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The carbon-phosphorus bond of most naturally occurring
phosphonates derives from a 1,3-phospho group transfer reaction
between phosphoenolpyruvate (1) and phosphonopyruvate (2).!
The equilibrium for this rearrangement, which is catalyzed by
phosphoenolpyruvate mutase (EC 6.4.2.9), lies predominantly

toward 1.! This enzyme is not, however, responsible for the
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formation of either of the two carbon-phosphorus bonds in bi-
alaphos, a powerful herbicide isolated from Streptomyces hy-
groscopicus. Thus Seto and his collaborators®* have shown that
the biosynthetic pathway to bialaphos involves carboxy-
phosphonoenolpyruvate mutase (CPEP mutase), which catalyzes
the formation of (hydroxyphosphinyl)pyruvate (5) from carboxy-
phosphonoenolpyruvate (3, CPEP). By analogy with phosphoe-
nolpyruvate mutase, the first step of the CPEP mutase reaction
presumably generates the new carbon—phosphorus bond by car-
boxyphospho group migration to give 4. This reaction seems likely
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to be energetically unfavorable (as is the conversion of 1 to 2).
In the second step, the intermediate 4 would decarboxylate, thus
driving the reaction toward 5. Mechanistic studies on this in-
teresting enzyme will be possible only with a supply of the substrate
3, a continuous product assay for 5, and ready access to the
enzyme. We report here the chemical synthesis of the unusual
phosphonate 3, the cloning of the mutase gene from S. hygros-
copicus and its expression at high levels in Escherichia coli, and
a convenient assay for the product, 5.

Despite earlier suggestions that 3 is “extremely unstable”,’ the
chemical synthesis of 3 proceeded smoothly, the key step* involving

*Permanent address: Pharmaceutical Sciences Institute, Aston University,
Birmingham, B4 7ET, UK.

(1) Bowman, E.; McQueney, M.; Barry, R. J.; Dunaway-Mariano, D. J.
Am. Chem. Soc. 1988, 110, 5575. Seidel, H. M.; Freeman, S.; Seto, H.;
Knowles, J. R. Nature (London) 1988, 335, 457. Hidaka, T.; Mori, M.; Imai,
S.; Hara, O.; Nagaoka, K.; Seto, H. J. Antibiot. 1989, 42, 491.

(2) Hidaka, T.; Seto, H.; Imai, S. J. Am. Chem. Soc. 1989, 111, 8012.

(3) Hidaka, T.; Imai, S.; Hara, O.; Anzai, H.; Murakami, T.; Nagaoka,
K.; Seto, H. J. Bacteriol. 1990, 172, 3066.

0002-7863/92/1514-377$03.00/0

a Perkov reaction between bis(trimethylsiloxy)(methoxy-
carbonyl)phosphine® (6) and ethyl bromopyruvate to give the
triester 7. Although recent studies on the hydrolysis of trialkyl
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esters of phosphonoformate have shown that the carbon—phos-
phorus bond is readily cleaved by attack at carbonyl,® treatment
of 7 with aqueous base first removes the reactive SiMe; group
to give the diester, in which the carbon-phosphorus bond is much
less vulnerable. The triester 7 was readily converted to 3 by the
careful addition of 3 equiv of aqueous NaOH.” The spectroscopic
data’ were consistent with those reported for the natural product.?
The trisodium salt of 3 is stable in water over several days at room
temperature. Carboxyphosphonoenolpyruvate (3) will be useful
for studies of both CPEP mutase and the enzyme that catalyzes
CPEP formation from phosphoenolpyruvate and phosphono-
formate.’

To develop an assay for CPEP mutase, a sample of §!0 was
prepared by the transamination of (hydroxyphosphinyl)alanine!!
with glyoxylic acid—Cu(QAc),.!? We had earlier shown that 2
is a relatively poor substrate for malate dehydrogenase (MDH),
having a high K, of 11 mM. In terms of both size and charge,
5 should be a better mimic for oxaloacetate than 2. As predicted,
5 is a good substrate for MDH, having a K, of 0.68 mM and a
k., of 164 s71.13 Interestingly, the product of this reaction,
(hydroxyphosphinyl)lactate, has been found in extracts of S.
hygroscopicus.'* Using MDH/NADH, therefore, a continuous
coupled enzyme assay can be established for CPEP mutase.

Using the partial gene sequence reported by Hidaka et al.,2 we
have cloned the gene for CPEP mutase from S. hygroscopicus
into E. coli. The open reading frame encodes a protein of 295
amino acids, the calculated molecular weight of which (32700)
agrees with that determined for the purified enzyme (32000 %
1000).> The gene was expressed in E. coli using the T7 pET11
vector, which produced CPEP mutase at 20% of the total cell
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protein. CPEP mutase was readily purified to homogeneity.>'*
Using synthetic substrate and the coupled enzyme assay, car-
boxyphosphonoenolpyruvate has a K, of 0.27 mM and a &, of
0.020 5! in the mutase reaction.!® The low k,, may derive from
the fact that the carboxyphospho group transfer involved in the
conversion of 3 to 4 is highly endergonic. In qualitative agreement
with the observation of Hidaka et al.,> CPEP mutase is more than
10 times as active in the presence of Mn(II) as in the presence
of Mg(II). We currently aim to establish whether the presumed
rearrangement of 3 to 4 proceeds via a carboxyphospho-enzyme
intermediate similar to that suggested for the interconversion of
1 and 2,'” and whether the decarboxylation of 4 to 5 is enzyme
catalyzed.
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We report here the synthesis of a series of new carbohy-
drate-based materials and their use for the stabilization of pro-
teins.! We prepared a series of aminoglucose-based monomers,
1a-3a, by reaction of the appropriate amine with methacryloyl
chloride in methanol. Treatment of 1a-3a with ammonium
persulfate in water at temperatures from 5 to 70 °C gave the
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carbohydrate-based macromolecules 1b-3b in yields of >80%.
These water-soluble materials contain a high density of masked
aldehyde functionality and have absolute molecular weights of
>4 X 10¢ daltons (Da) with polydispersities <1.4.2> Incubation
of macromolecules 1b—~3b with the desired protein and sodium
cyanoborohydride in borate buffer (pH 8-9) at 37 °C gave
carbohydrate—protein conjugates (CPC) of proteases {a-chymo-
trypsin [CPC(CT)], trypsin [CPC(Try)], and subtilisin BPN’
[CPC(BPN")]}, an endonuclease [CPC(EcoRI)], and an antibody
that binds aldrin [CPC(M,, 8H11)] (Scheme I).%* Amino acid
analysis of the CPC(proteases) found that approximately three
to six lysines of each protein are conjugated to the carbohy-
drate-based macromolecule.®  We found that the CPC(proteases)
and t7hf,2native enzymes have similar kinetic parameters (k. and
K.)."
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