK WK g
litre moleTlitre mole-1| mole mole
| min" Y mincl | litre litre"1
ACE BuCE
CoHs 15 0.63 — —
CeH, 5.5 3.4 _ —
C,H, 24 11 — —
CgHyy 20 2.2 1,9 4.8
CeHyz i 12 3.1 4,4 5.9

In the study of the anticholinesterase activity of phenyl-
phosphonothioate thioesters without any polar substituents
in the alkylthio-group,

CiH 40
GHO” NSR ;
R=CH;—CyHys ,

(series 3, Table 11) the eliminated part of the CPI mole-
cule was found to influence the nature of the anticholin-
esterase activity®. In contrast to O -ethyl S-(8-alkyl-
thioethyl) phenylphosphonothioates and their methiodides
(series VI-IX), all the compounds of this series inhibited
ACE and BuCE via the combined mechanism. Evidently
the absence from compounds of series X of dipolar and
particularly cationic groups in the eliminated part of the
molecule impairs the conditions for the correct orienta-
tion of the molecule on the active surface of the enzyme,
on the one hand, and decreases the electrophilic phos-
phorylating capacity, onthe other, whichleadstoa distinct
combined inhibition of the catalytic activity of cholin-
esterases.

However, the dipolar and cationic groups in the
eliminated part of the OPI molecule are by no means
always able to ensure “productive” sorption. This was
manifested not only for diphenylphosphinothioate esters,
but also for two phenylphosphonothioate esters (Tables 9
and 10). In the first instance the orienting influence of
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the mercapto-group was interferred with by the two phenyl
substituents, and in the second by the phenyl and alkoxy-
substituents next to the CsHi: and CeHiz groups. In the
presence of smaller alkyl groups concerted sorption of the
phosphoryl component and of the mercapto-group was
observed and there was no reversible component in the
inhibiting activity of the CPIL.

Table 11. Constants for the inhibition of cholinesterases
by the compounds CeHs(C:HsO)P(O)SR (series X).*
10-% &g , 108 Ky, . 109K; s, 102 &y 10°K; 108Ky, 5
R litre mole-1 mole, mole litre mole! | mole litre-! | mole litre-1
min-1 litre-! litre-! min-l
A
ACE BuCE
CH, 0.29 76 6.3 1.0 20 5.0
C.Hs 0.38 1 11 0.14 150 6.1
CgH, 0.26 51 15 0.28 29 5.7
C,H, 0.58 29 8.0 0.77 12 2.6
CyHyy 1.15 5.7 1.8 4.5 4.5 0.64
CeHy, 2.10 2.2 3.0 51 0.62 0.62

The influence of hydrophobic substituents at the phos-
phorus atom on the combined inhibition of cholinesterases
by OPI was also investigated for a number of cyclohexyl-
phosphonothioate thioesters?® (series XI and XII, Tables
12 and 13);

c,l-xu\P 40 C,H,,\p 0
< s o=
CH 0" NSCHCH,SR, CH0” “SCH,CH,SR - I ;
CH,
R=C,Hy—CyH,s

and for benzylphosphonothioate thioesters*® (series XIII
and XIV, Tables 14 and 15):
CHCHa, 0

CHCHa /O
CH,07 “SCH.CH,SR,

C.H 0" “NSCH,CH:SR - I

CHg
R=CyHy—CgHyo -

Table 12. Constants for the inhibition of cholinesterases
by tr;oe compounds CeH11(C:Hs0)P(C)SCH.CH:SR (series
XI).

R 10— kg, 10K, po 100 Ky s 102 &4, 10°K; o 10" K;, s
litte mole! | mole litre'] | mole litre-! | litre mote'! | mole titre'! | mole titre'l
min-! 1 min-!
ACE BuCE

C,Hg 1.5 29 9.7 0.65 13 28
CgH, 2.8 8. 4.8 6.3 2.0 17
C.Hy 4.0 6.0 6.6 25 0.9 1.4
CeHyy 2.9 7.2 3.7 23 1.0 3.1
CgHyy 15 1.0 2.9 48 0.53 2.5
C;Hyg 8.3 2.0 6.3 5.7 2.2 7.9
CgHy7 9.5 1.3 1.5 16 0.45 0.73
CoHyp 15 0.3 1.3 5.0 0.29 0.89

It was found that the presence of the cyclohexyl group
instead of the phenyl group at the phosphorus atom in the
case of compounds of the sulphide type leads to a pro-
nounced combined inhibition of BuCE (Table 12).%° An
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analogous effect for BuCE has been observed in the pres-
ence of the corresponding benzylphosphonothioate thio-
esters (Table 14), ¥ the latter compounds being more

active than derivatives of cyclohexylphosphonothioic acid *°.

Table 13. Constants for the inhibition of cholinesterases
by the compounds CeH1,(C2Hs0)P(0)SCH.CH.S(CHAR.I”
(series XII),

R 10-%kyp, || 10-% kg, [10°K; 0 [ 10°K; g,
litre mole- {litre mofe'l mole litre-Imole litre-!
min- i __min~
ACE BuCE
CeH, 1.0 0.57 14 70
H, 0.7 0.84 5.8 63
C He 1.1 9.5 0.42 8.4
CsHyy 3.3 16 1.5 12
CeHys 9.4 12 5.2 25
C;Hys 10 7.8 5.0 20
CeHyz 12 3.9 1.4 1
10 2.8 2.5 0.85 9

Table 14. Constants for the inhibition of cholinesterases
by themcompounds CsHsCH2(C:HsO)P(O)SCH:CH:SR (series
XIII).

R 104 &g, 10° Ky, o 10°K;, g 10-* &, W0 Ky po 100 Ki,‘_ s
litre mole! | mole fitre] | mole litre'] || iitre moje-! | mole titre'1 mole litre-1
i min-! i min”
ACE BuCE

C,Hg 1.5 25 19 0.74 85 95
CgH, 2.6 14 16 7.5 59 69
C,Hy 2.9 19 12 27 2.5 3.2
CsHyy 1.3 23 21 19 8.9 44

. CoHys 3.3 9.8 8.3 18 7.2 5.6
CyHyg 24 1.0 1.9 6.5 9.5 7.0
CgHy7 22 3.6 2.2 22 16 6.5
CoHyo 24 3.2 1.9 13 12 4.9

The interaction of cyclohexylphosphonothioate and
benzylphosphonothioate thioesters of the onium type (series
XII and X1V, Tables 13 and 15) with BuCE takes place dif-
ferently. In this case the only inhibitors with a combined
type of activity are derivatives of cyclohexylphosphonothioic
acid (Table 13).* Benzylphosphonothioate thioesters of
the onium type cause only the irreversible inhibition of
BuCE (Table 14). %

Table 15. Constants (1077 k1, litre mole™ min™?) for the
inhibition of cholinesterases by the compounds
CsHsCH,(C-Hs0) P(O)SCH.CH:8(CH)R.I" (series (XIV). %!

R ACE BuCE R ACE BuCE
CaHy 1.0 6,5 CoHys 0.94 8.2
C.H, 0.82 21 C:Hys 1.4 13
C.H, 1.2 13 CeHrr 1.6 88
CH, | 1.3 3% CsHyo 2.8 12

In experiments with ACE only irreversible inhibition
was observed in all cases (Tables 13 and 15). These data
and also those obtained in the study of the analogous
phenylthiophosphonothioate thioesters (series VI-IX)
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show that the combined inhibition of the catalytic activity
of cholinesterases is in most cases promoted by the pres-
ence of hydrophobic groups in the inhibitor molecule,
particularly those in the phosphorylating component, and
is hindered by the presence of polar groups. This is
manifested most clearly in the case of ACE.

IV. INTERACTION OF CHOLINESTERASES WITH
00 -DIALKYL S-ALKYL PHOSPHOROTHIOATES

Combined inhibition of cholinesterases does not
occur solely when bulky hydrophobic substituents are
present at the phosphorus atom. This effect is shown
distinctly in those instances where there are two alkoxy-
groups at the phosphorus atom. Thus OO -dialkyl S -alkyl
phosphorothioates

RO ps®
RO” SR
R=C;H, or CsHys; R'=CH3CgH)3
iso-CgHy, or iso- CgHy,,

with two butoxy- ¥ and two hexyloxy-groups ** (series XV
and XVI, Tables 16 and 17) cause the combined inhibition
of cholinesterase, the reversible component being in all
cases more pronounced in the interaction with BuCE than
with ACE.

Table 16. Constant for the inhibition of cholinesterases
by the compounds (CsH¢0).P(O)SR (series XVI). *
R 10-4 kg, 10 K;' r 10°K; s, 1078 &4, 107 Ky po 107 Ki s
litre mole-1} mole litre! | molelitre'] | litre mole! | mole litre-! mole litre-1
5 min® B ,  minl | \
ACE BuCE
CH, 0.75 34 11 0.12 27 11
CqHs 1.2 19 31 0.13 16 31
CH, 0.85 31 2% 0.86 33 14
CiH, 1.2 4.5 9.9 3.2 7.1 5.5
GCgHyy 2.1 1.7 4.4 7.7 1.9 1.9
CeHyg 2.2 7.5 3.4 61 0.1 0.26
isoCoHo | 2.4 31 4.7 6.2 1.6 1.4
isoCsHy, | 9.4 18 3.7 2.0 16 1.0
Table 17. Constants for the inhibition of cholinesterases
by the compounds (CeH130).P(O)SR (series XVI). *
10-2 kg, 100 Ki 10* K s 10-% kg, 107 Kl. P 107 K s
R litre molel | mole litre”! | molelitre’] | litre mole! | mole litrel | mole litre-
min” H min”
ACE BuCE
CH, 4.9 43 2.4 4.5 3.9 2.2
CHs 3.3 79 30 12 31 0'64
CaHy 13 3.7 4.9 3.3 1.7 1.2
CH, 21 1.9 2.6 2.8 6.0 1.1
- 14 1.9 1.9 1.3 &2 2.7
Hiyq 8.1 2.3 2.4 2.4 7.8 4.6
iso-CyHy 5.3 5.0 4.2 1.0 40 4.8
iso-CsHy | 15 2.1 1.5 5.9 2.9 1.6

The combined inhibition of the catalytic activity of
cholinesterases is apparently fairly characteristic of
phosphorothioate thioesters even when there are small
alkoxy-groups at the phosphorus atom. This has been
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shown for a series of OO -dialkyl S-[f-(NN -arylmethyl-
amino)ethyl] phosphorothioates and their methiodides *’*%:

RO\ A0 Ro_A° B
o X P T; X
RO SCH;CH,I}(—@ . RO \SCH,CHJIJ—@ o
CH, CH,

R=CH;, C;H,, iso-CsHz; X=H, n-, m-CHy; p-, m-CH,O, p-, m-Cl
It was found that QPI of the above type, having straight-
chain alkoxy-groups at the phosphorus atom, give rise to
combined inhibition ***’,  This applies both to “uncharged”’
compounds (series XVII-XIII, Tables 18 and 19) and to
compounds of the onium type (series XIX and XX, Tables
20 and 21). In all cases combined inhibition is shown
more in relation to BuCE than to ACE.

Table 18. Constants for the inhibition of cholinesterases
by the compounds (C3H-0)2P(O)SCHCH-N(CH3)CsH4R
(series XVII). *®

@ PR u n ©
=S ] =% (?&
R SEo| &35 F5¥5
I 28l 5 © 1 5.8 ks
SEE 2 g e 2E & =

ACE BuCE
p-OCH, 0.9 10.2 0.2 6.8
p-CHg 1.6 7.6 0.7 2.2
m-CHy 1.8 5.5 0.8 2.8
H 1.7 8.5 1.6 1.0
m-OCHg 1.5 7.5 0.9 2.2
p-CI 4.7 1.7 1.3 1.0
m-Cl 3.1 3.4 2.4 1.2

Table 19. Constants for the inhibition of cholinesterases
by the compounds (C4sHs0)P(0)SCH.CH:N(CH3)CsHJR
(series XVIID). ¥

g Ea| S FE~| o~ =

:eal T2l Tayl¥ 2

= EF & E) 25 & g

ACE BuCE

P-OCHg 2.7 2.3 0.6 1.6
p-CH, | 13 1.5 | 2.5 | 6.9
m-CHy 4.7 | 3.2{ 2.7 | 5.7
H 6.8 2.6 2.0 9.0
m-QOCH, 3.2 3.9 4.3 | 2.1
p-Cl 12 0.9 3.0 3.5
m-Cl 5.4 2.6 2.6 3.7

When there are two branched isopropoxy-greups at the
phosphorus atom, combined inhibition is not observed in
all cases *®. Thus the reversible component is observed
in the inhibition of ACE and BuCE only by “uncharged”
compounds (series XXI, Table 22). The only exception is
the p-methoxy-derivative, which causes only the irrevers-
ible inhibition of BuCE. Only some GCPI of the onium type
exhibit the combined type of inhibition in relation to ACE,
while BuCE is only irreversibly inhibited by these com-
pounds * (series XXII, Table 23), Thus BuCE does not
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always tend to be more readily inhibited via the combined
mechanism by OO -dialkyl S -alkyl phosphorothioate esters,
in contrast to the phosphonothioate thioesters.

Table 20. Constants for the inhibition of cholinesterases
by the compounds (C3sH70).P(C)SCHCH2N(CH3).CsH4R.I™
(series XIX).*

B s l.B| %

R | FE 2 |FE| F=
b X 2 - T

188 =% |LEE

ACE BuCE

pOCHy | 1.5 ] 9.8 | 241 3.3
pcH, | 36 | 33 | 28| 18
mCH, | 2.6 | 55 | 31| 24
H 28 | 32 |64 2.8
mOCH, | 2.2 | 18 36 1.9

Table 21. Constants for the inhibition gf cholinesterases
by the compounds (CsHsO0)P(C)SCH2CH:N(CH3).CcHR.I™
(series XX).¥

=S -5 = <=

R R A RE
tEf 2 8| LzE|B B

ACE BuCE

p-OCHy | 2.6 [ 4.1 2.6 2.5
p-CHy | 6.4 | 1.7] 3.6 3.6
mCHy | 3.7 | 3.2 4.9 2.6
H 6.3 1.9 6.2 7.4
mOCH; | 4.2 | 2.6 3.2 2.1

Table 22. Constants for the inhibition of cholinesterases
by the compounds (iso-C3H-0).P(0)SCH,CH.N(CH;)CsHsR
(series XXI), *®

® 00y [ 10K, o | 10K s l 10-2 kg, | 107 K; L. | 107 Ky &
litre [nole'1 mole litre"!| mole titre'l|litre {‘1015']1m01e litre Y mole litre~!
min ilmin~ 4 N
ACE BuCE
p-OCH, 2.5 | 77 32 1.0 - _
p-CHy 4.3 30 16 4.2 25 4.8
m-CHg 3.7 32 9.4 2.4 29 10
H 0.9 15 12 2.9 35 7.0
m-QCHj 3.4 65 28 3.7 34 1.4
p-Cl 43 13 2.6 64 0.18 0.31
m-Cl 45 0.46' 2.3 40 5.0 1.0
|

Analogous results were also obtained in experiments
with 0O -dialkyl S -alkyl phosphorothioate esters containing
the cyclohexyl group at the nitrogen atom in the g-position
relative to the thicester group *:

RO\p /O RO\P /0 ?Ha

RO \SCH,CH;NCH,;, RO “SCHCHN*CHy - 1- 4
: |
CH, CH,

R==C,Hy, CgH;, C;H,, oriso- CGH,.

Compounds with isopropoxy- or n-butoxy-groups at the
phosphorus atom, exhibit the combined type of inhibition
only in relation to ACE, the effect being observed with
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both “uncharged” compounds (series XXIII, Table 24) and
with methiodides (series XXIV, Table 25). Organophos-

phorus inhibitors of the above types cause only the irre-

versible inhibition of BuCE,

Table 23. Constants for the inhibition of cholinesterases
by the compounds (iso-CsH40);P(O)SCH-CH.N(CHs).CsH4R .I”
(series XXII).

R SE 22 23| Fe.

- ”—.:: X o X9 . o'm

LE5(sgl =8| D EE

ACE BuCE

P-OCH, 12 — — 2.3
p-CH; 16 —_ — 12
m-CHg 30 1.4 0.5 8.
H 9.3 5.5 1.0 5.8
m-OCHg | 29 2.4 | 62. 13

Table 24. Constants for the inhibition of cholinesterases
by the compounds (RO).P(0)SCH-CH:N(CH;3)CsHy, (series
XXII). *

ﬁ'%—* <8l al B
82 8 -] -1 =
R EEEE L
Lileglag i
ACE BuCE
CHy | 46 )| — | — 3.2
CH, |2 — | — | 42
isoCH, | 0.8 [ 30 | 51 1.3
He | 35 0.34 0.19) 22

Table 25. Constants for the inhibitign of cholinesterases
by the compounds (RO):P(C)SCH2CH2N(CH3)2CeH11.I”
(series XXIV).*

R 107k | 100Ky, . 100 Ky, 5, 107 kyy,
titre mole1| mole Litre! | mole litrel || litre mole-1
min-1 i min-

ACE BuCE
C.H, 2.0 - - 6.3
CH; 01 _ _ 67
isoCH, | 13 1.4 14 5.0
C,Hyp 0.13 3.0-10-3 6.3-1073 43

The above experimental data permit the conclusion that
the combined inhibition of the catalytic activity of cholin-
esterases is most effectively promoted by hydrophobic
substituents in the phosphorylating component of the GPI
molecule. However, there are also instances where sub-
stituents in the eliminated component of the CPI molecule
exert a decisive influence. This has been demonstrated
for the diphenylmethyl esters of various phosphorus(V)
thio-acids %

R\P /0
R \SCH (CHy): ;
R=CH,, CgHs, CsH;, Co:HsO, or CiHsO; R'=C.H,0,
CyHy, .or' GHeO .

phorus atom.
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The tendency of these compounds to exhibit the com-

bined type of inhibition in relation to ACE and BuCE is
very pronounced even in those cases where there are

groups with short hydrophobic substituents at the phos-
The presence of two phenoxy-groups at the
phosphorus atom leads to the loss of ability by OPI to
cause the irreversible inhibition of ACE, but BuCE under-
goes combined inhibition under these conditions (series
XXV, Table 26).

Table 26. Constants for the inhibition of cholinesterases
by the compounds RR’P(O)SCH(CeHs): (series XXV).*°
S~ =1 = g gv| o= ;=
RO R | fEY S | S| S5y £ 9%
LER =28 |28 22 28 |28
ACE BuCE
CH, | CHO | 49.5 0.99 | 9.2 | 1.62 6.5 8.3
CHO | C,H;O | 18.4 0.7 | 6.75) 9.43 | 17.7 8.95
CyHy CHy | 0.143 | 100 3% 0.052 | 2.5 | 78.7
CH; | CHO | 2.1 10.5 |18 23 9.78 | 1.26
CHO | CHO — |12 3.96 | 22.6 |773

V. CONCLUSION

The results obtained show that BuCE is much more
readily inhibited by substances capable of hydrophobic
sorption on the active surface of the enzyme than is ACE.
This conclusion had been reached earlier °™''. In subse-
quent studies it was clearly confirmed and developed
further. In particular, relations were discovered
between the structure of CPI with different hydrophobic
substituents and their inhibiting activity in relation to ACE
and BuCE.*

Comparison of the anticholinesterase activities of the
diphenylphosphinothioates, phenylphosphonothioates,
benzylphosphonothioates, and cyclohexylphosphonothioates
presented in this review, as well as the methylphosphono-
thioates investigated earlier”’ clearly demonstrates dif-
ferences between the sensitivities of ACE and BuCE to
these compounds as a function of the structure of the
phosphoryl component in their molecules.

S -Alkylthioethyl compounds with a methyl group at the
phosphorus atom exert the strongest irreversible inhibiting
activity in relation to ACE. This highly specific enzyme
has apparently become adapted to acetylcholine and for
this reason interacts faster with substances containing the
CHs— P=0 group, which simulates the CHs— C=0 group of
acetylcholine. Substances with a phenyl group at the
phosphorus atom resemble methylphosphonothioate esters.
S ~Alkylthioethyl esters of phosphonothioic acids with
benzyl and particularly cyclohexyl groups at the phos-
phorus atom inhibit ACE much less.

Thus substances of the type A(C.HsOQ)P(Q)SCH.CH,SR
and A(C:HsO)P(0)SCH.CH,8(CH;).I" can be arranged in the
following sequence in terms of the irreversible inhibition
of ACE as a function of the structure of A: CH; > CeHs >
CeHsCH: > CeHi;.
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Schematic illustration of the “compatible” (¢ and b) and “incompatible” (¢) sorption
of OPI on the active surfaces of cholinesterases.

A different type of behaviour is observed when the
above compounds act on BUuCE—the enzyme which hydroly-
ses butyrylcholine at the maximum rate and not acetyl-
choline. Sulphide derivatives of O -ethyl alkylphosphono-
thioates and of diphenylphosphinothioic acid can be
arranged in the following sequence in terms of irreversible
inhibition: CsHsCH2(C>HsQ) > CeHs(CoHsT) > CHy(C:HsO) >
(CeHs)z > CeH11(C-Hs50).

Sulphonium derivatives can be arranged in the same
sequence in terms of their inhibiting activity subject to an
important stipulation with regard to methylphosphonothioate
esters: their positions in the series depend on the size of
the alkyl group R.

The above series is valid only for R < C¢Hi1s.  For
R > C¢H;s, the inhibiting activity of methyl derivatives
increases and is not inferior to that of benzyl derivatives:
(C2HsQ)CeHsCH, = (C2HsO)CH3 > (C:H50)CeHe > (CeHs)2 >
(C2Hs0)CeHui.

Thus in the presence of large substituents, which
firmly attach the inhibitor in the vicinity of the anionic site
of BuCE as a result of hydrophobic interaction, the methyl
or benzyl group A at the phosphorus atom is “better” for
productive sorption and subsequent phosphorylation of the
enzyme than the phenyl or cyclohexyl group, while in the
presence of small substituents the phenyl group A is
“better” than the methyl group. The complementarity of
the inhibitor molecule to the active surface of the enzyme,
which ultimately determines the occurrence of “productive”
sorption, in general depends on the compatibility of the
ion—ion, ion-dipole, and hydrophobic interactions, as
mentioned above., When these interactions are compatible,
the sorbed molecule is oriented on the active centre in
such a way that the phosphorus atom and the serine
hydroxyl of the enzyme are in close proximity and phos-
phorylation may occur; this is illustrated schematically
in the Figure. When the effects are “incompatible”, the
inhibitor molecule is arranged in such a way that the
phosphorus atom and the serine hydroxyl are separated in
space, phosphorylation is difficult, and the combined type
of inhibition is shown clearly.

For certain structures of the inhibitors, hydrophobic
sorption may promote the correct orientation of the inhib-
itor on the active surface of the enzyme, as a result of
which the rate of irreversible inhibition increases. How-
ever, for other structures the sorption may interfere with

the “correct orientation”: for example, in those cases
where the inhibitor molecule, fixed at two hydrophobic
sites, is arranged in such a way that the phosphorus atom
is separated from the serine hydroxyl of the enzyme active
centre. Analogous steric hindrance may arise also when
certain sulphide and sulphonium derivatives act on the
enzyme, whereupon, as a result of the “incompatibility”
of the sorption at the anionic site and in the corresponding
hydrophobic region, the ester group of the inhibitor is
incorrectly oriented relative to the esterase site of the
enzyme,

Effects of this kind, which lower the rate constant for
irreversible inhibition and cause the appearance of the
reversible component, probably exert the most marked
influence when the inhibitor molecule contains bulky
hydrophobic groups, particularly those linked directly to
the phosphorus atom (two phenyl groups, a cyclohexyl
group, and a benzyl group).

Effects of this kind were explained previously by the
absence of complementarity between the hydrophobic group
of the inhibitor and the hydrophobic region located in the
immediate vicinity of the esterase site of the enzyme. In
the light of new experimental data, a revised treatment of
the above effects is now necessary. The “hydrophobic
region— esterase site” complementarity rather than with
the complementarity to the hydrophobic region itself is
relevant,

Thus it has been shown that the introduction of
hydrophobic groups into the eliminated or non-eliminated
component of the inhibitor molecule enhances its irrevers-
ible inhibiting activity, particularly in relation to butyryl-
cholinesterase. Cn the basis of the data described, one
may now claim that the introduction of bulky hydrophobic
groups, particularly several such groups, may lead to the
opposite effect, owing to the incompatibility of the orienta-
tion of the inhibitor molecule with the active surface of the
enzyme: instead of an enhancement, a weakening of the
anticholinesterase activity and the appearance of the
reversible component are observed.

Thus the data described above show that the anticholin-
esterase activity of compounds and the nature of their
inhibiting effect depend on three factors: on the electro-
philic phosphorylating capacity of the inhibitor, on its
tendency to undergo hydrophobic sorption on the active
surface of the enzyme, and on the complementarity of the

9-11
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inhibitor molecule to the “hydrophobic region—esterase
centre” system.

Cne must recall that the difference between productive
and non-productive sorption apparently consists solely
in the localisation of the inhibitor molecule on the active
surface of the enzyme; the vigorous interactions ensuring
both types of sorption are virtually identical. Accordingly,
the stabilities of the “productive” (EIn) and “non-produc-
tive” (EIp) complexes should be similar. From this point
of view, the quantities Kj § and Kj r are of great interest,
because they can yield information about the equilibrium
constant for the formation of the Michaelis enzyme—
inhibitor complex. When the above quantities are anal-
ysed, the most striking fact is that in the vast majority of
instances the quantities Kj S and Kji r for BuCE are signif-
icantly smaller than for ACE. This was shown particu-
larly clearly in experiments with S-alkyl diphenylphos-
phinothioates *®, O -ethyl S-alkyl phenylphosphonothioates *,
and OO -dibutyl S -alkyl phosphorothioates *, in the sorption
of which the hydrophobic interaction plays an extremely
significant role. The hydrophobic interaction is known to
be more characteristic of BuCE than of ACE. Hence it
becomes understandable why BuCE forms more stable
complexes than ACE on interaction with the compounds
investigated. This applies to both “non-productive” and
“productive” complexes.

Attention must be drawn to the fact that frequently there
are differences between the quantities Ki S and Ki,r, char-
acterising the reversible component of the inhibition of
cholinesterases. In most instances Ki § is smaller
almost by an order of magnitude than Ki,r, i.e. the inhibit-
ing effect of certain compounds in the hydrolysis of acetyl-
choline is manifested to a greater extent than in the phos-
phorylation of the enzyme.

Cme of the possible causes of this divergence is that the
reversible inhibition of the enzymatic hydrolysis. of acetyl-
choline may be associated with the interaction of the GPI,
for example via the anionic site, not only with the free
enzyme but also with the acetylated enzyme. This hinders
deacetylation and thereby reduces the rate of the enzymatic
hydrolysis of acetylcholine and therefore affects Ki g. @
Such reversible interaction of the OPI with the phosphor-
ylated enzyme cannot influence Kj y, because the phos-
phorylated enzyme is the final product of the process
investigated.

The second cause may be associated with the presence
of the “productive” enzyme—inhibitor complex EIn in the
reaction medium when the rate of the enzymatic hydrolysis
of AX is determined, because there are insufficient
grounds for the belief that, following the addition of AX to
the reaction mixture of the enzyme and the OPI, the com-
plex Eln is fully dissociated into the inhibitor and the
enzyme, which then catalyses the hydrolysis of AX. Even
under conditions where the concentration of AX is many
times greater that of the CPI, part of the enzyme may be
present in the form of the complex Eln if the latter is very
stable, Within the narrow inhibitor concentration ranges
employed in experiments, the dependence of the rate con-
stant & for the irreversible inhibition on [In] can therefore
be either comparatively weak or may not exist at all. In
the latter case it is altogether impossible to determine
Ki,r.

It is noteworthy that, in view of the presence of two
stages in the phosphorylation process, k should depend on
the incubation time ¢ of the enzyme with the inhibitor and
on the inhibitor concentration [In] even in the absence of
“non-productive” sorption, provided that these parameters
vary within wide limits. Methods for the calculation of
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the rate constants of the individual stages of the process
via mechanism (1) are based on the determination of the
dependence of  on ¢ and [In]. ***

Thus the combined inhibition of cholinesterases by
certain organophosphorus inhibitors, which is manifested
clearly in experiments and about the occurrence of which
there is no doubt, may be caused not only by the “non-
productive” sorption of the inhibitor on the enzyme but
also by the presence of an enzyme —inhibitor complex in
the enzymatic hydrolysis of the substrate.

Evidently, at the level of the modern experimental
technique for the investigation of the interaction of cholin-
esterases with CPI, where there is as yet no possibility of
distinguishing experimentally the “productive” and “non-
productive” enzyme —inhibitor complexes, the reversible
component must be regarded as a result of the binding of
the enzyme both in the complex El, and in the Michaelis
complex EIn.

REFERENCES

1. W.Aldridge and E.Reiner, Biochem.J., 113, 147
(1969).

2. I.L.Brestkin, I.L.Brik, R.I.Volkova, N.N.Godovi-
kov, Kh.Kh.Gurdaliev, M.I. Kabachnik, and
N.A.Kardanov, Dokl.Akad.Nauk SSSR, 200, 103
(1971).

3. V.A.Yakovlev and R.I.Volkova, Dokl.Akad. Nauk
SSSR, 128, 848 (19£9).

4. V.A.Yakovlev and R.S.Agabekyan, Biokhimiya, 31,
258 (1962).

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

6. A.P.Brestkin, I.L.Brik, R.I.Volkova, N.N.Godovi-
kov, and N. E. Teplov, Dokl.Akad. Nauk SSSR, 163,
365 (1965).

7. A.P.Brestkin, R.I.Volkova, N.N.Godovikov, and
M. I.Kabachnik, Izv.Akad.Nauk SSSR, Ser.Khim.,
2028 (1968).

8. G.M.Grigor'eva and V.A. Yakovlev, Biokhimiya,
30, 875 (1965).

9. A.P.Brestkin, N.N.Godovikov, E.I. Godyna,

M. 1. Kabachnik, M. Ya.Mikhel'son, E.V.Rozengart,
and V.A. Yakovlev, Dokl.Akad. Nauk SSSR, 158, 880
(1964).

10. M.I.Kabachnik, A.A.Abduvakhabov, I.I.Agabekova,
A.P.Brestkin, R.I.Volkova, N.N.Godovikov,
E.I.Godyna, S.8.Mikhailov, M. Ya.Mikhel'son,
V.L.Rozengart, and R.V. Sitkevich, Uspekhi Khim,,
39, 1050 (1970) [Russ. Chem.Rev., No. 6 (1970)].

11. M.I. Kabachnik, A.P.Brestkin, N.N.Godovikov,

M. Ya. Michelson, E.V.Rosengart, and V.I. Rosen-
gart, Pharm.Rev., 23, 3£5 (1970).

12. N.N.Godovikov, N.A.Kardanov, and M. I. Kabachnik,
Zhur.Obshch.Khim., 42, 273 (1972).

13. A.P.Brestkin, R.I Volkova, N.N.Godovikov,

M. I. Kabachnik, and N.A.Kardanov, Izv.Akad. Nauk
SSSR, Ser.Khim., 622 (1973).

14, N.A.Kardanov, N.N.Godovikov, and M.I.Kabachnik,

Zhur.GCbshch.Khim., 41, 327 (1971).

15. R.I.Volkova, N.A.Kardanov, A.P.Brestkin,
N.N.Godovikov, and M. I. Kabachnik, Izv.Akad.Nauk
SSSR, Ser.Khim., 2114 (1973).

16. R.ILVolkova, N.N.Godovikov, M.I.Kabachnik,
L.G.Magazanik, T.A.Mastryukova, M. Ya.Mikhel'-
son, E.K.Rozhkova, N.K.Fruentov, and
V.A, Yakovlev, Vop.Med.Khim., 7, 250 (1961).



Russian Chemical Reviews, 47 (9), 1978

17.

18.

19,
20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

R.S.Agabekyan, N.Kh.Berkhamov, N. N, Godovikov,
M. I.Kabachnik, and G.G.Ol'khovaya, Izv.Akad. Nauk
SSSR, Ser.Khim., 407 (1974),

R.S.Agabekyan, N.Kh.Berkhamov, N.N.Godovikov,
M. 1. Kabachnik, and G.G.Ol'khovaya, Izv.Akad.Nauk
SSSR, Ser.Khim., 450 (1974).

H.T.Huang and C.Niemann, J.Amer.Chem. Soc.,

T4, 4634 (1952).

I. V.Berezin, N. F.Kazanskaya, and A.A.Klesov,
Biokhimiya, 36, 227 (1971).

A.P.Brestkin, E.V.Rozengart, 1. P.Soboleva,
N.V.Khromov-Borisov, and L. N. Tikhonova,
Biokhimiya, 40, 95 (1975).

A.DP.Brestkin, A,N.Kasymov, E.B.Maizel’,
E.V.Rozengart, V.E.Gmiro, L.N. Pozdnyakova,
and N.V.Khromov-Borisov, Dokl.Akad.Nauk SSSR,
229, 207 (1976).

N.A.Kardanov, N.N.Godovikov, and M. I, Kabachnik,
Zhur.Cbshch. Khim., 41, 327 (1971).

N. N.Godovikov, M.Kh. Bekanov, M.Kh.Berkhamov,
and M. I. Kabachnik, Zhur.Obshch.Khim,., 44, 1236
(1974).

M.Kh.Bekanov, A.P.Brestkin, M.Kh. Berkhamov,
N. N.Godovikov, M. I, Kabachnik, and G.I.Smirnov,
Izv.Akad. Nauk SSSR, Ser.Khim., 2808 (1974).

M. Kh. Bekanov, A.P.Brestkin, M.Kh.Berkhamov,
N.N. Godovikov, and M, I. Kabachnik, Izv.Akad.Nauk
SSSR, Ser.Khim., 2573 (1975).

G.G.Ol'khovaya, M.Kh.Berkhamov, R.S.Agabekyan,
N. N.Godovikov, and M. I. Kabachnik, Izv.Akad.Nauk
SSSR, Ser.Khim., 1837 (1975),

M. Kh. Berkhamov, N.N.Godovikov, V.M. Kuzamy-
shev, and M. I.Kabachnik, Zhur.Obshch.Khim,, 47,
989 (1977).

V.M. Kuzamyshev, M.Kh.Berkhamov, N.N.Godovi-
kov, R.S.Agabekyan, V.G.Zhasminova, and

M. I. Kabachnik, Izv.Akad.Nauk SSSR, Ser.Khim.,
1885 (1976).

V.M. Kuzamyshev, M.XKh.Berkhamov, N.N.Godovi-
kov, R.S.Agabekyan, E.G.Kireeva, Z.K. Pegova,
and M. I. Kabachnik, Izv.Akad.Nauk SSSR, Ser.Khim.,
1600 (1977).

R.S. Agabekyan, M.Kh.Berkhamov, N.N.Godovikov,
V.M. Kuzamyshev, V.N. Muzykantova, M.Kh.Bek-
anov, and M. L. Kabachnik, Izv.Akad.Nauk SSSR, Ser.
Khim., 1868 (1977).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

869

G.G.COl'khovaya, R.S.Agabekyan, M.Kh.Berkhamov,
N.N.Godovikov, and M. I.Kabachnik, Izv.Akad. Nauk
SSSR, Ser.Khim,., 1840 (1975).

G.G.Ol'khovaya, Candidate's Thesis, Institute of
Organoelemental Compounds, USSR Academy of
Sciences, Moscow, 1975,

N. N.Godovikov, N. E. Teplov, S.A. Trifonova, and
M. L. Kabachnik, Zhur.Obshch.Khim., 44, 30 (1974).
N.N.Godovikov, S.A. Trifonova, and M. I, Kabachnik,
Zhur, Obshch.Khim,, 44, 1011 (1974).
A.P.Brestkin, I.L.Brik, N.N.Godovikov,

M. I. Kabachnik, I.N. Svidritskaya, Ya.S.Smusin,

and S.A. Trifonova, Izv.Akad.Nauk SSSR, Ser.Khim.,
2805 (1975).

A.P.Brestkin, I.L.Brik, M.I.Kabachnik,

N.I. Svidritskaya, Ya.S.Smusin, and S.A. Trifonova,
Izv.Akad. Nauk SSSR, Ser.Khim., 2811 (1974).
A.P.Brestkin, I.L.Brik, N.N,Godovikov,

M. I, Kabachnik, E.G.Kireeva, and S.A. Trifonova,
Izv.Akad. Nauk SSSR, Ser.Khim., 429 (1976).
A.P.Brestkin, I.L.Brik, L.I.Ginetsinskaya,

N.N. Godovikov, M.I.Kabachnik, E.G.Kireeva, and
S.A. Trifonova, Izv.Akad.Nauk SSSR, Ser.Khim.,
883 (1973).

T.A.Mastryukova, R.S.Agabekyan, A.B. Uryupin,
and M. I. Kabachnik, Izv.Akad.Nauk SSSR, Ser.
Khim., 2317 (1977).

V.M. Kuzamyshev, Candidate's Thesis, Institute of
Organoelemental Compounds, USSR Academy of
Sciences, Moscow, 1977.

A. P, Brestkin, R.I.Volkova, and E.V.Rozengart,
Dokl. Akad. Nauk SSSR, 157, 14£9 (1964).
A.P.Brestkin, I.L.Brik, and A.A.Sagal, Dokl.Akad.
Nauk SSSR, 167, 1381 (1966).

A.P.Brestkin, K.V. Lapitskii, V.A.Samokish, and
O.1.Smirnov, Dokl.Akad.Nauk SSSR, 219, 999
(1974).

Institute of Organoelemental
Compounds, USSR Academy
of Sciences, Moscow



