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The conversion yield of D-psicose from D-fructose by a D-psicose 3-epimerase from Agrobacterium tumefaciens
increased with increasing molar ratios of borate to fructose, up to a ratio of 0.6. The formation of the
psicose-borate complex was the result of the higher binding affinity of borate for psicose than for fructose. The
formed psicose-borate complex did not participate in the conversion reaction, acting instead as if the product
had been removed. Thus, more fructose was converted to psicose in order to restore the equilibrium. The
maximum conversion yield of psicose with borate was about twofold that obtained without borate and occurred
at a 0.6 molar ratio of borate to fructose. Above this ratio, the conversion yield decreased with increasing ratios,
because the amount of fructose available decreased through the formation of the initial fructose-borate
complex. The structures of the two sugar-borate complexes, determined by nuclear magnetic resonance
spectroscopy, were �-D-psicofuranose cis-C-3,4 diol borate and �-D-fructopyranose cis-C-4,5 diol borate.

D-Psicose (D-ribo-2-hexulose, or D-allulose), a carbon-3
epimer of D-fructose, is present as a nonfermentable constitu-
ent of cane molasses (2), a sugar moiety of the nucleoside
antibiotic psicofuranine (9), and a free sugar in wheat (33) and
Itea plants (15). The sugar is a noncaloric sweetener for weight
reduction (31) based on its suppression of hepatic lipogenous
enzyme activity (30). Psicose can be chemically synthesized
from fructose by using a molybdate ion catalyst (1), by produc-
ing it from 1,2:4,5-di-o-isopropylidene-�-D-fructopyranose
(32), or by boiling fructose in ethanol and triethylamine (8).
The biological conversion of fructose to psicose has been stud-
ied in recent years using only two enzymes, Agrobacterium
tumefaciens D-psicose 3-epimerase (23–25) and Pseudomonas
cichorii D-tagatose 3-epimerase (16–18, 37).

In aqueous solution, boron exists as either boric acid
[B(OH)3] or borate [B(OH)4

�] with a pKa of 9.2 (22), al-
though more borate than boric acid is formed (20). The for-
mation of borate complexes with diol-containing compounds
such as carbohydrates has been studied previously for its po-
tential applications in various fields of science and technology
(7, 41). The ketoses lactulose, maltulose, and cellobiulose are
chemically synthesized from the aldoses lactose, maltose, and
cellobiose, respectively, in high-yield isomerization reactions
carried out in alkaline solutions containing borate (12, 13).
Borate can be used to analyze mixtures of ribose, arabinose,
and ribulose by high-performance liquid chromatography
(HPLC) using an ion exclusion chromatography column (7).
Initially, the sugar retention times are very close to one an-
other, but ribose, arabinose, and ribulose are better separated
by increasing the borate concentration in the eluent, owing to

the different degrees with which borate forms complexes with
the different carbohydrates. The migration of some carbohy-
drates during thin-layer chromatography (TLC) is decreased
by solvent systems containing borate (29). Thus, carbohydrates
with borate can be better separated by either HPLC or TLC
than those without borate due to the unique capacity for com-
plex formation by each carbohydrate with borate. Borate is
used as an additive to enhance regio- or stereoselectivity in the
enzyme modification of the glucosylation of pyridoxine (39).
Recently, high yields of L-ribulose and D-tagatose have been
obtained through complex formation by L-ribulose or D-taga-
tose with borate (11, 27). However, the mechanism for the
conversion shift with added borate and the structure of the
sugar-borate complex have not yet been investigated.

In this study, the conversion shift of fructose to psicose by
D-psicose 3-epimerase from A. tumefaciens in the presence of
added borate was explained by the greater capacity of borate
for complex formation with psicose than with fructose. A
mechanism for the conversion shift is proposed, and the chem-
ical structures of the fructose-borate and psicose-borate com-
plexes were determined.

MATERIALS AND METHODS

Bacterial strains, plasmid, and culture conditions. A. tumefaciens ATCC
33970, Escherichia coli BL21(DE3), and pET-24a(�) plasmid (Novagen, Darm-
stadt, Germany) were used as the source of genomic DNA encoding D-psicose
3-epimerase, as host cells, and as the expression vector, respectively (23). The
recombinant E. coli cells for the expression of the enzyme were cultivated in 500
ml of Luria-Bertani medium (1.0% tryptone, 0.5% yeast extract, and 1.0%
sodium chloride) in a 2,000-ml flask containing 20 �g of kanamycin/ml at 37°C
with shaking at 200 rpm. When the absorbance of the culture at 600 nm reached
0.5, isopropyl-�-D-thiogalactopyranoside (IPTG) was added to a final concentra-
tion of 0.1 mM to induce D-psicose 3-epimerase expression, and the culture was
incubated at 16°C for 16 h.

Purification of D-psicose 3-epimerase. The recombinant cells were harvested
from the culture broth by centrifugation at 6,000 � g for 30 min at 4°C, washed
twice with 0.85% NaCl, and then resuspended in a lysis buffer (50 mM NaH2PO4,
300 mM NaCl, pH 8.0) containing 1 mg of lysozyme/ml. The resuspended cells
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were disrupted using a sonicator (sonic dismembrator model 100; Fisher Scien-
tific, Pittsburgh, PA) on ice for 2 min. The cell debris was removed by centrif-
ugation at 13,000 � g for 20 min at 4°C, and the supernatant was filtered through
a 0.45-�m-pore-size filter. All subsequent purification steps using column chro-
matography were carried out in a cold room at 4°C with a fast protein liquid
chromatography system (Bio-Rad Laboratories, Hercules, CA). The filtrate was
applied to a Profinity IMAC affinity chromatography column (Bio-Rad Labora-
tories) equilibrated with 50 mM sodium phosphate buffer containing 300 mM
NaCl and 10 mM imidazole (pH 8.0). The column was washed extensively with
the same buffer, and the bound protein was eluted with a linear gradient from 10
to 200 mM imidazole at a flow rate of 7 ml/min. The active fractions were
collected and dialyzed against 50 mM N-(2-hyroxyethyl)piperazine-N�-(3-pro-
panesulfonic acid) (EPPS) buffer (pH 8.0). After dialysis, the resulting solution
was used as the purified enzyme.

Enzyme assay. To bind the D-psicose 3-epimerase with Mn2� and to remove
unbound Mn2�, the enzyme was incubated at 20°C with 1 mM Mn2� for 4 h and
dialyzed at 4°C against 50 mM EPPS buffer (pH 8.0) overnight before the enzyme
was used. Unless otherwise stated, all reactions were performed at 50°C with 50
mM borate buffer (pH 9.0) containing 100 mM D-fructose and 4 U of the
enzyme/ml for 5 min. The control reaction without borate was carried out with
50 mM EPPS buffer (pH 8.0) instead of the borate buffer. The reaction was
stopped by boiling the reaction mixture at 100°C for 5 min. One unit of D-psicose
3-epimerase activity was defined as the amount of the enzyme required to
produce 1 �mol of D-psicose per min at pH 8.0 and 50°C.

Effects of pH and temperature on the conversion of fructose to psicose in the
presence of borate. To examine the fructose epimerization reaction by the en-
zyme with and without borate, the pH was varied between 6.0 and 10.0. For the
reactions in the presence of borate, a 50 mM borate buffer system was used
throughout the pH range. The reactions without borate were carried out with 50
mM concentrations of three different buffers: maleic acid-NaOH buffer for pH
6.0 to 7.0, EPPS buffer for pH 7.0 to 9.0, and glycine-NaOH buffer for pH 9.0 to
10.0. To investigate the effect of temperature, the temperature was varied from
40 to 60°C in 50 mM EPPS buffer (pH 8.0) or in 50 mM borate buffer (pH 9.0).

Bioconversion of fructose to psicose in the presence of borate. The effect of the
molar ratio of borate to fructose on the conversion of fructose to psicose was
investigated using 100 mM fructose and 0 to 100 mM borate. The reactions were
performed at pH 9.0 and 50°C for 3 h. The effect of the fructose concentration
on the conversion in the presence of borate was studied by varying the concen-
trations of fructose and borate. The fructose concentrations were 50, 100, and
150 mM, and the molar ratio of borate to fructose was varied from 0 to 1.0.

Analysis of sugars and sugar-borate complexes using TLC. TLC was used for
the evaluation of sugars and sugar-borate complexes at room temperature using
silica gel 60 F254 TLC plates (Merck Co., Whitehouse Station, NJ). One micro-
liter of the reaction solution was spotted onto a silica gel plate, and the plate
contents were developed using a solvent mixture of ethanol, chloroform, n-
butanol, and 25% ammonia water (5:2:4:8, vol/vol/vol/vol). The developed plate
contents were dried and visualized using a solvent mixture of methanol, H2SO4,
and N-1-naphtylethylenediamine dihydrochloride (95:5:0.3, vol/vol/wt) and then
subjected to heating for 10 min at 121°C (34). The visualized spots were mea-
sured using an NIH Image program (19).

For control samples, mixtures of 100 mM sugar and 0 to 100 mM borate were
incubated for 30 min without the enzyme. The enzyme reaction products were
obtained by incubating 100 mM fructose and 60 to 100 mM borate with D-psicose
3-epimerase at 50°C for 3 h. The mixtures and enzyme reaction products were
applied to a TLC plate. As borate was not visualized by TLC, the concentration
of the sugar-borate complex was calculated from the initial sugar concentration
and the area of the sugar-borate complex relative to the total area.

Nuclear magnetic resonance (NMR) analysis of the sugar-borate complexes.
Each sugar-borate complex was obtained by mixing equal volumes of 100 mM
borate and 100 mM fructose or psicose.

All NMR spectra were recorded at 303 K on a 500-MHz spectrometer at the
Korea Basic Science Institute. The relevant spectral data for the sugar and
sugar-borate complex in 100% D2O were acquired. Chemical shifts were ex-
pressed relative to the 4,4-dimethyl-4-silapentane-1-sulfonate signal in D2O at 0
ppm. Additional experiments with the sugar and sugar-borate complex in a
dimethyl sulfoxide (DMSO) solution were performed, and chemical shifts were
referenced to tetramethylsilane at 0 ppm. For the spectral assignments, we
collected gradient-selected correlation spectroscopy (gCOSY) and total correla-
tion spectroscopy spectra with a mixing time of 80 ms (5, 35). We also collected
gradient-selected phase-sensitive 1H-13C heteronuclear single-quantum coher-
ence (gHSQC) and gradient-selected absolute-value 1H-13C heteronuclear mul-
tiple-bond coherence spectra to aid in the spectral assignments (40). Two-di-
mensional 1H-1H phase-sensitive nuclear Overhauser effect spectroscopy and

rotating-frame nuclear Overhauser effect spectroscopy experiments were per-
formed with a mixing time of 600 ms (3, 28). All spectra were acquired with a
spectral width of 2,000 Hz and with 1,024 t1 and 4,096 t2 data points as the size
of free induction decay. Baseline correction was applied in both dimensions. The
NMR spectra were processed with NMRPipe (6) and visualized with Sparky (10).

Analytical methods. Protein concentrations were determined by the Bradford
method using bovine serum albumin as a standard protein (4). Amberlite IRA-743
and Dowex X50X8 resins (4:1, vol/vol) were used to remove borate from the sugar-
borate complex for all samples containing borate (14). After the removal of borate,
each sample was chromatographed using an HPLC system (model SCL-10A;
Shimadzu, Kyoto, Japan) equipped with a Shimadzu RID-10A detector and a BP-
100 Ca2� carbohydrate column (Benson Polymeric Inc., Reno, NV). The column
contents were eluted with water at 80°C at a flow rate of 1 ml/min.

RESULTS AND DISCUSSION

Effects of pH and temperature on the conversion of fructose
to psicose by A. tumefaciens D-psicose 3-epimerase in the pres-
ence of borate. To investigate the effects of pH and tempera-

FIG. 1. Effects of pH and temperature on the conversion of fruc-
tose to psicose in the presence of borate. For the pH effect, the
reactions were performed with 50 mM borate buffer for pH 6.0 to 10.0
(F), 50 mM maleic acid-NaOH buffer for pH 6.0 to 7.0 (�), 50 mM
EPPS buffer for pH 7.0 to 9.0 (E), and 50 mM glycine-NaOH buffer for
pH 9.0 to 10.0 (‚). To determine the effects of temperature, the
reactions were performed with 50 mM borate buffer at pH 9.0 (F) and
with 50 mM EPPS buffer without borate at pH 8.0 (E). Data are the
means of results from three experiments.
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ture on the conversion of fructose to psicose in the presence of
borate, the enzyme activities over the pH range of 6 to 10 and
over the temperature range of 40 to 60°C were determined
(Fig. 1). Under alkaline conditions above pH 8, the enzyme
activity was higher with borate than without borate. Maximum
D-psicose 3-epimerase activity was obtained at pH 8.0 and 50°C
without borate and at pH 9.0 and 50°C with borate.

Conversion of fructose to psicose by A. tumefaciens D-psicose
3-epimerase in the presence of borate. The effect of the molar
ratio of borate to fructose on the conversion of fructose to
psicose was investigated using 100 mM fructose and 0 to 100
mM borate (Fig. 2). The conversion yield of psicose from
fructose increased with increases in the molar ratio of borate to
fructose, up to a ratio of 0.6. At ratios above 0.6, the conversion
yield decreased with increasing ratios of borate to fructose.
The maximum conversion yield of psicose from fructose was
64% and occurred at a borate-to-fructose ratio of 0.6.

The conversion of fructose to psicose was investigated at
fructose concentrations from 50 to 200 mM. At the same molar
ratio of borate to fructose, the conversion yields of psicose
from fructose were almost the same at every fructose concen-
tration, with a maximum conversion yield of 64.0 to 64.5% at a
borate ratio of 0.6 in all cases (data not shown). These results
suggest that the conversion yield of psicose from fructose was
determined by the molar ratio of borate to fructose and not by
the fructose concentration.

Structural analysis of the sugar-borate complexes. The
structures of the sugars and sugar-borate complexes were de-
termined by NMR spectroscopy. The assignment of the 1H
resonances of the sugars was achieved by gCOSY and total

FIG. 2. Effect of the molar ratio of borate to fructose on the con-
version of fructose to psicose by A. tumefaciens D-psicose 3-epimerase.
The reactions were performed at pH 9.0 and 50°C for 3 h using 100
mM fructose and 0 to 100 mM borate. The conversion yields of psicose
from fructose obtained from experimental data (F) are the means of
results from three experiments. The theoretical conversion yields of
psicose (E) were calculated based on the amount of available fructose,
excluding the initially formed fructose-borate complex, and are the
means of results from 20 experiments. The line indicates the theoret-
ical maximum level of conversion of fructose to psicose with the ad-
dition of borate.

FIG. 3. NMR spectra. (A) gHSQC spectrum of psicose-borate
complex in D2O. (B) gHSQC spectrum of psicose in D2O. Chemical
shifts are expressed relative to the 4,4-dimethyl-4-silapentane-1-sulfo-
nate signal in D2O at 0 ppm. �F, �-D-psicofuranose; �F, �-D-psico-
furanose; �P, �-D-psicopyranose; �P, �-D-psicopyranose. (C) gCOSY
spectrum of the psicose-borate complex in DMSO. Chemical shifts
were referenced to tetramethylsilane at 0 ppm. The OH groups at C-3
and C-4 of the psicose-borate complex were absent in the gCOSY
spectrum.
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correlation spectroscopy experiments. The full assignment of
both 13C and 1H resonances was completed with gHSQC and
gradient-selected absolute-value 1H-13C heteronuclear multi-
ple-bond coherence experiments. The compositions of epimers
of psicose or fructose in water were calculated by volume
integration of the H-5-C-5 peaks in the gHSQC spectra of the
respective sugars. The conformational equilibrium was deter-
mined to be as follows: for psicose, an �-D-psicofuranose/�-D-
psicofuranose/�-D-psicopyranose/�-D-psicopyranose ratio of
38:13:25:24, and for fructose, an �-D-fructopyranose/�-D-fruc-
topyranose/�-D-fructofuranose/�-D-fructofuranose ratio of 3:
71:5:21. These results are very similar to previously reported
data: for psicose, �-D-psicofuranose, 39%; �-D-psicofuranose,
15%; �-D-psicopyranose, 22%; and �-D-psicopyranose, 24%,
and for fructose, �-D-fructopyranose, 3%; �-D-fructopyranose,
72%; �-D-fructofuranose, 5%; and �-D-fructofuranose, 20%
(26).

The gHSQC spectra of psicose and the psicose-borate com-
plex revealed only one form of the complex (Fig. 3A) but four
forms of psicose (Fig. 3B). The C-5 chemical shift of the psi-
cose-borate complex (82.3 ppm) is typical of fructopyranose,
and the 1H chemical shift of the complex (3.6 ppm) is typical of
the �-epimer. Therefore, the psicose-borate complex exists as
the �-D-psicofuranose-borate form. We observed the psicose-
borate complex in DMSO to aid in identifying the position of
the borate complex. As shown in Fig. 3C, the OH groups of the
psicose-borate complex seen at C-3 and C-4 in the gCOSY

spectrum were absent. Thus, the psicose-borate complex ex-
isted as a mixture of �-D-psicofuranose cis-C-3,4 diol borate
and its boric acid. By using gHSQC and gCOSY experiments,
the fructose-borate complex was similarly determined to be
�-D-fructopyranose cis-C-4,5 diol borate (or boric acid) (data
not shown). The chemical structures of the sugar-borate com-
plexes are depicted in Fig. 4.

Binding affinities of borate for fructose and psicose. A sugar-
borate complex forms when a cis-diol sugar moiety condenses
with borate. Thus, borate can change the equilibrium of any
enzyme reaction involving cis-diol sugars (36). A previous anal-
ysis (38) reported local association constants of borate (given
in parentheses) for various sugars as follows: cis-diol furanose
(2,500 to 45,000) �� exocyclic-diol pyranose (250 to 1,500) �
exocyclic-diol furanose (50 to 100) � cis-diol pyranose (10 to
20) � exocyclic cis/trans-diol pyranose (3 to 6) �� trans-diol
pyranose/furanose (0). The complexes that borate formed with
fructose and psicose were cis-C-4,5 diol pyranose and cis-C-3,4
diol furanose, respectively. Thus, the binding affinity of borate
for psicose was higher than that for fructose.

As an indicator of binding affinity, the association constant
(KA) of each sugar was determined from the slope in Fig. 5 for
the complex concentration/free-sugar concentration ratio plot-
ted against the free-borate concentration by using the follow-
ing equation: KA 	 [S � B]/[S][B], where [S � B], [S], and [B]
are the concentrations of the sugar-borate complex, free sugar,
and free borate, respectively (20, 21). The calculated KA of
psicose (54.3 liters/mol) was higher than that of fructose (3
liters/mol).

Binding of borate to fructose with and without the enzyme.
The binding of borate to fructose at different molar ratios of
borate to fructose with and without the enzyme was investi-
gated using TLC (Fig. 6). Above the borate-to-fructose ratio of

FIG. 4. Chemical structures of the sugar-borate complexes.
(A) Fructose as �-D-fructopyranose cis-C-4,5 diol borate. (B) Psicose
as �-D-furanopsicose cis-C-3,4 diol borate.

FIG. 5. KAs of fructose (E) and psicose (F) with various molar
ratios of borate to sugar. The KA of each sugar was determined from
the slope for the complex concentration/free-sugar concentration ratio
plotted against the free-borate concentration. As borate was not visu-
alized by TLC, the concentration of the sugar-borate complex was
calculated from the initial sugar concentration and the area of the
sugar-borate complex relative to the total area. Data presented are the
means of results from 20 experiments.
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0.6, fructose-borate complex formation increased with increas-
ing molar ratios of borate to fructose. The sugar-borate com-
plex, i.e., �-D-psicofuranose cis-C-3,4 diol or �-D-fructopyra-
nose cis-C-4,5 diol borate, which exhibits a different structure
at C-4 compared with the sugar, was not bound to the catalytic
residues of the enzyme because C-2, C-3, and C-4 of fructose
or psicose were tightly bound to the catalytic residues, in ac-
cordance with the catalytic mechanism (25). Therefore, the
sugar-borate complex in the initial substrate solution could not
participate in the conversion reaction and the increased
amount of the fructose-borate complex at higher borate-to-
fructose ratios resulted in a decreased amount of fructose
available for conversion to psicose by A. tumefaciens D-psicose
3-epimerase. Thus, the production of psicose was decreased at
borate-to-fructose ratios above 0.6.

As shown by the TLC results for the enzyme reaction prod-
ucts, the amounts of the fructose-borate complex were nearly
the same in the presence and absence of the enzyme, whereas
the amount of the psicose-borate complex was higher in the
presence of the enzyme than in its absence. These results
suggest that the amount of the fructose-borate complex formed
during the enzyme reaction was negligible.

Proposed mechanism for the conversion of fructose to psi-
cose by A. tumefaciens D-psicose 3-epimerase in the presence of
borate. We propose a conversion shift mechanism for the the-
oretical conversion of psicose, considering the formation of the
fructose-borate complex (Fig. 7). A theoretical maximum con-
version of psicose was calculated on the assumption that the
fructose-borate complex was not formed. Initially, D-psicose
3-epimerase produces 33% psicose from fructose at equilib-
rium. Borate binds to the newly produced psicose to form the
psicose-borate complex. The psicose-borate complex, formed
as �-D-psicofuranose cis-C-3,4 diol borate, does not participate
in the conversion reaction, acting as if the product was re-
moved. Thus, more fructose is converted to psicose to restore
the equilibrium. The newly produced psicose subsequently
binds to borate, and the process continues until all the borate
is bound to psicose. As a result, the conversion of fructose to
psicose increases with increasing borate levels. The theoretical
maximum conversion is indicated by the line in Fig. 2.

To calculate a theoretical conversion, the initially formed
fructose-borate complex was excluded from the conversion
reaction of fructose to psicose and the amount of the fructose-
borate complex formed during the enzyme reaction was disre-
garded. Thus, only the available fructose, calculated as the

initial amount of fructose minus the amount of the fructose-
borate complex, participated in the conversion reaction. At
borate-to-fructose ratios of less than 0.6, the conversion was
shifted toward psicose owing to the formation of the psicose-
borate complex, which acts as if the product was removed, and
at the same time, a negligible effect of borate on the availability
of fructose because of negligible formation of the fructose-
borate complex. Therefore, psicose production increased with
increasing borate ratios, up to a ratio of 0.6. However, at
borate-to-fructose ratios above 0.6, the conversion to psicose
decreased with increasing molar ratios of borate to fructose
because greater fructose-borate complex formation markedly
decreased the amount of available fructose. As shown in Fig. 2,
the theoretical conversion yields of psicose agreed well with
those obtained from the experimental data, confirming that the
proposed mechanism is reasonable.

In the present study, the conversion of fructose to psicose by
A. tumefaciens D-psicose 3-epimerase in the presence of borate
was investigated. A conversion shift mechanism for the en-
zyme-catalyzed epimerization with borate was proposed, and
the structures of the sugar complexes were determined. At
borate-to-fructose molar ratios of less than 0.6, borate
formed a complex primarily with the psicose product rather

FIG. 6. TLC analysis of binding of borate to fructose without and with the enzyme. For control samples, mixtures of 100 mM fructose and 0
to 100 mM borate were incubated for 30 min without the enzyme. Lanes: 1, 100 mM fructose; 2, 100 mM psicose; 3, 100 mM fructose and 0 mM
borate; 4, 100 mM fructose and 20 mM borate; 5, 100 mM fructose and 40 mM borate; 6, 100 mM fructose and 60 mM borate; 7, 100 mM fructose
and 80 mM borate; and 8, 100 mM fructose and 100 mM borate. The enzyme reaction products were obtained by incubating 100 mM fructose
and 60 to 100 mM borate with D-psicose 3-epimerase at pH 9.0 and 50°C for 3 h. Lanes: 9, 60 mM borate; 10, 80 mM borate; and 11, 100
mM borate.

FIG. 7. Proposed mechanism for the conversion shift of fructose to
psicose in the presence of borate by A. tumefaciens D-psicose 3-epi-
merase. E, enzyme; F, fructose; P, psicose; B, borate; P � B, psicose-
borate complex; F � B, fructose-borate complex.
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than with the fructose reactant, thus shifting the conversion
toward psicose.
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