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Ribonucleotide reductase  provides  the  four  deoxyri- 
bonucleotides required  for  the  synthesis of  DNA. In 
this study, we examined the hypothesis that  alterations 
in the  regulation of ribonucleotide reductase  activity 
may be necessary to  provide  the deoxyribonucleotides 
required  for DNA repair, following exposure of mam- 
malian cells to DNA damaging  agents such as the  an- 
titumor  agent chlorambucil. We observed a marked 
transient  increase in ribonucleotide reductase  activity 
within  2  h of exposing BALB/c 3T3 mouse cells to DNA 
damaging concentrations of chlorambucil. Northern 
blot analysis showed that elevations in activity  were 
accompanied by transient  increases in  the mRNA levels 
of both genes (R1  and R2) that code for ribonucleotide 
reductase. Western blot analysis indicated that only 
the protein  for  the  limiting component for enzyme 
activity,  R2,  was  significantly  elevated  in chlorambu- 
cil  treated  cultures.  The chlorambucil effects upon ac- 
tivity  and  regulation of ribonucleotide reductase oc- 
curred without  any  detectable changes in  the  rate of 
DNA synthesis, as would  be expected if the  elevation 
in enzyme activity  is  required  for DNA repair. The 
chlorambucil-induced elevations  in R1 and  R2 message 
levels were blocked by treatment of cells with  actino- 
mycin D or the  tumor  promoter  12-0-tetradecanoyl- 
phorbol- 13-acetate,  indicating  the  importance of the 
reductase  transcriptional process in responding to  the 
action of chlorambucil and  providing evidence for  the 
involvement of a protein  kinase C pathway  in  the 
regulation of mammalian ribonucleotide reductase. In 
addition  to  the chlorambucil-induced elevations  in  en- 
zyme activity, message, and  protein levels, the  drug 
was also shown to be an inhibitor of ribonucleotide 
reductase  activity  in  cell-free  preparations.  Separation 
of ribonucleotide components on an  affinity column 
followed by selective exposure of the  protein compo- 
nents  to chlorambucil showed that both R1 and R2 
proteins  were  targets  for chlorambucil, in  keeping 
with  the known alkylating  abilities of the  drug. These 
observations  provide  the first  direct  demonstration of 
a link between the  regulation of mammalian ribonucle- 
otide  reductase  and  the process of  DNA repair  and 
contribute  to  our  understanding of the mode of action 
of a class of drugs  represented by chlorambucil, in 
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which chemotherapeutic activity  has been attributed 
to DNA damaging effects. 

Deoxyribonucleotides, precursors for DNA synthesis  and 
DNA repair, originate from the direct reduction of the 2’- 
carbon on the ribose moiety of ribonucleotides. In mammalian 
cells, this reduction occurs at  the ribonucleoside diphosphate 
level in  the presence of R1 and R2, two structurally dissimilar 
protein  components of the enzyme (1,2). The R1 protein is a 
dimer with a molecular weight of 170,000 and  contains sub- 
strate  and complex effector binding sites (3). Protein R2 is 
also a dimer, has  a molecular weight of 88,000, and contains 
non-heme iron  and  a unique tyrosyl free radical required for 
enzyme activity (4,5). Alterations  in ribonucleotide reductase 
are often associated with major changes in  the biological 
properties of cells (1, 6). For example, it has been reported 
that changes in ribonucleotide reductase regulation can affect 
the balance of deoxyribonucleotide pools (7), modify sponta- 
neous mutation  rates in mammalian cells (8), may  be  involved 
in  certain immunodeficiency diseases in man (9), participate 
in early events  important  in  the process of tumor promotion 
(lo), and is involved in  a mechanism of altered growth factor 
response exhibited by malignant cells (11). In addition, the 
importance of ribonucleotide reductase in the synthesis of 
DNA and cell proliferation has led to investigations correlat- 
ing enzyme activity with possible mechanisms of tumorigen- 
esis (12) and  has encouraged the development of antitumor 
agents that target enzyme activity (1,2,  6, 9). 

Due to  the close association between ribonucleotide reduc- 
tase, DNA synthesis,  and cell proliferation, compounds that 
can modulate the levels of ribonucleotide reductase are of 
interest (1,2). For example, previous studies have shown that 
the tumor  promoter 12-0-tetradecanoylphorbol-13-acetate 
and  the  antitumor drug hydroxyurea can  alter the levels of 
ribonucleotide reductase components  in mammalian cells, and 
the mechanisms underlying these changes are of considerable 
interest (2,4,  10, 13, 14). Furthermore, changes in ribonucle- 
otide reductase gene expression have been observed in yeast 
following exposure to DNA damaging agents (15). However, 
to  the best of our knowledge, there have not been any  reports 
describing alterations  in ribonucleotide reductase gene expres- 
sion,  in mammalian cells, following treatment with drugs that 
target DNA directly, even though the cytotoxicity of many 
chemotherapeutic compounds involve DNA modifications. As 
an example, chlorambucil is an alkylating agent frequently 
used in  the  treatment of chronic lymphocytic leukemia, and 
much of the antineoplastic activity of this compound appears 
to be due to DNA damage, resulting from the formation of 
cross-links (16-18). Indeed, a variety of mechanisms have 
been described, which provide resistance to chlorambucil, and 
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most of them  appear to involve protection from the DNA 
damaging effects of the drug (16-18). In this report, we show 
for the first  time that chlorambucil, at concentrations known 
to damage mammalian DNA, is capable of markedly altering 
ribonucleotide reductase gene expression. These  results  are in 
keeping with the view that ribonucleotide reductase plays an 
important role in  the DNA repair process by supplying the 
required deoxyribonucleotides and suggests that  this enzyme 
is  important  in cellular mechanisms designed to overcome the 
cytotoxic DNA damaging effects of chemotherapeutic com- 
pounds like chlorambucil. 

EXPERIMENTAL PROCEDURES 

Cell Culture Conditions-Mouse  cell lines were routinely cultured 
at 37 "C on plastic tissue culture plates (Lux Scientific) in a-minimal 
essential medium (Flow Laboratories) supplemented with antibiotics 
and 10% (v/v) fetal bovine serum (Gibco Laboratories). Logarithmi- 
cally growing BALB/c 3T3 cells were treated with medium containing 
varying concentrations of chlorambucil (Sigma) and for different 
time periods. Chlorambucil was prepared as a fresh stock solution 
prior to each experiment by dissolving the drug  in  a 1% acidified 
(HCl)  ethanol solution. Control  experiments were carried out with 
cultures receiving only the solvent. 

Northern Blot Analysis-A rapid RNA extraction method was used 
to  prepare total cellular RNA (19), which  was subjected to electro- 
phoresis through 1% formaldehyde-agarose gels  followed by transfer 
to  nylon membranes (Nytran, Schleicher and Schuell). Blots were 
prehybridized and hybridized as described previously (4, 5, 11). Hy- 
bridization occurred in  the presence of either  a 3ZP-labeled NcoI- 
generated fragment containing the cDNA of clone 65 (Rl)  or  the  PstI 
fragment of clone 10 (R2) (4, 11). Probes were labeled using an 
oligolabeling kit  (Pharmacia  LKB Biotechnology Inc.) and w3'P- 
labeled dCTP (Amersham). Blots were washed, and autoradiography 
was performed as outlined previously (4, 5, 11). Loading was moni- 
tored with a plasmid containing the glyceraldehyde-3-phosphate de- 
hydrogenase gene labeled by nick translation (10, 20). Densitometric 
analysis of appropriate autoradiograms was carried out using a Beck- 
man DU-8 gel scanning spectrophotometer and  the one-dimensional 
Bio-Rad program (Bio-Rad). 

Western Blot Analysis-Cell extracts were prepared, aliquots were 
heated at 100 "C for 5 min, and  then analyzed on a 10% linear sodium 
dodecyl sulfate-polyacrylamide gel  (4, 5, 11, 14). Proteins were then 
transferred to nitrocellulose membranes by the method of Towbin et 
al. (21), a t  60 V at 4 "C for 2 h. After transfer, membranes were 
blocked in 50 mM Tris-C1 (pH 7.6) containing  saline (TBS)' supple- 
mented with 0.5% Tween 20 (TBS-Tween) plus 1% bovine serum 
albumin for 1-2 h. Membranes were then incubated with either 
AD203 anti-R1 mouse monoclonal antibody or JB4 anti-R2 rat mono- 
clonal antibody for 24 h at 4 "C (4, 11, 13, 14), then washed 3  times 
for 30 min each in cold TBS-Tween buffer followed by incubation 
with the appropriate second antibody for 3-4 h. Rabbit anti-mouse 
IgG conjugated to alkaline  phosphatase (Sigma) was used for R1 
detection, and rabbit anti-rat IgG conjugated to alkaline  phosphatase 
(Sigma) was used for R2 determinations. Following incubation with 
the second antibody, the blots were washed a minimum of three times 
with  TBS-Tween buffer. Bound antibodies were detected by devel- 
opment of the alkaline phosphatase reaction (22). 

Assay for DNA Synthesis-DNA synthesis  in cells cultured  in 6- 
well Nunclon plates (Nunc) was measured by incorporation of [3H] 
thymidine into 10% trichloroacetic acid-insoluble material (11). 
BALB/c 3T3 cells were  grown in  the absence of chlorambucil or  in 
the presence of  200 p~ chlorambucil for various periods of times. 
Cells were pulsed with 50 pCi/ml CH3-[3H]thymidine (ICN Radi- 
ochemicals) for 2 h. Growth medium was then removed, and 0.3% 
buffered trypsin solution was added to  the wells for 30 min at 37  "C. 
Ice-cold trichloroacetic acid was added to a final concentration of 
10% for 30 min at 4 "C. Cellular material was passed through 2.4-cm 
glass microfiber filters (Whatman) prewashed with 10% ice  cold 
trichloroacetic acid. Wells were washed twice with ice-cold 10% 
trichloroacetic acid, and washes were applied to  the filters. Filters 
were then washed with 95% ethanol, air-dried, and placed into 7 ml 
of Aquasol-2 (Du Pont-New England Nuclear). Radioactivity was 

The abbreviations used are: TBS, Tris-buffered saline; TPA, 12- 
0-tetradecanoylphorbol-13-acetate. 

determined by liquid scintillation spectroscopy using a model  LS7800 
scintillation  counter  (Beckman). 

Preparation and Assay of Ribonucleotide  Reductase-Enzyme prep- 
arations  containing 2-4 mg of protein/ml were used to assay ribonu- 
cleotide reductase activity. BALB/c 3T3 cells were cultured in the 
absence or presence of  200 PM chlorambucil for 2,  4, 8, and 24 h and 
then removed from culture  plates with a phosphate-buffered solution 
containing  trypsin (Difco) and EDTA (Mallinckrodt). Cells obtained 
by centrifugation were washed three times with ice-cold phosphate- 
buffered saline and disrupted by sonication. The extract was cleared 
of cellular debris by centrifugation (14,000 X g for 30 min). The 
remaining solution was assayed for ribonucleotide reductase activity 
by a modified method of Steeper and  Stuart (23), as we have described 
previously (10, 14). ["CICDP (Moravek Biochemicals) was used as 
the substrate, and snake venom (Sigma) was used to hydrolyze the 
nucleotides (10,14). The reaction mixture contained  in  a final volume 
of 150  pl:  [14C]CDP,  0.05  pCi,  7.5  pmol; dithiothreitol, 900  pmol; 
magnesium acetate, 600 nmol; ATP, 300 nmol; and enzyme prepara- 
tion. Enzyme reactions were initiated by addition of enzyme and 
carried out for 20 min at  37  "C for ribonucleotide reductase and for 1 
h at  37 "C for snake venom phosphodiesterase. Reactions were ter- 
minated by boiling for 5 min and  then diluted with 500 p1 of HzO, 
centrifuged to remove debris, and passed over a Dowex 1 (Bio-Rad) 
column equilibrated with saturated sodium borate solution; fractions 
containing radioactivity were collected and analyzed (10, 14, 24). In 
some experiments, partially purified preparations  containing  either 
the  R1  and R2 protein component of ribonucleotide reductase were 
prepared, mixed, and assayed for ribonucleotide reductase activity as 
described above. The  R1  and R2 proteins were separated from enzyme 
preparations  obtained from logarithmically growing cultures of a 
mouse L cell line, SC2, which has previously been shown to contain 
elevated levels of ribonucleotide reductase proteins (4, 13). The pro- 
tein components were separated by chromatography on blue dextran- 
Sepharose as described (25).  Protein  concentrations were estimated 
using the Bio-Rad determination  kit  (Technical Bulletin 1051) with 
bovine serum albumin as a  standard. 

RESULTS 

Effect of Chlorambucil on the Level of Ribonucleotide  Reduc- 
tase Activity-We have hypothesized that  the induction of 
ribonucleotide reductase activity may  be necessary to provide 
the deoxyribonucleotides required for DNA repair when cells 
are exposed to a DNA damaging agent like chlorambucil. To 
test  this idea, we cultured mouse BALB/c 3T3 fibroblasts in 
the presence of 200 ~ L M  chlorambucil, a drug concentration 
known to cause DNA lesions in mammalian cells (16-18). 
Table I shows that a significant elevation in ribonucleotide 
reductase activity occurred in chlorambucil-treated 3T3 cells 
within  2 h, with a maximum increase of 4.5-fold observed 
after 8 h of drug  treatment. We also observed that  the chlor- 
ambucil effect on enzyme activity appeared to  be transient 
since the level of ribonucleotide reductase activity dropped to 
less than 2 times the  untreated controls within 24 h. 

DNA Synthesis in the Presence and Absence of Chloram- 
bucil-Since ribonucleotide reductase is markedly elevated in 
mammalian cells during DNA synthesis (1,2,6), we examined 
the possibility that treatment of 3T3 cells with chlorambucil 

TABLE I 
Ribonucleotide reductase activity following  exposure  to 200 p~ 

chlorambucil 

chlorambucil 
Hours of 

treatment 
Ribonucleotide reductase 

activity" Increase 

nM CDP reduxedfhfmgprotein -fold 
0 
2 
4 
8 

0.72 f 0.14 
1.54 f 0.09 2.1 
2.12 k 0.28  3.0 
3.22 f 0.11  4.5 

24  1.25 f 0.35 1.8 
The average f S.E. of four independent determinations of ribo- 

nucleotide reductase activity. 
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may shift  a significant proportion of the cell population into 
S phase, which could be responsible for the increased enzyme 
activity. This point was investigated directly by measuring 
the incorporation of [3H]thymidine into DNA at several time 
periods over an  8-h exposure of 3T3 cells to  the drug, during 
which a maximum level of ribonucleotide reductase activity 
is attained  (Table I). Fig. 1 shows that  there were no signifi- 
cant differences in DNA synthesis  rates, between cells treated 
with chlorambucil for up to 8 h and cells grown in  the absence 
of the drug. Therefore, the elevation in ribonucleotide reduc- 
tase activity occurs in  the absence of any detectable changes 
in  the rates of DNA synthesis, and  this elevation is not due 
to an unusual shift of the cell population into S phase. 

Effect of Chlorambucil on R1  and R2 mRNA Levels-To 
determine if the drug-induced increase in ribonucleotide re- 
ductase activity was accompanied by elevations in message 
levels for the two components of ribonucleotide reductase, 
BALB/c 3T3 cells were cultured in  the presence of various 
concentrations of chlorambucil, and  the levels of R1  and R2 
mRNA were determined by Northern blots. As shown in Fig. 
2, a rapid and apparently transient elevation in  R2 mRNA 

v) 

0 
50- 

t 

0 

I 40- 0 

E 
!? 30- 

. 
el 

X 

- +  
2 

- +   - +  
4 8 

Hours 

FIG. 1. ['HIThymidine incorporation into DNA as a meas- 
ure of DNA synthesis during early induction of R1 and R2 
gene expression. BALB/c 3T3 cells (104/well) were cultured in the 
absence (-) or presence (+) of chlorambucil (200 pM)  for the times 
indicated. Cells  were then pulsed with [3H]thymidine for 2 h, and  the 
incorporation of label into trichloroacetic acid-precipitable material 
was determined. The  data shown are from two independent experi- 
ments done in duplicate. 

28s- 

R 1  

FIG. 2. Elevation in R2 and R1 message levels at various 
times in the presence of 200 PM chlorambucil. Northern blot 
analysis of R2, R1, and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA  levels in BALB/c 3T3 cells grown in the absence 
or presence of chlorambucil for 30 min (1 /2) ,  1, 2,  4, 8, and 24 h, 
respectively. The R2, R1, and glyceraldehyde-3-phosphate dehydro- 
genase autoradiograms were  exposed for 24 h, 72 h, and 24 h, respec- 
tively, at -70 "C with intensifying screens. 
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levels was observed over a  time period of  30 min to 24 h, 
following treatment of 3T3 cells with 200 PM chlorambucil. 
Densitometric analysis indicated 6-, 7-, lo-, 11-, 13-, and 1.3- 
fold elevations in R2 mRNA levels with exposure to  the drug 
for 30 min, 1 h, 2 h,  4  h, 8 h, and 24 h, respectively. Fig. 3A 
shows that  the increase in R2 message also occurred at lower 
concentrations of chlorambucil, which have been shown to 
cause DNA damage (17, 18). Densitometric measurements 
indicated 3-, 4.5-, and 5-fold elevations of  R2 message in cells 
treated with  25,50, and 100 PM chlorambucil for 6 h. 

Results of experiments in which R1 mRNA levels  were 
determined  in chlorambucil-treated BALB/c 3T3 cells are 
shown in Fig. 2. It is clear that  R1 gene expression is elevated 
following exposure to 200 PM drug. A 3-, 5-, 6-, 9-, and 1.2- 
fold elevation in R1 mRNA levels was determined by densi- 
tometry  during  drug exposure of 30 min, 1 h, 2 h,  4 h, 8 h, 
and 24 h, respectively. This rapid but  transient increase in 
R1 gene expression paralleled the changes observed with R2 
gene expression, although the magnitude of the increase ob- 
served for R1 was  lower.  As observed with R2 gene expression, 
the increase in  R1 message levels also occurred after exposure 
to 25,  50, or 100 PM chlorambucil (Fig. 3B) .  A 2-,  3-, and 4- 
fold increase in R1 mRNA  was detected following exposure 
for 6  h to 25, 50, and 100 PM drug, respectively. 

Effect of Chlorambucil on R1  and  R2 Protein Levels-To 
determine if the increases in ribonucleotide reductase message 
levels resulted in elevations in  protein levels, BALB/c 3T3 
cells were cultured  in the presence of  200 PM chlorambucil for 
2,  4, 8, and 24 h. Protein levels  were determined by Western 
blot analysis. Fig. 4 clearly shows an increase in  protein R2 
in response to chlorambucil treatment. Measurements by 
densitometry indicated an increase of  2-, 4-, and 6-fold over 
untreated cells following exposure to  the drug for 2, 4, and 8 
h, respectively. The level of  R2 protein  after  a 24-h exposure 
to chlorambucil declined to approximately the untreated con- 

A B 

a b - c  d 

R 2  m"18s 

-1 8s 

GAPDH GAPDH . 
..om 

FIG. 3. Elevations in R2 and R1 message levels at various 
concentrations of chlorambucil. A ,  Northern blots of R2 mRNA 
levels in BALB/c 3T3 cells cultured in the absence ( a )  or presence of 
25 pM (b) ,  50 pM (c), or 100 pM ( d )  chlorambucil, respectively. B, 
Northern blots of R1 mRNA  levels in cells cultured in the absence 
(a )  or presence of 25 pM ( b ) ,  50 p~ (c), or 100 pM ( d )  chlorambucil, 
respectively. Loading controls for R2 and R1 Northern blots were 
performed with glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) 
and autoradiograms were  exposed  for 24 h, 72 h, and 24 h, respectively, 
a t  -70 "C with intensifying screens. 
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FIG. 4. Effect of chlorambucil on cellular R2 and R1 protein 

levels. A, Western blots for R2 protein; 100 pg  of cellular protein 
extract was  loaded in each lane. B, Western blots for R1 protein; 200 
pg  of cellular protein extract was loaded in each lane. Each lane 
represents protein obtained from BALB/c 3T3 cells cultured in the 
absence (a )  and  the presence of 200 p~ chlorambucil for 2 h (b ) ,  4 h 
( c ) ,  8 h (d) ,  and 24 h ( e ) .  
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trol levels. Interestingly, unlike the  trend observed in message 
levels  following chlorambucil treatment,  the  R1 protein levels 
remained essentially unchanged in response to exposure to 
chlorambucil for various periods of time, when compared to 
untreated control cultures (Fig. 4). 

Effect of Chlorambucil Treatment on Transcription of R1 
and R2  Genes-The possibility that  the increases in R1  and 
R2 message  levels  observed  following exposure to chloram- 
bucil were due to changes in gene transcription  rates was 
tested by pretreating BALB/c 3T3 cells with the  transcription 
blocker actinomycin D (26), prior to exposure of the cells to 
chlorambucil. As shown in Fig. 5, actinomycin D prevented 
the increase in R1 and R2  gene expressions previously ob- 
served following exposure to chlorambucil, suggesting that  at 
least in part, chlorambucil increases ribonucleotide reductase 
gene expression by altering the transcriptional process. 

Possible  Role of a  Protein Kinase in the Induction of Rl  and 
R2 Gene Expression-The rapid and  transient increase in R2 
gene expression in chlorambucil-treated cells  resembles a 
previous observation from our laboratory (10) of increased R2 
gene expression following treatment of BALB/c 3T3 cells 
with the tumor promoter, 12-0-tetradecanoylphorbol-13-ace- 
tate (TPA). The mechanism of action of TPA involves  mod- 
ulation of protein kinase C activity (27). Therefore, we were 
interested in evaluating the possibility that chlorambucil may 
be inducing alterations  in ribonucleotide reductase gene 
expression through a mechanism that involves protein kinase 
C .  To  test  this idea, 3T3 cells  were treated with 0.1 ~ L M  TPA 
for 24 h to down-regulate protein kinase C activity (28). 
Previous studies have shown that R1  and R2  gene expressions 
are  at approximately untreated control levels after 24 h of 
exposure to 0.1 p~ TPA (10). Fig. 6 clearly demonstrates that 
pretreatment with TPA prevents the elevation in R1  and R2 
message  levels that are observed in  the presence of chloram- 
bucil  (Figs. 2  and 3). This result suggests a possible role for 
protein kinase C in the chlorambucil-induced modulation of 
ribonucleotide reductase gene expression in BALB/c 3T3 
cells. 

Effect of Chlorambucil  on the Activity of Ribonucleotide 
Reductase-Chlorambucil is an alkylating agent, and,  al- 
though its chemotherapeutic mode of action is through the 
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FIG. 5. Actinomycin D prevents the chlorambucil-induced 
elevation of R2 and R1 message levels. A ,  Northern blots of R2 
mRNA levels in the absence of actinomycin D and chlorambucil (a ) ,  
in  the absence of actinomycin D but with 25 p~ chlorambucil (b), in 
the absence of actinomycin D but with 50 p~ chlorambucil (c ) ,  in the 
presence of 5 pg/ml actinomycin D  without chlorambucil (d),  in  the 
presence of 5 pg/ml actinomycin D and 25 p~ chlorambucil (e), and 
in  the presence of 5 pg/ml actinomycin D and 50 p~ chlorambucil 
(f). B, Northern blots of R1 mRNA levels as described above. C, 
loading controls of the R2 and  R1 blots shown above, performed with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA.  R2, 
R1, and glyceraldehyde-3-phosphate dehydrogenase autoradiograms 
were exposed for 24,  96, and 24 h, respectively, a t  -70 "C with 
intensifying screens. 
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FIG. 6. TPA  prevents  the  chlorambucil-induced elevation 
of R2 and R1 message levels. BALB/c 3T3 cells were treated with 
0.1 pM TPA prior to exposure to 200 pM chlorambucil for various 
times. Northern blots are shown for R2 ( A )  and  R1 ( B )  mRNA levels 
in  the absence (a)  or presence of chlorambucil for 30 min (b), 1 h  (c), 
4  h (d ) ,  and 24 h (e), respectively. Northern blots for R2 ( A )  and  R1 
( B )  mRNA are shown for cells treated with 0.1 p~ TPA,  but  not with 
chlorambucil (f). Loading controls (C) of the R2 and  R1 blots shown 
above are also presented. R2, R1, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) autoradiograms were exposed for 48 h, 96 
h, and 24 h, respectively, a t  -70 "C with intensifying screens. 

TABLE I1 
Inhibition of ribonucleotide reductase activity by chlorambucil 

concentrations 
Chlorambucil Ribonucleotide reductase Activity Inhibition 

activity" 
P M  nM CDP reducedfhfmgprotein % % 

0 1.01 & 0.13 100.0 0 
250  0.70 f 0.02 69.3  30.7 
500 0.52 f 0.06 49.5  50.4 
750  0.35 * 0.06 34.7  65.3 

1000 0.40 f 0.08 39.6  60.4 
a The average * S.E. of three independent  determinations of ribo- 

nucleotide reductase activity. 

interaction of the drug with DNA  (16-18), it is also known 
that chlorambucil can bind to proteins, presumably through 
interactions with sulfhydryl groups (18, 29). Therefore, we 
tested the idea that chlorambucil may inhibit the activity of 
ribonucleotide reductase. Table I1 shows a drug dose-depend- 
ent decline in enzyme activity, with approximately 50% activ- 
ity remaining in the presence of 500 ~ L M  chlorambucil. To 
determine the  component(s) involved in  the inhibition of 
ribonucleotide reductase activity, the  R1  and R2 proteins from 
a mouse L cell line that overproduces these components (4, 
13) were separated by affinity chromatography, each compo- 
nent was  exposed separately to several chlorambucil concen- 
trations  or left untreated,  and combinations of the two  com- 
ponents were  mixed to determine enzyme activity. These 
studies confirmed the sensitivity of mouse  ribonucleotide 
reductase to chlorambucil inhibition and indicated that both 
protein components are  targets for chlorambucil (Fig. 7). 

DISCUSSION 

DNA synthesis  and DNA repair require the four  deoxyri- 
bonucleoside triphosphates that originate from the direct 
reduction of the 2"carbon atom on the ribose  moiety of 
ribonucleotides, an activity catalyzed by the enzyme ribonu- 
cleotide reductase (1, 2, 6). The present study demonstrates 
for the  first time that treatment of mammalian cells with the 
antitumor agent chlorambucil, at  concentrations known to 
cause DNA  damage  (16-18), leads to transient elevations in 
ribonucleotide reductase activity and  to alterations in the 
regulation of the two components of ribonucleotide reductase. 
The increased levels of R1  and R2  message are due, at  least 
in part, to modifications in  transcriptional efficiency of the 
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FIG. 7. Chlorambucil acts at both the Rl and R2  components 
of ribonucleotide  reductase. Isolated enzyme proteins were indi- 
vidually preincubated with chlorambucil (250 PM and 750 p ~ )  for 15 
min at room temperature. Following preincubation, the drug-treated 
R1 and  drug-treated R2 proteins were separated from chlorambucil 
using a Sephadex G-25 column. Prior to assay, the drug-treated R1 
and R2 proteins were reconstructed with R2 and  R1 proteins, respec- 
tively, which  were unexposed to drug. Ribonucleotide reductase activ- 
ity was determined as described under “Experimental Procedures.” 

R1  and R2 genes. Furthermore, we show that down-regulation 
of protein kinase C activity prevents the rise in R1 and R2 
mRNA levels observed following chlorambucil exposure, pro- 
viding evidence for an involvement of a  protein kinase C 
pathway in  the regulation of ribonucleotide reductase. In 
addition, we observed that chlorambucil is an inhibitor of 
ribonucleotide reductase activity, a  finding that may not be 
too surprising  in view  of the alkylating abilities of this drug 
(17, 18). The effects of chlorambucil on enzyme activity 
appear to be nonspecific since the drug interacted with both 
ribonucleotide reductase proteins, an observation that is con- 
sistent with previous studies showing that protection to  the 
DNA damaging effects of the drug in  resistant cells can 
involve increased cellular levels of sulfhydryl groups, through 
elevations in  glutathione or metallothionein,  both of which 
bind  and inactivate chlorambucil (18, 29,30). The concentra- 
tions of chlorambucil found to cause significant inhibition of 
ribonucleotide reductase activity were relatively high, sug- 
gesting that inhibition of the reductase is unlikely to be  a 
major component in the mode of action of the drug. For 
example, 50% inhibition of ribonucleotide reductase was ob- 
served at  500 ~ L M  chlorambucil, a higher concentration than 
needed to produce DNA damaging or cytotoxic effects (16- 
18). However, these observations do not rule out  the possibil- 
ity of a minor role for chlorambucil inhibition of ribonucleo- 
tide reductase activity in the chemotherapeutic effects of the 
drug or in resistance mechanisms involving this class of 
compounds. 

There is evidence that  the activity of mammalian ribonu- 
cleotide reductase in logarithmically growing cells is con- 
trolled by the synthesis and breakdown of the R2 protein, the 
limiting component for enzyme activity, with relatively little 
change in protein Rl(2) .  The importance of R2 in the scheme 
of ribonucleotide reductase regulation has been observed in 
drug resistance studies which have revealed that  an elevation 
in  the limiting levels of R2 message and protein are enough 
to increase enzyme activity (4, 14, 31). Similarly, a transient 
increase  in ribonucleotide reductase activity following treat- 
ment of mammalian cells with the  tumor promoter, TPA, is 
brought  about primarily through  a transient increase in mes- 
sage and protein levels of the R2 component (10). These 
studies show that  the two components of ribonucleotide re- 

ductase  can be controlled independently unlike, for example, 
the Escherichia coli situation, where the two genes for the 
corresponding proteins  are located in  a single operon, and 
their synthesis is coordinately regulated (32). However, there 
must be a mechanism in mammalian cells for controlling the 
relative levels of R l  and R2 as required in different biological 
situations.  For example, in cells exhibiting very high resist- 
ance to hydroxyurea, both R1 and R2 message and protein 
levels are elevated to achieve enough active enzyme to allow 
proliferation in  the presence of very high concentrations of 
the enzyme inhibitor (4,  14,  33). Another recent example of 
this type of regulation comes from investigations of R1 and 
R2 levels of the reductase in  malignant cells exposed to 
transforming growth factor-&. In  this case, elevation of the 
enzyme activity in  transforming growth factor-pl-treated cells 
was accompanied by increases in  both R l  and R2 message 
and protein levels (11). Interestingly, treatment of mamma- 
lian cells with chlorambucil produces common alterations in 
R1 and R2 regulation at  the message  level, but different 
mechanisms at  the protein level. Therefore, increased enzyme 
activity in cells exposed to chlorambucil was accompanied by 
elevations in  both R1 and R2 mRNA levels, but only the 
increased R2 message led to a detectable increase in  protein. 
These results  are  in keeping with the complex regulation of 
mammalian ribonucleotide reductase at  transcriptional and 
post-transcriptional levels (1, 2, 6), and  the finding that  the 
R2 protein is usually limiting for enzyme activity in actively 
growing cells (2, 4, 14, 31). The cellular concentrations of 
deoxyribonucleotides required to repair DNA following chlor- 
ambucil exposure is likely to be quite small compared to  the 
levels needed during DNA synthesis  in the S-phase of the cell 
cycle, so that  an increase in the limiting R2 protein alone 
should be sufficient to provide ribonucleotide reduction for 
this purpose. This view is strengthened by the novel obser- 
vation that  the chlorambucil effects upon ribonucleotide re- 
ductase gene expression occurred without  any detectable 
changes in the  rate of DNA synthesis, as is expected if the 
elevation in enzyme activity is required for DNA repair. 

In conclusion, we have demonstrated for the first  time that 
the activity and regulation of a  critical enzyme in DNA 
synthesis, ribonucleotide reductase, is significantly modified 
when mammalian cells are exposed to  the DNA damaging 
agent, chlorambucil. These novel observations are  relevant to 
studies attempting  to  understand  the mechanisms which reg- 
ulate ribonucleotide reduction and DNA repair and contribute 
to our knowledge of the mode of action of a class of chemo- 
therapeutic  agents  represented by chlorambucil. 
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