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A cyclic polyol, 1,5-anhydro-D-glucitol (AG), is widely detected in most organisms, although little is known
about its metabolism and physiological roles. The present study demonstrates the synthesis of AG in
Escherichia coli C600. The major portion of the synthesized AG was indicated to be derived from glucose
retaining all the six carbon atoms, and only 5% was attributed to AG synthesized from C3 compounds. AG
synthesis is apparent in an early stage of the stationary phase, and accumulation is transient both in cells and
in medium. Evidence is also presented for AG uptake and metabolism and for effects of cyclic AMP.

A polyol, 1,5-anhydro-D-glucitol (AG) (Fig. 1), is a 1-deoxy
form of glucopyranose, which was first found in the polygala
family (4) and is also present in human cerebrospinal fluid (10,
13) and blood (12). To date, it has been found in a wide range
of animals and plants (17). The AG concentration in human
plasma is usually maintained at a constant level independent of
food intake (2, 14) and of changes in most other physiological
conditions (14, 15). The concentration, however, specifically
decreases in patients with diabetes mellitus (1, 7, 12, 14, 16, 18,
19); glucose at a high concentration in blood prevents AG from
being reabsorbed in the renal tubules, and AG leaks into the
urine (2). Recently, it was found that the AG concentration in
human blood also decreased during the first 33 weeks of
pregnancy and that it gradually returned to the normal level
afterwards (5, 11). This observation implies an enhanced
utilization of AG in fetuses, since we have already shown that
AG undergoes very slow metabolic conversion in mature
animals (6). Similarly, the largest AG stock in vegetables is
observed in cereals and beans (17), thus raising the possibility
that plant seeds store AG in preparation for germination.
These observations indicate that AG might be indispensable,
but virtually nothing is known about its roles in any organism.
The first stage of a metabolic study is often carried out most

conveniently in well-established lines of bacteria. Only a
limited number of reports have dealt with the metabolism of
AG in microorganisms however (3, 8). We reported earlier
that a strain of pseudomonas can grow on AG as a sole carbon
source and that 1,5-anhydro-D-fructose is the intermediary
metabolite in its catabolic degradation by the bacteria (8). We
started a study of AG metabolism in Escherichia coli with
[U-13C]glucose as the major carbon source and observed a
conditional synthesis and utilization of AG in this organism.

MATERIALS AND METHODS
Materials. AG and [U-13C]AG were obtained from Nippon

Kayaku Co., Ltd. (Tokyo, Japan). [6,6-2H]AG was prepared
from [6,6-2H]glucose (MSD Isotopes, Montreal, Canada) in
our laboratory according to an established method (9). Natural
D-glucose and [U-'3C]glucose were the products of Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) and Isotec, Inc.
(Miamisburg, Ohio), respectively, and they were further puri-
fied by high-pressure liquid chromatography on an Amide-80
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column (4.6-mm internal diameter by 25 cm; Tosoh, Tokyo,
Japan) with acetonitrile-water (72:28) as the eluent. The
glucose B test (Wako) was used to determine the glucose
concentration of the medium. Casamino Acids, Bacto tryp-
tone, and Bacto yeast extract were purchased from Difco
Laboratories (Detroit, Mich.). Cyclic AMP (cAMP) was ob-
tained from Sigma Chemical Co. (St. Louis, Mo.); cAMP
solutions were prepared fresh for each experiment. An anion
exchange resin, AG1-X8, and a cation exchange resin,
AGSOW-X8, were the products of Bio-Rad Laboratories
(Richmond, Calif.). All other chemicals were from Wako Pure
Chemical Industries, Ltd., and were used without further
purification. E. coli C600 was a kind gift from Isao Katsura of
the National Institute of Genetics (Shizuoka, Japan).

Precultivation of E. coli. E. coli C600 was inoculated in 5 ml
of Luria-Bertani medium (1% Bacto tryptone, 0.5% Bacto
yeast extract, 1% NaCl) and grown overnight at 37°C. The
resulting cells were collected by a mild centrifugation (1,800 x
g for 20 min), washed once with ice-cold saline, and then
suspended in the original culture volume of saline.

Cultivation ofE. coli with glucose. The suspended E. coli was
added to the 100-fold volume of M9 medium (0.3% KH2PO4,
0.6% Na2HPO4, 0.05% NaCl, 0.1% NH4Cl, 0.024% MgSO4,
0.001% CaCl2 [pH 7.4]) supplemented with Casamino Acids
(0.2%) and natural and/or [U-13C]glucose (0.2% unless other-
wise stated) with or without 5 mM cAMP. These culture
mixtures were incubated at 37°C while shaking, and aliquots
were taken at the indicated incubation times and poured into
prechilled tubes kept on ice. A600 was first measured, and then
a 0.1-ml portion was subjected to glucose determination and
another 1-ml portion was subjected to AG analysis. The
number of cells was calculated from the absorbance by using a
calibration curve separately obtained by the colony counting
method.
Measurement ofAG uptake rate. E. coli was cultivated with

natural glucose, and at various points in the course of prolif-
eration, a 5-ml portion of the culture was placed in a separate
tube and [U-13C]AG (85 ,ug/ml) was added to a concentration
of 170 ng/ml. After a further 1-h incubation at 37°C, the
amounts of the isotopically labeled AG were measured both in
the medium and in the cells.
AG analysis. One milliliter of the culture was centrifuged to

separate the supernatant and the cells, and when needed, an
appropriate amount of [6,6-2H]AG (usually 10 ng) was added
to each fraction as an internal standard. The supernatant was
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OH
FIG. 1. AG structure.

first dried in a centrifugal evaporator (CC100; Tomy, Tokyo,
Japan), and the residue was dissolved in a small amount of
water and applied to a two-layer column (5.5 mm internal
diameter) packed with, from the bottom to the top, 500 ,ul of
the anion exchanger, in OH - form, and 500 RI of the cation
exchanger, in H+ form. The charged column was washed with
5 ml of distilled water, and all the effluent was collected and
then dried. The residue was further treated on a TSK gel SCX
column (6.0-mm internal diameter by 15 cm; Tosoh) with
acetonitrile-water (75:25) as the eluent. The fraction corre-
sponding to AG was dried, and the resulting residue was
subjected to acetylation in 75 RI of acetic anhydride-pyridine
(1:2) at 110°C for 15 min. The acetylated sample was dried and
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dissolved in 5 [lI of p-xylene, and a 1-pAl portion was injected
into a capillary column (HiCap CBP1-M25; Shimadzu, Kyoto,
Japan) in a gas chromatograph-mass spectrometer (QP-2000;
Shimadzu) at 120°C. For separation, we employed a tempera-
ture gradient rising from 180 to 182°C in 4 min. For quantita-
tive analysis by selected ion chromatography, the ion fragments
unique to [6,6-2H]AG (m/z = 172 and 214) and to [U- lC]AG
(mlz = 176 and 218) were monitored. The amount of
[U-'3C]AG in the sample was calculated by comparing its peak
area (m/z = 176 or 218) with that of the corresponding
fragment of [6,6-2H]AG (m/z = 172 or 214).
For determination of AG in the cells, the cells were first

sonicated in 1 ml of distilled water with an ultrasonic disrupter
(UD-201; Tomy) at 80 W for 2 min with a 0.6-s interval every
second. Then, the disrupted mixture was treated in the same
way as the supernatant.
The isotopic composition of AGs synthesized in the culture

with a mixture of natural and [U-13C]glucose was determined
from the relative peak areas of the fragments whose m/zs were
170, 171, 172, 173, 174, 175, and 176 obtained in the selected
ion chromatography monitoring these fragments. These frag-
ments are considered to retain all the six carbons in AGs
because the major fragment (m/z = 170) produced from
natural AG has been assigned to the fragment retaining all six

carbon atoms in its structure (peracetylated AG minus two
acetic acids and one ketene) (6). In this determination, the
combined contribution of the natural occurrence of carbon 13
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FIG. 2. Mass fragmentograms for the peak of peracetylated derivative of authentic [U-13C]AG (A) and for the corresponding peak of the
preparation made from the culture medium in which E. coli C600 had been grown on [U-13C]glucose (B).
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FIG. 3. Time course of AG synthesis by E. coli C600. E. coli cells
were cultivated with [U-_3C]glucose, aliquots were taken at the indi-
cated times, and absorbance, glucose concentration, and AG content
were determined as described under Materials and Methods. Symbols:
A, amount of AG in 1 ml of the medium; A, amount of AG in the cells
obtained from 1 ml of the culture; 0, glucose concentration in the
medium; O, A600.

in natural glucose and the signal spillover from the fragment of
m/z 170 to the observed signal intensity for that of m/z 171 were
estimated from the relative signal intensities for these mass
numbers obtained with authentic natural AG and subtracted
from the observed relative intensity for the fragment of m/z
171; the resulting value was regarded as the relative amount of
AG containing five carbons from natural substrates and one
carbon from [U-_3C]glucose. The net signal intensity for the
fragment of m/z 175 was similarly deduced by compensating
the spillover from the fragment of m/z 175 into the signal for
that of m/z 175 by using the relative signal intensities of m/z =
175 and 176 obtained with authentic [U-13C]AG.
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FIG. 5. Effect of cAMP on accumulation of AG. E. coli cells were
cultivated in the medium in the absence (A) and presence (B) of 5 mM
cAMP. Aliquots were taken from the culture at the indicated times and
subjected to the subsequent determinations. A, amount of AG in 1 ml
of the medium; A, amount ofAG in the cells obtained from 1 ml of the
culture; Fl, total amount of AG in 1 ml of the culture; 0, glucose
concentration in the medium; O, A600,

RESULTS AND DISCUSSION
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FIG. 4. AG uptake by E. coli in various growth phases. E. coli cells
were cultivated in natural glucose, and at the indicated times portions
were removed and incubated for 1 h with [U-'3C]AG (170 ng/ml).
[U-'3C]AG was then measured in the medium and cells. Symbols: 0,

glucose concentration in the medium; K, A600; Li, [U-13C]AG disap-
pearance from 1 ml of the medium in 1 h; *, [U-'3C]AG in the cells
obtained from 1 ml of the culture.

AG synthesis by E. coli C600. The supernatant obtained
from the [U-13C]glucose culture showed in gas chromatogra-
phy-mass spectrometry analysis a distinct gas chromatograph
peak exactly coinciding with the single peak of authentic
[U-_3C]AG. Figures 2A and B show their mass spectra, which
bear a close resemblance to each other, thus demonstrating the
presence of [U-_3C]AG in the supernatant. When E. coli was
cultivated in the medium supplemented with 0.1% each of
natural and [U-_3C]glucose instead of [U-_3C]glucose alone,
the synthesized AG was found to be composed of natural AG
(53.5%), [U-13C]AG (43.9%), and a hybrid AG (2.6%) which
has three atoms each of carbons from natural and [U-_3C]glu-
cose in the molecule. Other molecular species of AG were
virtually not detectable.

Figure 3 shows that [U-_3C]AG accumulated both in cells
and in the medium in the [U-'3C]glucose culture and then
declined. At the peak, there were 18.9 ng in the medium and
3.8 ng in the cell. The latter amount is calculated as a
concentration factor of ca. 40-fold (considering, on the basis of
wet weight of the cell pellet, that total cell volume was ca. 5
mm3, about 1/200 of the volume of the medium). Analogous
time courses-accumulation of AG after glucose exhaustion
followed by decline-were observed for cultures with initial
glucose concentrations of 1 to 5 mg/ml, with the amounts of
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AG per single cell at the peak ranging from 3.5 to 9.6 ag per
cell, respectively.
AG uptake. Since AG is stable in the medium, its decline

after accumulation likely represents uptake and/or metabo-
lism. As shown in Fig. 4, addition of [U-'3C]AG to stationary-
phase cells resulted in substantial decline from the medium in
1 h (97 of 170 ng added) and 8 ng was recovered in the cells.
The decline was less with earlier additions, and no AG was
found in the cells.

Effect of cAMP. The inclusion of 5 mM cAMP altered the
profile of AG appearance with a relatively larger accumulation
in the cells and delayed appearance and decline in the medium
(Fig. 5).
Comments. The use of [U-13C]glucose allowed discrimina-

tion of AG fragments from contaminants of other natural
compounds, hence aiding its positive identification. It also
allowed, in the experiments employing [U-'3C] and natural
glucoses together, demonstration of the fact that AG derives
from the C6 skeleton of glucose largely intact: 97.4% have m/zs
of 170 and 176. (The remaining 2.6%, with an m/z of 173,
would suggest a combination of two C3 derivatives, perhaps
related to gluconeogenesis.)
There is no knowledge of the pathways of synthesis or

degradation. The material appears largely free as found in the
cell; the possible existence of derivatives may be indicated by
the observation of some increase in free AG in a homogenate
incubated at room temperature (data not shown). In any case,
this work demonstrates the existence of both biosynthetic and
degradative pathways, as well as mechanisms for uptake and
release. The actual amounts found in cells are extremely low (2
x 10-5 M at most), and the evidence for active metabolism
(particularly in stationary phase) with some effects of cell
density and data from the time courses suggest a possible role
in metabolic signaling of nutritional conditions.
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