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Summary 

Bis(p-nitrophenyl) methyl phosphate (BNMP) has been tested as a spectro- 
photometr ic  titrant for a group of  serine hydrolases. Bis(p-nitrophenyl) methyl  
phosphate reacts rapidly with liver carboxylesterases from chicken, sheep, and 
horse, and more slowly with a-chymotrypsin,  releasing 2 mol of  p-nitrophenol 
per active site titrated, and producing a phosphorylated enzyme very stable to 
dephosphorylat ion.  However, pig liver carboxylesterase produces 2.2 mol of 
p-nitrophenol per active site titrated. Reaction of  pig and chicken liver car- 
boxylesterases with bis(p-nitrophenyl) [3 Hi methyl  [32 p] phosphate clarified 
this difference. One molecule of  the chicken enzyme reacts with one molecule 
of bis(p-nitrophenyl) methyl  phosphate,  releasing both  p-nitrophenol residues, 
and resulting in an inhibited enzyme with one phosphorus atom and one 
methyl group covalently bound. Pig enzyme reacts rapidly, forming (presum- 
ably) methyl  p-ni trophenyl  phosphoryl-carboxylesterase.  This further reacts, 
concurrently producing methyl  phosphoryl-carboxylesterase plus p-nitrophe- 
nol, or free enzyme plus methyl  p-nitrophenyl phosphate,  in the ratio of  about  
5 : 1 at pH 7.55. The free enzyme produced undergoes further reaction with 
bis(p-nitrophenyl) methyl  phosphate until all the carboxylesterase is inhibited. 

Introduction 

The serine esterases, notably acetylcholinesterases, cholinesterases and car- 

Abbreviations: DFP, diisopropyl phosphorofluoridate; BNMP.  b i s ( p - n i t r o p h e n y l )  methyl phos- 
phate; DIP-,  d i i s o p r o p y l p h o s p h o r y l .  

* Present address: Department of  Biochemistry, Baylor College of Medic ine ,  H o u s t o n ,  T e x a s  7 7 0 2 5 ,  
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boxylesterases, and the serine proteinases such as ~-chymotrypsin are so clas- 
sifted largely because they react stoichiometrically with organophosphate in- 
hibitors to yield inactive derivatives in which a particular serine residue is 
phosphorylated.  Subsequent  to the initial reaction with the serine, one of  the 
substi tuent groups on the phosphorus can be displaced in an intramolecular 
reaction catalyzed by a group in the active site of the enzyme [1] .  This reac- 
tion has been referred to as ageing, and is characterized by the fact that its 
product  is not  reactivated by  t reatment  with good nucleophiles, in contrast to 
the initial phosphorylated enzyme species. Ageing appears to occur by different 
mechanisms, depending on the enzyme and the nature of the substituents on 
the phosphorus atom. With alkyl substituents the mechanistic studies which 
have been performed [2,3] support  the loss of alkyl groups as carbonium ions, 
catalyzed by a group with pK~ values of approx. 6, active in the protonated form 
[2].  This mechanism may not  apply, however, to simple alkyl substituents {e.g. 
methyl, ethyl) for which the carbonium ions are not  stabilized. This type  of  
ageing reaction has been observed with acetylcholinesterase and cholinesterase 
derivatives bu t  not  with ~-chymotrypsin derivatives. With aryl substituents,  P-O 
bond cleavage occurs, catalyzed by  a group with pK~ values 6--7, active in the 
basic form. This type  of  ageing reaction has been observed with electric eel 
acetylcholinesterase inhibited with diphenyl phosphorochloridate [4] and with 
several substi tuted phenyl methylphosphonochlor idates  [5] .  These studies have 
been limited, partly at least by the small quanti ty and doubt fu l  purity of  
available enzyme, to the demonstrat ion that  ageing occurs, and in some cases, 
to a s tudy of  the rate of  ageing. More extensive studies of  the mechanism of 
this reaction have been performed with ~-chymotrypsin derivatives. Lee and 
Turnbull [6] ,  in a pioneering study,  showed that ageing of diphenyl phos- 
phoryl-chymotrypsin is accompanied by  the loss of one molecule of phenol per 
molecule of  enzyme. Bender and Wedler [7] have since performed a detailed 
investigation of the reaction of  ~-chymotrypsin with Tris(p-nitrophenyl) phos- 
phate. Their results support  the nucleophilic attack of a group in the enzyme, 
possibly the imidazole group of  his-57, on bis(p-nitrophenyl) phosphoryL 
enzyme to give a cross-linked intermediate (I). 

CHTO, " ,0 
IE n_x'P\oR 
I (R = p-nitrophenyl) 

Carboxylesterases have not  previously been examined with respect to the 
ageing reaction. Our s tudy of  the reactions of liver carboxylesterases with 
bis(p-nitrophenyl} methyl  phosphate (BNMP) was undertaken, as part of  a 
general s tudy of  carboxylesterases, for the following reasons: 

{i) Carboxylesterases can be obtained in pure form in amounts  sufficient 
for studies of  the s toichiometry and mechanism of the ageing reaction, studies 
previously restricted to ~-chymotrypsin [8 ,9] .  

(ii) Carboxylesterases resemble acetylcholinesterases both  in molecular 
size and in catalytic efficiency much more closely than does ~-chymotrypsin 
[10] .  

(iii) Carboxylesterases in animals are important  enzymes in the metabo- 
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lism of organophosphate insecticides [11] ,  and hence, a detailed study of all 
aspects of their reactions with organophosphate inhibitors is important  in at- 
tempts to design more specific inhibitors. 

(iv) Evidence has been obtained indicating the involvement of a histidine 
residue in carboxylesterase catalysis [12];  thus, it is possible that an inter- 
mediate similar to I could be formed in the reaction in question, thereby 
cross-linking active-site serine and histidine residues. 

{v) BNMP was selected because the ni t rophenyi  groups are sufficiently 
activated to be displaced readily, but  not  so reactive that rapid displacement by 
solvent could occur; because of  the desirable spectral characteristics of the 
p-nitrophenyl group; and because the system should be less complex than if 
Tris(p-nitrophenyl) phosphate were used. 

Initially we examined BNMP as a potential titrant for the carboxyl- 
esterases, considering that loss of both p-nitrophenyl residues from one BNMP 
molecule during phosphorylat ion of a carboxylesterase molecule would render 
BNMP twice as sensitive a ti trant as paraoxon. In addition, the methyl phos- 
phoryl-carboxylesterase was expected (as an "aged" phosphoryl-enzyme) to be 
more stable towards dephosphorylat ion than the diethylphosphoryl-car- 
boxylesterase produced by titration with paraoxon. Although, as shown in this 
report, BNMP fulfilled our expectations as a titrant for a-chymotrypsin,  and 
liver carboxylesterases from chicken, horse and sheep, it is our observation of 
an unexpected reaction of  pig liver carboxylesterase with BNMP which we wish 
to emphasize here. In this work, the experimental approach has been concerned 
mainly with the determination of the stoichiometry of the reaction, both in 
terms of p-nitrophenol release, and by using BNMP labelled with 32 p and with 
3H in the methyl  group. The interesting difference in stoichiometry between 
the reactions of pig liver carboxylesterase and other carboxylesterases with 
BNMP has been clarified using the labelled inhibitor. 

Materials and Methods 

Liver carboxylesterases from pig [8] ,  chicken [9] ,  sheep [9] ,  and horse 
[9] were purified in this laboratory as detailed elsewhere. Pig liver carboxyl- 
esterase was chromatographed through Sephadex G-200 (Pharmacia, Uppsala) 
and dialyzed against 0.05 M Tris • HC1 buffer, 0.15 M KC1, pH 7.55, immediate- 
ly before use. When assayed against ethyl butyrate  at 38°C, it had a specific 
activity of  9.17--9.34 (mkat/1)/A2so nm compared with the highest reported 
[8] value of 9.67. Chicken liver carboxylesterase was chromatographed 
through Sephadex G-100 in the same buffer prior to use, and had a specific 
activity, measured against ethyl butyrate ,  of  3.83--3.92 (mkat/1)/A2sonm, 
compared with a reported [9] maximum of 4.00. The horse enzyme was stored 
as a suspension in 85% saturated (NH4)2 SO4 for 7 months,  after purification 
to maximum specific activity [9] .  After dialysis against 0.01 M Tris • HC1 buf- 
fer, pH 7.6, t i tration of  the enzyme with paraoxon gave an equivalent weight of  
74 410, indicating that the enzyme was approx. 93% active. Sheep liver car- 
boxylesterase was precipitated from 85% (NH4)2 SO4, and redissolved in and 
dialysed against 0.05 M phosphate buffer, pH 7.54. The specific activity was 
4.45 (mkat/l)/A2sonm, compared with a reported [9] maximum of 4.50. 



285 

a-Chymotrypsin,  thrice crystallized, was obtained from Worthington Biochemi- 
cal Corp. and was prepared as a 10 mg/ml solution in 0.01 M Tris • HC1 buffer,  
0.05 M NaC1, pH 7.5, immediately before use. The concentrat ion of  a-chy- 
motrypsin solutions was determined by titration with p-nitrophenyl acetate 
[13] .  Twice crystallized pepsin from Worthington was prepared as an 8 mg/ml 
solution in 0.01 M HC1. After removal of  some insoluble material by centrifuga- 
tion, the pH of the supernatant was adjusted to 2.00 with 0.10 M HCI. Venom 
phosphodiesterase {type V from Sigma Chemical Co.; the crude dried venom of 
Bothrops atrox) was dissolved ( 2 mg/ml) in 0.02 M Tris • HC1 buffer,  pH 7.55. 

[32 p] DFP was obtained from the Radiochemical Centre, Amersham, as a 
sterile solution (approx. 2.7 mM) with a specific radioactivity of approx. 74 
Ci/mol, in propylene glycol. Aliquots of this solution were added directly to 
solutions of enzyme to be inhibited. Paraoxon, obtained from Albright and 
Wilson, was purified by  passing a chloroform solution through a column of 
neutral alumina, activity grade I (Woelm). After removal of chloroform, a stock 
solution (1.00 • 10 -2 M) in acetonitrile was prepared; the material was 99.1% 
pure by  release of  p-nitrophenol upon alkaline hydrolysis. Sodium bis(p-nitro- 
phenyl) phosphate and disodium p-ni t rophenylphosphate were obtained from 
Sigma and Koch-Light respectively, and were used wi thout  further treatment.  
Methyl dihydrogen phosphate was obtained by chromatography of methyl  
bis(cyclohexylammonium) phosphate (prepared by the method of  Kirby [14] ) 
through Dowex 50W-X2 in water, p-Nitrophenyl  methyl  hydrogen phosphate 
was prepared from BNMP by  the method of Moffat t  and Khorana [15] ,  and 
was crystallized from benzene; m.p. 119--122°C. ref. 15: 123.5--124.5°C. 
Unlabelled Tris(p-nitrophenyl) phosphate from Aldrich Chemical Co. was re- 
crystallized from hot  acetone; m.p. 154--157°C, ref. 15: 155--156°C. Tris(p- 
nitrophenyl) [32 P] phosphate was obtained from the Radiochemical Centre, 
with a specific radioactivity of 13.2 Ci/mol. Unlabelled dry methanol  was 
redistilled from magnesium methoxide.  [Me -3 H] methanol was supplied by the 
Radiochemical Centre, with a specific radioactivity of  128 Ci/mol. Dichloro- 
methane from Baker Chemical Co. was dried over Linde 3A molecular sieves. 

Unlabelled BNMP was prepared as reported previously [16] and crystal- 
lized from chloroform/carbon tetrachloride; m.p. 143 °C, ref. 1 5 : 1 4 2 - - 1 4 3  °C. 
[3H,32P]BNMP was synthesized by the slow addition of sodium [3H]me-  
thoxide in dichloromethane to an equimolar amount  of  Tris(p-nitrophenyl) 
[32 P] phosphate in dichloromethane,  as follows. A solution of Tris(p-nitro- 
phenyl) [32 p] phosphate (179 mg) and unlabelled triester (320 mg) in 25 ml 
dichloromethane, was placed in a 50-ml conical flask fi t ted with a pressure- 
equalizing, stoppered,  dropping funnel. Sodium [3 H] methoxide was prepared 
by reacting 25.8 mg sodium with 300 pl dry unlabelled methanol and then 
transferring 33.7 pl of  [3 H] methanol  to the resulting sodium methoxide at 
- -180°C on a vacuum line (mercury diffusion pump). The sodium [3H]me-  
thoxide in excess methanol  was washed into the funnel with dichloromethane 
(5.0 ml in four  washes). The sodium methoxide was added dropwise to the 
solution of Tris(p-nitrophenyl) phosphate at 0°C over 6 h. The reaction mix- 
ture was then taken to dryness in a 100-ml spherical flask on the vacuum line. 
The dry orange residue was extracted with dichloromethane (one 20-ml and 
two 5-ml washes) and the insoluble orange residue was filtered off. The filtrate 
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was dried (Na2 SO4 ) and evaporated at reduced pressure. The resultant creamy 
solid was recrystallized twice by dissolving in refluxing ethanol (10 ml, 8 ml) 
and cooling to --10°C. The white crystals after filtering and drying had a low 
melting point (126--133 ° C, cf. ref. 15:142--143 ° C). After dissolving the crystals 
in chloroform (10 ml) and washing the solution with 0.05 molal borate, pH 9.2 
(2 × 5 ml) and water (5 ml), the solution was dried (Na2 SO4 ), evaporated, and 
the resultant white solid recrystallized several times from either ethanol or 
chloroform/carbon tetrachloride (5 : 12, v/v)as described above*. The purity of 
the crystalline BNMP was judged by the amount  of p-nitrophenol released on 
mild alkaline hydrolysis (0.1 M NaOH at 25°C quantitatively removes one 
equivalent of p-nitrophenol from BNMP in about 5 min); by constancy of the 
ratio of 3 H/32p measured by liquid scintillation counting (see below); and by 
constancy of the ratio 32 P/p-nitrophenol released. The BNMP used in the 
enzyme studies described here was finally crystallized from chloroform/carbon 
tetrachloride, m.p. 138.5--139.5 ° C. Mild alkaline hydrolysis released 0.9825 -+ 
0.0005 equivalents of p-nitrophenol. Further recrystallization from chloro- 
form/carbon tetrachloride did not enhance the purity of the BNMP, the two 
ratios of which varied by less than 0.015% in each case. A single solution of 
5.36 mg BNMP/10 ml acetonitrile (Eastman Kodak, Spectro grade) (BNMP 
Solution I) and a 10-fold dilution of this solution in acetonitrile (BNMP Solu- 
tion II) were analysed for purity, and were used in all enzyme inhibitions and 
in the preparation of  standards for scintillation counting. 

Buffers were prepared using analytical grade reagents and Spectro grade 
acetonitrile, pH measurements were made on a Radiometer pH meter 4c at 
25 ° C, standardized according to Bates [17], and are accurate to +0.01 pH unit. 

All spectrophotometric measurements were performed in a Cary 14 re- 
cording spectrophotometer  equipped with 0--0.1 and 0--1.0 absorbance slide 
wires, and a cell compartment  maintained at 25 -+ 0.1°C. To minimize evapora- 
tion cells were covered with closely-fitting Teflon lids. In a typical experiment, 
an aliquot (usually 135 pl) of BNMP in acetonitrile was added to 3 ml enzyme 
solution and 200 pl acetonitrile, equilibrated at 25°C. The increase in absorb- 
ance at 400 nm was followed for a few minutes until the trace was linear; the 
linear portion of the trace was extrapolated to zero time and from this, the 
concentration of p-nitrophenol released during the initial fast reaction between 
enzyme and inhibitor was determined. The molar absorption coefficient of 
p-nitrophenol was determined under the conditions of each experiment. 

The activity of carboxylesterases was measured by adding an aliquot of 
enzyme to a cell containing 3.0 ml aqueous phenyl butyrate solution (1.96 
mM) and 0.20 ml phosphate buffer, 0.8 M, pH 7.50, equilibrated at 25°C. The 
increase in absorbance at 270 nm was observed (Ae = 1510). Protein concentra- 
tions (mg/ml) were estimated by measuring the ultraviolet spectra, and dividing 
the absorbance at 280 nm by 1.341 (pig [18] ) or 1.215 (chicken [18] ). 

* P u r i f i c a t i o n  o f  B N M P  b y  c r y s t a l l i z a t i o n  was  i m p e d e d  w h e n  s o l i d  B N M P ,  i n  t h e  p r o c e s s  o f  d i s s o l u -  

t i o n ,  was  h e a t e d  s i g n i f i c a n t l y  h i g h e r  t h a n  a p p r o x .  9 5 ° C .  S u c h  heating caused t h e  f o r m a t i o n  o f  a 

h i g h l y  i n s o l u b l e  b y - p r o d u c t  w i t h  a 3 H / 3 2 p  r a t i o  t h e  s a m e  as t h a t  f o r  B N M P .  The  m a t e r i a l  was  

p r e s u m e d  t o  c o n t a i n  p y r o -  o r  p o l y p h o s p h a t e  d e r i v a t i v e s  o f  BNMP,  a n d  t h i s  e x p l a n a t i o n  was  con -  

s i s t e n t  w i t h  c h r o m a t o g r a p h y  o f  s a m p l e s  o f  t h e  l a b e l l e d  B N M P  o n  S e p h a d e x  G-25 .  
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Scintillation counting was carried out  using a Beckman model  LS 250 or a 
Nuclear Chicago Mark I model 6080 liquid scintillation counter.  Routinely,  
1 ml of aqueous solution was added to 15 ml of scintillation fluid containing 
Triton X-100/toluene/Liquif luor  scintillator (35 : 48 : 2, by vol.) or toluene 
(containing 4 g Omnifluor scintillator per litre)/Triton X-100 ( 1 0 :  7, v/v). 
Internal standards were prepared from the supplied [32 P ]DFP solution or 
standard [3 H] toluene (New England Nuclear). Radioactive peptides were 
located on paper chromatograms by radioautography on Kodak "Kodi rex"  
X-ray film. 

Products from reactions of esterases with organophosphorus inhibitors 
were separated by chromatography on Sephadex G-25 (Pharmacia) equilibrated 
at 25°C with Tris • HC1 buffer,  with or wi thout  acetonitrile, as described in 
the text. The volume of eluted fractions was measured by weight, and fractions 
were monitored for radioactivity and absorbance at 280 nm. The elution 
volumes of  methanol,  BNMP, methyl  p-nitrophenyl phosphate,  bis(p-nitro- 
phenyl) phosphate, methyl  phosphate,  p-nitrophenyl phosphate and orthophos- 
phate were measured using samples of  the authentic compounds.  Methanol in 
eluant fractions was measured by a colorimetric method following oxidation 
[19] ;  methyl  phosphate was detected semi-quantitatively by the precipitate 
which formed on adding 2 drops of saturated aqueous LaC13 to 1 ml of eluant; 
or thophosphate  was measured by  the method of Fiske and SubbaRow [20] ; all 
other compounds  were measured by  their absorbance at 280 nm. In one experi- 
ment, dialysis was used rather than Sephadex chromatography,  to separate 
excess inhibitor and products  from inhibited enzyme. However,  after several 
changes of  dialysis buffer, significant amounts of radioactive compounds  re- 
mained not  covalently bound to enzyme, as shown by Sephadex chromato- 
graphy. Radioactive reaction products  suspected to be either methyl  p-nitro- 
phenyl phosphate or bis(p-nitrophenyl) phosphate were digested with phos- 
phodiesterase to which sufficient of  the authentic compound  had been added 
so that  the digestion could be monitored spectrophotometrical ly.  In these 
digestions, carried ou t  at 38°C in a s toppered cuvette, the diester (190 pM) in 
0.05 M Tris • HCI buffer adjusted to pH 8.1 was mixed with magnesium acetate 
(30 mM) and venom diesterase (0.333 mg/ml) and the absorbance at 400 nm 
measured periodically. 

Radioautographs of peptic digests of esterases inhibited with [32 p] DFP 
or [3 H, 32 p] BNMP were prepared as follows. Samples of  both  pig and chicken 
carboxylesterases were inhibited completely with excess [32 p] DFP or [3 H, 
32 p] BNMP in 0.05 M Tris • HC1 buffer,  0.15 M KC1, pH 7.55, then dialysed 
free of  excess inhibitor, firstly against 10% (v/v) aqueous acetonitrile, and then 
against water. The protein solutions were evaporated to dryness, redissolved in 
water (to 4.2 mg/ml), adjusted to pH 2.0 with 0.101 M HC1, and digested with 
pepsin (0.32 mg/ml) at 38°C. Aliquots (2--10 nCi) were spot ted on to What- 
man 3 MM chromatography paper at various intervals (5, 10, 20, 60 and 360 
min) after which the papers were chromatographed in descending butanol/  
acetic acid/water (40 : 6 : 15, by vol.) for 12.5 h, dried and radioautographed 
(2 days). 
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Results 

Inhibition of carboxylesterases and a-chymotrypsin with unlabelled BNMP 
In preliminary experiments, the reaction of  BNMP with four purified liver 

carboxylesterases was studied. On addition of the inhibitor to each enzyme, a 
rapid release of p-nitrophenol occurred {approx. 95% complete within 6 s). For 
the pig enzyme, the tail of the "burs t "  {approx. 5%) was found to represent a 
first-order reaction with kobs 2.23 • 10 -1 s -~ *. This burst was followed by a 
very slow zero-order increase in absorbance at 400 nm. The stoichiometry of 
p-nitrophenol released by each enzyme in the burst phase is given in Table I. 
Included in Table I is the result of a similar experiment with ~-chymotrypsin. 
In this case, the release of p-nitrophenol was found to be first order, with kobs 
6.11 • 10 .3 s- ' .  

When a sample of pig liver carboxylesterase which had been reacted with 
an excess of BNMP was assayed with phenyl butyrate,  no activity could be 
detected. No reactivation of the inhibited enzyme was observed when a sample 
was dialysed against 0.075 M acetate buffer (pH 5.02) containing 0.25 M NaC1, 
4 mM cysteine and 20% (v/v) acetonitrile, for 48 h at 25°C. Similarly, when 
0.25 M hydroxylamine was included in the dialysis buffer, no reactivation 
could be detected. In both cases acetonitrile was omitted after the first 4 h of 
dialysis. 

In order to explain the unexpected ratio of 2.23 -+ 0.03 obtained for 
different highly purified samples of the pig enzyme, independently prepared, 
the reactions of the pig and chicken enzymes with [3 H, 32 P]BNMP were 
examined in detail. 

T A B L E  I 

I N H I B I T I O N  O F  H O R S E ,  S H E E P ,  C H I C K E N  A N D  PIG L I V E R  C A R B O X Y L E S T E R A S E S  A N D  

a - C H Y M O T R Y P S I N  BY B N M P  

E n z y m e  m o l a r i t i e s  were  d e t e r m i n e d  by  t i t r a t i on  wi th  p a r a o x o n  ( e a r b o x y l e s t e r a s e s )  or  p - n i t r o p h e n y l  

ace t a t e  ( a - c h y m o t r y p s i n )  u n d e r  the  c o n d i t i o n s  of  BNMP t i t r a t ions .  

E n z y m e  [E]  0 [BNMP]  0 Buf fe r  S t o i c h i o m e t r y  of  

( p M )  (~M) p - n i t r o p h e n o l  

release 

a - C h y m o t r y p s i n  20 .23  97.6  

C a r b o x y l e s t e r a s e  
Hor se  12 .53  101.9  
Sheep  18 .14  108 .0  

C h i c k e n  4 .23 80 .0  

Pig 2.O8 94 .6  

0 .008  M Tris-HC1,  0 .04  M NaC1, 

pH  7.50,  20% (v/v)  ace ton i t r i l e  
2 .00  

0 .008  M Tris .  HC1, p H  7 .60  2 .04  
0 .008  M Tris .  HC1, 0 .04  M KCI, 2 . 0 0  
pH 7.28,  20% (v /v)  aee ton i t r i l e  
0 .009  M Tris-HC1, pH  7.60,  2 .00  
10% (v/v)  ace ton i t r i l e  
0 .008  M Tris-HC1,  0 .04  M NaCI,  2 .20  
p H  7.50,  20% (v/v)  ace ton i t r i l e  

* S imi la r ly ,  t he  last  4% o f  t he  b u r s t  in  p a r a o x o n  t i t r a t i o n  o f  the  p ig  e n z y m e  a p p e a r e d  to  occu r  m u c h  
m o r e  s lowly  t h a n  p r e d i c t e d  f r o m  the  95% c o m p l e t i o n  o f  the  b u r s t  in the  6-s b e f o r e  o b s e r v a t i o n  
c o m m e n c e d .  
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T A B L E  II 

S T O I C H I O M E T R Y  OF THE R E A C T I O N  OF [3H, 32p]BNMP WITH C H I C K E N  AND PIG L I V E R  
C A R B O X Y L E S T E R A S E S  

Ti t r a t ions  wi th  BNMP and p a r a o x o n  were  p e r f o r m e d  in 0 .05  M Tris-HC1 buffer ,  0 .15  M KCI, pH 7.55,  
10.14% (v/v)  acetoni t r i le .  [ E ] 0  (ch icken)  = 6 .489  pM; [E l  0 (pig) = 5 .692  pM; [BNMP] 0 = 43 .85  pM; 
[ p a r a o x o n ]  0 = 150.5  pM. 

E n z y m e  Equ iva len t  Equ iva len t  Equ iva len t  3H/32p of 3H/32p of  

weight  we igh t  weight  inh ib i ted  BNMP 
(g p r o t e i n /  (BNMP ( p a r a o x o n  e n z y m e  s tandard  
tool 32p)* t i t ra t ion)*  * t i t r a t ion)  

Chicken  6 7 9 4 0  6 9 5 5 1  7 0 8 5 1  2 .726 2.861 
Pig 6 9 7 0 8  6 3 7 7 8  7 0 6 7 2  2 .513  2.861 

* Cor rec ted  for  residual  act iv i ty  of the inh ib i ted  e n z y m e s :  ch icken ,  1.35% of original;  pig, 1.03%. 
** Based on the release of  p -n i t r ophe no l  f r o m  BNMP in the ' bu r s t ' ,  a s suming  the release of  2 tool 

p - n i t r o p h e n o l  per  tool e n z y m e .  

Inhibition of  chicken and pig enzymes with labelled BNMP ([I] o > [E] o ) 
Samples of chicken and pig liver carboxylesterases were reacted with ex- 

cess labelled BNMP. Aliquots (3.35 ml) of the BNMP-inhibited enzymes were 
chromatographed on Sephadex G-25 (2.5 cm X 15 cm) equilibrated with 
0.05 M Tris • HC1 buffer, pH 7.60, 10% (v/v) acetonitrile, to remove unbound 
radioactivity from the inhibited enzymes. The inhibited, chromatographed 
enzymes were assayed for protein, residual activity and radioactivity (32 p and 
3 H). From these results, the equivalent weights of the enzymes in the reaction 
with BNMP were calculated (g protein/mol 32 p) and are given in Table II, 
together with the equivalent weights obtained by titration with paraoxon. The 
3 H/32p ratios in the inhibited enzymes and in the BNMP standards, and the 
equivalent weights determined by  release of  p-nitrophenol from BNMP are also 
included. 

Aliquots (1 ml) of  the inhibited, chromatographed enzymes were stored in 
sealed vials at 25°C for 14 days, then rechromatographed on Sephadex G-25 
(1.1 cm X 14 cm) equilibrated with 0.05 M Tris • HC1 buffer,  pH 7.62, 10% 
(v/v) acetonitrile. No unbound  radioactivity was detected in fractions eluted 
after the enzyme. The 3 H/32 p ratios of the rechromatographed enzymes (rela- 
tive to the ratio for BNMP) were within 2% of  the ratios measured after the 
first chromatography.  No reactivation of inhibited enzymes was detected 
during this period. 

Inhibition o f  chicken and pig enzymes with BNMP ([E] o > [I] o ) 
Aliquots of the diluted stock solution of  labelled BNMP in acetonitrile 

(Solution II) were allowed to react with an approximately 2-fold excess of both  
chicken and pig liver carboxylesterases. A duplicate aliqout of the same stock 
solution of BNMP was hydrolysed in 0.1 M NaOH, 10% (v/v) acetonitrile, and 
from the release of  p-nitrophenol the molarity of the BNMP solution was 
obtained. Hence, the stoichiometry of  release of  p-nitrophenol from BNMP by 
excess enzyme (mol p-ni t rophenol/mol  BNMP) was determined (Table III). 
Based on the release of  p-nitrophenol in alkali, the concentrat ion of BNMP in 
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T A B L E  II I  

R E A C T I O N  OF BNMP WITH L I V E R  C A R B O X Y L E S T E R A S E S  ( [E]  0 ~ [I]  0) 

Reac t ions  were  p e r f o r m e d  in 0 .05  M Tris 'HC1 buffer ,  0 .15  M KC1, pH 7.55,  10% (v/v)  acetoni t r i le .  

E n z y m e  [E] 0 [BNMP] 0* Mol of  [ Inh ib i t ed  Mol of  [ Inh ib i t ed  Mol of  
(pM)  (pM)  p-ni t ro-  e n z y m e ]  ** BNMP/mol  e n z y m e ]  *** BNMP/mol  

pheno l  pe r  (pM) of inhib i ted  (#M)  of  inhib i ted  
mol  of  e n z y m e *  * e n z y m e *  * * 
BNMP 

[3H, 32p] BNMP 

Chicken  12 .58  5 .706  2.02 
Pig 10 .65  5 .706 1.817 

Unlabel led  BNMP 
Chicken  13.18 5 .784  1.96 
Pig 11.12 5 .784  1.80 

6.01 0 .962  5.79 0 .998  
4.78 1 .210  4 .914  1.178 

* BNMP c o n c e n t r a t i o n s  d e t e r m i n e d  by me a s u r ing  p - n i t r o p h e n o l  release. 
** The c o n c e n t r a t i o n  of inh ib i ted  e n z y m e  was d e t e r m i n e d  by p a r a o x o n  t i t ra t ions  of  e n z y m e  before  

and a f te r  t r e a t m e n t  wi th  BNMP. 

*** The  c o n c e n t r a t i o n  of  inh ib i t ed  e n z y m e  was ca lcu la ted  f r o m  the  residual  e n z y m e  act ivi ty  (%) a f te r  
inh ib i t ion ,  and  the  init ial  e n z y m e  c o n c e n t r a t i o n  d e t e r m i n e d  by  p a r a o x o n  t i t ra t ion .  

stock Solution II was 93.4% of the calculated value. The concentration of 
BNMP in stock Solution I when prepared 10 days prior, was 98.25%, indicating 
that  considerable breakdown of BNMP occurred in the acetonitrile solution. In 
order to determine whether the results obtained using Solution II of BNMP were 
affected by the significant level of impurity in the solution, this experiment ( [E] 0 
> [I] 0 ) was repeated, using a freshly prepared solution of unlabelled BNMP 
which was 99.7% pure on the basis of p-nitrophenol release. In addition, titra- 
tion with paraoxon (before and after reaction of  enzyme with BNMP) was used 
to determine the number of  molecules of enzyme inhibited per molecule 
of BNMP. A second estimate of the concentration of inhibited enzyme was 
obtained by assay of the enzyme against phenyl butyrate,  before and after 
inhibition. The results are summarized in Table III. The experiments using 
labelled and unlabelled BNMP give the same stoichiometry of p-nitrophenol 
released per BNMP added, showing that  impurities present in the solution of 
labelled BNMP due to the breakdown noted above do not affect the result. 

Identification of reaction products 
The products of the reaction of labelled BNMP with excess enzyme were 

analyzed. Reaction mixtures (3.335 ml) prepared as described above ([E] 0 > 
[I] 0 ) were chromatographed on Sephadex G-25 (2 cm × 14 cm) equilibrated 
with 0.05 M Tris • HC1 buffer, pH 7.55, and the eluted fractions were moni- 
tored for radioactivity and absorbance at 280 nm (Figs 1 and 2). In Fig. 1, 
Peak 1 corresponds to inhibited enzyme. Peak II was identified as methyl  
p-nitrophenyl phosphate as follows. An aliquot (10 pl) of a solution of un- 
labelled methyl  p-nitrophenyl phosphate (11.4 mM) was added to 1 ml of 
material from Peak II and the mixture was chromatographed on Sephadex G-25 
(1.1 cm × 47 cm) equilibrated with 0.05 M Tris.  HCI, pH 7.62, 10% (v/v) 
acetonitrile. The eluted peaks of  radioactivity and absorbance at 280 nm were 
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coincident. A mixture of Peak II and methyl p-nitrophenyl phosphate was 
digested partially with snake venom phosphodiesterase. The reaction was moni- 
tored spectrophotometrically until approximately half of  the unlabelled methyl 
p-nitrophenyl phosphate had been hydrolysed. An aliquot (1 ml) was then 
chromatographed on Sephadex G-25 {Fig. 3). The results demonstrate that 
after diesterase digestion, about 50% of the total radioactivity was eluted in the 
same position as methyl phosphate. 

Peak III was conclusively identified as bis(p-nitrophenyl) phosphate, by 
co-chromatography and by phosphodiesterase digestion in the same manner. 

Considering Fig. 2, Peak I again corresponds to inhibited enzyme. From 
their elution volumes, Peaks III and IV are probably methyl p-nitrophenyl 
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phosphate and bis(p-nitrophenyl) phosphate,  respectively. Peak II, predomi- 
nantly labelled with 3 H, has a different elution volume from methanol,  and has 
not  been identified. The total radioactivity in Peaks II--IV corresponds to 3.6% 
of the 32p and 6.3% of the 3 H. When a sample of BNMP (Solution II) was 
chromatographed under these conditions, radioactivity was eluted from the 
column in the same regions as Peaks II and III; further, the impurities present 
in Solution II quantitatively account  for the radioactivity present in these 
peaks. BNMP has the same elution volume as Peak IV [bis(p-nitrophenyl) phos- 
phate] .  

Bis(p-nitrophenyl) phosphate (Peak III of  Fig. 1, Peak IV of Fig. 2) is 
present in both  reaction mixtures, but  in much greater amount  in the case of 
the pig enzyme. Bis(p-nitrophenyl) phosphate was shown to be present in the 
solutions of labelled BNMP by Sephadex chromatography after alkaline hy- 
drolysis. Alkaline hydrolysis of  unlabelled BNMP gave no bis(p-nitrophenyl) 
phosphate. Quantitatively, the amount  of  bis(p-nitrophenyl) phosphate present 
as an impurity was sufficient to account  for all of  that shown in Fig. 1, even 
allowing for the slow reaction of  bis(p-nitrophenyl) phosphate with the pig 
enzyme. The rates of  reaction of  pig and chicken liver carboxylesterases with 
bis(p-nitrophenyl) phosphate were determined independently,  at similar con- 
centrations to those present in the reaction mixtures. The chicken enzyme 
reacts about  8-fold faster than the pig enzyme with bis(p-nitrophenyl) phos- 
phate under these conditions, accounting for the much lower amount  of 
bis(p-nitrophenyl) phosphate remaining in the chicken reaction mixtures 
(Fig. 2). This reaction with bis(p-nitrophenyl) phosphate also quantitatively 
accounts for the significantly lower 3 H/32p ratio of the inhibited chicken 
enzyme {Peak I, Fig. 2), compared with the value recorded in Table II for the 
inhibited chicken enzyme, and the value for the inhibited pig enzyme (Peak I, 
Fig. 1). The reason for the low ratio for the inhibited pig enzyme recorded in 
Table II, and also observed in a similar experiment,  is not  clear, but  may 
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indicate that  some demethyla t ion has occurred. With [I] 0 > [E] 0, as in Table 
II, no reaction would be expected with bis(p-nitrophenyl) phosphate, since its 
reaction with the enzyme is very much slower than that  of BNMP. On the 
t ime scale, and at the concentrations present in these experiments,  there is 
negligible reaction between either pig or chicken liver carboxylesterase and 
methyl  p-nitrophenyl phosphate. As stated previously, the small amount  (1.5% 
of counts) of (presumed) methyl  p-nitrophenyl phosphate present in the 
chicken reaction mixture was probably present as an impurity in Solution II of 
BNMP. However, /> 90% of the methyl  p-nitrophenyl phosphate present in the 
pig reaction mixture (Peak II, Fig. 1) must have arisen from the enzymatic 
reaction. 

Peptic digestion o f  chicken and pig liver carboxylesterases inhibited with BNMP 
Radioautographs of the peptic digests of chicken and pig liver carboxyl- 

esterases inhibited with BNMP or DFP showed the following results. 
(i) One major radioactive peptide, resistant to further  peptic digestion, 

was produced from both chicken and pig enzymes inhibited with BNMP. (ii) 
The RF values of these peptides (0.037, chicken; 0.025, pig) are much lower 
than the RF values of the corresponding peptides from the DIP-enzymes. 

Discussion 

A model for the reactions of BNMP with liver carboxylesterases, based on 
previous observations with ~-chymotrypsin and acetylcholinesterases discussed 
in Introduction,  is shown in Scheme I. The data of Table I showing the release 

En/CH20H /CH:-O\ ,0 
En ~ .'Px 

\X I X ,,00--~__~'N 0 
+ )" CH 

BNMP 2 /  xx'X~b+ _p-nitrophenol 

CHTO , ~0 /CHTO \ ,0 
l ,Px En /R, 
En-X O-CH X ,0 0- 

3 CH~ 

+ _p-nitrophenol. + _p-nitrophenoL 

Scheme I 

of 2 molecules of p-nitrophenol per active site (2.2 for the pig enzyme,  vide 
infra) are consistent with such a scheme. The release of p-nitrophenol occurs 
very rapidly, being virtually over within 10 s. Therefore,  to achieve a kinetic 
separation of the steps in which the p-nitrophenol is released, rapid reaction 
techniques would be required. This contrasts with the release of p-nitrophenol 
from bis(p-nitrophenyl) phosphoryl-chymotrypsin [7] and methyl  p-nitro- 
phenyl phosphoryl-chymotrypsin which occurs sufficiently slowly to allow its 
measurement  by standard methods.  The product  of the reaction of the liver 
carboxylesterases with BNMP does not  reactivate spotaneously, nor on treat- 
ment  with hydroxylamine,  and therefore can be considered to be an "aged" 
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enzyme. In this regard, bis(p-nitrophenyl) methylphosphonate  and p-nitro- 
pheny! methylphosphonochlor idate  react with eel acetylcholinesterase, very 
rapidly producing an aged enzyme [ 5]. 

For the liver carboxylesterases from horse, sheep and chicken, two mole- 
cules of p-nitrophenol are released per active site within experimental error. 
However, for pig liver carboxylesterase, with [I]0 > [E]0,  a ratio of 2.23 ± 
0.03 molecules of p-nitrophenol per active site was reproducibly found, using 
different enzyme preparations. Possible explanations for this difference in- 
clude: (i) the presence of  two enzymes in the pig liver carboxylesterase prepara- 
tions, the predominant  enzyme reacting with paraoxon, and both enzymes 
reacting with BNMP; (ii) the reaction of  more than one molecule of inhibitor 
with some active sites; (iii) competi t ion between dephosphorylat ion and ageing, 
as shown in Scheme II, for the pig enzyme but  not  for the other carboxyl- 
esterases. 

En/C H~-O,,~O ~ k C H~'O,, #0 
\0 ~ ~\ O ~  ~" I /P(, \X  / 0  / En--X O-CH 3 

CH 3 
+ .L3-ni trophenol. 

k I  BNMP 
or 

En, x /Px E n~,CH20 H /C H~O\ ,0 
X ,O O- 

CH 3 

+ H3C--O / \ 0 - - ~ 0  
+ 13-nitrophenot 

Scheme I[ 

The first and second possibilities are ruled ou t  by the equivalent weight 
determinations in Table II. If either of these possibilities were correct, an 
equivalent weight of  63 800 should have been found for bound 32 p rather than 
the experimental value of  69 700, which compares well with the equivalent 
weight of  70 700 for the paraoxon titration. The third possibility was checked 
by performing the experiments with [E]0 > [I]0.  This explanation for the 
release of 2.23 mol of  p-nitrophenol per active site t i trated requires a ratio of  
the first-order rate constants k~/k2 (Scheme II) of 4.35. This ratio predicts 
that, with [E] o > [I] 0, 1.81 mol of  p-nitrophenol will be released per tool of 
BNMP added. Table III shows that this value was indeed obtained. Scheme II, 
together with the ratio of  4.35 for kl/k2, also predicts that methyl  p-nitro- 
phenyl phosphate will be produced in the proport ion of  1 mol of methyl  
p-nitrophenyl phosphate per 4.35 mol of  enzyme inhibited. Methyl p-nitro- 
phenyl phosphate has been unambiguously demonstrated in the reaction 
products  from BNMP and pig liver carboxylesterase, and shown to have arisen 
via an enzymatic reaction. The data of  Fig. 1 yield a ratio of  78.7/14.5, i.e. 5.4, 
for the ratio of  mol of  enzyme inhibited/tool of  methyl  p-nitrophenyl phos- 
phate produced.  Therefore, all the data obtained both  qualitatively and quan- 
titatively support  Scheme II as the explanation for the results obtained with pig 



295 

liver carboxylesterase. In this connexion Fife et al. [21], in studying the reac- 
tion of bis(p-nitrophenyl) carbonate with a-chymotrypsin, observed a stoichio- 
metry of 2.9 mol p-nitrophenol released per active site inhibited. This observa- 
tion is consistent with a reaction sequence analogous to Scheme II. 

According to Scheme II, ~ 0.19 (= kl / (k l  + k2 )) of the methyl p-nitro- 
phenyl phosphoryl-carboxylesterase (pig liver) dephosphorylates before the 
second nitrophenyl group is displaced. The rate constant for this dephospho- 
rylation must be greater than or equal to 0.1 s -1 (t,/2 <~ 5 s). This rate is orders 
of magnitude faster than rates of reactivation (dephosphorylation) previously 
reported [1]. An attractive possibility to account for the partitioning of me- 
thyl p-nitrophenyl phosphoryl-enzyme between dephosphorylation and ageing 
is that in the initial reaction, the two enantiomeric forms of methyl p-nitro- 
phenyl phosphoryl-enzyme are formed in the ratio of approx. 5 : 1. The pre- 
dominant enantiomer would then age much more rapidly than it dephos- 
phorylated, whereas for the minor enantiomer, dephosphorylation would be 
greatly enhanced with respect to ageing. In support of this explanation are the 
very large differences in the rates of ageing between enantiomeric forms of 
phosphorylated enzymes. For example, R and S forms of cyclopentyl methyl- 
phosphonylacetylcholinesterase differ in ageing rates by a factor of > 3700 [22]. 

The preliminary results from radioautography of peptic digests of 
BNMP-inhibited pig and chicken esterases are consistent with either of the 
products of Reaction 2a or 2b, Scheme I. Cross-linking (2a) would result in 
larger peptic peptides than the octapeptide from the DIP-enzymes, and hence 
smaller R F values in butanol/acetic acid/water. Alternatively, Reaction 2b re- 
sults in an additional negative charge on the peptic peptides, which should also 
produce a lower R F .  Providing any cross-linked product is stable, distinction 
between products of Reactions 2a and 2b could be made by characterizing the 
radioactive peptic peptides, and this we intend to do. 

A significant difference has been documented between the reactions of 
BNMP with carboxylesterases from closely related animal species. This type of 
difference is important when considering the degree of selectivity which could 
be built into organophosphorus insecticides. Additional experiments suggested 
by the foregoing results include study of the reaction of pig liver carboxyl- 
esterase with other inhibitors with two good leaving groups, to see how the 
ratio of 2.23 observed with BNMP may vary. Preliminary experiments with 
bis(p-nitrophenyl) benzyl phosphate indicate that it reacts more slowly with 
carboxylesterases, which could make kinetic and mechanistic studies more 
feasible. 

Although the kinetics of the reaction of BNMP with pig and chicken liver 
carboxylesterases have not been analysed, the observation of a slow tail in the 
burst (which accounts for approx. 4% of the total reaction) indicates that the 
analysis will be complex. In this regard, the reactions of bis(p-nitrophenyl) 
phosphate with pig and chicken liver carboxylesterases (ref. 23; Hamilton, S. 
and Inkerman, P., unpublished), and the reaction of p-nitrophenyl dimethylcar- 
bamate with pig liver carboxylesterase [24] are also found to be complex and 
apparently biphasic*. Clearly, the explanation of the kinetics of these titrations 

* T h e  e q u i v a l e n t  w e i g h t s  d e t e r m i n e d  b y  b i s ( p - n i t r o p h e n y l )  p h o s p h a t e  and  p - n i t r o p h e n y l  d i m e t h y l -  

c a r b a m a t e  are t h e  s a m e  as t h o s e  d e t e r m i n e d  b y  p a r a o x o n  t i t ra t ion .  
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awaits further investigation. However, we have demonstrated conclusively that 
the determination of different equivalent weights (based on p-nitrophenol 
release) for pig liver carboxylesterase using BNMP and paraoxon (Table I) does 
not result from the presence of different types of active site in the pig liver 
carboxylesterase preparation. 
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