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This paper describes a practical procedure for converting yeast
RNA into a mixture of ATP, UTP, GTP, and CTP (Scheme I).
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This mixture can be used as a source of nucleoside triphosphates
for the synthesis of nucleoside diphosphate sugars. These latter
substances are required in most enzyme-catalyzed syntheses of
oligo- and polysaccharides.’ In addition, since many ATP-utilizing
enzymes (especially phosphotransferases) will also accept GTP,
UTP, and CTP,* the mixture of nucleoside triphosphates serves

* Inquiries should be addressed to G.M.W. at the Department of Chem-
istry, Harvard University, 12 Oxford Street, Cambridge, MA 02138.

(1) Supported by the National Institutes of Health, GM-26543 and GM-
30367.

(2) National Science Foundation Predoctoral Fellow.

(3) Nikaido, H.; Hassid, W. Z. Adv. Carbohydr. Chem. Biochem. 1971,
26, 351-483. Rosevear, P. R.; Numez, H. A.; Barker, R. Biochemistry 1982,
21, 1421-31.

© 1983 American Chemical Society



116 J. Am. Chem. Soc., Vol. 105, No. 1, 1983

Scheme 19
RNA
Nuclease Py
Y
Oligonucleotides
Y Pnpase. Pi
j\POfF [aop+ GoP : cop + uoe| HO~ pHO
+ + +
Co, N /’/ —_— HCWOH
{ pu s AN
A ' HK, Ack, AcP PO
ﬁ\ J/ [ATP*GTP*CTP*UTP]\ N
€O, i et H
2 TS OH
; HO 0 g
! O . PoM
P =N
| vorse 0POzH-
PPase A
2P| «——— PRI+, OH 0
¥ s {
Hao\ o H,N/\ﬂ
[aTe«cTR e cTR| + o o o
O-P-0-PO— | DT
0- o Y
& hn

@ PNPase, polynucleotide phosphorylase; PK, pyruvate kinase;
HK, hexokinase; AcK, acetate kinase; PGM, phosphoglucomutase;
UDPGP, UDP-glucose pyrophosphorylase; PPase, inorganic pyro-
phosphatase; AcP, acetyl phosphate.

as a convenient source of phosphate equivalents in other en-
zyme-catalyzed organic syntheses.’

Conversion of RNA to the mixture of nucleoside triphosphates
involved two steps. In the first, nuclease P, (E.C. 3.1.4.—, in
solution) was used to hydrolyze high molecular weight yeast RNA
to a mixture of lower molecular weight oligonucleotides.® In the
second, polynucleotide phosphorylase (PNPase. E.C. 2.7.7 8. im-
mobilized in PAN gel”) converted these oligonucleotides into
nucleoside diphosphates by reaction with phosphate. This
equilibrium conversion strongly favors oligonucleotides.* The
nucleoside diphosphates were converted to nucleoside triphosphates
by phosphorylation in situ by using phosphoenol pyruvate (PEP)°
and pyruvate kinase (PK, E.C. 2.7.1.40) to drive the reaction.'®
The most expensive enzyme in this synthesis is PNPase
($4.00/unit, Sigma). The initial treatment by nuclease P, permits
use of PNPase immobilized in PAN gel, in which form the enzyme
is both relatively stable and very easily recovered for reuse.

In a representative procedure, yeast RNA (15 g, 95% pure, from
Boehringer Mannheim) and 50 units of nuclease P, in 20 mL of
water (0.1 mM in MnCl,, pH 6.0) was stirred at 50 °C for 1 h.
The mixture was adjusted immediately to pH 8.2 by adding cold
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5 N NaOH solution and diluted to a total volume of ! L ina
solution that contained potassium phosphate (0.2 M), MgCl,
(2mM), PEP (monopotassium salt, 80 mM), and PAN-immo-
bilized PNPase (8 units in 20 mL of gel)!' and PK (50 units in
1 mL of gel). The reaction mixture was stirred at room tem-
perature under argon for 4 days, and the pH was controlled
between 8.2 and 8.5. Enzymatic analysis'? of the reaction mixture
indicated that it contained 30 mmol of nucleoside triphosphates
(68% yield based on RNA); no further increase in the yield of
these substances was observed!? with longer reaction times. The
gel particles were removed, the solution was adjusted to pH 3.0
at 4 °C by adding cold concentrated HCI with stirring, and a
precipitate was removed by filtration. The filtrate was adjusted
to pH 8.0 (S N NaOH) and concentrated under reduced pressure
at 35 °C to a volume of 50 mL. This solution contained a mixture
of nucleoside triphosphates (28 mmol, 62% yield based on RNA)
in these relative quantities:'* ATP, 24%; UTP, 28%: GTP, 30%;
CTP, 18%. The enzymatic activities recovered after these
transformations were PNPase, 75%, and PK, 92%.

The mixture of nucleoside triphosphates obtained in this pro-
cedure is contaminated with a number of other components. These
other materials do not, however, seem to interfere with the use
of the nucleoside triphosphates in further enzymatic processes.
In particular, the conversion of the UTP present in the mixture
to UDP-glucose and the use of the components of the mixture
to act as cofactors in the hexokinase-catalyzed phosphorylation
of glucose!®> were both uneventful.

For the synthesis of UDP-glucose (UDP-Glc), 40 mL of the
mixture of cofactor (6.2 mmol of UTP) was diluted to 200 mL
(pH 8.0). PAN-immobilized UDP-Glc pyrophosphorylase
(UDPGP, E.C. 2.7.7.9, 50 units in 1 mL of gel), inorganic py-
rophosphatase (PPase, E.C. 3.6.1.1, 60 units in 0.5 mL of gel),
phosphoglucomutase (PGM, E.C. 2.7.5.1, 52 units in 1 mL of gel),
and glucose 6-phosphate (G-6-P, generated from 6.2 mmol of
barium salt by treating with Dowex S0 to remove barium ion)'*
were added. The reaction was conducted under argon for 20 h
with pH controlled at 7.3, Enzyvmatic analysis'® of the solution
indicated it contained 6 mmol of UDP-Glc and 14 mmol of a
mixture of other nucleoside triphosphates. After separation of
the enzyme-containing gel, the solution could be used directly for
UDP-Glc—requiring disaccharide synthesis,'” or isolated by
chromatography using Bio-Rad P-2 (H,O solvent).'$

The procedure summarized in Scheme I provides the best
method presently available for the preparation of GTP, UTP, and
CTP, provided that the mixture of nucleoside triphosphates is
acceptable. We have explored an alternative scheme for generation
of this mixture based on nuclease P,-catalyzed hydrolysis of RNA
to a mixture of nucleoside monophosphates, followed by phos-
phorylation of these species to triphosphates.!” We have not found
the nucleoside monophosphate kinases required for this scheme
to be either easily prepared or easily handled.

The major weakness of the scheme described here is the present
expense of commercial PNPase. We note, however, that this
enzyme is readily available from E. Coli B® and could in any event
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probably be made in quantity by recombinant DNA methods.

Registry No. ATP, 56-65-5: UTP, 63-39-8: GTP, 86-01-1; CTP. 65-
47-4: nuclease Py, 54576-84-0: PNPase, 9014-12-4: PEP. 138-08-9: PK,
9001-59-6; UDP-Glc, 133-89-1: glucose, 50-99-7; (3-6-P, 56-73-5.

Supplementary Material Available: Procedures for preparation
of glucose-6-phosphate by using the XTP's prepared here and for
immobilization of PNPase (1 page). Ordering information is given
on any current masthead page.
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Starting from 540 g of the frozen cells, 880 units of PNPase were detected.
After several steps of purification, 150 units of the enzyme were isolated with
specific activity 6 unit/mg (1 unit will generate 1 umol of ATP/min from
poly(A) in a coupled reaction).
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