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Adenosine 5'-triphosphate (ATP) is the most useful phosphoryl
donor in enzyme-catalyzed synthesis.* The most convenient
procedure for in situ regeneration of ATP from ADP uses
phosphoenolpyruvate (PEP) and pyruvate kinase (Scheme I).
Commercial PEP is expensive and must usually be synthesized
chemically for use in large-scale synthesis. Here we describe a
practical procedure (the PGA method) that uses two inexpensive,
commercially available enzymes to generate PEP in situ from the
relatively inexpensive D-(—)-3-phosphoglyceric acid (3-PGA)
(Scheme 1).6

Scheme I. Regeneration of ATP Using PEP?
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9PEP can be synthesized in a scparate chemical step or generated as
shown from 3-PGA. P = phosphate; 3-PGA = D-(-)-3-phospho-
glyceric acid; 2-PGA = p-(+)-2-phosphoglyceric acid; PEP = phos-
phoenolpyruvate; pyr = pyruvate.
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Phosphoglycerate mutase’ converts 3-PGA to p-(+)-2-
phosphoglyceric acid (2-PGA): enolase’ then forms PEP. Con-
sumption of PEP by conversion of ADP to ATP, catalyzed by
pyruvate kinase,” drives the overall process.®?

We have tested the PGA method by using the reactions shown
in Scheme I1.  CTP. GTP, and UTP are the nucleoside tri-
phosphates nceded for the syntheses of the most common nu-
cleoside phosphate sugars used in Leloir pathway biosyntheses
(reactions 1-4).'"" Dihydroxyacetone phosphate (reaction 5) is
used in reactions catalyzed by aldolases,'" and arabinose 5-
phosphate (reaction 6) is a precursor to 3-deoxy-D-manno-2-oc-
tulosonic acid 8-phosphate (KDO-8-P).!12 1n all cases, procedures
based on 3-PGA were as effective as and more convenient than
procedures based on chemically synthesized PEP.*

The synthesis of CTP from CMP illustrates the PGA method."
A suspension of 173 g of 3-PGA (barium salt. dihydrate, ~95%,
461 mmol) in 500 mL of water was stirred vigorously with ~600
mL of ion-exchange resin (Dowex 50W-X8, H* form, 20-50
mesh) for 30 min at room temperature. The resin was removed
by filtration and washed with four 100-mL portions of water.'*
The combined, clear, pale-yellow filtrates were neutralized with
solid KOH and used directly in the next step.

CMP (frec acid, 71 g, 220 mmol), ATP-Na,;3H,0 (1.33 g, 2.20
mmol), MgCl»6H,0 (51 g, 250 mmol), and triethanolamine (1.9
g, 10 mmol) werc added to the solution of 3-PGA, and the pH
was adjusted to pH 7.6 with 5 N KOH. The solution (total volume
of 1 L) was degassed for 30 min with N,; 2-mercaptoethanol (0.25
mL, 3 mmol) was added. The enzymes'> were then added, and
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Scheme II. Reactions Tested by Using the 3-PGA Method To
Regenerate ATP According to Scheme ¢
™
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“Amount refers to quantity isolated. P = phosphate; CTP = cyti-
dine 5'-triphosphate; UTP = uridine 5'-triphosphate; GTP = guanosine
5’-triphosphate.

the solution was stirred at 22-24 °C under a positive pressure of
N,. Addition of 3 M HCl using a pH stat controlled the pH at
7.5-7.8. After 48 h, consumption of HCI had ceased but '"H NMR
spectroscopy indicated that the reaction was not complete. An
additional 32 g of 3-PGA (barium salt, 84 mmol) was converted
to the K* salt as described and added to the reaction mixture.
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After an additional 24 h, "H NMR spectroscopy indicated that
the reaction was complete. A total of 130 mL of 3 N HCI had
been consumed.

To isolate CTP, ~150-mL portions of the clear, pale-yellow
reaction mixture were transferred into 12 500-mL polypropylene
centrifuge tubes and 150 ml of absolute ethanol was added to
each tube. A white precipitate formed immediately. The tubes
were cooled in an ice bath for 13 min and then centrifuged (4 °C,
10000g, 10 min). The combined, sticky peliets were dissolved in
600 mL of water. the resulting solution was divided among six
250-mL centrifuge tubes, and 100 mL of absolute ethanol was
added to each tube. The tubes were again cooled and centrifuged.
Lyophilization of the combined pellets provided 145 g of an
off-white powder containing 202 mmol of CTP according to en-
zymatic analysis'® (92% yield: 90% purity for CTP-K,)."”

The primary advantage of the PGA method as a route to PEP
is that it requires less time. produces less organic waste, and is
more convenient than the chemical synthesis. Its starting materials
are commercially available. It is, however, more expensive. The
convenience outweighs the difference in cost for reactions carried
out on a scale <1 mol. The convenience of the PGA method, along
with its reliance on commercially available reagents, recommends
it as a general technigue for the in situ regeneration of ATP.
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sulfate from rabbit muscle). In this example, we used an excess of the enzymes
because their cost is low compared with the value of the product.
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(17) The water content (7.14%) was determined by the Karl Fischer me-
thod. Thin-layer chromatography [poly(ethylenimine)—cellulose, eluant: 2.0
N HCOOH/2.0 N LiCl, I:1. v/v] indicated that ATP was present in addition
to CTP; neither CMP nor CDP was detected. Comparison of the 'H and 3'P
NMR spectra with those of authentic CTP from Sigma indicated the presence
of ~1% each of ATP, dipyruvate. 3-PGA. inorganic phosphate, and ethanol.
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