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ABSTRACT

In an attempt to identify trans-acting factors involved
in replication origin function, we have characterized the
RAR3 and RARS5 genes, identified by mutations which
increase the mitotic stability of artificial chromosomes
whose replication is dependent on the activity of weak
ARS elements. Sequence analysis has shown that the
RAR3 gene is identical to GAL11/SPT13, which
encodes a putative transcription factor involved in the
expression of a wide range of genes. Change-of-
function mutations that truncate the RAR3 protein
appear to be required to enhance chromosome
stability. In contrast, loss of the RARS protein results
in enhanced chromosome stability, as if the protein is
an inhibitor of ARS function. The RARS5 gene encodes
the 175 kDa DNA strand transfer protein 3, an activity
that can promote the transfer of a strand from a double-
stranded DNA molecule to a complementary single
strand. This observation implies that a presumed
recombination activity can affect eukaryotic
chromosomal replication.

INTRODUCTION

Initiating chromosomal replication is a key event in the eukaryotic
cell cycle, and although generally regarded as a major regulatory
step little is known of the biochemical events involved.
Considerable progress has been made in the analysis of in vitro
systems derived from mammalian cells that replicate eukaryotic
viral DNA, and these have allowed the identification of host
factors that are involved in chromosomal replication (1, 2, 3).
In addition, a system based upon Xenopus egg extracts is
becoming amenable to biochemical dissection (4).

As an adjunct to these studies using vertebrate cell extracts,
a combination of genetic and biochemical analyses of the yeasts
S. cerevisiae and S. pombe is making an important contribution
to an understanding of the regulation and mechanism of S phase.
Key proteins which appear to regulate the entry into S phase have
been identified, and in addition a number of proteins involved
in the elongation step of DNA replication have been biochemically
and genetically characterized (5, 6). In addition, genetic assays

in both yeasts have allowed the identification of ARS elements
which have the genetic properties of origins of replication and,
in S. cerevisiae, can correspond to sites of replication initiation
(6, 7). By analogy with findings on eukaryotic viral and
prokaryotic DNA replication, it is generally assumed that these
ARS elements are recognized by initiator proteins that allow the
assembly of proteins involved in the elongation phase of
chromosome replication. So far, such key initiator proteins have
not been identified, but a number of proteins that bind ARS-
containing DNA fragments have been characterized, and these
may have some influence on initiation. For example, the ABF1
factor binds a sequence present near some but not all ARS
elements, and deletion of this binding site can reduce but does
not abolish ARS activity. (8, 9, 10, 11, 12, 13, 14, 15). ABFI
appears related to another yeast protein, RAP1 (GRF1) (16); both
proteins appear to be involved in various aspects of transcriptional
regulation (8, 11, 17, 18, 19, 20, 21).

ARS elements have also been used in genetic strategies
designed to identify factors influencing replication initiation in
S. cerevisiae. Thus work by Tye and colleagues has identified
a series of MCM genes that were identified by mutations which
cause defects in plasmid replication or segregation (22, 23). The
products of the MCM1, 2 and 3 genes appear to affect specifically
ARS function (22, 23, 24). The MCMI gene encodes the
transcription factor PRTF (25) but it is unclear whether changes
in the activity of this protein affect replication directly or via a
more circuitous route. In addition, Thrash-Bingham and Fangman
(26) have shown that mutations in the TUPI gene result in a
number of pleiotropic phenotypes including the stabilization of
plasmids containing defective replication origins. The biochemical
function of the TUP1 protein in unclear, but mutations in the
TUPI gene can affect the transcription of a number of genes (27,
28). We have also isolated a series of mutations that appear to
affect ARS function (29). These rar mutations have the phenotype
of increasing the mitotic stability of certain weak ARS plasmids,
as if the mutations in some way increase the probability that a
defective ARS will function in S phase, perhaps by some change
that affects the initiation mechanism directly.

We report here the genetic and molecular characterization of
two RAR genes, RAR3 and RARS. The RAR3 gene is identical
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to GAL11/SPTI3 and encodes a transcription factor required for
the expression of a wide variety of yeast genes. The RARS gene
potentially behaves as a repressor of replication origin function,
and encodes an activity that is presumed to be involved in DNA
recombination.

MATERIALS AND METHODS
Plasmids

pF3 and pSE321 were isolated from a yeast library constructed
in the cosmid pBT1-1 (29). pSE360 was derived from pSE321
by Sall digestion, and contains a 9.2kb Sall genomic fragment
encompassing the RAR3 gene. The structures of various subclones
of pF3 in the vector YCpS0 (30) are shown in Figure 1. pDK1
was constructed by inserting the 115bp HindIII-EcoRI fragment
of plasmid M13-j48 (31), containing the inactive 1048 allele of
the HO ARS, into the Sall site of pSE296. pL55 and pSE375
were derived from pSE276-2 and pSE276-1 by deleting the URA3
fragment. pDK427 was constructed by inserting the URA3 gene
into M13-j8 (HO deletion mutation; 31).

Other plasmids have been previously described: pSE276-1,
pSE276-2, pSE295 (29); pSE296, pDK296-A17, pDK296-B12,
pDK296-HO, pDK296-i56HO (32); pDK12 (33); M13sel02
(34).

Nucleic acid methods

Nucleic acid methods were as described (35, 36).

Transposon insertion mutagenesis of pF4 using transposon
TnlOLK, and pSE360 using TnlOLUK, was performed as
described (37). pF4::Tn10LK mutant plasmids were introduced
into the rar5 strain R7954A[pL55] to assess whether the plasmid
stability phenotype was complemented. pSE360::Tn10LUK
mutant plasmids were linearized with BamHI and integrated into
the rar3 strain R742-1C[pSE375] to determine whether the RAR3
gene was functional.

DNA was sequenced by the M13/dideoxynucleotide chain
termination method using Klenow polymerase following cloning
of random fragments obtained by sonication (38). DNA sequence
analysis used the programs of Staden (39). The National
Biomedical Research Foundation protein database (version 26),
Swissprot protein database (version 14), and a translation of the
EMBL nucleic acid database (version 24) were searched using
FASTA and TFASTA programs (40). Software was implemented
on the SERC SEQNET facility (Daresbury, UK).

Cloning the RAR3 gene

A yeast gene library in the LEU2-containing cosmid vector
pBT1-1 (29) was transformed into spheroplasts of a rar3-1 strain
(R742-1C). After incubation for 3 days at 30°C, Leu*
transformants were extracted by macerating the top agar, allowing
cells to be spread onto selective plates. The plates were replica
plated onto YPD plates, which were incubated at 55°C for 150
minutes, then for 3 days at 30°C. Colonies showing growth were
rechecked for heat-shock resistance. Heat-shock resistant
transformants were transformed with the indicator plasmid
pSE276-1, and this allowed the identification of a transformant
where complementation of both the plasmid-stability and the heat-
shock phenotypes was dependent on the LEU2 plasmid. Plasmid
pSE321, containing a 13.4kb insert, was isolated from this
transformant.

Cloning the RAR5 gene

Spheroplasts of the rar5-1 strain R7954A were transformed with
a pBT1-1-based genomic library (29). Approximately 2,000
Leu* primary transformants were divided into 10 pools. Cells
from each pool were used to inoculate a 10ml culture selecting
for leucine prototrophy, and this culture was transformed with
pSE276-2 using the lithium acetate method, yielding
approximately 300—600 Leu* Ura* secondary transformants.
These were screened for complementation of the Rar~
phenotype by streaking on plates (lacking leucine and containing
10mg/1 adenine) which select for the cosmid while allowing loss
and visualization of the indicator minichromosome. This screen,
of roughly 2 genome equivalents, yielded a single plasmid (pF3)
that could complement the plasmid stability phenotype.

Yeast genetic methods

General growth media and genetic methods were as described
(36). Saccharomyces cerevisiae strains are detailed in Table 1.
Note that in future publications we shall rename rar3 alleles as
gall 1-3; thus rar3-1 becomes gall 1-31. Yeasts were transformed
using the sorbitol or lithium acetate (41) methods.

Disrupted versions of RAR genes were constructed by one-step
gene disruption (42). Strains carrying a disrupted RAR3 gene were
constructed from pSE360::Tn10LUK plasmids. A BamHI-Sall
restriction fragment containing the RAR3 gene, disrupted by the
TnlOLUK transposon, was used to transform a haploid yeast
strain (W303-1B or R742-1C), selecting for complementation of
the wura3 marker. The predicted gene rearrangement was
confirmed by Southern analysis (not shown). The transposons
used disrupt the 964 codon GALI 1(RAR3) reading frame at the
following approximate positions: rar3-38::URA3, codon 350;
rar3-45::URA3, codon 750 (coordinates from reference 43).
Strains containing the rar5::URA3 disruption were constructed
by inserting the URA3 gene into the reading frame. The 8.2kb

Table 1. Yeast strains used in this study

Strain Genotype Source or
reference?
W303-1A a ade2-1 trpl-1 canl-100 leu2-3,112 ura3
his3-11,15 29
W303-1B a (other markers as in W303-1A) 29
R106 a/a (W303-1A XW303-1B)
R199-1 o rar3-1 (other markers as in W303-1B) 74
R340-5 a rar3-2 trp5 his3 ura3 ade2-1 74
R702 o rar5-2 (other markers as in W303-1B)
R703-2 o rar5-3 (other markers as in W303-1B)
R742 a/a (R199-1 XW303-1A)
R742-1C o rar3-1 ade2-1 trpl-1 canl-100
leu2-3,112 his3-11,15 ura3
R786-7A a rar5-4 (other markers as in W303-1B)
R792-7C a rar5-7 ade2-1 his3 trp5 canl ura3
R794-2C o rar5-5 (other markers as in W303-1B)
R795-4A o rar5S-1 (other markers as in W303-1B)
R850 « rar5-6 (other markers as in W303-1B)
R892-1-5C  « rar3-38::URA3 (other markers as in
W303-1A)
R893-7-1C  « rar3-45::URA3 (other markers as in
W303-1A)
R900 « rar3-38::URA3 (derived from R742-1C)
DKY119 a rar5::URA3 (other markers as in W303-1A)
DKY120 a/a RARS/rar5::URA3 (other markers as in

R106)

2If none given, reference is this work.



BamHI-Xhol fragment of pF4 was cloned into pUCS to yield
pDK513. The URA3 gene was then inserted into the unique Sacl
site of this plasmid, and the insert of the resulting plasmid
(pDK522) was used to transform wild-type strains W303-1A and
R106 to Ura*, yielding strains DKY119 and DKY120
respectively. Integration at the RARS locus was confirmed by
Southern analysis (not shown). Growth rates of strains were
determined by monitoring the ODgyy of YPD cultures, which
were scored as (+) if not significantly different from the wild-
type rate and (—) if slower growing.

Measurement of plasmid stability and ARS function

The mitotic loss rates of centric plasmids were determined by
quantitating plasmid loss rates during growth in rich (YPD)
medium (32), and is given as loss rate per cell per generation.
Complementation of the rar mutations was determined by
monitoring the sectoring phenotype of colonies originally
containing plasmids pSE276-1 or pSE276-2 on non-selective
media as described previously (29). The ARS activity of acentric
plasmids was determined by transformation (31); plasmids were
defined as Ars* if transformants grew on selective medium and
autonomous replication of unrearranged plasmid was detected
by Southern analysis.

Scoring of Gal phenotype

Ability of strains to ferment galactose was assessed by replica
plating onto EBGal plates (44). UDP-glucose-4-epimerase
(GALI0) activity was assayed as described, using the two-step
method (43, 45).

RESULTS
Isolation of rar5 mutations

We obtained a further 12 independent Rar~ mutants using
plasmid pSE276-2 (Table 2), following the procedure previously
described, using a sectoring assay to detect mutants showing
enhanced mitotic stability of the minichromosome (29). The
replication of pSE276-2 is dependent upon the weak ARS function
associated with the CEN3 element on the plasmid, and the plasmid
is lost rapidly in wild-type strains grown under non-selective
conditions. Seven mutants failed to complement each other, and
since these mutants complement rarl, 2, 3, and rar4 tester strains,
they are assigned to a new complementation group, rar5. Of the

Table 2. Plasmid loss rates in rar3-1, rar5-1 and wild-type strains
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remaining mutants, one failed to complement a rar4 mutation,
whereas the others complement all other rar mutations and have
not been characterized further. The rar5 mutations segregate
2*:27 in backcrosses.

Phenotypic analysis of rar3 and rar5 mutations

We chose to analyze further mutations in the rar3 and rar5
complementation groups. This choice was based on pleiotropic
phenotypes of rar3 mutations that have facilitated subsequent
genetic analysis (see below), and the observation that most
mutations isolated with the pSE276-2 plasmid specifically identify
the RARS gene. A comparison of relative plasmid stabilities in
wild-type, rar3-1 and rar5-1 strains is shown in Table 2. Both
rar3-1 and rar5-1 mutations affect the mitotic stabilities of a range
of weak ARS plasmids, although the magnitude of the effect
varies between plasmids. The enhancement of plasmid stability
appears to be independent of the vector system used or the other
genetic elements (eg. CEN elements) present on the
minichromosome. We also noticed that one acentric plasmid
(pDK427) that is Ars~ in a wild-type strain is capable of
autonomous replication, albeit poorly, in the rar5-7 mutant,
implying that the phenotype is not dependent on the inclusion
of a centromere in the plasmid (Table 2).

Cloning the RAR3 and RAR5 genes

Since the plasmid-stabilization phenotype of Rar~ mutants is
difficult to select against, we screened the mutants for another
phenotype that would be useful for isolating the wild-type genes
by complementation. Both the original rar3 alleles were shown
to confer sensitivity to heat-shock, and this phenotype co-
segregates with the plasmid-stabilization phenotype in tetrad
analysis, implying that both phenotypes are caused by the same
mutation (not shown). We isolated the RAR3 gene by
transforming a rar3-1 mutant with a S. cerevisiae gene library,
constructed using a LEU2-containing cosmid, and selecting for
resistance to heat-shock. This identified a transformant where
the plasmid-stabilization phenotype was also complemented, and
a cosmid (pSE321) isolated from this strain could complement
the rar3-1 phenotypes when reintroduced into the mutant.
We were unable to detect any convenient phenotypes of rar5
mutants. Therefore, the RAR5 gene was isolated by screening
for complementation of the recessive plasmid-stabilization
phenotype of the rar5-1 mutation, following transformation with

Plasmid Genotype Plasmid loss rate in rich medium

Wild-type rar3-1 rar5-1

(W303-1A) (R742-1C) (R7954A)
M13sel02 M13mp9 URA3 Ars™ Ars™ Ars™
pSE296 pBR322 URA3 CEN4 SUP4-0 Ars™ Ars™ Ars™
pDK1 pBR322 URA3 CEN4 SUP4-0 1048 HO ARS Ars™ Ars™ Ars™
pDK427 M13mp9 URA3 j8A HO ARS Ars™ Ars™ Ars*?
pDK296-HO pBR322 URA3 CEN4 SUP4-0 HO ARS 0.22+0.01 nd 0.11+0.01
pDK296-A17 pBR322 URA3 CEN4 SUP4-0 A17 ARS 0.20+0.01 nd 0.09+0.01
pDK296-B12 pBR322 URA3 CEN4 SUP4-0 B12 ARS 0.24+0.02 0.11+0.02 nd
pDK296-i56HO pBR322 URA3 CEN4 SUP4-0 956 HO ARS 0.42+£0.02 0.34+0.02 0.29+0.01
pSE276-1 M13mp93 URA3 CEN3 SUP4-0 1062 HO ARS 0.21+0.01 0.05 £0.005 nd
pSE276-2 M13mp93 URA3 CEN3 SUP4-0 918 HO ARS 0.36+0.01 0.17+0.04 0.12+0.01
pDK12 pBR322 URA3 CEN4 ARSI 0.06+0.015 0.02 +0.006 nd

nd, not determined.
2 the strain used was R792-7C (rar5-7)
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Table 3. Phenotypes of rar3 mutations

Alleles RAR3 rar3-1 rar3-2 rar3-38::URA3  rar3-45::URA3
Strain W303-1B R742-1C R340-5 R892-1-5C R893-7-1C
pSE276-1

loss rate 0.21+0.012 0.05 +0.0052 0.04+0.01 0.13+0.03° 0.16+0.03
Heat-shock

resistance + - - - -

Growth rate + + + - -
Galactose

fermentation + - - - -
UDP-galactose

epimerase 17.0 3.3 3.0 3.0 nd

activity

Galactose

fermentation

+SUP4-0¢ + + + - -
UDP-galactose

epimerase

activity

+SUP4-0° nd 17.4 15.2 nd nd

2 Data also given in Table 2.

b Plasmid loss rate was 0.15+0.04 in strain R900 (rar3-38::URA3 in a R742-1C strain background)

nd, not determined
¢ Provided by pSE276-1 plasmid.

a yeast cosmid library (see Materials and Methods). This yielded
a single cosmid which was able to complement the rar5-1
mutation, which we designated pF3.

The pSE321 (RAR3) cosmid can complement the plasmid-
stabilization phenotype of both rar3-1 and rar3-2 mutations, and
similarly the pF3 (RARS5) cosmid can complement all seven rar5
mutations. Neither plasmid can complement other rar mutations,
nor does either plasmid affect the mitotic stability of the ARSI
plasmid pSE295 in a wild-type strain.

Characterization of cosmids containing the RAR3 and RAR5
genes

The pSE321 (RAR3) and pF3 (RARS5) cosmids were subjected
to transposon mutagenesis and subcloning in order to determine
the extent of the complementing activity (Fig 1; data not shown
for RAR3). In order to show that the regions with complementing
activity corresponded to the RAR3 and RARS genes, and were
not unlinked suppressors, the homologous yeast sequences were
marked with either URA3 or LEU2 by directing the integration
of appropriate plasmids. Tetrad analysis of these strains indicated
that the cloned DNAs are tightly linked to the RAR3 and RARS
loci (data not shown). In addition, by using chromosome blotting
and tetrad analysis we have obtained mapping information for
both genes. The RAR3 gene is located on the left arm of
chromosome XV, approximately 30cM from the centromere; this
location is consistent with the mapping data for the SPT/3 gene
(46; see below). Chromosome hybridization locates the RARS
gene to chromosome VII, and preliminary tetrad analysis indicates
that the gene is linked to cyh2 on the left arm (data not shown).

DNA sequencing of the complementing region from pSE321
indicated that the RAR3 gene is identical to GAL11/SPTI3,
previously identified by mutations that affect transcription of a
variety of genes. Our sequence is identical to that of Suzuki et
al (43) in the region that they identify as the GALII reading
frame.

DNA sequencing of the RARS gene indicated a single open
reading frame of 4584bp, whose position and extent is consistent
with the localization of the complementing region by subcloning
and transposon mutagenesis, and a 3.2kb Sacl-Kpnl probe entirely
internal to the open reading frame detects a 5.2kb transcript on
Northern gels (not illustrated). The open reading frame potentially
encodes a 175.3 kDa protein of predicted pI 7.50. By comparison
with the EMBL database have established that RARS is identical
to the S. cerevisiae DST2 gene, encoding DNA strand transferase
B (STPB) (47).

Disruption of the GALII(RAR3) and RARS5 gene

To determine whether the phenotype of the original rar3 and rar5
mutations is due to the absence of the gene products we disrupted
the chromosomal copies of the RAR genes. The GAL11(RAR3)
gene was disrupted using plasmids generated by transposon
mutagenesis. Since the GALII(RAR3) gene is known to be
nonessential (43), restriction fragments containing the
rar3-38::URA3 and rar3-45::URA3 mutations, which fail to
complement the rar3-1 mutation and may represent null alleles,
were used to replace the wild-type gene or the rar3-1 allele in
a haploid strain. Plasmid stability is only marginally higher in
these strains than in a wild-type strain (Table 3). Since the original
rar3 mutations enhance plasmid stability to a greater extent than
these presumed null alleles, it is likely that the rar3-1 and rar3-2
mutants have partial or altered protein function. As expected
strains bearing these gene disruptions show a range of pleiotropic
phenotypes associated with galll mutations, and are also heat-
shock sensitive (Table 3).

By testing the Gal phenotypes of both rar3-1 and rar3-2
mutations in the presence of suppressor tRNAs, we have shown
that the SUP4-0 gene can suppress the transcription, but not the
plasmid-stabilization phenotype associated with these mutations
(Table 3). The suppressed mutation co-segregates with the
galll(rar3) locus, and thus both mutations that enhance plasmid
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Figure 1. Localization of the RARS gene by subcloning and transposon mutagenesis. The restriction map of pF3 and the relevant restriction sites in pF4 used for
subcloning are shown. Indicated fragments were subcloned into YCpS50 (30). The ability of each subclone to complement the rar5-1 mutation is indicated. Sites
of insertion of transposon Tn10LK into plasmid pF4, and the ability of the resultant clone to complement the rar5-1 mutation, are indicated by # (unable to complement)
or% (able to complement). The Sacl site used to create the rar5::URA3 disruption is indicated. The nucleotide sequence over the region corresponding to the RARS
reading frame is identical to that of DST2 (47). Restriction sites are: B, BamHI; C, Clal; K, Kpnl; S, Sacl; Sa, Sall; X, Xhol; Xb, Xbal.

stability appear to create UAA nonsense mutations. Truncation
of the GAL11(RAR3) protein may thus be required to affect
plasmid replication, and we are at present constructing a series
of deletion alleles to test this prediction. In the presence of the
SUP4-o gene, some full-length GAL11(RAR3) protein will be
produced, giving the observed suppression of the transcription
phenotype (Table 3). However, the majority of the protein
produced will continue to be truncated, as suppression is
inefficient (48), and this may account for the inability of SUP4-o0
to suppress the plasmid stabilization phenotype. We have recent
evidence that the plasmid-stabilization phenotype of rar3-1 is
semidominant, consistent with this interpretation (unpublished
observations).

We have disrupted the chromosomal RAR5 gene using a
plasmid containing the URA3 gene inserted at the Sacl site situated
97 residues into the RAR5 coding region (see Figure 1 and
Materials and Methods). This rar5::URA3 disruption was used
to replace one copy of the RARS gene in the wild-type diploid
strain R106 by integrative transformation. The resultant strain,
DKY 120, is genotypically RARS/rar5::URA3. This strain was
sporulated, and tetrads dissected. Most tetrads gave three or four
viable spores, with 2:2 segregation of Ura*:Ura~, indicating
that the rar5::URA3 disruption is not lethal. However, strains
carrying such a disruption show a reduction in growth rate. Thus
the wild-type strain W303-1A has a doubling time of 110 minutes
in log phase (YPD medium, 30°C), whereas DKY119, which
is W303-1A containing the rar5::URA3 disruption, has a doubling
time of 130 minutes under identical conditions.

Disruption of the RARS5 gene also confers a plasmid-
stabilization phenotype similar to rar5-I. The loss rate of
pSE276-2 in a rar5::URA3 strain (0.13 = 0.02) is almost
identical to its loss rate in a rar5-1 strain (0.12 + 0.01). The
plasmid-stabilization phenotype of strains carrying the
rar5::URA3 disruption is recessive and not complemented by
crossing to a rar5-1 strain. These results suggest that the original
rar5 mutations are null alleles, and that loss of the STPB(RARS)
protein can in some way stimulate the function of defective ARSs.
A strain bearing a deletion of the RARS gene appears to show

an identical plasmid-stabilization phenotype to the disruption
mutation (not shown). We also find that a haploid strain bearing
disruptions of both RAR3 and RAR5 genes is viable, and has a
plasmid-stabilization phenotype similar to a rar5 disruption strain
alone (not shown).

DISCUSSION

The mitotic stability of weak ARS plasmids such as pSE276-2
can be increased either by inserting another ARS element in cis,
or by mutations in RAR3 or RARS5 genes, implying that these
genes encode frans-acting factors that have some effect on the
initiation of DNA replication. The mutations may increase the
function of weak ARSs, and it is also possible that new sequences
may function as origins of replication in some Rar~ mutants.
From analysis of two RAR genes described here, we find that
both encode proteins affecting different DNA-related activities,
raising the hope that genetic screens involving plasmid stability
assays may be of general use for identifying proteins involved
in chromosome function. The activity encoded by the RAR3 gene
is the putative transcription factor, GAL11, involved in the
expression of a wide range of genes. In contrast, the RAR5 gene
product is implicated in DNA recombination, since this gene
encodes an activity that can promote the transfer of a DNA strand
from one complementary strand to another. We discuss here the
possible relevance of these activities to the initiation of DNA
replication.

The GAL11(SPT13/RAR3) protein: The galll mutation was
originally identified from its phenotype of reducing the expression
of certain GAL4-dependent genes (44), but it has subsequently
become clear that expression of a wide range of genes is reduced
by this mutation, implying that the protein is a positive factor
in transcription (43, 46). In some situations, however, mutations
in the same gene can stimulate transcription, since spt/3 mutations
suppress the transcriptional defect associated with some Ty
insertions (46). Thus the gene product appears to be able to act
as both a repressor and activator of transcription, depending on
the promoter analyzed. The protein is highly basic (pI=10.6),



1390 Nucleic Acids Research, Vol. 19, No. 7

is rich in polyglutamine tracts as observed for a number of DNA-
binding regulatory proteins, and contains a high frequency of
the (S/T)PXX motif postulated as a DNA-binding unit (49). It
is likely that the GAL11(RAR3) protein encodes a transcription
factor, and recent evidence suggests that the protein is an
‘coactivator’, transmitting the signal from UAS-binding proteins
to general transcription factors at the transcription initiation site
(50, 51).

Different mutant alleles of the GALII(RAR3) gene have
different effects on plasmid stability, and the simplest explanation
of the results we have so far is that an alteration rather than simple
loss of function is required for an apparent stimulation of ARS
function. Indeed, a change of function allele of GALI1 has been
described recently that potentiates its ability to stimulate
GALA4-dependent transcription (50). The two gall I (rar3) alleles
that have the greatest stimulation of plasmid stability are caused
by nonsense mutations, implying that truncation of the protein
may alter its activity.

How do galll(rar3) mutations apparently alter ARS function?
This may occur as an result of changed transcription, either
indirectly via changed levels of replication proteins, or more
directly, since transcript formation has been shown to interfere
with ARS function (52). However it is possible that the
GALI11(RAR3) protein affects ARS function by a different
mechanism, since transcription factors have been shown to affect
replication origin function in a manner that does not involve
transcription. Thus CTF/NF-I and oct-1/NF-III factors stimulate
adenovirus replication in an in vitro system where transcription
does not occur, and the DNA-binding, rather than the
transcriptional activation, domains of the proteins are required
for the effect (53, 54, 55, 56, 57). The mechanism of this effect
is not clear, but may involve direct interaction between the
transcription factor and replication proteins. The CTF factor can
also stimulate SV40 origin function, but here the effect is
dependent on chromatin structure, as if the factor ensures that
DNA sequences required for initiation are not obscured by
nucleosomes (58). In the absence of an in vitro system it will
be difficult to determine whether the effect of galll(rar3)
mutations on plasmid stability is dependent on transcription or
not. However, by analyzing the phenotype of a wider range of
galll (rar3) mutations, it may be possible to identify different
functional domains of the protein.

The RARS protein: The RAR5 gene encodes a biochemical
activity characterized by A.Sugino and colleagues which they
have designated DNA strand transfer protein 8 (STPB). This
protein was isolated as a mitotic factor that can promote the
transfer of one strand of a double-stranded DNA molecule to
a complementary single-stranded circle, and is obviously
implicated in homologous recombination (59). Disruption and
deletion mutations of the nonessential RAR5 gene have the same
effect on plasmid stability as the original rar5 alleles, implying
that loss of the activity can apparently stimulate ARS function.
In this regard it is possible that the STPB(RARS) protein is
analogous in function to E.coli specificity factors, which act to
prevent initiation at sites other than oriC both in vivo and in in
vitro replication systems (60, 61, 62).

We are currently investigating other phenotypes of rarS
mutations, in particular the effect of this mutation on mitotic
recombination. Deletion of the RARS5 gene does not appear to
confer marked sensitivity to DNA damage by UV light or X-
rays (data not shown). The slow growth phenotype of the rar5
mutation implies that the protein has an important cellular

function, and this might not be expected of a protein uniquely
involved in mitotic recombination. Mutations in the RAR5 gene
have recently been shown to confer a mild nuclear fusion defect
(63). In addition, the observation that rar5 mutations affecting
STPg can apparently enhance replication origin activity raises
the question of the relationship between recombination and the
replication of eukaryotic chromosomes.

Although recombination has an important role in the replication
of some genomes, such as that of bacteriophage T4 (64), there
is little evidence to suggest that it is involved in the replication
of eukaryotic chromosomes. Mitotic recombination between
circular plasmids may make a contribution to overall plasmid
loss rate, but it is not significant for small plasmids (65), and
nondisjunction is not the main mechanism whereby weak ARS
plasmids are lost (66), so this is unlikely to be relevant to the
phenotype of the rar5 mutation. One speculative possibility is
that the STPB(RARS) protein may influence replication by
promoting the removal of D-loops in chromosomal DNA caused
by the synthesis of short fragments that displace the other strand,
structures that could otherwise serve as replication origins. In
a recent model of initiation of replication proposed by Morrison
et al (67), DNA polymerase I initiates the synthesis of short DNA
strands at the replication origin, that are subsequently elongated
by DNA polymerases II and III. If the STPB(RARS) protein were
able to promote the removal of nascent DNA strands formed at
replication origins, this might reduce the efficiency of origin
utilization. Thus in the absence of the STPG(RARS) protein,
subsequent elongation would be more efficient, and enhance the
efficiency of origin use.

Proteins that promote such reactions similar to that promoted
by the STPB(RARS) protein are the E. coli RecA protein, the
bacteriophage T4 uvsX protein, and the recl protein of Ustilago
maydis (68, 69, 70). The STPB(RARS) protein does not show
any obvious similarity to these proteins, but as the action of these
three proteins is ATP-dependent, unlike the STPB(RARS)-
promoted reaction, the mechanism may be unrelated. In addition
strand transferases that are not ATP-dependent have been isolated
from human cell lines and Drosophila embryos (71, 72, 73), and
it remains to be seen whether these are related in structure to
STPB.
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