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Large-Scale Enzymatic Synthesis with Cofactor
Regeneration: Glucose 6-Phosphate!
Sir:

Many important reactions in enzyme-catalyzed biosynthesis
consume cofactors in stoichiometric quantities. The cost? of
the most commonly required cofactors has discouraged the use
of these enzymatic reactions for the synthesis of organic
compounds on any scale greater than a fraction of a mole.3
We have previously proposed a scheme for the enzymatic re-
generation of ATP from ADP or AMP, and outlined its pos-
sible use in large-scale cofactor-requiring synthesis.’ Here we
demonstrate the practicality of this scheme by the preparation
of glucose 6-phosphate (G-6-P) from glucose on a mole
scale.

A representative reaction was carried out in a 5-L flask
modified to accept a pH electrode. The flask was charged with
1200 mL of solution (pH 6.6) containing glucose (1.4 mol),
ATP (10 mmol), MgCl; (98 mmol), EDTA (4.8 mmol), and
dithiothreitol (18 mmol). Polyacrylamide gel particles (20-50
pm in diameter) containing covalently immobilized hexokinase
(ATP: D-hexose-6-phosphotransferase, E. C. 2.7.1.1, 1200 U.)
and acetate kinase (ATP: acetate phosphotransferase, E. C.
2.7.2.1, 1100 U.) were suspended in this solution.® Diam-
monium acetyl phosphate (AcP, 0.7 M) was added contin-
uously over 48 h at 40 mL /h to the magnetically stirred reac-
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tion mixture.” The solution was maintained between pH 6.6
and 6.9 by addition of 4 M potassium carbonate solution using
an automatic pH controller.? The reaction was conducted at
25 °C, and the reaction mixture and reagent solutions were
deoxygenated before use and maintained under argon. After
50 h of operation (1.36 mol of AcP added), enzymatic assay®
indicated that 1.09 mol of G-6-P had been formed: its final
concentration was 0.31 M. The polyacrylamide gel particles
were allowed to settle, and the solution was decanted. Inorganic
phosphate (0.27 mol, estimated by the difference between the
AcP added and the G-6-P formed) was precipitated by addition
of a stoichiometric quantity of Ba(OH); and removed by fil-
tration. G-6-P was then precipitated by addition of 1.2 mol of
Ba(OH),: the resulting solid (502 g) contained 92% Ba G-
6-P-7H,0 (0.89 mol) by enzymatic assay.® This quantity
corresponds to a 65% yield based on AcP added. The activities
of hexokinase and acetate kinase were recovered in the gel in
93 and 75% yield, respectively. The turnover number for ATP
during the reaction was >100; no effort was made to recover
1t.

Three points concerning experimental details deserve
mention. First, the initial quantities of ATP and Mg(II) were
chosen such that the concentration of MgATP and MgADP
would be well above the Michaelis constants for the soluble
enzymes,'? even after dilution by the AcP solution. Second,
the reaction proceeded satisfactorily with AcP having >80%
purity. If the purity fell below 80%, complexation and pre-
cipitation of Mg(II) by the phosphate impurities made it dif-
ficult to maintain adequate concentrations of MgADP and
MgATP in solution, and troublesome to isolate Ba G-6-P in
high purity. Third, it was useful to carry out the reaction so that
addition of AcP to the solution was overall rate-limiting and
AcP was never present in the reaction mixture in high con-
centrations, to minimize spontaneous hydrolysis of AcP with
concomitant release of phosphate.

Comparison of this preparation of G-6-P with existing
chemical'! or enzymatic'? methods illustrates the potential
of ATP-requiring enzymatic synthesis for the regioselective
modification of unprotected, water-soluble, polyfunctional
substrates. Since the hexokinases have broad substrate speci-
ficity,!? this sequence should be directly applicable to the
preparation of phosphates of a number of other sugars (e.g.,
fructose, mannose, deoxy-D-glucose, glucosamine). In broader
terms, this conversion establishes that it is practical to couple
enzymatic ATP regeneration with ATP-requiring enzymatic
synthesis to achieve large-scale organic transformations. Re-
actions which require regeneration of ATP from AMP are also
accessible using this reaction sequence, by adding adenylate
kinase (AMP:ATP phosphotransferase, E. C. 2.7.4.3) to cat-
alyze the conversion of AMP and ATP to ADP;> we will pro-
vide examples of this type of reaction sequence in the imme-
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diate future. The good stability of the immobilized enzymes,
and the ease of their recovery, suggests that these synthesis and
regeneration schemes should have broad applicability in pre-
parative organic chemistry.!2
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