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Abstract—Saligenin cyclic phosphonates, phosphates and N-alkylphosphoramidates readily phosphorylate
a-chymotrypsin at the hydroxyl group of serine-195. The phosphoenzyme undergoes rapid further reaction
(aging) both to release saligenin and form bound phenolic residues without regeneration of esteratic
activity. The bound phenolics include about equal parts of trapped saligenin, possibly in the region of the
active site, and material which may result from enzyme alkylation. The ratio between these types of bound
phenolics is altered by pretreatment of the enzyme with ethoxyformic anhydride but not with diisopropyl-
fluorophosphate. N- ¢2 of the imidazole portion of histidine-57 may participate in the aging reaction by
stabilizing a potential benzyl carbonium ion intermediate. This intermediate is subsequently trapped
cither by a hydroxyl nucleophile to produce saligenin or possibly by the stabilizing imidazole to yield
N-alkylated enzyme. Trypsin with an esteratic site similar in configuration to chymotrypsin undergoes
analogous phosphorylation and aging reactions.
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An esterase phosphorylated with an organophos-
phorus inhibitor may undergo either spontaneous
dephosphorylation to reactivate the esteratic site or
“aging” via loss of a second substituent from the P
atom to leave a charged group at the active site [1].
The aged phosphoenzyme is resistant to reactivation
even by nucleophiles such as oximes.

Two “aging mechanisms” are proposed for phos-
phorylated cholinesterases (Fig. 1) [1]. One involves
P—O bond cleavage from nucleophilic attack on the
P atom and the other C—O bond cleavage implying
acid-type catalysis and, therefore, carbonium ion
character for the leaving group. The former process
has been demonstrated with a-chymotrypsin and tryp-
sin [2, 3] and, in phosphate and carbonate ester aging
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Fig. 1. Proposed mechanisms of dephosphorylation and
aging for phosphorylated cholinesterase and other phos-
phorylated esterases. Nucleophilic attack at the phosphorus
(a) is followed by spontaneous reactivation (a’) or aging (a”).
Acid-catalyzed attack (b) involving protonation at oxygen
leading to carbonium ion formation also results in aging.

* Present address: Division of Toxicology and Physio-
logy, Department of Entomology, University of California,
Riverside, CA 92502, US.A.

reactions with a-chymotrypsin, the histidine-57 resi-
due participates in the reaction by acting as a nucleo-
phile toward the tertiary enzyme-phosphate ester and
as a general base in the carbonate ester case [4].

The saligenin cyclic class of phosphorus esters
serves as a useful model for investigations of phos-
phorylation and aging reactions of a-chymotrypsin
[5] (Fig. 2) since the enzyme-mediated hydrolysis
(pathway II) should be similar to the nonenzymatic
case [6] (pathway I) where the final products arise
from a benzyl carbonium ion intermediate [7]. While
both mechanisms are conveniently written with a
discrete carbonium ion intermediate, it is also possible
that these reactions have greater S ? character or,
alternatively, that they proceed through an inter-
mediate quinone methide resulting from nucleophilic
attack on the phenolic proton. In any case, the implied
intermediate has alkylating potential [8] and its fate
is of interest.

The present study investigates the reaction of
a-chymotrypsin with saligenin cyclic phosphorus
esters with emphasis on the nature of the products
formed from the o-hydroxybenzyl moiety released
during the aging process.

MATERIALS AND METHODS

Chemicals and spectroscopy. a-Chymotrypsin (type
[, 3 x crystallized, salt free and lyophilized), trypsin
and diisopropylphosphoryl-a-chymotrypsin from the
Sigma Chemical Co. (St. Louis, MO) were used with-
out further purification. Titration against saligenin
cyclic phenylphosphonate (SCPP) showed that the
chymotrypsin was ~ 709 (w/w) active enzyme
assuming a 1:1 molar ratio of SCPP:enzyme for
inhibition. Sephadex G-10 was obtained from Pharm-
acia Fine Chemicals Inc. (Piscataway, NJ) and silica
gel thin-layer chromatography (T.L.C.) plates (60
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Fig. 2. Proposed mechanisms of hydrolysis of saligenin cyclic phosphorus esters (I) and of phosphorylation,
dephosphorylation and aging of chymotrypsin reacted with saligenin cyclic phosphorus esters (II).

F-254, 0.25 mm) from EM Laboratories, Inc. (Elms-
ford, NY). The saligenin cyclic phosphorus esters, with
the exception of SCPP which was synthesized [ 6] for
this study, were obtained from Professor M. Eto
(Kyushu University, Fukuoka, Japan). All other
chemicals were obtained from commercial sources.
Ultraviolet-visible data were obtained with either a
Perkin—-Elmer 576 ST or a Beckman DU spectro-
photometer fitted with a Gilford absorbance meter,
using 1 cm quartz cuvettes.

4-Aminoantipyrine (AAP) procedure for analysis of
phenolic compounds. AqQueous AAP (0.2 ml, 0.29, w/v)
was mixed with the reaction mixture in Na* phos-
phate buffer at pH 7.6 (4 ml); then aqueous K ,Fe(CN),
(0.2 ml, 0.8 % w/v) was added and the mixture shaken
again [9]. After 5 min at 25°, the absorbance (45,,)
was determined, then the solution was extracted with
CHCI, (2 x 2.5ml) and the absorbance redetermined.
Centrifugation was used as required to achieve
separation of the layers. The CHCI, extract was dried
(Na,S0,) and its absorbance determined (4,4,). For
quantitation of the saligenin-AAP adduct the follow-
ing extinction coefficients were used [6]: Ag,
aqueous £ = 1.1 x 10*; 1,,, CHCl, £ = 1.8 x 10%
This adduct is sensitive to oxidation and pH changes
so care should be taken in using this procedure beyond
the conditions of studies described below.

Non-enzymatic hydrolysis of SCPP. SCPP (2 mg)
in methoxytriglycol (MTG) (200 ul) was added to 50
ml of Na* phosphate buffer (0.01 M, pH 7.6). Aliquots
(4 ml) withdrawn at various times were assayed for
the CHCl,/aqueous distribution of saligenin and other
phenolic compounds using the AAP procedure.

Reaction of organophosphorus (OP) inhibitors with
chymotrypsin and trypsin. Unless otherwise specified,
chymotrypsin was dissolved in Na* phosphate buffer

(0.01 M, pH 7.6) at 2 mg ml~'. When necessary to
determine the enzyme concentration, e.g. following
chromatography, the absorbance at 4,;, was com-
pared with a standard curve for the same batch of
enzyme. Enzyme activity was assayed as release of
p-nitrophenoxide determined at 4,,, by addition of
ethanolic p-nitrophenyl acetate (2.5 x 1072 M, 100
ub) to 0.5 of the chymotrypsin solution (2 mg ml™!)
plus 2.0 m] buffer.

The OP inhibitor was dissolved in MTG (10 mg
ml~!) and added to the enzyme solution (25°) as
required to achieve 90 per cent inhibition unless
specified otherwise. Enzyme activity and AAP assays
were then carried out as above. Neither the enzyme
activity nor the inhibition kinetics was altered by the
MTG levels used. During the AAP assay, CHCI,
extraction resulted in ~ 10 per cent precipitation of
the enzyme (based on protein analysis), and the ab-
sorbance reading of the aqueous layer subsequent to
this step was corrected accordingly. The AAP reagent
does not give any color with chymotrypsin in either
its native or partially denatured forms. The identity
of the CHCl;-extractable phenolics was verified as
saligenin by thin-layer cochromatography with
authentic material, both as the AAP adduct (ether—
acetone, 2:1, R, 0.32) and as free saligenin (hexane—
ethyl acetate, 3:2, R, 0.28). In the latter case, com-
pounds were visualized using the FeCl,/K,Fe(CN),
spray reagent for phenols [10].

In an analogous manner, SCPP was reacted at a
1:1 molar ratio with diisopropylphosphoryl-chymo-
trypsin (esteratically inactive) and trypsin with similar
AAP and esterase assays after 4 and 0.5 hr respectively.

Fractionation of phenolic derivatives bound to in-
hibited chymotrypsin. Enzyme—inhibitor products
from chymotrypsin 90 per cent inhibited with SCPP
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which form non-CHCl,-extractable AAP color de-
rivatives (referred to as bound phenolics) were sub-
jected to three types of fractionation.

For acetone precipitation, the aqueous solution
with enzyme at 2 mg ml~! after AAP treatment was
cooled to 5° and ice-cold acetone added (10 vol.) with
gentle stirring. The precipitated, inhibited enzyme
was recovered by centrifugation, dissolved in buffer
and the process repeated. After lyophilization, the
recovered protein ( ~79 per cent) was dissolved in
buffer (2 mg ml™') and the absorbance at A, deter-
mined. Alternatively, the inhibited enzyme was sub-
jected to the precipitation~washing-lyophilization
procedure, dissolved in buffer and the protein concen-
tration determined at 4,4,: then the AAP assay was
performed.

For [NH,],SO, precipitation, enzyme at 2 mg
ml~! inhibited with SCPP as above was treated with
AAP and then extracted with CHCI,. The aqueous
layer was saturated by slow addition of [NH,],SO,
and the precipitated protein recovered by centrifuga-
tion. After lyophilization, the protein was dissolved
in buffer (2 mg ml ') and the adsorbance determined
at A5,

For Sephadex chromatography, the enzyme level
and buffer strength were increased (10 or 20 mg m1~?,
0.05 M Na™* phosphate). Enzyme 90 per cent inhibited
with SCPP was assayed with AAP. A second aliquot
(0.5 ml) was chromatographed on Sephadex G-10 (10
g, equilibrated with buffer) and the eluted fractions
(~1 ml) were assayed for protein, esteratic activity
and phenol residues. The process was repeated, using
an aliquot first incubated for 1 hr with a 100-fold
molar excess of NH,OH-HCl before chromato-
graphy.

Maodification of chymotrypsin by reaction with di-
isopropylfluorophosphate (DF P) and ethoxyformic an-
hydride (EF A) prior to reaction with SCPP. Chymo-
trypsin was incubated for 20 min with various con-
centrations of DFP or EFA; then esterase activity
was determined and SCPP was added in an amount
equivalent to that giving 90 per cent inhibition of
native enzyme. After 3 min, AAP assays were made
as above.

RESULTES

Non-enzymatic hydrolysis of SCPP. SCPP hydro-
lyzes slowly in 0.01 M, pH 7.6, phosphate buffer to
give two types of phenolic products analyzed as AAP
derivatives, i.e. saligenin in the CHCl;-extractable
fraction and o-hydroxybenzyl phenylphosphonic acid
in the aqueous fraction (Fig. 3A) [6]. o-Hydroxy-
benzyl phenylphosphonic acid is the major initial
product and is an intermediate in the ultimate for-
mation of saligenin and phenylphosphonic acid which
occurs almost completely within 1350 min.

Cleavage of saligenin cyclic phosphorus esters by
chymotrypsin and trypsin. SCPP is very rapidly
cleaved by chymotrypsin (Fig. 3B) at a rate similar to
that for inhibition of esteratic activity (T,,, ~ 0.4
min) (Fig. 3B, Table 1). Comparison of panels A and
B of Fig. 3 clearly establishes that SCPP undergoes
enzyme-catalyzed cleavage. In confirmation, diiso-
propylphosphoryl-chymotrypsin does not cleave
SCPP. The only CHCl,-extractable product through-
out the course of the cleavage reaction is saligenin
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Fig. 3. Amounts and types of phenolic compounds released
from saligenin cyclic phenylphosphonate on hydrolysis (A)
or reaction with chymotrypsin (B). Inhibition of esterase
activity is also shown (B). For non-enzymatic hydrolysis (A),
the percentages of phenolics are relative to total saligenin
equivalents added as specified in Materials and Methods.
For reaction with chymotrypsin (B), percentages are relative
to total saligenin equivalents added with a molar ratio of
0.9:1 for saligenin cyclic phosphorus ester to chymotrypsin.

Table 1. Rates of esterase inhibition and per cent of bound
phenolics on reaction of various saligenin cyclic phosphorus
esters with chymotrypsin

X
Substituents Bound
phenolics
R X Y z T,* (%7

CgH,t H H H ~04 41
OC.H, H H H ~04 42
Cyclohexyl H H H 25 40
OCH, H H H 6.9 39
NHCH, Cl H H 18.0 39
NHCH, H CH, H 105 45
NHCH,CH, H H Cl 26 43
N(CH,;), H H H >700

* Min for 50 per cent inhibition of esteratic activity.

1 Percentages are relative to total saligenin equivalents
added with a molar ratio of 0.9:1 for saligenin cyclic phos-
phorus ester to chymotrypsin. The remainder of the pheno-
lics occur as CHCl,-extractable saligenin or its chloro and
methyl derivatives.

1 SCPP. Similar values for T, and bound phenolics are
obtained with chymotrypsin at pil 4.4 and tryspin at pH 7.6.
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prior to AAP addition, and the saligenin-AAP adduct
after AAP addition (thin-layer cochromatography).
The saligenin-AAP adduct appears in an amount of
~ 0.6 mole/mole of inhibited enzyme. Products in
the aqueous fraction undergo no subsequent reac-
tions discernible with the AAP reagent and CHCl,
extraction (Fig. 3B). The dye in the aqueous fraction
does not originate from o-hydroxybenzyl phenyl-
phosphonic acid because this compound would
undergo cleavage on long-term incubations. It is,
therefore, associated or bound in some way with the
enzyme as discussed later.

Eight saligenin cyclic phosphorus esters vary
> 1750-fold in their rates of chymotrypsin inhibition
(Table 1). The reaction rate is rapid with SCPP and
the phenylphosphate and cyclohexylphosphonate
derivatives, intermediate with the methylphosphate
and alkylphosphoramidate derivatives, and very
slow with the dimethylphosphoramidate. The cleav-
age rate depends on both the stability of the
P—O—aryl linkage (phosphonates < phosphates
< alkylphosphoramidates < dialkylphosphorami-
dates [6] and the suitability as substrate analogs for
the enzyme (preference for phenyl and cyclohexyl
derivatives). With each compound, regardless of its
reaction rate, about 40 per cent of the phenol residues
released are not extractable into CHCI, after the AAP
reaction.

Several variables were examined for their effects on
the reaction of SCPP with chymotrypsin. Variation
of the pH between 4.4 and 7.6 during the reaction
has no discernible effect on the distribution of the
phenol residues (Table 1) despite its influence on the
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Fig. 4. Amounts and types of phenolic compounds released
from saligenin cyclic phenylphosphonate on reaction with
various concentrations of chymotrypsin. Percentages in
portion A are relative to total saligenin equivalents added
with a molar ratio of 0.9:1 for saligenin cyclic phosphorus
ester to chymotrypsin. Percentages in portion B for bound
phenolics are relative to total phenolics as given in A.
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hydrogen bonding configuration within the esteratic
site of the enzyme [11]. The percentage of CHCI,-
recoverable saligenin is independent of the amount
of SCPP until a 1:1 inhibitor:enzyme molar ratio is
exceeded, after which the excess substrate is hydro-
lyzed at a rate approximating that in Fig. 3A. On
varying the enzyme level with a constant molar ratio
of SCPP:enzyme, no difference is found in the degree
of esterase inhibition at chymotrypsin concentrations
of 2-40 mg ml~!. Even though this indicates no
influence of enzyme concentration on the ease of
phosphorylation, there is a marked effect on the
released phenolics, i.e. a decrease in total AAP-
detectable phenolics from ~ 100 per cent at <2 mg
ml~! to ~40 per cent at 40 mg ml~ ! (Fig. 4A), and an
increase in the proportion of those phenolics that
are bound (Fig. 4B). It appears that there is a decreased
accessibility of the phenolic residues to the AAP
reagent, a feature retained even on enzyme dilution
before AAP addition. Depending on the enzyme
concentration, there may be variation in the degree
of self-association [12], conformation or degree of
solvation of the enzyme molecules. The introduction
of a new ionizable group into the enzyme after aging
may be instrumental in the retention of the initially
observed AAP reaction characteristics after dilution.

The inhibition of trypsin (2 mg ml~!) with SCPP
parallels that found with chymotrypsin in that only
~ 0.6 mole of CHCl,-extractable saligenin is produced
per mole of inhibited enzyme.

Nature of protein-bound derivatives on reaction of
SCPP with chymotrypsin. Several methods were used
to examine the nature of the non-CHClI,-extractable
derivatives, i.e. bound phenolics. No phenolics are
bound on hydrolysis of SCPP in the presence of
diisopropylphosphoryl-chymotrypsin or on incuba-
tion of saligenin with chymotrypsin. Thus, it appears
that enzyme-catalyzed hydrolysis is a prerequisite for
phenolic binding. Further, phenol released on the
aging of enzyme phosphorylated with diphenyl-
phosphorochloridate [2] is not bound, ie. all the
AAP adduct is CHCI,-extractable, so the nature of
the phenolic residue influences its binding character-
istics.

Three procedures released 41-63 per cent of the
chymotrypsin-bound p¥enolics derived from SCPP
without affecting enzyme activity, i.e. acetone pre-
cipitation and washing, [NH,],SO, precipitation and
Sephadex chromatography (Table 2). In the latter
case, recycling through the column does not appear
to release additional amounts of saligenin. Further,
NH,OH produces no alteration in enzyme activity
or quantity of bound phenolics, as determined follow-
ing Sephadex chromatography.

On partial inhibition of the enzyme with DFP or
EFA, a parallel reduction is found for total phenolics
produced from subsequent addition of SCPP (Fig.
5A). With increasing DFP or EFA concentrations,
the proportion of bound phenolics is not altered by
DFP but is decreased by EFA (Fig. 5B).

DISCUSSION

Saligenin cyclic phosphorus esters include potent
insecticides (O-methylphosphorothionate), fungicides
(S-methylphosphorothiolate) and delayed neurotoxic
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Table 2. Ratio of bound phenolic types from reaction of
saligenin cyclic phenylphosphonate with chymotrypsin as
determined by various fractionation procedures

Fractionation of bound

phenolics
Bound

Chymotrypsin  phenolics Saligenin +
(mgml™Y) (%)* Method coval. deriv.

2 37 (NH,),SO, ppt 1.1

2 40 Acetone ppt 1.7

10 58 Sephadex chrom 0.8

20 63 Sephadex chrom 0.7

* Percentages are relative to total saligenin equivalents
added with a molar ratio of 0.9:1 for saligenin cyclic phos-
phorus ester to chymotrypsin. The remainder of the pheno-
lics occur as CHCl,-extractable saligenin or its chloro and
methyl derivatives.

agents (phenylphosphate). These types of biological
activity are attributed to their action as either
phosphorylating or alkylating agents [7, 8].
Chymotrypsin reacts rapidly with saligenin cyclic
phosphorus esters to yield a phosphoenzyme which
undergoes rapid and quantitative aging (Fig. 2) as
evident by electrophoretic studies [13], by analysis
of phenolic residues formed, and by the failure of
NH,OH to regenerate enzyme activity. Free saligenin
accounts for only ~ 60 per cent of the total phenolics
released on aging of chymotrypsin phosphorylated
with each of seven different saligenin cyclic phosphorus
esters despite large differences in their inhibition rates.
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The ratio of free saligenin to bound phenolics appears
to be characteristic of the aging process for this class
of organophosphorus ester and the conformation of
the enzyme, in particular, of the esteratic site.

The bound phenolics consist of two forms. One
portion is saligenin which is released on alteration of
the physical environment of the protein, and may
represent material trapped at the active site by a
combination of hydrogen bonding and hydrophobic
interactions. The remainder, equivalent to ~ 20 per
cent of the amount of phosphoenzyme, is not released
by the several techniques examined and may be
covalently bound.

Sufficient information is available to speculate on
the nature of the proposed covalently bound
phenolics. These phenolics are not attached to P
since the enzyme has undergone total aging based on
its electrophoretic properties [13]. It appears there-
fore that, in addition to the phenylphosphonyl group
at serine-195, there is also an o-hydroxybenzyl group
at a proximal site. Although o-hydroxybenzyl phenyl-
phosphonic acid is proposed as an alkylating agent
in the inhibition of the —SH containing enzymes
papain and alcohol dehydrogenase [8], this type of
process is not involved with chymotrypsin since it
lacks any free —SH groups [14]. While it is con-
ceivable that the serine-195 hydroxyl group may
attack the benzyl position of the substrate yielding an
o-hydroxybenzyl ether derivative, this is not the case
since attack of a nucleophile on the esters in question
is normally directed to the P atom with cleavage of
the more reactive P—O—aryl bond [6]. Moreover,
this would yield an intermediate which releases
phenylphosphonic acid on hydrolysis and, therefore,
the modified enzyme would have no alteration in net
charge, a result inconsistent with an electrophoretic
study of this system [13].

The most feasible alternative is for alkylation to
occur at an N atom, based on analogy with studies
on model compounds [15] and the presence of histi-
dine-57 in the active site [11]. Some support for
N-alkylation comes from the finding that enzyme
pretreatment with EFA markedly increases the free
saligenin released on aging. EFA is commonly used
for enzyme derivatization by N-ethoxyformylation
of histidine [16,17]. In the case of chymotrypsin at
pH 4, EFA ethoxyformylates serine-195 in preference
to histidine-57 while the other histidine residue is
considered to be inaccessible to large reagents [18].
Therefore, after EFA treatment, only those chymo-
trypsin molecules with serine-195 free react with sali-
genin cyclic phosphorus esters so ethoxyformylation
at a site other than serine-195 is responsible for the
altered aging characteristics. It is reasonable to
speculate that ethoxyformylation at N-£2 of histidine-
57 is responsible for altering the aging process but
this point requires further study by different ap-
proaches. Preliminary results indicate that under the
conditions of the present experiments (pH 7.6) there
issignificant EFA-induced absorptionat 4,,, normally
associated with N-ethoxyformylation of an imidazole
[16,17].

Considering the known structure of the active site
of the enzyme [ 11], a feasible explanation for the rapid
aging involves stabilization by N-£2 of the imidazole
group of the appropriately positioned histidine-57
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Fig. 6. Possible involvement of histidine-57 in the rapid aging of chymotrypsin phosphorylated at serine-195
with saligenin cyclic phenylphosphonate.

residue of the potential carbonium ion intermediate
(Fig. 6). This moiety is trapped either by a hydroxyl
nucleophile to produce saligenin or by the histidine-57
residue to give N-(o-hydroxybenzyl)-derivatized
phenylphosphonylchymotrypsin (Fig. 6).

The aging reaction for chymotrypsin reacted with
saligenin cyclic phosphorus esters also appears to be
applicable to trypsin which contains a similar active
site [19].
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