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ABSTRACT

We have obtained genetic and molecular evidence that the Ars2-1 mutation, isolated as a suppressor
of the hyperrecombination phenotype of #prIA, is in the SRB2 gene, which encodes a component of
the RNA polll holoenzyme. A newly constructed srb2A allele restores the wild-type levels of deletions
in hprlA cells, indicating that the lack of a functional SRB2 transcription factor suppresses recombination
between direct repeats. These results suggest a direct connection between transcription and recombina-
tion between DNA repeats. On the other hand, the Ars2-1 mutation (renamed srb2-101), in which Gly;,
has been changed to Asp, makes cells sensitive to long MMS treatments, a phenotype observed for the
srb2A null allele only in a AprIA background. This indicates that mutations in the basal transcription
factor SRB2 impair DNA repair of MMS-induced damage, which adds a new connection between tran-
scription and DNA repair. We discuss the possibility that Aprl-induced deletions occurred as a conse-
quence of a SRB2-dependent stalled or blocked transcription complex.

ECOMBINATION between direct DNA repeats is
a source for deletion of genetic information,
which can have deleterious consequences for the cell.
This is under genetic control, as shown by the existence
of Escherichia coli (see CLARK and Low 1988; SMITH
1988) and yeast mutations (PETES et al. 1991), as well
as human genetic disorders (FUKUCHI et al. 1989; MEYN
1993) associated with instability of DNA repeats caused
by recombination. To determine the importance of
DNA repeats as a source of DNA deletions and other
chromosomal aberrations in eukaryotes, it is important
to know the mechanisms and the genes that participate
in DNA repeat recombination.

It is believed that recombination occurring through
reciprocal exchange is not the only mechanism responsi-
ble for deletions between repeats. In yeast, this conclu-
sion is supported by different data. Thus, mitotic recipro-
cal exchange results from recombination pathways
depending on the double-strand break (DSB)-repair
gene RAD52, whereas deletions result from RAD52de-
pendent and RADS52independent pathways (JACKSON
and Fink 1981; KiEIN 1988; SCHIESTL and PRAKASH
1988). Also, the frequency of deletions do not depend
on the length of homology of the recombinant DNA
molecules (YUAN and KEIL 1990), as is the case for recip-
rocal exchange (see PETES ¢t al. 1991). In addition, and
very importantly, a DSB in nonhomologous DNA se-
quences flanked by repeats stimulate deletions (RUDIN
and HABER 1988; NICKOLOFF et al. 1989) but not recipro-
cal exchange events (PRADO and AGUILERA 1995). These
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results are better explained if deletions between long
DNA repeats can occur, in addition to reciprocal ex-
change, through nonconservative mechanisms such as,
for instance, single-strand annealing (SSA) (OZENBERG-
ERG and ROEDER 1991; FiSHMAN-LOBELL and HABER
1992) or one-ended invasion crossover (MEZARD and NI-
COLAS 1994; PRADO and AGUILERA 1995).

The genetic analysis of mutations affecting DNA re-
peat recombination is contributing to identify differ-
ences between direct repeat recombination and gene
conversion/reciprocal exchange observed between ho-
mologous chromosomes or inverted repeats. Thus, the
radl or rad10 mutants, affected in the Radlp/Radl0p
excision repair endonuclease, have no effect on the
frequency of recombination between inverted repeats
or homologous chromosomes (AGUILERA and KLEIN
1989b; AGUILERA 1995). However, they show a signifi-
cant reduction in the frequency of spontaneous and
DSB-induced deletions between direct repeats (KLEIN
1988; ScHIESTL and PRAKRASH 1988, 1990; FisHMAN-LO-
BELL and HABER 1992; IvANOV and HABER 1995; PRADO
and AGUILERA 1995). It has been suggested that the
Radlp endonuclease removes the single-strand DNA
tails generated after exonuclease digestion of a DSB
during single-strand annealing (FISHMAN-LOBELL and
HABER 1992). Recently, it has also been shown that
mutations in the recombinational repair genes RAD51,
RAD54, RAD55 and RAD57 are required, at different
degrees, for gene conversion/reciprocal exchange re-
combination. However, they all lead to a hyperrecombi-
nation phenotype between direct repeats (MCDONALD
and ROTHSTEIN 1994; AGUILERA 1995; LIEFSHITZ et al.
1995; RATTRAY and SYMINGTON 1995). There are also
mutations that induce recombination between repeats,
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TABLE 1
Strains
Strain Genotype Source
A3Y3A MATa ura3 ade2 his3 leu2-k::URA3-ADE2::leu2-k AGUILERA and KLEIN (1990)
AYW3-3D MATa ura3 ade2 his3 leu2-k::URA3-ADE2::leu2-k hprIA3::HIS3 SANTOS-ROSA and AGUILERA (1995)
AYW3-1B MATa ura3 ade2 his3 trpl canl-100 leu2-k::URA3-ADE2::leu2-k SANTOS-ROsA and AGUILERA (1995)
SS713B-1A MATa ura3 ade2 his3 leu2-k::URA3-ADE2:leu2-k hprl3::HIS3 srb2- SANTOS-ROSA and AGUILERA (1995)
101
X260-3A MATa wra3 rad52 G. FINK
W19Y-1B MATo ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hpriA4::TRPI This study
canl-100
SB71-5A MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2:leu2-k srb2-101 This study
SB71-8A MATo ura3 ade2 his3 leu2-k::URA3-ADE2:leu2-k srb2-101 This study
HDY3-7D MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hpriA4::TRPI This study
srh2A 102::HIS3
HDY3-7C MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hpwrlA4::TRPI This study
HDY3-3D MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k This study
stb2A 102::HIS3 canl-100
HDSB-2A MATa vra3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hpriA4::TRPI This study
sr62-101 canl-100
HDSB-2B MATo ura3 ade2 his3 trpl leu2-k::URA3-ADEZ2::leu2-k hpr1A4::TRPI This study
srb2A102::HIS3 canl-100
HDSB-2C MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hprlA4::TRPI This study
stb2-101 canl-100
HDSB-2D MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hprlA4::TRPI This study
st2A 102::HIS3 canl-100
WS1971-3D MATa ura3 ade2 his3 trpl leu2-k::URA3-ADE2::leu2-k hpriA4::TRPI This study

srb2-101 canl-100

but they have no important effect on reciprocal ex-
change/gene conversion recombination. Some of these
mutations are in the DNA topoisomerase I, I and III
genes, TOPI, TOP2 and TOP3, in the silencing gene
SIR2, or in the uncharacterized gene RRM3, all of which
lead to the genetic instability of the rDNA region
(CHRISTMAN et al. 1988; GOTTLIEB ¢t al. 1989; KFIL and
McwiLLIANS 1993).

Mutations in the HPRI gene strongly stimulate dele-
tions between direct repeats (AGUILERA and KLEIN
1989a, 1990) with no effect on gene conversion/recip-
rocal exchange recombination (AGUILERA and KLEIN
1989a; SANTOS-ROSA and AGUILERA 1994). To explain
how deletions between direct repeats initiate in hpriA
cells, we have postulated that in the absence of Hprlp,
there is a high incidence of recombination-initiation
events that are processed through a nonconservative
mechanism of recombination (SANTOS-ROsA and
AGUILERA 1994). The Hprlp protein has a nuclear
transport motif (SANTOS-ROSA and AGUILERA 1994) and
acts as a positive regulator of transcription (Fan and
KLEIN 1994; ZHU et al. 1995).

To gain some insight into the mechanism of forma-
tion of deletions, we conducted a search for extragenic
suppressors of the hyperrecombination phenotype
hpriA that identified five genes, HRSI-HRS5 (SANTOS-
Rosa and AGUILERA 1995). Among them, the Ars2-1
mutation completely suppressed the hyperdeletion
phenotype of hprlA. However, it was the only Ars muta-

tion conferring a MMS-sensitive phenotype and a par-
tial suppression of the ApriA phenotype of lack of gene
expression activation (SANTOS-Rosa and AGUILERA
1995). In this study, we show that HRS2 is identical to
SRB2, a component of the SRB complex of the RNA
polll holoenzyme (KOLESKE et al. 1992). We also show
that a srb2A null mutation completely suppresses the
hyperrecombination phenotype of hpriA cells, as the
hrs2-1 allele did. However, it does not show the same
DNA repair- and gene expression-associated pheno-
types reported for the Ars2-1 mutation (SANTOS-ROsA
and AGUILERA 1995). Our results provide genetic evi-
dence that the hyperdeletion phenotype of hprIA cells
is mediated by transcription factors.

MATERIALS AND METHODS

Strains: The yeast strains used in this study are listed in
Table 1. Strains constructed for this study are congenic to
AYWS3-3D.

Plasmids: Plasmids used in this study are listed in Table 2.

Media and growth conditions: Standard media such as rich
medium YEPD, synthetic complete medium (SC) with bases
and amino acids omitted as specified, and sporulation me-
dium were prepared as described previously (SHERMAN et al.
1986). L-Canavanine sulfate and 5-fluoro-orotic acid (5-FOA)
were added to synthetic medium at concentrations of 60 mg
and 750 mg/1, respectively. MMS was added to YEPD or SC
plates to the final concentration of 0.02% or 0.017%, respec-
tively. All yeast strains were grown at 30° with horizontal shak-
ing for liquid cultures. Yeast strains were transformed using
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TABLE 2
Plasmids
Plasmid Description Source

pLGSD5 YEp plasmid containing the URA3 gene and the E. coli lacZ gene under the GUARENTE ef al. (1982)

yeast CYC-GALI,10 promoter
pTZ18U Vector derived from pUCI18 MEAD ¢t al. (1986)
YIpl The 10.1-kb EcoRI fragment containing the HIS3 gene subcloned into pBR322 STRUHL and DAvis (1980)
YEp351 YEp vector carrying the LEU2 gene HILL ef al. (1986)
pBS32 YCp vector based on the LEU2 gene F. SPENCER and P. HIETER
pRS315 YCp vector based on the LEU2 gene SIKORSKI and HIETER

(1989)

YEpM1 A 6.5-kb HRS2/SRB2 genomic insert subcloned in YEp351 This study
YEpM4 A 8.9-kb HRS2/SRB2 genomic insert subcloned in YEp351 This study
YCpH18 A 10.3-kb HRS2/SRB2 genomic insert subcloned in pBS§32 This study
pMPS41 The left 3.86kb Sad-Psi fragment from the insert of YEpM4 subcloned in This study

YEp351
pMBHI12 The §.25-kb BamHI-HindIIl fragment from the insert of YEpM1 subcloned in This study

pRS315
pMBP13 The 8.25-kb Psi fragment from pMBH12 This study
pHRS21 pMBHI12 containing the yeast hrs2-1(srb2-101) allele, instead of HRS2/SRB2 This study
YEpHRS21 The 3.25-kb BamHI-HindIIl fragment of pHRS21 subcloned in YEp351 This study
pRS-03 The 0.31-kb Sadl-Psi fragment from the insert of pHRS21 subcloned in pRS315 This study
pRS-09 The 0.9-kb Psd fragment from the insert of pHRS21 subcloned in pRS315 This study
pSRB5 The 0.9-kb Psil fragment from the insert of pMBH12 subcloned into pTZ18U This study
pSRB35 The 0.63-kb Kpnl-Sadl fragment of pMBH2 subcloned into pSRB5 This study
pSRB35H The 2.84-kb BamHI-Xhol fragment of YIpl containing the entire HIS3 gene This study

subcloned into pSRB35. It contains the srb2A 102::HIS3 allele

the lithium acetate method (ITO et al 1983) modified ac-
cording to SCHIESTL and GIETZ (1989).

Genetic and biochemical analysis: Genetic analysis was per-
formed as previously published (SHERMAN et al. 1986). UV
and MMS viability were determined as described previously
(AGUILERA and KLEIN 1990).

f-galactosidase was assayed according to GUARENTE (1983).
Permeabilized yeast cells were prepared from 8-hr-old log-
phase cultures in synthetic medium supplemented with either
2% glucose or 2% galactose, which had been inoculated from
overnight cultures in synthetic medium suplemented with 3%
lactate and 2% glycerol as the carbon source.

Determination of recombination frequencies: Recombina-
tion frequencies were calculated as the median value of six
independent colonies for each strain studied. Yeast strains
were grown on YEPD or SC —leu, as appropriate. After 3 days,
independent colonies were plated on SC-FOA to determine
the median frequency of Ura™ recombinants. The viable cell
number was determined on SC or SC —leu, as appropriate.

DNA manipulation: Plasmid DNA was isolated from E. coli
by CsCl gradient centrifugation as described (CLEWELL and
HELINSKI 1970). Small-scale plasmid DNA preparations were
made as previously published (BIGGIN et al. 1980). Yeast geno-
mic DNA was prepared from 5 ml YEPD cultures as described
(SHERMAN et al. 1986). Plasmid yeast DNA was prepared ac-
cording to HOFFMAN and WINSTON (1987) and used directly
to transform E. coli.

Digoxigenine-dUTP (Boehringer)-labeled DNA probes
were prepared as described (FEINBERG and VOLGELSTEIN
1984). Hybridization was performed in 50% formamide 5X
SSC, 0.01% N-laurosylsarcosine, 0.02% SDS and 2% Boeh-
ringer Mannheim blocking reagent at 42° for 18 hr when
using digoxigenine-dUTP. Detection of digoxigenine-labeled
DNA was performed following Boehringer Mannheim recom-
mendations.

Linear DNA fragments were recovered directly from agar-

ose gels and used in DNA labeling experiments or in ligation
reactions with T4 DNA ligase overnight at 14°.

Cloning of the HRS2 gene: Strain SS713B-1A carrying the
duplication system [leu2-k::URA3-ADE2::leu2-k was used to
screen for plasmids carrying inserts able to complement the
MMS sensitivity phenotype of hrs2-1 mutation in the ApriA
background. Leu® transformants were selected on SC —leu
supplemented with 0.017% MMS.

From ~80,000 transformants with the MW90 library and
26,900 with the pBS32-based library, a total of 31 candidates
(16 and 15 from each library, respectively) were selected for
their capacity to grow on SC —leu supplemented with 0.017%
MMS (MMSresistant phentotype). From these, six trans-
formants (four and two from each library, respectively) were
selected for which the MMS-resistant phenotype cosegregated
with the Leu” phenotype.

Cloning of the hrs2-1(srb2-101) allele: Plasmid pMBH12 was
cut with EcoRV (partial digestion) to obtain a 8.0-kb linearized
plasmid with a gap of 1145 bp (357 bp corresponding to the
SRB2 5'-end coding region) and with Ncol to obtain a 8.6-kb
linearized plasmid with a gap of 570 bp (439 bp correspond-
ing to the SRB2 3'-end coding region). Both gapped plasmids
were used to transform the kprIA hrs2-1 SS713B-1A strain. All
of the 173 transformants obtained from the 1145-bp EcoRV
gap containing plasmid complemented the hrs2-1 phenotype
(they formed red-sectoring colonies), indicating that the gap
had been repaired with wild-type information. All of the 1600
transformants obtained with the 570-bp Ncol-gap containing
plasmid did not complement the hrs2-1 phenotype (they
formed white colonies and were MMS-sensitive), indicating
that the gap had been repaired with the hrs2-1 mutant infor-
mation. Plasmid DNA was isolated from 10 of these trans-
formants. They all showed the same restriction pattern of
pMBHI2. One of them (pHRS21), which was confirmed to
be unable to complement the Ars2-1 phenotype, was randomly
chosen for DNA sequencing.
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DNA sequencing: Double-chain DNA was sequenced by the
dideoxy-chain termination method (SANGER et al. 1977) with
T7 DNA polymerase (Sequenase) and 5'-([a-S]thio)triphos-
phate. The DNA inserts of plasmids pRS-03, pRS-09 and
pMPS41 were sequenced using the M13 reverse primer, the
T7 primer or the —40 M13 primer, respectively, as appro-
priate.

RESULTS

Isolation of the HRS2 gene: The HRS2 gene was
cloned by complementation of the MMS-sensitivity phe-
notype of the Ars2-1 mutation. The hprIA hrs2-1haploid
strain SS713B-1A carrying the duplication system lew2-
k::URA3-ADE2:: leu2-k was transformed with the MW90
genomic library, constructed in YEp351 (WALDHERR et
al. 1993) and the pBS32 yeast genomic library (F. SPEN-
CER and P. HIETER, unpublished results). From a total of
106,000 Leu™ transformants plated on SC-MMS lacking
leucine, we selected six candidates (four from the
MWO90 library and two from the pBS32-based library)
that were able to reestablish the MMS-resistant and red-
sectoring phenotypes of AprlA mutants (see MATERIALS
AND METHODS). Plasmid isolation of the six different
transformants revealed that we had obtained three dif-
ferent plasmids (three of the plasmids obtained from
the MW90 library were identical, and the two plasmids
obtained with the pBS32-based library were also identi-
cal). The maps of the three different DNA inserts able
to complement the Ars2-1 phenotype are shown in Fig-
ure 1A. The three different inserts overlap by 1.9 kb.
The three plasmids were used to retransform to Leu®
the original hprlA hrs2-1 strain SS713B-1A. In all cases
the Leu™ transformants were MMS-resistant and showed
kprlA levels of Ura™ recombinants. These phenotypes
were linked to the Leu™ phenotype and were lost when
the cells were cured of the plasmid. This result indicates
that the 1.9-kb overlapping DNA region complements
the hrs2-1 mutation. This conclusion was confirmed by
deletion analysis of the HRS2 region (Figure 1A), indi-
cating that the unique Psd site of the 1.9-kb overlapping
region was located inside the HRSZ2 gene.

HRS2is identical to SRB2: We sequenced 83 bp from
the HRS2 internal Psd site to the right. Comparison of
this nucleotide sequence with the GenBank release 88.0
and EMBL release 42.0 using the FASTA algorithms
(PEARSON and LipMaN 1988) showed that HRS2 was
identical to SRB2 (KOLESKE et al. 1992), a component of
the SRB complex of the RNA polymerase II holoenzyme
(THOMPSON et al. 1993). A comparative analysis of the
restriction map of our cloned fragments with that of
the SRB2 region confirmed that our clones contained
the SRB2 gene.

The hrs2-1(srb2-101) allele determines a SRB2 protein
with Gly;5, changed to Asp: The hrs2-1(srb2-101) allele
was cloned by gap-repair as explained in MATERIALS AND
METHODS. Sequencing of the terminal 490 bp of the 3'-
end of the SRB2 coding region, which corresponds to

the entire region recovered by gap repair, revealed that
the N-methyl-N’-nitro-N-nitrosoguanidine-induced Ars2-
1 mutation is a G to A transition, which determines a
change of Gly to Asp at the amino acid position 150 of
SRB2. This result is the definitive confirmation that the
hrs2-1 mutation is an allele of the SRB2 gene. Therefore,
we renamed the Ars2-1 allele, srb2-101.

Deletion of the HRS2/SRB2 gene completely sup-
presses the hyperrecombination phenotype of hpriA
strains: The genomic SRB2 gene was deleted by gene-
replacement. The deletion sr62A102::HIS3 replaces
the 0.3-kb Sadl-Psfl internal fragment of SRB2bya 1.32-
kb Sadl-Psd fragment containing the entire HIS3 gene
(Figure 1C). The ApriA strain WI9Y-1B carrying the
leu2-k:: URA3-ADE2:: leu2-k system was used to delete the
SRBZ2 gene by omega transformation (ROTHSTEIN 1983)
with the 2.7-kb EcoRI fragment obtained from plasmid
pSRB35H. Gene replacement of the SRB2 wild-type
copy by the srb2A102::HIS3 allele led to His" stable
transformants with poor growth, consistent with pre-
viously reported observations (NONET and YOUNG
1989). Southern analysis of several transformants con-
firmed that they contained the pattern of bands ex-
pected for the srb2A 102:: HIS3 allele (data not shown).
Tetrad analysis of a cross of one such stable trans-
formant with the hrs2-1(srb2-101) strain WS1971-3D
showed that the His™ phenotype segregated 2*:27 in
two tetrads analyzed and that all spores had low fre-
quency of deletions (data not shown), as expected if
the deletion of the SRB2 gene suppressed the hprl
hyper-rec phenotype.

To quantify the effect of the sv2A mutation on ApriA-
induced recombination, we determined the frequency
of deletions of the leu2-k::URA3-ADEZ2::leu2-k system in
hprlA sr62A 102 double mutants by selecting recombi-
nants on SC-FOA media. Table 3 shows that the srb2A 102
mutation reduces the frequency of directrepeat recom-
bination of AprIA strains to wild-type levels.

We confirmed that the low frequency of colonies
formed on SCG-FOA in hprIA srb2A 102 strains was a
direct consequence of its incapacity to undergo direct-
repeat recombination and not a consequence of its
poor growth phenotype. First, srb2A cells have similar
efficiency of forming colonies in SC and YEPD as wild-
type cells (data not shown). Second, Southern analysis
(Figure 2) shows that in AprIA strains carrying the len2-
k::ADE2-URA3::leu2-k duplication system there is a
weak 7.3-kb BamHI band hybridizing with the LEU2
probe used. This 7.3-kb band, not observed in wild-type
strains carrying the leu2-k:: ADE2-URA3:: leu2-k duplica-
tion system, corresponds to the single copy of leuZ-,
and it appears in AprlA strains as a result of the high
frequency of deletions of the leu2 duplication system
(the relative intensity at which this 7.3-kb band appears
with respect to the rest of the bands corresponds to
the expected frequency of deletions of the leu2 direct-
repeat system). As can be observed in Figure 2, this 7.3-
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SAB2
A FIGURE 1.—Structure of HRS2. (A)
K cGp NV RGC Restriction maps of the three differ-
N BK BSRVSKS|IPN R KR|H[ H ent DNA inserts isolated from plas-
I X}I,I TRt |"| | 1 1 YCpH18 L1 kb, mids YCpH18, YEpM1 and YESM‘I
NV R GC VH that complement the Ahrs2-1 mutation.
KS IPN R KRJH r HVVHRHKCR GGN The insert from plasmid YCpH18 and
YEpM4 e | pM1 were obtained independently
cCp NV from two and three different yeast
transformants, respectively. (B) Dele-
X X}KN BK B SRYSK SlIP N B YEpM1 tion analysis of ths regionycontajning
the HRS2 open reading frame show-
) ing the ability of each subclone to
Complementation  .omplement the Ars2-1 mutation. (C)
of hr2-1 Plasmid used to delete the HRS2/
B RGc SRB2 gene from the yeast genome.
PNR KR|H rH The 310-bp Sadl-Psd internal frag-
et L pPMPS41 - ment of HRS2/SRB2 was replaced by
NV the 1.32-kb Sadl-Psd fragment con-
taining the entire HIS3 gene. The
?__?.EI_ML_L_LW pMBH12 + HRSZind LEU2 coding sequences are
shown as thick arrows. The 2.7-kb
B SRVSK SNY? EcoRI fragment contained between
Lliiil |”| the EcoRI site shown and the EcoRI
PMBP13 - site of the polylinker located on the
left side (not shown) was used to re-
place the SRB2 gene from the chro-
mosomal locus. Abbreviations of re-
striction sites are as follows: B, BamHI;
C srb2A::HIS3 C, Clal; G, Bglll; H, HindlII; K, Kpnl;
K SPNR N, Ncdl; P, Psd; R, EcoRI; S, Sadl; V,
pHSRB35H - EcoRV; X, Xhol.

s P
kb band does not appear in hprid hrs2-1(srb2-101) and

TABLE 3

Frequency of deletions (X10°) in the leu2-K::URA3-
ADE2::leu2+} direct repeat system in wild-type and
different hrs2 mutant combinations

Deletions

Genotype Strains (Ura—)“
Wild type AYW3-1B 56
A3Y3A 73
WI19Y-1B [HPRI] 28
hprIA W19Y-1B 79000
HDY3-7D [SRB2] 47000

HDSB-2B [SRB2] 130000
hrs2-1(srb2-101) SB71-5A 42
SB71-8A 70
srb2A HDY3-7D [HPRI] 49
HDSB-2B [ HPRI] 150
hprIA hrs2-1(srb2-101) HDSB-2A 78
HDSB-2C 64
hprlA srb2A HDY3-7D 130
HDSB-2B 190

“ For each strain six independent colonies were used for a
fluctuation test. Median recombination frequencies are given.
Ura™ recombinants were scored on SC-FOA medium with or
without leucine. Those strains containing a plasmid are indi-
cated with the relevant gene carried by the plasmid between
brackets. The plasmids used were YCpAl3 for HPRI and
pMBHI2 for SRB2.

hprl1A srb2A 102 double mutants, as well as in wild-type
strains, confirming the suppression of the hyper-rec
phenotype of hpriA cells by the sr62A 102 mutation.

Finally we have observed that the frequency of recom-
bination of both hrs2-1(srb2-101) and srb2A 102 single
mutants are similar to the wild-type values, indicating
that the SRB2 gene is required for the formation of
hprl-induced deletions between repeats, but not for the
formation of spontaneous deletions.

The hrs2-1(srb2-101) mutation shows allelic-specific
MMS sensitivity and gene expression phenotypes: Al-
though the recombination phenotype conferred by the
hrs2-1(srb2-101) and srb2A 102 alleles were similar,
srb2A 102 strains grow more slowly than Ars2-1(srb2-101)
strains. We have determined that the generation time
in YEPD medium was 92 min for wild-type strains, 132
min for hrs2-1(srb2-101) strains, and 170 min for
s1b2A 102 strains, independently of whether or not the
srb2 strains were also mutated in the HPRI gene. This
result suggests that hrs2-1(srb2-101) and srb2A 102 are
not functionally equivalent alleles. Thus, since we have
previously reported a MMS-sensitive phenotype for the
hprlA hrs2-1(srb2-101) mutants, we decided to deter-
mine whether the hrs2-1(srb2-101) and srb2A 102 muta-
tions had different effects on the repair of UV- and
MMS-induced damage and gene expression.
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FIGURE 2.—Southern analysis of BamHI-digested genomic
DNA from different yeast strains carrying the leu2-k::ADE2-
URA3::leu2-k direct repeat system. The 1.6-kb Clal-Sall frag-
ment from LEU2 was used as probe. Strains used were the
hprlA SRB2 strains W19Y-1B (lane 1) and HDY3-7C (lane
2), and four spores from one single tetrad, the hpriA srb2-
101 spores HDSB-2A (lane A) and HDSB-2C (lane C), and
the hprlA srb2A 102 spores HDSB-2B (lane B) and HDSB-2D
(lane D), all of them carrying the leu2-k::ADE2-URA3::leu2-k
direct repeat system. The 10.4- and 4.9-kb bands correspond
to the leu2 duplicated alleles, and the 7.3-kb band corresponds
to the leu2 copy remaining in the chromosomal locus after a
deletion event took place.

We found that the srb2A 102 and hrs2-1(srb2-101) mu-
tants showed wild-type levels of viability after UV irradia-
tion (data not shown). This result was independent of
whether or not the mutant strains used carried also the
hprl1A mutation. Therefore, SRB2 is not involved in the
repair of UV-induced damage.

When we determined the resistance to MMS as the
capacity of the cells to form colonies on YEPD after
different times in 0.5% MMS (short exposures to high
MMS) (Figure 3), we found that the null srb2A 102 mu-
tants had wild-type levels of MMS resistance, indepen-
dently of whether or not the mutant strains used carried
also the AhprlIA mutation (Figure 3). This is different
from the MMS-sensitive phenotype observed for hpriA
hrs2-1(srb2-101) double mutants (SANTOS-ROsA and
AGUILERA 1995; Figure 3). However, since we had ob-
served that our srb2 mutants grew poorly on YEPD-MMS
plates in replica-plating experiments, we decided to de-
termine the resistance to MMS as the capacity of the
cells to form colonies on YEPD supplemented with
0.02% MMS (long exposures to low MMS) (Figure 4). We
observed that the hrs2-1(srb2-101) mutation conferred a
strong MMS-sensitivity phenotype in both wild-type and
hprl1A backgrounds. However, the srb2A 102 mutation
only conferred a relatively strong MMS-sensitivity phe-
notype in a hprlA background and a very weak one, if
any, in a wild-type background (Figure 4; note: al-
though srb2A 102 single mutants grow poorly in YEPD-

MMS, they also grow poorly on YEPD). Therefore, mu-
tations in the SRB2 transcription factor affect the repair
of MMS-induced damage, and the strong MMS-sensitive
phenotype conferred by hrs2-1(srb2-101) is allele-spe-
cific.

We have also observed that the hrs2-1(srb2-101) and
the s762A 102 mutations reduce the levels of activation
of gene expression of the E. coli LacZ gene fused to the
GAL1,10 promoter, about three- and sixfold below the
wild-type levels, respectively (Table 4). In addition,
whereas the hrs2-1(srb2-101) mutation partially sup-
presses the phenotype of lack of activation of gene ex-
pression of hprlA mutants (SANTOs-ROsA and AGuIL-
ERA 1995), the null $b2A 102 mutation has no
suppressor effect (Figure 4). Therefore, the effect of
the srb2-101 mutation on gene expression is also allelic-
specific.

Finally, srb2-101 and srb2A 102 are loss of function
mutations. The srb2-101 phenotypes on MMS-resistance
and transcription activation are recessive. The srb2-101
allele is leaky, as shown by the ability of the phenotypes
of hyperrecombination suppression, MMS resistance
and GAL-lacZ transcription activation of srb2-101 mu-
tants to be partially complemented by a multicopy srb2-
101 allele (Table 5).

DISCUSSION

We have obtained genetic and molecular evidence
that indicates that hrs2-1, a mutation that suppresses
the hyperrecombination phenotype of hprlA, is in the
SRB2gene. A newly constructed srb2A allele shows com-
plete suppression of the hyper-rec phenotype of hpriA,
indicating that a functional SRB2 transcription factor
is required for Aprlinduced recombination events be-
tween direct repeats. These results suggest a connection
between transcription and recombination between
DNA repeats. We have also shown that the srb2-101 mu-
tation, in which Gly,5o has been changed to Asp, makes
cells sensitive to long MMS treatments, a phenotype
observed for the srb2A null allele only in a hprl1A back-
ground.

The SRB2 transcription factor is required for hprl-
induced recombination: Recently, it has been sug-
gested that HPRI, a gene identified through hyper-re-
combination mutations (AGUILERA and KLEIN 1989a),
encodes a positive regulator of transcription (ZHU et al.
1995). In this study, we have found that mutations in
another transcription factor gene, SRB2, restore the
wild-type levels of recombination in hprIA cells. These
results indicate a connection between direct repeat re-
combination and transcription. We provide genetic evi-
dence that hyperrecombination between DNA repeats
is produced via transcription factors. Stimulation of re-
combination by transcription has been previously re-
ported in yeast (KEIL and ROEDER 1984; VOELKEL-MEI-
MAN et al. 1987; STEWART and ROEDER 1989; THOMAS
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FIGURE 3.—Viability curves of the wild-type strain A3Y3A (O), the hprIA strain AYW3-3D (M), the srb2-101 strain SB71-5A
(@), the srb2A-102 strain HDY3-3D (O), the hprIA srb2-101 strain SS713B-1A (A), the hprlA srb2A 102 strain HDY3-7D (A)
and the rad52-1 strain X260-3A (<) after different times in 0.5% MMS.

and ROTHSTEIN 1989) and other systems (DuL and
DREXLER 1988a,b; BOURGAUX-RAMOISY et al. 1995).
However, hprlinduced recombination occurs in cells
defective in activated transcription.

The knowledge of the roles of the HPR1 and SRB2
factors on transcription is essential to understand their
opposite effects on DNA repeat recombination. SRB2
is a component of the SRB subcomplex of the RNA
polll holoenzyme that interacts with the CTD of RNA
polll. It is believed to be required as mediator for the
activation of transcription by the RNA polll holoen-
zyme (KM et al. 1994; KOLESKE and YOUNG 1994). On
the other hand, HPR1 does not seem to be a sequence-
specific activator that recruits the transcription initia-
tion complex into the DNA promoter. ZHU et al. (1995)
have shown that HPR1 is required for transcription acti-
vation of many unrelated genes but not for basal and
constitutive transcription, HPR1 does not transactivate
transcription when fused to the DNA-binding domain
of GAL4, and HPRI seems to participate in a protein

-MMS

hpria

srb2-101
srb2a102

hpriaA srb2-101
hprid srb24102

rad52

complex with a molecular mass different to that re-
ported for the RNA polll holoenzyme. In addition, hprl
mutants do not show srb phenotypes such as cold sensi-
tivity (A. AGUILERA, unpublished results). These obser-
vations suggest that HPR1 and SRB2 play different roles
in transcription. It is likely that HPR1 acts at a later step
than SRB2 in transcription. This would be consistent
with our data suggesting that HRS2(SRB2) acts at a
earlier step than HPR1 in directrepeat recombination
(SANTOS-ROSA and AGUILERA 1995) and with the obser-
vation that srb2A does not suppress the lack of gene
expression of the GALI, 10 promoter of hprl mutants
(Table 4).

Both the s762-101 and srb2A 102 mutants have a simi-
lar effect on the frequency of deletions of hprl cells
and the level of activation of the GALI,10 promoter in
HPRI cells. However, only srb2-101, and not stb2A 102,
partially suppresses the phenotype of lack of activation
of gene expresssion of the GALI, 10 promoter in hprlA
cells. Certainly, this can reflect the different abilities of

FIGURE 4.— Growth phenotypes on
YEPD plates without MMS (—MMS)
and supplemented with 0.02% MMS
(+MMS) of the hprIA strain A3YW3-
3D, the srb2-101 strain SB71-5A, the
sth2A-102 strain HDY3-3D, the hprlA
srb2-101 strain SS713B-1A, the hprlA
stb2A 102 strain HDY3-7D and the
rad52-1 strain X260-3A. For each
strain and plate, five patches corre-
sponding to 10 ul of differently di-
luted suspensions of an overnight cul-
ture are presented. The approximate
number of cells plated in each patch
were from left to right: 3 X 10° 3 X
10%, 3 X 10%, 3 X 10° and 3 X 10? (this
latter one is not shown in the rad52
control).
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TABLE 4

B-galactosidase activity of srb2 mutant combinations
determined in plasmid pLGSD5, containing the LacZ
gene under the yeast GALI,10 promoter

f-galactosidase (U)*

Genotype Glucose Galactose
Wild type 0.29 * 0.02 1807.5 = 123.7
hrs2-1(srb2-101) 0.12 = 0.02 574.5 + 67.1
sth2A 0.17 + 0.01 301.5 * 112.2
hprlA 0.05 = 0.01 15.1 * 2.5
hprlA hrs2-1 (srb2-101) 0.09 = 0.01 83.1 = 19.0
hprlA srb2A 0.05 = 0.01 9.6 £ 10.2

“The data shown correspond to the average and the stan-
dard deviation of two different determinations. Two different
strains were used for each gentoype. In each case, the results
were the same for both strains and the data of only one strain
is shown. Data shown correspond to strains AYW3-1B (wild
type), SS713B-1A transformed with YCpA13 (hrs2-1), HDY3-
7D transformed with YCpAl3(srb2A), W19Y-1B (hpriA),
SS713B-1A (hprIA hrs2-1) and HDY3-7D (hpriA srb2A).

the SRB2 factor to contact other proteins, whether or
not in the same complex. It might be possible that the
modified SRB2-101 factor could participate in transcrip-
tion complexes that could function in a HPRI-indepen-
dent manner. In this context, the specific phenotype of
the sr62-101 allele could be a consequence of a putative
involvement of the Gly;5 residue in protein-protein
contacts. This would be consistent with the observation
that SRB2 participates in a protein complex (KOLESKE
and YOUNG 1994). Indeed, the srb2-1 allele also showed
specific phenotypes not shared by the null mutation
(NoNET and YOUNG 1989).

Whether SRB2 has a direct role in the formation
of hprlinduced deletions independent of its role in
transcription is an open question. However, we believe
that the recombination phenotypes of Aprl and srb2
mutants may be related to their effects in transcription.
According to our results, we consider the possibility
that, in Aprl single mutants, transcription complexes
could get stalled on HPR1-dependent genes. In hpr]
srb2 double mutants, the assembly or stability of ternary

transcription complexes could be greatly reduced as a
consequence of the lack of functional SRB2 factor.
Thus, the stalled transcription complex would be the
cause of the hyper-rec phenotype of hprl cells. Our
recent observation that ArsI mutants, which completely
suppress hprlinduced recombination, are affected in a
protein, HRS1, with structural and functional similarit-
ies to transcription factors (SANTOS-ROSA et al. 1996) is
consistent with this hypothesis. FAN et al. (1996) have
recently reported the identification of TFIIB and the
RPBI subunit of RNA polll among suppressors of the
thermosensitivity phenotype of hpr! cells. However, mu-
tations in the respective structural genes of these pro-
teins only suppress 10% of hprlinduced recombina-
tion.

Mutations in the SRB2 transcription factor show de-
fects in DNA repair: We have observed that srb2 mu-
tants are affected in the repair of MMS-induced dam-
age. However, this effect is different for the two alleles
analyzed. Thus, whereas the sr2-101 confers a clear
allele-specific phenotype of sensitivity to long MMS
treatments in either HPRI and hprl genetic back-
grounds (Figure 4), the srb2A 102 confers such pheno-
type only in a kpriA background (Figures 3 and 4).
Also, the severe MMS-sensitive phenotype of hrs2-1(srb2-
101) is not accompanied by the slow growth phenotype
and the lower levels of activation of gene expression
observed for srb2A 102. These results suggest that the
SRB2 transcription factor has a function related to DNA
repair that is independent of its effect on gene expres-
sion. Thus, it is unlikely that the MMS phenotype of
stb2 mutants were a consequence of a specific effect
of SRB2 on transcription of different RAD genes. This
conclusion is corroborated by the recent observation
that mutants in the RAD51, RAD54, RAD55 and RAD57
genes lead to a hyperdeletion phenotype between re-
peats (McDoNALD and ROTHSTEIN 1994; AGUILERA
1995; LIEFSHITZ et al. 1995; RATTRAY and SYMINGTON
1995). If the MMS-sensitivity phenotype of srb2 mutants
were a consequence of a reduction in the expression
of these RAD genes, we would not expect the suppresion
of the hyperdeletion phenotype of hprl mutants.

TABLE 5
Genetic characterization of different hprlA srb2-101 transformants

Bgalactosidase (U)*

Deletions
Plasmid (x10%° MMS* Glucose Galactose
YEp[-] 56 1.01 + 0.12 193.6 + 28.4
YCp[SRBZ2} 28000 0.78 + 0.07 19.2 + 2.6
YCp[srb2-101] 61 1.96 = 0.49 199.9 = 76.6
YEp[srb2-101] 1200 0.86 + 0.12 40.6 + 16.7

“ Deletion and f-galactosidase data were obtained as explained in Tables 2 and 3. MMS sensitivity data (R,
resistent; S, sensitive) were obtained as shown in Figure 5. The strain analyzed was SS713B-1A (hprlA srb2-
101) transformed with YEp351 (YEp(—1), pMBHI12 (YCp[SRB2), pHRS21 (YCp[sr62-101]) and YEpHRS21

(YEp[srb2-101]).
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The observation that mutations in SRB2 can impair
DNA repair adds a new connection between RNA polll
transcription and DNA repair. It is known that different
polypeptides of the TFIIH transcription factor are exci-
sion repair proteins, as is the case for the yeast RAD3
and RAD25/SSL2 genes or their human homologues
(for reviews see ABOUSSEKHRA and WooOD 1994,
CLEAVER 1994; DRAPKIN et al. 1994). Since MMS is a
methylating agent as well as a radiomimetic chemical
(PRAKASH and PRAKRASH 1977), we do not know the mo-
lecular nature of the DNA repair pathway impaired in
stb2 mutants, whether excision repair or recombina-
tional repair. However, this raises the question of
whether a putative DNA repair-related function of
SRB2, required in a AprlA background, might play an
active role in the Aprl-induced recombination events.

How could deletion events be initiated in Aprl cells?
The main question raised by our results is whether or
not hyperrecombination in hprl cells is mediated by
transcription. Certainly, this question needs to be an-
swered at the molecular level.

We cannot exclude the possibility that SRB2 could
serve to recruit components of the DNA repair and/
or recombination machinery, in the absence of which
certain types of DNA repair and recombination events
would not occur. However, according to our hypothesis
that a SRB2-dependent transcription complex may be
stalled in Aprl cells, we consider two possible alterna-
tives to explain the formation of deletions. One alterna-
tive is that the replication apparatus may not be able
to pass through the stalled DNA-protein complex. This
would lead to unreplicated DNA molecules, with free
ends at the DNA regions flanking the blocked transcrip-
tion complex. In E. coli, VILETTE et al. (1995) has pro-
posed that deletions in plasmids may result from colli-
sions between converging replication and transcription
machineries, and KuzMmINOv (1995) has proposed that
“collapsed’ replication forks can explain the hyper-rec
phenotype of the replication ferminus. Another alterna-
tive is that the stalled SRB2-dependent DNA-protein
complex could cause nuclease hypersensitive sites in
the DNA. The resulting free DNA ends or breaks could
be repaired through a nonconservative recombination
mechanism, such as single strand annealing or one-
ended invasion crossover, responsible for the deletion
events.
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