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Unnatural monosaccharides! are potentially useful as
nonmetabolizable sweeteners?® and as building blocks for
the synthesis of interesting natural and biologically active
products.* L-Glucose 1 and L-fructose 2, for example, are
known to be low-calorie sweeteners.

Compound 2 was previously prepared by enzyme-
catalyzed aldol addition reaction,!®’ selective cross-acy-
loin condensation from tetra-O-acetyl-L-arabinose and
formaldehyde,® L-mannose isomerization catalyzed by
cell-free extracts of Aerobacter aerogenes,” bacterial oxi-
dation of L-mannitol,? and chemical synthesis from L-
sorbose.’ 1 was previously prepared via a multichemical
transformation from D-glucose!®eb (12.7%, 8 steps, 326
umol) or L-arabinose,!* via asymmetric epoxidation of (E)-
2-butenedioll® (2.6%, 9 steps, 64 umol), via asymmetric
Diels—Alder reaction!! (4.5%, 9 steps, 44 umol), and via
chemoenzymatic synthesis!? from commercially available
cycloheptatriene (8.9%, 21 steps, 523 umol). Compound
1 was also prepared by galactose oxidase-catalyzed!?
stereospecific oxidation of L-glucitol (10—15%, 180 xmol)
and by transketolase-catalyzed reaction with L-arabi-
nose.!4

Most of these methods either give a very low yield for
1, employ long reaction sequences, or require relatively
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expensive starting materials. We here report on an alter-
native route to 1 and 2 from dihydroxyacetone phosphate
(DHAP) 3 and L-glyceraldehyde 4 catalyzed by a multi-
enzymatic system composed of rhamnulose-1-phosphate
aldolase, acid phosphatase, and fucose isomerase.

This enzymatic process is based on stereospecific aldol
additions catalyzed by aldolases.'> As compound 2
contains 3R, 4S, and 58 stereocenters, rhamnulose-1-
phosphate aldolase!®® was used to catalyze the condensa-
tion between 3 and 4. After removal of the phosphate
group catalyzed by phosphatase, 2 was isomerized to 1
which was catalyzed by fucose isomerase which is specific
for aldoses with 2S and 3R configurations.’® The aldolase
and isomerase have been cloned and overexpressed in
Escherichia coli'®1®'7 strain K12. Another new cloning
procedure has been reported,'® and the recombinant E.
coli is now available in large quantities for preparative
synthesis (ATCC no. 86983 for the aldolase and ATCC
no. 87024 for the isomerase).

Our first effort was directed toward a one-pot synthesis
using cell-free extracts instead of purified enzymes to
avoid protein purification and to simplify the scaling up
process. However, unsatisfying results with a low aldose
to ketose ratio (1/2 ~2:8) were obtained. After silica gel
chromatography, the mixture was separated by Dowex
50W-X8 (Ba?" form) chromatography'® to yield 2 (26.4%
from DHAP, 1.35 mmol) and 1 (4.3% from DHAP, 0.22
mmol). Although the spectral data were in agreement
with those of authentic samples, the optical rotation was
inconsistent due to the contamination of minor compo-
nents.

We then carried out a step by step synthesis (Scheme
1);%° 8 and 4 were enzymatically condensed using rham-
nulose-1-phosphate aldolase!® to yield L-fructose 1-phos-
phate 5 which was isolated as barium salt. Crude 5 was
converted to sodium salt by treatment with Dowex 50W-
X8 (H* form) followed by neutralization with NaOH
solution. Subsequent phosphate ester hydrolysis with
acid phosphatase yielded 2 as a single product, which was
isomerized with fucose isomerase to give a 40:60 mixture
of 1 and 2 which after separation by Dowex 50W-X8 (BaZ~
form) chromatography with water/ethanol (1:1) yielded
pure 1 (10.8% from DHAP, 0.78 mmol) and 2 (17.5% from
DHAP, 1.27 mmol). NMR spectra and optical rotations
of 1 and 2 were in complete agreement with those from
authentic samples.

L-Fucose isomerase has been shown to catalyze the
isomerization of d-arabinose (K, = 35—280 mM)?! to
d-ribulose (K, = 10 mM)?'¢ and L-fucose (K, = 17-51
mM)?tecd to L-fuculose (K, = 17 mM).2’¢ L-Xylose has
been found to be a weak substrate for L-fucose isomerase.??
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1 (150 mM) was reported not to be a substrate when
incubated with isomerase (100 units/mmol) for 6 min.?4
However, we have found that 1 is a weak substrate for
fucose isomerase and the reaction can become useful in
organic synthesis when an adequate concentration of 1
(180 mM), long reaction times (3 days), and large
amounts of enzyme (9900 units/mmol) are employed.
However, we could not reach the 55:45 equilibrium ratio®
for 1 and 2 using more enzyme and/or a longer reaction
time. These results seem to show that compounds with
a d-arabino configuration are good substrates and that
those with an L-xylo configuration are weak substrates
for L-fucose isomerase.

The process reported here shows some advantages
compared to other methods previously reported. It is
shorter and gives higher yields for 1 and 2. It uses
relatively inexpensive cell-free extracts, which can be
easily prepared from commercially available recombinant
E. coli strains.

Experimental Section

Materials and Methods. Acid phosphatase (EC 3.1.3.2) was
purchased from Sigma. All chemicals and solvents were pur-
chased from Aldrich. Dowex 50W-X8 (200400 mesh, H* form)
was thoroughly washed with purified water prior to use. Aldol
condensation was monitored enzymatically by DHAP consump-
tion.2* Hydrolysis was monitored by TLC (silica gel 60 from
Merck). Isomerization was monitored by 1H-NMR analysis of
H,; and Hs (1 H, duq = 5.22 ppm, Jue = 3.8 Hz, duy = 4.63 ppm,
Jug = 8.0 Hz) for 1 in the pyranoside form and the protons at
4.1-3.9 ppm for 2 in the S-pyranoside (a) and B-furanoside (b)
forms (Hz, = 4.08 ppm, Hyp, = 4.08 ppm, Hes = 4.03 ppm, /Hea He'a
= 12.6 Hz, Jypa 52 = 1.3 Hz, Hs, = 3.99 ppm, Juss Hea = 3.6 Hz).28
Nuclear magnetic resonance (400 MHz) spectra were obtained
using HDO (in D0, 6 = 4.8 ppm) and CH3CN (in D20, 6 = 1.60
ppm) as internal references. Flash chromatography was carried
out with silica gel 60 (230—400 mesh).

Enzyme Preparation. The E. coli cells (ATCC no. 87024)
containing recombinant fucose isomerase were grown aerobically
to late logarithmic phase (ODggo, 0.9) at 37 °C in four 3 L flasks
containing LB medium (1 L each) supplemented with ampicillin
(250 ug/mL), followed by induction with IPTG (250 xM). The
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culture was kept overnight (ODggo, 2.1) at 30 °C. Cells were
harvested by centrifugation (10000g; 30 g of wet cells were
obtained), resuspended in TrissHC! buffer (50 mM, pH 7.5, 80
mL), and disrupted by repeatedly being passed through a French
press (~1600 Ib/in2) for five times. Cellular debris was removed
by centrifugation (16000g), and the clear supernatant (total
activity, 66 000 units) was concentrated to one-fifth of the volume
by ultrafiltration (MW cut off 10 000) and used for the isomer-
ization reaction. For the preparation of aldolase, the E. coli cells
(ATCC no. 86983) were grown as previously described?® and the
crude extract (total activity, 1330 units) obtained was directly
used without being concentrated for the aldol reaction. The
aldolase?® and isomerase?” were assayed according to the
procedures described previously. One unit of enzyme represents
1 umol of product formed per minute.

L-Fructose-1-phosphate Barium Salt 5. Freshly prepared
aqueous solutions of 8 (7.24 mmol)?® and 4 (9.05 mmol)?® were
combined, and the resulting solution (100 mL) was adjusted to
pH 6.8 with 6 N NaOH (2 mL). Rhamnulose-1-phosphate
aldolase (50 units, 20 mL)!8 was added, and the reaction mixture
was incubated at 25 °C until the consumption of 3 was higher
than 90% (2 days). The solution was adjusted to pH 7.0 with 6
N NaOH, BaClx»2H20 (2 equiv) was added, and the mixture was
refrigerated at 4 °C for 1 h. The precipitate was filtered off
through Celite, acetone (250 mL) was added to the solution, and
the mixture was allowed to stand at 4 °C overnight. The
precipitate was collected by centrifugation, washed with EtOH/
Et 0 (1:1, 40 mL), and dried under high vacuum (2.50 g, 87%).
The crude barium salt was used directly without characteriza-
tion for the next reaction.3¢

L-Fructose 2. Crude 5 (2.50 g, 6.33 mmol) was powdered,
suspended in HoO (55 mL), and treated with Dowex 50W-X8
(H* form, 200—400 mesh) for 30 min, The resin was filtered off
and washed with water (2 x 15 mL), and the solution was
adjusted to pH 4.7 with 6 N NaOH. Acid phosphatase (0.28 mL,
125 units) was added, and the mixture was stirred at 25 °C for
43 h, after which the solution was adjusted to pH 7.0 with Ba-
(OH)2'8H0 solution, followed by the addition of methanol (2
volumes). The precipitate was filtered off, and the solution was
concentrated under reduced pressure (bath temp < 25 °C) for
silica gel chromatography with CHCly/MeOH (2:1) to give 2 (486
mg, 2.70 mmol, 37% from 8) as a white solid: mp 91-93 °C (lit.%
90—94 °C, 1it.” 93—95 °C, lit.%2 89—90 °C); [alp +87.2 (c 2.1, H20)
(lit.%2 {adp +88 (¢ 1.5, H0), 1it.® {a)p +94.4 (c 1.8, Hz0), 1it.5
[alp + 92 (¢ 2, Hp0), 1it.2 [alp +86 (¢ 1, H,0)). NMR ('H and
13C) data were identical to those of D-fructose.

L-Glucose 1. 2 (486 mg, 2.7 mmol, 180 mM) was dissolved
in Tris'HCI buffer (7.5 mL, 50 mM, pH 7.5) containing MnCl; (2
mM) and mercaptoethanol (2 mM). The solution was adjusted
to pH 7.5 with 1 N NaOH, and the fucose isomerase-containing
cell-free extract (26 600 units) was added. The mixture was
stirred at 25 °C for 72 h and then adjusted to pH 7.0. Methanol
(2 volumes) was then added, and the precipitate was filtered off
through Celite. The solution was concentrated and chromato-
graphed on silica gel with CHCl3/MeOH (2:1). The solution was
concentrated, and the residue was dissolved in buffer and treated
as above by repeating the whole process and keeping a 180 mM
concentration for 2. The resulting residue was chromatographed
on Dowex 50W-X8 (200—400 mesh, barium form) with water/
ethanol (1:1) to give 1 (141 mg, 0.78 mmol, 28.9%), [alp —50.7
(c 1, Hy0) (lit.12 [a)p ~52 (¢ 0.8, H20), lit.'* [a]p —47.2 (¢ 0.83,
H:0), lit.1%2 [a}p —52.9 (¢ 5.48, H:0), 1it.1% [a]p —53 (c 3.0, H20)),
and 2 (229 mg, 1.27 mmol, 47%). NMR ('H and 13C) data were
identical to those of an authentic sample.
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