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reagents such as 2 will be of use in preparing and elucidating the 
chemistry of sulfenic acids. 

Finally, the possibility that the nucleophilic catalytic function 
of certain sulfhydryl enzymes actually involve transient sulfenic 
acids needs to be seriously considered. The acyl phosphatase 
activity of glyceraldehyde-3-phosphate dehydrogenase has, for 
example, been suggested by Allison4,5" and others51^ to involve 
a stable sulfenic acid. 
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Determination of the stereochemical course of nucleophilic 
displacement reactions at phosphorus catalyzed by enzymes is now 
considered to be the most direct experimental method for de
termining whether the enzyme-catalyzed reaction involves the 
formation of a covalent adduct between the enzyme and substrate. 
Although the use of chiral phosphorothioate substrate analogues 
to solve these stereochemical problems is often the experimentally 
easiest approach,1,2 fears that the results obtained from this ap
proach are mechanistically ambiguous due to the low rates at 
which these analogues are processed by enzymes has led to the 
development of methodology for the synthesis and configurational 
analysis of phosphate mono- and diesters which are chiral by virtue 
of the three stable isotopes of oxygen.3"6 The stereochemical 
consequences of the reactions catalyzed by seven enzymes have 
now been determined with both oxygen chiral and phosphoro
thioate substrates;7 in each case, the stereochemical outcomes 
obtained from the two approaches were identical, suggesting that 
sulfur substitution is not expected to alter the stereochemical course 
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Figure 1, Proton-decoupled 31P NMR spectrum at 81 MHz of the 
methyl esters of isotopically labeled cTMP derived from enzymatic hy
drolysis of the Rp diastereomer of [17O1

18O]TpNP in H2
16O followed by 

chemical activation and cyclization. The spectrum was obtained with a 
1600-Hz sweep width and a 2-s acquisition time; 400 transients were 
obtained prior to application of a 0.1-Hz line broadening and Fourier 
transformation. The approximate chemical shift of the diester and the 
equatorial methyl ester is -2.7 ppm and that of the axial ester is -3.5 ppm 
(upfield, relative to an external capillary of 85% H3PO4). 
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of enzyme-catalyzed displacement reactions at phosphorus. In 
this communication we report the stereochemical course of the 
hydrolysis reaction catalyzed by the exonuclease from bovine 
spleen using one of the diastereomers of thymidine 3'-[(4-nitro-
phenyl)[170,180]phosphate]([170,180]-TpNP) as substrate. With 
this enzyme, stereochemical studies of the hydrolysis reaction using 
the phosphorothioate analogue of TpNP, Tp(S)NP, do not appear 
to be feasible, since the enzyme does not readily catalyze the 
hydrolysis of either diastereomer of Tp(S)NP; instead, the enzyme 
catalyzes a transphosphorylation reaction to yield oligonucleotides 
as products.8 Both the retention of the configuration observed 
for the hydrolysis of [17C18O]-TpNP and the transphosphorylation 
reaction observed with the separate diastereomers of Tp(S)NP 
are in accord with the formation of a nucleotidylated enzyme 
intermediate during the course of the reaction. 

The diastereomers of [170,18O]-TpNP were prepared by re
action of the sodium salts of the diastereomerically pure 
[17O]-enriched P-anilidates of 5'-(monomethoxytrityl)thymidine 
3'-[(4-nitrophenyl)phosphate] with C18O2.

9,10 After removal of 
the trityl groups, the 170,180-chiral diesters were purified by 
chromatography on Amberlite XAD-2. The products which were 
obtained were identical with an authentic sample of TpNP (Sigma) 
using the criteria of TLC and 1H NMR spectroscopy at 270 MHz; 
the 31P NMR spectra at 32 and 81 MHz revealed the expected 
ratio of 16O1

18O and 18C18O resonances.11 Instead of assuming 
that the stereochemical outcome of the reaction of the acyclic 

(8) At pH 5.7, the rate of release of 4-nitrophenol from either diastereomer 
of Tp(S)NP is approximately 50-fold less than that observed with TpNP. 

(9) Gerlt, J. A., Mehdi, S.; Coderre, J. A.; Rogers, W. O. Tetrahedron 
Lett. 1980, 21, 2385. 

(10) The isotopic composition of the [17O]POCl3 used to prepare the P-
anilidates was determined by reaction of an aliquot with excess methanol 
followed by gas chromatography/mass spectral analysis of the resulting tri-
methyl phosphate: 16O, 18.8%; 17O, 49.2%, ,sO, 32.0%. The isotopic com
position of the C18O2 specified by the supplier (Prochem) was 99%. 

(11) Since the carbon dioxide used to prepare the chiral diesters was 99% 
enriched we only observe resonances arising from the 16O and 18O present in 
the nO-enriched position. 
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P-anilidates with C18O2 would be the expected retention of con
figuration as verified for the reaction of cyclic P-anilidates with 
[180]carbonyl compounds,5'6 we independently determined the 
configurations of the diastereomers of [17O1

18O]-TpNP. Hy-
drogenolysis of [17O1

18O]-TpNP yielded a sample of chiral 
[16O1

17O1
18O]-Tp.12 The configuration of this sample was de

termined by chemical activation using diphenylphosphorochloridate 
followed by chemical cyclization to yield a mixture of the three 
types of oxygen chiral cyclic thymidine 3',5'-monophosphate 
(cTMP);13 following methylation with diazomethane,14 mea
surement of the 18O perturbations on the 31P NMR resonances 
of the axial and equatorial methyl esters of the labeled cTMP5'7f 

revealed that the reaction of the acyclic /'-anilidates with C18O2 

had proceeded with predominant retention of configuration at 
phosphorus. Methylation of [17O1

18O]-TpNP with diazomethane 
afforded a mixture of diastereomeric methyl esters, and mea
surement of the 18O perturbations on the 31P NMR resonances 
of the esters revealed that the optical purity of the [17O1

18O]-TpNP 
is approximately 80%. Stec and co-workers have reported that 
the optical purity of oxygen chiral cyclic diesters is approximately 
95%.6 

The .Rp diastereomer of [17O1
18O]-TpNP was hydrolyzed in 

H2
16O by using the exonuclease from bovine spleen (Boehringer) 

as catalyst;15 a low substrate concentration (2.7 mM) was selected 
to minimize the transphosphorylation reaction which this enzyme 
is known to catalyze.16 The reaction was allowed to proceed until 
the amount of 4-nitrophenol liberated was about 50% that expected 
for complete reaction so that enzyme-catalyzed exchange of 
product phosphoryl oxygens with solvent oxygen would be min
imized. A 31P NMR spectrum of the reaction mixture revealed 
resonances for only the starting material and Tp; the product was 
purified by chromatography on DEAE-Sephadex A-25. 

The configuration of the 160,170,180-chiral Tp was determined 
by using the procedure described previously. The 31P NMR 
spectrum obtained is presented in Figure 1. Examination of this 

(12) One hundred micromoles of diester was dissolved in 25 mL of absolute 
ethanol, and 100 ̂ L of concentrated HCl and 25 mg of Adam's catalyst were 
added. The hydrogenolysis was conducted in a Parr apparatus using 50-60 
psi of H2 pressure. The reaction was followed by TLC and was judged to be 
complete after about 1Oh. 

(13) One hundred micromoles of Tp (mono-tri-n-octylammonium, mono-
tri-n-butylammonium salt) was dried by repeated evaporation from dry di-
oxane. The residue was dissolved in 1.5 mL of dry dioxane, a few 4-A 
molecular sieves were added, and the solution was allowed to stand for 30 min. 
Ninety micromoles of diphenylphosphorochloridate was added, and after 30 
min the solvent was evaporated. A suspension of approximately 0.5 g of 
potassium terf-butoxide in 20 mL of dry DMF was added with a syringe while 
flushing the reaction flask with dry N2. After stirring at room temperature 
for 10 min, the reaction mixture was poured into approximately 25 mL of 
Amberlite IR-120 (pyridinium). The resin was removed by filtration and 
washed with water; the filtrate and washings were combined and evaporated. 
The residue was redissolved in water, washed with ether, and the aqueous layer 
was applied to a column of DEAE-Sephadex A-25 (HCO3

-); the product was 
eluted with a linear gradient of triethylammonium bicarbonate, pH 7.5. 
Recent work published by Lowe's laboratory7' and this laboratory7' has 
established that the stereochemical course of the cyclization reaction is in
version of configuration at phosphorus. 

(14) The triethylammonium salt of cTMP (30-50 Mmol) was dissolved in 
5 mL of methanol. Five microliters of concentrated HCl was added followed 
by 2-3 mL of an ethereal solution of diazomethane (0.5 M). Acidification 
and addition of diazomethane was repeated twice, and the solvent was evap
orated after the yellow solution was allowed to stand for 30 min. The sample 
was prepared for 31P NMR spectroscopy by dissolution in 1.8 mL of 20% D2O 
and percolation through a small column of Chelex-100 into an acid-washed 
10-mm NMR tube; 0.2 mL of 0.1 M EGTA, pH 7.0, was then added to the 
NMR tube. 

(15) The reaction mixture (76 mL) contained the R? diastereomer of 
[17O1

18O]-TpNP, ammonium acetate, pH 5.7 (0.167 M), EDTA (0.67 mM), 
and enzyme (5 ng/mL). The reaction was monitored by diluting 20-ML 
aliquots of the reaction into 0.98-mL aliquots of 0.1 M Tris-HCl, pH 8.0, and 
measuring the absorbance at 400 nm. An additional 0.2 mg of enzyme was 
added after 4.2 h. After 54% hydrolysis (6.9 h), 4-nitrophenol was extracted 
with ether. The aqueous layer was adjusted to pH 8.0 with ammonium 
hydroxide and applied to a column of DEAE-Sephadex A-25 (HCO3"). The 
product was eluted with a linear gradient of triethylammonium bicarbonate, 
pH 7.5. The Tp was further purified by chromatography on Dowex-1 (for
mate) using ammonium formate as the eluting buffer. 

(16) Razzell, W. E.; Khorana, H. G. J. Biol. Chem. 1961, 236, 1144. 
These authors report the Km for TpNP to be 3 mM. 

spectrum reveals that the 160,180-chiral cTMP formed in the 
cyclization has 18O located in the axial exocyclic position, leading 
to the conclusion that the enzyme-catalyzed hydrolysis reaction 
proceeded with retention of configuration at phosphorus (Scheme 
I). This result can be most easily explained by postulating the 
necessary formation of a thymidylated enzyme intermediate during 
the enzyme-catalyzed reaction. 

Nucleotidylated enzyme intermediates have not been isolated 
for the reactions catalyzed by the spleen exonuclease and the snake 
venom phosphodiesterase. An alternative explanation for the 
retentions of configuration found for these enzymes7j is the for
mation of a 3',5'-cyclic nucleotide intermediate, since these en
zymes require a free 5'- or 3'-hydroxyl, respectively, for activity; 
it is well established that the reaction catalyzed by pancreatic 
ribonuclease proceeds with overall retention of configuration as 
the result of a two-step reaction involving the formation of a 
2',3'-cyclic nucleotide intermediate.1 Neither the spleen nor the 
snake venom enzyme appears to utilize this type of mechanism, 
since we have observed that neither enzyme will catalyze the 
hydrolysis of cTMP. 

The finding that the hydrolysis reaction catalyzed by the spleen 
enzyme occurs with retention of configuration and previous reports 
that this enzyme can catalyze transphosphorylation reactions as 
well as hydrolysis reactions16,17 suggest an explanation for recent 
observations made in the laboratories of Stec and Benkovic18 

regarding the processing of the diastereomers of Tp(S)NP by the 
enzyme. Both groups observed that the products obtained did 
not have the 31P NMR chemical shifts expected for Tp(S) (6> 
+43.27 ppm, pH 5.7); resonances downfield of the starting ma
terials [dp +51.57 ppm (Rp) and 5P +51.63 ppm (Sp)] were found. 
To establish an explanation for these observations, we reacted the 
separated diastereomers of Tp(S)NP9 in the presence of the spleen 
enzyme and purified the reaction products by chromatography 
on DEAE-Sephadex A-25; from each reaction one product was 
recovered in addition to unreacted starting material. The 1H-
decoupled 31P NMR spectrum of each of these products revealed 
two phosphorus resonances [Sp +55.45 and +51.76 ppm (R?) and 
Sp + 55.57 ppm and +51.63 ppm (Sp)] of equal intensity; without 
1H decoupling, the downfield resonances are multiplets whereas 
the upfield resonances are doublets. The 1H NMR spectrum at 
270 MHz of each product revealed the presence of one 4-nitro-
phenyl group and two thymidine moieties. The chemical shifts 
of the downfield 31P NMR resonances are similar to those reported 
for the diastereomers of Ap(S)A and of Up(S)A by Benkovic" 
and Eckstein,20 respectively. Taken together, the 31P and 1H NMR 
data allow the identification of the products obtained from the 
reactions catalyzed by the spleen enzyme as isomers of Tp(S)-
Tp(S)NP1 the products expected from transphosphorylation using 
the 5'-hydroxyl group of Tp(S)NP as the acceptor. Since only 
a single resonance is observed in each spectrum for the inter-
nucleotide phosphorothioate linkage, the transphosphorylation 
reaction appears to be stereospecific and may be predicted to occur 
with retention of configuration at phosphorus. Exclusive trans
phosphorylation was observed using both 3 and 20 mM concen
trations of Tp(S)NP. As indicated previously, no trans
phosphorylation was observed with 3 mM TpNP at 50% reaction; 
approximately 20% transphosphorylation was observed with 20 
mM TpNP at 50% reaction. 

The exclusive formation of transphosphorylation product with 
the phosphorothioate diesters and the apparent stability of these 
products in the presence of enzyme21 suggest that an investigation 

(17) Heppel, L. A.; Whitfield, P. R. Biochem. J. 1955, 60, 1. Heppel, L. 
A.; Whitfield, P. R.; Markham, R. Biochem. J. 1955, 60, 8. 

(18) The diastereomers of Tp(S)NP are converted to materials which are 
characterized by 31P NMR chemical shifts of +54.64 and +54.77 ppm; pro
longed incubation with enzyme leads to additional resonances in this spectral 
region. Bryant, F. R.; Benkovic, S. J., personal communication. Stec, W. J., 
personal communication. 

(19) Marlier, R. G.; Benkovic, S. J. Tetrahedron Lett. 1980, 21, 1121. 
(20) Burgers, P. M. J.; Eckstein, F. Biochemistry 1979, 18, 592. 
(21) Eckstein has reported that Tp(S)T is a competivie inhibitor of and 

not a substrate for spleen exonuclease: Eckstein, F. J. Am. Chem. Soc. 1970, 
92, 4718. 
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of the stereochemical course of the hydrolysis reaction catalyzed 
by the spleen exonuclease would by extremely difficult with 
phosphorothioate methodology; thus, the results we report in this 
communication demonstrate an unanticipated advantage in using 
oxygen chiral phosphate esters to determine the stereochemical 
course of an enzyme-catalyzed reaction, i.e., the ratio of potential 
reaction products need not be the same when phosphorothioates 
are used. This problem can occur only with enzymic reactions 
which involve the formation of an intermediate which can partition 
to different acceptors. 

In addition, the ability of the enzyme to catalyze an efficient 
transphosphorylation reaction with phosphorothioate substrates 
may provide a useful synthetic approach to the synthesis of oli
gonucleotides which have internucleotide phosphorothioate link
ages: with low concentrations of nucleoside 3'-[(4-nitro-
phenyl)phosphorothioates] and high concentrations of nucleoside 
or nucleotide acceptors, good yields of a wide variety of oligo
nucleotide analogues can be anticipated. 

Acknowledgment. We thank Professors Wojciech J. Stec and 
Stephen J. Benkovic for providing us with details of their un
published observations regarding the behavior of Tp(S)NP in the 
presence of the spleen enzyme. The high-field 31P NMR spectra 
essential to this research were obtained at Wesleyan University 
through the generous cooperation of Professor Philip Bolton and 
at the NSF Northeast NMR Facility at Yale University (CHE-
7916120) with the assistance of Peter Demou. This research was 
supported by a grant from the National Institutes of Health 
(GM-22350). 

0.02 0.04 0.06 0.08 
LINOLEIC ACID, M 

0.10 

Figure 1. Effect of linoleic acid concentration upon the yield of linoleic 
hydroperoxide (LOOH) per HO2 added. 11.5 mL of a photolyzed eth-
anol solution (70% ethanol, 1.25 mM O2,0.01 M KOH) containing 88.15 
IiM O2" were added dropwise to 15 mL of a rapidly stirred 70% ethanol 
solution containing 0.09 M H2SO4 and varying amounts of linoleic acid. 
The yields monitored at 233 nm (absorption maximum of LOOH) were 
computed on the basis of the final volume. 
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The discovery that tissues of aerobic organisms contain an 
enzyme whose specific role appears to be the removal of superoxide 
radicals' has led to the suggestion that O2" is a potent agent of 
biological damage.2 Many studies support this view. Conditions 
which lead to the generation of this radical have been associated 
with some significant pathological disorders3,4 that can often be 
prevented by the addition or enhancement of naturally occurring 
levels of superoxide dismutase.2 It has been shown that few 
biochemicals react directly with O2";5,6 those which do react un
dergo electron-transfer reactions that occur under normal meta
bolic conditions and are therefore unlikely to cause cell injury. 

It was then proposed6 that a derivative of O2", an "active 
oxygen" species such as OH or 1O2 (singlet molecular oxygen), 

(1) McCord, J. M.; Fridovich, I. J. Biol. Chem. 1969, 244, 6049-6055. 
(2) Fridovich, I. Science (Washington, D.Q 1978, 201, 875-880. 
(3) Michelson, A. M. "Superoxide and Superoxide Dismutases"; Mi-

chelson, A. M., McCord, J. M., Fridovich, I., Eds.; Academic Press: New 
York, 1977; pp 245-255. 

(4) Oxygen Free Radicals and Tissue Damage, Ciba Found. Ser. 1979, 
No. 65. 

(5) (a) Bielski, B. H. J.; Richter, H. W. J. Am. Chem. Soc. 1977, 99, 
3019-3023. (b) Bielski, B. H. J.; Shiue, G. G., ref 4, pp 43-55. 

(6) Bors, W.; Saran, M.; Lengfelder, E.; Spoettle, R.; Michel, C. Curr. 
Top. Radial. Res. Q. 1974, 9, 247-309. 

could be the agent of damage. The notion that OH is formed in 
the so-called Haber-Weiss7 reaction 

O2- + H2O2 — OH + OH" + O2 (D 
had to be abandoned when its rate constant k\ was shown to lie 
between 0.5 and 0.1 M - ' s"1.8 On the other hand, the very short 
lifetime in water (about 2 jts) and high specificity of its reactions 
make 1O2 an unlikely candidate for the role of an important 
biological intermediate. Also, there is evidence accumulating 
which negates the formation of singlet molecular oxygen from 
O2".9 Little can be said at present about an alternative scheme 
which involves the participation of transition-metal complexes in 
reactions of O2" and H2O2. It has long been known that OH can 
be generated in Fenton-type processes,10 but the chemical com
plexity of tissues has so far not allowed the unequivocal demon
stration of their occurrence in vivo. 

A transient species always formed in presence of O2" in water 
whose possible role in biology has been almost completely ignored 
is its conjugate acid, the perhydroxyl radical (HO2). From 
systematic studies of the rates of reaction of H 0 2 / 0 2 " with a 
number of biochemicals as a function of pH (Table I) a picture 
emerges that suggests that HO2 may be responsible for some of 
the biological effects presently attributed to O2". Not only does 
HO2 react faster than O2" with the compounds listed, but its 

(7) Haber, F.; Weiss, J. Proc. R. Soc. London, Ser. A. 1934,147, 332-351. 
(8) Weinstein, J.; Bielski, B. H. J. / . Am. Chem. Soc. 1979, 101, 58-62. 
(9) Fcote, C. S.; Shook, F. C; Abakerli, R. A. J. Am. Chem. Soc. 1980, 

102, 2503-2504. 
(10) Fenton, H. J. H.; Jackson, H. / . Chem. Soc. 1899, 75, 1-11. 
(ll)Nadezhdin, A. D.; Dunford, H. B. J. Phys. Chem. 1979, 83, 

1957-1961. 
(12) Land, E. J.; Swallow, A. J. Biochim. Biophys. Acta 1971, 234, 34-42. 
(13) Nadezhdin, A. D.; Dunford, H. B. Can. J. Chem. 1979, 57, 

3017-3022. 
(14) Bielski, B. H. J.; Chan, P. C. / . Biol. Chem. 1976, 251, 3841-3844. 
(15) Simic, M. G.; Taub, I. A.; Tocci, J.; Hurwitz, P. A. Biochem. Biophys. 

Res. Commun. 1975, 62, 161-167. 
(16) Chan, P. C; Bielski, B. H. J. / . Biol. Chem. 1980, 255, 874-876. 
(17) Bielski, B. H. J.; Gebicki, J. M. Biochim. Biophys. Acta 1974, 364, 

233-235. 
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