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Organophosphates are most commonly found in nature as 
oxygen esters, diesters, and anhydrides of phosphoric acid. 
Phosphonates, which contain a P-C linkage, by comparison are 
more sparse in the natural environment. Nonetheless, they have 
been discovered in a variety of organisms (ranging from bacteria 
to man) and have been shown to occur in a number of structural 
forms.1 

Studies of the biosynthetic pathways leading to the phospho-
nolipid precursor, 2-aminoethylphosphonate (AEP)2,6 (1) in 
Tetrahymena pyriformis, and to the antibiotics, fosfomycin7 (2), 
and bialaphos8 (3) in certain strains of Streptomyces have sug
gested that phosphoenolpyruvate (PEP)9 is the key precursor (see 
Scheme I) of naturally occurring phosphonates. Twenty years 
ago Warren postulated that the P-C bond in 1 is formed from 
PEP by its isomerization to phosphonopyruvate (P-pyr).4 In this 
communication we wish to report the discovery of the reversible 
rearrangement reaction of PEP and P-pyr which takes place in 
the active site of a Mg2+ activated phosphomutase found in T. 
pyriformis. 

The phosphomutase was isolated from T. pyriformis cells that 
were cultivated and harvested according to published procedures.6 

Cell lysis was carried out in buffered solutions at pH 8.2 (4 0C) 
with a French Pressure Cell Press (8000 psi).10 The cell debris 
was removed at 17 000 g (10 min), and Streptomycin sulfate (2% 
wt/v) was added to the supernatant to precipitate the nucleic acids. 

(1) For recent reviews, see: (a) The Role of Phosphonates in Living 
Systems; Hilderbrand, R. L., Ed.; CRC Press: Boca Raton, FL, 1983. (b) 
Mastalerz, P. in Natural Products Chemistry; Zalewski, R. I.; Skolik, J. J., 
Eds.; Elsevier: Amsterdam, 1984; pp 171-184. 

(2) Trebst, A.; Geike, F. Z. Naturforsch., B: Anorg. Chem., Org. Chem., 
Biochem., Biophys., Biol. 1967, 22, 989-991. 

(3) Horiguchi, M.; Kittredge, J. S.; Roberts, E. Biochim. Biophys. Acta 
1968, 165, 164. 

(4) Warren, W. A. Biochim. Biophys. Ada 1968, 156, 340. 
(5) Liang, C; Rosenberg, H. Biochim. Biophys. Acta 1968, 156, 437. 
(6) Horiguchi, M. Biochim. Biophys. Acta 1972, 261, 102. 
(7) Rogers, T. O.; Birnbaum, J. Antimicrob. Agents Chemother. 1974, 5, 

121. 
(8) Seto, H. In Mycotoxins and Phycotoxins; Steyn, P. S.; Vleggaar, R. 

Eds.; Elsevier: Amsterdam, 1986 p 77. 
(9) Abbreviations used: phosphoenolpyruvate (PEP), phosphonopyruvate 

(P-pyr), (7V-2-hydroxyethylpiperazine-/V-2-ethanesulfonic acid) (HEPES), 
ethylenediamine tetraacetic acid (EDTA), bovine serum albumin (BSA), 
adenosine 5'-diphosphate (ADP), orthophosphate (Pj), 2-aminoethyl
phosphonate (AEP), dihydronicotinamide adenine dinucleotide (NADH), high 
pressure liquid chromatography (HPLC), nuclear magnetic resonance 
(NMR). 

(10) Cell lysis was carried out with 25 mL of packed cells in 100 mL of 
suspension buffer (pH 8.2) containing 50 mM K+HEPES, 1 mM EDTA, 10 
mM /3-mercaptoethanol, 0.8% BSA, 1 mM 1,10-phenanthroline, 1 mM ben-
zamidine-HCl, 50 MM phenylmethylsulfonyl fluoride, and 50 u%/rnL trypsin 
inhibitor. 
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The P-pyr => PEP phosphomutase activity (measured with syn
thetic P-pyr" and with the ADP/pyruvate kinase-NADH/lactate 
dehydrogenase coupled spectrophotometric assay at pH 7.8, 25 
0C) was found in the 60-70% (NH4)2S04 protein fraction. The 
phosphomutase was purified as a ~ 40 000 D protein having a 
specific activity of 30 unit/mg (5 mM MgCl2, 50 mM K+Hepes, 
pH 7.5, 25 0C) by using the following sequence of column 
chromatographies at 4 0C: DEAE-Sephadex (0.1 M NaCl to 0.4 
M NaCl in 10 mM MgCl2 and 20 mM triethanolamine pH 7.5), 
Sephadex G-100 (10 mM MgCl2, 20 mM triethanolamine pH 
7.5), and Superose-12 (Pharmacia) FPLC (10 mM MgCl2, 20 
mM triethanolamine pH 7.5). In the absence of Mg2+ ion the 
phosphomutase was found to be catalytically inactive. 

The thermodynamically favored direction of the phospho-
mutase-catalyzed PEP/P-pyr isomerization reaction (20 mM PEP 
or P-pyr, 10 mM MgCl2, 50 mM K+Hepes, pH 8.0, 25 0C) was 
determined by using 31P NMR (Figure 1) and HPLC (Altex C-18 
reversed phase analytical column, 3% triethylamine, 25 mM P1, 
1.5% methanol, pH 6.5 as isocratic eluent, A231nm) techniques. 
The PEP/P-pyr ratio at equilibrium was found to be >500. 
Because PEP is the highest energy naturally occurring organo-
phosphate, this finding was not anticipated. Specifically, compared 
to a simple phosphate ester (for which the standard free energy 
of hydrolysis is 2-3 kcal/mol) PEP releases ca. 10 kcal/mol more 
standard free energy upon hydrolysis.12 This energy release is 
brought about largely as a result of the conversion of the phos-
phoenol moiety in PEP to the ketone moiety in pyruvate and the 
relief of the repulsive interaction which takes place between the 
charged carboxylate and phosphate moieties present in the PEP.13 

Both of these factors are expected to also contribute to the en-

(11) Anderson, V. E.; Weiss, P. M.; Cleland, W. W. Biochemistry 1984, 
23, 2779. 

(12) Atkinson, M. R.; Morton, R. K. In Comparative Biochemistry; 
Florkin, M., Mason, H. S., Eds.; Academic Press: New York, 1960; Vol. II, 
p i . 

(13) Spiro, T. G. In Inorganic Biochemistry; Eichorn, G., Ed.; Elsevier: 
Amsterdam, 1973; Vol. I, pp 550-551. 
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(Scheme III) in T. pyriformis leave little doubt that the PEP to 
P-pyr conversion is the key P-C bond-forming step of phosphonate 
biosynthesis in this organism. It should be recognized, however, 
that because of the unfavorable position of the PEP <=> P-pyr 
equilibrium that in order for the phosphomutase-catalyzed reaction 
to serve as the source of P-pyr it must be coupled to a thermo-
dynamically favorable ensuing step in the pathway. In the case 
of the AEP6'18 and bialaphos8 biosynthetic pathways, P-pyr for
mation is followed by its decarboxylation to produce phospho-
noacetaldehyde. Studies carried out in our laboratory on the 
competing reaction pathways of PEP and P-pyr in T pyriformis 
cellular homogenates suggest that the phosphomutase and a-
ketodecarboxylase reactions are coupled in such a way that the 
P-pyr formed at the phosphomutase active site (where the PEP 
«=» P-pyr equilibrium seems to be more favorable) is shuttled 
directly into the active site of the decarboxylase.19 

Ongoing studies in our laboratory are focussed on distinguishing 
a concerted vs stepwise mechanism for the PEP <=> P-pyr rear
rangement by determining the stereochemical course of the 
phosphomutase catalyzed reaction of a chiral P-pyr derivative. 
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(19) We have shown18 (1) that the conversion of PEP to AEP in the 
homogenate is significantly more efficient than the conversion of the pathway 
intermediate, P-pyr to AEP and (2) that the reason for this is that the P-pyr 
added to the homogenate is rapidly consumed by a competing hydrolysis 
reaction, while the added PEP is not. The P-pyr generated from PEP via the 
phosphomutase (as opposed to the "added" P-pyr) is therefore protected from 
the reaction catalyzed by the crude homogenate. Such protection would be 
afforded by transfer of the P-pyr formed in the active site of the phospho
mutase directly into the active site of the decarboxylase. 

Figure 1. 31P NMR spectra (162.04 MHz, 0.1 M DjPO4 external 
standard, 25 0C, 50% D2O) of a solution initially containing 20 mM 
phosphonopyruvate, 10 mM MgCl2, and 50 mM K+Hepes (pH 8.0) 
before (A) and after (B) incubation with 0.3 unit/mL of phosphomutase 
for 1 h. 

ergetics of the PEP => P-pyr conversion. However, opposing the 
PEP =» P-pyr conversion is the difference in the P-O and P-C 
bond energies. Although the exact difference in the P-O and P-C 
bond energies of PEP and P-pyr has not been reported, published 
values for other systems range from 10-17 kcal/mol in favor of 
the P-O bond.14 Relevant to the PEP *=» P-pyr rearrangement 
reaction are the reported thermal rearrangements of diesters of 
a-ketophosphonates in acid solution to the corresponding vinyl 
phosphates15 (Scheme II). Thus, the equilibrium position of the 
vinyl phosphate <=> ketophosphonate interconversion in this system 
as well as in the PEP <=> P-pyr system appears to be dominated 
by the comparatively higher energy of the P-C bond of the ke
tophosphonate. 

The unexpected equilibrium position for the catalyzed PEP <=» 
P-pyr isomerization reaction has no doubt contributed to the failure 
of previous attempts1'8-16 to observe P-pyr formation from PEP 
in whole cell or cell free systems. Nevertheless, the current results 
along with those from recent studies of the PEP to AEP pathway18 

(14) Huheey, J. E. Inorganic Chemistry, 3rd Ed.; Harper and Row: New 
York, 1983; p A-321. Tarr, A. M.; Whittle, E. Trans. Faraday Soc. 1964, 
60, 2039. 

(15) Machleidt, H.; Strehlke, G. U. Angew. Chem., Int. Ed. Engl. 1964, 
443. 

(16) Horiguchi,17 however, reported that P-pyr was isolated from a T. 
pyriformis cellular homogenate-PEP mixture as a hydrazone derivative by 
reacting the mixture with 2,4-dinitrophenylhydrazine under acidic conditions. 
Several attempts to reproduce this result failed. Because appreciable amounts 
of PEP-derived P-pyr could not possibly be present in the reaction mixture 
failure to trap the P-pyr under enzyme denaturing conditions is understand
able. 

(17) Horiguchi, M.; Rosenberg, H. Biochem. Biphys. Acta 1975, 404, 333. 
(18) Barry, R. J.; Bowman, E.; McQueney, M.; Dunaway-Mariano, D. 

Biochem. Biophys. Res. Commun. 1988, 153, 177. 
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Since the discovery of the unusual structure in trithiapentalenes,' 
i.e., sometimes referred to as "no bond resonance compounds", 
many examples of the 10-S-3 species have been prepared.1'2 In 
these species,2'3 the bond distances in the three-center four-electron 
bond (X-S-Y) vary according to the electronegativity of the two 
ligands.3b In connection with these studies, we have shown the 
presence of ring transformation equilibrium ("bond switching") 
in sulfur-containing heterocyclic systems via such 10-S-3 sulfu
ranes, which show susceptibility of the hypervalent bond to the 
ligand stability.5 

(1) (a) Arndt, F.; Nachtwey, P.; Pusch, J. Chem. Ber. 1925, 58, 1633. (b) 
Bezzi, S.; Mammi, M.; Garbuglio, C. Nature (London) 1958, 182, 247. (c) 
Pfister-Guillouzo, G. Bull. Soc. Chim. Fr. 1958, 1316. 

(2) (a) Gleiter, R.; Gygax, R. Top. Curr. Chem. 1976, 63, 49. (b) Lozac'h, 
N. Adv. Heterocyclic Chem. 1971, 13, 161. (c) Gleiter, R.; Spanget-Larsen, 
J. Top. Curr. Chem. 1979, 86, 139. 

(3) (a) Musher, J. I. Angew. Chem., Int. Ed. Engl. 1969, 8, 54. (b) Hayes, 
R. A.; Martin, J. C. Organic Sulfur Chemistry: Theoretical and Experi
mental Advances; Bernardi, F., Csizmadia, I. G., Mangini, A., Eds.; Elsevier 
Scientific Publishing Company: Amsterdam, 1985; p 408. (c) Kucsman, A.; 
Kapovits, I. Ibid, p 191. 

(4) Angyan, J. G.; Poirier, R. A.; Kucsman, A.; Csizmadia, I. G. J. Am. 
Chem. Soc. 1987, 109, 2237. 
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