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ABSTRACT: The primary and secondary l80 isotope effects for the alkaline (KOH) and enzymatic (phos- 
photriesterase) hydrolysis of two phosphotriesters, 0,Qdiethyl p-nitrophenyl phosphate (I) and 0,O-diethyl 
O(Ccarbamoylpheny1) phosphate (11), are consistent with an associative mechanism with significant changes 
in bond order to both the phosphoryl and phenolic leaving group oxygens in the transition state. The synthesis 
of [I5N, p h o ~ p h o r y l - ' ~ O ] - ,  [15N, p h e n o l i ~ - ' ~ O ] - ,  and [15N]-0,0-diethyl p-nitrophenyl phosphate and 0,O- 
diethyl 0-(4-~arbamoylphenyl)phosphate is described. The primary and secondary I8O isotope effects for 
the alkaline hydrolysis of compound I are 1.0060 and 1.0063 f 0.0001, whereas for compound I1 they are 
1.027 f 0.002 and 1.025 f 0.002, respectively. These isotope effects are consistent with the rate-limiting 
addition of hydroxide and provide evidence for a SN2-like transition state with the absence of a stable 
phosphorane intermediate. For the enzymatic hydrolysis of compound I, the primary and secondary I8O 
isotope effects are very small, 1.0020 and 1.0021 f 0.0004, respectively, and indicate that the chemical 
step in the enzymatic mechanism is not rate-limiting. The I8O isotope effects for the enzymatic hydrolysis 
of compound I1 are 1.036 & 0.001 and 1.0181 f 0.0007, respectively, and are comparable in magnitude 
to the isotope effects for alkaline hydrolysis, suggesting that the chemical step is rate-limiting. The relative 
magnitude of the primary I8O isotope effects for the alkaline and enzymatic hydrolysis of compound I1 reflect 
a transition state that is more progressed for the enzymatic reaction. 

x e  mechanism of phosphoryl transfer has been studied in from phosphate monoesters and diesters in enzymatic processes 
detail because of the importance of this reaction for biological has been made in terms of general chemical mechanisms 
systems. Extensive characterization of phosphoryl transfer (Bruice & Benkovic, 1966; Benkovic & Schray, 1973; 

Westheimer, 198 1). However, the current limited under- ' This work was supported in part by the Army Research Office standing of chemical phosphotriester hydrolysis has not been 
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is concerted with the bond cleavage of the leaving group. In 
a hybrid mechanism there is a simultaneous, but not neces- 
sarily synchronous, decrease in bonding to both the phosphoryl 
oxygen and the leaving group upon addition of the nucleophile. 
The relative magnitude of the bond order changes in the 
transition state at these two atoms is variable and dependent 
on the identity of the attacking nucleophile and the ability of 
the leaving group to depart. The structure of the transition 
state for phosphotriester hydrolysis can be probed by meas- 
uring the effect of oxygen-18 substitution on the alkaline and 
enzymatic kinetic rate constants. The magnitude of the 
primary oxygen-18 effect will depend on the extent of bond 
cleavage to the leaving group while the secondary oxygen- 18 
isotope effect will be determined by the change in the bond 
order to the phosphoryl oxygen. In this report we have utilized 
primary and oxygen-18 isotope effects with slow and fast 
substrates to elucidate the transition-state structure for alkaline 
and enzymatic phosphotriester hydrolysis. A preliminary 
communication of some of these isotope effects has appeared 
(Caldwell et al., 1991b). 

MATERIALS AND METHODS 
General. The phosphotriesterase used in these experiments 

was isolated from Escherichia coli carrying the cloned gene 
on a plasmid as previously described (Dumas, 1989). The 
enzyme preparation was purified to a specific activity of 3200 
pmol/(min.mg). The enzymatic activity was measured by 
monitoring the appearance of p-nitrophenol produced by the 
hydrolysis of 1.0 mM paraoxon at pH 9.0. All spectropho- 
tometric determinations were made at  25 OC with use of a 
Gilford Model 260 spectrophotometer. Melting points were 
determined with use of a Fischer Johns melting point appa- 
ratus. Chemicals were purchased from Aldrich Chemical Co., 
Sigma Chemical Co., or Fisher Scientific. All isotopically 
labeled starting materials were purchased from Cambridge 
Isotope Laboratories except ammonium [14N]nitrate, which 
was obtained from Monsanto Research Corp. Solvents were 
distilled prior to use for the isotope experiments. Unlabeled 
paraoxon was purchased from Sigma Chemical Co. and pu- 
rified by organic extraction (dichloromethane) with successive 
washings with 10 mM pyrophosphate buffer at pH 9.0. Un- 
labeled 0,O-diethyl O-(Ccarbamoylphenyl) phosphate was 
synthesized as previously described (Caldwell et al., 1991a). 

Synthesis of [15N,phosphoryl-'80]Paraoxon ( 5 ) .  The 
formation of 5 was conducted by the condensation of I80-la- 
beled diethyl chlorophosphate (3) with phenol. The synthesis 
of ['80]diethyl chlorophosphate (3) was performed according 
to a procedure of Reynolds et al. (1983). In nitrogen atmo- 
sphere, 7 mL of triethylamine was mixed with 1.0 mL of 
[ '*0]H20 (98%) and cooled to 0 OC when 7 mL of diethyl 
chlorophosphite (1) was added dropwise. After the mixture 
stood overnight at room temperature, 25 mL of anhydrous 
diethyl ether was added and then the mixture was filtered and 
concentrated. Immediately, the resulting oil (2) was cooled 
to 0 OC and 12.8 g of carbon tetrachloride was added, followed 
by 0.41 g of triethylamine. After stirring at room temperature 
for 3 h, the mixture was filtered and concentrated. Fractional 
distillation of the oily residue gave 3.9 g (46% overall yield) 
of the desired product (3) (54-57 OC, 1 mmHg). The 31P 
NMR spectrum indicated an 80% isotopic content at the ox- 
ygen-18 label. The diethyl chlorophosphate (3) (1.72 g) was 
added dropwise to a cooled solution (0 "C) of phenol (0.94 
g) dissolved in diethyl ether followed by the addition of a 10% 
excess of 20% sodium hydroxide. The reaction mixture was 
stirred for 1 h and then extracted with diethyl ether. The 
combined organic layers were washed with 10% sodium hy- 
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curring phosphotriester has remained unidentified. None- 
theless, proteins from various sources exist that are capable 
of hydrolyzing these phosphotriesters (Dumas, 1989, and 
references cited therein). Recently, a phosphotriesterase has 
been isolated from a soil microbe, Pseudomonas diminuta, 
which exhibits a broad substrate specificity for the hydrolysis 
of phosphotriesters (Dumas et al., 1989). The chemical and 
kinetic mechanisms of this enzyme have been recently de- 
termined (Caldwell et al., 1991a), and interest is now directed 
at refining the enzymatic reaction mechanism. 

Phosphotriester hydrolysis occurs with phosphorus-oxygen 
bond cleavage as illustrated with the reaction of paraoxon 
(Scheme I). There are potentially two limiting reaction 
schemes for the hydrolysis of phosphotriesters (Knowles, 1980). 
The dissociatiue mechanism is characterized by the initial 
expulsion of the leaving group to generate an electropositive 
phosphorus intermediate that is then susceptible to nucleophilic 
attack. In contrast, a fully associative mechanism can be 
depicted as an addition-elimination reaction where the attack 
of the nucleophile leads to a pentavalent phosphorane inter- 
mediate followed by the collapse of this structure to products. 
However, the formation of an intermediate is not absolutely 
required and a direct-displacement mechanism with a single 
SN2-like transition state is a distinct possibility. These extreme 
mechanisms are graphically depicted in Scheme 11. 

For phosphotriester hydrolysis, there is currently no ex- 
perimental support for a dissociative mechanism. Unlike the 
anionic phosphomonoesters, where a metaphosphate inter- 
mediate is quite likely (Herschlag & Jencks, 1987), there are 
no negative charges on the phosphoryl oxygens to stabilize the 
developing positive charge on the phosphorus during the 
formation of the putative metaphosphate-like intermediate. 
Moreover, the entropy of activation for the hydrolysis of 
phosphotriesters is higher (25 eu) relative to that observed for 
the reactions of phosphomonoesters, which is near zero eu, and 
the reaction rate of phosphotriesters is dependent on the pK, 
of the nucleophile (&,,, = 0.34.6) (Benkovic & Schray, 1973; 
Knowles, 1980). Therefore, the mechanism for phosphotriester 
hydrolysis occurs via some form of the associative pathway. 

The distinction between the addition-elimination and di- 
rect-displacement pathways (or the various hybrids) is reflected 
by the relative change in the bond order to the leaving group 
and phosphoryl oxygen during the transition state. The ad- 
dition-elimination pathway is characterized by a change in 
the bond order to the phosphoryl oxygen that completely 
precedes bond cleavage to the leaving group, whereas in the 
direct-displacement mechanism, the addition of the nucleophile 
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droxide (2 X 10 mL), dried over magnesium sulfate, filtered, 
and concentrated to give 1.6 g (68% yield) of a clear oil (4). 
The oil was treated with 1.5 mL of concentrated sulfuric acid 
at 0 "C, and then 0.82 g of ammonium [ISN]nitrate (99%), 
dissolved in 1.5 mL of sulfuric acid, was added dropwise. After 
30 min, the reaction was quenched with ice and extracted with 
diethyl ether, and the combined organic layers were dried over 
magnesium sulfate, filtered, and concentrated. Purification 
by chromatography on florisil (ethyl acetate/hexane 1 :4) gave 
1.5 g (80% yield) of the desired product (5). The isotopic 
content at the phosphoryl oxygen label was found to be 79% 
by 31P NMR spectroscopy. 

' 8 0  '80 
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Synthesis of [ 1 4 N ] P a r a ~ x ~ n  (8). The synthesis of the 
['4N]paraoxon(lSN-depleted) (8) was accomplished as de- 
scribed for compound 5 with 3.44 g of diethyl chlorophosphate 
(DECP) (6) and 1.88 g of phenol to give 2.9 g of the con- 
densation adduct (7). Nitration was conducted with 1 .O g of 
ammonium [I4N]nitrate (99.99%) and purification by chro- 
matography on florisil (ethyl acetate/hexane 1:4) gave 2.1 g 
(87% yield) of a clear oil (8). 
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Synthesis of [1SN,phenolic-180]Paraoxon (12). The pro- 
cedure leading to the synthesis of 12 involves the condensation 
of [180]pheno1 (10) and DECP (6). The synthesis of [180]- 
phenol (10) was conducted according to a modified procedure 
of Pinchas et al. (1965). An acidic ethanol solution (25 mL, 
16% w/v  HCL) was cooled to 0 "C, and 3.5 g of freshly 
distilled aniline (9) in 7.5 mL of ethanol was added dropwise 
while the temperature was maintained below 4 "C. To this 
was added dropwise 4.8 g of isoamyl nitrate, and then 100 mL 
of diethyl ether was poured into the reaction mixture to give 
a white slurry. The diazonium salt was collected by vacuum 
filtration and transferred to a stirred solution containing 15 
mL of diethyl ether and 3 mL of [ '80]H20 (98%). It was 
refluxed at 50 "C until nitrogen evolution had ceased. The 
layers were separated, and the aqueous layer was extracted 
with 2 X 25 mL of diethyl ether. The combined organic layers 
were dried over magnesium sulfate, filtered, and concentrated. 
Fractional distillation of the oily residue gave 1.4 g (39% yield) 
of a clear oil (10). Mass spectral analysis of compound 10 
indicated an I8O isotopic content of 89%. The condensation 
of 0.6 g [180]phenol (10) with diethyl chlorophosphate (6) as 
described in the synthesis of compound 5 gave the adduct, 11. 
Nitration of 11 with ammonium [I5N]nitrate (99%) gave 
compound 12, which was purified by chromatography on 
florisil (ethyl acetate/hexane 1:4) to give 0.4 g (80%) yield. 
The 31P NMR and mass spectra indicated an I80 isotopic 
content of 87 and 89% at the indicated position, respectively. 

Synthesis of [ 5N,phosphoryl- 180] - 0, 0-Diethyl 0-( 4-Car- 
bamoylphenyl) Phosphate (16). Compound 16 was formed 

0 
I I  -0 

? 
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11 12 

by the condensation of ['5N]-4-hydroxybenzamide (15) and 
compound 3. [ "N1-4-Hydroxybenzamide (15) was synthes- 
ized according to a modified procedure of Pichat et al. (1955), 
where 0.27 g of 4-aminophenol (13) was converted to 0.25 g 
of 4-cyanophenol (14) by use of 1.0 g of potassium [I5N]- 
cyanide (99%). The resulting yellow oil was dissolved in 8 mL 
of ethanol, and then 8 mL of 6 N sodium hydroxide was added. 
Oxidation using 6 mL of 30% hydrogen peroxide under al- 
kaline conditions (Noller, 1943) gave the desired product (15). 
Extraction with ethyl acetate removed the organic product 
from the reaction mixture, and the combined organic layers 
were dried over magnesium sulfate, filtered, and concentrated. 
Purification was accomplished by chromatography on florisil 
(ethyl acetate) to give 0.1 1 g (32% overall) of the [I5N]-4- 
hydroxybenzamide (15). Compound 16 was synthesized by 
the condensation of 0.17 g of [ph~sphoryl-~~O]-diethyl chlo- 
rophosphate (3) with 0.1 1 g of [15N]-4-hydroxybenzamide (15) 
as previously described for the synthesis of 0,O-diethyl 0- 
(4-carbamoylphenyl) phosphate (Caldwell et al., 199 la) and 
was purified by chromatography on florisil (ethyl acetate/ 
hexane) to give 0.1 1 g (52% yield) of a white crystalline solid 
(mp 99-101 "C). The 31P NMR and mass spectra indicated 
an l 8 0  isotopic content of 80 and 84% at the phosphoryl ox- 
ygen, respectively. 

H O o N H 2  - H O O C l 5 N  - 
13 14 

'80 
H O o C O ' 5 N H z  - 3 ( E t O ) 2 b ( - O ~ C 0 1 5 N H 2  

15 16 

Synthesis of [l4N]-O-Diethyl 0-(4-Carbamoylphenyl) 
Phosphate (20). Compound 20 was synthesized by the con- 
densation of [14N]-4-hydroxybenzamide and DECP (6).  The 
synthesis of [14N]-4-hydroxybenzamide was accomplished in 
the following manner. To 10 g of 4-acetoxybenzoic acid (17) 
in 200 mL of dichloromethane was added 7 g of oxalyl choride 
and 3 drops of N,N-dimethylformamide. After stirring for 
2 h, the solvent was removed under vacuum to give the acid 
chloride (18). This was immediately dissolved in 100 mL of 
dichloromethane and cooled to 0 "C. While stirring, [14N]- 
ammonia gas (99.99%) was introduced into the reaction 
mixture via an acetone/dry ice condenser. Following the 
addition, the reaction was allowed to sit overnight and then 
150 mL of water was added and the pH was adjusted to 4.0. 
The aqueous mixture was extracted with ethyl acetate, and 
the combined organic layers were dried over magnesium 
sulfate, filtered, and concentrated to give 6.4 g (85% yield) 
of a white crystalline solid (mp 157-160 "C). The isolated 
phenol (19) was then condensed with 9.7 g of diethyl chlo- 
rophosphate as described (Caldwell et al., 1991a) to give 3.2 
g (23% yield) of a white crystalline product (20) (mp 99-100 
"C). 

Synthesis of [ 1SN,phenolic-'80]-0,0-Diethyl O-(4-Carba- 
moylphenyl) Phosphate (26). The procedure leading to the 
synthesis of compound 26 involved the condensation of 
['SN,180]-4-hydroxybenzamide (25) and DECP (6). The 
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synthesis of ['5N,180]-4-hydroxybenzamide (25) was per- 
formed by starting with 0.56 g of [180]phenol. [180]Paraoxon 
(21) was synthesized as described above in the synthesis of 
12 (except the nitration was conducted with unlabeled am- 
monium nitrate) and was then hydrolyzed enzymatically to 
completion with the addition of phosphotriesterase. The ox- 
ygen-1 8-labeled p-nitrophenol product was isolated by the 
organic extraction from an acidic medium to give 0.55 g of 
22. This compound was dissolved in 20 mL of absolute ethanol 
and reduced to ['80]-4-aminophenol (23) with use of 0.12 g 
of PtO under a hydrogen atmosphere (55 psi). After 30 min 
the mixture was filtered and the solvent removed to give 0.42 
g (68% yield) of the ['80]-4-aminophenol (23). With the use 
of 1 .O g of potassium ['SN]cyanide (99%) compound 23 was 
converted to ['5N]-4-cyanophenol (24) as previously described 
for 14. Oxidation with hydrogen peroxide under alkaline 
conditions resulted in the synthesis of 0.4 g (52% yield) of 25 
(mp 159-163 "C) (see synthesis of 10). Compound 26 was 
synthesized by the condensation of 0.22 g of DECP (6) with 
0.16 g of ['5N,180]-4-hydroxybenzamide (25) as described in 
the similar synthesis of 0,O-diethyl 0-(4-~arbamoylphenyl) 
phosphate (Caldwell et al., 1991a). Purification by chroma- 
tography on florisil (ethyl acetate) afforded 40 mg of a pure 
product 26 (mp 99-101 "C). The 31P NMR and mass spectra 
indicated an I8O isotopic content at the phenolic oxygen of 90 
and 92%, respectively. 
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l%H '@OH (Et0)2P-"O 

C15N C015NH2 C0'5NH2 
24 25 26 

Primary and Secondary Oxygen-18 Isotope Effects. The 
oxygen-1 8 isotope effects were determined by the remote 
isotope label method (O'Leary & Marlier, 1979), which re- 
quires the isotope mass ratio in the nitrogen of the remote 
labeled compound to be very near natural abundance (0.365% 
l5N/I4N). This was accomplished by mixing the 
[ 'SN,'80]-labeled compound with the I4N-labeled compound 
(ISN-depleted), such that the final mixture attained the natural 
abundance ratio. This results in a mixture of isotopically 
labeled compounds where every molecule that possesses an I8O 
atom also has a 15N label. 

Alkaline hydrolysis was performed with 0.1 N potassium 
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hydroxide at 25 OC. Enzymatic hydrolysis was conducted in 
20 mM pyrophosphate buffer at pH 8.1. After approximately 
50% hydrolysis of 200 pmol of material in 100 mL, the reaction 
was quenched by lowering the pH to 3 or 4 with concentrated 
HCl for alkaline hydrolysis or 10 mM dithiothreitol for the 
enzymatic reaction (Ki = 8.84 pM; Dumas et a]., 1989). With 
enzymatic hydrolysis, the aqueous solutions were passed 
through an Amicon ultrafiltration apparatus (PM-10 filter) 
to remove the enzyme and then the pH was carefully adjusted 
to 9.1 in the case of paraoxon and 10.3 in the case of 0,O- 
diethyl O(4-carbamoylphenyl) phosphate. The samples were 
extracted with dichloromethane, dried over magnesium sulfate, 
filtered, and concentrated to dryness in order to quantitatively 
separate the residual substrate from the phenolic product. The 
residual paraoxon was then completely hydrolyzed to p -  
nitrophenol with 0.1 N potassium hydroxide. The aqueous 
mixture containing p-nitrophenol was acidified to pH 3.0 and 
extracted with dichloromethane until all of the phenol was 
removed. The aqueous solution containing the product 4- 
hydroxybenzamide was concentrated to 1 mL in vacuo. 

The lone atom of nitrogen in either the residual substrate 
or phenolic product was isolated in the form of ammonium 
sulfate according to the procedure developed by Weiss (1990). 
This procedure involves Kjeldahl digestion and alkaline steam 
distillation. Oxidation of the ammonia to diatomic nitrogen 
was accomplished with sodium hypobromite. With paraoxon, 
the nitro group was first reduced quantitatively to the amine 
with sodium thiosulfate and sulfuric acid. The isolation of the 
diatomic nitrogen and the apparatus necessary have been 
described in detail elsewhere (Weiss, 1990). The mass ratios 
of the nitrogen were determined with a Finnigan MAT 251 
dual-inlet isotope ratio mass spectrometer. 

Nomenclature. The isotope effects on the kinetic parameters 
for the enzymatic reaction are denoted by the nomenclature 
of Northrop (1977) where I8(V/K) represents the I8O isotope 
effect on V / K .  Similarly, I8k represents the I8O isotope effect 
on an individual chemical step. 

Data Processing. Equation 1 was used to calculate the 
observed isotope effect [15,18( V/K)] from the isotopic ratio of 
lsN/14N in the phenolic product, R,, after some known extent 
of hydrolysis,f, and from the isotopic ratio of 15N/14N in the 
phenolic product, R,, after 100% hydrolysis. 

'5*'8(V/K) = log (1 - f) / log (1  - fR,/R,) (1) 

Equation 2 was used to calculate the observed isotope effect 
from the lsN/14N ratio in the residual triester, R,, after the 
partial reaction, and from R,. 

15,18(V/K) = 1% (1 -A / 1% [(I -fl(R,/R,)I (2) 

In the remote label method for measuring small heavy atom 
isotope effects one uses a mixture of a double-labeled material 
and a depleted material (O'Leary & Marlier, 1979). The 
double-labeled material has an isotopic label both in the heavy 
atom remote position and in the discriminating position (the 
position where one wishes to know the isotope effect). The 
depleted material has a depleted content of the heavy atom 
in the remote labeled position but otherwise natural abundance 
content in other positions, including the discriminating one. 
The two species are mixed to restore the natural abundance 
level of the heavy atom in the remote label position. Dis- 
crimination between the two species is then caused by the 
product of the isotope effects in the remote and discrimination 
positions. As a control, one measures the isotope effect in the 
remote labeled position with use of natural abundance ma- 
terial. The general equation for calculating the isotope effect 
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Table I: Primary and Secondary Isotope Effects for the Chemical 
and Enzyme-Catalyzed Hydrolysis of Paraoxon (I) and 0,CXDiethyl 
G(4-Carbamoylphenyl) Phosphate (11) 

Caldwell et al. 

compound isotope effect P d Ink 
I 10-chemicalb 1.0058 1 1.0060 
I 10-enzymaticb 1.0017 2 1.0020 f 0.0004 
I 2"-chemicalb 1.0056 2 1.0063 f 0.0001 
I 20-enzymaticb 1.0016 2 1.0021 f 0.0004 
I1 I0-chemicalb>' 1.023 6 1.027 f 0.002 
11 10-enzymaticc 1.031 3 1.036 f 0.002 
I 1  20-chemicalbJ 1.020 5 1.025 f 0.002 
I1 2°-enzymatice 1.01 44 3 1.01 8 1 f 0.0007 

'These values are the observed isotope effect and are really 15~18-  
( V / K )  (enzymatic) or ISJnk (chemical) values. bThese values were 
calculated from eq I .  'These values were calculated from eq 2. d n  
equals the number of determinations of each value. The average value 
was calculated along with the standard error for each type of experi- 
ment. 

in the discrimination position (for a single heavy atom) is given 

I8k = [(TI/ ' -  1)/(1 - V ( 1  - y)/i)] + 1 (3) 
by 

where 

(4) 

In e q s  3 and 4, P = observed isotope effect with remote label 
calculated from eqs 1 and 2 and summarized in Table I 
[ l 5 9 l 8 (  V / K )  in this case]; R = isotope effect in remote label 
position with natural abundance material and also calculated 
with use of eqs 1 or 2 [I5(V/K) in this case] = 1.0007 f O.OOO1 
for the alkaline hydrolysis of paraoxon (I) (Hengge & Cleland, 
1990) and = 1.0 for the alkaline hydrolysis of 0,O-diethyl 
0-(4-~arbamoylphenyl) phosphate (11) and the enzymatic 
hydrolysis of I and 11; i = number of discriminating atoms = 
1 in this case; Q = (1  - b)z/bx = z/b,  or the degree to which 
light material in remote labeled mixture is depleted below 
natural abundance; b = fraction of double-labeled material 
in the remote labeled mixture (approximately natural abun- 
dance) = fraction of [I5N, '80]-containing phosphotriester in 
the final mixture in this case = 0.003851 for primary (I), 
0.003602 for secondary (I), 0.003630 for primary (11), and 
0.003629 for secondary (11); z = fraction of heavy label present 
in remote labeled position of light material used for remote 
label mixture = the fraction of I5N in the I4N phosphotriesters 
in this case = 0.0001 for both I and 11; x = fraction of heavy 
label in remote label position of double-labeled material used 
for mixing to give the approximate natural abundance = the 
fraction of I5N in  the [15N,'80]-labeled phosphotriesters in 
this case = 0.99 for both I and 11; and y = fraction of heavy 
discriminating label in double-labeled material = fraction of 
I80 in the [15N,'80]-labeled phosphotriesters in this case, and 
where applicable, an average of the I8O isotope content de- 
termined from 31P NMR and mass spectrometry was used, 
= 0.88 for primary (I), 0.80 for secondary (I), 0.89 for primary 
(II), and 0.82 for secondary (11). 

RESULTS 
The primary and secondary l 8 0  isotope effects for the 

chemical and enzymatic hydrolysis of paraoxon and 0,O-di- 
ethyl Q(4-carbamoylphenyl) phosphate were determined with 
use of the remote isotope label method. The observed I8O 
isotope effects calculated from eq 1 or 2 were corrected for 
incomplete label incorporation using eq 3 and are presented 
in Table I. The observed isotope effects were determined from 
the comparative isotopic analysis between either residual 
phosphotriester, the phenol product, or both after approxi- 

mately 50% reaction and the initial phosphotriester. The 
primary and secondary I8O isotope effects for the alkaline 
hydrolysis of paraoxon are 1.0060 and 1.0063 f 0.0001, re- 
spectively, where only one determination was made for the 
primary I8O isotope effect. The alkaline hydrolysis of 0,O- 
diethyl O-(4-carbamoylphenyl) phosphate resulted in larger 
primary and secondary l8O isotope effects of 1.027 f 0.002 
and 1.025 f 0.002, respectively. The enzymatic hydrolysis 
of paraoxon gave primary and secondary I8O isotope effects 
of 1.0020 and 1.002 1 f 0.0004, respectively, where only one 
determination was made for the primary I8O isotope effect. 
The enzymatic hydrolysis of O,O-diethyl O-(4-carbamoyl- 
phenyl) phosphate gave primary and secondary I8O effects of 
1.036 f 0.002 and 1.018 f 0.0007, respectively. The con- 
tribution of a I5N isotope effect on chemical or enzymatic 
hydrolysis of these compounds was determined by using the 
natural abundance material. 

DISCUSSION 
The primary and secondary l 8 0  isotope effects have been 

determined for the alkaline and enzymatic hydrolysis of 
phosphotriester with use of the remote isotope labeling method 
in an effort to further refine the mechanism and transition-state 
structure for each reaction. This method has previously been 
successfully applied to both nonenyzmatic and enzymatic 
systems (O'Leary, 1977, 1980; O'Leary & Marlier, 1979; 
Cleland, 1990; Weiss, 1991). However, its use is limited to 
isotopic measurements with compounds possessing either a 
nitrogen atom or an isolable CO, unit as the remote label. Two 
different multilabeled compounds, paraoxon and 0,O-diethyl 
0-(6carbamoylphenyl) phosphate, were synthesized and em- 
ployed as isotopic probes for the transition-state structure in 
phosphotriester hydrolysis. These molecules were selected 
because the alkaline and enzymatic hydrolysis rates of these 
phosphotriesters differ due to the variance in the pK, values 
for the phenolic leaving groups. Furthermore, the rate-limiting 
steps are distinctly different during the enzymatic hydrolysis 
of these compounds since the V/K value for paraoxon is 
governed by the rate of diffusion to the active site of the 
enzyme, whereas the hydrolysis of 0,O-diethyl O-(Ccarba- 
moylpheny1)phosphate is limited almost entirely by the 
bond-breaking step (Caldwell et al., 1991a). The ratio of the 
values for V , , ,  and VmaX/K,,, for the enzymatic hydrolysis of 
paraoxon and 0,O-diethyl 0-(4-~arbamoylphenyl) phosphate 
are 30 and 48, respectively (Caldwell et al., 1991a). 

Isotope Effects on Alkaline Hydrolysis. The primary and 
secondary I8O isotope effects for alkaline and enzymatic hy- 
drolysis of paraoxon and 0,O-diethyl 0-(4-carbamoyl- 
pheny1)phosphate are presented in Table I. The I 8 0  secondary 
isotope effect of 1.0063 for the alkaline hydrolysis of paraoxon 
indicates that a measurable change in the bond order to the 
phosphoryl oxygen has occurred in the transition state. The 
theoretical maximum I8O secondary isotope effect of 1.04 
(Cleland, 1986), calculated for the transformation from an 
initial bond order of 2 to a bond order of unity, suggests a bond 
order of about 1.85 to the phosphoryl oxygen in the transition 
state for paraoxon hydrolysis. 

The magnitude of the I5N secondary and l8O primary iso- 
tope effects suggests that there is also a measurable amount 
of phenolic oxygen bond cleavage or loosening in the transition 
state. A normal 15N secondary isotope effect is observed 
during the hydrolysis of paraoxon (Hengge & Cleland, 1990) 
because the ['4N]-p-nitrophenol is slightly more acidic than 
the I5N-labeled material. This difference in acidity (and re- 
action rate) is due to the fact that upon ionization of p -  
nitrophenol (or during phosphorus-oxygen bond cleavage) the 
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charge is delocalized into the nitro group in the form of a 
quinoid resonance structure. Although the net bond order to 
the nitrogen does not change, the resulting carbon-nitrogen 
double bond is less stiff than the nitrogen-oxygen double bond 
it replaces and thus the I4N-labeled material is favored relative 
to 15N. The IsN secondary isotope effect of 1.0007 measured 
by Hengge and Cleland (1990) is approximately 25% of the 
15N isotope effect of 1.0028 seen for the hydrolysis of the 
dianion of p-nitrophenyl phosphate, which relates to complete 
bond cleavage. These values are thus consistent with a 
phosphoryl oxygen bond order of about 0.75 in the transition 
state. 

The primary I8O isotope effect of 1.006 is also consistent 
with this amount of phosphorus-phenolic oxygen bond cleavage 
in the transition state. If it is assumed that the magnitude 
of the primary I8O isotope effect is directly proportional to 
the extent of bond cleavage (assuming the absence of the 
imaginary frequency factor during the reaction coordinate 
motion), then for a 25% bond cleavage the maximum calcu- 
lated l8O primary isotope effect for complete bond cleavage 
would be about 1.024 for this reaction. This value is rea- 
sonably close to the measured equilibrium I8O isotope effect 
of 1.01 8 for the deprotonation of p-nitrophenol (Rosenberg, 
1977). 

The 0,O-diethyl 0-(4-~arbamoylphenyl) phosphate is hy- 
drolyzed more slowly by hyroxide than is paraoxon. The 
primary and secondary l80 isotope effects for the alkaline 
hydrolysis of this compound are larger than those observed 
for paraoxon hydrolysis as expected for a somewhat later 
transition state. The secondary I8O isotope effect for the 
phosphoryl oxygen is 1.025, which indicates a bond order to 
the phosphoryl oxygen of approximately 1.4 in the transition 
state. There is no measurable lSN secondary isotope effect 
since charge delocalization into the carboxamide moiety is 
unlikely. The primary I80 isotope effect of 1.027 indicates 
significant bond cleavage of the phosphorus-phenolic oxygen 
bond has occurred in the transition state and thereby reduces 
the likelihood of an intermediate in the reaction mechanism. 
The substantial difference in magnitude between the primary 
I80 isotope with this compound and that observed for paraoxon 
hydrolysis is rationalized by a comparison of the leaving groups 
where p-nitrophenol, unlike 4-hydroxybenazmide, possesses 
a quinoid resonance form due to the nature of the nitro group. 
On this basis, the observed l80 primary isotope effect for the 
alkaline hydrolysis of paraoxon will be diminished relative to 
that observed for 0,O-diethyl 0-(4-carbamoylphenyl) phos- 
phate. The higher rate of paraoxon hydrolysis would also 
suggest a transition state with less phosphorus-phenolic oxygen 
bond cleavage. Therefore, as the leaving group becomes 
poorer, the transition state occurs later in the associative 
mechanism where no distinct intermediate is formed. 

Kinetic isotope effects, which provide a relative measure of 
bond breaking in the transition state, can also be related to 
the values from a Bransted analysis. Qualitatively, /3 values 
reflect the amount of charge associated with the leaving group 
in the transition state and (assuming the lack of acid/base 
catalysis) can provide a measure of bond making and breaking 
(Fersht, 1985). For phosphotriester hydrolysis, the p values 
for the leaving group have been reported ranging from -0.35 
to -0.44 (Khan & Kirby, 1970; Caldwell et al., 1991a) with 
a maximum potential /3 value of -1.2 (Bromilow et al., 1971) 
for complete group transfer. Therefore, about one-third of 
the negative charge is associated with the leaving group in the 
alkaline hydrolysis of phosphotriesters. This approximation 
is reasonably consistent with the more quantitative analysis 
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for the phosphorus-phenolic oxygen bond cleavage in the 
transition state based on the "N secondary isotope effect. 
Since no I5N secondary isotope effect was detected during the 
hydrolysis of 0,O-diethyl O(4-carbamoylphenyl) phosphate, 
the extent of cleavage at the phosphorus-phenolic oxygen bond 
in the transition state cannot be determined directly. 

From the I8O and 15N isotope effects for alkaline hydrolysis 
of paraoxon the transition state can be approximated. If it 
is assumed that the calculated maximum for the secondary 
I 8 0  isotope effect for the phosphoryl oxygen is correct and that 
the bond order of the ethyl esters remains 1 (although some 
electron donation is probable), we can approximate a bond 
order of about 0.40 for the attacking hydroxide on paraoxon 
with the total bond order in the transition state of 5 and the 
total negative charge of 1 as illustrated in Scheme 111. These 
experimental results suggest a transition-state structure where 
the associative mechanism for the hydrolysis of these phos- 
photriesters must occur in a concerted, asynchronous fashion. 
A change in bond order along the axial plane of the transition 
state caused by the substitution of a different leaving group 
is modulated by the phosphoryl oxygen. The more associative 
mechanism is then anticipated with poorer leaving groups and 
is reflected in larger secondary l80 isotope effects. 

Isotope Effects on Enzyme-Catalyzed Hydrolysis. For an 
enzymatic reaction, the remote isotope labeling method 
measures the effect of isotopic substitution on the kinetic 
parameter V / K .  The magnitude of this effect is dependent 
not only on the structure of the transition state for the actual 
bond-breaking step but also on the relative magnitude of the 
partitioning ratio of the enzyme-substrate complex. The 
minimal mechanism for substrate hydrolysis by the phos- 
photriesterase is given below in Scheme IV, where the k3 
Scheme IV 

k A  k1 kJ 

k2 
E A E A -  E P W  E + products 

represents the chemical step for irreversible substrate hy- 
drolysis. It can be shown that the relationship of the isotope 
effect on V / K  [ '8(V/K)]  to the isotope effect on the bond- 
breaking step (18k,) is given by the equation 

Therefore, as the ratio of k3 to k2 becomes large, the size of 
the observed isotope effect on V / K  is diminished. The cal- 
culated values for k 3 / k 2  with the paraoxon and O,O,-diethyl 
O(Ccarbamoylpheny1) phosphate are 28 and 0.08, respectively 
(Caldwell et al., 1991a). 

The intrinsic isotope effects for the enzymatic hydrolysis 
of paraoxon are difficult to calculate because of the very small 
magnitude for the primary and secondary I8O effects of 1.0021 
and 1.0020, respectively, and the very large partitioning ratio 
of k3 /kz .  However, the minimal size of these isotope effects 
indicates that the chemical step is not rate-limiting in the 
enzymatic hydrolysis of paraoxon. 

The observed primary and secondary isotope effects of V / K  
for the enzymatic hydrolysis of 0,O-diethyl 0-(4-carbamo- 
ylphenyl) phosphate are 1.036 and 1.018, respectively. These 
values are significantly larger than those observed for paraoxon 
hydrolysis because the relative values of k2 and k3 are much 
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more favorable for obtaining intrinsic isotope effects as pre- 
dicted by eq 5. The intrinsic primary and secondary oxygen-18 
isotope effects are calculated from eq 5 to be 1.039 and 1.019, 
respectively . 

The extent of phosphorus-phenolic oxygen bond cleavage 
in the transition state for enzymatic hydrolysis can be esti- 
mated from the relative size of the intrinsic primary "'0 isotope 
effect and the /3 value for the substrate hydrolysis. The /3 value 
of -1.8 for the enzymatic reaction is at the extreme of values 
observed for nonenzymatic reactions. This suggests that a 
large amount of negative charge is associated with the phenolic 
leaving group and consequently implies a very late transition 
state. However, Jencks (1971) has pointed out that the size 
of the Bronsted /3 values may be enhanced in enzymatic 
systems because of the hydrophobic nature of the active site 
of many enzymes. The size of the maximum primary I8O 
isotope effect with this leaving group that would be expected 
for phosphotriester hydrolysis is unknown. However, the I 8 0  
equilibrium isotope effects for the deprotonation of water and 
phenol based on 0-H stretching vibrations have been esti- 
mated to be approximately 1.039 (Rosenberg, 1977). The 
observed intrinsic primary isotope effect for 0,O-diethyl 0- 
(4-carbamoylphenyl) phosphate hydrolysis is very close to this 
extreme value, and thus both the Br~rnsted analysis and the 
primary oxygen- 18 isotope effect for enzymatic hydrolysis of 
0,O-diethyl 0-(4-carbamoylphenyl) phosphate suggest that 
the phosphorus phenolic bond is largely broken in the transition 
state. 

The secondary isotope effect for 0,O-diethyl O-(4-carba- 
moylphenyl) phosphate hydrolysis is also consistent with a 
transition state that is very product-like. The calculated in- 
trinsic isotope effect of 1.019 suggests that the bond order has 
changed from 2 to approximately 1.53 in the transition state. 
However, it cannot be determined to what extent the inter- 
action of the phosphoryl oxygen with the active site zinc in 
the transition state will have on the magnitude of the secondary 
I8O isotope effect. 

Summary. It is evident from the primary and secondary 
I8O isotope effects that the transition-state structures for both 
alkaline and enzymatic hydrolysis are similar, where the re- 
action proceeds through an associative-type mechanism without 
any direct evidence for the formation of a phosphorane in- 
termediate. The I8O isotope effects strongly support the kinetic 
interpretation for the enzymatic hydrolysis of paraoxon and 
0,Odiethyl 0-(4-~arbamoylphenyl)phosphate. For paraoxon, 
the magnitude of the observed isotope effects is consistent with 
a step other than bond cleavage as partially rate-limiting. The 
similarity between the isotope effects for alkaline and enzy- 
matic hydrolysis of 0,O-diethyl 0-(4-~arbamoylphenyl) 
phosphate suggests the chemical step as rate-determining in 
catalysis by the phosphotriesterase. However, the relatively 
larger primary isotope effects and the larger /3 value for the 
enzymatic as compared to alkaline hydrolysis of 0,O-diethyl 
O(4-carbamoylphenyl) phosphate suggests that the transition 
state for the enzymatic reaction is more product-like. The 
relatively smaller secondary isotope effect for the enzymatic 
reaction suggests an earlier transition state relative to the 
alkaline reaction but may be explained by potential interactions 
of the phosphoryl oxygen with active site residue(s) or the zinc 
atom. 

One theoretical interpretation of phosphoryl transfer predicts 
that the phosphoryl group in the transition state will have a 
single negative charge and the bonding to the phosphorus 
ligands will be adjusted to meet this requirement (Cleland, 
1990). Although more systems involving phosphoryl transfer 

Caldwell et al. 

are required to further substantiate this theoretical prediction, 
the interpretation of the I8O isotope effects for the alkaline 
and enzymatic phosphotriester hydrolysis are consistent with 
this conclusion. 
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