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Detection of L-Xylosone and its Physiological Effects in
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L-Xylosone was detected as its quinoxaline derivative in the degradation solution of dehydro-L-
ascorbic acid. The production rate of L-xylosone was much faster in aerated phosphate-citrate
buffer (pH 5.6) than in pure water. L-Xylosone and dehydro-L-ascorbic acid were identified in the
crude extracts of Saccharomyces cerevisiae. The concentration of L-xylosone in the crude cell extracts
was calculated to be about 0.2 nmol (mg protein)l. When L-xylosone was added to asynchronous
culture of S. cerevisiae, it inhibited primarily the synthesis of protein and RNA. Examination of the
effect of L-xylosone on synchronous culture of the yeast indicated that L-xylosone inhibited the
initiation of DNA replication and that the cells were arrested at G, stage of cell division cycle.
These results suggested a possibility that L-xylosone can act as an inhibitor of cell growth.
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Saccharomyces cerevisiae

L-Ascorbic acid is known to be involved in a great
variety of biological phenomena such as the immune
system, the cytochrome P450 system, neurological func-
tion, atherosclerosis and free radical reactions in bio-
logical samples. But none of these proposals have led to
well defined and acceptable physiological roles of L-as-
corbic acid. Identifications of the metabolic pathways
and their intermediates are expected to bring us much
more information about the physiological roles of L - as-
corbic acid.

Dehydro-L-ascorbic acid is the first relatively stable
oxidation product of L-ascorbic acid. In neutral or al-
kaline solutions, dehydro-L-ascorbic acid is very ra-
pidly delactonized to 2,3-diketogulonic acid, which is
subsequently decarboxylated to pentonic acids via pen-
tosones in several organisms (6,8). Of these pentosones,
L-xylosone (L-threo-pentos-2-ulose), the precursor of
L-xylonic acid, is produced nonenzymatically from
dehydro-L-ascorbic acid (6) or enzymatically in bac-
teria (7). From further investigation on these discover-
ies with nuclear magnetic resonance spectroscopy, a
model for the possible catabolic pathway of L-ascorbic
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acid has been suggested (18,9).

In the present study, we detected L-xylosone as its
quinoxaline derivative in the degradation solution of
dehydro-L-ascorbic acid and in the crude extracts of Szc-
charomyces cerevisiae. Then, we observed its effects on
the cell growth and the synthesis of macromolecules by
adding it to the asynchronous and synchronous culture of
S. cerevisiae. Through these experiments, we intended to
determine the metabolic roles of L-xylosone, one of the
degradation products of L-ascorbic acid.

Materials and Methods

Chemicals

Dehydro-L-ascorbic acid was prepared from L-as-
corbic acid according to the method proposed by Ohmo-
ri ef al. (15) and L-xylosone was prepared freshly from
L-xylose in each experiment according to the method
proposed by Vuorinen and Serianni (20). All other
reagents used were of the highest quality generally a-
vailable.

Organism and culture conditions
S. cerevisiae ATCC 26786 (haploid, a-type) was used
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throughout the experiments. Cells were grown in YEPD
medium contaming 1% yeast extract, 2% peptone and 2%
glucose. Starvation medium contained 10 mM KCl, 2.4
mM CaCl, and 2.5 mM MgCl.. The synthetic medium em-
ployed in asynchronous or synchronous culture contained
5 g NaOH, 8.3 ¢ succinic acid, 10 g glucose, 1 g (NH,),S0,,
0.87 g K.HPO,, 0.12g KH,PO, 0.5g MgSO, - 7H.0, 0.1g
NaCl, 0.1g CaCl. - 2H,0, 10 pg FeCl, - 6H,0, 4 mg ino-
sitol, 0.8 mg calcium pantothenic acid, 0.8 mg pyridoxine,
0.8 mg thiamme dihydrochloride and 20 pug biotin in 1 1
distilled water. For the induction of L-ascorbic acid syn-
thesis, 1-day cultured cells in YEPD medium were har-
vested, washed with 0.1% aqueous dithiothreitol solution
and transferred to a synthetic medium containing 20 mM
L-galactono-1,4-lactone instead of glucose, and incubated
for 22 h.

Preparation of crude cell extracts

Exponentially growing cells in YEPD medium were
harvested by centrifugation at 2000 X g for 10 min, wash-
ed twice with distilled water, resuspended in 10 mM
Tris-HCl buffer (pH 7.6) containing 50 mM KCl, and
homogenized with Bead Beater (Biospec Co.) using glass
beads for 5 min at 4°C. The homogenized suspensioh was
centrifuged at 35000 % g for 15 min and the supernatant
was used for detection of L-xylosone.

Detection of L-xylosone

L-Xylosone was detected as quinoxaline derivative pre-
pared according to the method proposed by Ohmori ef .
{16) with some modifications: 2ml of 10mM o-
phenylenediamine and 0.2 ml of 5M perchloric acid were
added to 2 ml of 50 mM dehydro-L-ascorbic acid solution
or crude cell extracts, and incubated at 35°C for 40 min.
After extracting three times with the same volume of
diethylether, diethylether layer was acidified with (0.5 ml
5 M HCI, and dried in vacuo. Dried sample was dissolved
in 2ml of acetonitrile and this acetonitrile solution was
analyzed with a high-performance liquid chromatography
(HPLC) system (Waters). The samples were separated
on a MBondapak C18 column (300x3.9mm), and iso-
cratically eluted at a rate of 1 ml min" with the mixture
of 10 mM KH,PO, in o-phosphoric acid and acetonitrile
(85:15, v/v). Chromatograms were recorded at 313 nm.

Determination of cell density and cellular contents
of DNA, RNA and protein

Cell density was determined by turhidity in asyn-
chronous culture, and by hemacytometer in synchronous
culture. The cellular content of DNA was determined ac-
cording to the method proposed by Gurney and Gurney
(4), and those of RNA and protein according to the
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Fig. 1. Deteciion of L-xylosone as quinoxaline derivative in the
degradation solution of dehydro-L-ascorbic acid. (A), High-per-
formance lLiquid chromatogram of the degradation products of
dehydro-L-ascorbic acid. 50 mM dehydro-L-ascorbic acid was dis-
solved in 20mM phosphate-citrate buffer, pH 5.6, incubated at
25°CC with acration for 1day, treated with o-phenylenediamine
and analyzed with high-performance liquid chromatography. The
chromatogram was recorded at 313nm. X, D and H indicate the
quinoxaline derivatives of L-xylosone, dehvdro-L-ascorbic acid and
hydroxypyruvaldehyde, respectively. (B), Changes of L-xvlosone
concentration in the degradation products of 50 mM dehydro-L-as-
corbic acid in pure water without aeration (@) or with aeration
(m) and in 20 mM phosphate-citrate buffer, pH 5.6, without aera-
tion (A) or with aeration (W). The data presented here are the
results representative of three independent experiments.

method proposed by Herbert ef al. (5).

Synchronization procedure

Cells were synchronized according to the method pro-
posed by Willlamson and Scopes (21) with some mod-
ifications: single colony was inoculated to 100 ml syn-
thetic medium in a 500 ml baffled flask and cultivated at
25'C for 4 days with vigorous shaking. Cells were har-
vested and washed twice with sterilized distilled water.
About 1X1(*cells were loaded onto the top of 20~40%
sorbitol gracient in starvation medium. The tubes were
spun with swinging-bucket centrifuge (IEC) until the
cell band reached half the height of the tube, then the
center layer was taken, harvested and washed three
times with starvation medium. This preparation of un-
iform-sized cells was subjected to starvation procedure
of vigorous shaking for 6 h in 200 ml starvation medium.

After the starvation period, cells were collected,
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Fig. 2. Detection of L-xylosone as quinoxaline derivative in the
crude extracts of S cerevisige. High-performance liquid chro-
matogram of quinoxaline derivatives were obtained from the
crude extracts of the yeast (A) and spiked with the mixture of
the reference quinoxaline derivatives of L-xylosone, dehydro-L-as-
corbic acid and methylglyoxal (B). X, D, P and M indicate the qui-
noxaline derivatives of L-xylosone, dehydro-L-ascorbic acid, py-
ruvic acid and methylglyoxal, respectively. The chromatograms
were recorded at 313 nm. The data presented here are the results
representative of three independent experiments.

resuspended in 100 ml synthetic medium, and incubated
for 40 min without shaking. Incubation in synthetic medi-
um and starvation in starvation medium were repeated
three times, and the cells were again screened by sor-
bitol gradient centrifugation. The resulting uniform-sized
cells were subjected to synchronous growth.

Results and discussion

L-Xylosone was detected as its quinoxaline derivative
by means of HPLC. In the preliminary study, o
phenylenediamine reacted selectively with a-dicarbonyl
compounds such as o-ketoaldehyde or o-ketoacid, and
the production yield of the quinoxaline derivatives form-
ed from various o-ketoaldehydes and o-phenylenedi-
amine were above 80%, when compared with comm-
ercial quinoxaline derivatives (data not shown). When 50
mM dehydro-L-ascorbic acid solution in 20 mM phos-
phate-citrate buffer (pH 5.6) was incubated at 25°C for 1
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Fig. 3. Changes of intracellular concentrations of L-ascorbic acid,
dehydro-L-ascorbic acid and L-xylosone in S. cerevisize. The in-
tracellular level of L-ascorbic acid (circle), dehydro-L-ascorbic
acid (triangle) and L-xylosone (square) were measured with high-
performance liquid chromatography before (open symbols) and aft -
er (closed symbols) the induction of L-ascorbic acid synthesis. L-
Ascorbic acid synthesis was induced by incubating the yeast in
synthetic media containing 20mM L-galactono-14-lactone as a
sole carbon source. The data presented here are the results
representative of three independent experiments.

day and treated with o-phenylenediamine and analyzed
with HPLC, L-xylosone and hydroxypyruvaldehyde were
found in the degradation products of dehydro-L-ascorbic
acid (Fig. 1A). The concentration of L-xylosone was a-
bout five times higher in phosphate - citrate buffer (pH 5.
6) than in unbuffered aqueous solution (final pH 3.3)
(Fig. 1B). Aeration accelerated the production of L-xy-
losone. The concentration of L-xylosone reached its max-
imum value after 1day of incubation in phosphate-ci-
trate buffer, and L-xylosone seemed to be degraded
further to hydroxypyruvaldehyde and other unidentified
substances of retention time (t,) 18.9 and 20.9.

In the crude extracts of yeast cells exponentially grow-
ing in YEPD medium, dehydro-L-ascorbic acid, L-xy-
losone and methylglyoxal were detected as their qui-
noxaline derivatives (Fig. 2A). These quinoxaline deri-
vatives showed typical absorption spectra of quinoxalines
(data not shown). When the crude extracts were mixed
with the reference quinoxalirie derivatives of L-xylosone,
dehydro-L-ascorbic acid and methylglyoxal, and sub-
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Fig. 4. Effects of L ~xylosone and methylglyoxal on the rates of
cell growth and macromolecular synthesis in asynchronous culture
of S cerevisige. Inhibitory effects of 30 mM L-xylosone (&) and 10
mM methylglyoxal (®) on the rate of cell growth (A), DNA syn-
thesis (B), RNA synthesis (C) and protein synthesis (D) were det-
ermined in asynchronous culture of the yeast growing ex-
ponentially in synthetic media in comparison with the reference
culture (©) without any inhibitor. a.u. represents arbitrary unit.
The data presented here are the results representative of three in-
dependent experiments.

jected to HPLC analysis, the peaks of ti 6.0, t 9.1 and tx
26.5 increased (Fig. 2B). The concentration of L-xy-
losone in the crude cell extracts was calculated to be a-
hout 0.2 nmol {mg protein) 1.

To determine whether L-xylosone was produced from
L-ascorbic acid i wvive, the intracellular level of L-xy-
losone was measured after the induction of L-ascorbic
acid synthesis. S. cerevisiae was incubated in a synthetic
medium containing 20 mM L-galactono-1,4-lactone, the
precursor of L-ascorbic acid, as a sole carbon source, and
the changes in concentration of L-ascorbic acid, dehydro-
L-ascorbic acid and L-xylosone were observed. The con-
centration of L-ascorbic acid increased soon, followed by
slower increase of dehydro-L-ascorbic acid and L-xy-
losone contents (Fig. 3). These observations showed
good agreement with the previous report that, when L-
ascorbic acid was degraded in aqueous solution, the pres-
ence of oxygen induced the production of L-xylosone
while deoxypentosone predominated in the absence of ox-
ygen (11).

When L-xylosone was added to asynchronous culture
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Fig. 5. Effect of L-xylosone on the rate of DNA synthesis in syn-
chronous culture of S. cerevisiae. 30 mM L-xylosone was added to
the culture prior to (3), during (&) and after DNA synthesis
(©), and its ¢ffect on the rate of DNA synthesis was observed in
comparison with the reference culture (®) without L-xylosone.
Arrows indicate the application time of L-xylosone and a.u.
represents arbitrary unit. The data presented here are the results
representative of three independent experiments.

of S. cerevisiae growing exponentially in synthetic media,
cell growth was retarded. Fig. 4 shows the effects of L
xylosone on the cell growth and the synthesis of DNA,
RNA and protein. L~ Xylosone inhibited the cell growth
and the synthesis of the macromolecules, although it was
less effective than methylglyoxal. The rate of DNA syn-
thesis decreased remarkably in 1-2 h after the addition
of L —xylosone (Fig. 4B). But the rates of RNA and pro-
tein synthesis decreased immediately after the addition
of L—xylosone (Fig. 4C,D). These results were similar
to the findings in liver cell (10), in mouse lymphoma cell
(3) and in £ coli (2), in which methylglyoxal exhibited a
strong inhibition of protein synthesis.

To confirm the effect of L-xylosone on the rate of
DNA synthesis, L-xylosone was added to synchronous
culture of 3. cerevisiae (Fig. 5). Addition of L-xylosone
after the initiation of DNA synthesis slightly reduced
the synthesis rate, and DNA synthesis continued until
that cycle was completed. However, the cells failed to
initiate a n=w round of DNA synthesis. Addition of L-
xylosone prior to the initiation stage resulted in com-
plete inhibizion of the process. Thus, L-xylosone seem-
ed to selectively inhibit the initiation of DNA synthesis
rather thar. DNA synthesis itself. These observations
agreed wel' with the previous report that the addition
of methylglyoxal to synchronous culture of E. coli block-
ed the init:ation of new round of DNA synthesis (2).
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These results, together with the immediate inhibition
of protein and RNA synthesis after the addition of L-
xylosone, approved the proposal that the blocking ef-
fect of a-ketoaldehyde on the initiation of DNA syn-
thesis should be due specifically to inhibition of protein
synthesis (2).

Various biological functions suggested for L-ascorbic
acid are mainly related to the redox reaction between
L-ascorbic acid and its oxidized form, dehydro-L-as-
corbic acid. From the study on the nonenzymatic de-
gradation of dehydro-L-ascorbic acid, o-ketoaldehyde
has been suggested to he another functional element
(1). It has been reported that L-xylosone or 3-deox-
ythreosone produced in the degradation process of
dehydro-L-ascorbic acid is involved in protein mod-
ification through reactions with lysine and arginine (13,
14). Likewise, methylglyoxal has been shown to react
with and modify proteins under physiological conditions
(12,17). And recently, it has been reported that free
radicals are generated during the glycation reaction of
amino acids by methylglyoxal (22). In the present
study, L-xylosone was found in the degradation solu-
tion of dehydro-L-ascorbic acid and in the crude ex-
tracts of S. cerevisige. In functional aspect, L-xylosone
inhibited the synthesis of macromolecules, especially
the initiation of DNA synthesis, suggesting possible
role as an inhibitor of cell growth, Methylglyoxal is
also known as an inhibitor of cell growth and the molec-
ular level mechanisms of its growth-retarding effect
have been suggested. Krymkiewicz ef al. (10) has sug-
gested a hypothesis that methylglyoxal should react
with guanosine triphosphate and inhibit DNA re-
plication. It has been also suggested that the growth-re-
tarding effect of methylglyoxal may be due to the
blockage of certain thiol groups essential for cell
growth and protein synthesis (19). It seems reasonable
to suppose that the mechanism of cell growth-retarding
effect of L-xylosone resembles that of methylglyoxal.
However, the exact regulation mechanism of cell
growth by a-ketoaldehydes remains to be elucidated.

Acknowledgment

This work was supported by a research grant for SRC
(Research Center for Molecular Microbiology, Seoul Na-
tional University) from the Korea Science and En-
gineering Foundation (KOSEF).

References

1. Edgar, J.A., 1969. Is dehydroascorbic acid an inhibitor in
the regulation of cell division in plants and animals? FEx-

10.

11.

12.

13.

14.

16.

Jour. Microbiol.

perientia 25, 1214-1215,

- Fraval, H.N.A., and D.C.H. McBrien, 1980. The effect of

methylglyoxal on cell division and the synthesis of protein
and DNA in synchronous and asynchronous culture of
Escherichia colt. ]. Gen. Microbiol. 117, 127-134.

. Greeg, C.T., 1968. Inhibition of mammalian cell division by

glyoxals. Exp. Cell Res. 50, 65-72.

. Gurney, T. Jr., and E.G. Gurney, 1984. DABA flu-

orescence assay for submicrogram amounts of DN A, p. 5-11.
In ].M. Walker (Ed.), Methods in Molecular Biology. Vol. II:
Nucleic Acid, Humana Press/Clifton, New Jersey.

- Herbert, D., P.J. Phipps, and R.E. Strange, 1971. Chem-

ical analysis of microbial cells, p. 209-344. In J.R. Norris,
and D.W. Ribhons (Eds.), Methods in Microbiology. Vol. 5B,
Academic Press, London.

. Kagawa, Y., and H. Takiguchi, 1962. Enzymatic studies

on ascorbic acid catabolism in animals: 1. Delactonization of
dehydro-L-ascorbic acid. J. Biochem. 51, 197-203.

. Kamiya, S., and T. Nakabayashi, 1961. L-Ascorbic acid

degradation by bacteria. J. Vitaminol. 7, 1-6.

- Kanfer, J., G. Ashwell, and JJ. Burns, 1960. Formation

of L-lyxonic and L-xylonic acids from L-ascorbic acid in rat
kidney. J. Biol. Chem. 235, 2518-2521.

- Kang, 8.-0., 1985. A possible enzymatic catabolism of L-as-

corbic acid via a-ketoaldehydes. Kor. J. Microbiol. 23, 302-
308.

Krymkiewicz, N., E. Dieguez, and U.D. Rekarte, 1971.
Properties and mode of action of bactericidal compound pro-
duced by a mutant of Escherichia coli. J. Bacteriol. 108, 1338-
1347.

Kurata, T., and Y. Sakurai, 1967. Degradation of ascorhic
acid and mechanism of non-enzymatic browning reaction. II.
Nonoxidative degradation of L-ascorhic acid including the
formation of 3-deoxy-L-pentosone. Agr. Biol. Chem. 31, 170-
176.

Lo, TW.C., M.E. Westwood, A.C. McLellan, T. Sel-
wood, and P.J. Thornalley, 1994. Binding and mod-
ification of proteins by methylglyoxal under physiological
conditions. J. Biol. Chem. 269, 32299-32305.

Nagaraj, R.H.,, DR. Sell, M. Prabhakaram, BJ.
Ortwerth, and V.M, Monnier, 1991. High correlation
between pentosidine protein crosslinks and pigmentation im-
plicates ascorbate oxidation in human lens senescence and ca-
taractogenesis. Proc. Nafl. Acad. Sci. USA 88, 10257-10261.
Nagaraj, R.H., and V.M. Monnier, 1995. Protein mod-
ification by the degradation products of ascorbate: for-
mation of a novel pyrrole from the Maillard reaction of L-
threose with proteins. Biochim. Biophys. Acta 1253, 75-84.

. Ohmori, M., H. Higashioka, and H. Takagi, 1983. Pure

dehydro-L-ascorbic acid prepared by the oxidation of L-as-
corbic acid with active charcoal as catalyst. Agr. Biol. Chem.
47, 607-609.

Ohmori, S., M. Mori, M. Kawase, and S. Tsuboi, 1987.



Vol

17.

18.

19.

. 34, No. 2

Determination of methylglyoxal as 2-methylquinoxaline by
high-performance liquid chromatography and its application
to biological samples. J. Chromatogr. 414, 149-155.

Riley, M.L., and JJ. Harding, 1995. The reaction of
methylglyoxal with human and bovine
Biochim. Biophys. Acta 1270, 36-43.
Sapper, H., S.-0. Kang, H.-H. Paul, and W. Lohmann,
1982. The reversibility of the vitamin C redox system:

lens proteins.

Electrochemical reason and Na-
turforsch. 37¢, 942-946.

Szent-Gyorgyi, A., L.G. Egy, and J.A. McLaughlin,

biological aspects. Z.

20.

22,

-

L-Xylosone of Saccharomyces cerevisiae 197

1967. Ketualdehydes and cell division. Science 155, 539-541.

Vuorinen, T., and A.S. Serianni, 1990. “C-Substitutec
pentos-2-uloses: synthesis and analysis by 'H-and “C-n.m.
r. spectroscopy. Carbohydr. Res. 79, 185-209.

. Williamson, D.H., and A.-W. Scopes, 1962. A rapid

method the Sae-
charomyces cerevisiae. Nature 193, 256-257.
Yim, H.-§,, S.-0. Kang, Y.C. Hah, P.B. Chock, and M.B.

Yim, 1995. Free radicals generated during the glycation

for synchronizing division in veast

reaction of amino acids by methylglyoxal. J. Biol. Chem. 270,
28228-28233.



