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Background: 8-Oxo-7,8-dihydroguanine induces base mispairing, thereby altering genetic information.

Results: 8-Oxoguanine-containing ribonucleotides are eliminated from the RNA precursor pool by the concerted actions of
guanylate kinase and MutT protein with distinct substrate specificities.

Conclusion: Formation of RNA carrying 8-oxoguanine is efficiently prevented.

Significance: This study reveals a novel process by which bacterial cells protect themselves against oxidative damage to RNA.

Reactive oxygen species are produced as side products of oxy-
gen utilization and can lead to the oxidation of nucleic acids and
their precursor nucleotides. Among the various oxidized bases,
8-0x0-7,8-dihydroguanine seems to be the most critical during
the transfer of genetic information because it can pair with both
cytosine and adenine. During the de novo synthesis of guanine
nucleotides, GMP is formed first, and it is converted to GDP by
guanylate kinase. This enzyme hardly acts on an oxidized form
of GMP (8-0xo-GMP) formed by the oxidation of GMP or by the
cleavage of 8-0xo-GDP and 8-oxo-GTP by MutT protein.
Although the formation of 8-0xo-GDP from 8-oxo-GMP is thus
prevented, 8-oxo-GDP itself may be produced by the oxidation
of GDP by reactive oxygen species. The 8-oxo-GDP thus formed
can be converted to 8-oxo-GTP because nucleoside-diphos-
phate kinase and adenylate kinase, both of which catalyze the
conversion of GDP to GTP, do not discriminate 8-oxo-GDP
from normal GDP. The 8-oxo-GTP produced in this way and by
the oxidation of GTP can be used for RNA synthesis. This mis-
incorporation is prevented by MutT protein, which has the
potential to cleave 8-0xo-GTP as well as 8-oxo-GDP to 8-oxo-
GMP. When '*C-labeled 8-0oxo-GTP was applied to CaCl,-per-
meabilized cells of a mutT~ mutant strain, it could be incorpo-
rated into RNA at 4% of the rate for GTP. Escherichia coli cells
appear to possess mechanisms to prevent misincorporation of
8-0x0-7,8-dihydroguanine into RNA.

Reactive oxygen species (ROS),> such as superoxide and
hydroxyl radicals, are produced during normal cellular metab-
olism, and the formation of such radicals is further enhanced by
exposure of cells to ionizing radiation and certain chemicals
(1-3). Although most of these radicals are eliminated by the
actions of cellular antioxidant systems, some of the radicals
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remain and can attack various cellular constituents, including
nucleic acids, proteins, and lipids. Among the many types of
oxidized purine and pyrimidine bases thus produced, 8-oxo-
7,8-dihydroguanine (8-oxo-Gua) is the most abundant and
seems to be important with respect to the maintenance and
transfer of genetic information (4-7). The 8-oxo-Gua can pair
with adenine as well as cytosine during nucleic acid synthesis
and thus can cause errors in DNA replication and gene
expression.

Organisms are equipped with elaborate mechanisms for
counteracting such deleterious effects of 8-oxo-Gua. In Esche-
richia coli, three proteins, MutT, MutM, and MutY, function to
exclude 8-oxo-Gua from the DNA (8-12). The MutT protein
hydrolyzes 8-oxo-Gua-containing nucleoside di- and triphos-
phates (8-0xo-dGDP and 8-0x0-dGTP) to the monophosphate,
thereby preventing the misincorporation of 8-oxo-Gua into
DNA. When 8-oxo-Gua is present in DNA, the MutM protein
removes the 8-oxo-Gua paired with cytosine, and the MutY
protein excises adenine paired with 8-oxo-Gua. By the con-
certed actions of these enzymes, the spontaneous mutation fre-
quency of E. coli is kept very low. Similar mechanisms appear to
function in mammalian cells, although the systems are more
complex than those found in bacteria. Human cells contain
three types of MutT-related proteins, MTH1 (NUDT1), MTH2
(NUDT15), and MTH3 (NUDT18), each of which exhibits dis-
tinct substrate preferences (13). MTHI1 cleaves 8-oxo-dGTP
but not 8-0xo0-dGDP, whereas MTH2 can degrade both 8-oxo-
dGTP and 8-0x0-dGDP, although the intrinsic enzyme activity
of MTH2 is considerably lower than that of MTHI1. On the
other hand, MTH3 is specifically active against 8-oxo-dGDP
and hardly cleaves 8-oxo-dGTP.

The oxidation of guanine also occurs in the ribonucleotide
pool of cells, and the 8-oxo-GTP thus produced can be misin-
corporated into RNA (14). The 8-oxo-Gua present in messen-
ger RNA would cause errors during codon-anticodon pairing in
the translation process, and thus, the persistence of 8-oxo-Gua
in RNA may lead to erroneous protein synthesis. In addition to
its action on the oxidized DNA precursors, MutT can degrade
8-oxo0-Gua-containing RNA precursor nucleotides 8-oxo-GDP
and 8-oxo-GTP (15). Because the RNA and the DNA precursor
pools are separated by a distinct nucleoside-diphosphate
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reductase system, which prevents the formation of 8-oxo-
dGDP from 8-0x0-GDP (16), MutT appears to function inde-
pendently for the two pools.

In the de novo pathway of purine nucleotide biosynthesis,
GMP is formed from xanthylate by the action of GMP synthase
(17). GMP is then phosphorylated to GDP by guanylate kinase
(GMK) (18, 19). The phosphorylation of GDP to GTP is carried
out by nucleoside-diphosphate kinase (NDK) (20-23) and by
adenylate kinase (ADK), which is capable of phosphorylating
nucleoside diphosphates in addition to its originally defined
activity (24 -26). The GTP thus formed is used for RNA synthe-
sis together with other ribonucleoside triphosphates. During
these processes, guanine nucleotides may be subjected to the
action of ROS, yielding 8-oxo-Gua-containing nucleoside
mono-, di-, and triphosphates.

To elucidate the metabolic fates of 8-oxo-Gua-containing
nucleotides in the RNA precursor pool, we investigated how the
GMK, NDK, ADK, and MutT proteins act on normal and oxi-
dized guanine nucleotides. We then asked whether 8-oxo-GTP,
the final product of these enzymatic processes, can be utilized
for RNA synthesis. By using permeabilized cells, we found that
8-ox0-Gua-containing nucleotides are incorporated into RNA
but that its degree of incorporation is lower than that found for
normal guanine nucleotides. We herein present the results of
these studies.

EXPERIMENTAL PROCEDURES

Bacterial Strains—E. coli strain CC101 and its mutT defi-
cient derivative, CC101T, were used in these studies (13, 15).
Strain DH5a (27) was used for subcloning E. coli genes and
producing their product proteins.

Preparation of 8-Oxo-Gua-containing Nucleotides—Oxi-
dized forms of guanine nucleotides were prepared as described
(13, 28) with slight modifications. For preparation of 8-oxo-
GTP, the reaction was performed in a mixture containing 100
mM sodium phosphate (pH 6.8), 6 mm GTP, 30 mM ascorbic
acid, and 100 mm H,O, at 37 °C for 5 h in the dark. One hun-
dred microliters of the reaction mixture were applied to an ion
exchange column (Mono Q HR 5/5 5 X 50 mm, GE Health-
care), and nucleotides were separated with a linear gradient
(5-100%) of 1 M triethylammonium hydrogen carbonate (pH
7.0) at a flow rate of 1 ml/min using HPLC (Model LC-10AD,
Shimadzu Co., Kyoto, Japan). Fractions containing 8-oxo-GTP
were combined and applied again to the Mono Q column to
remove unoxidized nucleotides. The fractions containing
8-0x0-GTP were lyophilized, dissolved in deionized-distilled
water, and stored at —20 °C. Radioactive 8-oxo-GTP was pre-
pared as described above with the use of 6 mm GTP and 10 uCi
(51.8 mCi/mmol) of [8-'*C]guanosine 5’-triphosphate tet-
raammonium salt (catalogue number MC-194, Moravek, Brea,
CA). To prepare 8-oxo-GDP and 8-oxo-GMP, 6 mm GDP and 6
mM GMP, respectively, were oxidized and purified by Mono Q
column to homogeneity as described above for the preparation
for 8-oxo-GTP.

Purification of GMK—Cloning of the E. coli GMK gene (gmk/
spoR) was performed by polymerase chain reaction (PCR) to
amplify the DNA fragments from E. coli strain CC101 with a
GMK primer set (forward primer, 5'-GGGGATCCATGGCT-
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CAAGGCACGCTT-3'; reverse primer, 5'-GGCTCGAGTCA-
GTCTGCCAACAATTTG-3') using PrimeSTAR HS DNA
polymerase (Takara Shuzo, Kyoto, Japan). The amplified DNA
fragment was subcloned into the pCRblunt vector (Invitrogen),
and its nucleotide sequence was determined. pCRblunt-GMK
DNA was digested by the BamHI and Xhol restriction enzymes.
The BamHI-Xhol fragment with GMK was inserted into the
BamHI and Xhol sites of pGEX-KG. A total of 5 ml of overnight
culture of DH5« cells harboring pGEX-KG-GMK was diluted
with 100 ml of LB broth and grown to an A, of 0.2 at 37 °C.
Then the cells were incubated with 0.5 mm isopropyl B-p-thio-
galactoside at 37 °C for 2 h to induce the expression of GST-
GMK. Cells were dispersed in lysis solution (10 mm Tris-HCl
(pH 7.5), 150 mm NaCl, and 1 mm PMSF) at a ratio of 1:30 (cell
volume:lysis solution) and sonicated on ice two times for 2 min
each with a microtip. After two rounds of centrifugation at
2300 X g for 10 min at 4 °C, the supernatant (3 ml) was filtered
through a 0.45-um filter (Sartorius, Germany) to remove bac-
terial debris, mixed with 0.5 ml of a 50% (v/v) slurry of glutathi-
one-Sepharose 4B beads (GE Healthcare), and rotated for 30
min at 4 °C. The beads were washed four times with the lysis
buffer and resuspended in 0.5 ml of stock solution (50% (v/v)
glycerol, 50 mm Hepes-KOH (pH 7.4), 50 mm KCl, and 1 mm
DTT). Purified proteins were resolved by SDS-polyacrylamide
gel (5-20%) electrophoresis followed by Coomassie Brilliant
Blue staining (see Fig. 1).

Purification of NDK—Cloning of the E. coli NDK gene (ndk)
was performed by PCR to amplify DNA fragments from E. coli
CC101 using a primer set for NDK (forward primer, 5'-GGG-
GATCCATGGCTATTGAACGTACT-3'; reverse primer, 5'-
GGCTCGAGTTAACGGGTGCGCGGGCAC-3'). The ampli-
fied DNA fragment was subcloned into the pCRblunt vector,
and its nucleotide sequence was determined. The BamHI-Xhol
fragment for NDK was subcloned into the BamHI and Xhol
sites of pGEX-KG. A total of 5 ml of an overnight culture of
DH5a cells harboring pGEX-KG-NDK was mixed with 100 ml
of LB broth and grown to an A, of 0.2 at 37 °C. Then the cells
were treated with 0.5 mMm isopropyl B-p-thiogalactoside at 37 °C
for 2 h to induce the expression of the GST-NDK protein,
which was purified as described above.

Purification of ADK—Cloning of the E. coli ADK gene (adk/
plsAldnaW) was performed by PCR to amplify DNA frag-
ments from E. coli strain CC101 using a primer set for ADK
(forward primer, 5'-GGGGATCCATGCGTATCATTCTG-
CTT-3'; reverse primer, 5'-GGCTCGAGTTAGCCGAGGAT-
TTTTTCC-3') as described above. The amplified DNA frag-
ment was subcloned into the pCRblunt vector, and its nucleo-
tide sequence was determined. The BamHI-Xhol fragment of
ADK was subcloned into the BamHI and Xhol sites of pGEX-
KG. A total of 5 ml of overnight culture of DH5« cells harboring
pGEX-KG-ADK was mixed with 100 ml of LB broth and grown
to an A;,, of 0.2 at 37 °C. Then the cells were treated with 0.5
mM isopropyl 3-D-thiogalactoside at 37 °C for 2 h to induce the
expression of the GST-ADK protein, which was purified as
described above.

MutT Protein—The MutT protein used in this study was pre-
pared as described previously (15). The reaction with purified
MutT protein was performed in a mixture containing 20 mm
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Tris-HCI (pH 8.0), 0.08 ug/ul BSA, 8 mm MgCl,, 40 mm NaCl,
5 mMm DTT, 2% glycerol, and a combination of oxidized and
normal guanine-containing nucleotides. The reaction was car-
ried out at 30 °C, and 10-ul aliquots of the mixture were with-
drawn at the times indicated and mixed with 40 ul of 0.1% SDS
to terminate the reaction. The products were analyzed by
HPLC using a Mono Q column. One-milliliter fractions were
collected, and the radioactivity of each sample was measured by
a liquid scintillation counter (LSC-6000, Aloka, Mitaka, Japan).

Incorporation of Labeled Nucleotides into RNA—["*C]GTP
or 8-oxo-["*C]GTP was added to the Ca®>"-treated permeabi-
lized cell suspension. The cell suspensions with labeled nucle-
otides were placed on ice for 30 min, kept at42 °C for 2 min, and
then placed on ice for 2 min. To each cell suspension, LB broth
was added, and the mixture was incubated at 37 °C. After incu-
bation, samples were mixed with trichloroacetic acid to give a
final concentration of 5% (w/v). After being washed with 1 ml of
5% (w/v) trichloroacetic acid twice, the cells were suspended in
0.6 ml of 1 N NaOH and incubated at 80 °C for 15 min. Next 0.15
ml of 1 NHCland 0.1 ml of 50% trichloroacetic acid were added,
and the mixture was centrifuged. The supernatant obtained
was the RNA fraction. The radioactivity was measured using a
liquid scintillation counter.

RESULTS

Action of Guanylate Kinase on Oxidized GMP—The 8-oxo-
Gua-containing ribonucleoside monophosphate 8-oxo-GMP
can be formed by the direct oxidation of GMP by ROS and by
the cleavage of 8-oxo-GDP and 8-oxo-GTP by the MutT pro-
tein. Because GMP is converted to GDP by GMK, we first
examined whether this enzyme can act on 8-oxo-GMP. The
E. coli guanylate kinase was produced in cells harboring multi-
copy plasmids expressing the gmk gene, and a nearly homoge-
neous enzyme preparation was obtained (see Fig. 1). Using the
purified GMK, we compared its actions on GMP and 8-oxo-
GMP. The reactions were carried out at pH 7.4 in the presence
of ATP and Mg, and the reaction products were analyzed by
HPLC. When the reaction was performed with a small amount
of GMK for 8 min, GMP was converted to GDP upon consump-
tion of an equimolar amount of ATP (Fig. 2A4). On the other
hand, in the case of 8-oxo-GMP, no appreciable amount of the
diphosphate form was produced even when 50 times larger
amounts of the enzyme were used and the reaction time was
extended to 30 min (Fig. 2B). Fig. 2C shows the time courses of
the reactions for the two types of nucleotides, confirming that
GMK hardly phosphorylates 8-oxo-GMP.

Deoxyribonucleotides, which are used for the synthesis of
DNA, are produced by the reduction of ribonucleoside diphos-
phates (29). The enzyme responsible, ribonucleoside-diphos-
phate reductase, catalyzes the reduction of four types of ribo-
nucleotides, ADP, GDP, UDP, and CDP, but has minimal
effects on 8-0xo-GDP (16). This implies that 8-oxo-Gua-con-
taining deoxyribonucleotides, if present at all, are formed by the
oxidation of dGDP and dGTP in the DNA precursor pool.
Because the 8-0x0-dGDP and 8-oxo-dGTP thus formed may be
subjected to the action of MutT, 8-oxo-dGMP would be pro-
duced as the cleavage product. Fig. 2D indicates that GMK
phosphorylates dGMP, but not 8-oxo-dGMDP, as is the case with
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FIGURE 1. SDS-PAGE of purified preparations of E. coli enzymes. Purified
proteins (1 ng each) were subjected to 5-20% SDS-PAGE. Lane 1, molecular
mass markers; lane 2, N-terminally His-tagged MutT; lane 3, GST-guanylate
kinase fusion protein; lane 4, GST-nucleoside-diphosphate kinase fusion pro-
tein; lane 5, GST-adenylate kinase fusion protein.

ribonucleotides. Thus, for both RNA and DNA precursor pools,
GMK acts as a gatekeeper to prevent oxidized guanine nucleo-
tides from being used for nucleic acid synthesis.

Formation of 8-Oxo-GTP by NDK—E. coli NDK catalyzes the
ATP-dependent synthesis of nucleoside triphosphates from
diphosphates. The enzyme is able to act on all types of RNA-
and DNA-related nucleotides (22). To determine whether this
enzyme also acts on 8-oxo-Gua-containing nucleotides, a
homogeneous preparation of NDK was obtained with the aid of
the cloned gene (see Fig. 1). When GDP was incubated with
NDK in the presence of ATP, GTP was generated with concom-
itant conversion of ATP to ADP (Fig. 3A). The 8-oxo-GDP was
converted to 8-0xo-GTP in a similar manner (Fig. 3B). The time
courses of the reactions for GDP and 8-oxo-GDP revealed that
NDK acts on the two types of nucleotides with almost the same
efficiency (Fig. 3C). The experiment was extended to deoxyri-
bonucleotides, and almost the same result was obtained with
ribo- and deoxyribonucleotides (Fig. 3D). Because NDK acts on
both 8-ox0-GDP and 8-oxo-dGDP, oxidized forms of guanine
nucleoside triphosphates, which may be used for nucleic acid
synthesis, can be produced.

Formation of 8-Oxo-GTP by Adenylate Kinase—Because dis-
ruption of ndk, the gene encoding NDK, does not affect the
viability of cells (21), it was supposed that there is (an)other
enzyme(s) that also catalyzes this reaction. ADK, which cata-
lyzes the conversion of AMP to ADP (24), has been implicated
to have such an activity (25). To examine whether ADK is capa-
ble of acting on 8-oxo-Gua-containing nucleotides, we cloned
adk, the gene encoding ADK, from E. coli and overexpressed
the enzyme. Using a homogeneous preparation of ADK (see
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FIGURE 2. Actions of guanylate kinase on nucleoside monophosphates containing normal and oxidized guanine bases. A, the action of GMK on GMP.
The reaction mixture (20 ul) contained 0.2 mm GMP, 0.2 mm ATP, 50 mm Hepes (pH 7.4), 4 mm MgCl,, 40 mm (NH,),SO,, and 20 ng of a purified preparation of
GMK. The reaction was carried out at 37 °C for 8 min, and then samples were applied to HPLC using a TSKgel DEAE-2 SW column (Tosoh, Tokyo, Japan). B, the
action of GMK on 8-oxo-GMP. The reaction was performed as described above except that 8-oxo-GMP was treated with 1 ug of the GMK protein for 30 min. C,
the time courses of reactions for GMP (@) and 8-oxo-GMP (O) with GMK. D, the time courses of reactions for dGMP (@) and 8-oxo-dGMP (O) with GMK. For Cand
D, the reactions were carried out with 20 ng of GMK preparation and 0.2 mm substrate nucleotides in 20 ul of a reaction mixture containing 50 mm Hepes (pH

7.4),0.2 mm ATP, 4 mm MgCl,, and 40 mm (NH,),SO,.

Fig. 1), we examined whether it acts on 8-oxo-GDP. As shown
in Fig. 4, 8-oxo-GTP was produced from 8-oxo-GDP by the
action of ADK, although the rate of formation of 8-oxo-GTP
was approximately one-fifth of that for GTP. Therefore, ADK
can substitute for NDK to generate 8-oxo-GTP.

Specific Cleavage of 8-Oxo-GTP by the MutT Protein—The
K, values of MutT for the hydrolysis of 8-oxo-GTP and 8-oxo-
GDP are about 4000 times lower than those for GTP and GDP
(15), providing an enzymatic basis for the high fidelity of RNA
synthesis under oxidative stress. Because the measurements of
these parameters were made under conditions where only
MutT and the substrate were present, we performed the MutT
reaction under more physiologically relevant conditions. A
small amount of 8-oxo-[**C]GTP was incubated with MutT in
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the presence of large amounts of ATP, GTP, CTP, and UTP, the
levels of which were adjusted to those found in E. coli cells (17).
Under these conditions, radioactive 8-oxo-GTP was efficiently
converted to the monophosphate form, whereas no appreciable
change in the distribution of other nucleoside triphosphates
was observed (Fig. 5). Thus, even in the presence of large
amounts of GTP and other ribonucleoside triphosphates,
8-0x0-GTP can be selectively and efficiently converted to the
monophosphate by MutT.

Utilization of 8-Oxo-GTP for RNA Synthesis—By treating
E. coli cells with 0.1 M CaCl, at 4 °C, the cells become permeable
to charged molecules, such as nucleotides (27). MutT-deficient
cells were treated in this manner, and '*C-labeled GTP or
8-0x0-GTP was applied. After a 2-min pulse treatment at 42 °C,
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FIGURE 3. Actions of nucleoside diphosphate kinase on nucleoside diphosphates containing normal and oxidized guanine bases. A, the actions of NDK
on GDP. The reaction mixture (10 wl) contained 0.5 mm GDP, 0.5 mm ATP, 50 mm Hepes (pH 7.4), 4 mm MgCl,, 40 mm (NH,),SO,, and 100 ng of a purified
preparation of NDK. The reaction was carried out at 37 °C for 4 min, and the reaction products were analyzed by HPLC. B, the actions of NDK on 8-oxo-GDP. The
reaction was performed as described above. C, the time courses of reactions for GDP (@) and 8-oxo-GDP (O) with NDK. D, the time course of reactions for dGDP
(®) and 8-0x0-dGDP (O) with NDK. For C and D, the reactions were carried out with 100 ng of NDK preparation and 0.5 mm substrate nucleotides in 10 ul of a
reaction mixture containing 50 mm Hepes (pH 7.4), 0.5 mm ATP, 4 mm MgCl,, and 40 mm (NH,),SO,.

the cells were incubated in nutrient broth. At the times indi-
cated, aliquots of the culture were withdrawn, and the radioac-
tivity of the labeled nucleotides incorporated into RNA was

determined. As shown in Table 1, ['"*C]GTP was actively incor-
porated into RNA, and the value at 30 min was slightly higher
than that obtained at 15 min. In the case of 8-oxo-[**C]GTP, a
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FIGURE 4. Time courses of reactions for GDP and 8-oxo-GDP with adeny-
late kinase. The reaction was carried out with 800 ng of ADK preparation and
0.2 mm GDP (@) or 8-0x0-GDP (O) in a reaction mixture (10 ul) containing 50
mm Hepes (pH 7.4), 0.2 mm ADP, 4 mm MgCl,, and 40 mm (NH,),SO,.

small amount of radioactivity was incorporated into RNA at 15
min, and this value did not change at the later time point of the
incubation. The ratio of the incorporation level of 8-oxo-GTP
compared with that of GTP at 15 min was ~4%. It is close to the
value obtained in in vitro system in which E. coli RNA poly-
merase can incorporate 8-oxo-GTP into RNA at a rate 5-10%
of that of GTP (14). It seems that 8-oxo-Gua-containing RNA
may actually be formed, but its amount is lesser compared with
normal RNA.

DISCUSSION

In the biosynthetic pathway of guanine-containing ribo-
nucleotides, GMP is formed first and is phosphorylated pro-
gressively to GDP and then to GTP. These guanine-containing
ribonucleotides may be subjected to the actions of ROS, yield-
ing oxidized forms of all three types of guanine nucleotides,
namely 8-0xo-GMP, 8-0x0-GDP, and 8-oxo-GTP. Once 8-oxo-
GTP is formed, it can be used for RNA synthesis because RNA
polymerase itself has the ability to use 8-0xo-GTP as a sub-
strate. It has been shown that, in an in vitro system, E. coli RNA
polymerase incorporates 8-oxo-Gua-containing nucleotides at
rates of 5 and 10% of those of normal guanine nucleotides when
DNA and poly(dA-dT) are used as templates, respectively (14).
In the present study, we have shown that, in an iz vivo system in
which permeabilized E. coli cells were used, 8-oxo-GTP can be
incorporated into RNA at a rate of 4% of that for GTP. Because
the misincorporation of 8-oxo-Gua into RNA would cause
errors in translation, it is important for cells to eliminate 8-oxo-
Gua-containing nucleotides from the RNA precursor pool.

The first step of guanine nucleotide biosynthesis is the ATP-
driven amination of xanthylate, which is catalyzed by a specific
enzyme, GMP synthase (30). The GMP thus formed is phos-
phorylated to GDP by the action of GMK (19). It was unclear
whether GMK can phosphorylate 8-oxo-GMP, which is pro-
duced by the action of ROS. In the present study, we have
shown that GMK hardly phosphorylates 8-oxo-GMP. Even
when exceedingly high concentrations of GMK were applied,
no appreciable amount of 8-oxo-GDP was produced. This find-
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ing is important because the reutilization of 8-oxo-GMP,
formed by the action of the MutT protein, is thus prevented. As
shown in this and previous studies (9, 15), the MutT protein
efficiently converts 8-oxo-GDP and 8-0xo-GTP to 8-oxo-GMP.
In this regard, it is important to note that GMK functions to
prevent the utilization of the 8-oxo-GMP formed by oxidation
in situ and that derived from the MutT reaction for RNA
synthesis.

Although the phosphorylation of 8-oxo-GMP is prevented in
this way, 8-oxo-GDP may be formed by the direct oxidation of
GDP. The question then arises whether any cellular enzyme(s)
can phosphorylate 8-0xo-GDP to the triphosphate form. The
most plausible candidate to carry out this reaction was NDK,
which has the ability to phosphorylate a broad range of nucle-
oside diphosphates to triphosphates (23). By using a purified
enzyme preparation obtained from E. coli, we showed that
NDK can phosphorylate 8-oxo-GDP as efficiently as normal
GDP.

In addition to NDK, ADK is also involved in this process. Lu
and Inouye (25) reported that ADK promotes the formation of
the nucleoside triphosphate from the diphosphate by transfer-
ring the y-phosphoryl of ATP to nucleoside diphosphate. Sub-
sequently, Willemoés and Kilstrup (26) revealed that the nucle-
oside triphosphate formation occurs by B-phosphoryl transfer
from ADP. Because the former study was performed with the
E. coli ADK enzyme, whereas the latter was carried out with a
commercial ADK preparation from chicken muscle, we exam-
ined this problem using a homogeneous ADK preparation
obtained from adk-overproducing E. coli cells. Our results
clearly indicated that the GTP formation occurs in an ADP-de-
pendent manner, confirming the findings of Willemoés and
Kilstrup (26). We then investigated whether ADK can phos-
phorylate 8-oxo-GDP and found that the E. coli ADK enzyme
can convert 8-0xo-GDP to 8-oxo-GTP, although the rate of
reaction was about one-fifth of that for GDP. Thus, ADK can
function as a substitute of NDK during the formation of 8-oxo-
GTP as well as that of other ribonucleoside triphosphates.

It is evident, therefore, that 8-0xo-GTP can be formed by the
phosphorylation of 8-oxo-GDP as well as by the oxidation of
GTP itself. Regardless of its origin, 8-0xo-GTP is subjected to
the action of the MutT protein, which converts it to 8-oxo-
GMP, a form that is unusable for RNA synthesis. In the present
study, we examined whether the MutT reaction occurs effi-
ciently in the presence of large amounts of other nucleoside
triphosphates, which are usually present in the cellular nucleo-
tide pool. Even under these conditions, the selective breakdown
of 8-oxo-GTP was achieved by the MutT protein. Thus, MutT
plays a principal role in achieving precise RNA synthesis under
aerobic conditions. Fig. 6 provides a scheme deduced from the
results obtained from these experiments.

The conversion of ribonucleotides to deoxyribonucleotides
occurs at the level of nucleoside diphosphate, and the enzyme
responsible, ribonucleoside-diphosphate reductase, acts on
four types of naturally occurring ribonucleoside diphosphates,
ADP, GDP, UDP, and CDP (29). It was shown, however, that
the enzyme is inactive for 8-oxo-GDP (16). Thus, it is likely that
in the DNA precursor pool 8-oxo-Gua is formed by the oxida-
tion of guanine-containing deoxyribonucleotides themselves.
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FIGURE 5. Selective degradation of 8-oxoGTP by MutT in the presence of a large amount of ATP, GTP, CTP, and UTP. The reaction mixture (25 ul)
contained 1 um 8-oxo-["*CIGTP, 0.9 mm GTP, 3 mm ATP, 0.52 mm CTP, 0.89 mm UTP, 1 ng of MutT, 20 mm Tris-HCl (pH 8), 8 mm MgCl,, 40 mm NaCl, 5 mm DTT, 80
ng/ml BSA, and 2% (v/v) glycerol. The reaction was performed at 30 °C and terminated at 0 or 30 min by adding SDS (final concentration, 0.1%). The samples
were resolved by HPLC with a Mono Q column. Nucleotides were separated with a linear gradient (5-100%) of 1 m triethylammonium hydrogen carbonate (pH

7.0) at a flow rate of T ml/min using HPLC.

TABLE 1

Incorporation of '*C-labeled GTP and 8-oxo-GTP into RNA in CaCl,-
treated E. coli mutT™ cells

E. coli CC101T cells (20-ml culture) were harvested during the exponential phase of
growth at an Ag,, of 0.3, washed once with 10 ml of cold 0.1 m CaCl,, and then
suspended in 4.6 ml of 0.1 M CaCl,. An aliquot of the suspension (0.4 ml) was mixed
with 25 ul of [**C]GTP or 8-oxo-["*C]GTP ( 36 nmol). The suspension was kept on
ice for 30 min and then at 42 °C for 2 min. Twenty-five volumes of LB broth were
added, and the mixture was kept at 37 °C. Aliquots of the mixture were withdrawn
at the times indicated, and the radioactivity of the nucleotides incorporated into
RNA was determined. Three samples were analyzed at each time point and the
standard deviations were calculated ().

I . Radioactivity
ncubation
time GTP 8-Oxo-GTP 8-Oxo-GTP/GTP
dpm %
15 min 1081 + 33 45.5 = 8.5 4.2
30 min 1249 = 145 43.7 = 3.7 3.4

Because the present study revealed that NDK is capable of
phosphorylating 8-oxo-dGDP to the triphosphate, the 8-oxo-
dGTP thus formed can be used as a building material for DNA.
It has been shown that DNA polymerase III of E. coli can use
8-0x0-dGTP as efficiently as dGTP (9). To prevent the misin-
corporation of 8-oxo-Gua into DNA, which would cause accu-
mulation of mutations in cells, MutT degrades 8-oxo-dGTP
and 8-0x0-dGDP to form 8-oxo-dGMP, a form that is unusable
for DNA synthesis (9). In the present study, we have shown that
guanylate kinase, which can phosphorylate dGMP, hardly
phosphorylates 8-oxo-dGMP. Thus, the scheme established for
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FIGURE 6. Metabolism of guanine ribonucleotides leading to the synthe-
sis of RNA under normal and oxidative conditions. RNP denotes RNA
polymerase. O" indicates reactive oxygen species, and the closed dots to the
upper left of chemicals represent 8-oxoguanine-containing molecules.

the RNA precursors can also be applied to the related process
for DNA, although the metabolic significance of nucleoside
monophosphates is different in the two cases; GMP is an essen-
tial precursor from which GDP and GTP are formed, whereas
dGMP is merely a cleavage product.
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