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The sequence of the DINI gene of Saccharomyces cerevisiae is identical to RNR3, a gene encoding a DNA
damage-inducible regulatory subunit of ribonucleotide reductase. Two sequence elements located upstream of
DINI(RNR3) are homologous to putative DNA damage regulatory elements in the promoter of the reductase
catalytic subunit gene, RNR2. The transcript start sites for DINI(RNR3) have been localized, and induction by
different agents has been compared with other DNA damage-regulated genes.

The DINI gene of Saccharomyces cerevisiae was orig-
inally isolated from a pool of lacZ gene fusions and was
identified on the basis of its increased expression of B-galac-
tosidase in cells treated with different DNA-damaging
agents, including UV irradiation, 4-nitroquinoline-1-oxide
(4NQO), and methyl methanesulfonate (MMS) (10, 11).
Unlike the DNA damage-responsive (DDR) genes DDRA2,
DDR48, and UBH4, the DINI gene is not induced by heat
shock stress (9), a result which suggests that the stress
regulation of DINI might involve different control elements.
A preliminary physical characterization of the yeast cell
DNA contained on the DINI-lacZ expression plasmid
pSZ214 demonstrated that the regulatory and coding regions
of the gene were localized to approximately 3 kilobase pairs
of DNA upstream of the lacZ fusion junction (Fig. 1A). The
complete nucleotide sequence of this region was determined
for both strands by the dideoxynucleotide chain terminator
method (12). Appropriate restriction fragments were sub-
cloned into single-stranded vectors M13mp18 and M13mp19,
and sequencing was performed by using both universal
primers as well as additional synthetic oligonucleotides (Fig.
1B). A comparison of the DINI sequence with those con-
tained in the GenBank database indicated that this gene was
homologous to the cDNA sequence of the large subunit of
murine ribonucleotide reductase (M1) (1). A single, long
open reading frame extended from nucleotide position 703 to
the lacZ junction, and the predicted DIN1 protein sequence
was 63% identical to or, allowing for conservative substitu-
tions, 78% similar to the mouse reductase M1 subunit. The
alignment of the murine M1 subunit sequence with the first
755 amino acids of the predicted DIN1 protein are shown in
Fig. 2. Among the conserved residues are two cysteines that
have been implicated in the catalytic reduction of ribonucle-
otides (1) and correspond to residues 408 and 426 in the
DIN1 sequence. Although this sequence is not the complete
coding region of DINI, it is likely that it represents more
than 94% of the full-length M1 protein on the basis of a
comparison with the murine reductase.

While this work was in progress, Elledge and Davis
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reported the isolation and characterization of two yeast
genes, RNRI and RNR3, encoding alternate large subunits
of ribonucleotide reductase (6). These genes were isolated
on the basis of their homology with a murine cDNA probe
encoding the large regulatory subunit. We have compared
the DINI gene with both the RNRI and RNR3 genes and
concluded that DINI is identical to RNR3. This conclusion
is based on three pieces of evidence. (i) The induction of
DINI transcript after DNA-damaging treatment is quantita-
tively similar to that reported for RNR3 (>100-fold) rather
than that reported for RNRI (3- to 5-fold). (ii) The restriction
map of DINI closely resembled that of the RNR3 gene (6).
(iii) The predicted amino acid sequence of the first 100
residues of the DIN1 reductase subunit matched a corre-
sponding region of RNR3 at 94 of these positions (Fig. 3).
(The six differences may be due to sequencing errors or to
strain variations.) These results demonstrate that the DINI
and RNR3 genes of yeast cells are identical, and for the
remainder of this paper the gene will be designated
DINI(RNR3).

The transcript start sites were determined for the chromo-
somal DINI(RNR3) gene by primer extension with avian
myeloblastosis virus reverse transcriptase (15). Initially, an
oligonucleotide primer (primer A) corresponding to the
sequence between positions 721 and 737 shown in Fig. 1B
was used. This 17-mer corresponded to the amino terminus
of the DINI(RNR3) coding region. The results of these
experiments (Fig. 4, primer A) indicate the presence of
seven extension products with RN A from cells that had been
treated with MMS or 4NQO. Interestingly, the two most
abundant extension products were also present in experi-
ments with RNA from untreated cells. This result was
unexpected, since Northern (RNA) hybridization studies
indicated that the DINI(RNR3) gene was expressed at
extremely low levels in untreated cells (see Fig. 5). A second
experiment with an oligonucleotide (primer B) complemen-
tary to the sequence between positions 692 and 709 contain-
ing only seven nucleotides of coding sequence was per-
formed. The products obtained with this 18-mer are shown in
Fig. 4 (primer B), and, in this case, none of the seven major
extension products was detected in RNA from unstressed
cells, but these RNAs were readily detected in RNA pre-
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1 GGATCCAGAAGGAAACACTCAAGGGTGTTGTCGTCGC TGGAGGCGTACTAGCCOGCGCTGTERCCGTEACTAGTTTCTTCT TAAGAAACAAGAGAAGGTAACAAGCACATAARARATCAG
121 CACATACGTACATACATAAGAATGAATCGCACGCACGCETAAACATTTATCATTTAATCTTCAGTTGTTAGATAAAAAAARAAAGAARAGAAAAGAAAGTGAAGGCTTGTTTCAGTTTGA
241 Acmsrmeaecuecccrcerrcnsscrecmrmccrmnemmmsocusrmcrsccucestmrcmmcmmecemccenencrmenm
361 TITTTTTTITTTTTTTICGTG6TTGTCGCAGCAACGACACC TAGGCGCTGC TCAAAGGGECAAARACCCEATTECCATRGCEAGGACCARACGACAAGATGEGAAAAAAACAATAGTCTA
481 TTGTTAAATCGTAATACTGTATTGTGAGATGCTRACGCGTTTCGTTTTTCGTGTCAGACETTCTTTATATTGTTTCGTGTTCTGCTGCARAACGTATATARACGCACTGCTATTTTGECT

—

60!

—

TCTTTTECCTTCTTCCTTGCCTTTCTCTCATCTCATATCCAAGTTGAAATARATATGACAAGCAAGAAT AGCAGCAGCAAT AAATCAAA TACTCCCACACAAATG TACG TTAT TAARAGA
MYV IKR

721 GACGGCCGCAAAGAGCCCGTTCAATTCGATAAAATTACCTCCCGTATCACCCETTTGTCATACEGTTTAGACCCARACCGTATTGATECTGTTAAGGTAACCCAACGTATTATTTCTGGT
D6RKEPVQFDKITSRITRLSYGLDODPNRIDAVKVTQRITISGE

GTGTACTCCGATGTTACTACCGT TGAGCTGGACAATCTTGCAGCTGAAACATGTGCATACATGACCACTETECACCC TGATTATGCCACTCTAGCCGCTAGAATCGCCATCTCTARCTTA
VYSGVTTVELDNLAAETCAYMTTVHPDYATLAARTIATISN.L

84

—

961 CATAAGCAAACCACAAAGCAATTCTCCAAAGTTATTGAGGATTTACACGACTGGATTAACCCAGC TACTGGAAAGCATGCTCC TATGAT TTCGGACGAAAT TTACAACATTGTCATGGAA
HKQTTKQFSKVYIEDLHDOMVINPATGKHAPMISDETIYNTIVME

1081 ACAAGATACTTGAACTCGGCCATCGTGTACGATAGGGATTTCCAGTATACGTATTTCGGATTCAAGACACTGGAGCGTTCGTACT TGCTAAGACTGAACGGTGAAGTGGCAGAACGTCCT
TRYLNSATIVYDRDFOQYTYFGFKTLERSYLLRLHNGEVA ATETR.SFP

1201 CAGCATTTGGTAATECGTETEGCGCTAGETATCCATGETAGCGATATCGAATCTGTGCTGAAGACTTATAATT TGATGTCGTTAAGATACT TCACTCACGCTTCCCCAACTTTATTCAAC
QHLVMRVALGTIHGSDTIESUVLKTYNLMSLRYFTHASPTLEFN

1321 GCTGGTACGCCACTTCCTCAARTGTCTTCATGTTTCT TAATTGCCATGAAGGATGACTCTATCGAAGGTATTTATGATACT TTGAAAGAATGTGCTATGATTTCCAAAACTGCAGGTGTG
AGTPLPQMSSCFLIAMKDDSTIEGTIVYDTLKETCAMTISKTAGV

1441 TTGTCTCATATCAACAACATCCETTCCACAGGTTCTTATATCGCTGGTACCAACGGTACTTCAAACGEGTTGATTCCTATEATTCGTGT TTTCAATAATACTGCCCGTTATGTGACCAGE
LSHINNIRSTGESYIAGTNGTSNGLIPMIRVFNNTARYVTR

1561 GTGGTMCAAGAGACCTGGTGCTTTCGCCCTTTTCTTGGAGCCATGGCATGCAGATATCTTCGACMAGTTCGATATCAGAMMCACATGGGMGGMGAMTTCGTGCMGAGATTTG
VTRDLVLSPFSWSHGMOQI SSTKTFDTIRKTHGKTETETIRARTDIL

1681 TTCCCTGCTCTATGGATCCCTGATCTTTTCATGMACGTGTTCMGAGGATGGGCCTTGG&CTTTGTTTTCGCCCAGTGCTGCCCCAGGTTTAGATGATGTGTGGGGTGATGAATTTGAA
FPALWIPDLFMKRYOQEDGPWTLFSPSAAPGLTUDTODVWGDTETFE

1801 GAACTATATACTCGTTACGAAAGAGAAGGTCGTGGTAAAACAATTAAAGCCCAAAAGTTGTGETATGCCAT TTTGCAAGCACAGACAGAAACAGGTACACC TTTCATGGTTTATAAGGAC
ELYTRVYERTEGRGKTTIKAQKLTWYATILGOQAQTETGTPFHMUVYKD

1921 GCATGTAACAGGAAGACAAACCAACAGAACT TAGGTACTATCAAATCATCTAATTTATGTTGTGAAATCGTCGAATATTCCTCCCCEGATGARACTGCAGT TTGTAATTTAGCTTCTATT
ACNRKTNQQNLGTTIKSSNLTCCETIVETYSSPDETAVCHNLAS.I

2041 GCCCTACCAGCATTCGTTGAGET TTCAGAAGATGGTAAAACTGCAAGCTATAATT TCGAGAGATTACACGAGATTGCTAAAGTCATTACTCACAACT TGAACAGAGT TATCGACCGTAAT
ALPAFVEVSEDGKTASTYNFERLGHTETIAKVITHNLNRYTIDERN

2161 TACTATCCAGTTCCCGAGGCTAGAAATTCAAATATGAAGCATAGACCTATTGCTCTTGETGTCCAGGET TTGGCCGATACTTATATGATGTTGCGTC TACCCTTTGAATCGRAAGAAGCT
YYPVPEARNSNMEKBHRPTIALGVQGLADTTYMMLRLPFESTETEA

2281 CAAACTCTAAACAAACAAATCTTCGAAACTATTTACCATGCTACTCTTGAAGCCTCCTGTGAATTGGCCCAAARAGAAGGTAAATATTCTACTTTTGAAGGTTCTCCAGCTTCTAAGGGT
QTLNKQTIFETIVYHATLEASCELAG QKTETGEGEKYSTFEGSTPASEKEGE

2401 ATTTTACAATTCGATATGTGGAACGCTAAACCATTTGGCATGTGGGATTEGEAAACC TTAAGAAAGGACAT TGTTAAACATGGGT TAAGAAACTCTTTGACTATGGCACCAATGCCAACE
I LQFDMWNATKPFGMMWDOWETLRKDTIVEKHGLRNSLTMAPMEPT

2521 GCCTCAACTTCCCAAATTCTTGGTTATAATGAATGCTTCGAACCAGTGACCTCAAACATGTACTCTCGTCGTGTCCTGTCTRGTGAATTCCAAGT TGTTAATCCATATTTACTACGTGAT
ASTSQI1LGYNETCFEPVYVTSHNMYSRRVYVLSGEF QVVNPYLLERD

2641 TTAGTCGACCTGGGTATTTGGGATGATAGTATGAAACAATATCTAATTACACARAATGGTTCTATTCAAGGCT TACCAARTGTGCCACAAGAATTGAAGGAAT TATACAAAACCGTCTGG
LYDLGTIWDDSMK QYLTITOQNGSTIQGGLPNVYPOQETLTKELTYKTUVW

2761 GAAATCTCTCAAAAGACCATTATCAATATGGCTGCTGATCGTGCCATCTACATCEATCAGTCTCATTCCTTGAATCT TTTCTTGCAAGCACCATCAATGGGTAAGATTACTAGTATGCAT
E1SQKTTITINMAADRATILYTIDQSHSLNLTFLGOQAPSMGKTITSHMH

2881 TTCTACGGTTGRAAGAAGEGT TTAAAAACTGGTATGTACTACTTAAGAACGCAAGCAGCCTCCGCTECTATTCAATTTACCATTGATCC
FYGWKKGLKTGMYYLRTOQAASAAILIQEFTTID
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pared from damaged (+4NQO) or replication-blocked (hy-
droxyurea [HU]-treated) cells. The constitutive (or weakly
inducible) transcripts from undamaged cells that annealed to
primer A (Fig. 4, lane 2) likely originated from the RNRI
gene. This primer annealed to a region of the DINI(RNR3)
gene which is highly conserved between this gene and the
murine sequence and is likely conserved between the RNRI
and DINI(RNR3) genes. By way of contrast, oligonucleotide
primer B corresponds to a less-conserved region of the
DINI(RNR3) transcription unit and does not anneal to the
RNRI transcripts.

Recently, Elledge and Davis (3) and Hurd et al. (7)
reported the cloning and sequence of the RNR2 gene of yeast
cells encoding the small subunit of ribonucleoside diphos-
phate reductase. The RNR2 gene, like DINI(RNR3), is
transcriptionally activated by DNA-damaging treatments,
and transcript levels increase approximately 10- to 20-fold on
induction (3, 4, 7). Furthermore, the protein sequence of
RNR2? is 60% identical to the small reductase subunit of
mouse.

The regulatory region of the RNR2 gene has been exam-
ined by a series of deletion and promoter fusion studies and
a 42-base-pair element has been identified which is necessary
and sufficient for transcriptional regulation of this gene by
HU and damaging agents (5, 8). This damage response
element (DRE) contains two redundant positive regulatory
elements and a negative control element (5). In order to
determine whether the DINI(RNR3) gene contained homol-
ogous control elements, we compared the nucleotide se-
quences upstream of DINI(RNR3) with the DRE element
described by Elledge and Davis (5). Previously, we had
determined that the 700-basc-pa1r region upstream of the
DINI(RNR3) coding region contained all the sequences
necessary and sufficient for regulation by DNA-damaging
agents. As shown in Table 1, two sequences were found
which matched with a central region of the DRE element and
these were located at positions 55 to 72 (matching at 13 of 18
positions) and 429 to 456 (matching at 14 of 18 positions) in
the DINI(RNR3) upstream region (Fig. 1). This comparison
suggested that the sequence CnnTnGCCnTGGCnA may be
important for mediating damage regulation of these genes.
Additionally, a sequence containing a 9 of 11 nucleotide
match to a RAP1 consensus binding site was identified
between nucleotides 387 and 409. A RAP1 binding site is
closely associated with the DRE of RNR?2 (5, 8) and may be
important for its regulation.

The RNR2 gene is strongly induced by HU, which directly
inhibits the reductase by interacting with a tyrosyl-free
radical in the catalytic site contained on the small subunit
(13). We examined by Northern blots the transcript response
of the chromosomal DINI(RNR3) gene to HU as well as to
4NQO and MMS treatment. At the same time, these RNAs
were hybridized with radiolabeled DDRA2, DDR48, and
UBH4 probes (Fig. 5). The results demonstrate that, for
DINI, HU treatment is more effective than either DNA-
damaging treatment for inducing transcription. However, for
DDRA2 and UBHM (and, to a lesser extent, for DDR48),
exposure of cells to 4NQO or MMS was more effective than
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FIG. 2. DIN1 homology to the murine ribonucleotide reductase
large subunit M1. The upper sequence is the murine M1 reductase
subunit sequence determined by Caras et al. (1), and the lower
sequence represents the predicted sequence of the DIN1 protein.
Amino acid identities and conservative substitutions are indicated
by the dashed lines. The GenBank search was performed by using
the University of Wisconsin FAST N program on a VAX computer.

HU treatment for inducing transcription from these genes.
These results raise the possibility that the DINI(RNR3) gene
is responding to different cellular stress signals than are the
DDRA2 and UBH4 genes. For example, DINI(RNR3) gene
transcription may be coupled to changes in nucleotide levels
in cells which would be more significantly affected by HU
than by 4NQO or MMS treatments.

Our results confirm and extend the recent studies of

FIG. 1. Structure and sequence of the DIN1 gene in plasmid pSZ214. (A) A 3-kilobase-pair region immediately upstream of the lacZ gene
containing DINI coding and regulatory sequences is shown together with pertinent restriction sites and DNA sequencing strategy. (B) The
nucleotide sequence and predicted amino acid sequence for the first 755 residues of the DIN1 protein up to the LacZ fusion junction are
shown. The DNA sequence was determined by the dideoxy-chain termination method with both universal and synthetic oligonucleotide
primers and fragments subcloned into single-stranded phage vectors M13mp18 and M13mp19. Sequence translation was performed on an IBM

PC by using the CYBORG program from IBI/PUSTELL.
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FIG. 3. Sequence comparison of the predicted N-terminal residues of DIN1 and RNR3. The first 100 residues of the predicted DIN1
protein sequence were compared with the corresponding region reported by Elledge and Davis (6) for RNR3. A dashed line indicates amino

acid identity between the sequences.

Elledge and Davis (6) demonstrating that S. cerevisiae
possesses a DNA damage-inducible gene for a large subunit
of ribonucleoside diphosphate reductase. Interestingly,
yeast cells also contain a second gene which encodes a
homologous protein and which is expressed at much higher
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FIG. 4. Identification of the DINI(RNR3) transcript start sites.
Total cellular RNA was isolated from untreated, 4NQO, MMS, or
HU-treated cells (strain M12B), and the 5’ ends of the DINI(RNR3)
transcripts were determined by using avian myeloblastosis virus
reverse transcriptase and oligonucleotide primer A (complementary
to nucleotides 721 to 737 in Fig. 1) or primer B (complementary to
nucleotides 692 to 709). The conditions for annealing and primer
extension are those described by Treger and McEntee (15), except
that 40 and 100 pg of total RNA were used for each extension
reaction for experiments with primer A and primer B, respectively.
The DNA sequence ladders obtained by using primers A and B are
shown. The DNA sequence is complementary to that shown in Fig.
1, beginning at residue 634. Primer A: lane 1, no RNA; lane 2, RNA
from untreated (control) cells; lane 3, RNA from cells treated with
MMS (0.1%, 1 h); lane 4, RNA from cells treated with 4NQO (1
wg/ml, 1 h). Primer B: lane 1, no RNA; lane 2, RNA from untreated
(control) cells; lane 3, RNA from cells treated with HU (100 mM, 90
min); lane 4, RNA from cells treated with 4ANQO (1 pg/ml, 1 h). *,
transcript start sites.

levels than DINI(RNR3) in undamaged cells. This gene,
designated RNRI, is essential in yeast cells, whereas the
DINI(RNR3) gene is nonessential for normal vegetative
growth (8; K. Yagle, unpublished data). However, overex-
pression of the RNR3 gene allows growth of a strain carrying
a disruption of the RNRI gene (6). Thus, DINI(RNR3)
appears functionally equivalent to RNRI.

Taken together, these results suggest a model for the
control of ribonucleotide reductase in yeast cells. Under
normal growth conditions, yeast cells possess a reductase
composed of the RNR2 gene product (M2 counterpart) and a
large subunit (M1) encoded by a constitutively expressed
RNRI gene. After a period of exposure to DNA-damaging
agents or the antitumor drug HU, expression of the RNR2
gene increases from 5- to 20-fold. This increase in the
amount of small subunit is more than matched by induction
of a second gene encoding a M1-like protein, DINI(RNR3).
In damaged cells or cells arrested for DNA synthesis, the
reductase therefore consists of multiple species because of
the association of the small subunit with either the constitu-
tively expressed (RNR1) or the inducible [DIN1(RNR3)]
large subunits. This unusual regulation may be important to
the physiology of damaged or stressed cells. The reductase
enzymes from eucaryotic cells are subject to complex allo-
steric regulation by ribonucleotides and deoxyribonucle-
otides (2). In damaged yeast cells or yeast cells depleted of
normal nucleotide pools, it may be important to modify the
allosteric properties of the reductase in order to restore
normal DNA synthesis or reestablish balanced nucleotide
pool levels. In S. cerevisiae, this may be accomplished by
synthesizing a distinct regulatory subunit protein which, in
combination with the small subunit (RNR2 gene product),
could function more effectively under the conditions of
cellular stress described here. Consistent with this proposal
is the observation that the large subunit contains the binding
sites for the allosteric effectors of reductase activity (1, 2).
Enzymatic characterization of ribonucleotide reductase
from damaged cells as well as molecular characterization of
its regulatory region should provide further insight into this
unusual DNA damage stress response in yeast cells.

TABLE 1. Homologies between the DINI(RNR3) upstream
regions and the DRE of RNR2

Region” Sequence
DINI(RNR3) nt 429 to 456 ............. CggTtGCCATGGCgAgGA
DINI(RNR3) nt 55t0 72 ......cuenenenen GCGCtgTgGCCgTGGCtA
RNR2 DRE GCGCGATCGCCATGGCAACGA

Consensus CnnTnGCCnTGGCnA

“ nt, Nucleotide.
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FIG. 5. HU and DNA damage induction of DINI(RNR3) and
DDR genes. Total cellular RNA was isolated from strain M12B by
glass bead disruption and examined by Northern hybridization as
previously described (14). Cells were treated with HU (200 mM, 90
min), 4NQO (1.5 pg/ml, 60 min), or MMS (0.1%, 60 min), and the
RNA (100 pg/lane) was hybridized with multiprimed ([a-*?P]dCTP;
Amersham) DINI(RNR3), UBI4, DDR48, and DDRA2 probes. The
positions of the induced transcripts are indicated. A low-abundance,
cross-hybridizing transcript is present in the autoradiograph of the
UBI4 Northern hybridization. The DDRA2 probe contained a small
amount of TYI DNA, which hybridized to a 5.6-kilobase transcript
seen at the top of the gel.

Nucleotide sequence accession number. The GenBank ac-
cession number for the DINI(RNR3) nucleotide sequence is
M37684.
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