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Abstract—Phosphonylation has been reported as part of the degradation of soman in human serum.
The concentration of phosphonylation sites can be quantified by comparing the degradation in serum,
preincubated with soman (all sites occupied), with the degradation in serum not preincubated. The
mean value of 73 nM of phosphonylation sites is in agreement with the concentration of active sites of
butyrylcholinesterase (EC3.1.1.8.), which is known to be phosphonylated by soman. Hence, it is
concluded that butyrylcholinesterase accounts for all the phosphonylation sites present in human serum.
The stercoselectivity of the reaction was investigated by using epimeric pairs of soman, in casu
C(+)P(%)- and C(~)P(=*)-soman. In a first approach enzymatic hydrolysis was blocked and the ratios of
phosphonylation rate constants, C(+)P(+)/C(+)P(—) and C(—)P(+)/C(—)P(-), were determined to
be 0.15 and 0.31, respectively. In a second approach, in untreated serum, the bimolecular phospho-
nylation rate constants of C(+)P(—)- and C(—)P(—)-soman were determined, neglecting their small
hydrolysis rate and taking advantage of the fast enzymatically catalysed disappearance of their respective
P(+)-epimeric counterparts. Values for C(+)P(—)- and C{—)P{(—)-soman are 3.6 x 107 and
0.6 x 10" ML min~!, respectively. Using a combination of both approaches, a relative ranking of
phosphonylation rates of the four isomers was found to be C(+)P(~) >C(+)P(+) = C(—-)P(~) >
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C(—)P(+).

Certain esterases and possibly other proteins are
known to be susceptible to phosphylation. This
reaction, which covers phosphorylation, phospho-
nylation and phosphinylation [1] results in the for-
mation of a covalent bond between the organo-
phosphorus compound and a protein.

The in vivo irreversible binding by organo-
phosphorus compounds was studied earlier by
other investigators. Jandorf and McNamara [2]
reported a high binding capacity in kidney, lung and
liver tissue of the rabbit for DF?P (0.2 to 1.2 ug/g
of dry tissue). Cohen and Warringa [3] were able to
show that a small portion (0.5 to 1 ug/g of plasma
nitrogen) of DF*?P, injected in humans, was irre-
versibly bound to plasma proteins. Ramachandran
[4] found a binding of 3P by liver esterase or other
DFP-susceptible esterases in the liver (>1pug P/
whole organ) of the mice dosed i.p. with DF*?P; the
amount of bound P did not change by pretreatment
with atropine or oximes. The biodisposition of
PH]DFP in mice was studied by Martin [5]. He
showed that plasma-bound DFP rapidly reached a
maximum of 2 ng of DFP-equivalents/g tissue and
then steadily decreased in time. For sarin, Christen
[6] and Polak and Cohen {7] showed that the phos-
phonylated rat plasma proteins were identical with
aliesterase (EC 3.1.1.1.). Bogkovi¢ [8] and Clement
[9] showedthat serum aliesterase was a major
phosphonylation site for soman. A study of bio-

T To whom correspondence should be addressed.

disposition of tritiated soman in mice (25 ug, i.v.)
was done recently by Reynolds et al. [10]; they
showed that the level of irreversibly bound soman in
plasma remained fairly constant at ca. 100 pg/ml
during the first 8hr, decreasing to a low level
(<20 pg/mg tissue) after one day.

Since proteins are involved in phosphylation a
stereoselective effect can reasonably be expected.
Keijer and Wolring [11] demonstrated a stereo-
selectivity in inhibition and aging rate of bovine
erythrocyte acetylcholinesterase (EC3.1.1.7.) and
horse serum butyrylcholinesterase (EC3.1.1.8.) by
the four isomers of soman. De Jong and Kossen
[12] recently reported on the stereoselectivity of the
reactivation of human brain and erythrocyte acetyl-
cholinesterase inhibited by soman. The phospho-
nylation of hog liver aliesterase by C(+)- and C(-)-
soman epimers was studied by Nordgren et al. [13]
and was also shown to be a stereoselective process.
The C(—)P(+)-isomer showed a much higher
phosphonylation rate constant than C(—)P(-)-
soman. When the C(+)-epimers were compared a
higher affinity was found for C(+)P(~)- than for
C(+)P(+)-soman.

The stereoselectivity of the phosphonylation of
horse serum cholinesterase by the four isomers of
soman was investigated earlier. Keijer and Wolring
[11] found the following order: C(+)P(—)>
C(—)P(-) = C(~)P(+) > C(+)P(+). Nordgren et
al. [13] reported C(+)P(—)>C(+)P(+) and
C(=)P(—) > C(—)P(+).
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In this paper we report the following aspects of
the phosphonylation of human serum by soman:
the concentration of phosphonylation sites and the
stereoselectivity of the phosphonylation process. The
concentration of phosphonylation sites was shown
to be equal to the concentration of active sites of
butyrylcholinesterase.

MATERIALS AND METHODS

All materials, and the sections on assay, degra-
dation experiments, preincubation and calculation
of degradation rate constants were described in refs.
14 and 15.

Calculation of phosponylation sites. The linear
parts of the degradation curves in preincubated and
not-preincubated serum samples, respectively are
extrapolated to zero minutes (Fig. 1).

The values obtained are subtracted and the result,
a percentage of initial concentration, is transformed
in a concentration of soman used for phospho-
nylation of serum proteins.

Determination of the ratio of phosphonylation rate
constants of soman epimers. When C(+)P(%*)- or
C(—)P(*)-soman is added to serum treated with
EDTA and aluminon, the enzymatic hydrolysis is
largely blocked [14] and phosphonylation of serum
proteins will be the main process. Assuming that the
phosphonylation sites are a homogeneous group and
that the reaction is first order with regard to both
reactants, i.e. protein and soman, the reaction can be
treated according to the classical theory of competing

reactions. The ratio of rate constants can be
calculated:
log(s1/s9)
ki/ky, = —5+< 1
K2 = fog(er/50) @

where s, and s, are the concentrations of epimers at
¢t min, 5§ and 59 are the concentrations of epimers at
zero min and k; and k; are the phosphonylation rate
constants of the epimers. In eqn. (1) the fractions of
epimers at ¢t min (Fig. 3) are derived from the %
remaining soman [15].

Calculation of bimolecular phosphonylation rate
constants. Accepting a bimolecular reaction model,
the rate equation of the phosphonylation by a soman
isomer can be written as

ds/dt = —kps ¥))

where k is the rate constant and p and s are the

concentrations of protein and soman isomer at time
t, respectively.

Bimolecular rate constants are calculated by using
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Fig. 1. Determination of phosphonylation site—con-
centration in human serum at 25°, pH 7.4 and an initial
C(x)P(x) concentration of 520 nM. Open symbols: no
preincubation; closed symbols: with preincubation. A and
A represent the degradation of C(+)P(+)-soman in human

serum, treated with EDTA /aluminon (10 mM).

the integrated equation [16]

ut 1 s%(p® - x)
= Il
p° =5 p%s® —x)

€)

where s° and p° are the initial concentrations of
soman isomer and phosphonylation site respectively
and x is the concentration of soman or protein that
has phosphonylated on time ¢. For various sampling
times ¢, x is calculated from the % remaining soman
and the initial isomer concentration.

RESULTS

Quantitative determination of phosphonylation site
concentration

Figure 1 shows the results obtained when
C(+)P(=*)-soman was added to human serum. Some
17% of the initial 520 nM was used for the phospho-
nylation of serum proteins, regardless of whether the
serum has been treated with EDTA or not. The
concentration of phosphonylated sites was deter-
mined for some individual sera (Table 1). A mean
value of 73 nM is found.

Stereoselectivity of the phosphonylation of human
serum proteins

In a first approach to the study of the stereo-
selectivity of the phosphonylation reaction, the
serum somanase activity was largely inhibited by
adding EDTA and the model of competing reactions
was applied to the epimers C(+)- and C(—)-soman.

Table 1. Concentration* of phosphonylation sites (£95% confidence limits) in the sera of some individuals

Individual No. 1

2 3 4 5 6

Concentration phosphonylation
sites (nM)

56+15 79+16 68=13 93x16 57+16 87 x 14

* Mean value: 73 nM (standard deviation = 16 nM).
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Fig. 2. Degradation of C(—)P(+)- and C(+)P(=*)-soman in not-preincubated human serum treated with
EDTA/aluminon (10 mM) at 25° and pH 7.4. Initial concentration of C(+)P(+)- and C(—)P()-soman
is 110nM. B-C(+)P(+); O-C(+)P(-); A-C(—)P(-); A-C(—)P(+).

Table 2. Mean values* of the ratio of phosphonylation rate constants for C(—)-
and C(+)-epimers in not preincubated human serum spiked with EDTA/
aluminon (10 mM final concentration) (pH 7.4; 25°)

Initial concentration Human kc(_)p(+) kC(+)P(+)
of C(—)P(x) serum PN Ko~
or C(+)P(%) batch SR CHPC)
(nM)

110 A 0.26 = 0.04 (9) 0.19 = 0.04 (11)

110 A 0.25 = 0.01 (13) 0.16 = 0.04 (11)

55 B 026 =005 (1) 012+ 001 (5)

110 C 0412013 (4 012 =004 (6)

110 C 0.41 £ 004 (3) 0.4 + 0.08 (3)

* +Standard deviation; within parenthesis the number of sampling points.

Figure 2 shows that for each epimeric pair the P(—)-
isomers phosphonylate much more rapidly than their
respective P(+)-counterparts. The mean values of
the ratios of phosphonylation rate constants of C(+)-
and C(—)-epimers are given in Table 2 for various
batches of human serum and various initial con-
centrations of soman epimers. The mean values of
the ratios of rate constants are calculated from Table
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2, resulting in a set of two equations

ke-ye(+) = 0.31kc-pec-)
ke = 0.15kceye(-)
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In a second approach degradation rate constants of
soman epimers were compared in preincubated and
in not preincubated serum. Figure 3 shows that no
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Fig. 3. Degradation of C(—)P(*)- and C(+)P(x)-soman in preincubated (closed symbols), not-

preincubated (open symbols) human serum at pH 7.4
concentration: 165nM. A, A, C(+)P(+); O, B, C

and 25°. Initial C(+)P(*)- and C(—)P(+)-soman
(+)P(=); ©, @, C(—)P(+); O, @, C(-)P(-).
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Table 3. Bimolecular phosphonylation rate constants (+95% confidence
limits) of human serum proteins by C(—)P(—)- and C(+)P(—)-soman at 25°
and pH7.4

Initial concentration of Batch

Rate constant

C(+)P(*)- or

C(—)P(*)-soman C(-)P(-) C(+)P(-)
(nM) (107" M min7") (1077.M'min™?)
55 A 0.60 = 0.13 n.d.
55 B 0.59 = 0.08 46+ 13
55 C 0.78 = 0.15 50x09
110 A 0.65 = 0.14 n.d.
110 B 0.47 £ 0.11 3426
110 C 0.63 = 0.09 2.1 0.6
165 B 0.60 = 0.20 3411
165 C 0.57 = 0.04 3107

n.d. = not determined.

significant difference exists for the P(+)-isomers. On
the other hand the hydrolysis rates of the P(—)-
isomers in preincubated serum are negligible as com-
pared with their phosphonylation rates. The bimol-
ecular phosphonylation rates were determined
according to the theory of bimolecular reactions, for
various batches and various initial concentrations of
soman epimers gTable 3). Mean values were calcu-
lated: 3.6 X 10’Mlmin~! for C(+)P(-) and
0.61 X 10’ ML min~! for C(—)P(—)-soman. These
two values can be combined with equations (4) and
(5) to obtain a relative ranking of phosphonylation
rates of the four isomers of soman (Table 4).

DISCUSSION

Proteins that are rapidly phosphonylated may play
a role as organophosphorus antagonists by trapping
these compounds. In such a way proteins act like
a “sponge” [17]. Human serum cholinesterase, in
analogy with horse serum cholinesterase [11], can
be expected to be phosphonylated in a rapid and
irreversible way by soman. In addition to butyryl-
cholinesterase, other phosphonylation sites could be
present in human serum. The concentration of
phosphonylation sites, using the method described
in this paper, can be compared, however, with the
concentration of butyrylcholinesterase in human
serum, measured by Myers [18], who used the theor-
etical relation between the concentrations of enzyme
and of a competitive reversible inhibitor, on the one

* The value of 120 nM we reported previously [20] was
an erroneous transcription, not detected during the cor-
rection of the printing proofs.

hand, and the remaining fractional activity, on the
other hand [19]. His value of 79 nM was found to be
within the 95% confidence interval of the mean value
we obtained for the concentration of phospho-
nylation sites in the sera of six individuals (Table 1)
and in agreement with the value of 88 nM* found for
a pool of human serum, representing some forty
individuals (Fig. 1). This similarity suggests that the
only significant phosphonylation sites that exist in
human serum belong to butyrylcholinesterase.

In determining the stereoselectivity of the
phosphonylation of human serum proteins, pre-
sumably butyrylcholinesterase, by soman the quali-
tative and quantitative results of our first approach
are valid provided the combination of EDTA and
aluminon is efficient in blocking the enzymatic degra-
dation and does not stereoselectively influence phos-
phonylation. The effectiveness of the blocking agents
at physiological pH is demonstrated in a previous
paper [14]. Since EDTA and aluminon are achiral
molecules, there is no a priori reason to expect a
stereoselective interference. The general conclusion
of this first approach, i.e. that P(—)-soman phospho-
nylates more rapidly than its epimeric P(+)-counter-
part, is in agreement with the results of Nordgren et
al. [13], obtained with a similar method using purified
horse serum cholinesterase.

Using such measurements with epimers a con-
clusion on the relative phosphonylation ranking of
all four stereoisomers cannot be drawn. Therefore,
in another set of experiments, advantage is taken
from the observation that P(+)-soman in untreated
human serum is hydrolysed much more rapidly and,
in turn, phosphonylates more slowly than its epimeric
P(—)-isomer: the ratios of rate constants of

Table 4. Relative contribution by the four stereoisomers of soman to phospho-
nylation of human serum proteins

Isomer C(+)P(-)

C(-)P(-)

C(+)P(+)  C(-)P(+)

Relative contribution 18

3 3 1

The phosphonylation rate constant by C(—)P(+)-soman is arbitrarily assigned

a value of 1.
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C(+)P(+)- and C(+)P(—)-soman for hydrolysis and
phosphonylation are 240 [14] and 0.15 (Eqn 5),
respectively; the corresponding ratios of C(—)P(+)-
and C(—)P(—)-soman are 16 [14] and 0.31 (Eqn 4).
Therefore the degradation of the P(—)-isomer in
untreated serum is mainly phosphonylation. The
values of the bimolecular phosphonylation rate con-
stants of both isomers are within the same order of
magnitude as the values reported earlier on horse
serum cholinesterase [11].

The ranking of the phosphonylation of human
serum butyrylcholinesterase by the four isomers of
soman (Table 4) shows a strong stereoselectivity
towards the C(+)P(—)-isomer. This is in agreement
with the results obtained by Keijer and Wolring [11]
on purified horse serum cholinesterase using inhi-
bition kinetics. In disagreement with these results is
the ranking of the P(+)-isomers, which, however,
might be explained by species difference, since for
human brain and erythrocyte acetylcholinesterase
too the C(+)P(+)-isomer phosphonylates faster than
C(—)P(+)-soman [12].

The phosphonylation of acetylcholinesterase, the
primary target of soman, is also highly stereoselective
towards the P(—)-isomers [11, 12], which accounts
for their high in vivo toxicity [21]. The existence of
additional soman binding sites such as butyryl-
cholinesterase and aliesterase, of which the inhi-
bition does not seem to result in physiological
disturbances, might be important for detoxification.
Using our estimated concentration of phosphonyl-
ation sites of 73 nM, the available serum sites in man,
having 0.0451serum/kg body weight [22], can be
estimated at 3.3 nmol/kg. For the rat, the con-
centration of phosphonylation sites in serum, mainly
due to aliesterase [6, 7], was reported to be 2.8 uM
[23] and, with a serum volume of 0.041/kg body
weight [24], the available sites in rat serum are esti-
mated to be 112 nmol/kg. Although the process in
serum may reflect only part of the fate of soman in
the whole body, its toxicity in man can, on the basis
of the difference in “sponge” sites, be expected to
be much higher than in the rat. As was already
mentioned in the introduction, the LDs, of soman in
rats is greatly reduced when the aliesterases are
bli)cked by pretreatment with TOCP [8] and CBDP
[9].
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