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Practical Enzymatic Syntheses of Ribulose
1,5-Bisphosphate and Ribose 5-Phosphate!

Sir:

Ribulose-bisphosphate carboxylase (EC 4.1.1.39) is the central
enzyme in fixation of CO, by plants and as such is an object of
current interest in enzymology.? The normal substrate for this
enzyme, ribulose 1,5-bisphosphate (RuDP), is expensive and has
been difficult to prepare in quantity.’ Here we report two en-
zymatic syntheses easily capable of generating RuDP in quantities
greater than 0.1 mol. These syntheses also provide a new route
to ribose 5-phosphate and illustrate the practicality of an anaerobic
system for regeneration of NAD(P) from NAD(P)H based on
glutamate dehydrogenase. The relevant reactions are summarized
in Scheme I.

The first step in conversion of glucose 6-phosphate* to RuDP
was oxidation to 6-phosphogluconate (6-PG) either with Br,’ or
enzymatically, using glucose-6-phosphate dehydrogenase from
Leuconostoc mesenteroides and NAD(P).® The two-step con-
version of 6-PG to RuDP was carried out in one vessel. A 3-L
solution containing 0.2 mol of 6-PG, 0.2 mol of a-ketoglutarate,
1 mmol of ATP, 10 mmol of dithiothreitol (DTT), and 30 mmol
of MgCl, was degassed with argon. Acetate kinase (AcK, EC
2.7.2.1, 800 U), 6-phosphogluconate dehydrogenase (PGDH, EC
1.1.1.44, 800 U), glutamate dehydrogenase (GluDH, EC 1.4.1.2,
800 U), and phosphoribulokinase (PRuK, EC 2.7.1.19, 800 U),
each separately immobilized in PAN gel 7 were added, and the
solution was blanketed with argon.! Diammonium acetyl
phosphate9 (48 g of 90% pure material, 0.25 mol) was added as
a solid in 10 equal portions over 40 h and the pH controlled at
7.9.1011 The solution was decanted from the gel; the enzymatic
activities recovered in the gel were: 6-PGDH, 92%; AcK, 92%;
GluDH, 94%; PRuK, 92%. Acid-washed activated charcoal (30
g) was added to the decanted solution to remove colored impurities.
The pH was adjusted to 4.5, and BaCl, (0.5 mol) was added. Most
of the phosphate present in solution precipitated as barium
phosphate, while the RuDP remained in solution. The pH was
adjusted to 6.5, and ethanol (the same volume as the aqueous
phase) was added to precipitate Ba,RuDP. The product (98 g)
showed 78% purity when assayed enzymatically!? (131 mmol, 66%
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% Enzyme-catalyzed syntheses of ribulose 1,5-bisphosphate and
ribose 5-phosphate. Abbreviations (italics = enzymes): HK =
hexokinase; G-6-PDH = glucose-6-phosphate dehydrogenase; Prl =
phosphoribose isomerase; GluDH = glutamate dehy drogenase;
PRuK = phosphoribulokinase; 6-PGDH = 6-phosphogluconate
dehydrogenase; AcK = acetate kinase; G = glucose; G 6-P=
glucose-6-phosphate; 6-PG = 6-phosphogluconate; Glu =
glutamate; Ru-5-P = ribulose-5-phosphate; RuDP = ribulose-1,5-
bisphosphate; R-5-P = ribose 5-phosphate; AcP = acetyl
phosphate; KG = 2-ketoglutarate. Enzymatic conversion of
G-6-P to 6-PG was ordinarily accomplished by using a procedure
in which the NADH and NADPH produced was consumed in
some other coupled, enzymatic synthesis step.

based on 6-PG).

Ribulose 1,5-bisphosphate was also prepared in a second pro-
cedure from ribose 5-phosphate (R-5-P). This latter compound
was prepared either by acid-catalyzed hydrolysis of AMP! or by
an enzymatic route from 6-PG. In the enzymatic procedure, a
2-L solution containing 0.2 mol of 6-PG, 0.22 mol of a-keto-
glutarate, 0.25 mol of NH,Cl, 10 mmol of DTT, and 0.2 mmol
of NADP was degassed with argon. To this solution was added
6-PGDH (800 U), GIluDH (800 U), and phosphoribose isomerase
(EC 5.3.1.6, 800 U), separately immobilized in PAN gel.” The
reaction mixture was stirred under argon and the pH controlled
at 7.8. After 40 h the solution was decanted from the gel and
treated with BaCl, (0.25 mol). Ethanol (the same volume as the
aqueous phase) was added at 0 °C. The resulting precipitate was
collected by filtration and washed with ethanol. After being dried,
the solid (58 g) contained ribose S-phosphate (52 g of BaR-5-P,
72% yield based on 6-PG, 90% purity).? The recovered enzymatic
activities in the gel were 6-PGDH, 92%; GluDH, 94%; PrI, 92%.

A representative conversion of R-5-P to RuDP involved stirring
R-5-P (0.2 mol) under argon for 40 h at pH 7.8 in a 3-L reaction

(12) Racker, E. Methods Enzymol. 1957, 5, 266-275. Commercial ribu-
lose bisphosphate carboxylase (RuDPC) (Sigma) has low purity, and con-
taminating activities (possibly PrK) make it unsuitable for use in this assay.
The RuDPC was obtained from spinach leaves, by using the procedure of
Ryan et al. (Ryan, F. J.; Barker, R.; Tolbert, N. E. Biochem. Biophys. Res.
Commun. 1975, 65, 39—46), and had specific activity of 2.5 U mg™l. A
solution of RuDP is unstable at room temperature (11, = 48 h at pH 8.0, 30
°C) and should be stored in the absence of water at low temperature: Paech,
C.; Pierce, J.; McCurry, S. D.; Tolbert, N. E. Biochem. Biophys. Res. Com-
mun. 1978, 83, 1084-1092. No solution should be allowed to become more
basic than pH 8 once RuDP is present, to avoid formation of xylulose di-
phosphate (a strong inibitor of ribulose-bisphosphate carboxylase). To de-
termine the level of inhibitors present in the preparations of RuDP, a sample
of RuDP is allowed to react to completion under assay conditions. The
inhibitors react only slowly under these conditions, and remain at the con-
clusion of the reaction. Additional RuDP is then added, and the initial rate
measured. The difference between the initial rates of these two reactions
provides an estimate of the concentrations of inhibitors. Contamination by
xylulose diphosphate (<1% of RuDP) would give up to 50% inhibition.

(13) The method of Sokatch (Sokatch, J. R. Biochem. Prep. 1968, 12, 2)
was used with modifications making it applicable to 200-g quantities of AMP.
AMP was obtained from Kyowa Hakko Kogyo.
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mixture containing PrI (1000 U), PRuK (800 U), AcK (800 U)
(each immobilized separately in PAN gel”), MgCl, (30 mmol),
DTT (10 mmol), and ATP (1 mmol); solid AcP (0.25 mmol) was
added in 10 equal portions over 40 h. Isolation of Ba,RuDP
followed the procedure outlined above: 94 g of solid was obtained,
containing 116 mmol of RuDP (72% purity, 58% yield based on
R-5-P). The recovered enzymatic activities were Prl, 94%; PRuK,
92%:; AcK, 92%.

Both of these preparations of RuDP use commercial PRuK and
yield product of moderate purity. To obtain purer RuDP, either
this product may be purified or the conditions of synthesis altered
to give RuDP of higher initial purity. In order to accomplish the
latter, it is necessary to use more PRuK to shorten the reaction
time and minimize hydrolysis of RuDP in solution. Commerical
PRuK (Sigma, 250 U/313 mg) was passed through a column of
Bio-Gel P-150 (2 X 80 ¢m) in 50 mM Tris-3 mM DTT, con-
centrated by ultrafiltration, and immobilized, giving gel having
activity of 6 U mL~. Conversion of R-5-P (100 mmol) to RuDP
by using 800 U of PRuK in 2 L of solution was complete in 20
h and gave Ba,RuDP in 92% purity and 80% yield (80 mmol)
based on R-5-P.

A purification of lower purity RuDP was accomplished by
treating a suspension of 45 g of Ba,RuDP (72% purity) with 300
g of Dowex 50 (H* form, 200-400 mesh) in 800 mL of H,O to
remove Ba?*, The resulting solution was passed through Dowex
1 (800 g, 200400 mesh, chloride form), supported in a 2-L glass
filter, and washed with 5 L of 40 mM aqueous HCI, to remove
Ru-5-P and other impurities. RuDP was then desorbed by washing
the resin with 2 L of 0.15 M HCI-0.1 M NaCl and precipitated
as described previously. The product (32 g) was 94% Ba,RuDP.

Both ribose 5-phosphate and ribulose 1,5-bisphosphate were
prepared by using two different routes. Which route is superior
depends on circumstances. The acid-catalyzed hydrolysis of AMP
is the shorter route to R-5-P. Since it requires no enzymes, it is
preferable when only a modest quantity of R-5-P (a few hundred
grams) is required. This procedure has the further advantage that
it generates a product uncontaminated by Ru-5-P.1* The route
from glucose to R-5-P is more complex, but it has two advantages:
first, it can be used to regenerate NAD(P)H from NAD(P);
second, it is potentially much less expensive as a route to large
quantities of R-5-P than that starting with AMP. Thus, this
procedure is more applicable to large-scale processes and integrated
schemes for biotransformations in which the reduced nicotinamide
cofactors can be utilized for other purposes. Similar considerations
apply to RuDP. We have available in our laboratory large
quantities of 6-PG as a byproduct of nicotinamide coenzyme
regeneration using G-6-P.% The effort required to convert this
material to RuDP is comparable to that required when starting
with R-5-P,

In summary, for a synthetic effort whose sole purpose is the
synthesis of RuDP, the procedure starting from AMP is simpler.
When 6-PG is available for other reasons, or when the oxidation
of 6-PG to Ru-5-P can be usefully coupled to another reduction
via NAD(P)H, the route starting with G-6-P or 6-PG is superior.
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A Photochromic Swinging Gate: Platinum(II) Chelate
with a Labile Aldehyde

Sir:

Chelating ligands are noted for imparting stability and special
kinetic effects in their transition-metal complexes. Ligand dis-
sociation, for example, becomes a multistep process whereby a
coordinated fragment can detach yet remain in the vicinity of the
metal ion, influencing ligand and metal ion reactivity. Recently,
in the investigation of a platinum(II) complex with a tridentate
O,N)N ligand, a novel photochemically controlled “swinging gate™
dissociation effect was revealed. The process occurs in certain
coordinating solvents such as acetonitrile and dimethy! sulfoxide
and involves alternating solvent—terminal carbony! occupation of
a coordination site:

S$= Me,SO and CH,CN

The complex 1 was isolated druing mechanistic studies of the
template condensation of o-aminobenzaldehyde with platinum(II).
The dimeric condensate was structurally characterized by using
X-ray crystallographic techniques and was found to contain the
rarely occurring deprotonated o-aminobenzylidene group.! In
a variety of solvents 1 undergoes a color change over a period of
hours from deep purple to light orange. The reaction can be
followed spectroscopically by the disappearance of an absorption
at 560 nm (e 10000) and appearance of a new band at 470 nm
(¢ 4000), indicative of 2. Physical evidence indicates that the
process involves solvent replacement of the coordinated aldehyde
and in some cases also the chloride. In dimethyl sulfoxide and
acetonitrile solvolysis occurs in the dark. Exposure to light results
in the reappearance of the purple color indicative of 1. The distinct
isosbestic points in the time spectra of the light-initiated reaction
(Figure 1) suggest that only two species, 1 and 2, are involved,
although the presence of a short-lived intermediate cannot be
entirely discounted. Wavelength-dependence studies show 2 —
1 when irradiated in the visible between 420 and 500 nm and also
with ultraviolet light of 250 and 350 nm. The electronic transitions
in these regions are probably charge transfer in nature. Irradiation
of 1 at the 560-nm absorption does not promote the formation
of 2, however. Quantum-yield studies at 440 nm in acetonitrile
indicate ¢ = 0.15 mol/einstein.? The product 2 is unstable upon
solvent evaporation for both acetonitrile and dimethy! sulfoxide
solutions, whereupon conversion to 1 occurs over a period of hours.
Major evidence for solvolysis, therefore, and structure of 2 in these
solvents derives from the infrared spectra. The band at 1621 cm™!,
assigned to the coordinated carbonyl in 1, is shifted to 1690 cm™!
in a freshly evaporated solution of 2.2 The latter absorption agrees
well with that found for other metal complexes with pendant
carbonyls.’ Acetonitrile solutions indicate nonelectrolyte behavior
for both 1 and 2, suggesting retention of the chloride.* Almost
complete reversibility is exhibited by acetonitrile solutions through

(1) Timken, M. D,; Sheldon, R. I.; Rohly, W. G.; Mertes, K. B. J. Am.
Chem. Soc. 1980, 102, 4716-4720.

(2) Quantum yield measurements were performed by using a Bausch and
Lomb mercury light source HP-100 in conjunction with a Bausch and Lomb
monochromator grating, 1350 grooves/mm, No. 33-86-02. Solutions of 107
M concentration in 50-mL Pyrex cells with a 10-cm pathlength were irradiated
at 440 nm. Ferrioxalate was used as an actinometer (Parker, C. A. Proc. R.
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