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Biotransformation of quinoxaline by Streptomyces badius
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J.B. SUTHERLAND, F.E. EVANS, J.P. FREEMAN AND A.J. WILLIAMS. 1996. Quinoxaline, a
mutagenic azaarene produced in foods during cooking, was added to cultures of
Streptomyces badius ATCC 39117. After 24 h, the cultures were extracted with ethyl
acetate. Two major metabolites were purified by liquid chromatography and
identified by mass spectrometry and nuclear magnetic resonance spectroscopy as 3,4-
dihydro-2(1 H)-quinoxalinone and 2(1H)-quinoxalinone.

INTRODUCTION

Quinoxaline (1,4-diazanaphthalene) is a heterocyclic com-
pound produced during cooking of various foods (Kinlin ez
al. 1972 ; Mussinan and Walradt 1974 ; Aeschbacher et al.
1989). It is weakly mutagenic in Salmonella typhimurium strain
TA98 (Aeschbacher et a/. 1989) and inhibits the growth of
some ciliate protozoa (Schultz and Cajina-Quezada 1982) and
plant-pathogenic fungi (Izumi et a/. 1988).

Little is known about the metabolism of quinoxaline except
that Pseudomonas putida metabolizes it to quinoxaline ¢is-5,6-
dihydrodiol, 5-hydroxyquinoxaline, and 2(1H)-quinoxa-
linone (Boyd et al. 1987, 1993). We have found that Strep-
tomyces badius has the ability to cometabolize the heterocyclic
ring of quinoxaline.

MATERIALS AND METHODS

Cultures of .S. badius strain 252 (Crawford and Sutherland
1979) (=ATCC 39117) were grown at 37°C on a rotary
shaker in cotton-plugged 2-l Erlenmeyer flasks, each con-
taining 500 ml of tryptone yeast extract broth (30 g 17!
Bacto-tryptone [Difco Laboratories, Detroit, MI, USA], 3-0
g 17! Bacto-yeast extract and 1-0 g 17! K,HPO,, pH 7+4).
After 48 h, each culture was dosed aseptically with 1-0 ml of
filter-sterilized N,N-dimethylformamide containing 150 mg
ml~' of quinoxaline (99%, Janssen Chimica, Beerse,
Belgium) ; the final quinoxaline concentration was 2:3 mmol
1-'. Noninoculated control flasks and cultures without quin-
oxaline were also prepared.

After incubation for another 24 h, the cultures and controls
were extracted with equal volumes of ethyl acetate. The
solvent was dried over anhydrous sodium sulphate and evap-
orated i vacuo.

Correspondence to : Dr J. B. Sutherland, Division of Microbiology, National
Center for Toxicological Research, FDA, Fefferson, AR 72079, USA
(e-mail : jsutherland@fdant.nctr.fda.gov).

© 1996 The Society for Applied Bacteriology

A Shimadzu high-performance liquid chromatograph
(Kyoto, Japan) was used to separate the metabolites. A 5-
um base-deactivated Inertsil C3 column (25 cm x 4:6 mm;
MetaChem Technologies, Torrance, CA, USA) was used
with an isocratic mobile phase (65% ammonium acetate
buffer [50 mmol 17!, pH 5-5] and 35% methanol; 1 ml
min~"). The u.v. detector was operated at 254 nm. Peaks
were collected as they eluted from the column, concentrated
i vacuo, and redissolved in deionized water.

The collected metabolites were applied to a preconditioned
Sep-pak Vac C;; column (Waters Associates, Milford, MA,
USA), washed with deionized water, and eluted from the
column with methanol. Visible/u.v. absorption spectra were
obtained in methanol with a Shimadzu UV-2101PC spec-
trophotometer.

Mass spectra were obtained by electron ionization (Suth-
erland ez a/. 1990) on a Finnigan MAT (San Jose, CA, USA)
series 4000 quadrupole mass spectrometer that had been
upgraded to model 4500.

Proton nuclear magnetic resonance (NMR) spectra were
recorded at 500-13 MHz on a Bruker AM500 NMR spec-
trometer (Billerica, MA, USA); the samples were dissolved
in acetone-d, (99-96 atom % *H). Chemical shifts are reported
on the J scale by assigning the residual proton signal of
acetone to 2-05 ppm. Data acquisition and processing con-
ditions were similar to those used previously for one-dimen-
sional NMR spectra (Evans e 4/. 1994).

RESULTS

The HPLC chromatogram of the ethyl acetate extract from
cultures of S. badius grown with quinoxaline (Fig. 1) shows
three peaks at 7-2 min (metabolite I), 9-6 min {metabolite II),
and 14.4 min (residual quinoxaline). No metabolites were
found in any of the controls.

Metabolite I had a u.v./visible absorption spectrum with
Amax Values of 224 and 305 nm. The mass spectrum obtained
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Fig. 1 HPLC chromatogram of the ethyl acetate extract of
Streptomyces badius incubated with quinoxaline. I, Metabolite
I; I1, metabolite IT

for metabolite I (Fig. 2) contains an apparent molecular ion
[M*]at m/z 148 and fragment ions at m/z 119 (M*'-HCO),
92 (M*-NHCOCH), 65, 60 and 52. Although no spectral
library matches were obtained for this spectrum, the major
fragment ions are consistent with losses from the heterocyclic
ring of 3,4-dihydro-2(1 H)-quinoxalinone.
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Table 1 Proton NMR spectral parameters for 3,4-dihydro-
2(1H)-quinoxalinone and 2(1H)-quinoxalinone, two metabolites
produced from quinoxaline by Streptomyces badius*

Chemical shifts (J, in ppm)

Metabolite I Metabolite IT
3,4-dihydro-2(1H)- 2(1H)-
Assignment quinoxalinone quinoxalinone
1 9-15 11-13
3 3-80t 813
4 523 —
5 673 779
6 679 7-32
7 6:65 7-56
8 6-84 7-39

* Coupling constants (in Hz) were as follows: for metabolite I,
Fa=19%6=82:F5:=15;F,=73: Fos = 1'3; and
Fos = 82; for metabolite I, T = 7= Frs = 77; F57 = 15;
and 7,5 = 1'3. In addition, for metabolite I, 7, ; and 7, were
detected as resonance broadening.

1 Two equivalent protons (3ab).

The NMR spectrum of metabolite I in acetone-d, (Table
1) showed eight major resonances, two of which were equi-
valent and located in the aliphatic region (H3ab, 3-80 ppm).
Two resonances exhibited broadening, which is characteristic
of exchangeable protons (NH4, 5-23 ppm and NHI, 9-15
ppm). Homonuclear decoupling experiments established that
the H3ab resonances were coupled to NH4. Saturation of the
NH4 resonance resulted in a nuclear Overhauser effect
(NOE) to the H3ab resonances and to a doublet in the aro-
matic region (H5, 6-73 ppm). Saturation of the NHI res-
onance resulted in an NOE to another doublet (H8, 6-84
ppm). These experiments and additional homonuclear
decoupling experiments enabled the assignment of all of the
resonances in 3,4-dihydro-2(1H)-quinoxalinone.

Metabolite IT coeluted on the HPL.C with authentic 2(1H)-
quinoxalinone (=2-quinoxalinol, Aldrich Chemical Co.,
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Milwaukee, WI, USA). It had a u.v./visible absorption spec-
trum, which was identical to that of the 2(1H)-quinoxalinone
standard, with A, values at 202, 230, 280 and 345 nm. The
mass spectrum obtained from metabolite II contained an
apparent molecular ion [M*] at m/z 146 and major fragment
ions at m/z 118, 91, 64 and 63. It was identical to that of
2(1H)-quinoxalinone (Stubley ez al. 1979).

The NMR spectrum of metabolite II (Table 1) was also
the same as that of authentic 2(1 H)-quinoxalinone. The NMR
spectral assignments are based in part on the observation of
an NOE to the doublet at 7-39 ppm (HS8) resulting from
saturation of the NH1 resonance.

DISCUSSION

Metabolite I was shown to be 3,4-dihydro-2(1H)-quinox-
alinone, a lactam form that predominated over 3,4-dihydro-
2-hydroxyquinoxaline, the lactim form. The mechanism of
formation by S. badius is unknown but may involve a hydra-
tase-catalysed addition of water.

Metabolite II was shown to be 2(1H)-quinoxalinone, a
lactam form that predominated over 2-hydroxyquinoxaline,
the lactim form. The NMR experiments confirmed previous
arguments based on chemical shifts (Milch and Horvath
1970). This metabolite is also produced by Ps. putida (Boyd
et al. 1987, 1993). Six other Streptomyces species were also
tested and found to produce 2(1 H)-quinoxalinone (data not
shown) but none produced both metabolites. The formation
of 2(1H)-quinoxalinone may be due to (a) the oxidation of
3,4-dihydro-2(1H)-quinoxalinone, (b) the nonenzymatic
rearrangement of an arene oxide produced by a cytochrome
P-450 monooxygenase (Trower e a/. 1988 ; Sutherland et al.
1990), or (c) an enzyme similar to quinoline oxidoreductase
(Peschke and Lingens 1991). Although the aldehyde oxidase
from rabbit liver oxidizes quinoxaline to 2,3(1,4H)-quinoxa-
linedione (=2,3-dihydroxyquinoxaline) via 2(1H)-quinoxa-
linone (McCormack et 2/. 1978), no compound that coeluted
with authentic 2,3-dihydroxyquinoxaline (Janssen Chimica)
was detected in the extracts from cultures of S. badius.

Unlike Ps. putida (Boyd et al. 1987, 1993), S. badius did
not metabolize the carbocyclic ring of quinoxaline. We con-
clude that S. badsus transformed quinoxaline to 3,4-dihydro-
2(1H)-quinoxalinone and 2(1H)-quinoxalinone by com-
etabolism of the heterocyclic ring.

ACKNOWLEDGEMENT
The authors thank Dr C. E. Cerniglia for helpful discussions.

REFERENCES

Aeschbacher, H. U,, Wolleb, U., Loliger, J., Spadone, J. C. and
Liardon, R. (1989) Contribution of coffee aroma constituents to

the mutagenicity of coffee. Food and Chemical Toxicology 27,227~
232.

Boyd, D.R., McMordie, R. A. S., Porter, H. P., Dalton, H., Jenkins,
R. O. and Howarth, O. W. (1987) Metabolism of bicyclic aza-
arenes by Pseudomonas putida to yield vicinal cis-dihydrodiols and
phenols. Journal of the Chemical Society Chemical Communications
1987, 1722-1724.

Boyd, D. R., Sharma, N. D., Dorrity, M. R. J., Hand, M. V.,
McMordie, R. A. S., Malone, J. F., Porter, H. P., Dalton, H.,
Chima, J. and Sheldrake, G. N. (1993) Structure and stereo-
chemistry of cis-dihydrodiol and phenol metabolites of bicyclic
azaarenes from Pseudomonas putida UV4. Journal of the Chemical
Society Perkin Transactions I 1993, 1065-1071.

Crawford, D. L. and Sutherland, J. B. (1979) The role of actino-
mycetes in the decomposition of lignocellulose. Developments in
Industrial Microbiology 20, 143-151.

Evans, F. E., Deck, J. and Howard, P. C. (1994) Structure of
phenolic isomers of 2- and 3-nitrofluoranthene studied by
one- and two-dimensional '"H NMR spectroscopy : comparative
analysis of mutagenicity. Chemical Research in Toxicology 17,
352-357.

Tzumi, S., Kami, T. and Higo, S. (1988) [Chemical control of
white stem blight, Cephalosporiopsis cucurbitae Hamaya et Inaba,
of pumpkin.] Kyushu Byogaichu Kenkyukaiho 34, 41—45. [In
Japanese ; sce Chemical Abstracts 110, 130453a.]

Kinlin, T. E., Muralidhara, R., Pittet, A. O., Sanderson, A. and
Walradt, J. P. (1972) Volatile components of roasted filberts.
Journal of Agricultural and Food Chemisiry 20, 1021-1028.

McCormack, J. J., Allen, B. A. and Hodnett, C. N. (1978) Oxidation
of quinazoline and quinoxaline by xanthine oxidase and aldehyde
oxidase. Journal of Heterocyclic Chemistry 15, 1249-1254.

Milch, G. and Horvath, G. (1970} Study of quinoxaline compounds
by instrumental analytical methods. Proceedings of the Third
Analytical Chemistry Conference ed. Buzis, 1. Vol. 2, pp. 27-34.
Budapest : Akadémiai Kiado.

Mussinan, C. J. and Walradt, J. P. (1974) Volatile constituents
of pressure cooked pork liver. Journal of Agricultural and Food
Chemistry 22, 827-831.

Peschke, B. and Lingens, F. (1991) Microbial metabolism of quino-
line and related compounds. XII. Isolation and characterization
of the quinoline oxidoreductase from Rhodococcus spec. Bl com-
pared with the quinoline oxidoreductase from Psendomonas putida
86. Biological Chemistry Hoppe-Seyler 372, 1081-1088.

Schultz, T. W. and Cajina-Quezada, M. (1982) Structure-toxicity
relationships of selected nitrogenous heterocyclic compounds. II.
Dinitrogen molecules. Archives of Environmental Contamination
and Toxicology 11, 353-361.

Stubley, C., Stell, J. G. P. and Mathieson, D. W. (1979) Analysis
of azanaphthalenes and their enzyme oxidation products by high-
performance liquid chromatography, infrared spectroscopy and
mass spectrometry. Journal of Chromatography 177, 313-322.

Sutherland, J. B., Freeman, J. P.; Selby, A. L., Fu, P. P.; Miller,
D. W. and Cerniglia, C. E. (1990) Stereoselective formation of
a K-region dihydrodiol from phenanthrene by Streptomyces
Aavovirens. Archives of Microbiology 154, 260-266.

Trower, M. K., Sariaslani, F. S. and Kitson, F. G. (1988) Xenobiotic
oxidation by cytochrome P-450-enriched extracts of Streptomyces
griseus. Biochemical and Biophysical Research Communications 157,

1417-1422.

© 1996 The Society for Applied Bacteriology, Letters in Applied Microbiology 22, 199-201





