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Ribonucleotide reductase (RNR) catalyzes the rate-limiting
step in deoxyribonucleotide synthesis essential for DNA repli-
cation and repair. RNR in S phase mammalian cells comprises a
weak cytosolic complex of the catalytic R1 protein containing
redox active cysteine residues and the R2 protein harboring the
tyrosine free radical. Each enzyme turnover generates a disul-
fide in the active site of R1, which is reduced by C-terminally
located shuttle dithiols leaving a disulfide to be reduced. Elec-
trons for reduction come ultimately from NADPH via thiore-
doxin reductase and thioredoxin (Trx) or glutathione reductase,
glutathione, and glutaredoxin (Grx), but the mechanism has not
been clarified for mammalian RNR. Using recombinant mouse
RNR, we found that Trx1 and Grx1 had similar catalytic effi-
ciency (k.,./K,,). With 4 mm GSH, Grx1 showed a higher affinity
(apparent K, value, 0.18 um) compared with Trx1 which dis-
played a higher apparent k_,,, suggesting its major role in S phase
DNA replication. Surprisingly, Grx activity was strongly
dependent on GSH concentrations (apparent K, value, 3 mm)
and a Grx2 C40S mutant was active despite only one cysteine
residue in the active site. This demonstrates a GSH-mixed disul-
fide mechanism for glutaredoxin catalysis in contrast to the
dithiol mechanism for thioredoxin. This may be an advantage
with the low levels of RNR for DNA repair or in tumor cells with
high RNR and no or low Trx expression. Our results demon-
strate mechanistic differences between the mammalian and
canonical Escherichia coli RNR enzymes, which may offer an
explanation for the nonconserved shuttle dithiol sequences in
the C terminus of the R1.

Ribonucleotide reductase (RNR),? the essential enzyme gen-
erating the four deoxyribonucleoside triphosphates (dNTPs)
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required for DNA synthesis (1), plays a critical role in the high
fidelity DNA replication and repair. The class Ia enzyme, pres-
ent in all eukaryotes (from yeast to mammals), some bacteria,
and some viruses, is composed of two subunits: R1 and R2 (2).
The R2 protein (B) is a homodimer (2 X 45 kDa), and each
polypeptide harbors a tyrosyl free radical that is generated and
stabilized by an iron center (1, 2).

The R1 protein («) contains the substrate-binding site, the
active site including three cysteine residues, two redox active
shuttle cysteines, and allosteric sites. The allosteric sites control
substrate specificity and enzyme activity via binding of nucleo-
tide triphosphates (3). In the absence of nucleotide effectors,
the mammalian R1 is a 90-kDa monomer. Binding of effectors
to the specificity site induces the formation of R1 dimers that
interact with the R2 dimer, forming an active «,[3, complex.
However, the R1 hexamer induced by ATP/dATP (4) is sug-
gested to form the major complex of RNR with the R2 dimer (5).

In enzyme turnover, a disulfide is formed in the active site,
from the catalytically active SH group of the cysteines; conse-
quently the 2'-OH of the ribonucleoside, is replaced with a
hydrogen atom (6). As shown in Escherichia coli RNR, which is
the best characterized class I enzyme, the narrow active site
cleft in R1 excludes direct reduction of the active site disulfide
by external dithiol-dependent redoxins, but the mobile tail of
R1 transfers reducing equivalents from C-terminally located
cysteine residues (shuttle) to the active site by a thiol-disulfide
exchange reaction (7). The resulting C-terminal disulfide has to
be reduced by an external thiol-dependent reductase system
(8).

Both thioredoxin (Trx) (9) and glutaredoxin (Grx) (10) were
discovered as dithiol electron donors of E. coli ribonucleotide
reductase and are today well known multifunctional thiol-de-
pendent redoxins in cells with catalytically active cysteine thiols
in a CXXC active site (11, 12). The oxidized Trx is reduced by
NADPH via the flavoprotein thioredoxin reductase (TrxR),
which is a selenoenzyme in mammalian cells. In contrast, the
disulfide in oxidized Grx is reduced by two molecules of the
monothiol GSH. The resulted GSSG in turn is reduced by
NADPH and glutathione reductase (11, 12). In E. coli the class
Ia enzyme, NrdAB, which is essential for aerobic growth,
requires the dithiol form of at least one of Grx1, Trx1, or Trx2 to
be viable (13-15). A 10-fold lower K, value of Grx1 (0.13 um)
than that for Trx1, with similar V, . of both dithiol redoxins,
makes Grx1 the most efficient electron donor for the E. coli
enzyme.
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Despite intense research on mammalian RNR (4, 16, 17), vir-
tually nothing is known about the electron donor systems, and
in enzyme assays, 10 mm DTT has been used as a strong artifi-
cial dithiol reductant. The cells have to critically balance ANTP
pools and avoid excessive or too low concentrations of ANTP
because this will increase the error rates of DNA polymerases
(18). In E. coli, a balanced supply of deoxyribonucleotides is
obtained by a regulatory mechanism that up-regulates the level
of RNR in response to the lack of any of its two main hydrogen
donors, Trx1 or GSH plus Grx1 (13). It is not known whether
the electron donor system is rate-limiting for mammalian RNR
activity. However, the requirements for DNA replication con-
suming large amounts of dNTPs during S phase and house-
keeping DNA repair and mitochondrial DNA synthesis in post-
mitotic cells may be widely different; because the enzyme
concentration and composition differs during cell cycle, and
only the R1 subunit is the same (19, 20). The R2 subunit of RNR
isinduced during S phase and degraded via a KEN box when the
cell enters mitosis (21). In postmitotic cells instead, the p53R2
protein is present in complex with R1, both at low concentra-
tions (16, 22).

In mammalian cells Trx1 and Grx1 are present in the cytosol
or nucleus, whereas Trx2 is localized in the mitochondria (12).
Grx2 has two isoforms that are located in the mitochondria and
the cytosol/nucleus (23-25). Previous studies did not reveal a
clear co-localization of RNR with Trx1 or Grx1 in cells using
immunohistochemistry (26, 27). Furthermore in rabbit bone
marrow it has been reported that Trx is not active as a hydrogen
donor for the homologous ribonucleotide reductase (28).

Luthman et al. (29, 30) used purified calf thymus RNR and
observed activity with Trx and GSH plus Grx. Here we have
used recombinant RNR to evaluate the kinetics of the electron
donors. Our results show marked differences in mechanisms
for mammalian RNR compared with the well known E. coli
enzyme. Considering the amount of R1 in the assays and using
R2 subunit, our system represents the S phase RNR. These data
are also of general interest for understanding tumor cell
growth.

EXPERIMENTAL PROCEDURES

Materials and Enzymes—The [PH]CDP was from Amersham
Biosciences. The cation exchanger resin AG® 50W was pur-
chased from Bio-Rad. Yeast glutathione reductase, GSH, DTT,
NADPH, and insulin were from Sigma. Human Trx1 and Grx1
were prepared as described (31, 32). Human Grx2 and the
Grx2C40S were prepared by Dr. Catrine Johansson (24, 32). Rat
recombinant TrxR was a kind gift from Dr. Olle Rengby (33).
Human recombinant R1 was kindly provided by Prof. Pdr Nor-
dlund from the Department of Medical Biochemistry and Bio-
physics (Karolinska Institute).

Expression and Purification of Mouse R1 Subunit—The
E. coli strain expressing R1 was kindly provided by Dr. Lars
Thelander (Umea University, Umed, Sweden), and purification
was carried out essentially as described by Davis et al. (34).
Induction of R1 expression with 50 um isopropyl B-p-thioga-
lactopyranoside was done at an A, of 1 at a temperature of
15 °C in 20 liters of fermenter. The bacterial pellet (30 g) was
dissolved in 90 ml of buffer A (50 mm HEPES, pH 7.3, 1 mm
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EDTA, 1 mm DTT, and 25 mm KCI) and lysed with 0.1%
lysozyme. After shock freezing the bacteria in liquid nitro-
gen, the cell debris were pelleted. Solid ammonium sulfate to
obtain 50% final saturation was added to the supernatant,
and the pellet obtained after centrifugation was dissolved in
10 ml of buffer A.

After desalting the solution on a Sephadex G-25 column (100
ml) with buffer A, the sample was applied to a 20-ml dATP-
Sepharose column (34) equilibrated with the same buffer. The
column was washed with 60 ml of high salt buffer (50 mm
HEPES, pH 7.3, 1 mm EDTA, 1 mm DTT, and 500 mm KCI)
followed by 30 ml of 50 mm HEPES, pH 7.3. The R1 protein was
eluted with 50 mm HEPES, pH 7.3, and 50 mm ATP. Protein was
concentrated with Centriprep YM-30 (Amicon), and the buffer
was changed to 50 mm HEPES, pH 7.3, 100 mm KCl on a Seph-
adex G-25 column. The purity of R1 was finally analyzed by
SDS-PAGE, and the protein concentration was determined
with a Bio-Rad protein assay kit.

Expression and Purification of Mouse R2 Subunit—The
E. coli strain expressing R2 was a kind gift from Dr. Lars The-
lander, and the R2 protein was expressed and purified as
described before (35). After homogenizing 30 g of frozen bac-
teria in 90 ml of buffer B (50 mm Tris-HCI, pH 7.5, 1 mm phen-
ylmethylsulfonyl fluoride, and 1 mm EDTA), 2% streptomycin
sulfate, and 0.1% lysozyme were added to the extract; the bac-
terial suspension was frozen in liquid nitrogen and thawed
once, and cell debris and nucleic acids were pelleted. Solid
ammonium sulfate to 40% saturation was then added to the
supernatant fraction, and the precipitate was collected.

After dissolving the pellet in 6 ml of buffer B, the sample was
desalted on a G-25 column. The solution was then subjected to
anion exchange chromatography using a 30-ml DEAE-cellulose
column (DE 52) (35). Thereafter the protein was precipitated
using 70% solid ammonium sulfate and dissolved in 50 mm
Tris-HCI, pH 7.5, followed by G-25 chromatography. Reactiva-
tion of the R2 was done by regenerating of the iron center and
tyrosyl radical as described by Thelander and co-workers (35).

Determination of Ribonucleotide Reductase Activity—RNR
was reconstituted by mixing recombinant R1 and R2 proteins.
Activity was assayed following the conversion of [*’H]CDP into
[*’H]dCDP. The reaction was initiated by adding reaction mix-
ture containing 40 mm Tris-HCl buffer, pH 7.6, 2 mm ATP, 10
mm MgCl,, 200 mm KCI, 200 um FeCl,, and 0.5 mm [*H]CDP
(~20,000 cpm/nmol) in a final volume of 50 ul. Incubation was
carried out at 37 °C for 30 min. The reaction was terminated by
the addition of 1 M HCIO, and hydrolysis to dCMP. The
amount of [*H]dCMP radioactivity was quantified by liquid
scintillation counting after ion exchange chromatography on
Dowex-50 columns (36).

Asreductant, the indicated concentrations of DTT or human
Trx1and 0.1 um TrxR plus 1 mm NADPH were used in separate
experiments. When the Grx system was used together with
RNR, the samples contained 0.1 um GR, 1 mm NADPH, and
varying amounts of GSH generally 4 mm. To avoid oxidation of
GSH to GSSG, each time a new tube of frozen stock of GSH
titrated to pH 7.0 was used. The activity was calculated as nmol
of dCDP produced per time of incubation. Modifications to the
protocol are indicated in individual table and figure legends.
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Insulin Disulfide Bond Reduction Activity of Thioredoxinl—
Two assays were utilized to study the reduction of Trx1 with
GSH. First, in a final volume of 150 ul, 10 um Trx1 was mixed
with 0.16 mm insulin, 0.5 mm NADPH, 0.2 mm EDTA, and 100
mM phosphate buffer, pH 7.0. Two samples with 4 and 10 mm
GSH were monitored at A, after adding 0.1 um GR. A molar
extinction coefficient of 6200 M~ cm ™' was used in calcula-
tions (37, 38).

Insulin precipitation assay was also used by recording the
increase in turbidity at A.,. Different concentrations of Trx1
were checked in the same buffer using 10 mm GSH. The mix-
ture without Trx1 and GSH was set as a blank, and the basic
level of NADPH consumption with adding GR was measured in
the sample without Trx1.

Expression and Purification of Mouse Glutaredoxinl—OQligo-
nucleotide primers containing Ndel and BamHI restriction
sites were designed to amplify the open reading frame of mouse
Grx1 with polymerase chain reaction. The DNA fragment was
cloned into the Ndel-BamHI sites of the pGEM-T vector (Pro-
mega). The construct was verified by DNA sequence determi-
nation. The insert was subcloned into the same restriction sites
of the pET-15b vector (Novagen) to express the polyhistidine
tag at the N terminus.

Expression and purification was done as previously described
(24). The reductase activity was checked using a hydroxyethyl
disulfide assay (24).

Cell Cultures and Preparation of Cell Extracts—HeLa cells
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal calf serum, 100
units/ml penicillin, and 100 wg/ml streptomycin in an humidi-
fied atmosphere of 5% CO,, at 37 °C.

The cells were trypsinized, spun down, and resuspended in
the same volume of packed cell volume of 20 mm HEPES, pH
7.4, 2 mm MgCl, with freshly added protease inhibitor (Roche
Applied Science). The lysate was passed through five cycles of
freeze-thaw; debris was removed by centrifugation (13,000
rpm, 10 min, 4 °C). The supernatant was heated to 75°C in a
boiling water bath. Precipitated proteins were spun down, and
the supernatant was assayed. The protein concentration was
quantified with Bio-Rad protein assay. Cell extracts were added
to a series of tubes containing constant amount of recombinant
R1 and R2. The samples were supplemented with TrxR and
NADPH to couple the Trx; or GSH, NADPH, and GR to couple
Grx in the extract. To compensate the oxidative environment
produced by cell lysis, the amount of NADPH was raised to 3
mM. DTT served as a control.

RESULTS

Characterization of the Mammalian RNR—We expressed
and purified the recombinant mouse R1 and R2 proteins to
apparent homogeneity reconstituting the tyrosyl radical in R2
(34, 35). By mixing R1 and R2 proteins in the presence of Mg "
ions, active RNR was formed, and CDP was reduced to dCDP in
a linear reaction with DTT as electron donor during 45-min
incubations (Fig. 14). As known from previous experiments, R1
and R2 formed a weak complex, and only at high concentrations
(75-150 pg/ml) of R1, activity was recorded. Increasing R1 with
a fixed amount of R2 resulted in a marked cooperative-like
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FIGURE 1. Initial rate of RNR assay with different concentrations of R1
depending on time and electron donor. A, four series of samples with dif-
ferent concentrations of R1 and constant 36 ug/ml R2 were assayed using 10
mm DTT as reductant. The reaction was stopped after the desired time. B, a
range of 0-150 ug/ml R1 was assayed with 36 ug/ml R2 within 45 min of
incubation time. Each concentration was checked with the Trx system: 4 um
Trx1, 1T mmNADPH, and 0.1 um TrxR (@®); or the Grx system: 1.76 um Grx1, 1 mm
NADPH, 10 mm GSH, and 0.1 um GR (O); and 10 mm DTT (¥).

increase in activity; this behavior was identical for all three elec-
tron donors (Fig. 1B).

The specific activity for several different preparations was
typically 60 and 250 nmol/min/mg for R1 and R2, respectively,
measured in the presence of an excess of the other subunit,
which are values similar to previously reported mammalian
recombinant preparations (34, 35). Note that R1 has the lowest
specific activity and is the apparent rate-limiting subunit con-
sistent with its content of the shuttle disulfide and catalytic
center. The weak complex of the two subunits forming active
RNR makes it difficult to determine kinetic parameters and also
true k_,, values. As shown in Fig. 2B with a low amount of R2,
which is not enough to saturate R1, the shape of the activity
curve is not sigmoidal because R1 disulfides were reduced by
the electron donor irrespective of whether it was free or bound
to R2. However, in contrast the curve for constant R2 (Fig. 24)
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is sigmoidal because R1 is the limiting subunit in the weak
complex.

Effect of DTT on RNR—To investigate the optimal amount of
DTT for RNR activity, experiments were carried out with R1
quite similar to concentrations calculated from S phase fibro-
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FIGURE 2. Characterization of mouse RNR subunits. Different concentra-
tions of R1 with 74 pwg/ml R2 (A) or different concentrations of R2 with 110
ng/mlR1 (B) were assayed for 30 min incubation time in a total volume of 50
wl. As electron donor a Trx system containing 3 um Trx1, T mm NADPH, and 0.1
M TrxR was used.

x>
o
O

L A A B 09

[s2]
T

[dCDP] nmol
B

N
T
IS s B B S B S N L
(4

blasts of 48 ug/ml (20). The highest activity was obtained with
4-10 mm DTT (K, = 2 mM). Inhibition by higher concentra-
tions of DTT was observed (Fig. 3A4). No increase in activity was
obtained by R1 prereduced with DTT.

Trxl and Grxl as Hydrogen Donors for S Phase RNR—En-
zyme activity was measured with varying concentrations of
human Trx1 (0.7-6 um) using excess TrxR and NADPH or
different amounts of Grx1 (0.1-2 uM) in combination with 4
mMm GSH, NADPH, and excess GR (Fig. 3, B and C). Typical
apparent K, values of 1.9 and 0.18 um were obtained for Trx1
and Grxl1, respectively. With the higher concentrations of R1,
the Trx activity curve showed a tendency to sigmoidal behavior
probably reflecting rate-limiting reduction by low Trx. In con-
trast Grx activity showed no such tendency, but remarkably the
apparent V.. and corresponding k., was much lower for Grx
than for Trx. However, the catalytic efficiency (k_,./K,,) was
similar or 2 X 10°m s 1.

Because the reaction of Grx with RNR may be species specific
like for E. coli RNR (29), mouse Grx1 was expressed to deter-
mine whether that would be more active with the homologous
RNR. Because there was no difference between the reaction
rates with human and mouse Grx1 (data not shown), we used
the human Grx1 in further experiments.

Preincubation of R1 with DTT did not change the activity
with either the Trx or Grx systems. This finding was in contrast
to results with the E. coli RNR enzyme, which has to be freshly
prereduced with DTT before assay for a Grx system to show
activity (39). We also tested preincubation of R1 plus R2 with
excess DTT followed by a Sephadex G-25 desalting step before
assays. This treatment resulted in no difference in enzyme
activity; nor did higher ATP (5 mm) as an allosteric effector (4).
All of several R1 and R2 preparations showed the low k_,, with
the Grx system. The same relative activity of Trx and Grx was
also detected with a human R1 preparation (Table 1).

Combination of Trx with the Grx System for RNR Activity—
To investigate whether the Trx system may activate RNR by
reducing any critical disulfide bond to enable the Grx system to
express higher turnover, both systems were added to the reac-
tion mixture; no positive effect was observed, and the activity
with combination of both systems was equal to the sum of their
individual activities (Fig. 4).

Because Trx strengthens the R1-R2 complex of E. coli RNR
(40), we wondered whether Trx
could stimulate Grx activity by mak-
ing more active enzyme; therefore

just Trx was added to the Grx sys-
tem in an RNR assay. The data
showed higher activity in the sam-
ple, which contained Grx system
plus Trx (without TrxR) compared
with the Grx system alone (Fig. 4).

0(\\\!11(\\\\1([(\\\17 0
0 10 20 30 40 0 1.5 3 45 6

[DTT} mM [Trx1] uM

FIGURE 3. Efficiency of DTT, Trx1, and Grx1 for reduction of mouse RNR. A, enzyme activity of 74 ug/ml R1
plus 36 ug/ml R2 was measured in the presence of increasing amounts of DTT with standard assay conditions.
Band C, samples with 120 wg/ml R1 and 40 wg/ml R2 were assayed with varying concentrations of Trx1, T mm
NADPH, and 0.1 um TrxR as the Trx system (B) or increasing amounts of Grx1, T mm NADPH, 4 mm GSH, and 0.1

1M GR as the Grx system (C).
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However, with insulin reduction
assays, we showed that human Trx1
could catalyze the reduction of insu-
lin disulfide bonds with high GSH
and NADPH plus GR (Fig. 5). This is
a consequence of a lower redox
potential of human Trx (—230 mV)

0.5 1 1.5 2

[Grx1] uyM
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TABLE 1

Characterization of human R1 in reduction with Trx1 and Grx1

Enzyme activity of human R1 plus 50 ug/ml mouse R2 was measured in the presence
of 10 uM Trx1, 0.5 mm NADPH, and 0.3 um TrxR for the Trx system and 10 um of
Grx1, 5 mm GSH, 0.1 uM GR, and 0.5 mM NADPH for the Grx system. The samples
were incubated at 37 °C for 30 min in a total volume of 50 ul.

Rl Enzyme activity”
Trx system Grx system
nmol of dCDP formed
80 ug/ml 1.18 0.12
160 ug/ml 3.40 0.24
“ Enzyme activity of 100 ug/ml human R1 with 10 mm DTT was 3.1 nmol.
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FIGURE 4. Contribution of Trx with Grx system in RNR assay. Samples with
120 png/ml R1 and 40 pg/ml R2 were assayed with different reductants as
indicated in each column. The Grx system contained 1 um Grx1, 4 mm GSH
plus NADPH, and GR. As the Trx system 3.6 um Trx1 with NADPH and TrxR
were used. Combination of 3.6 um Trx1 or the whole Trx system to the Grx
system was checked. The results are expressed as the means = S.E. of two
independent experiments performed in duplicates.

(41) compared with E. coli Trx (—270 mV) (42). Therefore, Trx
did not increase Grx activity in RNR reduction per se, but it
acted directly as a dithiol by reduction with high GSH and GR.
This result may explain how mammalian cells can survive with-
out TrxR activity.

Grx2 and Its Monothiol Mutant Protein Are as Active as
Grxl—Mammalian Grx2 (24, 25) has a splice form Grx2b that
has been suggested to be a possible electron donor for RNR in
DNA repair (24). Experiments were carried out with human
Grx2 (0.15-2.4 um) and 120 pg/ml R1 plus 40 pg/ml R2 using
standard glutaredoxin assay conditions (4 mm GSH, 0.1 um GR,
and 1 mm NADPH). Grx2 had the same activity as Grx1 (Table
2) except for a marginally higher K, , value. Similar experiments
with a C40S mutant of Grx2 unexpectedly showed full activity
with RNR. This demonstrates that Grx operates with mouse
RNR by a monothiol mixed disulfide mechanism in sharp con-
trast to Grx1 and E. coli RNR (43). There is no possibility for Trx
to be active as a monothiol mutant, because this is not a sub-
strate for TrxR, nor does it work as a disulfide reductase and
consequently cannot be active as an electron donor for RNR
(41, 42).

Because Grx2 is a substrate for TrxR (32), we asked
whether it can reduce RNR via a TrxR and NADPH pathway.
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FIGURE 5. Trx1 can reduce disulfide bonds with high amount of GSH and
GR. A, using insulin as the substrate for Trx1, the effect of 4 and 10 mm GSH on
the reduction of disulfides with 10 um Trx1 was investigated after adding 0.1
M GR. The consumption of NADPH was measured at As,,. The rate of oxida-
tion without Trx1 was subtracted from each point. B, this experiment was
performed with 10 mm GSH and different concentrations of Trx1; precipita-
tion of insulin at Ags, was monitored after adding 0.1 um GR.

TABLE 2

Kinetic constants of Trx1, Grx1, wild type, and mutant Grx2 for
reduction of mouse RNR

Protein Vinax K,
nm/s/ug of R1 M
Trx1* 22.2 1.9
Grx1° 2.3 0.18
Grx2? 1.5 0.3
Grx2C40S”? 1.2 0.36

“ The values derived from fitting data in Fig. 3 (B and C).

® Activity of 120 pug/ml R1 and 40 pg/ml R2 was measured with varying concentra-
tions of wild type or mutant Grx2 in the presence of 4 mm GSH, 0.1 um GR, and 1
mMm NADPH. The samples were incubated at 37 °C for 30 min in a total volume of
50 ul.

Using 0.1 uM TrxR with Grx2 the activity was about 10-fold
lower than that with GR and 4 mMm GSH (data not shown),
showing that dithiol Grx is an inefficient electron donor for
mouse RNR.

Role of GSH in Mammalian RNR Catalytic Mechanism—
DTT at 1 mm canreduce E. coli Trx1 and Grx1, which then both
give the same V_, with E. coli RNR (39); E. coli RNR has a 30
mMm K, with DTT (44). Using this experiment with mouse RNR
full activity with Trx1 was obtained, but Grx1 was not giving
any activity above DTT, suggesting that dithiol Grx was not an
electron donor (Fig. 6A).

The effect of GSH was further investigated in RNR assays
using different concentrations of GSH (0.5-20 mm). Samples
contained 1 uM Grx1 plus excess GR and 1 mMm NADPH.
Results revealed that the apparent K, value for GSH was 3 mm.
Thus GSH was necessary for RNR reduction with Grx; experi-
ments performed with only high GSH as the only reducing
source for RNR confirmed that GSH itself was not active (Fig.
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DISCUSSION

T T T T T T T T T T 12

L1

09

06

[dCDP] nmol
iy

s

LL L L

T T B A R

uuulll\\\\uluu-:l_ 0

L 0 r
0.3 0051152 04 [

] The dNTP pools increase several-
] fold as cells enter S phase, and this is
] accompanied by increased synthesis
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viously been characterized in detail.
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FIGURE 6. Requirement of GSH for reduction of RNR with Grx. A, assay mixture contained 120 wg/mlR1, 40
ng/mlR2,and 0.4 mm DTT as ultimate reducing power. RNR activity with different concentrations of Trx1 (@) or
Grx1 (O) was measured. The background activity of RNR with this amount of DTT was subtracted from each

This study provides some unex-

pected differences compared with

the well known E. coli system (39).
The thioredoxin system showed a
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point. B, two series of samples with 74 ug/ml R1 and 36 pg/ml R2, and increasing concentrations of GSHwere ~ Vimax value with RNR similar to that

prepared; the reaction was started by adding reaction mixture supplemented with 1T um Grx1, 1 mm NADPH,
and 0.1 um GR (). Each point represents the mean value of two independent experiments with duplicate
samples. The inset shows Lineweaver-Burk plot. In the second series (M) standard reaction mixture was used to
detect the background activity with different amounts of GSH. C, enzyme activity of 74 ug/ml R1 and 36 ug/ml
R2 versus different concentrations of Grx1 is shown. Utilizing 4 mm (O) or 10 mm (@) GSH plus T mm NADPH and

0.1 um GR were compared.
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FIGURE 7. Cell extract as source of heat stable electron donors for RNR.
The columns show the activity of 120 ug/ml R1 plus 40 ug/ml R2 with 5 ug
heat-treated cell extract. The enzyme activity with the addition of 0.1 um TrxR
and 3 mm NADPH (black bar) or 4 mm GSH, 3 mm NADPH, and 0.1 um GR (white
bar) were compared. Each column represents the average of two independ-
ent assays with duplication. The count with 1 mm DTT (gray bar) was plotted
after subtracting the background activity of recombinant RNR with 1 mm DTT
as a control.

6B). Furthermore we measured the kinetics of Grx1 using 4 and
10 mm GSH (Fig. 6C), and 10 mM GSH resulted in a higher
apparent k.

Activity of Trx and Grx Systems in Cell Extracts—The assay of
RNR activity in the crude cell extracts is complicated by the
presence of competing activities that rapidly deplete the sub-
strate; either hydrolyzing enzymes that dephosphorylate or
kinases that phosphorylate the ribonucleoside diphosphate
substrate (45). Using a noncleavable ATP analog, which was
effective at minimizing substrate diversion (45) or conduct-
ing assays in permeable cells (46, 47) have been solutions so
far used. Because Trx and Grx are heat stable proteins (10),
we instead applied heating to 75 °C treatment and used cell
extracts as a source of redox proteins. As described under
“Experimental Procedures,” the heated extract gave no evi-
dence of an unknown system. Furthermore the results
showed that Trx was the dominant electron donor in the
extract (Fig. 7).
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of DTT and a K, value in the range
of 1.5-2.0 um. This is in contrast to
yeast, which has lower activity with
the Trx system compared with DTT
(48). Our results showed that the
glutaredoxin system with 4 mm
GSH had a 10-fold lower apparent K, value but also a 10-fold
lower V... The V.. for Grx was strongly dependent on the
GSH concentration with an apparent K, value of 3 mm. With
E. coli RNR, E. coli Grx1 has a low K, value but the same V.
as thioredoxin, and the apparent K, for GSH is 0.4 mm (39).

Another unexpected result was that the monothiol mutant
C40S of Grx2 was fully active. The data for E. coli RNR shows
clearly that the bacterial Grx1 mutant C14S is completely inac-
tive (43) compatible with a dithiol-disulfide mechanism. Sub-
sequent results by Bushweller and co-workers (49) demon-
strates that binding of Grxl to RNR involved a complex
formation. The C-terminal sequence of the R1 subunit is not
conserved between E. coli and mammalian cells. In fact the
CXXXXC shuttle sequence in E.coli R1 is an exception,
whereas yeast, human, or mouse R1 have a CXXC sequence
(Fig. 8B). Because Grx2C40S cannot catalyze reduction of dis-
ulfides, this evidence strongly suggests a monothiol mechanism
involving a glutathionylation reaction (Fig. 8C) compatible with
the high K,,, of GSH.

One advantage of a glutathionylation mechanism may be
with very low levels of R1 involved in repair and production of
dNTPs for mitochondrial DNA synthesis. In many resting post-
mitotic cells, thioredoxin is present at very low levels. The sig-
moidal curve of Trx activity (Fig. 3B) showed that reduced Trx
could not be efficient with a low concentration of R1 in postmi-
totic cells. The high concentration of GSH (5-20 mm in most
mammalian cells) (50) would ensure that there is glutathiony-
lated R1, and then any Grx should be able to catalyze reduction
of the C-terminal disulfide (Fig. 8C). The cell contains glutare-
doxins with a single Cys residue belonging to the GST family of
proteins like the w-GSTs (51). A study showing no variation in
dNTP pools by down-regulating TrxR in malignant mouse cells
(52) supports the conclusion that the Trx system is not the only
pathway used by RNR in tumor cells and highlights the activity
by GSH and Grx.

In recent studies it is shown that yeast with deletion of both
cytoplasmic thioredoxins has a longer S phase because of the
loss of the high rate of ANTP synthesis (53). Analysis of the in
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FIGURE 8. A, schematic model of mouse RNR with two pairs of redox active cysteines on the active site and C-terminal tail of R1, and the tyrosyl radical on R2
subunit. B, sequence alignment of the C-terminal region of the R1 subunit from different species. C, a model showing the dithiol and monothiol reduction

pathways of mammalian RNR.

vivo redox state of RNR established Trx as the major reductant
in yeast (54). Our data has also revealed the advantage of Trx as
electron donor because of its high k_,,.

RNR is a slow enzyme, and the k_,, calculated for the Trx
system (12 X min~"') will not be enough for DNA replication.
Considering that 3 billion base pairs (6 X 10° nucleotides equal
to 10~"* mol) are made in a mammalian cell during an S phase
of 6 h and that the average volume of a fibroblast is 3.4 pl (20),
the rate of nucleotide production can be calculated to be at least
140 nm s~ ! or an estimated turnover of R1 of ~300 X min "
This is far away from the RNR activity that we measured with
the Trx system as electron donor. Although the Trx and Grx
concentrations (55, 56) seem high enough in the cell to predict
that they can drive RNR activity, the activity of the enzyme in
vivo must have higher turnover particularly with the Grx sys-
tem. The highly active enzyme in vivo remains to be isolated
and characterized, as is also true for E. coli (6, 17, 57).

The concentration of R1 protein in logarithmically growing
and S phase of mouse fibroblast Balb/3T3 cells has been calcu-
lated to be around 48 ug/ml (0.5 um), which reduces to 5.3
pg/ml in resting cells (20). We tested this low amount of R1 but
could hardly detect any activity; the sigmoidal curve of the
activity of the subunits also prompted us to choose a higher
level of R1 in our experiments.

Our results are representative of the S phase in the cell
because we have only used the R2 subunit, which is implicated
in DNA replication (58). The recently discovered p53R2 has
been shown to be continuously present in resting cells in low
concentration (16, 22) in contrast to the R2 protein, which is
degraded (58). Resting cells expressing low levels of R1+p53R2
in the cytosol are assumed to supply dNTPs for DNA repair and
mitochondrial DNA synthesis (19). Upon DNA damage, p53R2
would be used with R1 to supply dNTPs for repair. The human
R1 and R2 as well as the p53R2 have been suggested to relocate
from cytoplasm to nucleus after genotoxic stress by UV irradi-
ation (59). However, recent data demonstrate that ribonucle-
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otide reduction is a cytosolic process in mammalian cells inde-
pendently of DNA damage (60).

Previous experiments showed no change in growth rate,
DNA synthesis, or the size of the ANTP pools in mouse 3T6
fibroblasts with depleted GSH after treatment with buthionine
sulfoximine (61). This result implies that in the cultured cells,
Grx is not the only hydrogen donor for RNR and DNA synthe-
sis. On the other hand the level of AINTP needed for DNA repair
is low in mammalian cells, because in mouse fibroblasts there is
no increase in the level of ANTP pools after DNA damage (20).
Furthermore, DNA repair in cells has a dependence on GSH,
because there is evidence of accumulation of DNA damage in
the organs of mice with a defect in GSH metabolism inducing
low levels of GSH (62).

Our results show that Trx1 and Grx1 have similar catalytic
efficiency (k_,/K,,) with RNR and favor Trx1 as an S phase
electron donor. Glutaredoxin is implicated in DNA repair and
mitochondrial DNA synthesis via a glutathionylation mecha-
nism. It remains to be determined whether and how the differ-
ence in spacing between the two C-terminal cysteine residues
in E. coli and mammalian R1 dictates the difference in the
mechanism of the Trx and Grx systems to disulfide reduction.
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