
Dihydropyrazine (DHP) is produced by the condensation
of two molecules of D-glucosamine,1) and some have DNA
strand-cleaving activity in vitro.2,3) DHPs generate hydroxyl
and carbon-centered radicals, the reactive species responsible
for DNA strand-cleaving reactions in vitro.4) In addition,
highly reactive DHPs enter into a diamine-exchange
reaction,5,6) and some of the products also cause DNA strand
breakage in vitro.7) Since many pyrazine derivatives have
been found in various foods8) and human urine,9) we specu-
lated that DHPs, which are presumed precursors of
pyrazines, would be potentially damaging in vivo. DHPs are
universal in the human body,10) however, there is little re-
ported concerning the biological and physiological roles of
DHPs.

Recently, we have reported that DHPs inhibited growth
and induced mutagenesis in E. coli.11) In the present study, 
to investigate the mutation spectrum of DHPs using Es-
cherischia coli, we exposed wild-type and uvrB strains with
two DHPs: 3-hydro-2,2,5,6-tetramethylpyrazine (HTMP) and
2,3-dihydro-5,6-dimethylpyrazine (DHDMP), which showed
different radical signal pattern and revealed distinct DNA
strand-cleaving activities, respectively. We analyzed that
DHP induced mutations in rpoB gene, and then observed the
variations in the mutational effects of the two DHPs.

MATERIALS AND METHODS

Synthesis of DHPs The DHPs (Fig. 1) were synthesized
by condensation of diketones and diamines. HTMP and
DHDMP were prepared by the method of Yamaguchi et al.2)

Bacterial Strains E. coli K-12 strains, AB1157 [ara-14
argE3 galK2 his-4 lacY1 leuB6 mtl-1 proA2 rpsL31 supE44
thi-1 thr-1 tsx-33 xyl-5]12) and AB1885 [AB1157uvrB5]12)

were obtained from the National Institute of Genetics, Stocks
Research Center (Mishima, Japan).

Survival Assay Overnight cultures of E. coli were di-

luted 100 fold in fresh LB medium and grown at 37 °C until
the OD600 reached about 0.1. Cells were treated with DHPs
for 1 h with shaking at 37 °C, plated on LB agar, and then in-
cubated overnight at 37 °C. Survival rates were calculated as
the percentage of cells surviving after treated with HTMP or
DHDMP. All experiments were conducted at least four times.

Mutagenesis Assay Overnight cultures of E. coli were
diluted 100 fold in fresh LB medium and grown at 37 °C
until the OD600 reached about 0.1. Cells were treated with
DHPs for 1 h with shaking at 37 °C. Samples were washed
twice in M9 salts, plated on LB agar containing rifampicin
(100 mg/ml), and incubated overnight at 37 °C. The number
of cells was measured by plating on LB agar and counting
colonies. All experiments were conducted at least four times.

Analysis of Mutations The rifampicin-resistant (Rif r)
mutants were selected as described above. To obtain the inde-
pendent mutants from each case, we randomly picked up 96
colonies from 100 mg/ml rifampicin containing plates. Each
mutant was restreaked on fresh 100 mg/ml rifampicin con-
taining plates, isolated, and resuspended into 20 m l of Ex Taq
PCR mixture (TaKaRa, Shiga, Japan). The rpoB mutation
cluster II fragment was amplified by PCR with 5�-tcgaaggttc-
cggtatcctgagc-3� and 5�-ggatacatctcgtcttcgttaac-3�. Amplified
fragments were purified using Wizard PCR Preps DNA pu-
rification system (Promega), sequenced by the sequencing
primer 5�-ctggtacgtgtagagcgtgc-3� and the BigDye Termina-
tor Cycle Sequencing Kit (Applied Biosystems) using an
ABI PRISM 3100 automatic sequencer (Applied Biosys-
tems).
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Dihydropyrazine (DHP), which induces mutagenesis in E. coli, was investigated. From analyzing mutations
in the chromosomal rpoB gene, the mutation spectrum in uvrB strain revealed the different behavior on exposure
to two DHP derivatives 3-hydro-2,2,5,6-tetramethylpyrazine (HTMP), and 2,3-dihydro-5,6-dimethylpyrazine
(DHDMP). A higher level of DHP-induced mutation was observed, with base substitutions at G : C pairs pre-
dominant. HTMP and DHDMP increased the frequency of G : C to T : A transversions. HTMP increased the fre-
quency of G : C to A : T transitions, than did DHDMP. These findings suggest that DHPs prefer to attack the
G : C pair and that different DHP derivatives may prefer distinct mutagenic base pairs; and further, that nu-
cleotide excision repair may be involved in the repair of DHP-induced mutations.
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Fig. 1. Chemical Structures of the DHPs Employed in This Study



RESULTS

Recently, we had demonstrated that DHPs induced muta-
genesis by using uvrB-deficient or uvrB-proficient E. coli
strains with different backgrounds.11) To control for that in
this work, we examined the DHP induced mutant frequency
by using strains with an isogenic background.

Figure 2 shows the survival rate and the frequency of ri-
fampicin-resistant mutation induced by DHPs in wild-type or
uvrB. In AB1157 background, consistent with the previous
study, HTMP and DHDMP increased mutation frequency in
the uvrB strain, however, hardly increased mutation fre-
quency in the wild-type strain.

To identify DHP-induced mutations, we chose 15 mM of
DHPs as the dose for the selection of the Rif r mutants and
amplified a 1 kb fragment including the rpoB mutation clus-
ter II, which is the major mutation hot spot in the rpoB gene.
As a result, above 90% of the Rif r mutants were identified in
cluster II (data not shown).

Table 1 shows the types of spontaneous or DHP-induced
mutations in cluster II within wild-type or uvrB strains, in
which the majority of the identified mutations were single
base substitutions. In wild-type, most of the spontaneous mu-
tations are G : C to A : T transitions (71.9%), followed by
G : C to T : A transversions (18.8%) and A : T to T : A trans-
versions (9.4%). In uvrB, most of the spontaneous mutations
are G : C to A : T transitions (41.9%), followed by G : C to
T : A transversions (32.6%), G : C to C : G transversions
(9.3%), A : T to T : A transversions (4.7%), and A : T to G : C
transitions (4.7%); most of the HTMP induced mutations are
G : C to A : T transitions (52.2%), followed by G : C to T : A
transversions (44.6%), A : T to T : A transversions (2.2%),
and A : T to G : C transitions (1.1%); most of the DHDMP in-
duced mutations are G : C to T : A transversions (54.1%), fol-
lowed by G : C to A : T transitions (36.5%), G : C to C : G
transversions (2.4%), A : T to T : A transversions (1.2%), and
A : T to G : C transitions (1.2%).

Figure 3 shows the sites of the single base substitutions
detected in the uvrB strain. There were four apparent hot
spots, 1535C, 1546G, 1592C, and 1691C. HTMP increased
the G : C to T : A mutation at 1535C and the G : C to A : T mu-

tation at 1592C and 1691C, respectively; and DHDMP in-
creased the G : C to T : A mutation at 1535C and the G : C to
A : T mutation at 1691C.

DISCUSSION

To investigate the mutation spectrum caused by DHPs, we
used two DHP derivatives HTMP and DHDMP, and em-
ployed Rif r mutation assay. The target of rifampicin is the b
subunit of RNA polymerase, which is a product of the rpoB
gene. Rif r mutants predominantly have a base substitutional
missense mutation in the rpoB gene.13) The two regions of
the b subunit of RNA polymerase are known to accumulate
Rif r mutants: cluster I (amino acids 140—148) and cluster II
(amino acids 508—574), with the latter being the major mu-
tational hot spot.14) Consistent with this, spontaneous or
DHP-induced mutations within wild-type or uvrB strain in
our study were mainly single base substitutions located in the
cluster II.
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Fig. 2. Survival Rate and Mutation Frequency of E. coli Treated with DHPs

The exponential growth of AB1157 (wt) and AB1157 (uvrB) strains were treated with various concentrations of HTMP or DHDMP. Survival rates were calculated as the percent-
age of viable cells after treated by DHPs (left). The rifampicin-resistant mutants were counted after treated by DHPs (right). Data points reflect the average of at least four inde-
pendent experiments.

Table 1. Types of Mutations in the rpoB Cluster II within wild-type or
uvrB Strains

Case found (%)

wild-type uvrB
Mutations

Induced
Spontaneous Spontaneous

HTMP DHDMP

Base substitution
Transversions

G : C to T : A 18 (18.8) 28 (32.6) 41 (44.6) 46 (54.1)
G : C to C : G 0 8 (9.3) 0 2 (2.4)
A : T to C : G 0 0 0 0
A : T to T : A 9 (9.4) 4 (4.7) 2 (2.2) 1 (1.2)

Transitions
G : C to A : T 69 (71.9) 36 (41.9) 48 (52.2) 31 (36.5)
A : T to G : C 0 4 (4.7) 1 (1.1) 1 (1.2)

Double mutation 0 6 (7.0) 0 0
Insertion 0 0 0 4 (4.7)

Total 96 (100) 86 (100) 92 (100) 85 (100)



HTMP and DHDMP increased mutation frequency more
in the uvrB strain, however, not in the wild-type (Fig. 2). In
addition, the effects of HTMP and DHDMP on the overall
mutation spectra are different in the uvrB strain (Table 1):
HTMP increased G : C to T : A transversions and G : C to A : T
transitions, while DHDMP increased the frequency of G : C
to T : A transversions. Furthermore, the mutation hot spots,
which were induced in the uvrB strain by HTMP and
DHDMP, were also distinct (Fig. 3). These findings suggest
that DHP prefers to attack the G : C pair, which is consistent
with our previous finding that DHPs preferentially cleave at
guanine sites in vitro.3) Moreover, it is suggested that differ-
ent DHP species cause different mutagenic base pairs.

A possible explanation for the increase of G : C to T : A
transversions might arise from the oxidation of G to 8-
hydroxydeoxyguanine in DNA.15,16) Other damaged DNA
bases, O6-alkylguanine or 5-hydroxydeoxycytidine, might in-
crease G : C to A : T transitions.17,18) Previously, we reported
that DHPs generate hydroxyl and carbon-centered radicals;
and moreover, we have recently observed the formation of 8-
hydroxydeoxyguanosine by DHPs,4,19) and participation of
�O2

– in the effects of DHPs.20) Therefore, it is suggested that
DHPs might instigate oxidative DNA damage and/or DNA
alkylation, which resulted in mutation. In addition, HTMP
has considerably stronger DNA strand-cleaving activity than
DHDMP,2) and the ESR spectra of HTMP and DHDMP show
remarkable differences.4,20) Thus, it is speculated that radicals
generated from HTMP could cause DNA alkylation more ef-
fectively than that of DHDMP,19) we will examine that in the
future.

The uvrB gene codes UvrB protein, a subunit of the
UvrABC endonuclease that plays a role in the repair of vari-
ous types of DNA lesions: UvrA dimmer and UvrB
monomer form a complex and initially recognize DNA dam-
age, including oxidative DNA damage, abasic sites, and
bulky adducts.21,22) Considering the results together, it is sug-
gested that nucleotide excision repair may be involved in the
repair of DHP-induced mutations.

DHP species are included in the Maillard reaction inter-
mediates. The Maillard reaction is thought to play a role in
the pathophysiology of aging and diabetes.23) Thus, DHP
may be involved in aging and diabetes related diseases.
Moreover, studies of porphyria suggest that the DNA damag-
ing ability of DHPs are potentially carcinogenic. In acute 
intermittent porphyria (AIP), the heme precursor 5-ami-

nolevulinic acid (ALA) accumulates. Since the DHP, 2,5-di-
carboxyethyl-3,6-dihydropyrazine, generated by chemical
dimerization of two ALA molecules, promotes DNA strand-
cleavage in vitro, it is likely that DNA damage induced by
ALA dimerization would lead to an increased risk of hepato-
cellular carcinoma in AIP patients.24,25)

In conclusion, DHPs appear to cause DNA mutations with
different preferences in vivo, and nucleotide excision repair
may be involved in the repair and the fixation of DHP-in-
duced mutations. Further studies will be necessary to deter-
mine the DNA repair systems involved in the removal of the
DHP-induced DNA lesions.

Acknowledgements We are grateful to Dr. A. Nishimura
(National Institute of Genetics, Mishima, Japan) for supply-
ing bacterial strains. This study was partially supported by a
Grant-in-Aid for Scientific Research (C) from the Ministry
of Education, Culture, Sports, Science, and Technology of
Japan.

REFERENCES

1) Kashige N., Yamaguchi T., Mishiro N., Hanazono H., Miake F.,
Watanabe K., Biol. Pharm. Bull., 18, 653—658 (1995).

2) Yamaguchi T., Kashige N., Mishiro N., Miake F., Watanabe K., Biol.
Pharm. Bull., 18, 1261—1265 (1996).

3) Kashige N., Yamaguchi T., Miake F., Watanabe K., Biol. Pharm. Bull.,
23, 1281—1286 (2000).

4) Yamaguchi T., Matsumoto S., Watanabe K., Tetrahedron Lett., 39,
8311—8312 (1998).

5) Yamaguchi T., Ito S., Iwase Y., Watanabe K., Harano K., Heterocycles,
51, 2305—2309 (1999).

6) Yamaguchi T., Ito S., Iwase Y., Watanabe K., Harano K., Heterocycles,
53, 1677—1680 (2000).

7) Yamaguchi T., Eto M., Harano K., Kashige N., Watanabe K., Ito S.,
Tetrahedron, 55, 675—686 (1999).

8) Maga J. A., Sizer C. E., J. Agric. Food Chem., 21, 22—30 (1973).
9) Zlatkis A., Bertsch W., Lichtenstein H. A., Tishbee A., Shunbo F.,

Liebich H. M., Coscia A. M., Fleischer N., Anal. Chem., 45, 763—767
(1973).

10) Yamaguchi T., Nomura H., Matsunaga K., Ito S., Takata J., Karube Y.,
Biol. Pharm. Bull., 26, 1523—1527 (2003).

11) Takechi S., Yamaguchi T., Nomura H., Minematsu T., Nakayama T.,
Mutat. Res., 560, 49—55 (2004).

12) Howard-Flanders P., Boyce R. P., Theriot L., Genetics, 53, 1119—
1136 (1966).

13) Jin D. J., Zhou Y. N., Methods Enzymol., 273, 300—319 (1996).
14) Reynolds M. G., Genetics, 156, 1471—1481 (2000).
15) Cheng K. C., Cahill D. S., Kasai H., Nishimura S., Loeb L. A., J. Biol.

January 2006 19

Fig. 3. Distribution of Single Base Pair Substitutions

Frequencies of spontaneous (none) and DHP-induced (HTMP or DHDMP) mutations in uvrB strain are shown. Data were calculated as the percentage of single base pair substi-
tutions detected in the rpoB cluster II.



Chem., 267, 166—172 (1992).
16) Fowler R. G., White S. J., Koyama C., Moore S. C., Dunn R. L.,

Schaaper R. M., DNA Repair, 2, 159—173 (2003).
17) Horsfall M. J., Gordon A. J., Burns P. A., Zielenska M., van der Vliet

G. M., Glickman B. W., Environ. Mol. Mutagen, 15, 107—122 (1990).
18) Feig D. I., Sowers L. C., Loeb L. A., Proc. Natl. Acad. Sci. U.S.A., 91,

6609—6613 (1994).
19) Kashige N., Takeuchi T., Matsumoto S., Takechi S., Miake F., Yama-

guchi T., Biol. Pharm. Bull., 28, 419—423 (2005).
20) Takeda O., Takechi S., Katoh T., Yamaguchi T., Biol. Pharm. Bull., 28,

1161—1164 (2005).
21) Lin J. J., Sancar A., Biochemistry, 28, 7979—7984 (1989).
22) Huang J. C., Hsu D. S., Kazantsev A., Sancar A., Proc. Natl. Acad.

Sci. U.S.A., 91, 12213—12217 (1994).
23) Vlassara H., Bucala R., Striker L., Lab. Invest., 70, 138—151 (1994).
24) Teixeira P. C., Onuki J., Medeiros M. H., Dörnemann D., Di Mascio P.,

Biol. Chem., 382, 913—918 (2001).
25) Onuki J., Teixeira P. C., Medeiros M. H., Dörnemann D., Douki T.,

Cadet J., Di Mascio P., Cell. Mol. Biol., 48, 17—26 (2002).

20 Vol. 29, No. 1


