
INTRODUCTION

　The isomerized sugar known as high fructose syrup is a 
mixture sugar that is manufactured by conversion of half of 
the content of D-glucose into D-fructose using an enzymatic 
reaction catalyzed by glucose isomerase. Recently, D-fructose 
produced by this isomerization reaction has been used not 
only in sweeteners but also as a promising chemical interme-
diate from biomass.1) Therefore, efficient conversion reactions 
for isomerized sugars are being investigated as a method for 
increasing the synthesis of such products.
　During the production of sweeteners, isomerization is 
generally stopped after conversion of approximately 42 % of 
the original substrate, to prevent changes in color and 
breakdown of the components. The reaction solution is then 
passed through an ion exchange resin, and the fructose 
content is concentrated to approximately 90 %. This concen-
trated mixture is then combined with D-glucose, normally 
yielding a product with 55 % isomerized sugar content. 
Therefore, improvement in the conversion ratio during the 
isomerization reaction is critical for the production of 

isomerized sugar.
　The reaction equivalent constant of glucose isomerase is 
approximately 1.0 (isomerization ratio of 50 %) at 60 °C, but 
it increases to 1.348 (isomerization ratio of 57.4 %) at 100 
°C.2) The polarity of the reaction solvent also affects the 
isomerization ratio; for example, reaction in 85 % ethanol 
(v/v) yields an isomerization ratio of 55.9 %.3) However, 
isomerization at 100 °C is not feasible because of inactiva-
tion of the enzyme, and reaction in ethanol-containing 
solutions proceeds only with 6‒12 % D-glucose and at a 
temperature of 30 °C. Therefore, neither of these modifica-
tions to the standard reaction conditions is effective. Some 
researchers have attempted to shift the equivalence to 
D-fructose by using reagents with different affinities for the 
isomers. For example, sodium borate and germanate (i.e., 
germanium dioxide) can be used as affinity reagents after 
solubilization under alkaline conditions. Indeed, addition of 
borate has been reported to increase the isomerization ratio 
to 88 %,4) and addition of germanate has been reported to 
increase the isomerization ratio to 90 %.5) However both of 
these compounds are associated with toxicity; thus, their use 
is limited.6)

　The water-soluble organogermanium compound poly-trans-
[(2-carboxyethyl)germasesquioxane], commonly called 
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Ge-132,7) is a polymer with the rational formula 
[(GeCH2CH2COOH)2O3]n, which remains stable under various 
chemical conditions. The polymer is hydrolyzed into the 
3-(trihydroxygermyl)propanoic acid (THGP) monomer in 
aqueous solution. Ge-132 has been reported to be involved in 
immune regulation,7) suppression of osteoporosis,8) induction of 
antioxidative effects,9) antinociceptive effects,10) anti-inflamma-
tory effects,11) antirheumatoid effects,12) and promotion of 
protoporphyrin IX synthesis.13) Moreover, Ge-132 has been 
shown to be safe in a variety of toxicity studies.14‒22) Ge-132 has 
recently been used as a component of functional foods and 
cosmetics. We previously described that THGP is similar to 
germanium dioxide with respect to the affinity for D-glucose 
and D-fructose23) because of the structural similarity between 
germanium dioxide and THGP. Phenyl boronic acid has also 
been shown to have a strong affinity for saccharides, using 
nuclear magnetic resonance (NMR) analyses.24) However, the 
differential affinities of THGP and sugar isomers remain 
unclear.
　Therefore, in the present study, we aimed to evaluate the 
affinity between THGP and sugar isomers using 1H-NMR 
analyses. Because of the lack of a germanium nuclear probe 
for NMR, we used the dimethyl derivate of THGP (DM- 
THGP) as a reporter molecule and examined the effects of 
addition of organogermanium compounds of THGP and its 
derivatives on the enzymatic isomerization reaction and the 
alkaline isomerization reaction (Lobry de Bruyn–Alberda van 
Ekenstein transformation). Additionally, we evaluated the 
affinity between THGP (and its derivatives) and sugar isomers, 
and proposed a scheme to explain the effects of these 
compounds on isomerization. To the best of our knowledge, 
this is the first report describing the affinity between germani-
um compounds and sugars, as evaluated using 1H-NMR 
analyses.

MATERIALS AND METHODS

Reagents.　Figure 1 shows the structures of the six organo-
germanium compounds (THGP, GPhe, N-Ac-GPhe, GAla, 
N-Ac-GAla, and GSuc) used in this study and the structure 
of the 1H-NMR reporter molecule, 3,3-dimethyl-
3-(trihydroxygermyl)propanoic acid (DM-THGP). All 
organogermanium compounds used in this study were 
synthesized at Asai Germanium Research Institute Co., Ltd. 
D-Glucose (anhydrous) and deuterium oxide (99.9 % deuter-
ation ratio) were purchased from the Merck KGaA (Damstat, 
Germany). D-Fructose, magnesium sulfate heptahydrate 
(guaranteed reagent grade), perchloric acid (guaranteed 
reagent grade), and sodium hydroxide (guaranteed reagent 
grade) were purchased from Kanto Chemical Co., Ltd. 
(Tokyo, Japan). The glucose isomerase (D-xylose isomerase 
EC 5.3.1.5) used was Nagase Enzymes G1-L (Nagase 
ChemteX Co., Ltd., Osaka, Japan). 3-(N-Morpholino) 
propanesulfonic acid (MOPS) was purchased from Tokyo 
Kasei Co., Ltd. (Tokyo, Japan). Distilled water was prepared 
using Advantec fully automatic distilled water manufactur-
ing equipment (GSR-200; Advantec Toyo Kaisha, Ltd., 
Tokyo, Japan).
Enzymatic isomerization reaction.　The substrate solution 
was prepared by adding 20 mmol of D-glucose and 0.4 mmol 
of MgSO4·7H2O to 10 mL of 0.2 M MOPS buffer (pH 8). 

Glucose isomerase (5.69 mg/mL Nagase Enzymes G1-L) was 
filtered through a membrane filter (0.22 µm; Millex-GS, 
Merck Millipore, Billerica, USA). To prepare each organoger-
manium solution, the organogermanium compound was 
dissolved to a concentration of 2 M (as the molar concentra-
tion of the germanium monomer compound), with adjustment 
to pH 8 using sodium hydroxide solution. The reaction 
mixture was prepared by adding 0.8 mL of the 2 M organoger-
manium solution to 0.8 mL of the 2 M substrate solution as 
described above. Subsequently, 16 µL of the enzyme solution 
was added to the reaction mixture. The final reaction mixtures 
(pH 7.8) contained 1 M D-glucose and 1 M organogermani-
um. The control solution was prepared using distilled water 
rather than the organogermanium solution. All preparation 
steps were performed under ice-cold conditions. Reaction 
mixtures (0.1 mL each) were incubated at 60 °C with shaking 
(120 rpm) for 15, 30, 45, 60, 90, 120, 150, 180, 210, or 
240 min. The reaction mixture was then placed quickly on ice 
water, and the reaction was stopped by adding 0.1 mL of 
0.5 M perchloric acid solution.
Alkaline isomerization reaction.　To prepare each organo-
germanium solution, the organogermanium compound was 
dissolved to a concentration of 2 M (as the molar concentra-
tion of the germanium monomer compound), with adjust-
ment to pH 12 using sodium hydroxide solution. The reaction 
mixture was prepared by adding 2.5 mL of the organogerma-
nium solution to 2 mL of 2.5 M D-glucose solution, and the 
pH was adjusted to 12 using 0.2‒0.4 mL of 10 M sodium 
hydroxide solution. The final concentrations of D-glucose 
and organogermanium compound in the reaction mixture 
were 1 M. The control solution was prepared using distilled 
water rather than the organogermanium solution. All 
preparation steps were performed under ice-cold conditions. 
Reaction mixtures (0.5 mL each) were incubated at 60 °C 
with shaking (120 rpm) for 5, 10, 15, 20, 25, 30, 40, 50, or 
60 min, and then quickly placed on iced water.
Analysis of D-glucose and D-fructose using high-perfor-
mance liquid chromatography (HPLC).　The reaction 
mixtures were diluted 180‒200-fold with distilled water and 
then centrifuged for 3 min at 13,500 × G at 1 °C. D-Glucose 
and D-fructose contents in the supernatants were determined 
by HPLC. The sugar isomers were separated with a 
Shim-pack SCR-101C SCR (C) column (7.9 φ × 300 mm, 

Fig. 1.　Organogermanium compounds used in the experiments.
　The structures of the compounds in aqueous solution and their ab-
breviations are shown.
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4 φ × 50 mm; Shimadzu Corporation, Kyoto, Japan) at 
80 °C. The mobile phase was distilled water, introduced at a 
flow rate of 1.0 mL/min. The sample volume applied was 10 
µL. An LC-10A instrument, equipped with an RID-6A 
refractive index detector (Shimadzu), was used for detection.
NMR measurement.　NMR spectra were recorded at 20 ± 
0.5 °C using a Varian Gemini 300 spectrometer (Agilent 
Technologies, Santa Clara, USA) equipped with a 5-mm 
diameter C/H dual probe. Chemical shifts were expressed in 
ppm relative to the H resonance of HOD in solvent, which 
was offset by 4.80 ppm.
Comparison of the affinity of THGP and its derivatives for 
D-glucose and D-fructose.　To elucidate the mechanism 
through which THGP derivatives promote isomerization, we 
measured the complex formation constants (Ks) for 
D-glucose and D-fructose using DM-THGP. First, the 
complex formation ratios for D-glucose and D-fructose in 
the presence of DM-THGP were measured using 1H-NMR 
under the following conditions: sugar concentration of 
0.25 M constant; DM-THGP concentrations of 0.075, 0.10, 
0.125, 0.15, 0.175, 0.20, 0.225, 0.25, 0.275, or 0.30 M; and 
pH range of 6.0 to 7.4. Subsequently, the 1H-NMR integral 
values of the sugar (0.25 M constant concentration) were 
used to correct the concentration of DM-THGP. Complex-
ation ratios were calculated using the following equation: Cr 
= Ic/(Ic + If), where Cr, Ic, and If are the complexation ratio, 
integral value of the methyl proton signal corresponding to 
the DM-THGP-sugar complex, and integral value of the 
methyl proton signal corresponding to DM-THGP, respec-
tively. Then, using the complexation ratios from the formula 
above, the Ks values of DM-THGP for D-glucose and 
D-fructose were calculated from the slope of the complex 
concentration/free sugar concentration ratio plotted against 
the free DM-THGP concentration based on the equation Ks 
= [ML]/[M][L] (where Ks, [ML], [M], and [L] are the 
complex formation constants, molar concentration of the 
sugar-DM-THGP complex, molar concentration of free 
DM-THGP, and molar concentration of the free sugar, 
respectively).

RESULTS

Effects of organogermanium compounds on enzymatic 
isomerization.
　Figure 2 shows the results of the enzymatic isomerization 
of D-glucose to D-fructose in the presence of organogerma-
nium compounds. Approximately 50 % of D-glucose was 
isomerized into D-fructose under normal reaction conditions 
(control). In contrast, more than 70 % (74‒85 %) of D-glucose 
was converted to D-fructose when equimolar concentrations 
of organogermanium compounds were added. The conversion 
of D-glucose to D-fructose was increased to 80 % (120 min, 
over 30 % higher than control) following addition of THGP. 
Moreover, addition of GSuc, a carboxymethyl-substituted 
derivative, resulted in the greatest increase in the conversion 
rate, up to 85 % (150 min). N-Ac-GPhe and N-Ac-GAla, 
which contained an amino group protected with an acetyl 
group, increased the conversion rates to 84 % (150 min) and 
81 % (150 min), respectively. Moreover, addition of these 
organogermanium compounds to the enzyme isomerization 
reaction system at equimolar concentrations increased the 
conversion ratios to up to 1.7 times that of the control.

Effects of the organogermanium compounds on alkaline 
isomerization.
　Figure 3A shows the results of alkaline isomerization 
from D-glucose to D-fructose under alkaline conditions in 
the presence of organogermanium compounds. Under 
normal reactions conditions (control, 15 min), a D-fructose 
yield of approximately 30 % was obtained. In contrast, a 
D-fructose yield of more than 70 % was obtained when an 
equimolar concentration of organogermanium was added to 
the reaction mixture. For example, the fructose yield 
increased to 73 % (30 min) and 70 % (40 min) after addition 
of THGP (Ge-132) or N-Ac-GAla, respectively. The yield of 
D-fructose from alkaline isomerization of D-glucose was 
highest after addition of THGP (Ge-132). The remaining 
ratio of D-glucose and the remaining ratio of total saccha-
rides at each reaction time point are shown in Fig. 3B and 

Fig. 2.　 Time course of enzymatic isomerization ratios in the presence of organo-
germanium compounds.

　Enzymatic isomerization from D-glucose to D-fructose using a glucose isomer-
ase in the presence of equimolar concentrations of organogermanium compound 
(final concentration, 1 M; reaction temperature, 60 °C; pH 7.8). The concentration 
of each sugar was determined by HPLC. Isomerization ratio (%) = D-fructose con-
centration at each reaction time/initial D-glucose concentration × 100.
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A

B

Fig. 3.　 Effects of organogermanium compounds on alkaline isomerization from 
D-glucose to D-fructose.

　A, D-Fructose yield = D-fructose concentration at each reaction time/initial D-
glucose concentration × 100;  B, D-glucose remaining ratio = D-glucose concen-
tration at each reaction time/initial D-glucose concentration × 100;  C, Total sac-
charide remaining ratio = D-glucose remaining ratio + D-fructose yield at each 
reaction time. The data were obtained by HPLC analysis of saccharides. A Shim-
pack HPLC column was used at 80 °C. Distilled water was used as the mobile 
phase, and the flow rate was 1.0 mL/min. A refractive index (RI) detector was used 
for detection.

C
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3C, respectively. The total amount of saccharide decreased 
under alkaline conditions. The highest ratio of remaining 
D-glucose was observed in the control group after reaction 
for 60 min (28 %); under these conditions, the ratio of 
remaining total saccharides was lowest (53 %). The pH 
value was decreased by the organic acids or some other 
compounds produced as a by-product of the reaction (data not 
shown). The most dramatic drop in pH was observed for the 
control group. In contrast, addition of organogermanium 
compounds suppressed this reduction in pH. Finally, addition 
of equimolar concentrations of organogermanium compounds 
to the alkaline isomerization reaction increased the D-fructose 
yield up to 2.4-fold that of the control.

Comparison of the complex formation constants (Ks) for 
the sugar-THGP structure using a 1H-NMR reporter 
molecule.
　The Ks values of THGP derivatives with sugar were 
estimated using DM-THGP as a reporter molecule in 
1H-NMR analyses. The proton NMR spectrum of DM-THGP 
gave only two singlet signals corresponding to the methyl 
and methylene groups, which do not exhibit proton coupling 
(Fig. 4A). However, signals corresponding to the complex 

between DM-THGP and sugar were observed near the 
original signals as multiple shifting signals (Figs. 4B and 
4C). The complex formation ratios were calculated using the 
integral value ratios. Therefore, DM-THGP could be used as 
a 1H-NMR reporter molecule for examining the interaction 
of the THGP structure with carbohydrates. The Ks values of 
DM-THGP for D-glucose and D-fructose were calculated as 
described in the Materials and Methods, and plots of the 
complex concentration and free sugar concentration versus 
the free-DM-THGP concentration are shown in Fig. 5. The 
mean Ks values were Ks(glucose) = 1.2 M‒1 and Ks(fructose) = 
46 M‒1. Thus, the affinity of DM-THGP for D-fructose was 
approximately 40 times higher than that for D-glucose.

DISCUSSION

　As described above, organogermanium compounds with a 
THGP structure promoted the conversion from D-glucose to 
D-fructose in both the enzymatic reaction and the alkaline 
isomerization reaction. The high affinity of the THGP 
structure for D-fructose was revealed using the 1H-NMR 
reporter molecule DM-THGP. Because THGP derivatives 
bound more strongly to D-fructose than to D-glucose, the 
equilibrium of the isomerization reaction would be expected 
to be shifted toward D-fructose. This mechanism could 
explain the observed effects of THGP derivatives on 
enzymatic isomerization from D-glucose to D-fructose. 
Figure 6 shows the complex formation reaction scheme 
between a saccharide and THGP derivative. A similar 
mechanism has also been reported for the enzyme isomeri-
zation induced by the boron compound.25) In contrast, the 
association constants of benzoxaborole, which can form 
complexes with cis-diol at neutral pH, have been reported to 
be 664 M‒1 for D-fructose and 21 M‒1 for D-glucose.26) These 
values are approximately 15 times higher than those of 
DM-THGP obtained in the present study. This difference in 
affinity may reflect the relative size of boron and germanium 
atoms. The reduced affinity of the interaction may be 
preferred from the viewpoint of food safety of THGP 
(Ge-132).
　THGP derivatives also promoted alkaline isomerization 
from D-glucose to D-fructose. The reaction for alkaline 
isomerization from D-glucose to D-fructose proceeded via 
the 1,2-enediol intermediate.1, 27) Additionally, high complex 
formation capacity of the cis-diol group of the catechol of 
THGP, including a penta-coordinate Ge, has been report-
ed.28) Thus, stabilization of the 1,2-enediol intermediate by 
complex formation with the THGP derivative is thought to 
occur, which would favor for the formation of D-fructose to 
stabilize the transition state. In addition, part of the 
D-fructose molecule will have a negative charge because of 
complex formation with the Ge anion of the THGP deriva-
tive, as shown in Fig. 6D. This negative charge will help to 
protect the D-fructose molecule from the attack of the 
alkaline reagent, because negative charges would repel each 
other. In fact, the ratio of remaining total saccharides in the 
presence of THGP derivatives was higher than in the control.
　THGP derivatives promoted enzyme isomerization (150 
min) in the following order: GSuc ≈ N-Ac-GPhe > N-Ac-GAla 
≈ THGP > GPhe > GAla > control. GSuc and N-Ac-GPhe, 
which possess structures favoring cyclization of THGP 

Fig. 4.　 1H-NMR spectra (300 MHz) of methyl and methylene signals 
of DM-THGP and its complexes with sugars in the 0.8‒4.30 
ppm region.

　The spread spectra of the methyl signals in the 1.03‒1.28 ppm re-
gion are also shown. A, DM-THGP; B, with D-glucose, 1:1, 0.25 M; 
C, with D-fructose, 1:1, 0.25 M, at 20 °C in D2O, pH 6.0‒7.4. 

A

B

C
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derivatives (i.e., lactone-like ring formation of penta-coordi-
nate germanium) by steric factors, showed relatively higher 
isomerization-promoting effects than the other derivatives, 
supporting the mechanism described above. A similar order 
was also observed in the initial alkaline isomerization 
reaction, supporting the strength of complex formation 

between THGP derivatives and the 1,2-enediol intermediate. 
However, GSuc and N-Ac-GPhe, which have sterically 
hindered structures, showed less protective effects on 
D-fructose from alkaline decomposition (D-fructose yields 
at 25 min and later were decreased) than THGP (Ge-132) 
and N-Ac-GAla, which have simple structures. The hepta-

Fig. 5.　 Comparison of the complex formation constants (Ks) of DM-THGP versus D-
glucose (□ and ■) and D-fructose (○ and ●). 

　Plots of the complex concentration and free sugar concentration versus the free DM-
THGP concentration at 20 °C in D2O, pH 6.0‒7.4.

Fig. 6.　Scheme of complex formation reaction between THGP structures and cis-diol compounds.
　Carboxylate anion of the THGP structure including free rotation of the propanoic acid side chain bond to the vacant 
d-orbital of the Ge atom (A) in the intermolecular structure (B). The resulting pentacoordinate trihydroxygermanium form 
reacted with cis-diol compounds, including a dehydration step, and then formed stable complexes at approximately neutral 
pH (C). The generation of the hexa-coordinate germanium complex was estimated to occur at approximately pH 12 (D).

D

A

C

B
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coordinate Ge structure of THGP at pH 12 or more was 
estimated (data not shown), and the potential protective 
effects of this structure on D-fructose are believed to be 
related to the steric stability of hepta-coordinate Ge complex-
es, as shown in Fig. 6D.
　In summary, the results of the present study indicated that 
promotion of sugar isomerization using organogermanium 
compounds was an effective method for conversion from 
D-glucose to D-fructose. However, organogermanium 
compounds are relatively expensive. Therefore, the develop-
ment of a recycling system for organogermanium compounds 
using selective capture materials29) or electrodialysis instru-
ments for organogermanium compounds is necessary for 
continued advancement in this field.
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