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Analysis of global gene expression in Saccharomyces cerevisiae by the serial analysis of gene expression
technique has permitted the identification of at least 302 previously unidentified transcripts from nonanno-
tated open reading frames (NORFs). Transcription of one of these, NORF5/HUGI (hydroxyurea and UV and
gamma radiation induced), is induced by DNA damage, and this induction requires MECI, a homolog of the
ataxia telangiectasia mutated (4TM) gene. DNA damage-specific induction of HUG1, which is independent of
the cell cycle stage, is due to the alleviation of repression by the Crtlp-Ssn6p-Tuplp complex. Overexpression
of HUGI is lethal in combination with a mecI mutation in the presence of DNA damage or replication arrest,
whereas a deletion of HUGI rescues the lethality due to a mecl null allele. HUG is the first example of a NORF
with important biological functional properties and defines a novel component of the MECI checkpoint pathway.

A major accomplishment of genome-era research was the
complete elucidation of the genomic sequence of the eu-
karyote Saccharomyces cerevisiae. As a direct result of this
effort, 6,275 open reading frames (ORFs) representing all
ORFs larger than 100 contiguous amino acids were identified
(10, 14). However, identification of genes encoded by small
ORFs (<100 amino acids) based on sequence analysis alone
has been severely limited by high false-positive rates, and tra-
ditional functional screens have been similarly hampered by
the small target size for mutagenesis (4). Evidence from sev-
eral microorganisms suggests that a significant fraction of ge-
nomes are encoded by small genes. For example, the Esche-
richia coli genome encodes 381 proteins of less than 100 amino
acids in length from a total of 4,288 annotated ORFs (8.9%
[37a]), and random protein sequencing in the fully sequenced
cyanobacterium Synechocystis revealed that 11.8% of the total
proteins were encoded by ORFs of <100 codons (8a). Extrap-
olation of such studies to yeast would suggest that there may be
as many as 800 small ORFs in the entire yeast genome, of
which only 177 have been identified (20a). The subset of small
ORFs will likely encode important proteins in all organisms,
including humans. In S. cerevisiae, these small proteins include
mating pheromones, proteins involved in energy metabolism,
proteolipids, chaperonins, stress proteins, transporters, tran-
scriptional regulators, nucleases, ribosomal proteins, thiore-
doxins, and metal ion chelators. In multicellular organisms,
there is a rich diversity of short peptides, including many hor-
mones, antibacterial defensins, cecroporins, and magainins (3).
There are also small ORFs encoding transporter proteins, ho-
meobox proteins, transcription factors, and kinase regulatory sub-
units reported in the nematode Caenorhabditis elegans (29a).

Analysis of global gene expression in S. cerevisiae by the
serial analysis of gene expression (SAGE) technique (39, 40)
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has permitted the identification of at least 302 previously un-
identified transcripts from nonannotated ORFs (NORFs).
Whether any of these NORFs are important for the growth
and biology of yeast is unclear. We report herein the first
systematic analysis of NORFs in the yeast genome and the
characterization of NORF5/HUG1. Our analysis of the 30 most
highly transcribed NORFs has shown that 12 of the 30 NORF
genes are evolutionarily conserved with mammalian homologs
(28a). NORF5/HUG1 was chosen for further analysis because
its dramatic expression in hydroxyurea (HU)-treated cells sug-
gested a potential role in transcriptional response after repli-
cation arrest and DNA damage.

Several checkpoint genes in S. cerevisiae are required for
transcriptional induction of a large regulon of genes that facil-
itate DNA repair, cause cell cycle arrest, and mediate recovery
from DNA damage (12, 41). A central component of these
checkpoints is MECI, the budding yeast homolog of the he-
reditary ataxia telangiectasia ATM gene and a member of the
phoshatidylinositol-3-kinase family (32, 45). Signals of DNA
damage normally pass from sensor genes such as RAD9,
RADI17, RAD24, MEC3, and DDC1 to MECI, leading to phos-
phorylation of Rad53p, replication protein A, and potentially
other targets, causing cell cycle arrest and transcriptional re-
sponse (2, 8, 12, 19, 29, 36). We found that genes in the MEC!
checkpoint pathway are required for the transcriptional induc-
tion of NORF5/HUGI in response to replication arrest and
DNA damage. Additional experiments have shown that
NORF5/HUG]I has distinct genetic interactions with MECI.
These findings highlight the importance of the development
and application of new technologies in the total-genome se-
quence era to fully understand the genetic complexity of an
organism.

MATERIALS AND METHODS

Analysis of NORF data. Yeast genome intergenic regions were defined as
regions outside annotated ORFs or the 500-bp region downstream of annotated
ORFs (yeast genome sequence and tables of annotated ORFs were obtained
from the Stanford Genome Database (35a). Based on sequence analysis, a total
of 9,524 putative ORFs of 25 to 99 amino acids were present in the intergenic
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FIG. 1. Transcription of NORF5/HUGT] is induced by replication arrest and DNA damage. (A) NORFS5 transcription is upregulated in cells arrested with HU.
Results are from Northern blot analysis with wild-type cells (YPH499) grown logarithmically (lane 1) and arrested with HU (lane 2) or nocodazole (Noc) (lane 3). The
expression pattern observed by SAGE is indicated at the bottom (0:49:0) (40). (B) NORFS is translated in cells arrested with HU. Western blot analysis was done with
protein extracts from transformants (YMB711) containing pMB366 (3HA-NORF5 LEU2 CEN) or plasmid pMB363 (NORF5 LEU2 CEN) grown logarithmically (lanes
1 to 4) or arrested with HU (lanes 5 to 8) and probed with HA antibody as described previously. (C) Transcription of NORF5/HUG1 is HU and UV and gamma
radiation induced. Results are from Northern blot analysis with wild-type cells (YPH499) grown logarithmically (lanes 1, 3, and 5), arrested with HU (lane 2), exposed
to UV radiation (lane 4), or exposed to gamma radiation (lane 6). (D) HUG]I transcription is delayed upon replication arrest with HU. Results are from Northern blot
analysis using logarithmically grown wild-type cells (YPH499) (lane 1) or after addition of HU (0.1 M) and incubation for 0 h (lane 2), 0.5 h (lane 3), 1.0 h (lane 4),
1.5 h (lane 5), 2.5 h (lane 6), or 3.5 h (lane 7) at 30°C. The levels of HUG1 in lanes 1 and 2 were below the background level and hence are denoted as ND (not detected).
HUG1/TUB?2 indicates the ratio of the intensity of the HUG] signal to the TUB2 signal normalized to the HUGI/TUB?2 ratio in lane 3 (0.5 h) set to 1.0 as described
in Materials and Methods. (E) HUGI transcription is independent of the cell cycle stage. Northern blot analysis was done with wild-type cells (YPH499) grown
logarithmically (lanes 1 and 2), arrested in G, phase by treatment with alpha factor (lanes 3 and 4), and arrested in G,/M with nocodazole (lanes 5 and 6), either before
(lanes 1, 3, and 5) or after exposure to gamma radiation (lanes 2, 4, and 6). The arresting agents were present throughout the incubations. HUG1/TUB2 for lanes 2,
4, and 6 indicates the ratio of the intensity of the HUGI signal to the TUB?2 signal normalized to the HUG1/TUB2 ratio in control lanes 1, 3, and 5, respectively, as
described in Materials and Methods.

regions. Of the 60,633 SAGE tags analyzed, there were 302 unique SAGE tags
that matched the genome uniquely, were in the correct orientation, and were
expressed at levels greater than 0.3 transcript copies per cell. The 302 unique
SAGE tags were either within or adjacent to intergenic ORFs (100 bp upstream
or 500 bp downstream of the ORF). Homology searches for 30 highly transcribed
NOREFs can be obtained from reference 28a.

Strains and plasmids used. The strains used included YPH499 (MATa ura3-52
lys2-801 ade2-101 his3-A200 trpl-A63 leu2-Al), YPH987 (MATalow ura3-52/
ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trpI-A63/trpl-A63 leu2-Al/leu2-A1
his3-A200/his3-A200 CFIII CEN3L. YPH983TRPISUPII), YMB711 (MAT«

ura3-52 lys2-801 ade2-101 his3-A200 trplA63 leu2-Al huglAl::HIS3), and
YMB847 (MATa ura3-52 lys2-801 ade2-101 his3-A200 trpl-A63 leu2-Al
huglA2::HIS3) (our collection); Y203 (MATa ade2-1 his3 leu2-3,112 lys2 trpl
ura3-A100 rnr3::RNR3-URA3-TRPI), Y203-dunl (dunl in Y203), Y217(MATa
ade2-1 his3 leu2-3, 112 lys2 trpl ura3-A100 rnr3::RNR3-URA3-TRPI crt4-2/tupl),
Y231 (same as Y217, except with crt8-91/ssn6 instead of crt4-2/tupl), Y300
(MATa canl-100 ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1), and Y577
(crt1-AI:LEU2 in Y300) from S. Elledge (16); W1588-4A (MATa leu2,3-112
ade2-1 canl-100 his3-11, 15 ura3-1 trpl RADS), U952-3C (smllA::HIS3 in
W1588-4A), U953-61D (meclA::TRPI1 smlIA::HIS3 in W1688-4A), and U971
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FIG. 2. Crtlp, Ssn6p, and Tuplp are negative regulators of HUG]I transcrip-
tion in the absence of DNA damage or replication arrest. (A) The promoter of
HUG]1 contains X-box-related sequences Xs and Xw, with strong and weak
homology, respectively, to the consensus sequence in mammalian MHC class 1T
and S. cerevisiae RNR and CRT]I genes (16, 26, 27). (B) Transcription of HUGI
in the absence of DNA damage is repressed by the Crtlp-Ssn6p-Tuplp complex.
Northern blot analysis was performed with the wild-type strain (Y300) and the
crtl-Al:LEU2 (Y577), crt4-2/tupl (Y217), and crt8-91/ssn6 (Y231) strains, grown
logarithmically (lanes 1, 3, 5, and 7) or arrested with HU (lanes 2, 4, 6, and 8).
HUGI/TUB? for lanes 2 to 8 indicates the ratio of the intensity of the HUG!
signal to the TUB2 signal normalized to the HUG/TUB2 ratio in control lane 1
as described in Materials and Methods.

(MATo leu2,3-112 ade2-1 canl-100 his3-11, 15 ura3-1 trpl RADS dunlA::URA3)
from R. Rothstein (46); TWY312 (MATa ura3 trpl his7 rad53/mec2-1), TWY316
(MATa ura3 trpl his3 mec3-1), TWY397 (MATa ura3 his7 trpl leu2), DLY62
(MATa ura3 leu2 his3 trpl ade2), and DLY258 (MATa ura3 leu2 his3 trpl ade2
mecl-1 smll) from T. Weinert (44); and YMP10381 (MATa ade2 ade3-130 ura3
leu2 trpl cyh2 SCR:URA3), YMP10535 (rad9A:LEU2 in YMP10381),
YMP11108 (radl7A::LEU2 in YMP10381), YMP10533 (rad24A::TRPI in
YMP10381), YEF610 (MATa ade2 ade3 leu2 ura3 trpl meclA::TRP1 smll-1
[PEF208=URA3 ADE3 MECI1 CEN] lacking pEF208 by loss on 5-fluoroorotic
acid (5-FOA) medium, YEF630 (MATa leu2 ura3 his3 smlI-1), and yPP8 (MATa
ade2 ade3 leu2 ura3 trpl meclA::TRPI his3 [pEF208=URA3 ADE3 MECI CEN]
from the L. Hartwell laboratory. Plasmid pMB363 (HUGI LEU2 CEN) contains
the HUG1 ORF and sequences 272 bp upstream of the start codon and 191 bp
downstream of the stop codon of HUG! in pRS315 (35). Plasmid pMB366
(3HA-HUG1 LEU2 CEN) contains three copies of the hemagglutinin (HA)
epitope after the second amino acid in Huglp and was derived by ligation of 3HA
from plasmid pSM937, a gift from S. Michaelis. Plasmid pMB379 (GALI-HUG1
URA3-2p.) contains the HUGI ORF and sequences 36 bp upstream of the start
codon and 66 bp downstream of the stop codon of HUGI in pRS426GAL1
(GALI-URA3-2p) (22). Plasmid pMB386 (HUGI[sLEU2CEN) contains a
frameshift in the HUGI ORF at codon 14 of HUGI.

Cell cycle arrest and Northern and Western blot analyses. For cell cycle arrest
and exposure to DNA damage, we used early-logarithmic-phase cultures. For
replication arrest, cells were incubated in the presence of HU (0.1 M) for 3.5 h;
for G arrest, cells were incubated with alpha factor (Sigma; T-6901) (3 X 102
M) for 2 h; for Gy/M arrest, cells were incubated with nocodazole (Sigma;
M-1404) (15 pg/ml) for 90 min at 30°C. For each arrest (>90%), we examined
cell morphology and determined DNA content by flow cytometry (5). For expo-
sure to UV radiation, cells were spread on the surface of yeast extract-peptone-
dextrose (YPD) plates and irradiated (Stratagene; UV Stratalinker 2400) at 60
J/m?. For exposure to gamma radiation, liquid cultures were irradiated with a
dose of 2 Gy with a Shepherd Mark '37I-Cs irradiator. After irradiation with UV
and gamma radiation, cells were incubated at 30°C for 1 h. For thermal stress,
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cells were shifted to 37°C for 2 h. Cells from each treatment were washed, and
cell pellets were frozen at —70°C for RNA preparation. Total RNA was made by
the hot phenol method as described previously (3) from cell pellets (—70°C) of
treated or untreated cultures, and Northern blot analysis was performed as
described previously (11). Quantitation was done with a Fuji Phosphoimager,
model BAS1500. We have previously determined that the SAGE tag abundance
for TUB2 is 10:7:8 and that of ACT1I is 81:38:84 in log-phase-S phase-G,/M-
phase cells (40). Hence, we used TUB?2 as the loading control for RNA. For most
of the blots, we detected very low levels of HUG]I transcript in the no treatment
(control) lane. For example, we determined that the ratio of the intensity of the
HUG] signal to the TUB2 signal (HUG1/TUB2) in the control lane ranges from
0.04 to a maximum of 1.2 in one case. The ratio of HUGI/TUB2 was set to 1.0
for the control lane, and the value of the ratio of HUG1/TUB2 in the treated
lanes was divided by the value of the ratio in the control lane. The result of this
ratio is presented at the bottom of each panel as HUGI/TUB2. Background
values were subtracted from the values obtained for each observation. Excep-
tions are in Fig. 1D and 2D, lane 5 (see figure legends).

Sensitivity to HU, UV radiation, ionizing radiation, and methyl methanesul-
fonate was determined as described previously (21). Western blot analysis was
done as described previously (18) by using whole-cell extracts from hugl Al::HIS3
(YMB711) transformants containing plasmid pMB363 or pMB366. Filters were
incubated with the primary HA antibody (1:5,000 dilution) followed by secondary
antibody GAMHRP (goat anti-mouse horseradish peroxidase) (dilution of
1:10,000) and then with the enhanced chemiluminescence reagent (Amersham)
and exposed to film.

Genetic analysis. The HUGI ORF was replaced by HIS3 by a PCR-based
method (6). huglAl::HIS3 (YMBT711) replaces the HUGI ORF, including se-
quences 153 bp upstream of the start codon (ATG) and 65 bp downstream of the
stop codon (TAA). hugl A2::HIS3 (YMB847) replaces the HUG1 OREF, including
sequences 153 bp upstream of the start codon (ATG) and 53 bp upstream of the
stop codon (TAA). Deletions were made in diploid strain YPH987. Deletion of
HUG1 was verified by PCR and Southern blot analysis, the diploid was sporu-
lated, and tetrad analysis showed 2:2 segregation of the huglA::HIS3 in each of
the tetrads. For genetic interactions with MECI, tetrad analyses of two indepen-
dent matings were done. In the first case, YMB711 was mated to YEF610 lacking
pEF208. From a total of 14 tetrads dissected, we obtained 3, 8, and 3 tetrads
containing 4, 3, and 2 viable spores, respectively. Among these were 14
huglAl::HIS3 and 15 mecl A::TRPI spores, and from these, 7 were hugl Al::HIS3
meclA::TRPI. In a second experiment we analyzed tetrads from a mating be-
tween YMBS847 and yPPS. The strain yPPS8 is inviable without the pMEC1
plasmid (pEF208). From a total of 34 tetrads, we obtained 14, 9, and 11 tetrads
containing 4, 3, and 2, viable spores, respectively. Among these were 40
huglA2::HIS3 and 32 meclA::TRP1 spores, and from these, 15 were
hugl A2::HIS3 mecIA::TRP. The latter spores were viable without pMECI, as
evidenced by growth on 5-FOA (7). Genetic interactions between DUNI and
HUG]1 were determined by tetrad analysis of a diploid derived by mating strains
YMB847 and U971. From a total of 22 tetrads, we obtained 41 huglA2::HIS3 and
37 dunlA::URA3 spores: 19 of these were dunlAhuglA2, and all of the double
mutants were resistant to HU.

RESULTS

SAGE analysis reveals transcription from NORFs that are
evolutionarily conserved. As previously reported (40), SAGE
has identified transcripts that correspond to NORFs in the
intergenic regions of S. cerevisiae. We performed a systematic
analysis of the SAGE tags that correspond to the NORFs (see
Materials and Methods). Of the 60,633 SAGE tags analyzed,
there were 302 unique SAGE tags that were either within or
adjacent to intergenic ORFs of <100 amino acids. The 302
SAGE tags were expressed at levels ranging from 0.6 to 94
transcript copies per cell. The 30 most abundant of the tran-
scripts detected by SAGE were observed at least nine times.
We found that 12 of the 30 highly expressed NORF genes are
evolutionarily conserved with mammalian homologs (28a).
Northern blot analysis of four of the NORFs (NORFI,
NOREFS5, NORF14, and NORF17) has confirmed their tran-
scription in S. cerevisiae (data not shown). In addition, the
SAGE data facilitated the addition of 27 new ORFs (<100
amino acids) to the S. cerevisiae genome database (35b).

Transcription of NORF5/HUGI1 is induced by replication
arrest and DNA damage. NORFS5, a putative 68-amino-acid
protein, corresponds to a previously unidentified ORF tran-
scribed in HU-arrested cells (40) HU, a potent inhibitor of
ribonucleotide reductase (RNR), which is required for de-
oxynucleoside triphosphate (dNTP) synthesis, leads to replica-
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FIG. 3. Genes in the MECI checkpoint pathway are required for the DNA damage- and replication arrest-induced transcription of HUGI. (A) Northern blot
analysis was done with logarithmically grown, HU-arrested, UV or gamma radiation-exposed cells. The strains used were isogenic to the wild-type strain (W1588-3A)
and the smlIA::HIS3 (U952-3C) and mecIA::TRPI smlIA::HIS3 (U953-61D) strains. HUG1/TUB2 indicates the ratio of the intensity of the HUG! signal to the TUB2
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tion arrest in S phase (13, 15). The transcript abundance for
NOREFS in logarithmically grown yeast cells was <1 copy/cell,
whereas in HU-arrested cells, it was 37 copies/cell, exhibiting a
higher level of differential gene expression in HU-arrested
cells than any other S. cerevisiae gene (40). Northern blot
analysis supported SAGE data, because a transcript of approx-
imately 400 bp, corresponding to NORF?S, is present in RNA
prepared from HU-arrested cells (Fig. 1A). Consistent with
these results, Western blot analysis of the candidate epitope-
tagged 68-amino-acid ORF (chromosome 13, coordinates
158760 to 158966) confirmed a protein of about 10 kDa in
HU-arrested cells (Fig. 1B). Transcription of NORFS is also
induced in cells exposed to UV or gamma radiation (Fig. 1C).
The transcriptional induction of NORFS5 appears to be specific
to replication arrest and DNA damage, since there was no
induction of NORFS5 in cells subjected to heat shock (data not
shown) or nocodazole-induced G,/M arrest (Fig. 1A). On the
basis of its transcription pattern, we named the NORF5 gene
HUGI. We found that following addition of HU, low levels of
HUG] transcription are detected at earlier time periods of 0.5
and 1.0 h, followed by an almost linear increase until 3.5 h post
HU addition (Fig. 1D). The DNA damage-dependent tran-
scription of HUGI is not restricted to any particular stage of
the cell cycle. Cells arrested in G, with alpha factor or G,/M
with nocodazole show similar patterns of transcription of
HUG1 compared to asynchronous populations upon exposure
to gamma radiation (Fig. 1E), and, therefore, DNA damage-
induced transcription of HUGI can occur in the G, and G,/M
phases.

Crtlp, Ssn6p, and Tuplp are negative regulators of HUG1
transcription in the absence of DNA damage or replication
arrest. Promoters of DNA damage- or replication arrest-in-
ducible genes, such as RNR2, RNR3, RNR4, and CRT1I, often
contain X-box sequences (16). In S. cerevisiae, the X box me-
diates Crtlp-dependent repression of the RNR genes by re-
cruitment of the general repressors Ssn6p and Tuplp (37) to
the promoters of damage-inducible genes (16). X-box se-
quences sharing a high degree of identity to those found in the
promoters of mammalian major histocompatibility complex
(MHC) class II genes (26) and S. cerevisiae genes were found
in the promoter of HUG! (Fig. 2A), suggesting that HUG!
may also be repressed by Crtlp. Accordingly, Northern blot
analysis showed that HUG1 is constitutively transcribed in crt,
ssn6, and fupl mutants that are deficient for Crtlp-mediated
repression. In the absence of DNA damage, HUG! is tran-
scribed at levels 78-, 394-, and 20-fold higher in the crt1, ssn6,
and fupl mutants than wild-type cells (Fig. 2B). Thus, Crtlp,
Ssn6p, and Tuplp are negative regulators of HUG! transcrip-
tion in the absence of DNA damage or replication arrest.

Checkpoint genes in the MEC1 pathway are required for the
transcriptional induction of HUGI. Checkpoint genes in the
MEC] pathway are required for the alleviation of DNA dam-
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age-dependent repression of RNR genes by the Crtlp-Ssn6p-
Tuplp complex (16). The checkpoint genes mediate multiple
responses following damage to DNA or the spindle apparatus
including cell cycle arrest, transcriptional induction of damage-
inducible genes, and repair of DNA damage (12). Unlike most
other checkpoint genes, null alleles of MECI (meclA) are
lethal (17, 47), but mutations in SMLI (smlI-1 or smlIA) (46),
CRTI (16), or CLNI and CLN2 (38) can suppress this lethality.
Since the sml1A mutation does not affect the transcription of
HUG] (Fig. 3A), we decided to use a mecIA smllA strain for
evaluation of the role of MECT in the transcriptional induction
of HUGI. Northern blot analysis showed that MECI is re-
quired for the transcriptional induction of HUGI in response
to replication arrest with HU and DNA damage from UV or
gamma radiation (Fig. 3A). In contrast, TELI, a functional
homolog of MECI (21), is not required for the HU-induced
transcription of HUG! (data not shown). These results
prompted us to determine if other genes in the MECI pathway
(see Fig. 7) were required for the transcriptional induction of
HUGI. Our results showed that the HU (Fig. 3B)-, UV (Fig.
3C), and gamma (Fig. 3D) radiation-induced transcription of
HUG]I is dependent on RAD53 and partially dependent on
DUNI. Additionally, transcriptional induction of HUGI is de-
pendent on MEC3 (Fig. 3A, B, and C), RADY, RADI17, and
RAD24 (Fig. 3E) upon exposure to UV and gamma radiation,
but independent of these genes in the presence of HU. These
effects do not appear to be simply due to delayed induction,
since no HUG1 induction is detected in the mutants after 3.5 h
in 0.1 M HU, whereas marked induction of HUG1 is observed
as early as 1 h in wild-type cells (Fig. 1D). We conclude that the
transcriptional induction of HUG! is dependent on MECI and
other genes in the checkpoint pathway (Fig. 3 and 7).
Deletion of HUGI suppresses mecl lethality, and overex-
pression of HUGI increases the sensitivity of the mecl smli-1
strain to HU. To elucidate the role of Huglp in DNA damage
and replication arrest, we deleted the HUGI ORF and exam-
ined several phenotypes. Deletion of HUG! in a haploid strain
does not affect growth, sensitivity to DNA-damaging agents, or
HU (data not shown). Given the transcriptional dependence of
HUGI on MECI, we examined the effect of hug/A on the
essential and checkpoint functions of MECI. The meclA
smll-1 strain is viable due to the sml/l-I mutation (46). We
mated a huglA SMLI strain to a meclA smlI-1 strain, sporu-
lated the heterozygous diploid, and analyzed the tetrads. Ge-
netic analysis showed that huglA suppresses the lethality due
to meclA, because we obtained huglA meclA spores at the
expected frequency (see Materials and Methods). The huglA
meclA strain is as sensitive to DNA damage and replication
arrest as the parent mecIA smli-1 strain (data not shown).
These results were confirmed by tetrad analysis of a mating
between the huglA and mecIA[pMECI CEN URA3] strains.
We obtained huglA mecIA[pMECI CEN URA3] spores that

signal normalized to the HUGI/TUB2 ratio in control lanes 1, 2, and 3 (lanes 4, 7, and 10 normalized to lane 1, lanes 5, 8, and 11 to lane 2, and lanes 6, 9, and 12 to
lane 3) as described in Materials and Methods (B, C and D) Northern blot analysis was done with strains grown logarithmically, arrested with HU (B), or exposed to
UV (C) or gamma (D) radiation. The strains used were wild type (TWY397), rad53/mec2-1 (TWY312), mec3-1 (TWY316), wild type (Y203), and dunl (Y203-dunl).
Two lanes between lanes 2 and 3 in panels B, C, and D were deleted because they represented data not relevant to the experiment. HUGI/TUB2 indicates the ratio
of the intensity of the HUGI signal to the TUB2 signal in cells treated with HU or UV or gamma radiation and normalized to the HUG1/TUB2 ratio in control lanes
without treatment (lane 1 normalized to lane 2, lane 3 to lane 4, lane 5 to lane 6, lane 7 to lane 8, lane 9 to lane 10, and lane 11 to lane 12). Transcription of TUB2
is not induced by UV or gamma radiation; the data reflect unequal loading of the lanes as evidenced by ethidium bromide staining of the gels (data not shown). (For
Fig. 2D, lane 5, the level of HUGI was below the background level and hence was denoted as not detected [ND].) The wild-type strain isogenic to the rad53 and mec3
mutants is represented in lanes 1 and 2. The wild-type strain isogenic to the dunl mutant is represented in lanes 9 and 10. (E) Northern blot analysis using
logarithmically grown cells, arrested with HU or exposed to gamma radiation. The strains used were isogenic to the wild-type strain (YMP10381), rad9A::LEU2
(YMP10535), rad17A::LEU2 (YMP11108), and rad24A::TRP1 (YMP10533). HUG1/TUB2 indicates the ratio of the intensity of the HUG! signal to the TUB2 signal
in cells treated with HU or gamma radiation and normalized to the HUG1/TUB2 ratio in control lanes without treatment (lanes 5 and 9 normalized to lane 1, lanes
6 and 10 to lane 2, lanes 7 and 11 to lane 3, and lanes 8 and 12 to lane 4).
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FIG. 4. Genetic interactions between HUGI and MECI. (A) Deletion of
HUG]1 suppresses the lethality of mecIA. Strains derived from a mating between
the hugl A (YMB847) and mecIASML1 (pMEC1) (yPP8) strains were plated on
control medium YPD and then replica plated to SC-Ura and SC with 5-FOA.
The mecIA SMLI strain is inviable without the pMECI plasmid (pEF208)
(growth on SC-Ura, 5-FOA sensitive). The wild-type, huglA and hugl A meclA
strains can lose the pMECI plasmid (no growth on SC-Ura, 5-FOA resistant).
(B) Overexpression of HUG1 (pMB379) increases the sensitivity of mec! smlI-1
(DLY258) mutants to replication arrest, with no effect in the wild-type strain
(DLY62). Strains were grown logarithmically in either the absence or presence
of HU (0.1 M) for 3.5 h, and 5 pl of a fivefold serial dilution series was plated
on SC-Ura with glucose (Glu) or SC-Ura with raffinose plus galactose (Gal).
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were viable without the pMECI1 plasmid, thus confirming the
suppression of meclA lethality by deletion of HUG! (Fig. 4A).
Therefore, hugl A suppresses meclA lethality, but not sensitiv-
ity to DNA damage or replication arrest. These results also
suggest that HUGI may be transcribed either at low levels or in
a small fraction of the cells in the absence of DNA damage or
replication arrest.

Consistent with the ability of a HUGI deletion to suppress
meclA lethality, we found that overexpression of HUGI
(GAL1-HUG]I) increased the sensitivity of the mecl smil-1
strain (DLY258) to HU (Fig. 4B) and UV radiation (data not
shown) and had no phenotype in wild-type cells (DLY62) (Fig.
4B). Almost identical results were obtained with another
meclA smll-1 strain (YEF610 lacking pEF208), suggesting
that the dosage lethality phenotype is not strain specific (data
not shown). The phenotype was specifically due to the HUGI
protein, because a frameshift mutation in the HUGI ORF
abolished the dosage lethality phenotype (data not shown).

HUGI and SML1 are adjacent to each other and are tran-
scribed independently. Similar to the phenotype of a huglA,
mutations in SMLI (sml1-1 or smllA) also suppress meclA
lethality (46). The start codon of SMLI is 417 bp downstream
of the stop codon of HUGI, and both genes are transcribed
from the same strand of DNA (Fig. 5). Hence, we examined
whether SMLI played a role in the phenotype of suppression
of meclIA lethality by a deletion of HUGI. We determined that
HUG]1 and SML1 are transcribed and regulated independently
(Fig. 5). For example, unlike HUG, the transcription of SMLI
is not induced by replication arrest or DNA damage and is
unaffected by mutations in checkpoint genes (data not shown
and reference 46). Additionally, HUG! transcription is not
affected by a deletion of SMLI or vice versa (Fig. 5). We also
determined that SML] is transcribed in a huglA mecIA strain
(data not shown). It is interesting to note that in contrast to
smllA, the smll-1 mutation present in most laboratory mecl
strains (46) overlaps with the 3’ untranslated region of HUG!
and abolishes the transcription of HUGI (Fig. 5).

Deletion of HUGI suppresses the HU sensitivity of the
dunlA strain. The protein kinase DUN1 gene acts downstream
of MECI (1, 12, 24, 48) and is required for the efficient induc-
tion of HUGI following replication arrest and DNA damage
(Fig. 3 and 7). The dunl mutants exhibit an HU sensitivity that
can be suppressed by overexpression of RNRI (46). Given the
ability of HUG1 overexpression to increase the sensitivity of
the mecl smli-1 strain to replication arrest and DNA damage,
we determined whether HUG! expression might modulate the
HU sensitivity of the dunlA strain. Genetic analysis demon-
strated that a deletion of HUGI (huglA) suppressed the HU
sensitivity of a dunlA strain (Fig. 6A). As expected, this HU
sensitivity was restored in the dunlA huglA strain by a HUGI-
containing plasmid (Fig. 6B). These findings further support
the role of HUG]I as a critical downstream mediator of the
MECI pathway.

DISCUSSION

Here, we show that the SAGE technique (39, 40) used to
determine global gene expression can identify transcripts cor-
responding to NORFs. Systematic analysis of SAGE tags cor-
responding to intergenic regions suggests the presence of at
least 302 NORFs. These NORFs may correspond to small
ORFs (<99 amino acids) or large ORFs (>99 amino acids)
that may have been overlooked due to possible sequencing
errors. Homology searches have shown that 12 of the 30 most
highly transcribed NORFs are evolutionarily conserved. One
of the NORFs, NORF5/HUG 1, encodes a novel DNA damage
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FIG. 5. HUGI and SMLI are transcribed independently, and deletions of either gene suppress mecIA lethality. The strains used were the wild type (W1588-4A)
and the sml1-1 (YEF630), smlIA(U952-3C), and hugl A2 (YMB847) mutants. Transcription of SMLI was detected in logarithmically grown cells, whereas that of HUGI
was only detected in cells arrested with HU. The sm/I-1 mutation (46) deletes a 290-bp region between two direct repeats of 11 bp; the first repeat is 7 bp downstream
of the HUG]1 stop codon. The sm/I-1 mutation is present in most laboratory mec! strains (25, 46).

and replication arrest-induced gene that is transcriptionally
regulated by the genes in the MECI pathway. Our results
validate the idea that the NORFs are biologically relevant and
highlight the importance of global approaches such as SAGE
to identify a significant number of genes in yeast and other
organisms that may be missed by sequence analysis alone.
Further characterization of the transcriptional regulation of
HUGI showed that the promoter of HUGI contains three

A YPD

YPD (0.1 M HU)

hugiA
duniA
hug1AduniA
Wild-type

B SC-LEU
dun1Ahug14 [pHUG1] :

duniAhug1A [vector]

duniAhugia [pHUG1]

duniAhug1A [vector]

FIG. 6. Deletion of HUGI suppresses the HU sensitivity of the duniA strain.
(A) huglA dunlA strains are resistant to HU. Spores from tetrad analysis of a
mating between the hug/A2 (YMB847) and duniA (U971) strains were plated on
YPD medium with or without HU (0.1 M). (B) HUG] restores HU sensitivity in
a dunlA huglA strain. The hugl A dunlA spores from panel A were transformed
with pMB363 (CEN HUGI LEU2) or vector alone (pRS315) and plated on
SC-Leu with or without HU (0.2 M).

X-box-related sequences (16, 26): one strongly conserved X
box (Xs) and two weakly conserved X boxes (Xw). X-box
sequences (13 bp in length) were originally identified in the
promoters of all MHC class II genes (26) and subsequently

DNA damage
RADS, RAD17, RAD24, MEC3, DDC1

Replication arrest
RFCS5, POL2

PDS1 A;}M "ot reLy

RPA

F?AD53

DUN1 ———3» Celicycle arrest

LD
\

RNR1, 2, 3, 4 and SSNB, TUP1 SSN6, TUP1
other repair genes

SMLA1

NTPs =9 gNTPs

DNA synthesis and repair Recovery from

checkpoint mediated
transcriptional response

FIG. 7. HUGI is a critical component of the checkpoint response. Signals
received from the sensors for DNA damage and replication arrest are transduced
through the kinases MECI and TELI, leading to phosphorylation and activation
of RAD53 and DUNI, causing cell cycle arrest and transcriptional induction,
which can be DUNI independent or dependent (12). SMLI (46) and CRTI (16)
function to negatively regulate the MECI effectors RNRI and RNRI to 4, re-
spectively. Transcription of HUGI is induced in response to replication arrest
and DNA damage in a checkpoint-dependent manner. Deletion of HUGI res-
cues the lethality of meclA and the HU sensitivity of dunlA strains; overexpres-
sion of HUG is lethal in combination with a mec] mutation in the presence of
replication arrest or DNA damage. These observations, along with the delayed
induction of HUGI in response to HU, suggest that HUGI may function, in part,
through the negative regulation of MEC1 effectors, perhaps facilitating recovery
from the transcriptional response after DNA damage and replication arrest.
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found in the promoters of RNR2, RNR3, RNR4, and CRT]I
(16). There is a high degree of conservation between the X
boxes; for example, 10 of the 13 bases of Xs in HUGI are
identical to the Xs of the MHC class II X box (26). Also, the
location and orientation of the X boxes in HUG1 are similar to
those of the other X-box-containing genes in S. cerevisiae; Xs
and Xw in HUGI are in opposite orientations located 30 bp
apart (16). It has been shown that Crtlp binds specifically to
X-box sequences in the promoters of RNR genes and mediates
repression of these genes by recruitment of the Tuplp-Ssn6p
corepressor complex to the promoters of these genes. DNA
damage leads to hyperphosphorylation of Crtlp with loss of
DNA binding and loss of repression (16). Northern blot anal-
ysis showed that HUGI is constitutively transcribed in crtl,
ssn6, and fupl mutants that are deficient for Crtlp-mediated
repression. The degree of derepression of HUG! transcription
was as follows: ssn6>crtl>tupl mutants. Similar results were
reported for the derepression of the RNR2 promoter in the
ssn6, crtl, and tfupl mutants (16).

In S. cerevisiae, there is a large regulon of genes that show
increased transcription in response to DNA damage and rep-
lication arrest (1, 12, 19, 20, 24, 28). The checkpoints that are
sensitive to DNA damage or replication arrest act in multiple
phases of the cell cycle (G, S, or G, phases) (2, 12, 23, 34,
41-43). The checkpoint genes regulate transcription, facilitate
the repair of DNA, and mediate cell cycle arrest and recovery
from DNA damage-induced responses (12, 41). The results
presented in this paper show that the DNA replication arrest
and damage-induced transcription of HUG! are dependent on
the signal transduction pathway involving the checkpoint genes
RADY, RADI17, RAD24, MEC3, MEC1, RAD53, and DUNI.

Despite the major advances in the delineation of the MECI
checkpoint pathway, the full complexity of this pathway is just
beginning to be addressed (16, 30, 33, 38, 41, 46). The current
findings suggest that the small protein Hug1p, the product of a
NOREF, is a critical mediator of the MECI pathway. Induction
of HUG1 by DNA damage and replication arrest requires an
intact MECI pathway, and a deletion of HUGI can rescue
phenotypes associated with defects in the MECI pathway. Al-
though the precise mechanism of action of HUGI remains
unclear, several observations suggest that HUGI may function,
in part, through the negative regulation of MECI pathway
effectors, perhaps facilitating the recovery from the transcrip-
tional response after DNA damage and replication arrest.
First, mutations in the other two genes (SMLI and CRTI)
besides HUG! that can rescue meclA lethality function to
negatively regulate effectors of the MECI pathway (16, 46).
Second, overexpression of HUG] is lethal in combination with
a mecl mutation in the presence of DNA damage or replica-
tion arrest; this is in contrast to the MECI effectors RNRI and
RNR3, whose overexpression rescues meclA lethality (9).
Third, transcription of HUGI is delayed in response to repli-
cation arrest (Fig. 1D), unlike the rapid induction of RNR3
(16). This delay in HUG! induction may allow time for DNA
synthesis and repair before recovery. Taken together, these
results suggest that HUG1 is a critical component of the check-
point response (Fig. 7).

Consistent with the importance of the coordinated response
to DNA damage, several key features of these pathways are
conserved in human, yeast, and other systems. The S. cerevisiae
MEC]I gene, for example, is homologous to the Schizosaccha-
romyces pombe rad3™ gene, the Drosophila melanogaster mei-41
gene, and the human ATM gene (31). By analogy, a HUG!
homolog regulated by ATM or p53 may be present in humans.
It is not surprising that database searches have failed to detect
a homolog of HUGI, because it has only been detected in
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DNA-damaged or replication-arrested cells. Identification and
characterization of homologs of HUG]I from other organisms,
including humans, may further our understanding of the role
of MECI in budding yeast and may allow greater insight into
the ATM- and p53-mediated checkpoint pathway in humans.
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