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Abstract

Yeast RAD2, a yeast homolog of human XPG gene, is
an essential element of nucleotide excision repair
(NER), and its deletion confers UV sensitivity and NER
deficiency. 6-Azauracil (6AU) sensitivity of certain
rad2 mutants revealed that RAD2 has transcription
elongation function. However, the fundamental me-
chanism by which the rad2 mutations confer 6AU
sensitivity was not clearly elucidated yet. Using an
insertional mutagenesis, PUF4 gene encoding a yeast
pumilio protein was identified as a deletion sup-
pressor of rad2A 6AU sensitivity. Microarray analysis
followed by confirmatory RT-qPCR disclosed that
RAD2 and PUF4 regulated expression of HPT1 and
URAS3. Overexpression of HPT1 and URAS3 rescued
the 6AU sensitivity of rad2A and puf4A mutants.
These results indicate that 6AU sensitivity of rad2
mutants is in part ascribed to impaired expression
regulation of genes in the nucleotide metabolism.
Based on the results, the possible connection bet-
ween impaired transcription elongation function of
RAD2/XPG and Cockayne syndrome via PUF4 is
discussed.
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The human XPG gene is an essential element of
nucleotide excision repair (NER). Consequently, its
deletion confers UV sensitivity and NER deficiency.
C-terminal deletions of XPG confer Cockayne synd-
rome (CS) that is characterized by retarded growth,
impaired neurological development, mental retar-
dation, and premature aging'. Except XPG, four other
CSrelated genes were widely recognized to have func-
tions in transcriptiont. Thus, the connection between
CS and XPG had been a baffling problem.

6-Azauracil (6AU), a nucleotide analog that de-
creases GTP and UTP level in the cellular nuclectide
pool?, is a well known factor that interrupts trans-
cription in the mutants with impaired transcription
elongation factor. Thus, 6AU sensitivity is used as an
indicator of transcription elongation function of a
gene. Yeast RAD2 gene is a yeast homolog of human
XPG. Investigation of transcription elongation in
RAD2 mutations that mimic the XPG/CS mutation
with 6AU revealed that RAD2 had transcription elon-
gation function®. Later, XPG was also found to be
involved in transcription*®. However, the mechanism
by which the interrupted transcription due to muta-
tions of CS related genes causes the symptoms of CS
is not clearly understood yet.

In order to understand the detailed mechanism of
obstructed transcription elongation by rad2 muta-
tions, the deletion suppressor of rad2A 6AU sensiti-
vity was searched using a yeast transposon insertion
library. As the result, PUF4 gene, a yeast pumilio
gene, was isolated. Deletion of puf4 gene reverted
6AU sensitivity of rad2A mutant. In order to investi-
gate the fundamental basis for restored 6AU resist-
ance of rad2A mutant by puf4 deletion, the gene
expression pattern of rad2Apuf4A mutant was com-
pared to that of rad2A mutant using microarray analy-
sis. Among many genes that were expressed diffe-
rentially in wildtype, rad2A, puf4A, and rad2Apuf4A
strains, two genes involved in the nucleotide meta-
bolism was analyzed further. Genetic analysis and
induced gene expression of the two genes revealed
that RAD2 and PUF4 regulate the expression of the
genes.
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Figure 1. 6AU sensitivity of rad2A is reverted by puf4 deletion. Yeast cells were plated on the uracil-depleted synthetic
medium containing 75 ug/mL of 6AU. rad2Apuf 4A mutants are resistant to 6AU while rad2A and puf4A mutants are very
sensitive to 6AU.

Table 1. Relative expression of microarray-picked genesin microarray analysis and RT-gPCR.

Gene Name rad2Apufd4A-1* rad2Apuf4A-2* rad2A/WT** rad2Apuf4A/WT** puf4A/WT**
ORF.YBL086C 0.298 0.584 126.5 77.3 128.9
PHO3 2.820 1.726 90.6 170.8 78.8
ORF:YDLO038C 2.890 2174 95.6 143.0 1233
PRM7 2.827 2.089 48.0 59.1 47.0
TPI1 3.587 1.638 80.1 103.6 66.4
HPT1 2.606 4.478 39.4 107.8 37.6
ORF.Y DR539W 0.338 0.336 98.7 54.8 78.1
GLC3 0.598 0.387 150.7 244.5 329.5
URA3 3.831 2.501 210 57.9 26.8
MET6 2.764 1.850 7.7 290.1 74.8
GSY1 0.423 0.317 136.3 115.4 214.7
PUF4 0.203 0.218 57.7 04 0.3
ORF.YGL015C 11.050 7.882 121.8 594.0 642.8
ORF.YGR024C 0.387 0.623 108.3 78.3 103.3
SPT4 2.852 1.760 73.7 252.6 165.8
NSR1 1.956 2.589 62.7 197.4 1111
OomM45 0.462 0.358 170.1 127.6 171.8
MUC1 0.520 0.380 192.7 499.0 5329
ORF.YLLO44W 3.546 1.950 230.4 939.3 369.6
ILV5 3.803 2.729 78.2 263.1 123.2
PGM2 0.346 0.543 325.6 524.0 652.8
AQR1 3.675 1773 68.9 115.0 86.7
ORF:YNL114C 6.396 1541 156.3 275.7 112.1
RPL18B 3.900 1.796 111.0 420.7 82.7
RPL18A 2.251 1.540 40.8 63.8 14.4
STI1 0.309 0.623 99.5 62.0 26.1
GAC1 0.577 0.400 1134 111.6 187.8
NOP58 2.606 1.608 72.9 114.3 81.0
NOG1 2.726 1.559 824 241.2 495
ORF:YPL251W 2.657 1.569 105.6 161.1 180.6

*Microarray analysis results. Results shown are expression ratio calculated by radA2puf4A/rad2A.
**RT-gPCR results. Results shown are % gene expression level in each mutant against wildtype. Italicized data indicates discordance between
microarray and RT-qPCR ones.

6AU Sensitivity of rad2A is Reverted by tant yeast colonies were isolated. Sequencing the
Deletion of a Pumilio Gene, PUF4 flanking region of the library DNA insertion site re-
In order to find the genes that rescue 6AU sensiti- vealed that the mutation of PUF4 gene was the cause

vity of rad2A, a yeast transposon insertion library of reverted 6AU sensitivity. In order to verify the mu-
was transformed into rad2A mutant, and 6AU resis- tational effect of PUF4 on rad2A 6AU sensitivity,
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PUF4 was directly deleted. In accordance with the
insertional mutation result, direct puf4 deletion parti-
ally restored 6AU resistance of rad2A to the level of
wildtype. Interestingly, puf4 deletion itself caused
6AU sensitivity (Figure 1).

Many Genes are Differentially Expressed in
rad2A and rad2A puf4A

The results that each rad2 or puf4 deletion confers
6AU sensitivity but rad2A puf4A recovers the sensiti-
vity to near wildtype indicate that RAD2 and PUF4
may have conflicting effect on 6AU sengitivity or they
modulate each other. In order to investigate the me-
chanism of 6AU resistance in rad2Apuf4A, gene exp-
ression patterns between rad2A and rad2A puf4A after
2 hour 6AU treatment were compared by compara-
tive hybridization of yeast genomic oligonucleotide
microarray. Results from two independent experi-
ments, one by direct comparison between rad2A and
rad2A puf4A and the other by indirect comparison of
rad2A/WT and rad2A puf4A/WT were analyzed.
Twenty nine genes were selected for further analysis
based on two-fold difference in either microarray
analysis(Table 1).

Differential gene expression profile between rad2A
and rad2A puf4A was confirmed by RT-gPCR of 2
hour 6AU treated yeasts cells(Table 1). RT-qPCR re-
vedled that expression of 7 (24%) of the 29 micro-
array picked genes did not significantly change or the
expression pattern was even reversed in opposite
directions, which might be due to false positive of the
microarray analysis. Among the 22 genes whose ex-
pression was changed in accordance both in micro-
array analysis and in RT-qPCR, expression of 5 genes
were decreased and 17 genes were increased in
rad2A puf4A cells in comparison with rad2A. Expres-
sion levels of 4 genes increased in puf4A cells were
as high asin rad2A puf4A. Interestingly, PUF4 expre-
ssion in rad2A cells treated with 6AU was decreased
by one half of the amount of wildtype cellsimplying
that transcription elongation activity of RAD2 was
required for the expression of PUF4. This result im-
plies that RAD2 positively regulates PUF4 expres-
sion.

Functional categorization of the 22 genes revealed
that two involved in nucleotide metabolism, two in
amino acid metabolism, three in protein biosynthesis
and folding, two in rRNA processing and modifica-
tion, one in transcription, one in transport and 11 in
unknown function. Among them, one in protein fold-
ing and four in unknown function were down-regulat-
ed in 2 hour 6AU treated rad2Apuf4A. 6AU reduces
cellular GTP and UTP levels? and the defectsin trans-
cription elongation confer 6AU sensitivity. Conse-
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Figure 2. HPT1 and URA3 mRNA expression before and
after 6AU treatment. Wildtype, rad2A, pufdA, and rad2Apuf4A
cells were treated with 6AU for indicated duration. Then, the
altered mRNA expression pattern before and after 6AU treat-
ment was analyzed using qRT-PCR. (A) HPT1 mRNA ex-
pression. (B) URA3 mRNA expression. open bar: without 6AU
treatment, gray bar: 1 hour after 6AU treatment, black bar: 2
hours after 6AU treatment. Each experiment was repeated
two times.

quently, one plain explanation of the restored 6AU
resistance of rad2A by additional puf4 deletion could
be the altered regulation of nucleotide metabolism in
the cell. Indeed, the microarray analysis demonstrat-
ed that HPT1 and URAS3 that functions in the nucleo-
tide metabolism were differentially expressed after
6AU treatment in rad2A and rad2Apuf4A (Figure 2
and Table 1). For that reason, HPT1 and URA3 were
selected for further analysis.

Purine and Pyrimidine Metabolism Related
Genes are Differentially Expressed in rad2
and puf4 Deletion Mutants

The HPT1 and URA3 genes function in nucleotide
salvage pathway and nucleotide de novo synthesis,
respectively®’. Also, mMRNAs of HPT1 and URA7/
URAS8 that functions in the same pathway as URA3
were identified as the targets of Puf4p binding® alth-
ough the ipso facto effect of the binding was not iden-
tified. The microarray analysis disclosed that, in the
presence of 6AU, both HPT1 and URA3 genes were
down regulated in the rad2A and puf4A single mu-
tants, while their expression levels in rad2Apuf4A
were higher than those of wildtype(Table 1). In order
to examine the effect of 6AU treatment on the differ-
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Figure 3. HPT1 deletion and expression affect on cell growth of rad2A and puf4A. (A) Overnight cultured yeast cells were
plated on YPD (top), and the uracil-depleted synthetic medium containing 75 ug/mL of 6AU (bottom). All the tested strains
formed colonies well on YPD. hpt1A does not confer 6AU sensitivity. 6AU sensitivity of rad2Ahpt1A and rad2Apuf4Ahpt1A are
dightly restored. (B) All the strains used in A were transformed with HPT1 expression plasmid. After induced expression of
HPT1, cells were plated on the 75 ug/mL 6AU containing uracil depleted synthetic medium. HPTL induction restored 6AU
sensitivity of al the tested mutants to the level of wildtype. (C) Expression of HPT1 in the strains used in B was confirmed by

Western analysis.

ential expression of HPT1 and URAS, the expression
levels of HPT1 and URA3 genes were analyzed in
wildtype, rad2A, puf4A, and rad2Apuf4A by RT-
gPCR. In the absence of 6AU, HPT1 expression level
was similar in all four tested strains(wildtype, rad2A,
puf4A and rad2Apuf4A; Figure 2A). 6AU treatment
initially decreased HPT1 expression in al 4 strains.
However, the decreased expression of HPT1 in 2
hour 6AU treated wildtype and rad2A puf4A mutant
was recovered to the level of untreated wildtype, while
both rad2A and puf4A mutants were not able to re-
store the expression level (Figure 2A). On the other

hand, URA3 expression was lower in rad2A and puf4A
mutants in the absence of 6AU treatment whileits ex-
pression in rad2A puf4A mutant was similar to that of
wildtype (Figure 2B). After 1 hour of 6AU treatment,
URAS3 expression in all 4 strains was dramatically
increased, but the 6AU induced expression levels
were much lower in rad2A and puf4A compared to
those of wildtype and rad2A puf4A. By 2 hours of 6AU
treatment, URA3 mRNA level was decreased in all
four strains, but the level was maintained much high-
er than that of the untreated control (Figure 2B).
These results indicate that RAD2 and PUF4 function
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Figure 4. URA3 deletion and expression affect on cell growth of rad2A and puf4A. (A) Overnight cultured yeast cells were
plated on YPD medium (top) and the uracil-depleted synthetic medium (middie). All the tested strains formed colonies well on
YPD. ura3 deletion cells did not grow on the uracil-depleted medium. The same overnight cultured cells were plated on the
synthetic complete medium containing 75 ng/mL of 6AU (bottom). Because the medium contains uracil, 6AU sensitivity of most
strains was not easily recognizable. However, puf4Aura3A mutant was distinctively sensitive to 6AU. (B) All the strains used in
A were transformed with URA3 expression plasmid. After induced expression of URAS3, cells were plated on the 6AU-containing
tryptophan and uracil depleted medium. Effects of 6AU resistance by URA3 induction varies in each mutant. (C) Expression of

URA3 in the strains used in B was confirmed by Western analysis.

together to increase HPT1 and URA3 expression in
the presence of 6AU, and lack of either RAD2 or
PUF4 causesnegative influence on HPTL/URAS expre-
ssion.

Effects of HPT1 and URA3 Deletion on 6AU
Sensitivity of rad2A and puf4A
The expression profile of HPT1 and URA3 after

6AU treatment revealed that their mRNA levels after
6AU treatment were much lower in rad2A and puf4A
than in wildtype, while those of rad2A puf4A were
paralel to that of wildtype (Table 1). The decreased
HPT1 and URA3 mRNA level in rad2A and puf4A is
probably a cause of the decreased cell growth of
rad2A and puf4A in the presence of 6AU (Figure 1).
From these results, it was inferred that deletion of



either gene in the rad2A or puf4A mutants would not
change 6AU sensitivity of the strains since hptl or
ura3 deletion would act as the decreased mRNA level.
On the other hand, hpt1 or ura3 deletion would incre-
ase the 6AU sensitivity of rad2Apuf4A cells because
hptl or ura3 deletion would obstruct their typically
increased expression in rad2A puf4A after 6AU treat-
ment. To test this, HPT1 and URA3 genes were delet-
ed in wildtype, rad2A, puf4A, and rad2A puf4A cells,
and then the effect of these deletions on 6AU sensiti-
vity was examined.

As predicted, hptl deletion did not confer 6AU
sensitivity or have any influence on 6AU sensitivity
of puf4A. Unexpectedly, however, hptl deletion dli-
ghtly restored 6AU sensitivity in the rad2A and
rad2A puf4A mutants so that rad2A puf4Ahpt1A con-
ferred 6AU resistance to the level of wildtype (Figure
3A bottom panel). Since ura3A cells were unattain-
able to grow on uracil depleted medium (Figure 4A
middle panel), 6AU sensitivity of ura3A were exa-
mined on a synthetic complete medium supplemented
with 6AU. Unfortunately, however, 6AU sensitivity
of the mutants with ura3 deletion was not easily vali-
dated in most cells because of the presence of uracil
on the test medium. Nevertheless, the result clearly
revealed that puf4Aura3A cells were more sensitive
to 6AU than either puf4A or ura3A cells (Figure 4A
bottom panel). This result was unexpected since the
puf4Ahpt1A mutant displayed similar 6AU sensitivity
to puf4A. This result indicates that functiona PUF4
is necessary for restoring 6AU resistance when de
novo biosynthesis of ribonucleotide is impaired. Also,
that result provides possible clues for the funda-
mental basis of 6AU sensitivity of pufdA. It is possi-
ble that the genes in the nucleoctide salvage pathway
are positively regulated by PUFA4.

Effects of HPT1 and URA3 Overexpression
on 6AU Sensitivity of rad2A and puf4A

The expression patterns of HPT1 and URA3 upon
6AU treatment analyzed by microarray anaysis and
RT-gPCR suggest that the 6AU sensitivity of rad2A
and puf4A mutants are due to the decreased expres-
sion of HPT1 and URA3 and that HPT1 and URA3
expression are regulated by both RAD2 and PUF4. In
order to substantiate that, the HPT1 and URA3 expres-
sion plasmids were constructed and the genes were
expressed in all the strains used in Figure 3A and
Figure 4A, respectively. Expression of both HPT1
and URA3 was confirmed by Western analysis (Fig-
ures 3C, 4C). As predicted, the expression of HPT1
restored 6AU sensitivity of all the tested mutants to
the level of wildtype (Figure 3B). However, restored
6AU resistance of the mutants by URA3 expression
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was varies (Figure 4B). puf4A recovered the 6AU
resistance by URA3 expression to similar level of
wildtype. URA3 expression slightly increased 6AU
resistance of rad2A and rad2Apuf4A but the level
was much lower than that of wildtype. Interestingly,
6AU resistance of puf4Aura3A was barely restored by
URAS3 expression. Moreover, ura3A and rad2Aura3A
did not recover 6AU sensitivity at al. These results
indicates that down-regulation of HPT1 and URA3 in
6AU treated rad2A and puf4A should €licit in 6AU
sensitivity of them, but URA3 involved nucleotide bio-
synthesis mechanism regulation has more complex
effect on 6AU sensitivity.

Discussion

In order to understand the molecular mechanisms
of 6AU sensitivity in rad2A, an insertion mutagenesis
was applied. As the result, PUF4 gene was identified
as a deletion suppressor of rad2A 6AU sensitivity.
Although a yeast aging study showed that puf4 dele-
tion decreased lifespan®, the responsible biological
mechanisms were not clearly understood. Recently,
several studies elucidated the cellular functions of
PUF proteins. PUF family proteins are found in most
eukaryote, have characteristic RNA binding domains,
and are known as trandational regulators'®?3, Yeast
has five PUF genes that regulate mRNA stability by
binding to the target MRNAS*". A microarray ana-
lysis using an affinity tag revealed that each PUF pro-
tein has a specific group of target MRNAS to binds®.
Pufdp preferentially binds to mRNASs of nucleolar
ribosomal RNA-processing factors®. The biological
effect of Puf4p binding to mRNA was shown in the
post-transcriptional regulation of HO gene. Puf4p
represses translation and enhances remova of polyA
of mRNA encoding HO endonuclease by binding to
its 3" untranslated region. Consequently, puf4 deletion
increased stability of HO mRNA®8, Trandationa re-
gulation of proteins by PUF proteins may allow cells
to properly respond to the environmental changes.
The target mRNA specificity of each PUF proteins
indicates that different sets of proteins are controlled
together by each PUF protein®.

Even though understanding on post-transcriptional
regulation by PUF proteins has been broadened, the
regulation of PUF gene expression has not been stu-
died that much. A recent study enlightened the expre-
ssion regulation of PUF5 gene, one of five PUF genes
in yeast that is closely related to PUF4. PUF5 expre-
ssion is impaired when a transcription elongation fact-
or activity of yeast CEG1 (encoding a capping enzy-
me) is compromised®®, indicating that CEG1 func-



344 Mol. Cell. Toxicol. Vol. 4(4), 338-347, 2008

tions as a positive regulator of PUF5 expression. Our
result showing decreased PUF4 mRNA level in rad2A
strongly indicates that RAD2 should function as a po-
sitive regulator of PUF4 expression. RAD2 appears
to function as a positive transcription elongation fact-
or for many genes®. Thus, this result implies that trans-
cription elongation function of RAD2 possibly regu-
lates PUF4 expression. Meanwhile, our results show-
ing variable changesin expression level of many genes
in puf4A after 6AU treatment (Table 1) indicate that
Puf4p might either up-regulate or down-regulate its
target MRNASs even though Puf4p is known to desta-
bilize some mMRNA,

In consideration of known 6AU effect on cellular
NTP pools and reported binding activity of Pufdp to
MRNASs of nucleolar ribosomal RNA-processing
factors, differential expression of genes of nucleotide
metabolism and the ribosomal RNA-processing fact-
ors was anticipated. Indeed, two genes in nucleotide
metabolism and three in nucleolar RNA processing
were found up-regulated by microarray analysis and
RT-gPCR (Table 1). Especially, HPT1 and URA3
were interested because they function in the nucleo-
tide salvage pathway and the de novo biosynthesis of
nucleotide, respectively?>?'. Moreover, mRNAS of
HPT1 and two genes in URA3 related pathway were
identified as the targets of Puf4p binding® athough
the biological effect of the binding remains to be de-
fined.

RT-gPCR results showing that either RAD2 or PUF4
deletion did not decrease HPT1 expression, but did
decrease URA3 expression, indicated that the trans-
cription elongation function of RAD2 and the mRNA
stabilization activity of PUF4 were not necessary for
the nucleotide biosynthesis pathway although both
genes were required for the nucleotide salvage path-
way in the absence of 6AU. However, RAD2 and
PUF4 are necessary to increase the expression of
genes in both the nucleotide biosynthesis and the
salvage pathways when the nucleotide pool is limited
by 6AU treatment. This result strongly implies that
RAD2 and PUF4 genes function together for the
regulation of HPT1 and URA3 when the nucleotide
pool islimited by 6AU.

HPT1 and URA3 expression was expected to com-
plement 6AU sensitivity of all the mutants used, but
6AU sensitivity of some mutants was not recovered
by URA3 expression at al (Figure 4B). This is possi-
bly due to the negative effect of overexpressed Ura3p.
Ura3p converts orotidine-5’-phosphate to UMP that
eventually converted to CTP by Ura7p and Ura8p*
2 In our experimental system, URA3 is overexpre-
ssed by galactose induction in which URA7/URA8
expression is not induced. Thus, discrepancy between

URA3 and URA7/URA8 expression regulation can
cause problems in the pyrimidine metabolism that
can be implicated to regulation of cell proliferation.

RAD?2 expression is changed in response to many
environmental changes®™26. From this and the known
function of Puf4p together with our result of the de-
creased PUF4 expression in rad2A mutant after 6AU
treatment, it can be deduced that RAD2 positively
regulates PUF4 expression in the presence of 6AU,
and then PUF4 in turn regulates HPT1 and URA3
MRNA stability. In conclusion, 6AU sensitivity of
rad2A and puf4A isthe result of decreased expression
of the genes in nucleotide metabolisms and RAD2
and PUF4 work together to regulate the genes. Thus,
it is possible that increased or decreased RAD2 ex-
pression influences on PUF4 expression that modi-
fies many gene expression in the posttranscriptional
level in order to cope with the environmental chan-
ges. Taken together the variable expression of RAD2
in accordance to the environment®2, target specifi-
city of Puf4p®, and our results showing the effects of
RAD2 and PUF4 on the expression of nucleotide
metabolism related genes, it can be reasoned that the
miss-regulation of genes by mutations in RAD2/XPG
may cause problems in purine and pyrimidine meta-
bolism. Indeed, disordered nucleotide metabolism
leads to many physiological consegquences including
mental retardation, neurological manifestations, and
developmental delay?”?°. Consequently, impaired func-
tion of Rad2p/XPG in transcription can cause imbal-
anced response to the environmental changes leading
to the symptoms observed in CS patients.

Materials & Methods

Yeast Strains and Plasmids

EMY74.7 (MAT a his3-Al leu2-3 leu2-112 trplA
ura3) and its isogenic strains were used in this study.
PUF4 gene was deleted using PCR based gene de-
letion method. hptl and ura3 were deleted by re-
placement most of the open reading frame (ORF) of
each gene with marker genes contained in deletion
generating plasmids, respectively. Deletion of each
gene was confirmed by PCR using a pair of oligos
flanking the ORF of target genes. HPT1 and URA3
genes were cloned into pY ES2/NTB and pY ES3/CT,
respectively. Expression of HPT1 and URA3 gene
was confirmed by Western analysis.

Isolation of Deletion Suppressors

rad2A cells were transformed with mTn3 (LEU2
lacZ) library that was generously provided by Dr. M.
Snyder (Yale University), as described in Kumar et



Table 2. Sequences of primers used in RT-gPCR.
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GENE FORWARD PRIMER REVERSE PRIMER
ORF:YBL086C GTTGGCCTCCAAATCCAAGC TCCGTGGGGTTATTGTCTTC
PHO3 GAATGGAACGTATTCGGCAG CCAGGATGGACCAGGTTATG
ORF:YDL038C CAGACCCAACGACTCTAGCC TAGTGTCTTTGGGACCCGAG
PRM7 TGACTTCTCCTGCATCAACG AGTAGTGGTGGTCGTGAAGG
TPI1 TGGAAGAAAAGAAGGCCGGT CCAACTTGGAAGCCAAGAAC
HPT1 CGGGATTTTTGTTCTACACG TATTGCTTGTGTTCCTGCTC
ORF:YDR539W AGCATTGAAGACAACGCCTG GGGAGCCAAAGGAAAAGAAG
GLC3 TGTTTACCCCGCTCCATAGG CATAGCGGCATCCATCAACC
URA3 TGCAAGGGCTCCCTAGCTAC GACCACATCATCCACGGTTC
MET6 TCCCAAGAGACGATGTCGAC GCAGCCCAGGTGTAGTAAGC
GSY1 CCTTCACTGTGGAGGCACTG GGTCTTCTCAGCGCCAATAC
PUF4 GCCAATTCATCTTGCACCAG GAGGCGGAACCATTGCGTTG
ORF:YGLO015C ACGTCCATTAAATTACGCAG CAGGGCGTCAGGTTGAAAGC
ORF:YGR024C GGCTTAACTCCCCAGGAATC TCATCTATCTGTGCGATGAC
SPT4 ATGTCTAGTGAAAGAGCCTG GCCACTTTGCTACCCACGAC
NSR1 CGCTAAACACGGTGAAGTTG ATCGTTGTTTGGTCTTGGAG
OM45 ACGGCACAGGAGTTTGGTAG TCACCCCATCCTTCTAAACC
MUC1 GGCGAAAACACTGCACCTTC TGTAGCGACTGCAGAACCAG
ORF:YLLO44W CTCCATTCGGTGCTAAGTCC CAGCGATAGCGGCAGCTTCC
ILV5 AGAAGAGGTGCTTTGGACTG CTTCCTTACCAACCTTCCAG
PGM2 TTCCAATGGTGCAAGATTCG GTACGAACCGTTGGTTCTTC
AQR1 CCAACGAAATCATCTACAGC TGGCTTTGACTGCCAAGGTG
ORF:YNL114C CGCTACAGAGGTAACACCAC GCATTTCCAAGCGTGTGATC
RPL18B AAAGATCCGGTCATAGAACC TCCTGGCATCGTCAGTAACG
RPL18A CTCCATTCAACAAGGTTGTC CTCTGACAGCTAATTGATCC
STI1 CCAACCTGGTACCAGTAACG AGTCCGGATGATACCAGCAG
GAC1 TCGGGAATTTCCCAAGCTTC GGATGGGTGGAGATGAACTG
NOP58 CGATTCAGGTGACATTGGTC TCTTCATCATCAGAATCGGA
NOG1 ACGATGATTGCTGAAGCAAG ACACCATCCAACAGTCTATC
ORF:YPL251W CATGGTTTAAGAACGAAGAC TCATACGAAATAGGCGCTTC
ORF:YDL092W CTACCAACCATCCTGACTATG GTCTTACTGATGGTACCGTTC
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al.*® and plated on the leucine-depleted medium to
select the transformed cells. Once the colonies were
formed, the 6AU resistant colonies were isolated by
replica plating on the 6AU containing medium and
incubation at 30°C for 4 days. Twenty-six individual
colonies were isolated and their 6AU sensitivity was
compared with wildtype and rad2A strains. To identi-
fy the insertion site of library DNA, genomic DNA
was prepared and the flanking region DNA sequence
of the library DNA insertion site was determined by
vectorette PCR and sequencing®.

Cell Growth

To examine the effect of deletion of the genes on
growth, the cells grown overnight in the uracil-
depleted synthetic medium containing 2% dextrose
were plated on the same medium and Y PD (1% yeast
extract, 2% Peptone, 2% Dextrose) medium. For
B6AU sensitivity verification, the overnight cultured
cells were diluted and plated on the uracil-depleted
synthetic medium containing 75 ug/mL of 6AU. The
plates were incubated at 30°C for 2-3 days(YPD and
-uraplate) or 4-5 days(6AU plate).

Galactose Induction

For galactose-induced gene expression, overnight
cultures of cells containing the expression plasmid
were diluted to the ODggo Of 0.5 in the uracil-depel et-
ed synthetic medium containing 2% galactose. After
7 hours of galactose induction, cells were plated on
the control plates’C (Y PD and uracil depleting plates)
and 6 AU containing plates. The rest of galactose-
induced cells were harvested and the whole cell ex-
tracts were prepared with lysis buffer (50 mM Tris pH
7.5, 10% sucrose, 1 mM DTT) supplied with protein
inhibitors. Thirty ug of whole cell extracts were sepa-
rated on 10% SDS-PAGE and blotted onto a nylon
membrane (Millipore). Hpt1p and Ura3p were detect-
ed with anti-his(R & D system) antibody (ABcam).

Microarray Analysis

Microarray analysis was carried out using an Agil-
ent’s Yeast Oligo Microarray (11K). cRNA probes
were synthesized with Agilent’s Low RNA Input Li-
near Amplification kit (Agilent Technology, USA)
according to the manufacturer’s protocol. Transcrip-
tion template cDNA was prepared by reverse trans-
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cription of 1 g total RNA and subjected to transcrip-
tion with T7 RNA polymerase in the presence of Cy3
or Cy5 CTP to generate fluorescent labeled cRNA pro-
bes. The cRNA probe was purified with cRNA Clean-
up Module (Agilent Technology, USA), quantified
with ND-1000 spectrophotometer, and fragmented.
Mixture of cRNA probes of a control and a test was
directly pipetted on an Agilent’s Yeast Oligo Micro-
array (11K) (Agilent Technology, USA) and hybridi-
zed by incubation at 65°C for 17 hours using Agilent
Hybridization oven (Agilent Technology, USA). Hy-
bridized chips were scanned with Agilent's DNA
microarray scanner and quantified with Feature Ex-
traction Software (Agilent Technology). Data was
normalized and functional annotation of genes was
performed according to Gene OntologyTM Consor-
tium (http://www.geneontol ogy.org/index.shtml) by
GeneSpringGX 7.3 (Agilent Technology).

RT-gPCR Analysis

Total RNA was prepared with WelPrep™ Total
RNA Isolation Reagent (JBI, Seoul, Korea). Total
RNA (5ug) was reverse transcribed with oligo dT pri-
mer using Superscript RT 11 (Invitrogen) as described
in the manufacturer’s protocol. Real time PCR with
an aiquot of reverse transcription reaction was per-
formed by incubation at 95°C for 10 min followed by
45 cycles of 95°C for 10s, 56°C for 5sand 72°C for
20 s with Light Cycler 2.0 (Roche) using Quanti-
Fast™ SYBR Green PCR kit (Qiagen). Relative
mRNA amount was calculated by division of (1/2)CT
of a specific gene(1/2)°T of YDL092W, an input con-
trol. Specificity of PCR products was determined by
melting curve analysis. Sequences of primers used in
RT-gPCR are listed in Table 2.

Acknowledgements

This work was supported by Korea Research Foun-
dation (RO1-2005-000-10910-0) to S. K. Lee.

References

1. Hanawalt, P. C. The bases for Cockayne syndrome.
Nature 405:415-416 (2000).

2. de Kloet, S. R. Effects of 5-fluorouracil and 6-Azau-
racil on the synthesis of ribonucleic acid and protein
in Saccharomyces carlsbergensis. Biochem J 106:167-
178(1968).

3.Lee S. K., Yu, S. L., Prakash, L. & Prakash, S. Re-
quirement of yeast RAD2, a homolog of human XPG
gene, for efficient RNA polymerase Il transcription:
implications for Cockayne syndrome. Cell 109:823-

834 (2002).

4.1to, S. et al. XPG stabilizes TFIIH, alowing transac-
tivation of nuclear receptors: Implications for Cock-
ayne syndrome in XP-G/CS patients. Mol Cell 26:231-
243(2007).

5. Friedberg, E. C. & Wood, R. D. New insightsinto the
combined Cockayne/Xeroderma Pigmentosum com-
plex: Human XPG protein can function in transcrip-
tion factor stability. Mol Cell 26:162-164 (2007).

6. Umezu, K. et al. Purification and properties of oro-
tidine-5"-phosphate pyrophosphorylase and orotidine-
5’-phosphate decarboxylase from baker’s yeast. J
Biochem 70:249-262 (1971).

7. Woods, R. A. et al. Hypoxanthine: guanine phospho-
ribosyltransferase mutants in Saccharomyces cerevi-
siae. Mol Gen Genet 191:407-412 (1983).

8. Gerber, A. P., Herschlag, D. & Brown, P. O. Exten-
sive association of functionally and cytotopically re-
lated mRNAs with puf family RNA-binding proteins
inyeast. PLOSBio 2:0342-0354 (2004).

9. Kennedy, B. K. et al. Redistribution of silencing
proteins from telomeres to the nucleolus is associated
with extension of life span in S. cerevisiae. Cell 89:
381-391(1997).

10. Murata, Y. & Wharton, R. Binding of Pumilio to
maternal hunchback mRNA is required for posterior
patterning in Drosophila embryos. Cell 80:747-756
(1995).

11. Wreden, C. et al. Nanos and pumilio establish em-
bryonic polarity in Drosophila by promoting posterior
deadenylation of hunchback mRNA. Development
124:3015-3023 (1997).

12. Zamore, P. D., Williamson, J. R. & Lehmann, R. The
pumilio protein binds RNA through a conserved do-
main that defines a new class of RNA-binding pro-
teins. RNA 3:1421-1433(1997).

13. Zhang, B. et al. A conserved RNA-binding protein
that regulates sexual fates in the C. elegans herma-
phrodite germ line. Nature 390:477-484 (1997).

14. Olivas, W. & Parker, R. The Puf3 protein is a trans-
cript-specific regulator of MRNA degradation in yeast.
EMBO J 19:6602-6611 (2000).

15. Grigull, J. et al. Genome-wide analysis of mRNA
stability using transcription inhibitors and microarray
reveals posttranscriptional control of ribosome bio-
genesisfactors. Mol Cell Biol 24:5534-5547 (2004).

16. Ulbright, R. J. & Olivas, W. M. Puflp acts in com-
bination with other yeast Puf proteins to control
MRNA stability. RNA 14:246-262 (2008).

17. Foat, B. C. et al. Profiling condition-specific, ge-
nome-wide regulation of mRNA stability in yeast.
PNAS 102:17675-17680 (2005).

18. Hook, B. A. et al. Two yeast PUF proteins negatively
regulate a single mRNA. J Biol Chem 282:15430-
15438 (2007).

19. Kim, H. J. et al. mRNA capping enzyme activity is
coupled to an early transcription elongation. Mol Cell
Biol 24:6184-6193 (2004).



20. Wind, M. & Reines, D. Transcription elongation
factor Sll. Bioassays 22:327-336 (2000).

21. Nakanish, T. et al. Structure-function relationship of
yeast Sl in terms of RNA polymerase I, arrest re-
lief, and suppression of 6-azauracil sensitivity. J Biol
Chem 270:8991-8995 (1995).

22. Lacroute, F. Regulation of pyrimidine biosynthesisin
Saccharomyces cerevisiae. J Bact 95:824-832 (1968).

23. Oziet-Kaogeropoulos, O. et al. Cloning, sequencing
and characterization of the Saccharomyces cerevisiae
URAY7 gene encoding CTP synthetase. Mol Gen Ge-
net 231:7-16 (1991).

24. Oziet-Kalogeropoulos, O. et al. Use of synthetic le-
thal mutants to clone and characterize a novel CTP
synthetase gene in Saccharomyces cerevisiae. Mol
Gen Genet 242:431-439(1994).

25. Gasch, A. P. et al. Genomic expression programs in

RAD2 and PUF4 Regulate HPT1 and URA3 347

the response of yeast cells to environmental changes.
Mol Biol Cell 11:4241-4257 (2000).

26. Gasch, A. P. et al. Genomic expression responses to
DNA-damaging agents and the regulatory role of the
yeast ATR homolog Meclp. Mol Biol Cell 12:2987-
3003 (2001).

27. Nyhan, W. L. Disorders of purine and pyrimidine
metabolism. Mol Gen Met 86:25-33 (2005).

28. Breton, A. et al. Lethal accumulation of Guanylic
nucleotides in Saccharomyces cerevisiae HPT1-dere-
gulation mutants. Genetics 178:815-824 (2008).

29. Torres, R. J. & Puig, J. G. Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) deficiency: Lesch-
Nyhan syndrome. Orph J Rare Dise 2:48 (2007).

30. Kumar, A. Vidan, S. & Snyder, M. Insertional muta-
genesis: Transposon-insertion libraries as mutagens
in yeast. Methods in Enzymology 350:219-229 (2002).



