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Abstract: Two methods have been developed for the highly
efficient enzymatic synthesis of L-fructose: one is based on
rhamnulose-1-phosphate aldolase and acid phosphatase
using racemic glyceraldehyde and dihydroxyacetone phos-
phate as substrates; the other is to generate enantiomeri-
cally pure L-glyceraldehyde in situ from glycerol for the aldol
reaction, using galactose oxidase catalyzed oxidation of
glycerol in the presence of catalase. Using this four-enzyme
system, enantiomerically pure L-fructose was obtained.
Using the more expensive dihydroxyacetone phosphate, the
yield was 55% after purification.

Unnatural monosaccharides have many useful applica-
tions. L-Fructose, for example, is known as a nonnutritive
sweetener,? an inhibitor of various glycosidase,® and an
insecticide for ants and house flies.* In addition, un-
natural monosaccharides are potentially useful as chiral
building blocks for the synthesis of biologically active
compounds.® Given the importance of these monosaccha-
rides, the development of their synthesis has been the
subject of considerable recent interest.

L-Fructose (1) has previously been prepared via
chemical®~® and chemoenzymatic® ! synthesis. Whereas
the enzyme-based methods afford very low yields and
often require relatively expensive starting materials,
attempts to chemically synthesize 1 have been character-
ized by tedious multistep sequences and low selectivity.
Thus, the overall low yields and difficulty in scaling up
L-fructose production have prevented further evaluation
of its applications.
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SCHEME 1. Preparation of I-Fructose (1) Starting
from rac-Glyceraldehyde (rac-3) and DHAP (2)
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We reported earlier the enzymatic synthesis of L-
fructose (1) from dihydroxyacetone phosphate (2, DHAP)
and L-glyceraldehyde (L-3),'>12 which is carried out by a
multienzyme system comprising rhamnulose-1-phos-
phate aldolase (RhaD) and acid phosphatase (AP) using
stereospecific aldol addition reaction by this aldolase.'*
Although 1 is produced rapidly in moderate yield, it
suffers from two limitations. First, L-3 is not com-
mercially available. Although it can be synthesized with
osmium-catalyzed asymmetric dihydroxylation of pro-
tected acrolein'® or glycol cleavage of ascorbic acid
derivatives,'®> preparation of L-3 on gram scales is inef-
ficient and the use of toxic heavy metals places a limit
on its applications. Additionally, L-3 is thermodynami-
cally metastable and decomposes easily.'® Second, the
intermediate L-fructose-1-phosphate (4) was isolated as
a barium salt, and additional steps were required to
remove and recycle the toxic metal salts. We report
herein two improved methods for the synthesis of 1, each
using a coupled enzyme system, that overcome these
limitations.

Our initial strategy was to use racemic glyceraldehyde
(rac-3) and utilize the stereoselectivity of the aldolase to
preferentially make L-fructose (1) (Scheme 1).

DHAP (2) and rac-3 were condensed using RhaD to
yield L-fructose-1-phosphate (4). Conducting phosphate
ester hydrolysis with acid phosphatase (AP) without
isolation allowed us to avoid the use of barium salts. No
diastereomers of 1 were found as byproducts of the
condensation and hydrolysis steps (*H NMR). Chromato-
graphic purification was used to remove salts and
remaining p-glyceraldehyde (p-3) to give pure 1 in 64%
yield based on 2.%7

As a refinement of this method we sought to produce
L-glyceraldehyde (L-3) in situ from an inexpensive start-
ing material and couple this reaction to the aldolase-
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SCHEME 2. Enzymatic Oxidation of Glycerol (5)
to Effort L-Glyceraldehyde (L-3) Using HL-ADH
and a NAD" Regeneration System with a-Keto
Glutaric Acid (7) and GluDH
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catalyzed condensation with DHAP (2). The enzymatic
oxidation of glycerol (5) to L-3 has been reported on
analytical scales by two approaches: with horse liver
alcohol dehydrogenase (HL-ADH)!® and galactose oxidase
(GOase) from Dactylium dendroides.*®

The HL-ADH reaction requires NAD™ for activity, and
because NAD™ is too expensive for stoichiometric use,®
a cofactor regeneration system would be required for
preparative synthesis of L-3. This can be accomplished
by the L-glutamic dehydrogenase (GIuDH) catalyzed
reduction of a-keto glutaric acid (7) to give glutamic acid
(6) (Scheme 2).

However, two reasons render HL-ADH unattractive for
our purposes. HL-ADH is known to operate at a pH
optimum of 8.0, which precludes the possibility of coup-
ling the oxidation to the aldolase-catalyzed condensation
that would require more acidic conditions. In addition,
stoichiometric quantities of 7 would be necessary for
NAD™ recycling and 1 would have to be separated from
6.

In contrast, GOase does not require the addition of a
cofactor and also operates at a similar pH as RhaD,
having a pH-optimum of around 6.7,2* but being also
active over a wide pH range from 55 to 8.0 (see
supplemental information). This would allow for the
simultaneous production and condensation of L-glycer-
aldehyde (L-3). This reaction, however, has never been
illustrated on preparative scales. Fungal GOase has
recently been produced with Pichia pastoris® as an active
fusion protein and with Escherichia coli as a mutant
generated by directed evolution,?® making it possible to
economically produce large quantities of the enzyme.

To combine the GOase-catalyzed oxidation of glycerol
(5) with RhaD condensation, we established an analytical
method for determining the kinetic parameters of GOase
reaction with different substrates. The released hydrogen
peroxide in the GOase reaction was used to quantify the
enzymatic activity through horseradish peroxidase (HRP)
catalyzed oxidation of 2,2'-azino-bis[3-ethylbenzthiazo-
line-6-sulfonic acid] (ABTS) with H,0,. The pH range of
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TABLE 1. Kinetic Parameters for the Oxidation of
L-Fructose (1), DHAP (2), L-Glyceraldehyde (L-3),
D-Glyceraldehyde (p-3), L-Fructose-1-phosphate (4),
Glycerol (5), and Galactose (gal) with GOase in 50 mM
Potassium Phosphate Buffer at pH 6.7 and 23 °C

substrate Km? [MmM]  Keae® [MINY]  Keat/Km? [Mm~1 min—1]
5 1150 £ 200 7.7+0.5 0.0067 + 0.0010
2 42+0.8 43+0.2 1.0+£0.2
1,.-3,p-3,4 ng° <0.09 ng°
gal 55+ 10 11+1 0.20 £ 0.04

2 The error intervals resulted from nonlinear regression of the
Lineweaver—Burk plot. ® The error interval was calculated ac-
cording to Gauss’ error propagation law:

Keat 1 2 Keat 2

¢ Not quantifiable.

HRP (5.5—7.5)** was compatible with GOase for the
working coupled assay.

Determination of the Kinetic parameters of the oxida-
tion of glycerol (5) and galactose indicated that the Kgat
values for both substrates are quite similar (Table 1),°
but the K, value for 5 was 20 times higher than for the
natural substrate galactose. Quantification of product
formation proved that 5 was oxidized with only 1 equiv
of oxygen and neither L-glyceraldehyde (L-3) nor D-
glyceraldehyde (p-3) was accepted as a substrate for
GOase. L-Fructose (1) or L-fructose-1-phosphate (4) was
not accepted as a substrate at concentrations up to 5 m.
We have found that in addition to dihydroxyacetone,?®
its phosphorylated analogue DHAP (2) is accepted as a
substrate for GOase, resulting in the formation of an
unidentified product.?”

For establishing a preparative route toward the pro-
duction of L-fructose (1) from glycerol (5) with GOase and
RhaD, two different strategies were investigated.

In the first strategy the formation of L-glyceraldehyde
(L-3) and condensation with DHAP (2) was conducted
simultaneously (Scheme 3, Strategy I).

Although the K, value for GOase using 5 as a sub-
strate was 1.15 M, for enhanced diffusion rates, we chose
a concentration of 183 mM for 5 to produce L-3 in situ,
which corresponds to an activity of only 14% Vpyax. TO
compensate for the low turnover rate, a GOase concen-
tration of 5 U mL~! was used, which was significantly
higher than the concentration of RhaD (0.8 U mL™). To
prevent inactivation of the enzyme, we supplemented the
system with catalase in excess in order to destroy
hydrogen peroxide, which was found to inactivate the
system.

Combining glycerol (5), DHAP (2), GOase, catalase,
and RhaD resulted in the formation of L-fructose-1-
phosphate (4) (*H NMR, no other products identified).?®
Simultaneously, the disappearance rate for DHAP (2)
was 17.5 mM h~? (enzymatic quantification of 2). Here

(24) Bolscher, B. G. J. M.; Zoutberg, G. R.; Cuperus, R. A.; Wever,
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(25) Kinetic parameters calculated with GraFit, Version 4.0; Erith-
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SCHEME 3. One-Pot Synthesis of L-Fructose (1)
Starting from Glycerol (5) and DHAP (2) Using
Coupled Enzymatic Systems with GOase, Catalase,
RhaD, and AP
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again, the dephosphorylation of 4 could be done with AP
in the presence of the other enzymes without prior
isolation. Unfortunately, after silica gel purification, only
a 5% yield of L-fructose (1) could be obtained from DHAP
(2). This can most likely be attributed to the reaction of
DHAP (2) with GOase. Increasing the concentration of
RhaD to 1.7 U mL™? (factor 2) or glycerol (5) to concen-
trations of 0.4, 0.8, or 1.2 M (factor 2, 4, or 6) did not
result in any significant additional formation of L-fructose-
1-phosphate (4). Comparing the high kq./K, value of
GOase with DHAP (2) as a substrate to that with glycerol
(5), we concluded that spatiotemporal separation of
GOase reaction and RhaD condensation is essential to
prevent consumption of 2.

In a second attempt (Scheme 3, Strategy Il) L-glycer-
aldehyde (L-3) was synthesized with GOase using cata-
lase and free oxygen prior to condensation with DHAP
(2). The formation of L-3 could be quantified in an end-
point assay using the NADH-dependent reaction of the
aldehyde with alcohol dehydrogenase. Alternatively,
Schiff's reagent was used in a photometrically end-point
assay for quantification, which was more accurate but
less sensitive. Using 75 U mL~! GOase and 93 U mL™?
catalase, 50 mM L-3 could be produced from 0.87 M
glycerol (5) within a 48 h process time. With regard to a
theoretical yield of 96% (not including the oxygen recy-
cling) this corresponds to a relative yield of 6%. For the
elimination of the remaining GOase activity, the proteins
were heated. We found that L-3 is stable in aqueous
reaction mixture at pH 6.7, when heated to 100 °C over
a time period of 10 min (alcohol dehydrogenase test,
Schiff's test). Condensation of L-3 thus produced with
DHAP (2), dephosphorylation, and purification gave
L-fructose (1) in a highly pure form and 55% yield. We
concluded that the production of 1 using GOase is
favorable as a result of the low cost of the starting
material and the possibility of integrating the four-
enzyme system into a continuous process with only one
separation step. It is also remarkable that from achiral

(28) We found that crude GOase resulted in the formation of a
product mixture, while 4 was produced only when partially purified
GOase was used. Therefore, partially purified enzyme was used in all
further experiments.
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starting materials the product is formed with three new
chiral centers in only one synthetic operation.

In summary, we have described two methods for the
preparation of L-fructose (1). The condensation of racemic
glyceraldehyde (rac-3) proceeds in high yield and elimi-
nates the necessity to use toxic osmium?*® or palladium
catalysts'® to introduce the required oxygenation. In addi-
tion, the use of toxic barium for precipitation was elimi-
nated, thereby providing an efficient and environmentally
friendly process for the production of enantiomerically
pure 1. Additionally, the stereoselective oxidation of
glycerol (5) by galactose oxidase, coupled with the aldo-
lase reaction in situ, provides 1 in a relatively high yield.

Experimental Section

Enzyme Sources. Acid phosphatase type XA (EC 3.1.3.2,
from sweet potato), galactose oxidase (EC 1.1.3.9, from Dactyl-
ium dendroides, partially purified), horseradish peroxidase type
VI (EC 1.11.1.7, from horseradish), glycerol-3-phosphate dehy-
drogenase type | (EC 1.1.1.8, from rabbit muscle), alcohol
dehydrogenase (EC 1.1.1.1, from baker’s yeast), and catalase (EC
1.11.1.6, from bovine liver) were purchased commercially. All
enzymes have been used as received and have not been desalted.
Rhamnulose-1-phosphate aldolase (EC 4.1.2.19) was isolated
from E. coli as described previously.?®

Assay for Monitoring Aldol Condensation with RhaD.
Aldol condensation was monitored indirectly by the decrease in
DHAP concentration. This was done by reduction with NADH-
dependent glycerol-3-phosphate dehydrogenase in 50 mM potas-
sium phosphate buffer (pH 7.5) at 23 °C, while monitoring the
decrease of absorbance at 340 nm.

Assay for GOase activity by Coupling with HRP/ABTS
Assay. The determination of substrate acceptance for GOase
and Michaelis—Menten parameters was done by quantification
of hydrogen peroxide with a coupled HRP/ABTS assay at 23 °C.
Reaction mixture contained (final volume 500 xL): 500 ug mL~*
(0.91 mM) ABTS, 43 mg L™ ! (0.75 U mL™') HRP, 840 mg L
(5.0 U mL™1) GOase, 50 mM potassium phosphate buffer (pH
6.7). For the determination of kinetic parameters for p-galactose
as a substrate, the GOase concentration was 250 mg L (1.5 U
mL~1). The reaction was initiated by addition of the substrate.
The absorption was monitored over a time period of 10 min at
a wavelength of 410 nm, which is the absorption maximum for
oxidized ABTS*. The pH operating experiments for oxidation of
glycerol (5) and p-galactose were done in 50 mM 2-(N-morpholi-
no)ethanesulfonic acid (MES, 5.5 < pH < 6.5) and 50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS, 6.5 < pH =< 8.0). The
pH was adjusted with 10 N NaOH.

Assay for Quantification of L-Glyceraldehyde (L-3) with
Alcohol Dehydrogenase. I-Glyceraldehyde (L-3) was quantified
using an enzymatic assay based on the aldehyde reduction with
NADH-dependent alcohol dehydrogenase from baker’s yeast. The
assay was performed in 50 mM potassium phosphate buffer (pH
7.0) using 3.4 mg mL~1 (990 units mL~1) alcohol dehydrogenase.
The rate of decrease of absorption at 340 nm was measured 2
min after addition of the enzyme. Linear correlation of the rate
and concentration of substrate was observed at up to 5 mM -3
for the final concentration.

Assay for Quantification of L-Glyceraldehyde (L-3) with
Schiff's Test. For the quantification of I-glyceraldehyde (L-3)
using Schiff’s test, 10 uL of aqueous sample containing up to 83
mM L-3 was dissolved in 0.4 mL of Schiff's reagent for aldehydes.
Absorption was monitored at a wavelength of 560 nm over a
time period of 30 min while incubating at 23 °C. Maximal
absorption was measured after approximately 15 min. The
concentrations of L-3 were calculated from the maximal absorp-
tion using a reference calibration curve with rac-3 and acetal-
dehyde as substrates.

(29) Garcia-Junceda, E.; Shen, G.-J.; Sugai, T.; Wong, C.-H. Bioorg.
Med. Chem. 1995, 3, 945.



Improved Synthesis of L-Fructose (1) from Glycerol (5)
in a Three-Stage Enzymatic Process. GOase (3750 units) and
catalase (4650 units) were added to a solution of 5 mL (44 mmol)
glycerol (5) in 45 mL of 50 mM potassium phosphate buffer (pH
6.7). The mixture was carefully shaken at 23 °C for 48 h while
vented to the atmosphere. The formation of L-glyceraldehyde (L-
3) in the reaction mixture was monitored using the Schiff test.
After a process time of 48 h, 4.5 g L1 (50 mM) L-3 were achieved.
For inactivation of remaining GOase the solution was heated
to 100 °C for 5 min using a microwave oven and immediately
cooled to 23 °C with a water bath. All nonsoluble ingredients
were removed by filtration and pH 6.8 was adjusted (1 N NaOH);
24 mg (3.4 mmol) DHAP (2),%° 3.8 mg (28 umol) zinc(11) chloride,
and 35 units RhaD were added. The mixture was shaken at 23
°C for 3 days. The pH was adjusted to 4.7 with 1 N HCI, and
100 u4L (110 units) AP in aqueous solution was added. For
hydrolysis the reaction mixture was shaken at 37 °C for another
16 h. After cooling to 23 °C the pH was adjusted to 7.0 with 1 N
NaOH, and the solution was diluted with 150 mL of methanol.
The white precipitate was removed by filtration through Celite.
All volatiles were removed in vacuo, and the yellow residue was
further purified using silica gel chromatography with CHCI3/
MeOH (2:1). Fractions containing 1 were pooled and concen-
trated in vacuo, and 350 mg (1.9 mmol) of 1 was obtained as a
white solid. With regard to DHAP (2) as the starting material,
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this correlates with a yield of 55%. 'H NMR, 3C NMR, and
optical rotation were in complete agreement with authentic
samples.3!
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