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The interference of tetraethylammonium and tetrapropylammonium with the inhibition
of three cholinesterases by eight organophosphates was studied to obtain information on

the forces binding organophosphates to cholinesterase.

The phosphates differed in the

relative contributions of binding to the area of the anionic site and attack upon the esteratic

site.

Indirect evidence suggested that in housefly head cholinesterase, the separation

of the anionic and esteratic sites was between 4.5 and 5.9 A., whereas for human plasma
and erythrocytes the separation was less than 4.5 A,

HE ORGANOPHOSPHATES attack cho-
linesterases by phosphorylating their
esteratic site through an electrophilic
mechanism. Consequently, one can ac-
count for the activity of many of these
compounds by parameters that measure
the positivity of the phosphorus, e.g.,
Hamimett constants of substituents of
phenylphosphates (73) or susceptibility
to alkaline hydrolysis (2). However,
some organophosphates arec unexpectedly
better than their close analogs, and this
has been attributed to binding to addi-
tional areas of the enzyme. Thus, in the
substituted diethyl phenyl phosphates, the
m-tert-butyl and m-dimethylamino substit-
uents are so situated that they might bind
to the anionic site of cholinesterase (72),
whose normal function is to bind the qua-
ternary nitrogen group of acetylcholine.
In the case of phosphates containing an
appropriately placed quaternary nitrogen
group, coulombic binding of this group
to the anionic site has been postulated
(77).
In support of the idea of anionic-site

binding of organophosphates, it has
been shown that several oximes which
are potent catalysts for the reactivation
of most phosphate-inhibited cholin-
esterases, are poor reactivators of cholin-
esterase inhibited by cholinyl methyl-
phosphonofluoridate (9). This was sug-
gested to be caused by the cholinyl
phosphoryl moiety shielding the esteratic
site. It has also been shown that in an
organophosphate containing a tertiary
nitrogen in a suitable location to bind
to the esteratic site, the protonated form
was a far more potent inhibitor than the
unprotonated (77).

The present study is an attempt to
obtain more direct evidence of anionic
site binding, by examining the way that
occupation of the anionic site by qua-
ternary salts interferes with inhibition
by wvarious organophosphates. Insect
and mammalian cholinesterases are
compared, as part of a continuing at-
tempt to discover enzymic differences
which can be exploited in the design of
selectively toxic compounds.

Experimental Procedure

The enzyme preparations were either:
(a) washed “ghosts’” of human eryth-
rocytes—1 volume of packed eryth-
rocytes (derived from 2.2 volumes of
blood) was washed three times with
0.99 NaCl, laked with 6 volumes of
water, acidified with 0.068 volume of 1M
acetic acid, and allowed to stand over-
night. After decanting, the precipitate
was washed three times with equal vol-
umes of 0.1 NaH,PO,, once each day.
The brown precipitate was centrifuged
off, diluted to a creamy consistency with
water, and the pH adjusted to 7.0 with
0.1M NaOH, giving 0.25 volume of
enzyme. This stock preparation was
diluted with 3 volumes of phosphate
buffer 7.4, 0.067M before use. (b)
Human plasma—diluted with 0.33 vol-
ume of the phosphate buffer. (c)
Housefly head—16 grams of heads ob-
tained from frozen houseflies were ho-
mogenized in 160 ml. of the phosphate
buffer, using an ice-cooled Servall

Table I.

Plasma Cholinesterase

Erythrocyte Cholinesterase

Interference by Tetraalkylammoniums with Inhibition by Organophosphates

Housefly Head Cholinesterose

Inhibitor plso alone TEA Apls TPA Aplsy plao alone TEA Aplso TPA Aplsy plso Alone TEA Aplyy TPA Apl:o
Coroxon 7.5 0.6 0.3 7.1 0.6 0.9 8.9 1.2 1.9
DDVP 6.8 0.1 0.5 5.9 0.9a 1.0e 8.6 0.2 1.7
DFP 8.7 0.4 0.3 6.5 1.1 1.1 6.4 0.5 2.0
Guthoxon 5.8 0.5 0.4 6.7 0.5s 0.3e 8.8 1.2 2.0
Paraocxon 7.5 0.7 0.7 7.8 1.0 1.0 7.5 0.6 1.8
Ruelene 4.7 0.8 0.5 4.1 1.1 1.1 7.0 0.8 1.4
Amiton. 8.3 0.6 0.5 7.9 1.2 1.2 8.6 1.9 1.8
Quaternarized 8.4 0.2 0.2 8.5 1.1 0.96 8.7 0.6 0.6

Amiton
Av. 7.2 0.49 0.43 6.6 0.94 0.95 8.2 0.95 1.65
2 Extrapolated.
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Figure 1. Effect of TEA upon cholin-
esterases

(® plasma; O housefly head; -+ erythrocytes)

Omnimixer for 1 minute, then filtered
through glass wool, centrifuged for 5
minutes at 2000 X G, and the super-
natant was used.

Stock solutions of organophosphate
were prepared at 4 X 1072 in acetone
or ethanol or the phosphate buffer.
They were diluted with the buffer to
obtain the various concentrations.

In each test tube was placed 0.25 ml.
of organophosphate, and a mixture of
0.5 ml. of enzyme and 0.25 ml. of tetra-
ethylammonium bromide (TEA) or
tetrapropylammonium bromide (TPA)
or water was added at zero time. The
concentrations of TEA or TPA in the
0.25 ml. added were 4 X 1072 and 4
X 1073M, respectively, in the experi-
ments on interference. In the experi-
ments on direct effects, various concen-
trations were used to give the final con-
centrations shown in the figures. The
tubes were placed in a bath at 37.5° C.
Precisely 15 minutes from zero, 9 ml. of
prewarmed acetylcholine bromide, 0.1,
in Tris buffer pH 8.1, 0.05M, was added.
By this means, the TEA and TPA were
diluted 10-fold, to reduce their inhib-
itory effect upon acetylcholine hydrolysis.
At 45 minutes from zero, the tubes
were transferred to an ice-and-water
bath. Residual acetylcholine was then
determined by the method of Hestrin
(14).

The compounds were: Amiton: O-,-
O-diethyl S-(diethylaminoethyl) phos-
phorothiolate; quaternarized Amiton:
triethyl analog of Amiton; Coroxon
(oxygen analog of Co-Ral): diethyl
3-chloro-4-methyl-7-coumarinyl ~ phos-
phate; DDVP: diethyl 2,2-dichlorovinyl
phosphate; DFP: diisopropyl phos-
phorofluoridate; Guthoxon(oxygen an-
alog of Guthion):0,0-dimethyl  §-
3,4-dihydro-4-ox0-1,2,3 -benzotriazin-3-
ylmethyl  phosphorothiolate; para-
oxon: diethyl p-nitrophenyl phosphate;
Ruelene: methyl 2-chloro-4-fert-butyl-
phenyl methylphosphoramidate.
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Figure 2. Effect of TPA upon cholin-
esterases
(® plasma; © housefly head; + erythrocytes)

Direct Effects of TEA and TPA on
Cholinesterases. Quaternary ammo-
nium salts inhibit cholinesterases (6, 7).
With the preparations studied here, acti-
vation of cholinesterase was found at low
concentrations, inhibition at high con-
centrations of quaternary salts. TFor
TEA, results are shown in Figure 1,
using concentrations in the range utilized
in the main part of this study. The
concentrations given are those prevailing
during the assay period, i.e., after addi-
tion of acetylcholine. In the studies of
interference, the concentrations given
are those prevailing during the inhibi-
tory period, before adding acetylcholine,
because it is in the inhibitory period that
competition between quaternary salt and
organophosphate occurs.

Figure 1 shows no inhibitory action
by low concentrations of TEA against
fly cholinesterase. However, TEA at
2.5 X 10™M gave maximal activation
and thereafter activation lessened, being
zero at 2.5 X 107%; 509, inhibition was
reached at 4.5 X 1072M (not shown in
Figure 1).

For TPA, virtually no activation was
found for plasma or erythrocytes, but
strong activation of the fly enzyme was
found at very low concentrations (2.5
X 1078M), as shown in Figure 2.

Since the only truly soluble enzyme,
i.e., that in plasma, was not activated
under any conditions, the activations
that were observed were probably due to
solubilization, and were not related to
the activation by quaternary ammonium
salts of plasma hydrolysis of benzoyl
choline (70).

The above effects were compensated
for in the studies with combined organo-
phosphates and quaternary salts, by
using a control containing the ap-
propriate amount of quaternary salt.

Interference of TEA and TPA with
Cholinesterase Inhibition by Organo-
phosphates. The typical effect ob-
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Figure 3. Inhibition of housefly head

cholinesterase by Coroxon

(O alone; - with 1072M TEA; @ with 1073M
TPA)

served was that TEA and TPA reduced
inhibition, as shown in Figure 3. In
two cases, ziz., guthoxon and DDVP
with erythrocyte cholinesterase, a cross-
over effect, as shown in Figure 4, was
consistently observed. This is attributed
to enzymic hydrolysis of the organo-
phosphate at high concentrations, which
appears to be inhibited by TEA and
TPA.

The reduction of inhibition was ex-
pressed as the Apls, or decrease in the
plso caused by TEA or TPA. As this is
a logarithmic parameter, a change of one
unit signifies a 10-fold reduction in po-
tency. The results are shown in Table I.

Brief experiments showed that 10~2M/
ammonium sulfate or tetramethylam-
monium had no effect on cholinesterase
inhibition by organophosphates.

Discussion

All experiments were performed with
relatively crude enzyme preparations.
However, for each preparation there is
evidence that only one acetylcholine-
hydrolyzing enzyme is present. Au-
gustinsson (3) found only one cholin-
esterase in human plasma, in his electro-
phoretic separations of esterases, and
also found (4) that human erythrocytes
had only acetylcholinesterase, as judged
by substrate preference. Dauterman
et al. (8) found no significant change in
substrate specificity in the course of a
160-fold purification of housefly head
cholinesterase, after the labile aliesterase
(which does not hydrolyze acetylcholine)
had been destroyed.

It had been anticipated that since
Amiton and its quaternary analog have a
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(Numbers refer to compounds listed in Table )

cationic nitrogen at pH 7, they would
owe some of their activity to binding at
the anionic site, and would, therefore,
suffer more severe interference from
TEA and TPA than would the other
organophosphates. However, this was
not the case; in general, there was a
surprisingly uniform response for all the
organophosphates, in spite of their
different sizes and very different poten-
cies. One can only conclude either
that Amiton and quaternary Amiton
are not bound to the anionic site, or that
many of the compounds owe similar
fractions of their potency to binding
which is either at the anionic site or near
enough to be interfered with TEA or
TPA bound to the anionic site.
Comparison of the average interference
for plasma as contrasted with erythrocyte
and fly head showed less interferences for

Table II.

(A plx,

TPA) —

(A plso, Functional

Organophosphates TEA) Group
DDVP 1.5 Cl
DFP 1.5 F
Paraoxon 1.2 NO,
Guthoxon 0.8 C=0
Coroxon 0.7 Cl
Ruelene 0.6 (CH;).C
Amiton 0.1 N
Quaternary 0 N
Amiton

@ First column is from data on housefly cholinesterase.
Where two figures are shown, they are for fully com-

ments on Stuart-Briegleb models.

Dimensions of Organophosphates (A.)*

Center of P Center of P Center of P
to Center to Farthest to Farthest
of Functional Edge of Edge of
Group Side Group Alkoxy Group
3.0-5.4 6.0-6.7 4.4
1.7 5.0 5.4-6.0
6.7 8.0-8.7 4.7-6.0
2.7-6.0 6.0-10.4 4.4
9.4 10. 4 4.7-6.0
6.7 9.4 4.4
2.7-5.7 6.7-9.4 4.7-6.0
4.7-5.7 8.0-9.4 4.7-6.0

Otbher figures are from measure-

pressed and extended molecule respectively; in other cases, compression or extension do

not effect the particular distance.

Table IlI.

Dimensions of Tetraalkylammoniums (A.)"

Center of N to Edge
of Farthest Hydrogens

Center of N to Center
of Outermost Carbons

Range
Tetramethylammonium 2.9
Tetracthylammonium 3.5-4.5
Tetrapropylammonium 3.9-5.9

¢ Same as Table II.

Av. Range Av,
2.9 2.3 2.3
3.0 2.7-3.0 2.85
4.9 2.2-4.0 3.15

the plasma enzyme. For instance, the
average ratio of TEA potencies (as judged
by the antilog of the average ApJlso’s) for
plasma : erythrocyte : fly head was
1:2.8:2.9. The effect of TEA and TPA
upon acetylcholine hydrolysis (Figures
1 and 2) were also minimal for the plasma
enzyme. These observations support
the widely held belief that the anionic
site(s) of the plasma enzyme play a lesser
role than in erythrocyte and fly head
enzyme (7, 5). However, the data also
oppose the view (7) that there is no
anionic site in plasma cholinesterase.

Only in the fly head enzyme were
profound differences found in the effects
of TEA(102M) and TPA(1073M).
In plasma and erythrocytes, the effects of
TEA and TPA were within- 0.1 pl;
units in 11 out of 16 cases, and the max-
imum difference was 0.4 unit for DDVP
with plasma. Yet with fly head, there
were three cases where very large differ-
ences occurred: DDVP (1.5 wunits,
ie.,, a 32X difference), DFP (32X),
and paraoxon (16X). For Ruelene and
Coroxon, the differences were inter-
mediate (4.0X and 5.0X), and for the
other three, the differences were small
(Guthoxon 1.6X, Amiton 1.3X, qua-
ternarized Amiton 1X).

In an attempt to account for the special
TEA-TPA difference for DDVP, DFP,
and paraoxon, measurements on models
of organophosphates were made (Table
IT), and revealed no special features
in the dimensions of these three com-
pounds. There was no uniform differ-
ence between the anticholinesterase
activities of the ‘“‘special three” against
fly head as compared with the others
(DDVP is 0.4 unit or 2.5X above the

voL 11,
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average, DFP 63X below the average,
and paraoxon 5X below). The only
feature which distinguishes DDVP, DFP,
and paraoxon is that their side-chains,
i.e., dichlorovinyl-, fluoro- and p-nitro-
phenyl-, are all good electron attracting
groups. The sidechains of Coroxon,
Guthoxon, and Ruelene are probably
poor electron-attracting groups. For
Amiton and its quaternary analog, the
very weak inductive electrophilic effect
of the diethylamino and the strong induc-
tive effect of the quaternary nitrogen
would be much diluted by passage
through two methylene carbons. For
comparison, the hydroxyl of choline is
alcoholic, quite unlike that of p-nitro-
phenol. One, therefore, expects the
phosphorus of DDVP, DFP, and para-
oxon to bear a greater partial positive
charge than that of the other five com-
pounds.

The hypothesis is proposed that these
three owe a greater share of their effec-
tiveness to the positivity of their phos-
phorus and thus to their ability to react
with the esteratic site. By contrast,
the others owe a greater share of their
effectiveness to other factors, of which
the prime one is probably binding to the
enzyme surface by Van der Waals’
forces, hvdrogen bonding, and the like.
Such forces have been shown to be im-
portant in binding quaternary am-
monium salts to the anionic site (4, 79).
Measurements of models (Table III)
indicated that the maximum radius of
TEA is 45 A, of TPA 5.9 A, If it is
assumed that TEA and TPA were bound
only at the anionic site, and that the
distance between the anionic and ester-
atic sites is about 5A. (7, 76), only the
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TPA would actually overlap the es-
teratic site. Thus TPA would interfere
at both sites, TEA primarily at the
anionic site. Consequently, the TEA-
TPA difference would be maximal for
organophosphates which only attack the
esteratic site, and minimal for those
which owe much of their potency to an
ability to bind to the anionic site while
their phosphorus is attacking the es-
teratic site.

But why do the “special three” com-
pounds not show this TEA-TPA differ-
ence when tested against plasma or
erythrocyte cholinesterase? On the av-
erage, TPA is only a litile more effective
than TEA for plasma (1.2X) or for
erythrocytes (1.5X), but much better
than TEA for fly head (5X).

One possibility is that the separation of
the esteratic from the anionic site varies
in the three enzymes. The maximal
TEA-TPA difference would be found
when TPA overlaps the esteratic site,
but TEA does not. This would only be
true if the site separation was between
4.5 A. (the radius of TEA) and 5.9 A.
(the radius of TPA). This suggests that
for fly head cholinesterase, the separation
falls in this range, whereas for the other
cholinesterases the separation is greater
than 5.9 A. or less than 4.5 A. Now if
the separation for plasma or erythrocyte
enzyme was greater than 5.9 A., neither
TEA nor TPA would overlap the esteratic
site, and one would expect that TEA
and TPA would be much less effective
in blocking, for instance, DFP, which
attacks only the esteratic site, than Ami-
ton, which attacks both sites. Since
this is not the case (Table I), it must be
that in plasma and erythrocyte cholin-
esterases the separation of the anionic and
esteratic sites is less than 4.5 A. Friess
and Baldridge (77) have proposed a
separation of 2.5 A, for electric eel
acetylcholinesterase.

A corollary of the hypothesis is that
since TEA should cover only the anionic
site of housefly cholinesterase, TEA
should show maximal blocking of those
organophosphates which depend most
on anionic site attack. There should,
therefore, be a correlation between the
TEA-TPA difference and the Aplso for
TEA. Figure 5 shows that this correla-
tion exists, with the single exception of
quaternary Amiton, for which TEA is
an unexpectedly poor blocker. This
exception is probably due to the fact
that quaternary Amiton, the only organo-
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phosphate in the series with a quaternary
nitrogen, competes more effectively with
TEA for the anionic site than do the
others. This may be due to the pecu-
liarly favorable disposition of the N-alkyl
groups of quaternary Amiton, or to the
excellence of its quaternary nitrogen in
coulombic binding.

The fact that tetramethvlammonium
(1072M) and ammonium (1072Af) do
not block organophosphate inhibition
suggests at first that none of the organo-
phosphate binding is exactly at the
anionic site, and must in fact be 3 A,
away from that site, (3 A. is the radius of
TMA). But TMA is an extremely poor
inhibitor of substrate hydrolysis too (7).
It may be that quaternary salts are
bound primarily by Van der Waals’
forces, and very little by coulombic
forces, so that TMA has a very low
affinity for the anionic site. This sug-
gestion helps account for the proposal
in this paper that several un-ionized
compounds can be bound to the region
of the anionic site.

Conclusions

The conclusion that, in some organo-
phosphates only, an important contribu-
tion to anticholinesterase activity is
made by binding to the area of the
anionic site, leads to interesting possi-
bilities for future organophosphate syn-
thesis. Hitherto, the major factor ex-
plored in detail has been the electro-
philic nature of the phosphorus, as
judged by alkaline hydrolyzability and
various substituent constants. More em-
phasis should be given to exploring the
abilities of side groupings to increase the
affinity of the whole molecule for the
enzyme. When this affinity is especially
high, a compound whose phosphorus
is a poor electrophile may yet be a good
anticholinesterase. To obtain insecti-
cides, the side group must not be ionized
because ionic materials cannot pene-
trate to the vital cholinesterase of in-
sects (75, 77, 78). Consequently, the
binding forces utilized must be non-
coulombic, e.g., Van der Waals or hy-
drogen bonding. Such forces appear to
be important for Guthoxon, less im-
portant for Ruelene and Coroxon, and
of little importance for DDVP, DFP,
or paraoxon.

The other conclusion is that there is an
important difference between housefly
and mammalian cholinesterase, in the

AGRICULTURAL AND FOOD CHEMISTRY

distance between anionic and esteratic
sites. This difference could form the
basis for the design of selectively toxic
anticholinesterases.
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