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Large-Scale ATP-Requiring Enzymatic
Phosphorylation of Creatine Can be Driven by
Enzymatic ATP Regenerationr

Summary; Phosphorylation of creatine to creatine phosphate
has been accomplished on a synthetically useful scale (0.16
mol) using creatine kinase (8.C.2.7.3.2), a catalyt ic quanti ty
of ATP, and an ATP regeneration system based on acetate
kinase (8.C.2.7.2.1) and acetyl phosphate.

Slr: We have previously used the hexokinase-catalyzed con-
version of glucose to glucose G-phosphate to illustrate the
practicality of ATP regeneration in enzyme-catalyzed organic
synthesis.2 The equilibrium constant for phosphate transfer
from ATP to glucose is large (K = 1.5 X 102 at pH 6.0),3 and
this reaction goes to completion. ATP is, however, only a
moderately strong biological phosphorylating agent,a'5 and
many ATP-requiring enzymatic transformations of potential
interest in organic synthesis have unfavorable equilibrium
constants. Acetyl phosphate, the ultimate phosphorylating
reagent in our ATP regeneration scheme, has a significantly
greater thermodynamic potential for phosphorylation than
ATP, and an important advantage of an ATP regeneration
scheme based on acetyl phosphate is its ability to drive to
useful conversion a reaction whose equilibrium constant is
unfavorable based on the phosphate-donor potential of ATP
alone.a,6 Here we provide an example of a reaction of this type
by the phosphorylation of creatine (C) to creatine phosphate
(CP) on a practical scale (eq 1). The maximum value reported

creatine hydrate (100 g, 667 mmol, only part ial ly soluble),
ATP (5.0 mmol), MgSOa.TH2o- (20 mmol), and dithiothreitol
(5.0 mmol).r0 Polyacrylamide gel part icles containing im-
mobilized acetate kinase (AcK, 8.C.2.7 .2.1, 980 U, 4 mL of gel)
and creat ine k inase (CK,  8 .C.2.7 .3 .2 ,312 U,  160 mL of  ge l )
were suspended in the mixture. l l  Diammonium acetyl phos-
phate in 10o/o aqueous ethylene glycol solution (1 M, pH 9.0)
was added continuously over 36 h at 25 mL h-r to the stirred
solut ion.l2 The solut ion was maintained between pH 8.8 and
9.2 by the addition of 5.0 N NaOH solution (10o/o aeueous
ethylene glycol) using an automatic pH controller. The reac-
tion was conducted at ambient temperature, and the reaction
mixture and reagent solutions were deoxygenated before use
and maintained under argon. After 36 h of operation (675

mmol of AcP added), enzymatic assayl i l  indicated that the
reaction was close to equilibrium. The concentration of CP
was 56 mM. This quantity (234 mmol in 4200 mL) corresponds
to a 63o/" yield based on dissolved C (56 g) and a 35olo yield
based on AcP.

The polyacrylamide gel particles and a white precipitate
composed primari ly <lf  magnesium phosphate were al lowed
to settle, and the solution was decanted and centrifuged. In-
organic phosphate (666 mmol, est imated by the dif ference
between the AcP and phosphate-containing impurities added

and the CP produced) was partly precipitated by the addition

of a stoichiometric amount of MgSOa'7H2O (666 mmol) at pH

9.2-9.3 and removed by centrifugation. The supernatant was

adjusted to pH 7.6 with 5.0 N HCI solut ion and was treated

with RaBrz (1170 mL of 1.8 M solut ion) to precipitate the re-

maining inorganic phosphate. The mixture was al lowed ttr
stand for 20 min, the precipitate was separated by centr i f 'u-
gation, and the supernatant was treated with 234 mmol of '
BaBr2 (1110 mL of '1.8 M solut ion) and f our volumes of absolute
ethanol precooled to 0 oC. The mixture was st irred for 20 min

and al lowed to stand for 5 h at 4 oC. The supernatant was

discarded and the white precipitate was washed twice with

800-mL port ions of absolute ethanol (0 "C) and with 1000 m[,

o1'anhydrous ether (0 'C). The precipitate (7 4.4 g) was dried

over l)r ier i te for l2 h under vacuum: i t  containedT9"/" BaCP
(159 mmol) by enzymatic assay.t;r  Jl lc quanti ty corresponds
to a 24o/n yield based on AcP. The activities of creatine kinase

and acetate kinase were recovered in the gel in 79 and 7loln
yield, respectively.

'l 'he conversion of C to CIP using ATP provides a severe test

ftrr enz5'rnatic synthesis: it is endothermic; neither the product
(CP)  nor  AcP has h igh hydro ly t ic  s tab i l i ty ; ra  the enzymat ic
reaction is inhibited b1- CP at low concentrations;10 the specific

activi ty of CK is only moderate. Nonetheless, these results
establish that by caref'ul adjustment of reaction conditions it
is possible to use the high phosphate donor potential of AcP
to drive the coupled enzymatic reactions (eq 1) to synthetically
usef'ul conversions. This coupled pair of reactions defines the
least thermodynamical ly favorable scheme that can be used
in practical synthesis with the AcP-based A'fP regeneration
sequence: if the net equilibrium constant for the CP synthesis
and ATP regeneration reacti<lns were smaller by a factor of
10, problems with recoverv of low concentrations of products
from large volumes of phosphate-containing solut ion would
begin to be troublesome.
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for the equilibrium constant for phosphorylation of C to CP
by ATP is K1 : 2.5 x tO-1 (pH 9);7 that for phosphorylat ion
of ADP to ATP by AcP at this pH is Kz o 1.5 X 102.8 The
equil ibr ium constant (eq 2) for the coupled equil ibr ium re-
actions (eq 1) was maximized empir ical ly under condit ions
appropriate for large-scale synthesis by varying the pH, ionic
strength, and composition of the solvent: K = 140 (pH 9, 10o/o
v/v aqueous ethylene glycol solution).e

(CP) (Ac )  (CP) (ADP)  (ATP) (Ac )
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Synthesis of CP was carr ied out in a 5-L round-bottomed
flask equipped with a pH electrode, a magnetic stirring bar,
and 6 g of glass beads to facilitate stirring the heterogeneous
reaction mixture. The flask was charged with 3000 mL of 10o/o
aqueous ethylene glycol solution (pH g, no buffer)e containing

oo
l l t l
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