











Figure 23. Rep1s3304 mutant is unable to associate with FLP promoter in a one-
hybrid assay or repress transcription driven by this promoter. (A) A cir’ yeast strain
containing a chromosomally-integrated FLPp-HIS3 reporter was transformed with a
plasmid expressing either B42,p-HA, B42,p-HA-Repl or B42,p-HA-Replssioa.
Transformants were serially diluted and spotted onto matched plates either containing
histidine (left) or lacking histidine and containing 2.5 mM 3-AT (right). (B) Equal
amounts of total protein extracts from the transformants shown in (A) were analyzed by
western blotting with an anti-Rep1 antibody. (C) A cir” strain containing a
chromosomally-integrated FLPp-lacZ reporter was transformed with a pGAL-TRP
plasmid expressing combinations of wild-type Rep1, mutant Repls33oa and wild-type
Rep2, as indicated. Expression of the Flp-B-gal fusion protein was monitored by assaying
for 3-gal activity after 24 hours of growth in selective medium containing galactose,
using the substrate ONPG. Results represent an average of a minimum of 4 isolates of
each transformant (+ standard deviation).
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expression was observed. This suggests that Replss3oa is unable to mediate repression of
FLPp-driven transcription, and that Rep1 association with promoter DNA is required for
this repression.

Presently, only one amino acid substitution in Rep2 has been found to impair its
association with STB-P in vivo (substitution of aspartic acid 22 for asparagine; Figure 7
A). However, the Rep2p,on mutant, which carries this substitution, is also impaired in its
ability to associate with Rep1 (Figure 6 A). Co-expression of Rep2p2on with wild-type
Repl does not reduce FLPp-lacZ reporter activity, with reporter activity being similar to
that observed in the absence of Rep2 (Figure 9 A), suggesting that transcriptional
repression is lost when association of Rep2 with DNA is impaired; however, Repl
protein levels are reduced when Repl is co-expressed with Rep2pon (Figure 9 B), and

this decrease in the level of Repl may be the cause of the observed loss of repression.

3.3.2 CGCG Sequence Required For Transcription, TGCA Sequence Required
For Rep-Mediated Repression Of Transcription From FLP And REP2
Promoters
Mutational analysis of the STB-P sequence (Section 3.2) revealed three elements

in the STB-P repeat that contribute to S7B-P plasmid partitioning function: two TGCA

sequences, a TGCA-adjacent T-tract and a CGCG sequence. This CGCG sequence was
also found to be required for S7B-P-driven transcription (Figure 20 B), while the TGCA

sequences contributed to the association of Repl and Rep2 with STB-P (Figure 18).

CGCG and TGCA sequences are also found in the 2pm plasmid gene promoters. The

FLP/REP2p contains two CGCG sequences and two TGCA sequences with adjacent T-

tracts, while the REP1/RAFp contains two CGCG sequences and a single TGCA

sequence with an adjacent T-tract (Figure 24 A).

To determine whether the CGCG sequences and TGCA sequences with adjacent
T-tracts were required for transcription or Rep protein-mediated repression of the FLP or
REP?2 genes, a series of CEN plasmid carrying wild-type or mutant versions of either a
FLPp-lacZ or a REP2p-lacZ reporter was used. In the FLPp-lacZ reporter, the
FLP/REP2p sequence was positioned either as above (Figure 23 C), to generate a
translational fusion of lacZ with the first four codons of FLP (Flp-B-gal), while in the
REP2p-lacZ reporter, the FLP/REP2p sequence was positioned in the opposite
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Figure 24. Effect of mutating CGCG and TGCA sequences in the FLP/REP2
promoter. (A) Relevant sequences in the divergent FLP/REP?2 promoter region.
Sequence elements of interest are boxed. Names of wild-type elements are indicated

above boxes, while names of mutant versions are indicated below. (B) and (C) A cir’

yeast strain was co-transformed with a CEN plasmid carrying a wild-type or mutant
FLPp-lacZ (B) or REP2p-lacZ (C) reporter, and either empty pGAL-TRP vector (light
grey bars) or pGAL-TRP-R1R2 expressing Repl and Rep2 (dark grey bars). Expression
of the Flp-B-gal fusion protein was monitored by assaying for its activity after 24 hours of
growth in selective medium containing galactose, using the substrate ONPG. Results
represent a minimum of 4 isolates of each transformant (+ standard deviation).
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orientation, to generate a translation fusion with the first two codons of REP2 (Rep2-8-
gal). In mutant versions of the FLPp- and REP2p-lacZ reporters, one or both CGCG
sequences were changed to CACA, or one or both of the TGCA sequences found in
TGCATTTTT elements were changed to CTAG. The CGCG and TGCA sequences were
assigned numbers based on their proximity to the FLP gene (i.e., CGCG] is closest to the
FLP gene, CGCQG?2 is closest to the REP2 gene; Figure 24 A). Assays were performed in
cir’ strains, and Rep1 and Rep2 were expressed under the control of heterologous
promoters from a second CEN plasmid.

Expression from both the FLPp-lacZ and REP2p-lacZ reporters was observed
(Figure 24 B and C). For FLPp-lacZ, expression of the plasmid-borne version of the
reporter (Figure 24 B) was greater than that observed from the chromosomally-integrated
version (Figure 9 A); this may be attributable to the fact that CEN plasmids are often
present at copy numbers of greater than one, while this is very rarely the case for
chromosomes (Futcher and Carbon, 1986). Expression of both FLPp-lacZ and REP2p-
lacZ was decreased upon expression of Repl and Rep2, demonstrating that Repl and
Rep?2 are able to mediate transcriptional repression in this assay system.

In the absence of Rep proteins, mutation of the CGCG sequence closest to the
FLP gene (CACA1) had no effect on expression of FLPp-lacZ, while mutation of the
CGCQG sequence closest to the REP2 gene (CACA2) led to a dramatic decrease in FLPp-
lacZ expression (Figure 24 B). Mutation of both CGCG sequences to CACA
(CACA1+CACA2) was found to reduce expression from both the FLPp-lacZ and
REP2p-lacZ reporters (Figure 24 B and C). The effect of the mutation of the CGCG
sequences to CACA individually was not tested for the REP2p-lacZ reporter. These
results suggest that the CGCG sequence closest to the REP2 gene is involved in
promoting transcription of the FLP gene, while either one or both of the CGCG
sequences is involved in promoting transcription of REP2.

Upon expression of Rep proteins, both FLPp-lacZ and REP2p-lacZ reporters with
mutations in one or both CGCG sequences showed reduced expression compared to that
observed in the absence of Rep proteins, suggesting that Rep protein-mediated repression
of these mutant reporters is intact. This result implies that CGCG sequences are not

required for Rep protein-mediated repression of FLP or REP2 transcription.
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Unexpectedly, mutation of the TGCA sequences in the two TGCATTTTT
elements to CTAG resulted in a decrease in both FLPp-lacZ and REP2p-lacZ expression.
While mutation of TGCA1 alone (CTAG1) resulted in a decrease in reporter expression,
mutation of TGCA2 (CTAG2) or both TGCAT1 and 2 simultaneously (CTAG1+CTAG?2)
resulted in a much greater decrease. Mutation of the T-tract adjacent to the TGCATTTTT
element, but not the TGCA sequence, has been seen to reduce STB-P-driven transcription
(N. Arumuggam, unpublished results); however, due to differences in sequence context,
the TGCA sequences in FLP/REP2p could be influencing the function of the T-tract, or
playing a separate role in which they contribute positively to FLP and REP2
transcription.

Rep protein-mediated repression of both FLPp-lacZ and REP2p-lacZ expression
was still observed when TGCA1 was mutated to CTAG, suggesting that TGCA1 is not
responsible for Rep protein-mediated repression of FLP or REP2. Upon mutation of
TGCAZ2 to CTAG, FLPp-lacZ expression, but not REP2p-lacZ expression, was reduced
by expression of Repl and Rep2, implying that TGCAZ2 is required for transcriptional
repression of REP2 but not FLP. When both TGCA sequences were mutated
simultaneously, Rep protein-mediated repression of FLPp-lacZ was abolished, but some
repression of REP2p-lacZ was observed. This suggests that both TGCA1 and TGCA2
contribute to Rep protein-mediated repression of FLP transcription, while TGCA2 is
mainly responsible for Rep protein-mediated repression of REP?2 transcription, although
REP? transcription can be influenced by the TGCAT1 sequence.

One potential reason for differences in the behavior of the FLPp-lacZ and REP2p-
lacZ constructs is that the DNA sequences upstream of each reporter differ slightly. Each
includes the 5’ untranslated region (UTR) and immediately adjacent sequences for the
downstream gene, but lacks this region for the oppositely-oriented gene. The FLPp-lacZ
reporter includes a TGCA sequence closer to the 5° end of the FLP ORF that is not
included in the REP2p-lacZ reporter, which, given the results shown here, could be
contributing to regulation of FLPp-lacZ expression. Preliminary results indicate that
mutation of this third TGCA element, which lacks an adjacent T-tract, may be

functionally redundant with mutation of the TGCA1 element (data not shown).

107



Despite differences in sequence context, these results show overall that TGCAL1
and TGCA2 both contribute to Rep protein-mediated transcriptional repression at
FLP/REP2p, although further sequence requirements for transcriptional repression of

FLP and REP2 may differ.

3.3.3 The Divergent FLP/REP2 Promoter Confers Partitioning Function On A

Non-2pm-Based Plasmid

The results of the above assays for Rep protein association with and
transcriptional regulation of 2pm plasmid promoters suggest that there are several
similarities between the FLP/REP2p and STB-P sequences of the 2pm plasmid. Both
FLP/REP2p and STB-P associate with Repl, Rep2 and Raf; both promote bi-directional
transcription that requires CGCG sequences in at least one direction; and transcription
driven by both sequences is repressed by the association of Rep proteins. One major
difference between the two sequences is that S7B-P has a well-documented role in
plasmid partitioning, which requires the presence of Rep1 and Rep2, while the
FLP/REP2p sequence is presumed not to perform this function due to the drastic decrease
in the inheritance of a 2pm-based plasmid observed upon deletion of the STB-P sequence
(Figure 15 A; (Jayaram et al., 1983; Kikuchi, 1983)). In the absence of STB-P, a 2pm-
based plasmid was seen to retain some degree of Rep protein-dependent partitioning
function; however, this function was attributed to cooperation between sequences
flanking STB-P on either side, as inserting sequences in place of STB-P that had no
partitioning function, which separated these flanking sequences by 138-bp, resulted in a
degree of plasmid inheritance similar to that observed when the Rep1 protein was absent
(Section 3.2.3).

To determine whether the divergent promoter of the FLP and REP2 genes is able
to confer partitioning function, the FLPp sequence from the FLPp-lacZ reporter was
placed on a non-2pm-based plasmid, pCD1 (as described in Section 3.2.1). The pCD1
plasmid contains the TRP gene with the ARS found adjacent to TRP! in the genome.
The pCDI1 plasmid was used as a negative control, while pCD1 containing the S7B-P
sequence (pCD1-STB-P) served as a positive control. When assayed in a cir' strain,

which provided Repl and Rep2 proteins in trans, a pCD1 plasmid with FLPp sequence
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Figure 25. FLP/REP2 promoter has Rep protein-dependent partitioning function.
(A) A cir' yeast strain was transformed with either pCD1, pCD1-FLPp or pCD1-STB-P.
Transformants were cultured overnight (6 to 8 generations) in selective medium (SD-trp).
(B) A cir’ strain was co-transformed with either pCD1, pCD1-FLPp or pCD1-STB-P and
pGAL-LEU-R1R2 expressing Repl and Rep2 from a galactose-inducible promoter.
Transformants were cultured overnight (6 to 8 generations) in selective medium (SD-leu-
trp) containing either glucose (pale grey bars, no Rep proteins) or galactose (dark grey
bars, Repl+Rep2). Results in (A) and (B) represent an average of a minimum of 4
isolates of each transformant (+ standard deviation). *p<0.005, **p<0.001
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inserted (pCD1-FLPp) was inherited by a significantly greater fraction of cells than pCD1
(Figure 25 A), suggesting that FLP/REP2p can provide partitioning function.

To ensure that the increase in plasmid inheritance observed when FLP/REP2p
was present was not the result of recombination between the FLP/REP2p sequence on the
pCD1 plasmid and FLP/REP2p on the native plasmid, plasmid inheritance assays were
repeated in a cir’ strain in which REPI and REP2 were present under the control of
galactose-inducible promoters on a CEN plasmid (Figure 25 B). When cells were grown
in glucose, which repressed expression of Rep proteins, no difference was observed
between the inheritance of pCD1, pCD1-FLPp and pCD1-STB-P. This demonstrates that
the partitioning function of pCD1-FLPp and pCD1-STB-P is dependent upon Rep protein
expression.

Upon induction of Repl and Rep2 expression by growth in galactose-containing
medium, pCD1-FLPp and pCD1-STB-P were inherited by a significantly greater fraction
of cells than pCD1, and pCD1-STB-P was inherited by a significantly greater fraction of
cells than pCD1-FLPp. This demonstrates that any partitioning function of pCD1-FLPp is
not a result of recombination between the FLP promoters of pCD1-FLPp and the native
2um plasmid leading to the acquisition of an STB sequence by pCD1-FLPp.

In the cir’ strain, inheritance of all pCD1-based plasmids in the absence of Rep
proteins was greater than that observed for the empty pCD1 plasmid when Rep proteins
were expressed from galactose-inducible promoters. High levels of Rep protein
expression can be toxic to the host (Scott-Drew and Murray, 1998), so it is possible that
expression of Repl and Rep2 from galactose-inducible promoters, which drive greater
expression than the native 2um plasmid promoters (data not shown), reduced host fitness

in a manner that impaired its ability to retain ARS plasmids.

3.4 Screens For Gene Deletions That Alter Functions Of 2pm Plasmid And
2pm Plasmid-Encoded Proteins
The complete collection of viable haploid yeast gene deletion strains is a powerful
tool for genetic studies. With the use of a robotic arrayer, genome-wide screens for

characteristics such as synthetic lethality with a gene of interest or suppression of an
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induced phenotype can be undertaken (Tong et al., 2001; Smith et al., 2004). Such
unbiased screens often serve as a useful starting point, identifying genes that have
functional overlap or that were previously unknown participants in a cellular process.
Two screens of the EUROSCAREF yeast gene deletion collection (Winzeler ef al.,
1999) were designed and performed. The first aimed to identify gene deletions that
altered chromatin structure of a chromosomally-integrated STB-P sequence, using the
changes in the level of transcription promoted by this sequence as a read-out for
chromatin structure. The second examined whether any deletions alleviated the
phenotypes of delayed colony formation and lethal sectoring associated with
overexpression of the Repl and Rep2 proteins. To date, only one category of candidate
genes from the S7TB-P chromatin screen has been further analyzed, from among which
two candidates have been investigated for their role in plasmid partitioning; however, the

data collected from these screens will serve as a basis for future studies.

3.4.1 Screen For Yeast Gene Deletions That Alter STB-P-Driven Transcription

The STB-P locus is a repeated DNA sequence that is required in cis for Rep
protein-dependent plasmid partitioning. In addition to the Repl and Rep2 proteins,
several host proteins, including the motor protein Kip1, the centromere-specific histone
H3 Cse4, and subunits of cohesin and the RSC2 complex are known to interact with this
locus, and are required for plasmid partitioning (Section 1.2.1).

To determine whether any other host proteins might be interacting with STB-P
and contributing to chromatin structure at this locus, the EUROSCAREF yeast gene
deletion strain collection was screened for deletions that altered the level of transcription
driven by STB-P. STB-P has been shown to promote transcription both in the direction of
STB-D, resulting in the generation of a 1950-nt transcript (Sutton and Broach, 1985), and
in the opposite direction, toward the origin (M. Dobson, unpublished results). Although
the role of this transcription in plasmid maintenance, if any, is unclear, the fact that it is
mediated by the same sequence that is required for plasmid partitioning suggests that
transcription and partitioning functions at S7B-P may have evolved to use some of the
same host proteins. This is the case for Rsc2, a non-essential subunit of the chromatin
remodeling complex RSC2, which, when absent, leads to a decrease in STB-P-driven

transcription (Figure 20 B) and in 2pm plasmid inheritance (Wong ef al., 2002; Pinder et
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al., 2013). STB-P-driven transcription is also influenced by the presence of the Repl and
Rep?2 proteins, which serve as transcriptional repressors at this locus as they do at the
2um plasmid gene promoters (Murray et al., 1987; Reynolds et al., 1987; Som et al.,
1988). It is therefore possible that changes in STB-P-driven transcription could be a result
of changes in the ability of the Rep proteins to mediate repression.

To monitor transcription driven by S7B-P, a yeast strain (Y2454/2-STB(O)) was
constructed, in which the STB-P sequence was chromosomally integrated upstream of a
lacZ reporter gene, so that lacZ expression reflected transcription driven by STB-P
toward the origin (“O” orientation). This strain was then mated to the complete collection
of viable haploid yeast gene deletion strains. The resulting diploids were sporulated, and
haploid segregants bearing the STB-P(O)-lacZ reporter and the gene deletion of interest
were selected. Strains were grown on nitrocellulose filters and assayed for lacZ
expression using a qualitative assay for enzyme activity of the lacZ gene product, 3-gal,
in which the level of activity is correlated with the production of a blue precipitate.

When assayed, the majority of colonies on the filters gave a similar colour of
blue; however, a number of paler and darker colonies were also observed. Of the gene
deletion strains that gave shades of blue that differed from the majority of the collection
when assayed, 124 deletion strains were initially identified as being paler blue (Appendix
Table 8). The proteins encoded by these deleted genes have roles in a range of cellular
processes; mitochondrial function was predominant, but genes encoding proteins with
roles in biosynthesis, transport and gene expression, among others, were also identified
(Figure 26 A). Of these, genes encoding proteins involved in gene expression are the
most likely candidates for a direct role at the STB-P locus, while the others may affect
STB-P-driven transcription or partitioning indirectly.

A number of deletion strains were also identified as being darker blue than the
rest in the filter assay, suggesting that they had increased expression of the STB-P(O)-
lacZ reporter. Because Repl and Rep2 act together to repress S7B-P-promoted
transcription, strains that lack 2um plasmid, and consequently do not express Rep1 or
Rep2, would be expected to have increased STB-P-mediated transcription, and therefore
appear darker blue. As the query strain used for this screen was cir’, any deletion

collection strains that lacked the 2um plasmid prior to mating remained cir’. To identify
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B A - metabolism/mitochondria

EB - cell cycle/meiosis

OC - drug/ion transport

ED - lipid/sterol/fatty acid biosynth

OE - signaling/stress response

OF - ribosome/translation

OG - RNA processing

BH - cell polarity/morphogenesis

OJ - protein degradation/proteasome

OK - aa biosynthesis, transport/N utilization
OL - chromatin/transcription

OM - protein folding and glycosylation/cell wall
ON - DNA replication and repair/HR/cohesin
OP - ER-golgi traffic

0Q - golgi’fendosome/vacuole sorting
OR - chrom seg/kinetochore/spindle/microtubule
OS - nuclear-cyctoplasmic transport

OT - unknown

Figure 26. Classification of genes identified in screen for host proteins regulating
STB-P-driven transcription. Strains showing reduced reporter gene expression (A), or
increased reporter gene expression and either no detectable hybridization signal (B) or a
detectable hybridization signal (C) were classified according to the assignments described
in (Costanzo et al., 2010). “N” stands for nitrogen, “chrom seg” for chromosome
segregation.
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strains that had potentially lost the 2pm plasmid, thereby facilitating the interpretation of
the results of this screen, data from two colony hybridization assays performed with a
2um DNA-specific radiolabeled probe were also examined (J. Pinder, unpublished
results). One of these colony hybridization assays was performed using the STB-P(O)-
lacZ reporter gene deletion haploids that had been screened for altered S7TB-P-driven
transcription, while the other used the original unmated deletion collection strains. Upon
cross-referencing the strains that gave dark blue colonies with the colony hybridization
assay performed on the STB-P(O)-lacZ reporter strains, it was noted that many of these
strains had failed to hybridize with the 2um plasmid DNA probe, suggesting that they did
not contain 2pm plasmid.

Among these were presumed to be colonies that were the non-G418-resistant
parental Y2454/2-STB(O) strain, which lacked the kanMX4 gene. The presence of these
Y2454/2-STB(O) colonies was likely due to insufficient passages on selective media
prior to pinning to the filter, which was overlaid on non-selective YPAD medium,
allowing the small number of remaining wild-type Y2454/2-STB(O) cir’ haploid cells to
grow. To eliminate as many of these putative Y2454/2-STB(O) colonies as possible,
filters were cross-referenced with plates onto which the non-mated deletion strain
collection had been pinned, to verify that each dark blue colony represented a viable
deletion strain. Filters were also cross-referenced with the colony hybridization screens
performed using the non-mated haploid strains, and any dark blue colonies that
corresponded to positions where hybridization was observed for the non-mated haploids,
but gave no signal for the mated haploids, were discounted, as this suggested a failed
mating and replacement by the parental Y2454/2-STB(O) cir’ strain at that position,
rather than increased S7TB-P expression from the gene deletion strain expected to be
present at that position.

After elimination of strains fulfilling either of these criteria, 308 deletion strains
giving dark blue colonies remained. These were further subdivided into strains that did
not give hybridization signal with the 2um DNA probe in either the mated or non-mated
screens, suggesting that they were cir’ (63 strains; Appendix Table 9); and strains that did

give hybridization signal in either the mated or both the mated and non-mated screens,
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suggesting that their increased reporter activity was not due to the absence of Rep
protein-mediated repression (245 strains; Appendix Table 10).

Among the putative cir’ strains were a number whose deleted gene products are
involved in transport, biosynthesis and protein degradation (Figure 26 B); any role of
these proteins in 2um plasmid maintenance is likely indirect, as these functions occur
mainly outside the nucleus while the 2pm plasmid is nuclear. Several transcription
factors and chromatin modifiers, as well as subunits of the nuclear pore complex, were
also among the putative cir’ strain gene deletion products; these may play a more direct
role in 2um plasmid maintenance, as they act on DNA or in the nucleus, and therefore
merit further analysis. Additional hybridization screens to verify the absence of 2um
plasmid from these strains is needed to establish their role in 2um plasmid maintenance.

Similar to those of the putative cir’ strains, products of the genes deleted in strains
that were dark blue in the filter assay, but contained 2um plasmid on the basis of
hybridization signal, were found to be involved in transport and biosynthesis, as well as
ribosomal and mitochondrial functions (Figure 26 C). Products of deleted genes that have
the potential to play a more direct role in 2um plasmid function include transcription

factors, chromatin modifiers and those involved in DNA repair.

3.4.2 Further Analysis Of Gene Deletions Giving Decreased S7B-P-Driven

Transcription

With the aim of identifying host factors required for the transcription driven by
STB-P, deletion strains that gave decreased STB-P(O)-lacZ reporter activity were chosen
as the focus of further analyses. To determine whether gene deletions were specifically
affecting STB-P-driven transcription, or merely having a general effect on gene
expression, 20 representative gene deletion strains were chosen to assay for their effect
on lacZ expression directed by a different promoter, that of the yeast CYC/I gene (CYClp;
Table 7). CYCI encodes isoform 1 of cytochrome ¢ of the mitochondrial electron
transport chain (Sherman, 1990; Volkov et al., 2011).

Many strains showed a level of CYClIp-lacZ activity similar to the wild-type
strain; however, several strains did show altered CYCIp-lacZ activity. Strains in which
either one of the mitochondrial genes COX10, MRPS5 or PET309, or the ribosomal gene
RLP224 was deleted showed a decrease in CYClp-lacZ activity compared to that
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Table 7. Reporter expression in strains of the yeast gene deletion collection selected
for further analysis. Selected BY4741-based strains from the EUROSCAREF yeast gene
deletion collection were transformed with a CEN plasmid carrying either the STB-P(O)-
lacZ or CYClp-lacZ reporter. Activity of the lacZ gene product, B-gal, was measured
qualitatively using an X-gal filter. Strains were classified based on time required for
colour development in the filter assay, as 5 to 10 minutes (++++++), 10 to 15 minutes
(+++++), 15 to 30 minutes (++++), 30 minutes to 1 hour (+++), 1 to 2 hours (++), or 2 to
8 hours (+) for colour development, or no colour development after 8 hours (-).

Reporter expression

BY4741 Strain STB-lacZ CYClIp-lacZ
WT et s
yap1802A +++ bt
patlA +++ bt
msa2A +++ -+
swidA + -
eaf3A +++ A
nupl70A +++ A
sweSA et e
mbpIA +++ A
thp2A —~ bt
IsmIA +++ -+
PAfIA ++ bbb
rtt1 09A +++ -+
ixrlA + -+
rpl22aA + ot
eaf7A ++ ot
cox10A ++ -+
degIA +++ A
mrpsSA ot b
pet309A +++ bt
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observed in a wild-type strain; this may have been due to a general effect of
deletion of mitochondrial and ribosomal genes on growth or gene expression. Deletion of
the genes encoding the transcriptional repressor Ixrl, the NuA4 and Eaf3/5/7 complex
subunit Eaf7, or the THO complex subunit Thp2 also resulted in a decrease in CYClIp-
lacZ expression. Ixrl targets genes related to hypoxia (Vizoso-Vazquez et al., 2012), and
may therefore have effects on the overall growth rate of the cell. NuA4, of which Eaf7 is
a subunit, is an essential histone acetyltransferase targeting histones H4, H2A and
H2A.Z, and has been found to activate transcription in a gene-specific manner (Lu et al.,
2009). However, Eaf7 is also part of Eaf3/5/7, a recently-identified subcomplex of NuA4
that regulates transcriptional elongation and mRNA processing independently of NuA4
(Bhat et al., 2015); the absence of Eaf7 from this subcomplex may therefore result in the
impairment of lacZ expression from any promoter, as the /acZ transcript is longer than
most yeast mRNAs. The THO complex is also involved in transcriptional elongation and
mRNA export (Straszer et al., 2002), and deletion of the THP2 gene has previously been
shown to impair expression of the lacZ gene specifically (Chavez et al., 2000).

Many of the gene deletion strains chosen for further analysis did not show a
decrease in STB-P-promoted lacZ reporter activity as initially observed in the genome-
wide STB-P(0O)-lacZ reporter screen. This difference could be due to this secondary
analysis being carried out by introducing the STB-P(O)-lacZ and CYClp-lacZ reporters
into the strains of interest on CEN plasmids instead of the reporters being chromosomally
integrated as they had been for the initial screen. Reporter genes present on CEN
plasmids are more highly and more variably expressed than those integrated in the
chromosome, and subtle effects on gene expression observed with chromosomally-
integrated reporters are not always reproducible with CEN plasmid-borne reporters
(unpublished observations). These differences may be attributable to the fact that CEN
plasmids can be maintained at copy numbers greater than one (Futcher and Carbon,
1986), or to changes in the chromatin environment of the reporter that could be imposed
by the proximity of the centromere to the reporter on the CEN plasmids (Choy ef al.,
2012).

Of the gene deletion strains chosen for further analysis, BY4741 swi4A was one

of the only strains in which reporter activity was decreased for STB-P(O)-lacZ, but
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remain unchanged for CYCIp-lacZ, compared to reporter activity in wild-type BY4741.
The SWI4 gene encodes the DNA-binding subunit of the cell-cycle regulated
transcription factor SBF, which consists of Swi4 and Swi6 (Primig et al., 1992). Swi4 has
a paralog, Mbpl, that arose during the S. cerevisiae whole genome duplication. Like
Swi4, Mbp1 binds Swi6, forming the MBF transcription factor (Dirick et al., 1992). SBF
and MBF activate an overlapping but distinct set of genes at the G1-to-S transition (Iyer
et al.,2001). The colonies of the swi4A and swi6A STB-P(O)-lacZ reporter strains were
pale blue in the initial 3-gal filter assay screen, while those of the mbpIA STB-P(O)-lacZ
reporter strain were not. When the STB-P(O)-lacZ reporter was re-introduced into the
swi4A and mbp IA strains on a CEN plasmid, the swi4A strain again gave less reporter
gene activity than a wild-type strain, while the mbp /A strain gave similar reporter gene
activity to the wild-type strain. These results suggest that inactivation of SBF specifically,
and not MBF, was responsible for the observed decrease in STB-P(O)-lacZ expression.
SBF regulates expression of a number of genes, so altered S7B-P-driven transcription
could be an indirect effect of the absence of SBF; however, a perfect match to the Swi4
consensus recognition motif, CGCGAAA (Iyer et al., 2001; Badis et al., 2008), is found
in one of the five directly-arrayed repeats at STB-P, while the sequence CGCGAGA,
which differs from the consensus motif by only one nucleotide, is found in three of the
other repeats, suggesting that a direct role for SBF at STB-P is also possible (Figure 3).
The divergent 2um plasmid promoters also contain potential Swi4 recognition
sites — the perfect CGCGAAA recognition site in the REPI/RAF promoter (nucleotides
2088 to 2082 in Scpl 2um A form, NCBI GenBank version J01347.1, GI: 172190), and
the variation CGCGAGA in the FLP/REP?2 promoter (nucleotides 5448 to 5454 in Scpl
2um A form, NCBI GenBank version J01347.1, GI: 172190). This means that in strains
containing native 2um plasmid, Swi4 could affect transcription from S7B-P indirectly by
regulating Rep protein transcription. However, because a decrease, not an increase, in
STB-P(0)-lacZ reporter activity was observed for strains in which SWI14 was deleted, it is
more likely that, if anything, Rep protein levels were increased in these strains relative to
a wild-type strain, as SBF is a transcriptional activator. The effect of Swi4 on STB-P(O)-
lacZ reporter activity is therefore unlikely to be mediated by the Rep protein levels in this

manncr.
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3.4.2.1 Deletion Of SBF Complex Subunit Genes SWI4 And SW16 Alters STB-P-
Driven Transcription

To investigate the possibility that Swi4 and Swi6 are required for STB-P-driven
transcription, and to determine whether transcription was influenced by the presence of
2um plasmid-encoded proteins, SWI4 and SWI6 genes were deleted in isogenic cir” and
cir’ strains from the W303 background, and activity of STB-P-driven reporters was
monitored (Figure 27 A). In addition to the STB-P(O)-lacZ reporter, in which STB-P is
oriented so that lacZ expression is a measure of transcription directed toward the origin in
the native context, a reporter containing S7B-P in the opposite orientation, in which lacZ
expression is a measure of transcription directed toward STB-D (“D” orientation, STB-
P(D)-lacZ), was also generated, to reflect transcription of the 1950-nt RNA promoted by
STB-P in the direction of STB-D on the native 2um plasmid.

Activity of the STB-P-lacZ reporters in the W303 background was similar to that
observed for the strains of the gene deletion collection (BY4741 background), but not all
observations were recapitulated. Activity of both STB-P-lacZ reporters was reduced in
cir’ strains compared to cir’ strains, irrespective of whether strains were wild type or had
a deletion of SWI4 or SWI6, likely due to Rep protein-mediated repression of STB-P-
driven transcription (Murray et al., 1987; Reynolds et al., 1987; Som et al., 1988). STB-
P(D)-lacZ expression, but not STB-P(O)-lacZ expression, was decreased in both cir" and
cir’ strains upon deletion of the SWI4 or SWI6 gene. This differs from the results obtained
with the gene deletion collection strains, which showed that STB-P(O)-lacZ expression
was decreased in the absence of Swi4 or Swi6 (Table 7 and Appendix Table 8). Despite
these strain-specific differences regarding the direction of the STB-P-driven transcription
that is affected by SWI4 or SWI6 deletion, these results suggest overall that the SBF
complex is involved in mediating S7B-P-driven transcription, and, based on repression of
this transcription in cir" yeast, that Repl and Rep2 are not dependent on SBF for
association with S7B-P.

3.4.2.2 Mutation Of A Putative SBF Recognition Motif Alters STB-P-Driven
Transcription
To provide insight into whether SBF directly activates STB-P-driven transcription
by recognizing the CGCGAAA sequence in STB-P, synthetic versions of the STB-P
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Figure 27. Effect of deletion of SWI4 and SWI16, and of mutations in synthetic STB
repeat sequence, on S7B-driven transcription. (A) The native STB-P sequence was
integrated in the chromosome upstream of a lacZ reporter gene oriented to place the ORI-
proximal (O) or STB-D-proximal (D) end of STB-P closest to lacZ, in wild-type, swi4A
and swi6A cir’ and cir’ strains. (B) 3 directly-arrayed copies of wild-type or AAA mutant
synthetic STB repeats were integrated in the chromosome upstream of a lacZ reporter
gene in wild-type, swi6A or rsc2A strains. In (A) and (B), activity of the lacZ gene
product, B-gal, was monitored by growing patches of yeast on a filter and incubating with
the substrate X-gal, which is cleaved to produce a blue precipitate in the presence of 3-gal
activity.
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sequence were used in which sequence composition could be more easily manipulated
(Section 2.2.5). The native STB-P sequence is made up of five directly-arrayed tandem
imperfect repeats of 62- to 63-bp in length. Previous analyses showed that tandem arrays
of a synthetic S7B repeat, designed to match a single 63-bp stretch of STB-P, provide
partitioning function similar to the native STB-P sequence (Figure 15). A synthetic STB-P
sequence consisting of three identical synthetic STB repeats was inserted upstream of the
lacZ gene in the “D” orientation (i.e., with the STB-D-proximal end of the synthetic STB
repeat sequence positioned closest to the lacZ gene; WT-3-lacZ). The WT-3-lacZ reporter
gave sufficient reporter gene activity to be detected in a filter assay, although this activity
was less than that observed for the STB-P(D)-lacZ reporter (data not shown).

The STB-P repeat on which the synthetic S7B repeat was based is not the repeat
that contains the SBF consensus motif, CGCGAAA; however, the synthetic repeat does
contain a similar sequence, CGCGAGA, in this position. When the CGCG portion of the
CGCGAGA sequence in the synthetic STB repeat was changed to CACA in all three
copies of the repeat (CACA-3-lacZ), transcription of the reporter was effectively
abolished (Figure 20 B). This suggests that SBF may be responsible for transcription
driven by STB-P; however, another host factor recognizes the sequence CGCG — the
RSC2 complex (Badis et al., 2008; Zhu et al., 2009). The RSC2 complex has previously
been shown to associate with the STB-P locus by ChIP and contribute to efficient plasmid
partitioning (Wong et al., 2002; Ma et al., 2012). Deletion of the RSC2 gene, encoding a
subunit of the RSC2 chromatin remodeling complex, decreased transcription of W7-3-
lacZ, demonstrating that RSC2 is required for efficient STB-P driven transcription
(Figure 20 B); however, transcription of CACA-3-lacZ was also decreased upon deletion
of RSC2, suggesting that the RSC2 complex may contribute to STB-P-driven
transcription independently of the CGCG sequence (see Section 3.2.8).

To determine whether SBF is able to contribute to STB-P-driven transcription, the
CGCGAGA sequence was mutated to more closely resemble the actual SBF consensus
motif CGCGAAA in all three copies of the synthetic repeat (444-3-lacZ; Figure 27 B).
In a wild-type strain, activity of the A4A4-3-lacZ reporter was increased compared to that
of the WT-3-lacZ reporter, indicating that the presence of the perfect consensus SBF

recognition motif increased transcription driven by the synthetic S7B repeats. To
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determine whether this increased transcription was dependent on the SBF complex, the
synthetic STB-P reporters were introduced into yeast strains in which either SWI6 or
RSC2 genes were deleted (Figure 27 B). In yeast strains in which the SWI16 gene was
deleted, but not strains in which the RSC2 gene was deleted, the enhanced expression of
AAA-3-lacZ was lost, with lacZ expression in the strain lacking SWI6 being similar to that
observed for WT-3-lacZ. Overall, these results suggest that SBF is capable of associating
with the synthetic S7B repeat at least when the CGCGAGA sequence is mutated to
CGCGAAA.

3.4.2.3 Deletion Of SWI6 Has A Slight Effect On 2pm Plasmid Inheritance

The role of STB-P-driven transcription in 2um plasmid maintenance, if any, is
unknown; however, the fact that STB-P also functions as the partitioning locus for the
plasmid suggests that there may be a correlation between S7TB-P-driven transcription and
partitioning. To determine whether SBF is involved in plasmid partitioning, the effect of
deletion of the SWI6 gene on inheritance of a kanMX4-tagged 2um plasmid, pKan, was
assayed. The effect of the absence of Swi4 on pKan inheritance was not determined, as
swi4A strains were significantly more impaired for cell cycle progression than swi6A
strains, resulting in the rapid appearance of suppressor mutations in the swi4A strain
when cultured in logarithmic growth phase for an extended period of time (data not
shown).

No difference in the fraction of pKan-bearing cells between SWI6 wild-type and
sWibA yeast was observed when the strains were cultured in G418 (data not shown).
However, the delay in cell cycle progression for the swi6A strains relative to SWI16 wild
type strains may have prevented sufficient doublings during the time period of the assay
to allow differences in the rates of plasmid loss between SWI6 and swi6A strains to be
observed from the fraction of plasmid-bearing cells. To circumvent this problem, the rate
of generation of plasmid-free cells per doubling, under conditions that do not select for
the presence of the plasmid, was determined for SWI6 and swi6A yeast. The swi6A strains
were found to generate plasmid-free cells at a greater rate (10% per doubling) than strains
containing wild-type Swi6 (5% per doubling; Figure 28 A). This change in the rate of
generation of plasmid-free cells suggests that Swi6, and by extension SBF, is required for

efficient plasmid partitioning function. The role of SBF in plasmid partitioning may be
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Figure 28. Deletion of SWI16 increases rate of generation of plasmid-free cells;
association of Swi4 with STB-P not detected by ChIP. (A) Isogenic SWI6 and swi6A
cir’ strains were transformed with the pKan plasmid. Transformants were cultured for 6
to 8 generations in selective medium (YPAD+G418), then cultured for 10 to 12
generations in non-selective medium (YPAD). The rate of generation of plasmid-free
cells was determined from the fraction of plasmid-containing cells before and after
culturing in non-selective medium and the number of doublings undergone. (B) A cir"
yeast strain expressing Swi4-6-HA from the native SWI4 gene promoter at the genomic
SWI4 locus was assayed for association of Swi4-6-HA with STB-P and the CLN2
promoter by ChIP. PCR products were visualized by electrophoresis on 1.5% agarose
gels and quantified by densitometry (Section 2.8). The average of 3 replicates (+ standard
deviation) is represented in the bar graph (top). The PCR products from a representative
replicate, visualized by agarose gel electrophoresis are shown (bottom).
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indirect, perhaps through activation of genes required for 2pm plasmid partitioning or

chromosome segregation.

3.4.2.4 Association Of Swi4 With STB-P Not Observed In Chip Assay

To determine whether SBF associates directly with native STB-P, a ChIP assay
was performed using a cir” strain expressing HA-tagged Swid at its native chromosomal
locus under the control of its own promoter (Figure 28 B). Upon immunoprecipitation
with anti-HA antibodies, the promoter of the CLN2 gene, which has previously been
shown to be regulated by Swi4 (Koch et al., 1993), was enriched in the chromatin
fraction, but STB-P was not. The absence of STB-P enrichment suggests that Swi4 either
does not associate with the 2um S7B-P locus, or does so transiently or less efficiently
than with the CLN2 promoter. If this is the case, cell cycle arrest and release, followed by
ChIP at time points of maximum SBF expression, might be required to reveal the
association of Swi4 with STB-P. However, given the modest effect of SWI6 deletion on
2um plasmid inheritance, the possibility that SBF does not interact with STB-P directly

may be more likely.

3.4.3 Screen For Yeast Gene Deletions That Alter Toxicity Caused By Presence Of

High Levels Of Repl And Rep2 Proteins

A second screen of the EUROSCAREF yeast gene deletion strain collection was
performed, this time monitoring the effect of Rep protein overexpression on colony
morphology. Simultaneous overexpression of Repl and Rep2 results in slowed colony
growth and the appearance of colonies with uneven “nibbled” edges due to lethal
sectoring (Scott-Drew and Murray, 1998). Cells in the “nibbled” sectors have altered
budding patterns and multiple buds, consistent with G2/M cell cycle defects. This
phenotype is observed whether the native 2um plasmid is present or absent. The reason
for this phenotype is unknown; however, it may reflect sequestration by the Rep proteins
of host factors needed for normal cell cycle progression. It is also possible that excess
Repl and Rep2 inappropriately target host genes for transcriptional repression. Co-
expression of Repl and Rep2 has been shown to repress transcription driven by 2pm

plasmid gene promoters in addition to that driven by STB-P (Murray et al., 1987,
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Reynolds et al., 1987; Som et al., 1988); therefore, repression of host gene transcription
could be an extension of this native function.

To first verify that this slow growth and nibbled colony phenotype would be
recapitulated in the BY4741 background of the yeast deletion strains, the pNAT-R1R2
plasmid carrying both the REPI and REP2 genes under the control of a galactose-
inducible promoter and the empty vector, pNAT, were used to transform both cir" and
cir’ strains of wild-type BY4741 yeast to nourseothricin resistance (Figure 29 A). Upon
serial dilution on solid galactose medium, the presence of the pNAT-R1R2 plasmid
severely delayed the appearance of colonies for both the cir" and cir” strains relative to
those transformed with the pNAT vector. Once formed, the colonies of pNAT-R1R2
strains, but not pNAT strains, displayed lethal sectoring. This phenotype was more
pronounced for the strain that lacked native 2um plasmid (cir’), perhaps due to the
expression of Raf from the native 2um plasmid in cir" strains, although the toxic
phenoteype was readily observable for both strains. This difference between the toxic
phenotype observed in cir” and cir’ strains was not observed in the W303 background
(data not shown), perhaps because W303 strains have lower 2um plasmid copy number
levels than BY4741 strains (data not shown), which could in turn lead to insufficient Raf
expression in W303 cir' strains to impact Rep protein-mediated toxicity. Overall, these
results demonstrate that the Rep protein-mediated toxicity documented in W303 and
other yeast strain backgrounds also occurs in the BY4741 background, and therefore that
assays for changes to this phenotype can be performed using the EUROSCARF complete
collection of viable haploid yeast gene deletion mutant strains.

The pNAT-R1R2 plasmid was introduced into the deletion strain collection by
mating the strains of the collection with a strain (Y2454 cir") transformed with the
pNAT-RIR2 plasmid. Haploid segregants bearing the plasmid and the gene deletion of
interest were selected, and the ability of strains to form colonies on solid medium
containing galactose and solid medium containing glucose was compared. Growth on
galactose medium activated expression of REP/ and REP2, under the control of a
galactose-inducible promoter on pPNAT-R1R2, leading to delayed colony growth and a
nibbled colony phenotype for the majority of strains. Glucose plates served as a control to

verify that strains were able to form colonies in the absence of Rep protein
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Figure 29. Summary of screen for gene deletions that affect Rep protein
overexpression-mediated toxicity. (A) Isogenic BY4741 cir" and cir’ strains were
transformed with either pNAT or pNAT-R1R2, as indicated, and serially diluted and

spotted onto matched plates either containing glucose (left) or galactose (right) to induce

the expression of Repl and Rep2 from the GAL1/10 promoter on pNAT-R1R2. (B) and

(C) Strains that gave small (B) or large, smooth colonies (C) were classified according to

the assignments described in (Costanzo et al., 2010). “N” stands for nitrogen, “chrom

seg” for chromosome segregation.
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overexpression after the mating, sporulation and passages required to select the haploids
of interest.

A number of strains were able to grow on dextrose medium but not galactose
medium, suggesting that they were either unable to metabolize galactose, or particularly
sensitive to high levels of Repl and Rep2. A control screen of the yeast gene deletion
collection, in which deletion strains containing an empty CEN vector (pEMBL) had been
cultured on galactose medium, was used to identify strains that were unable to form
colonies when the carbon source was galactose (A. Flamin, unpublished results). After
cross-referencing, 96 strains were identified as being able to form colonies when glucose
was the carbon source, but either were not able to form colonies or had reduced colony
size when galactose was the carbon source only when carrying the pNAT-R1R2 Rep
protein-overexpressing plasmid (Appendix Table 11). If the Rep proteins are preventing
host proteins from performing their normal roles in the host, either directly, by
sequestration, or indirectly, by transcriptional repression, then genes deleted in these
strains, which show particularly small or absent colonies upon Rep protein
overexpression, may be those that function in similar processes to proteins that are
sequestered or repressed by the Rep proteins.

The majority of the genes deleted in strains identified with this phenotype had
products involved in biosynthesis, metabolism and transport. As these processes occur
mainly outside the nucleus, any interference of the Rep proteins in these processes would
likely be indirect, for example, through transcriptional repression of the genes involved,
as Rep proteins are normally localized to the nucleus. However, when overexpressed,
Repl has been observed by immunofluorescence to localize throughout the cell, and
Rep?2 to the area just beyond the nuclear periphery (Scott-Drew and Murray, 1998),
suggesting that Rep proteins could interfere with cellular processes outside the nucleus in
a more direct manner when present at high levels. In addition to genes involved in
biosynthesis, metabolism and transport, several of the strains identified had deletions of
genes with roles related to transcription and chromatin modification; the products of these
genes could be in pathways that are targeted by Rep proteins more directly.

In addition to strains that showed increased sensitivity to Rep protein

overexpression, this screen also identified strains that were able to form larger, smoother
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colonies than most (Appendix Table 12), suggesting that Rep protein overexpression was
not as detrimental to these strains. Like those of the strains identified above as showing
little or no growth in the presence of Rep protein overexpression, the protein products of
the genes deleted in these strains may be present in similar pathways to those targeted
either directly or indirectly by the Rep proteins. However, in contrast to the proteins that
exacerbate the Rep protein-mediated toxicity when absent, proteins that relieve Rep
protein-mediated toxicity when absent are likely those that antagonize the cellular
functions inhibited by Rep proteins. Alternatively, some of the genes deleted in these
strains may be those required by the Rep proteins to mediate their toxic effects, for
example, histone deacetylases or chromatin remodelers associated with transcriptional
repression. Strains lacking the proteins necessary for Rep-mediated toxicity would be
expected to show similar growth in both the presence and absence of Rep protein
overexpression. If any of these putative Rep protein targets were required for normal
growth, suppressor mutations accumulating in the gene deletion strain over many
generations of culturing in the absence of this protein might account for the normal size
and smooth appearance of these colonies.

Among the genes deleted in the 246 strains identified with large, smooth colonies
were many encoding transcription factors and chromatin remodelers, which could be
involved in modulating Rep protein-mediated transcriptional repression. Strains with
deletions of genes involved in biosynthesis, metabolism, transport and signaling were
also identified; the products of these genes are candidates for those that may be involved
in pathways targeted directly or indirectly by the Rep proteins.

Further work is needed to validate the gene deletions identified in this genome-wide

screen as having functional overlap with the 2um plasmid Rep proteins.
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Chapter 4 DISCUSSION

4.1 General Overview

Maintenance of the yeast 2um plasmid involves equal partitioning of plasmid
copies during host cell division, amplification of plasmid copy number, and strict
transcriptional regulation of the plasmid-encoded proteins required for these activities.
Partitioning is dependent on the association of the Repl and Rep2 proteins encoded by
the plasmid with a region of repeated sequence at the plasmid S7B locus called STB-
proximal (STB-P); amplification requires the plasmid-encoded Flp recombinase; and
transcriptional regulation is mediated by Rep1, Rep2 and plasmid-encoded Raf.

In this thesis, I have presented evidence that improves our understanding of the
partitioning complex formed at the S7B-P locus. I show that association of Rep1 with
Rep2 and Rep2 self-association contribute to efficient plasmid partitioning, but that
partitioning can still occur if one of these two interactions is impaired, provided Raf is
present. I demonstrate that Raf is able to stabilize both Repl and Rep2 protein levels, and
may also play a more direct role in partitioning by complementing functions of Rep2
other than that of Rep protein stabilization.

I also investigated the DNA of S7B-P, to better understand the sequence
requirements for a Rep protein-mediated partitioning locus. I show that two directly-
arrayed copies of a single 63-bp stretch of STB-P are sufficient to confer partitioning
function. Mutation of either of two TGCA sequences, a TGCA-adjacent T-tract or a
CGCQG sequence found in the synthetic S7B repeat was seen to impair partitioning
function. Mutation of either TGCA sequence also impaired Rep protein association with
the STB repeats, while mutation of the CGCG sequence impaired synthetic S7B repeat-
driven transcription.

I expanded my investigation of 2um plasmid sequences to the divergent promoter
region that controls transcription of the FLP and REP2 genes (FLP/REP2p), and found
that it bore several similarities to the S7B-P sequence. Mutation of CGCG sequences in
FLP/REP2p impaired its ability to promote transcription, while mutation of TGCA

sequences impaired Rep protein-mediated repression of FLP/REP2p, consistent with loss
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of Rep protein recognition sequences from this promoter. I also showed that FLP/REP2p
was able to mediate partitioning of an ARS plasmid in a Rep protein-dependent manner,
suggesting that there may be functional similarities between promoter regions and the
STB-P locus.

The 2pm plasmid requires several host proteins for its maintenance. I found that
the RSC2 chromatin remodeling complex, which has a well-established role in plasmid
partitioning, is involved in S7B-P-driven transcription and efficient association of Rep2
with STB-P. I also performed two genome-wide screens, through which I have identified
candidate genes involved in regulating chromatin structure at STB-P, and Rep protein-
mediated toxicity. These screens provide a foundation for future studies of the
relationship between the 2um plasmid and its host.

Overall, my findings improve our understanding of the requirements for Rep
protein-mediated plasmid partitioning, and contribute to a more developed model of the
partitioning complex formed at the 2um plasmid S7B-P locus. My findings also further
our knowledge of other roles for 2um plasmid-encoded proteins in 2um plasmid

maintenance and in other functions in the host cell.

4.2 Association Among 2um Plasmid-Encoded Proteins, The STB-P Locus

And Plasmid Gene Promoters

4.2.1 Rep Proteins

We have known since the 1980s that the absence of either Repl or Rep2 results in
missegregation of the 2pum plasmid (Kikuchi, 1983), and that expression of both Rep1
and Rep2 proteins is required to repress transcription driven by the 2um plasmid gene
promoters and STB-P (Murray et al., 1987; Reynolds et al., 1987; Som et al., 1988).
What is physically required of the Rep proteins to achieve these effects has not been
established. Repl and Rep2 have been shown to self-associate and to associate with each
other both in vivo and in vitro. Repl and Rep2 have also been shown to associate with
STB-P in vivo, with the presence of Repl being required for efficient Rep2 association;
however, in vitro, only Rep2 has been shown to have DNA binding activity in the
absence of other 2pum proteins or host proteins (Sengupta et al., 2001). In my studies, I

have shown that Repl and Rep2 associate with the divergent FLP/REP2 and REP1/RAF
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promoters, but that Rep2 only does so in the presence of the native 2um plasmid (Figures
21 and 22), suggesting that Repl may also be required for efficient association of Rep2
with 2um plasmid gene promoters.

Although both Rep proteins can associate with S7B-P (Yang et al., 2004) and the
plasmid gene promoters, this does not mean that both associations are required for Rep
protein-mediated plasmid partitioning and transcriptional repression. However, there is
support for association of Repl with S7B-P being functionally important, as mutant Rep1
proteins that fail to associate with STB-P fail to mediate plasmid partitioning (Yang et al.,
2004), and, as I have shown here, a mutant Rep1 protein that is unable to associate with
FLP/REP2p does not mediate repression of transcription from the FLP promoter (Figure
23 A), despite being present at steady-state levels similar to those of wild-type Repl
(Figure 23 C).

The role of the Rep2 protein in plasmid partitioning is less clear. We have shown
that, in the absence of Rep2 (Pinder ef al., 2013), or when Rep2 is unable to associate
with Repl (Figures 9 B and 11 C), Repl protein levels are reduced. This suggests that
Rep2 protects the Repl protein from degradation, which could be the only role of Rep2 in
plasmid partitioning. No mutant Rep2 proteins have been identified for which association
with STB-P is impaired specifically. However, I identified a Rep2 mutant that was
impaired for association with both Rep1 (Figure 6 A) and STB-P (Figure 7 A), informed
by an alignment of conceptual translations of ORFs in the position of REP2 on 2um-like
plasmids identified in other yeast species (Figure 5), as well as the findings from previous
truncation analyses (Sengupta et al., 2001). This mutant, Rep2p,n, in which aspartic acid
22 is replaced by asparagine, was unable to mediate efficient plasmid partitioning in the
absence of the Raf protein (Figure 11 A), or to mediate transcriptional repression (Figure
9 A). However, upon examining the steady-state protein levels of Repl and Rep2, I
observed that Repl protein levels decreased dramatically when Repl was co-expressed
with Rep2p2n compared to when Repl was co-expressed with wild-type Rep2 (Figure 9
B), suggesting that stabilization of Rep1 by Rep2 requires association between these two
proteins. The reason for the inability of Rep2p2on to mediate plasmid partitioning in the
absence of Raf or transcriptional repression may therefore not be a direct result of its

inability to associate with Repl or STB-P.
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Robust association of Rep2 with STB-P in vivo requires the presence of Repl.
Repl may be needed to bridge the association of Rep2 with STB-P, or to modify an
aspect of the STB-P locus, perhaps by bending the DNA or altering chromatin structure
through recruitment of host proteins, that renders S75-P more amenable to Rep2
association. The coincidence of the impairment of Rep2p,n association with both Rep1
and STB-P is suggestive of the former scenario; however, the latter is also possible, as the
low steady-state levels of Repl upon co-expression with Rep2psn may be insufficient to
modify STB-P in a way that allows robust Rep2 association. Changes in DNA
conformation induced by the binding of partner proteins have been shown to improve the
association of proteins with their target DNA sequences in other systems. For example,
the affinity of the ParB protein of the P1 bacteriophage for its binding sequence at the
partitioning locus, parsS, is increased by the binding of integration host factor (IHF), a
host protein that induces a bend in the DNA at parS, which allows ParB to contact its two
binding sites in parS simultaneously (Funnell and Slavcev, 2004).

Prior to this study, no amino acid substitutions in Repl or Rep2 were published
that impaired the self-association of either protein. This remains the case for Repl;
however, in this study, I generated a Rep2 mutant in which leucines 185 and 186 were
replaced by alanines, and, using a two-hybrid assay, demonstrated that this mutant,
Rep2aa, was unable to self-associate (Figure 6 A). Rep2aa was impaired in its ability to
mediate plasmid partitioning in the absence of Raf (Figure 11 A), but was not impaired in
its ability to mediate repression of FLPp-driven transcription (Figure 9 A), which
suggests that Rep2 self-association is required for partitioning, but not transcriptional
repression. However, protein levels of Rep24a were slightly lower than those observed
for wild-type Rep2 (Figure 9 B), which suggests that Rep2 self-association helps to
stabilize Rep2 protein levels; therefore, an alternative possibility is that Rep2aa
partitioning function is impaired because a greater amount of Rep2 protein is required for
partitioning than for repression. Rep1 protein levels were not reduced when Rep1 was
expressed with Rep2x4 (Figure 9 B), suggesting that low levels of Rep1 protein were not

likely the reason for impaired partitioning function.
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4.2.2 Role For Raf In Partitioning

A novel finding from this study was that the Raf protein was able to complement
the partitioning defects associated with both Rep2p2on and Rep24a, which suggests that
Raf can compensate for the loss of Rep2 association with S7B-P, Repl and Rep2. These
results expand on an earlier finding, that Rep1 steady-state levels were increased in the
presence of Raf (Pinder, 2011), showing here that Raf can stabilize Repl and Rep2
protein levels, whether one or both Rep proteins is present. Raf expression increased the
level of Repl when Repl was co-expressed with Rep2pon, suggesting that this is at least
one way in which Raf compensates for the absence of association of Repl with Rep2.
However, Repl levels were not decreased when Repl was co-expressed with Rep2a4 at
high levels in the absence of Raf, and Raf was unable to associate with Rep2a4 in a two-
hybrid assay (data not shown). This suggests that the ability of Raf to maintain plasmid
partitioning function in the presence of Rep244 did not involve increasing the steady-
state levels of Repl or Rep2, and leaves the manner in which Raf compensates for the
absence of Rep2 self-association unclear.

Raf may be a part of the functional STB-P partitioning complex when Rep2
associations are compromised. Although Raf is not required for efficient plasmid
partitioning when Repl and Rep2 are wild type and cannot provide partitioning function
in the absence of Repl or Rep2, I have shown that Raf associates with STB-P (Figure 14)
and with Repl and Rep2 (Figure 12) in vivo. I found that an amino-terminal domain of
Raf was sufficient for association with Rep1, while removal of this domain did not impair
association with Rep2 (Figure 12 A), suggesting that Raf may be able to associate with
both Repl and Rep2 simultaneously. In the case of Rep2p2on, Raf may bridge the
association of Rep2 with an STB-P-bound Rep1, to recruit Rep2 to STB-P. However,
B42p-HA-Rep2p22n was not seen to associate with S7B-P in a one-hybrid assay when
Repl and Raf were also expressed from their native promoters (data not shown),
suggesting that Raf does not bridge an association between Repl and Rep2 at STB-P.
Alternatively, association of Raf with Rep1 may stabilize sufficient Repl to allow Repl
to modify STB-P chromatin or DNA topology in a manner that facilitates Rep2

association.

133



A Rep2 mutant in which the substitutions from both Rep2p22n and Rep2aa were
present (Rep2naa) was impaired both for association with Repl and for self-association
(Figure 6 A). Rep2naa also showed decreased efficiency of plasmid partitioning in the
presence of Raf (Figure 8 A), but this decrease was not as great as that observed for either
Rep2paon or Rep2a4 in the absence of Raf (Figure 11 A), suggesting that Rep2naa does
have some plasmid partitioning function in the presence of Raf. Relative to Rep1 protein
levels, steady-state levels of Rep2naa are decreased in comparison to those observed for
wild-type Rep2, Rep2p2n and Rep244 when these proteins are expressed from their
native promoters on a 2pm-based plasmid that also expresses Raf (pKan; Figure 8 B).
This decrease could be the reason for the reduced efficiency of partitioning of the
Rep2naa mutant protein.

As the Rep2naa mutant cannot associate with either Repl or Raf (Figure 6 A, data
not shown), its association with S7B-P cannot be bridged by either Rep1l or a complex of
Repl and Raf. This suggests that if association with S7B-P is required for the residual
partitioning function of Rep2naa, Repl, stabilized by Raf, must be modifying this locus
in a way that allows Rep2 association to take place. Alternatively, Rep2 may have a role
in partitioning that is not dependent on association with S7B-P DNA in a manner
detectable by one-hybrid assay.

A caveat in all conclusions based on one- two-hybrid analyses is that the fusion of
transcriptional activation or DNA binding domains to the amino-termini of the Rep and
Raf proteins may have affected interactions monitored using these fusions. However, at
least for Repl and Rep2, the fusion proteins are able supply partitioning function to 2um-
based plasmids that lack REPI and REP?2, respectively ((Sengupta et al., 2001); data not
shown), suggesting that the conformation of the fusion proteins is sufficiently similar to
those of the native proteins to participate in interactions required for partitioning

function.

4.2.3 TGCA Sequences In The STB-P Locus And Plasmid Gene Promoters

Little research has been published regarding what is required of the STB-P
sequence to allow association of Rep1 and Rep2 with this locus. Previous studies have
shown that the three STB-P repeats closest to the origin are sufficient to mediate plasmid

partitioning (Jayaram et al., 1985; Huang et al., 2011b), and variants of the 2pum plasmid
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with anywhere from three to seven copies of the STB-P repeat have been identified (Xiao
and Rank, 1993), which suggests that Rep proteins may only require three copies of the
STB repeat to be able to associate with this locus and form a functional partitioning
complex. Using synthetic versions of the STB-P sequence built of direct tandem arrays of
a 63-bp stretch of the native sequence (Table 6), I found that even a single copy of this
synthetic STB repeat was sufficient to mediate association with both Rep1 and Rep2 in a
one-hybrid assay (Figure 18), despite the fact that a single copy was unable to confer
plasmid partitioning function (Figure 15 A). When I tested association of Rep proteins
with a functional partitioning sequence consisting of two directly-arrayed copies of the
synthetic STB repeat, the activity of the reporter gene in the one-hybrid assay doubled
compared to that observed when a single synthetic repeat was present (Figure 18). This
result suggested that twice as many Rep protein molecules were associated with two
copies of the synthetic S7B repeat than were present at a single copy of the repeat. These
molecules could be arranged on two copies of the repeat as two separate complexes, each
identical to the complex of Rep proteins present at a single copy of the repeat, or could be
in a different arrangement that is more conducive to the formation of a partitioning
complex.

Previous bioinformatics analyses (Som et al., 1988; Veit and Fangman, 1988) and
preliminary mutation analyses (Pinder, 2011) had suggested that the sequence
TGCATTTTT might be a Rep protein binding motif. Using mutant versions of the
synthetic STB repeats (Table 6), I showed that two TGCA sequences present in the
sequence chosen as the basis for the synthetic repeat in this analysis were required for the
association of Repl and Rep2 with a directly-arrayed pair of synthetic S7B repeats
(Figure 16). For the 2pm plasmid variant found in laboratory strains of yeast, Scpl, all
five copies of the native STB-P repeat contain at least one TGCA sequence (the “core”
TGCA) that is followed by a run of three to five Ts, while only two of these also encode a
second TGCA sequence (the “junction” TGCA), which is also adjacent to a run of five
Ts. Additionally, there are two TGCA sequences in the REP1/RAF promoter, one of
which is adjacent to a T-tract, and four in the FLP/REP?2 promoter, two of which are
adjacent to T-tracts. Although I have not tested the effect of mutation of TGCA

sequences in the plasmid gene promoters on Repl and Rep2 association with these
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sequences, I have shown that mutation of the two TGCA sequences in the FLP/REP?2
promoter with adjacent T-tracts impairs the ability of the Rep proteins to repress
transcription promoted toward both the FLP and REP?2 genes, which suggests that Rep
protein association with this divergent promoter is impaired.

In one-hybrid assays, association of Rep2 with a single copy of wild-type or
mutant versions of the synthetic S7B repeat was reflective of Repl association with these
sequences (Figure 18), consistent with the association of Rep2 with these sequences
being bridged by Repl. A similar agreement between Repl and Rep2 associations was
observed with two copies of wild-type and most mutant versions of the synthetic STB
repeat. However, for the mutant repeat in which central TGCA sequence was scrambled,
association of Rep2 was impaired, while association of Repl was not. This suggests that,
when two copies of the repeat are present, bridging by Rep1 is not sufficient to mediate
wild-type levels of Rep2 association with the repeats, and that Rep2 may contribute to
recognition of the core TGCA sequence. These findings also support the notion that the
arrangement of Rep proteins associated with two copies of the synthetic S7B repeat may
be distinct from their association with a single copy of the repeat. Taken together with the
effect of similar mutations on repression of the FLP/REP2 promoter, these results further
suggest that the Rep proteins require the TGCA sequences for recognition of all their
target loci on the Scpl 2um plasmid.

Variant forms of the 2pm plasmid isolated from S. cerevisiae strains have been
classified as Type-I or Type-II based on sequences found at the STB locus. A sampling of
Type-I and Type-II STB loci have been shown to confer partitioning function in the
presence of Rep proteins supplied by other 2um plasmid variants (Rank et al., 1994a),
demonstrating that the Rep protein recognition motif is likely conserved among S7B
sequence variants. The commonly studied 2um variant used for my studies, Scpl,
belongs to the Type-II class of plasmid variants, which encode three to seven copies of
the 62- to 63-bp sequence defined as the STB-P repeat for the purposes of my study (Xiao
and Rank, 1993). The STB-P repeats show little sequence variation between members of
this class, with the TGCA sequences that [ have shown to be required for Rep protein
association being conserved in all. The conservation of the TGCA sequences in the 2um

plasmid Type-II variants supports the hypothesis that this is a Rep protein recognition
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motif. The sequences of Type-I 2um plasmid variant S7B loci are only 70% identical to
the Type-II STB loci and encode just two regions that show modest similarity to the
Type-II variant STB-P repeat (Xiao ef al., 1991a). When aligned, Type-I and Type-II
repeats do have a conserved core of ~23-bp, as described by Rank and co-workers (Rank
et al., 1994b). However, Type-1 STB loci do not contain TGCA sequences in either the
central or junction position within their S7B-P repeats, although this sequence is found in
other places within and flanking the S7B locus. In place of the central TGCA, STB Type-I
variants carry the sequence TGTA, while in the position of the junction TGCA, STB
Type-I variants do not show a consensus. This suggests that the Rep protein recognition
motif may allow variations at the third position. My analysis using the synthetic STB
repeat showed that mutating the central TGCA to TGTA, as is seen in the STB Type-I
variants, did not impair partitioning or Rep protein association, while mutating the central
TGCA to TGAA did impair partitioning and Rep protein association. Based on these
observations, I suggest that the Rep protein recognition motif is TGYA, where Y is a
pyrimidine (C or T). In addition to the two TGCA sequences examined in my studies,
there is a TGTA sequence in my wild-type synthetic S7B repeat (Table 6). No association
of Rep proteins with a single copy of the synthetic STB repeat in which both TGCA
sequences were scrambled, but the TGTA sequence was intact, was observed in a one-
hybrid assay (Figure 18). This suggests that either the TGTA sequence at this position
does not mediate Rep protein association, or a single copy of the TGY A sequence is

unable to mediate a detectable level of Rep protein association in a one-hybrid assay.

4.2.4 Models Of Plasmid Partitioning And Transcriptional Repressor Complexes

Together, the results of my analyses of protein and DNA sequence requirements
for associations among Rep1l, Rep2 and 2um plasmid sequences, and the roles of these
associations in partitioning and repression, combined with previous studies, allow models
for both the Rep protein partitioning and transcriptional repressor complexes to be
described (Figure 30). For the purposes of these models, I have assumed that Rep2
association with the DNA of S7B-P and 2um gene promoters is functionally relevant to
these complexes, although, as outlined above, this is not definitive.

In the models of both partitioning and repression, a dimer of Repl molecules

could associate with a pair of TGCA sequences (Figure 30 A and B, part (I.)). In a one-
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Figure 30. Models of 2pm plasmid partitioning and transcriptional repressor
complexes. Partitioning complex models are shown in (A); transcriptional repressor
complex models are shown in (B). In both (A) and (B), (I.) shows the initial association
of Repl with DNA as a homodimer, while (II.) shows the functional complexes made up
of both Rep1 and Rep2 molecules. (II1.) of (A) and (B) shows how Raf might interact
with these complexes. See text for references to experimental evidence.
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hybrid assay, activation of the reporter gene by association of Rep1 with a single copy of
the synthetic STB-P repeat in which one of the two TGCA sequences in the repeat was
scrambled, was less than a quarter of that observed with a synthetic S7B repeat in which
both TGCA sequences were intact (Figure 18), suggesting that a pair of TGCA sequences
is required for robust interaction. Consistent with this is the observation that Repl
association with a mutant S7B repeat having a single TGCA sequence, was significantly
improved when this mutant repeat was present as two directly-arrayed copies versus a
single copy, although two copies of these mutant repeats were still compromised for
partitioning function (Figure 16). Additionally, in one-hybrid assays using truncated
versions of Repl, I have seen that Rep1 association with a single copy of the synthetic
STB repeat is impaired when the domain required for Repl homodimerization is
truncated, although not all Repl truncations that are able to homodimerize associate with
STB (data not shown); this suggests that Repl may associate with STB-P preferentially as
a dimer, although Repl dimerization and DNA association may be performed by separate
domains. Obtaining mutant forms of Rep! that are impaired for homodimerization would
allow this model to be tested. Taken together, these observations could indicate that a
dimer of rather than a single Rep1 transcriptional activation domain fusion protein
molecule forms a stable association with reporters carrying two TGCA sequences, while
only one fusion protein is recruited to reporters with a single TGCA, resulting in a less
stable association. These hypothetical stoichiometries suggest that a minimum of four
Repl molecules, possibly arranged as dimers on each repeat, is needed for establishing
the partitioning complex at STB-P.

As Rep2 association with STB-P and 2um gene promoters was not observed in
one-hybrid assays in this or a previous study in the absence of Rep1 (Pinder et al., 2013),
I suggest that Rep2 could associate with STB-P and gene promoters only following Repl
association (Figure 30 A and B, part (I.)). There is some evidence suggesting that Rep2
can associate with STB-P in the absence of Repl. Rep2 has in vitro DNA binding
activity, which shows a preference for STB-P sequences (Sengupta et al., 2001).
Additionally, the Jayaram lab has reported robust association of Rep2 with STB-P in
absence of Repl in a ChIP assay (Mehta et al., 2002; Yang et al., 2004), although the

results of these assays were not quantified, and used only ChIP performed in the absence
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of antibody as a negative control, which I have found to be less reliable for establishing
specific association than using an unrelated antibody (data not shown). ChIP analyses in
our lab have also suggested that Rep2 may associate weakly with S7B-P in the absence of
Repl (Pinder ef al., 2013). However, I have observed that our polyclonal Rep2 antibody
immunoprecipitates a greater percentage of input DNA compared to other antibodies for
all loci tested (data not shown), so if results are not normalized to the percent of input
DNA immunoprecipitated for a control DNA locus, false positives can occur; this could
potentially be the case for results from our lab, as well as the Jayaram lab, which also
used our anti-Rep antibodies in their studies (Mehta et al., 2002; Yang et al., 2004).

These issues with ChIP analyses raise the possibility that Rep2 may not recognize
STB-P independently in vivo. Instead, Rep2 may be recruited to STB-P subsequently to or
in concert with Rep1, either through direct interaction with Rep1 or by reconfiguration of
the DNA by Repl to facilitate Rep2 DNA binding. Because Rep2naa has some
partitioning function (Figure 8 A), despite the fact that it does not associate with Rep1 or
Raf in a two-hybrid assay (Figure 6 A), and, on this basis, should no longer be recruited
to STB-P by either of these proteins, I suggest that Rep2 can be recruited to STB-P by a
combination of both direct interaction with Repl and STB-P reconfiguration by Repl.
The observation that Rep2 association with two copies of the synthetic S7B repeat can be
impaired by mutations of the core TGCA sequence (Figure 18 C), which do not impair
Repl association with two copies of the synthetic STB repeat (Figure 18 B), provides
further evidence that Rep2 association with STB-P is not a simple case of bridging by
Repl, and may involve sequence-specific DNA recognition by Rep2. The role of Raf in
partitioning when Rep2 is unable to associate with Repl is likely to stabilize Rep1
protein levels; however, a role for Raf in the STB-P partitioning complex, for example, in
destabilizing Repl homodimers, is also possible (Figure 30 A, part (II1.), bottom).

In vitro competition experiments suggest that Rep1 is unable to associate with
itself and Rep2 simultaneously, and that association of Repl with Rep2 may be favored
over Repl homodimerization (Scott-Drew and Murray, 1998). Therefore, upon
association of Rep2 with STB-P or 2pm gene promoters, one molecule of the Rep1

homodimer may be displaced by a molecule of Rep2 (Figure 30 A and B, part (IL.)).
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I have shown that Rep2 self-association or the presence of Raf is required for
plasmid partitioning (Figure 30 A, part (II.) and (II1.)), but not transcriptional repression
(Figure 30 B, part (II.)). This suggests that a single heterodimer of Repl and Rep2 may
be sufficient to mediate transcriptional repression at plasmid gene promoters, but that the
arrangement of Rep proteins at STB-P for partitioning may be more complex. As two
copies of the synthetic S7B repeat are required for partitioning (Figure 15 A), a functional
partitioning complex may consist of two heterodimers of Repl and Rep2 oriented to
allow the Rep2 molecules to associate with each other, forming a tetramer (Figure 30 A,
part (IL.)). Association of Rep2 with Repl and with itself is able to occur simultaneously
and non-competitively in vitro (Scott-Drew and Murray, 1998), suggesting that this
arrangement is possible. The carboxy-terminal portion of Rep2 is highly basic (Table 5)
and has DNA binding activity (Sengupta et al., 2001) that would allow both Rep2
molecules, each in association with a Repl molecule, to make appropriate contacts with
the STB-P DNA. For the Rep2p2,n mutant, which is impaired for association with Repl,
the presence of Raf in the partitioning complex may serve to bridge the association of
Repl and Rep2, or to favour a DNA or protein arrangement at S7B-P that promotes, and
is required for, Rep2 association with S7B-P in the absence of association between Repl
and Rep2 (Figure 30 A, part (III.), top). For the Rep244 homodimerization mutant that
cannot provide full partitioning function in the absence of Raf, homodimerization must
be compensated for by Raf, perhaps by enabling appropriate placement of the carboxy-
terminal region of Rep2 in the partitioning complex. Raf, a smaller protein lacking the
basic carboxy-terminal region that Rep2 has, might be able to replace a
homodimerization-impaired Rep2 bound to one of the Repl proteins, so that the
arrangement on STB-P is two TGCA-associated Repl molecules, one bound to a Rep2
molecule and the other to a Raf molecule, enabling a more functional placement of the

sole Rep2 protein in the complex (Figure 30 A, part (IIL.), bottom).

4.2.5 Role Of Raf In Relieving Rep Protein-Mediated Transcriptional Repression
Prior to my studies, it was known that Raf played a role in relieving Rep protein-

mediated transcriptional repression of plasmid-encoded genes and of the 1950-nt

transcript driven by STB-P (Murray et al., 1987); however, the mechanism by which Rep

proteins mediated this repression, and by which Raf counteracted their effects, was
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unclear. As described in the model above, the Rep proteins may repress transcription by
association with the TGCA sequences, recognized primarily by Rep1, as a heterodimer of
Repl and Rep2 (Figure 30 B (I1.)). Raf may inactivate this complex by binding Repl and
displacing Rep2, leaving a heterodimer of Repl and Raf at the promoters and S7B-P
instead (Figure 30 B, part (II.)). Association of Repl with Rep2 in a two-hybrid assay
has been seen to decrease upon Raf overexpression (Pinder, 2011), suggesting that Rep2
and Raf compete for association with Repl. Two-hybrid assays performed using
truncated Repl proteins show that Rep2 and Raf both associate with the same region of
the Rep1 protein (Figure 12 D), which provides further evidence that Rep2 and Raf may

be unable to associate with Repl simultaneously.

4.2.6 Evolutionary Relationship Of Rep2 And Raf

Due to the similarities I have observed in the interactions of Rep2 and Raf with
2um proteins and DNA sequences in vivo, and due to their involvement in the same
plasmid functions, I hypothesize that Rep2 and Raf are paralogs. As the 2um plasmid
forms multimers and undergoes intramolecular recombination events as part of its
amplification strategy, it is easy to imagine how a duplication of one of the genes
required for partitioning could occur. Since this duplication, Rep2 and Raf could have
evolved so that their homology is no longer evident from their amino acid sequences. In
this scenario, Raf could have lost its ability to mediate partitioning without assistance
from the Rep2 protein, but been maintained as a part of the 2um genome due to its ability
to perform functions not performed by Rep2, for example, relieving Rep protein-
mediated transcriptional repression. I suggest that these functional differences between
Rep2 and Raf stem from the fact that Raf does not have a basic carboxy-terminal domain,
while Rep2 does. A truncation of Rep2 containing only the 65 carboxy-terminal residues
is sufficient for DNA binding in a southwestern assay (N. Arumuggam, Dalhousie
University, Honours BSc thesis). This region of Rep2 is highly basic (pI = 11.5);
therefore, whether the interaction of Rep2 with DNA in vitro is sequence specific or
merely the result of non-specific associations between the acidic DNA backbone and
basic residues in Rep2 is unknown. Raf, which lacks an equivalent basic region, may be

unable to bind DNA directly, associating with DNA loci only through interactions

142



bridged by Rep1, and therefore may also be unable to mediate plasmid partitioning or
transcriptional repression.

Of the 2pum-like plasmids described in other yeast species to date, only two
encode a fourth ORF in the position of RAF. These plasmids, pKW1 and pSM1, were
isolated in the yeast species Kluveromyces waltii and Zygosaccharomyces fermentati,
which are more closely related to each other than to any other Saccharomycetaceae
family species carrying 2um-like plasmids (Hedtke et al., 2006). Experimental analysis
showed that the RAF-positioned ORF of pKW1 is not a partitioning protein, as it did not
contribute to plasmid inheritance and was unable to substitute for the REPI- or REP2-
positioned ORF (Chen et al., 1992); the functions of the REP1-, REP2- or RAF-
positioned ORFs of pSM1 have not been analyzed experimentally.

The proteins encoded by the RAF-positioned ORFs of pKW1 and pSM1 show
greater similarity to each other than to their respective REP2-position ORF-encoded
proteins (data not shown), suggesting that the duplication that gave rise to the RAF- and
REP2-position genes on these plasmids occurred in a common ancestor, prior to plasmid
divergence. Several species of 2pm-like plasmid-containing yeast that are more closely
related to S. cerevisiae than either Z. fermentati or K. waltii do not encode RAF-
positioned ORFs. Whether both RAF and the RAF-positioned ORFs of pKW1 and pSM1
arose from the same duplication in an ancestral form of the 2um plasmid and were
subsequently lost from the rest of the 2um-like plasmids, or whether these ORFs arose

from separate duplication events, is unclear.

4.3 Other Sequences Required For S7B-P-Mediated Partitioning
Mutational analyses of STB-P identified a T-tract adjacent to the core TGCA
sequence and a CGCG sequence as contributors to the partitioning function of two
directly-arrayed copies of the synthetic STB repeat (Figure 16), but not to Rep protein
association with this sequence (Figure 18 B and C). Mutation of the T-tract and CGCG
sequence did, however, impair association of Rep proteins with a single copy of the
synthetic STB repeat (Figure 18 B and C), which is non-functional (Figure 15 A). This
suggests that the T-tract and CGCG sequence do contribute to Rep protein association

with STB-P, but that this may not be their main role in partitioning. The impact of the T-
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tract and CGCG sequence on Rep protein association with S7B-P could instead be an

indirect effect of a more vital role.

4.3.1 Potential Roles Of T-Tract And CGCG Sequence In DNA Topology

The role of the T-tract and CGCG sequence in partitioning could be to regulate
nucleosome positioning at STB-P. DNA consisting exclusively of either G and C
nucleotides or A and T nucleotides is inherently less flexible than DNA containing all
four nucleotides (Simpson and Kiinzler, 1979). In the case of tracts of GC-rich sequences,
this rigidity is attributed to the fact that there is more hydrogen bonding between G and C
nucleotides than A and T nucleotides. For AT-rich sequences, this rigidity is likely due to
the novel conformation of the double-helix for these sequences, which is distinct from the
canonical double-helix, having a greater twist at each base pair that allows non-Watson-
Crick cross-strand hydrogen bonds to form (Nelson et al., 1987). AT-rich regions of
DNA, in particular homopolymeric runs of A or T, are preferentially associated with
nucleosome-free regions, both in vivo and in vitro (reviewed in (Radman-Livaja and
Rando, 2010)). A- and T-tracts as short as four nucleotides in length have been observed
to favour nucleosome positioning that places them at the ends of the nucleosomal DNA
sequence, which show the least curvature (Satchwell ef al., 1986). In addition to
translational positioning, nucleotide sequences can show preferences for particular
rotational positioning in the nucleosome particle, with A- and T-tracts preferring to be
positioned so that the minor groove faces inward toward the histones, and CG-tracts
preferring to be positioned so that the minor groove faces outward (Drew and Travers,
1985).

The roles of the T-tract and CGCG sequences in the STB-P sequence could be to
set the positioning or rotational orientation of the TGCA sequence on the nucleosome
particle in a manner that facilitates recognition by Rep1 and Rep2. In particular, the T-
tract shown to be required for efficient partitioning may impact the rotational positioning
of the central TGCA, as it is directly adjacent to this sequence. Positioning of the TGCA
sequence in the nucleosome particle by the T-tract could be necessary for efficient
recognition of the TGCA sequence by Rep proteins when a single copy of the synthetic

STB repeat is present, but not be required when two copies of the synthetic STB repeat are
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present, perhaps due to the increased number of TGCA sequences leading to
cooperativity among Rep protein associations.

The T-tract and CGCG sequence could also contribute to partitioning through
nucleosome positioning for purposes other than facilitating Rep protein association with
STB-P. One possibility is that the T-tract, together with several other T- and A-tracts
found in STB-P, or the CGCG, in conjunction with a nearby GCGC sequence, helps to
destabilize nucleosomes at STB-P, which may be important for the roles of host factors in
STB-P partitioning. Some host factors that have been shown to associate with S7B-P and
may require nucleosome destabilization to perform their partitioning roles include the
RSC2 chromatin remodeling complex (Wong et al., 2002; Huang et al., 2004; Ma et al.,
2012), which can move or replace histones, and Cse4 (Hajra et al., 2006), the

centromere-specific histone that has been shown to replace histone H3 at STB-P.

4.3.2 Potential Roles For T-Tract And CGCG Sequence As Host Factor

Recognition Motifs

Alternatively, or in addition, to a structural role at STB-P, the T-tract and CGCG
sequences could act as recognition motifs for host proteins required for partitioning
function. Two host proteins have been identified to date that specifically recognize A- or
T-tracts. One of these is datin, which has been shown to behave both as a transcriptional
activator (Moreira et al., 1998) and repressor (Iyer and Struhl, 1995), and recognizes A-
or T-tracts ten to eleven base pairs in length (Reardon et al., 1995). The other is Stb3, a
ribosomal RNA processing element binding protein involved in gene repression in
response to glucose starvation (Liko et al., 2007; Liko et al., 2010), which recognizes the
motif TTTTTCA (Zhu et al., 2009). In both cases, the sequences outside of the 5-bp T-
tract in the STB-P repeat do not match those of the identified datin or Stb3 recognition
sequences; it therefore seems unlikely that the T-tract would be recognized by either
datin or Stb3. There is also no evidence to suggest that either datin or Stb3 have roles in
2um plasmid maintenance. Neither of the strains containing deletions of these genes were
identified in either of my genome-wide screens as having altered S7TB-P chromatin or as
having altered 2um copy number. Overall, these observations suggest that the T-tract
may be more likely to impose structural constraints on S7B-P or improve recognition of

STB-P by Rep proteins, than to act as a host protein recognition sequence.
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The sequence CGCQG is part of the recognition motifs identified for three host
factors: the RSC chromatin remodeling complex (Badis et al., 2008; Zhu et al., 2009),
and the cell cycle regulated transcription factors MBF and SBF (Iyer et al., 2001; Badis
et al., 2008). One isoform of the RSC complex, RSC2, has previously been shown to
contribute to 2um plasmid partitioning (Wong et al., 2002), although both the RSC1 and
RSC2 isoforms may be present at the STB-P locus (Ma et al., 2012). In my studies, I have
shown that both subunits of the SBF complex, Swi4 and Swi6, but not the MBF-specific
subunit Mbp1, contribute to transcription driven by the STB-P sequence (Table 7, Figure
27 A), suggesting that the SBF complex influences S7B-P chromatin structure. A perfect
consensus to the SBF recognition motif, CGCGAAA (lyer et al., 2001; Badis et al.,
2008), is found once in STB-P, while a sequence similar to the consensus, CGCGAGA, is
found three times. Although I observed that 2um plasmid partitioning was slightly
impaired in the absence of Swi6, I was able to detect Swi4, the DNA-binding subunit of
SBF, at chromosomal targets only and not at STB-P in a ChIP assay. This suggests that
the influence of SBF on plasmid partitioning may be indirect, or that its interaction with

STB-P is transient or unstable.

4.4 The RSC Chromatin Remodeling Complex

With its documented role in plasmid partitioning, the RSC2 complex may be
more likely than SBF to interact with the CGCG sequence in STB-P in a manner required
for partitioning. Both deletion of the RSC2 gene, which is presumed to inactivate the
RSC2 complex, and mutation of CGCG to TGTG in two directly-arrayed synthetic STB
repeats, result in a similar decrease in plasmid partitioning efficiency (Figure 19 A).
However, upon deletion of the RSC2 gene and mutation of the CGCG sequence
simultaneously, a further decrease in plasmid partitioning efficiency is observed. This
suggests both that the CGCG sequence plays a role in plasmid partitioning that does not
involve the Rsc2 protein, and, conversely, that the Rsc2 protein has a partitioning
function that does not require the CGCG sequence.

If RSC2 is not wholly responsible for the partitioning defect associated with
mutation of the CGCG sequence, then perhaps this is because the RSC1 complex can
perform some of the same plasmid partitioning functions as RSC2. Many of the roles of

RSCI1 and RSC2 in the host can be carried out by either isoform of the complex, so it is
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possible that this is true for some aspects of the role of the RSC2 complex in 2um
plasmid partitioning. The Rscl protein, which is found exclusively in the RSC1 isoform,
has been shown to co-purify with Repl in tandem-affinity purifications (Ma et al., 2012),
implying that Rsc1 is capable of interacting with the S7B-P locus. Deletion of the gene
encoding Rscl does not impair plasmid partitioning (Wong et al., 2002), suggesting that
if the RSC1 complex plays any role in partitioning, it is only in the absence of a
functional RSC2 complex.

Although CGCQG is the only recognition sequence that has been identified for the
RSC2 complex, there is evidence to suggest that this complex may also be able to
associate with DNA in a non-sequence-specific manner, which could account for the
observation that deletion of the RSC2 gene impairs partitioning function in the absence of
an intact CGCG sequence (Figure 19 A). The sequence-specific DNA binding subunits of
RSC, Rsc3 and Rsc30, have been reported to associate preferentially with the RSCI
isoform (Campsteijn et al., 2007), while the Rsc2 protein has been shown to be
associated with sub-stoichiometric amounts of Rsc3 and Rsc30 (Chambers et al., 2012).
This implies that the recruitment of RSC2 is less dependent on the CGCG sequence than
the recruitment of RSC1. Homologs of the RSC complex in other non-fungal eukaryotes
do not contain subunits homologous to Rsc3 and Rsc30, but instead associate with
chromatin through contacts with histones and DNA in the absence of a specific
recognition sequence (reviewed in (Mohrmann and Verrijzer, 2005)); some forms of the
RSC2 complex in S. cerevisiae could therefore be recruited in this manner. The Rsc2
protein itself contains two bromodomains, which recognize acetylated amino-terminal
histone tails, and an AT-hook domain, which binds in the minor groove of AT-rich DNA
(Cairns et al., 1999), suggesting that it is possible that the Rsc2 protein itself associates
with the STB-P locus and has a role in partitioning separate from the RSC2 complex.

Overall, data obtained from experiments involving synthetic S7B sequences with
the CGCG sequence mutated to TGTG and yeast strains lacking the RSC2 gene (Figure
19) suggest that the RSC complex may have two roles in plasmid partitioning: one that
requires the CGCG sequence and can be performed by either the RSC1 or RSC2 isoform,
and the other that occurs independently of the CGCG sequence and requires the Rsc2
protein specifically. Roles for either isoform of the RSC complex at the STB-P locus may
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be similar to their roles in the host, which include involvement in transcription, cohesin
recruitment, chromosome segregation and DNA repair (reviewed in (Clapier and Cairns,
2009)). The STB-P sequence promotes transcription of a 1950-nt transcript in the
direction of STB-D (Sutton and Broach, 1985), and I have shown that both the CGCG
sequence and the Rsc2 protein are required for efficient transcriptional activation by S7B-
P (Figure 20 B); however, the role of this transcription, if any, in plasmid partitioning is
still unknown. As cohesin has been shown to associate with S7B-P and is required for
efficient plasmid partitioning, the RSC complex could be involved in cohesin recruitment
to STB-P. The 2um plasmid has been shown to missegregate with the host chromosomes
(Mehta et al., 2002; Mehta et al., 2005; Liu et al., 2013), and so the RSC complex could
also contribute to partitioning function independently of association with the STB-P locus
through its involvement in chromosome segregation.

My results suggest that one of the CGCG-independent roles of the RSC2 complex
or Rsc2 protein in 2um plasmid partitioning is in regulating the relative associations of
Repl and Rep2 proteins with STB-P. In a one-hybrid assay using a strain deleted for the
RSC2 gene and carrying a reporter with two copies of the synthetic S7B repeat upstream
of the reporter gene, I observed increased reporter activity in the presence of activation
domain-fused Repl and decreased reporter activity in the presence of activation-domain
fused Rep2, relative to the activities observed when the RSC2 gene was present. When a
single copy of the synthetic STB repeat was used in the one-hybrid assay, deletion of
RSC?2 resulted in increased reporter gene activation in the presence of activation domain-
fused Repl and Rep2. These observations support a role for the RSC2 complex or Rsc2
protein in mediating Rep protein association with S7B-P. They also provide further
evidence that the manner in which Rep proteins associate with one versus two copies of
the synthetic STB repeat is distinct, and suggest that Repl may compete with Rep2 for
association with two copies of the synthetic STB repeat. In vitro competition experiments
suggest that Repl homodimerization and association of Repl with Rep2 are mutually
exclusive; the RSC2 complex or Rsc2 protein could therefore alter the relative amount of
Repl and Rep2 association at STB-P by favouring heterodimerization of Rep1 and Rep2
over Repl homodimerization. An increase in Repl homodimerization on S7B-P in the

absence of Rsc2 could explain the increased protection of the S7B repeats from
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micrococcal nuclease digestion observed when yeast lack the Rsc2 protein (Wong et al.,
2002), if oligomers of Repl provide more protection than heterodimers of Repl and

Rep2.

4.5 Role Of STB-P-Driven Transcription In Partitioning

Mutation of the CGCG sequence to TGTG, or deletion of the RSC2 or SWI6
genes leads to a decrease in both plasmid partitioning efficiency and transcription driven
by synthetic STB repeats. However, whether STB-P transcriptional activity has an impact
on partitioning function, or is merely a consequence of recruitment of host factors and
chromatin remodeling at the STB-P locus required for partitioning function, is unclear.
The unwinding of DNA in the vicinity of S7B as a part of the transcriptional initiation
process could promote reconfiguration of STB-P chromatin. High levels of transcription
through both the STB-P sequence (Murray and Cesareni, 1986) and host centromeres
(Doheny et al., 1993) have been shown to impair plasmid partitioning and chromosome
segregation, respectively; however, it has been suggested that a low level of transcription
through centromeric sequences is required for efficient chromosome segregation in S.
cerevisiae (Ohkuni and Kitagawa, 2011). Transcription of centromeric sequences has also
been shown to play a role in kinetochore formation in higher eukaroytes, where evidence
suggests that transcription by RNA polymerase II is required for incorporation of
centromere-specific histone H3 CENP-A at centromeres (reviewed in (Scott, 2013)). As
the S. cerevisiae CENP-A homolog Cse4 has been shown to be a component of one or
both nucleosomes assembled at STB-P (Huang et al., 2011a; Huang et al., 2011b) and is
required for partitioning function (Hajra et al., 2006; Huang et al., 2011a; Huang et al.,
2011b), it is possible that transcription driven by STB-P assists in Cse4 recruitment.
Although STB-P-driven transcription does not span the S7B-P locus per se, perhaps the
distance between the transcribed region and S7B-P is small enough that it can effect Cse4

recruitment to STB-P.

4.6 Similarities Between STB-P And 2pm Plasmid Gene Promoters

The STB-P locus and the divergent 2um plasmid gene promoters, FLP/REP2p
and REP1/RAFp, drive transcription in similar ways. Transcription from both the S7B-P
locus and the gene promoters is bi-directional ((Sutton and Broach, 1985); Figure 27 A).
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Mutation of CGCG sequences both in synthetic STB repeat and in the gene promoters
impairs this transcription (Figures 20 B and 24 A; data not shown), as does deletion of
the RSC2 gene (Figure 20 B; data not shown). Additionally, Repl, Rep2 and Raf have
been seen to associate with STB-P, FLP/REP2p and REP1/RAFp in vivo (Figures 14, 21,
and 22), likely by recognition of the sequence TGCA, and regulate the transcription
driven by these sequences (Murray et al., 1987; Reynolds et al., 1987; Som et al., 1988).
Several of these shared transcriptional features, such as CGCG sequences, the Rsc2
protein, and association of Repl and Rep2, are also required for S7B-P mediated
partitioning; I therefore tested whether a 2um plasmid gene promoter, the FLP/REP2
promoter, could confer any partitioning function to a non-2um-based plasmid. I found
that the FLP/REP2 promoter was able to confer partitioning function in a Rep protein-
dependent manner on a plasmid containing only an origin of replication (ARS plasmid),
although this partitioning was less efficient than that observed for the native STB-P
sequence in this context.

Overall, these similarities suggest a relationship between 2pm plasmid gene
promoters and the STB-P locus, with STB-P having perhaps evolved from a gene
promoter. On 2um-like plasmids that do not encode an ORF in the position of RAF, the
promoter of the gene encoding the Repl homolog and the partitioning locus, where
defined (Jearnpipatkul et al., 1987b; Bianchi et al., 1991), have been shown to occupy the
same region, suggesting that promoter of the gene of the Repl homolog and the
partitioning locus could be the same sequence. My plasmid inheritance assays showed
that a single synthetic S7B repeat, containing one TGCATTTTT sequence and one
TGCA sequence without an adjacent T-tract, provided no partitioning function (Figure
15), while the FLP/REP?2 promoter (Figure 25) and two copies of the synthetic STB
repeat (Figure 15), each containing two TGCATTTTT sequences and two TGCA
sequences without adjacent T-tracts, provided a similar degree of partitioning function in
the context of a non-2um-based ARS plasmid. The native STB-P sequence in the Scpl
2um plasmid variant, which contains five TGCATTTTT sequences and two TGCATTT
sequences (Figure 3), provides better partitioning function than either the FLP/REP?2
promoter or two copies of the synthetic STB repeat (Figure 15, Figure 25). This suggests

that the difference between a promoter sequence and a sequence that is both a promoter
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and an efficient partitioning locus may be the number of TGCATTTTT or TGCA
sequences present, with more copies of these sequences conferring improved partitioning
function. I found that, for the synthetic S7B repeats, improvements in partitioning
function reached a plateau at five directly-arrayed copies (data not shown), suggesting
that the five copies found in the native STB-P sequence may be the optimum number for
efficient partitioning function, at least in strains carrying the Scpl 2pm plasmid variant.
Only two of the five repeats in Scpl STB-P have a TGCA sequence at the position of the
“junction” TGCA in the synthetic STB repeat (Figure 3), which suggests that more than
two copies of the junction TGCA sequence may not improve plasmid partitioning. This
suggestion is supported by the observation that increasing the number of directly-arrayed
mutant synthetic S7B repeats with the junction TGCA sequence scrambled but core
TGCA intact led to an improvement in partitioning function, while increasing the number
of directly-arrayed repeats with the junction TGCA intact but the core TGCA scrambled
did not improve partitioning function to the same extent (Figure 17). This implies that
further copies of the core TGCA sequence can improve partitioning function, while
further copies of the junction TGCA sequence cannot.

If the point centromeres of the budding yeast Saccharomycetaceae family
originated from an ancestral STB locus, as hypothesized by Malik and Henikoff (Malik
and Henikoff, 2009), this could mean that a gene promoter is the ancestral form of the
point centromere. The point centromeres of S. cerevisiae do share some characteristics
with promoters; for example, one of the sequence-specific centromere-binding
components associated with the inner kinetochore, Cbfl, also binds the promoter regions
of a number of genes, and, in association with transcription factors, mediates
transcriptional activation and repression (Kent et al., 2004); however, neither of the Rep
proteins resembles Cbfl or any other inner kinetochore protein, so this hypothesis

remains highly speculative.

4.7 Rep Protein-Mediated Toxicity

Repl and Rep2 have been shown to lead to host toxicity when co-expressed at
high levels, leading to a cell cycle defect characterized by enlarged, elongated cells and
slow-growing colonies displaying lethal sectoring (Scott-Drew and Murray, 1998). The

cause of Rep protein-mediated toxicity is unknown, but it has been demonstrated that
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overexpression of Raf can relieve this toxicity (Pinder, 2011). As Raf also counteracts the
effect of excess Rep proteins in the 2um plasmid gene regulatory circuit (Murray et al.,
1987), this observation suggests that the toxicity may be due to inappropriate repression
of host gene transcription.

My findings suggest that a minimum of two TGCA sequences are required for
efficient association of Rep proteins with the STB-P locus (Figure 18), and for Rep
protein-mediated repression of transcription driven by 2um plasmid gene promoters
(Figure 24). The sequences surrounding the TGCA motif and their spacing vary between
STB-P and promoters (Figures 3 and 24); it is therefore possible that promoters of some
host genes, including genes with vital roles in cell cycle progression, contain a pair of
TGCA motifs in a context that also makes them targets for Rep protein association and
repression. Pairs of TGCA sequences with spacing similar to that observed at the STB-P
and 2pm plasmid gene promoters (i.e., between 15 and 75 nucleotides apart) are found in
thousands of intergenic regions within the yeast genome, suggesting that there may be
additional requirements for Rep protein-mediated repression. Indeed, if the requirement
for a nearby CGCG sequence, or for an adjacent T-tract, is added, a search of intergenic
regions returns less than 100 candidates (data not shown). Further investigation will be
necessary to determine whether a sequence-based analysis would be informative
regarding genes that may be responsible for Rep protein-mediated toxicity. Alternatively,
high-throughput sequencing of DNA that immunoprecipitates with anti-Rep protein
antibodies when Rep1 and Rep2 are overexpressed could be carried out to determine
potential genomic target sites.

The results of my genome-wide screen for gene deletion strains with altered
phenotypes in the presence of Rep protein overexpression may also give a clearer picture
of the mechanism of this toxicity. If the toxicity does involve Rep protein-mediated
repression of host gene transcription, this screen could identify histone modifiers or other
co-repressors that may be recruited by Repl and Rep2. My other genome-wide screen,
for gene deletions that resulted in altered S7B-P-driven transcription, may also be helpful
in identifying these co-repressors, as strains that contain native 2pm plasmid, but have
increased levels of STB-P-driven transcription, may be ones in which the gene deleted is

required for Rep protein-mediated repression.
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If the toxicity associated with Rep protein overexpression does not involve Rep
protein-mediated repression, but instead occurs through other mechanisms, such as
sequestration of host proteins required for cell cycle progression, then my screen for
altered effects of Rep protein overexpression can also be informative. For example, sets
of genes that belong to the same pathway and are particularly affected, either positively
or negatively, by Rep protein overexpression will inform us as to which pathways host
proteins targeted by Rep proteins, either for transcriptional repression or sequestration,
might belong. If a host protein targeted by Rep proteins for repression or sequestration is
an essential gene, then it will not have been included in my analysis, which covered only
viable haploid yeast gene deletion strains. As one or several of the proteins targeted by
the Rep proteins for repression or sequestration may be essential, as is suggested by the
severity of the phenotype observed, repeating this screen using a collection of yeast

strains in which essential genes can be inactivated may be informative.

4.8 Concluding Remarks

The 2pm plasmid was first identified nearly 50 years ago. Since that time, we
have gained an understanding of how the plasmid uses efficient partitioning and strictly
regulated copy number amplification to ensure its maintenance. Several host proteins
with roles in plasmid partitioning have also been identified; however, questions still
remain regarding the roles of plasmid-encoded components in plasmid maintenance.

I have identified aspects of the Repl, Rep2 and Raf proteins that are required for
their functions and associations with each other, with STB-P and with plasmid gene
promoters, as well as short DNA sequences within these regions that are required for
function and Rep protein association. My analyses of these associations and sequences,
together with previous analyses, have allowed me to propose a model of how plasmid
proteins and DNA loci interact to mediate partitioning and repressor functions. However,
my results also highlight questions regarding these associations that remain to be
answered; for example, are Rep proteins able to physically associate with STB-P DNA or
do they require the assistance of a host protein? Is Repl homodimerization required for
any Repl functions? And what contributors to partitioning function, both host factors and

STB-P sequence elements, remain to be identified?
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I have also demonstrated that the Raf protein, previously shown to provide no
contribution to the plasmid partitioning function of wild-type Rep proteins, can
complement the partitioning function of a mutant Rep2 protein that is impaired for
association with Rep1 or with itself. This additional function for Raf is perhaps not
surprising, as, given the small size and rapid evolution of the 2um plasmid (Murray ef al.,
1988), sequences that do not contribute to plasmid maintenance are likely to be rapidly
eliminated. This finding highlights the redundancy among the interactions of 2pm
plasmid components required for partitioning function that I have observed. Further
examples of this redundancy include the observations that association of Rep2 with either
Repl or itself is sufficient to confer plasmid partitioning function in the presence of Raf,
and that Raf and Rep2 are both able to stabilize Repl post-transcriptionally.
Evolutionarily, this redundancy may be an effective strategy for an extrachromosomal
element like the 2um plasmid, which confers no known selective advantage to its host.

Circular DNA plasmids have been observed in a wide range of organisms, from
bacteria to humans. Many of these do not confer a selective advantage to their host, and
therefore encode systems to ensure their maintenance, including partitioning systems. As
a eukaryotic plasmid that may have a bacterial origin, the 2um plasmid shows similarities
to both the plasmid prophages of bacteriophages and mammalian viral plasmids. A
thorough understanding of 2pum plasmid maintenance will therefore not only contribute to
the understanding of yeast plasmid biology, but may also provide insight into the

maintenance strategies of plasmids found in a diversity of cell types.
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APPENDIX

This appendix contains the results of two genome-wide screens, summarized in table
form.
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Table 8. Strains showing decreased expression of the STB-P(0O)-lacZ reporter

CLT

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
1|01 dark normal v.pale blue nib normal present YCRO77C | PATI
04 dark normal pale nib normal present YGR241C | YAP1802
present,
2 | AlO pale pale pale absent absent small YMRO064W | AEP1
present,
Al4 pale spot v.pale blue absent absent small YMRO0O66W | SOV1
Cl normal | normal pale nib normal present YERI1IC | SWI4
present,
J7 normal | normal v.pale blue absent small small YLRO38C | COX12
present,
J18 normal | normal pale absent absent small YMRO097C | MTG1
present,
N17 normal | normal v.pale blue absent absent small YNL252C | MRPL17
present,
P21 pale normal pale smooth absent small YPLI32W | COXI11
present,
3| B6 normal | normal pale absent absent small YJLOO3W | COX16
N1 normal | normal pale absent absent present YJR144W | MGM101
N24 normal | dark v.pale blue nib absent present YJR054W | KCHI1
4 Cl1 normal | normal v.pale blue nib absent present YDR461W | MFA1
D12 normal | normal v.pale blue v.smooth absent present YDRS512C | EMII
D20 dark normal v.pale blue nib absent present YFLOOIW | DEGI




€LI

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
4 |1 G20 normal | dark v.pale blue absent absent small YKRO85C | MRPL20
present,
L22 normal | dark pale v.smooth absent small YNL315C | ATP11
P7 normal | normal white v.smooth large present YNL107W | YAF9
P8 absent | normal white v.smooth, large | absent present YOR302W | YOR302W
present,
P22 normal | normal v.pale blue absent absent small YPLO78C | ATP4
present,
5| H21 normal | pale pale absent med/small | small YBL045C | CORI1
present,
Gl1 pale dark v.pale blue absent med/small | small YNL284C | MRPL10
present,
GI13 normal | dark v.pale blue absent med/small | small YNL315C | ATPI11
P13 normal | dark v.pale blue nib normal present YBLO8OW | AVTS
present,
P15 pale dark white absent absent small YBLO9OW | MRP21
6| D18 normal | normal pale nib normal present YDLO2IW | GPM2
present,
F16 normal | normal white v.smooth medium small YDLO032W | YDLO032W
present,
F18 normal | normal white v.smooth medium small YDL033C | SLM3
present,
7| Al6 normal | normal v.pale blue v.smooth absent small YDL198C | YHMI
present,
A23 normal | normal v.pale blue v.smooth small small YDL107W | MSS2




vLI

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
71 D15 normal | dark pale v.smooth absent present YDRO069C | DOA4
present,
P4 normal | normal white absent absent small YDR231C | COX20
8 | H20 normal | normal pale nib absent present YEL045C | YEL045C
K2 normal | normal v.pale blue nib normal present YDR401W | YDR401W
019 normal | normal white nib, small small present YDR335W | MSNS5
91 Al dark normal v.pale blue absent normal present YDR523C | SPSI
H12 normal | normal v.pale blue nib med/large | present YGL139W | FLC3
(YERO55C
G19 normal | normal white nib absent present ) (HIS1)
present,
13 normal | dark white absent small small YERO58W | PET117
L4 normal | normal v.pale blue nib normal present YGLISOW | YGL159W
P21 pale present white nib normal present YGL096W | TOS8
10 | A2 normal | dark pale nib normal present YGRO027C | RPS25A
med/norm
A3 normal | normal pale nib al present YGLI95W | GCNI
present,
D2 normal | dark pale absent small small YHLO038C | CBP2
El12 normal | normal v.pale blue smooth normal present YGRO56W | RSC1
15 normal | normal v.pale blue v.smooth normal present YGL244W | RTF1
present,
P10 pale absent white absent absent small YHRO38W | RRF1
present,
11 | AI3 normal | normal white absent med/sm small YHRO51W | COX6




SLI

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
11| AI8 normal | normal pale absent absent small YHR147C | MRPL6
E10 normal | normal white smooth absent present YHR167W | THP2
Gl normal | normal white nib normal present YHRO81W | LRPI
present,
M7 normal | normal white absent med/sm small YHRI120W | MSH1
12 | B9 dark normal pale v.smooth, small | normal present YJL124C LSM1
present,
C8 normal | normal white absent colony small YJL209W | CBP1
med/norm
G20 normal | normal pale nib, large al present YJL179W | PFDI
HI3 normal | normal v.pale blue nib normal present YJL084C ALY?2
115 normal | normal v.pale blue nib, small* normal present YIL153W | RRDI
Ol normal | normal v.pale blue nib normal present YIROOSW | IST3
present,
13 | AS normal | dark white nib, large absent small YKL003C | MRP17
B4 normal | normal v.pale blue nib, medium absent present YLLOO2W | RTT109
E17 normal | normal white nib absent present YKL032C | IXR1
K12 normal | dark pale nib absent present YKL160W | ELF1
14 | E15 normal | normal v.pale blue nib absent present YLRO61W | RPL22A
present,
G3 normal | normal pale v.smooth absent small YLRO67C | PET309
14 normal | normal v.pale blue nib normal present YLRI181C | VTAI
present,
16 normal | pale pale v.smooth absent small YLRI182W | SWI6




9L1

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
14 | 115 normal | normal v.pale blue nib normal present YLRO85C | ARP6
J4 normal | normal v.pale blue nib absent present YLR373C | VID22
present,
K24 normal | normal white smooth colony small YLR203C | MSS51
med/norm
L20 normal | normal pale v.smooth al present YLR393W | ATP10
present,
15 | B21 normal | normal pale v.smooth absent small YMRI151W | YIM2
present,
F6 normal | normal pale absent absent small YMR257C | PETI111
G8 normal | normal v.pale blue nib, small small present YMR234W | RNHI
med/norm
M7 normal | normal white smooth al present YML062C | MFT1
16 | B23 dark normal pale nib absent present YNLI136W | EAF7
present,
L13 normal | absent v.pale blue absent absent small YNLOSIC | SWS2
L14 normal | normal pale v.smooth small present YNRO20C | ATP23
present,
N22 normal | pale v.pale blue absent absent small YNRO36C | MRPS12
present,
P8 normal | pale v.pale blue absent absent small YNRO41C | COQ2
17 | A20 normal | normal v.pale blue nib normal present YOR106W | VAM3
Bl1 normal | normal pale absent absent present YORI198C | BFR1
present,
B13 normal | dark pale absent absent small YORI199W | YORI99W




LLT

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
17 | B15 normal | normal pale absent absent small YOR200W | YOR200W
present,
B17 normal | normal pale absent absent small YOR201C | MRM1
E6 normal | normal pale nib normal present YORI123C | LEOI1
present,
K9 normal | normal pale absent absent small YORO65W | CYTI
18 | C21 normal | normal v.pale blue smooth medium present YOL012C | HTZ1
present,
D4 normal | normal pale absent absent small YPLO78C | ATP4
present,
D5 normal | normal pale absent absent small YPLI73W | MRPL40
present,
D7 normal | normal pale absent colony small YPL172C | COXI10
present,
E19 normal | absent v.pale blue absent med/small | small YOLO023W | IFM1
present,
K3 dark dark pale v.smooth absent small YOLO5S1IW | GALI1
present,
K18 normal | normal pale absent small small YPL215W | CBP3
present,
19 | B9 normal | normal v.pale blue absent med/small | small YORO054c | VHS3
present,
B16 normal | normal white v.smooth colony small YGR222W | PET54
B21 normal | normal pale nib absent present YIL134W | FLXI




8L1

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
19 | Fl14 normal | dark v.pale blue absent med/small | small YPL132W | COX11

present,

F20 normal | normal v.pale blue absent colony small YML129C | COX14

H2 normal | dark pale nib normal present YMRI125W | STO1

112 normal | normal v.pale blue nib, small* normal present YPR159W | KRE6

(YPR177C

K24 normal | normal white smooth absent present (YPR177C) | )
present,

N20 normal | dark pale absent small small YCR046C | IMGI1

04 normal | normal pale v.smooth small present YPRI9IW | QCR2

0Ol6 normal | normal v.pale blue nib normal present YPR197C | YPRI197C
present,

P2 normal | absent pale absent small small YNLO73W | MSK1

P6 normal | normal white smooth normal present YFLOOIW | DEGI

P18 dark normal white nib med/small | present YJRO55W | HIT1
present,

20 | A13 normal | pale pale absent small small YALO39C | CYC3

present,

B15 normal | normal pale absent med/small | small YKL170W | MRPL38
present,

C17 normal | dark pale absent colony small YBL045C | CORI1
present,

DI3 normal | dark pale absent small small YLRO67C | PET309




6L1

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
med/norm | present,
20 | D20 dark dark pale absent al small YPL172C | COXI10
present,
El4 normal | normal pale absent med/small | small YERO58W | PET117
present,
El17 pale normal pale absent colony small YBRO037C | SCO1
F3 dark pale pale nib absent present YLRI182W | SWI6
nib, present,
Gl normal | normal v.pale blue v.smooth, large | medium small YBR120C | CBP6
present,
Gl15 normal | dark white absent colony small YBR251IW | MRPS5
present,
J13 normal | absent pale absent med/small | small YMR256C | COX7
present,
J15 normal | normal pale absent colony small YMR257C | PET111
present,
K5 normal | normal pale absent small small YDL107W | MSS2
med/norm | present,
M4 normal | normal v.pale blue smooth al small YHRI116W | COX23
present,
M6 normal | dark v.pale blue absent med/small | small YHRI20W | MSH1
present,
P11 normal | normal pale absent normal small YORI199W | YORI99W
present,
P17 normal | normal pale absent colony small YOR205C | GEP3




Table 9. Strains showing increased expression of the STB-P(0)-lacZ reporter and absence of 2um hybridization signal

081

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose | dextrose systematic | standard
1| Al6 absent | absent dark blue nib small present YCR099C | YCR099C
N12 pale absent dark blue nib, small normal present YNRO51C | BRES
N17 absent | absent dark blue nib normal present YKRO6O9W | METI
P19 pale absent dark blue nib small present YKRO82W | NUP133
2| Cl1 pale pale dark blue nib small present YER116C | SLX8
31716 absent | absent dark blue nib absent present YJR026W | YJR026W
L20 pale absent dark blue nib absent present YJR040W | GEF1
4| Cll absent | absent dark blue nib large present YGRO28W | MSPI
Gl1 absent | absent dark blue nib, small* absent present YJL136C RPS21B
5(F3 absent | absent dark blue nib normal present YBL024W | NCL1
J11 absent | absent dark blue absent normal present YBL052C | SAS3
P22 pale absent dark blue nib normal present YBRO78W | ECM33
6| A3 absent | absent blue v.smooth v.small present YBRO81C | SPT7
A24 absent | absent dark blue nib normal present YBRI184W | YBR184W
D2 absent | absent dark blue nib medium present YDLOI3W | SLXS5
N18 absent | absent dark blue nib normal present YDLO80OC | THI3
06 absent | absent dark blue nib normal present YBR259W | YBR259W
P16 absent | absent dark blue nib normal present YDL091C | UBX3
71 C17 absent | absent dark blue v.smooth small present YDL116W | NUP84
D6 absent | absent dark blue nib normal present YDR161W | TCI1
8 | E23 absent | absent dark blue nib normal present YDR277C | MTH1




181

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic standard
9| B23 absent | pale dark blue absent absent present YGLO12W | ERG4
J9 absent | absent dark blue nib normal present YGL054C | ERV14
10 | G14 absent | absent dark blue nib normal present YGRO69W | YGRO6OW
K17 absent | absent dark blue nib normal present YGL262W | YGL262W
N16 absent | absent dark blue nib normal present YHRO029C | YHI9
11| L9 pale absent dark blue nib normal present YIL0O64W | EFM4
12 C2 pale absent dark blue nib normal present YJL212C OPT1
K8 pale pale dark blue nib normal present YJL161W | FMP33
13| Cl14 pale pale dark blue nib absent present YKL113C | RAD27
D9 absent | absent dark blue nib normal present YKL207W | EMC3
Gl15 absent | absent dark blue nib, small normal present YKL043W | PHDI
J5 absent | absent dark blue nib absent present YKRO20W | VPS51
N20 absent | absent dark blue smooth normal present YLROI5SW | BRE2
15173 absent | absent dark blue absent absent present YMRI185W | RTP1
ale,
J10 B.small absent dark blue nib normal present YMR283C | RIT1
16 | C13 absent | absent dark blue nib normal present YNL32IW | VNXI1
H14 absent | absent dark blue nib normal present YNLO046W | YNLO46W
present,
J10 absent | absent dark blue absent absent small YNROO6W | VPS27
17 | A10 absent | absent dark blue nib normal present YORI101W | RASI1
All absent | absent dark blue nib normal present YOR006C | TSR3
C10 absent | absent dark blue nib normal present YORI13W | AZF1




(41!

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic standard
17 | G9 absent | absent dark blue nib normal present YOR041C | YOR041C
J4 absent | absent dark blue nib normal present YOR337W | TEA1
015 absent | absent dark blue nib, small normal present YORO092W | ECM3
0l6 absent | absent dark blue nib normal present YOR188W | MSBI
18 | O13 absent | absent dark blue nib normal present YOLOS0OC | REX4
19 | E20 absent | absent dark blue v.smooth, small | absent present YPR139C | LOAI
L10 absent | absent dark blue v.smooth normal present YJR040W | GEF1
L15 absent | absent dark blue nib normal present YMRI119W | ASI1
present,
20 | D8 absent | absent dark blue absent med/small | small YPL271W | ATPIS
med/norm | present,
E2 absent | absent dark blue absent al small YERO14W | HEM14
G8 absent | absent dark blue nib normal present YGLO038C | OCHI
med/norm
I5 pale absent dark blue nib al present YDLO13W | SLX5
med/norm | present,
J6 absent | absent dark blue absent al small YGL223C | COGI1
K16 absent | absent dark blue nib normal present YHLO35C | VMRI
118 absent | absent dark blue nib normal present YGRO69W | YGRO6OW




Table 10. Strains showing increased expression of the STB-P(0)-lacZ reporter and presence of 2um hybridization signal

€8l

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
YDR363W-
1| Cl6 pale normal blue smooth normal present | A SEM1
D11 normal | absent blue nib normal present YGR270W | YTA7
El5 normal | pale blue sector nib normal present YBR296C | PHO&9
YER188
E22 pale absent dark blue absent absent absent YERI8SW | W
F22 dark absent dark blue absent small absent YLR432W | IMD3
HI19 pale absent dark blue absent absent absent YILOO9C-A | EST3
present, YGR219
K8 pale absent dark blue absent absent small YGR2I9W | W
present,
K10 pale normal dark sector absent absent small YGR220C | MRPL9
L17 normal | absent dark blue nib normal present YIRO038C GTTI
present,
L18 normal | normal dark blue v.smooth absent small YMRO060C | TOM37
YKRO35W-
N9 normal | absent dark blue nib absent present | A DID2
present,
2| A9 normal | pale blue sector absent absent small YERI103W | SSA4
present,
A23 pale pale dark blue nib absent small YERI110C | KAP123
Bl dark normal blue sector nib normal present YBR232C | YBR232C
present,
C2 normal | dark blue sector absent normal small YMRO72W | ABF2




12!

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,

2 | El pale normal dark blue nib normal small YER122C | GLO3
E5 normal | absent dark blue nib normal present YER124C | DSEIl
HI pale normal dark blue absent absent present YHRI191C | CTF8
H3 pale normal dark blue nib absent present YHR193C | EGD2
HS5 spot normal dark blue nib normal present YLLO30C | RRT7?
HI11 pale normal dark blue smooth, small absent present YLL0O49W | LDBI18

YMLI131

J8 pale absent dark blue nib nib present | YMLI3IW | W
K5 normal | normal blue nib normal present YER163C GCGl1
015 normal | absent dark blue nib normal present YMRO054W | STV1
019 pale pale dark sector nib normal present YMRO56C | AACI

3|B2 normal | normal blue nib absent present (YJLOOIW) | (PRE3)
N18 normal | normal blue sector nib absent present YJRO51W | OSM1
N20 normal | normal blue sector nib absent present YJRO52W | RAD7

YOR364

02 normal | normal blue sector nib absent present YOR364W | W
P12 normal | pale dark blue nib absent present YJRO60W | CBF1

4| C4 pale normal blue sector nib absent present YFLO14W | HSPI2
F14 normal | normal blue nib, small absent present YFLO13C IES1
F15 normal | normal blue v.smooth absent present YCR047C | BUD23
J22 pale normal blue sector nib absent present YIR044C YIR044C
MI0 pale normal blue sector nib absent present YOLI53C | YOL153C




¢81

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
41022 pale normal dark blue absent absent small YPRO67W | ISA2
5| D18 normal | absent dark blue nib normal present YBRO06W | UGA2
D20 normal | absent dark blue nib normal present YBRO0O07C | DSF2
present,
D21 normal | absent blue smooth medium small YBL02IC | HAP3
D23 normal | absent dark blue absent absent absent YBL022C | PIMI
E2 pale normal blue sector nib med/large present YAL044C | GCV3
YNL109
Gl normal | normal blue sector nib normal present YNLIOOW | W
H16 normal | absent dark blue nib normal present YBR027C | YBR027C
H23 normal | normal blue nib normal present YBL046W | PSY4
YBRO032
J2 normal | absent dark blue nib normal present YBRO32W | W
J21 normal | absent dark blue absent absent absent YBL0O57C | PTH2
M22 normal | pale dark blue nib normal present YARO027W | UIP3
YBRO056
N2 normal | normal dark sector nib normal present YBRO5S6W | W
N14 normal | absent dark blue nib normal present YBR062C | YBR062C
YBLO81
N21 normal | normal blue sector nib normal present YBLOSIW | W
6 C9 pale normal blue sector nib normal present | YBR094W | PBY1
YBRI113
E23 normal | normal blue sector nib normal presesnt | YBRII3W | W
G22 pale normal blue sector nib normal present YBR219C | YBR219C




981

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
6 | HI1 pale absent dark blue absent absent absent (YCL043C) | (PDI1)
HI12 normal | normal dark blue absent absent present YDL042C | SIR2
YDL118
71 C21 normal | present dark blue nib normal present YDLIISW | W
present,
F12 dark dark dark sector nib small small YDR176W | NGGI1
G4 normal | normal blue sector nib normal present YDL229W | SSBI
G24 normal | normal blue nib normal present YDL239C | ADY3
M2 normal | normal dark sector nib normal present YDR022C | ATG31
M15 pale pale dark blue nib normal present YDL174C | DLDI
M23 dark normal blue sector nib normal present YDL178W | DLD2
N9 pale absent blue smooth small present | YDR127W | AROI
P24 normal | normal dark blue nib normal present YDR241W | BUD26
8| AI8 normal | dark blue sector nib normal present YDR348C | PALI
Al9 normal | normal dark sector nib normal present YDR251W | PAMI1
present,
B19 normal | dark dark blue nib absent small YDR448W | ADA2
B20 normal | absent dark sector nib normal present YELO10OW | YELO10W
C21 normal | dark dark blue smooth absent present YDR264C | AKRI
C24 normal | normal blue sector nib normal present YDR363W | ESC2
D3 normal | pale dark blue nib normal present YDR452W | PPNI1
D9 normal | normal blue sector nib normal present YDR455C | YDR455C
DI11 normal | normal blue sector nib medium present YDR456W | NHX1
D23 pale pale blue smooth med/large present YDR462W | MRPL28




L8I

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,

8 | ES normal | dark dark blue absent medium small YDR268W | MSW1
El3 pale absent dark blue nib normal present YDR272W | GLO2
El4 normal | absent dark blue nib absent absent YDR371W | CTS2
E19 normal | absent dark blue nib normal present YDR275W | BSC2
F4 normal | normal blue sector nib normal present YEL025C | YEL025C
F5 normal | dark blue sector nib normal present YDR465C | RMT2
F10 normal | normal blue sector nib normal present YELO028W | YELO28W
F17 normal | pale blue sector nib med/normal | present YDR471W | RPL27B
Gl12 normal | normal blue nib, small med/normal | present YDR382W | RPP2B

present,
110 normal | normal blue v.smooth med/normal | small YDR393W | SHE9
J3 normal | normal blue nib normal present YDR488C | PACI1
present,
K15 normal | normal dark blue nib normal small YDR309C | GIC2
P5 normal | normal blue sector nib normal present YDR525W | API2

91 Al5 pale normal blue sector nib normal present YERO20W | GPA2
A23 normal | normal blue sector nib normal present YER024W | YAT2
B7 normal | normal dark blue nib normal present YGL004C | RPN14
C10 normal | normal blue sector nib normal present YFLO15C YFLO15C
E10 normal | normal dark blue absent absent present YFLO26W | STE2
F1 pale normal dark blue v.smooth small present YGL025C | PGDI
F12 normal | normal dark blue nib normal present YGL127C | SOHI1
F13 normal | dark dark blue nib absent present YGLO31C | RPL24A




881

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
9| F23 pale normal dark sector nib absent present YGLO36W | MTC2
G24 normal | absent dark blue nib absent present YFL043C YFL043C
H1 normal | normal dark blue nib normal present YGL037C | PNCI
HI13 normal | pale dark blue nib med/normal | present YGL043W | DST1
H22 pale pale dark blue nib normal present YGL144C | ROGI
I1 normal | normal blue sector nib normal present YERO057C | HMF1
I5 pale normal dark blue nib normal present YERO59W | PCL6
]2 normal | normal blue nib normal present YGL146C | RRT6
J13 normal | normal dark blue nib absent present YGLO056C | SDS23
J16 normal | normal blue nib normal present YGLI53W | PEX14
K1 normal | normal blue nib normal present YERO67W | RGI1
K9 normal | normal blue smooth absent present YERO6OW | ARGS,6
present,
K11 normal | dark dark blue absent absent small YERO70W | RNRI1
Ll6 pale normal blue, small nib normal present YGL165C | YGL165C
L22 pale normal dark blue nib absent present YGL168W | HURI
P1 normal | present | blue nib normal present YGLO86W | MADI
10 | C9 normal | pale blue smooth med/normal | present YGL21IW | NCS6
DI normal | pale dark sector v.smooth normal present YGR135W | PRE9
F8 pale normal dark blue nib normal present YHLO023C | NPR3
F15 normal | normal blue sector nib normal present YGRI154C | GTO1
HI15 normal | pale blue sector nib absent present YGR166W | TRS65
present,
J1 normal | dark blue sector absent small small YGR171C | MSM1




681

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose dextrose | systematic | standard
10 | L24 normal | normal blue sector nib small present YHRO021C | RPS27B
present,
M8 normal | dark blue sector absent small small YGR102C | GTF1
M9 pale pale dark blue nib normal present YGROO7W | ECT1
YILO15C-
11 | D6 pale dark dark blue nib normal present YILOISC-A | A
E21 pale normal blue nib absent present YHRO079C | IRE1
G4 normal | normal blue nib normal present YHR176W | FMOI1
L2 normal | normal blue nib normal present YILO60W YILO60W
M9 normal | normal dark sector nib normal present YHRI21IW | LSM12
P18 pale normal dark blue nib normal present YIL094C LYSI2
12 | BS normal | normal dark sector nib normal presesnt | YJL126W | NIT2
B14 normal | normal blue sector nib med/small | present YJR073C OPI3
C2 pale absent dark blue nib normal present YJL212C OPT1
present,
F1 normal | normal dark blue absent absent small YJL102W | MEF2
Gl12 normal | normal blue smooth normal present YJLI83W | MNNI1I
H21 normal | normal blue sector nib normal present YJLOSOC SCP160
present,
14 normal | normal blue v.smooth absent small YJL176C SWI3
K8 pale pale dark blue nib normal present YJL161W | FMP33
K20 normal | absent blue nib normal present YJL155C FBP26
K22 normal | normal blue sector nib normal present YJL154C VPS35
L3 normal | pale blue sector nib normal present YJL064W | YJLO64W




061

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard

12 | M10 normal | normal blue v.smooth medium present YJL148W | RPA34
MI12 normal | normal blue sector nib normal present YJL147C MRX5

13 | D6 normal | normal blue nib normal present YLLOISW | BPTI
D21 dark normal dark blue nib, small absent present YKL213C | DOA1
E6 normal | normal blue nib med/normal | present YKLI2IW | DGR2
G6 pale normal blue sector nib normal present YKLI33C | YKL133C

present,

G8 pale pale dark blue absent absent small YKLI134C | OCTI
J6 normal | normal blue nib normal present YLLO5S1C | FRE6
J12 pale normal dark blue nib normal present YLL054C | YLLO54C
K14 normal | normal blue sector nib normal present YKL16IC | KDX1
L2 normal | pale blue sector nib normal present YLLO61W | MMPI
MI18 normal | normal blue sector nib normal present YKL175W | ZRT3
N13 normal | normal blue sector nib normal present YKRO048C | NAPI
N20 spot absent dark blue nib normal present YLROISW | BRE2
020 normal | pale blue sector nib absent present YKLI188C | PXA2

14| C13 normal | normal blue sector nib absent present YLR048W | RPSOB
E4 normal | normal blue sector nib normal present YLR149C | YLR149C
F3 normal | normal blue sector nib normal present YLR253W | MCP2
13 normal | pale dark blue smooth absent present YLRO79W | SICI
J9 pale normal dark blue nib normal present YLR280C | YLR280C
K13 pale normal blue sector nib normal present YLRO96W | KIN2
L10 pale absent dark blue nib med/normal | present YLR388W | RPS29A
L14 pale normal blue sector nib normal present YLR390W | ECMI19




161

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
14 | N5 pale absent dark blue nib absent present YLR303W | MET17
013 pale normal blue nib normal present YLR120C | YPSI
017 normal | normal blue sector nib, small normal present YLR309C | IMHI1
15| B7 normal | normal blue nib absent present YMR143W | RPSI16A
YMLO020
E2 normal | normal blue sector nib normal present YMLO20W | W
El4 normal | normal blue sector v.smooth normal present YMLO14W | TRM9
present,
F4 pale normal blue sector absent absent small YMR256C | COX7
present,
13 normal | normal dark blue absent normal small YMLO88W | UFOI
YMLO79
121 normal | normal blue sector nib normal present YMLO79W | W
YMR196
L3 normal | normal blue sector nib normal present YMRI96W | W
YMRO31W | YMRO31
MI12 normal | normal blue sector nib normal present -A W-A
16 | A16 normal | pale dark blue smooth absent present YNL236W | SIN4
Al8 normal | pale dark blue nib normal present YNL235C | YNL235C
D17 pale normal dark blue nib normal present YNL127W | FARII]
D22 normal | normal blue, small nib normal present YNLO025C | SSN§
E3 pale normal dark blue nib medium present YNL314W | DALS2
YNL217
E6 pale normal blue sector nib normal present YNL217TW | W




61

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
YNLO040
16 | H2 normal | normal blue sector nib normal present YNLO4OW | W
123 normal | normal blue sector nib normal present YNL280C | ERG24
J14 pale normal blue nib normal present YNROOSW | LROI
J18 normal | normal blue nib absent present YNRO10OW | CSE2
K7 normal | normal blue sector nib normal present YNL276C | YNL276C
YNRO21
Ll6 normal | pale blue sector nib absent present YNRO2IW | W
N8 pale absent blue nib normal present YNRO029C | YNRO29C
N13 normal | normal blue, small smooth v.small present YNLO69C | RPL16B
N14 normal | normal blue sector nib normal present YNRO32W | PPG1
17 | A19 normal | normal blue nib normal present YOROIOC | TIR2
B10 normal | normal dark blue nib small present YOR293W | RPSI0A
E2 normal | normal blue sector nib normal present YORI121C | YORI2IC
F10 normal | pale dark blue nib normal present YOR316C | COTI
J13 normal | normal blue nib, small normal present YOR247W | SRL1
J20 normal | normal blue sector nib normal present YOR345C | YOR345C
024 pale normal blue sector nib normal present YORI192C | THI72
P1 pale normal blue sector nib normal present YOR277C | YOR277C
P19 pale normal blue nib normal present YOR286W | RDL2
18 | C10 normal | dark blue nib, small medium present YPL267TW | ACMI1
D18 normal | normal blue sector nib normal present YPLO71C YPLO71C
E7 normal | normal blue sector nib normal present YOLOI7W | ESC8
E9 normal | normal blue sector nib med/small | present YOLOI8C | TLG2




col

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
18 | F5 normal | normal dark blue v.smooth medium present YPLI161C BEM4
present,
H15 normal | normal blue sector nib normal small YPL144W | POC4
H22 pale dark dark blue absent absent present YPLO45W | VPSI16
123 normal | absent dark blue nib medium present YOL049W | GSH2
L5 normal | normal blue sector nib small present YPLI25W | KAPI20
06 normal | normal dark blue nib normal present YPL197C YPL197C
present,
19 | B22 normal | normal dark blue smooth v. small small YIR026C YVHI
C24 normal | normal blue nib normal present YPRI129W | SCD6
present,
DS normal | normal blue absent normal small YER122C | GLO3
D9 normal | normal blue smooth absent present YBRO81C | SPT7
G21 normal | normal dark blue nib normal present YPRO52C | NHP6A
present,
HS5 pale normal blue absent med/normal | small YDL063C | SYOI
YGRO025
J17 normal | normal blue sector nib normal present YGRO25W | W
present,
J20 pale normal blue, small absent absent small YJR144W | MGMI101
K9 normal | normal dark blue nib normal present YPRO70W | MED1
present,
20 | A4 normal | normal dark blue absent normal small YDR283C | GCN2
present, | YOR304C-
B8 normal | pale blue absent normal small A BIL1




149!

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
20 | C3 pale absent dark blue v.smooth medium small YBL021C | HAP3

C4 pale pale dark blue nib normal present YDR440W | DOT1
present,

C5 pale pale dark blue absent v.small small YBL022C | PIM1
present,

C18 dark pale blue absent med/normal | small YEL029C | BUDI6

C20 pale absent dark blue absent absent absent YELO36C | ANPI

C21 pale pale dark blue nib med/normal | present YBLO72C | RPS8A

D10 pale pale dark blue smooth, large v.small present YPL234C VMAII

F1 normal | normal blue sector absent absent present YLR148W | PEP3
present,

F10 normal | normal blue absent v.small small YPLO78C ATP4

F15 normal | normal blue sector absent absent present YLR240W | VPS34
present,

F20 pale normal blue sector absent absent small YPLO29W | SUV3
present,

G7 normal | normal blue sector absent absent small YBR163W | EXO5

Gl6 normal | normal blue sector nib, medium med/normal | present YGL105W | ARC1
present,

J12 normal | normal blue sector absent normal small YDL063C | SYOl
present, YGL218

J16 pale pale blue sector absent small small YGL2I8W | W
present,

J23 normal | normal blue sector absent med/normal | small YMR287C | DSSI1




S61

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
20 | K22 pale normal dark blue absent med/small | small YHRO51IW | COX6

present,

L1 normal | normal blue sector absent absent small YMR293C | HER2

L3 pale pale dark blue nib normal present YNL302C | RPS19B

L5 pale pale dark blue v.smooth absent present YNL248C | RPA49

L9 pale normal dark blue v.smooth normal present YNL236W | SIN4

M14 normal | normal blue sector nib med/normal | present YIL128W | METI8

M20 normal | normal blue v.smooth absent present YJL188C YJL188C

05 normal | absent dark blue nib med/small | present YDR140W | MTQ2

08 pale absent dark blue v.smooth absent present | YJLO75C APQI3
present,

013 normal | normal blue absent absent small YDR175C | RSM24

024 normal | normal dark blue absent large present YKL054C | DEF1

P21 normal | normal dark blue nib med/normal | present YOR221C | MCTI1
present,

P23 normal | normal blue absent normal small YOR241W | MET7




Table 11. Strains that appear as small colonies upon overexpression of Rep1 and Rep2.

961

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose dextrose | systematic | standard

1| AlO dark dark pale blue nib, small* medium present YCR094W | CDC50
B7 absent | normal pale blue nib, small normal present YGR256W | GND2
117 normal | normal pale blue nib, small normal present YCR045C | RRTI2
P6 pale normal pale blue nib, small* normal present YNRO60W | FRE4
P14 normal | normal pale blue nib, small* normal present YNRO64C | YNRO64C

2 | B7 normal | normal pale blue nib, small normal present YELOIIW | GLC3
L10 normal | normal pale blue nib, small* med/small | present YMRI105C | PGM2
L12 normal | normal pale blue nib, small normal present YMR106C | YKUS80
L13 absesnt | normal pale blue nib, small* norm/med | present YMR311C | GLC8

present,

3| E17 normal | dark pale blue v.smooth, small | small small YHRO026W | PPAI
L8 normal | normal pale blue nib, medium absent present YJR034W | PET191
L13 absent | pale pale blue nib, small normal present YJR133W | XPT1
P2 absent | normal absent nib, small* normal present YJRO55W | HITI

4| Gl1 absent | absent dark blue nib, small* absent present YJL136C RPS21B
HI10 normal | normal pale blue nib, small* normal present YGR258C | RAD2
HI3 normal | normal pale blue nib, small* abesnt present YCRO73C | SSK22
111 normal | normal pale blue nib, small* normal present (YJL174W) | (KRE9)
112 normal | normal pale blue nib, small* normal present YLR442C | SIR3
113 normal | normal pale blue nib, small* med/sm present YJL175W | YJL175W
J11 normal | normal pale blue nib, small* normal present YFROI1C | MICI9




L61

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
41J12 normal | normal pale blue nib, small* absent present YILO92W | YIL092W
51GI8 normal | normal pale blue nib, small normal present YALO27W | SAW1
K8 normal | normal pale blue nib, small* normal present YALOOSW | FUN14
YBLO065
L13 absent | normal absent nib, small* normal present YBLO65W | W
YBR225
6| 110 normal | normal pale blue nib, small* normal present YBR225W | W
7| N7 normal | normal pale blue smooth, small norm/med | present YDR126W | SWF1
YDL180
03 normal | normal pale blue nib, small normal present YDLISOW | W
8| A7 normal | dark pale blue smooth, small* | norm/med | present YDR245W | MNNI10
F16 absent | normal blue nib, small normal present YELO31W | SPFI
G9 normal | normal pale blue nib, small* normal present YDR282C | YDR282C
Gl12 normal | normal blue nib, small* norm/med | present YDR382W | RPP2B
H9 normal | normal pale blue nib, small* normal present YDR479C | PEX29
HI19 normal | normal pale blue nib, small small present YDR484W | VPS52
H22 normal | normal pale blue nib, small* med/sm present YELO046C GLY1
L13 absent | normal pale blue nib, small* normal present YDRS505C | PSPI
L14 normal | normal pale blue nib, small* normal present YELO65W | SIT1
MI12 absent | absent absent nib, small* med/small | present YDR418W | RPLI2B
N12 pale absent dark blue nib, small absent absent YNRO51C | BRES
YDRA431
014 normal | normal pale blue nib, small* normal present YDR431W | W




861

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
normal,
8019 small normal white nib, small small present YDR335W | MSN5
P10 normal | normal pale blue nib, small* present present YEROO7W | PAC2
P11 normal | normal pale blue nib, small* present present YDR528W | HLRI
9| D21 absent | normal absent nib, small normal present YGL023C | PIB2
J12 absent | normal dark blue nib, small* normal present YGLISIW | NUTI
K19 normal | normal pale blue smooth, small present present YERO074W | RPS24A
M?2 normal | normal pale blue nib, small absent present YFROI0OW | UBP6
10 | E10 normal | normal pale blue nib, small norm/med | present YGRO55W | MUPI
G9 normal | normal pale blue nib, small* medium present YGL234W | ADES,7
H22 normal | normal pale blue nib, small norm/med | present YHLO05C | YHLOOSC
113 normal | normal pale blue nib, small* absent present YGL248W | PDEI
114 absent | normal dark blue nib, small* present present YGROSIC | SLX9
YGL260
K13 normal | normal pale blue nib, small* normal present YGL260W | W
L13 normal | normal pale blue nib, small* normal present YGR189C | CRHI
11]J14 normal | normal pale blue nib, small* normal present YILO5S4W | YILO54W
12 | B9 dark normal pale v.smooth, small | normal present YJL124C LSM1
C18 dark normal pale blue smooth, small small present YJL204C RCY1
D6 normal | normal pale blue nib, small normal present YJR082C EAF6
El6 normal | normal pale blue nib, small normal present YJLI93W | YJL193W
H17 normal | normal pale blue nib, small* normal present YJLO82W | IML2
115 normal | normal v.pale blue nib, small* normal present YIL153W | RRDI




661

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
12 | MI18 normal | normal pale blue nib, small normal present YJL144W | YJL144W
13 | GI5 absent | absent dark blue nib, small normal present YKL043W | PHDI
H6 normal | normal pale blue nib, small absent present YLLO39C | UBI4
HI15 normal | normal pale blue nib, small* absent present YKROI3W | PRY2
H17 normal | normal pale blue nib, small norm/med | present YKRO14C | YPTS2
118 normal | normal pale blue nib, small* absent present YKLISIC | YKLI151C
P8 normal | normal pale blue smooth, small* | norm/med | present YLRO21W | IRC25
14 | HI8 normal | normal pale blue nib, small* normal present YLR368W | MDM30
YLR402
N14 dark pale pale blue nib, small absent present YLR402W | W
017 normal | normal pale blue nib, small normal present YLR122C | YLRI122C
15 | F10 normal | normal pale blue nib, small normal present YMR259C | TRM732
G8 normal | normal v.pale blue nib, small small present YMR234W | RNHI
K12 normal | normal pale blue nib, small* normal present YMROI9W | STB4
L13 normal | normal pale blue nib, small* normal present YMR201C | RADI4
16 | A12 absent | normal absent v.smooth, small | normal present YNL238W | KEX2
17| C3 normal | dark pale blue nib, small norm/med | present YORO14W | RTSI
J11 normal | normal pale blue smooth, small* | normal present YOR246C | ENV9
J13 normal | normal blue nib, small* normal present YOR247W | SRLI1
M15 normal | normal pale blue nib, small* small present YOROSOW | DIA2
015 absent | absent dark blue nib, small normal present YORO092W | ECM3
18 | B16 absent | present absent nib, small* absent present YPLO84W | BROI
C10 normal | dark blue nib, small medium present YPL267TW | ACMI




00¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
18 | G14 normal | dark pale blue nib, small normal present YPL241C CIN2
dark,
G18 small normal absent nib, small absent present YPL239W | YARI
YOLO036
G21 normal | normal pale blue nib, small norm/sm present YOLO36W | W
H14 normal | normal pale blue nib, small* small present YPL049C DIGI
H20 normal | normal pale blue nib, small normal present YPL046C ELCI
H21 normal | normal pale blue nib, small normal present YPL141C FRK1
113 normal | normal pale blue nib, small* normal present YOL044W | PEX15
J13 normal | normal pale blue nib, small* normal present YPLI133C RDS2
K13 normal | normal pale blue nib, small normal present YOLO055C | THI20
M7 pale normal pale blue nib, small* medium present YOL064C | MET22
19 [ 11 normal | normal pale blue nib, small* normal present YPRO5S9C | YPRO59C
112 normal | normal v.pale blue nib, small* normal present YPR159W | KRE6
20 | G12 normal | normal pale blue nib, small small present YGL076C | RPL7A
MI18 absent | normal absent nib, small absent present YJL189W | RPL39




Table 12. Strains with colonies that appear larger and/or smoother upon Rep1 and Rep2 overexpression.

10¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose dextrose | systematic | standard
1| A20 normal | normal pale blue smooth present present YCRI0IC | YCRI0IC
YDR363W-

Cl16 pale normal blue smooth normal present | A SEM1
present, | YLLO18C-

D20 normal | normal pale v.smooth absent small A COX19

normal,
F17 small normal absent v.smooth absent present YGR285C | ZUOI1
G20 normal | normal pale blue smooth normal present YFR0O40W | SAP155
YHRO039C-

HI15 normal | normal pale blue v.smooth absent present B VMAIOQ

K23 normal | dark pale blue smooth med/small | present YCRO63W | BUD31
present,

L18 normal | normal dark blue v.smooth absent small YMRO0O60C | TOM37

M4 absent | normal pale blue smooth medium present YGR229C | SMI1

2| Cl1 absent | absent dark blue smooth medium present YERI116C SLX8

present,

F1 normal | normal pale blue v.smooth v.small small YHLO25W | SNF6

F11 normal | normal pale blue smooth absent present YHRO064C | SSZ1
present,

F12 normal | pale pale blue v.smooth medium small YML110C | COQ5

F16 dark normal pale blue v.smooth medium present YML112W | CTK3

GI13 normal | normal pale blue smooth norm/med | present YERI141W | COX15

G19 normal | normal pale blue v.smooth medium present YER145C | FTR1




0¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
2 | H11 pale normal dark blue v.smooth, small | absent present YLLO49W | LDBI8
HI12 dark dark pale blue v.smooth normal present YMLI121W | GTRI
K1 pale pale pale blue v.smooth normal present YERI161C SPT2
K12 normal | normal pale blue smooth small present YOLI08C | INO4
L15 absent | normal blue smooth absent present YMR312W | ELP6
N15 normal | normal pale blue v.smooth med/small | present YNL250W | RADS0
N24 normal | normal pale blue smooth normal present YMR123W | PKR1
P4 absent | normal absent v.smooth norm/med | present YMRI25W | STOI1
present,
P21 pale normal pale smooth absent small YPLI32W | COX11
3| Clé6 dark normal pale blue smooth absent present YDRO074W | TPS2
DI normal | normal pale blue v.smooth absent present YCLO58C | FYVS
El normal | normal pale blue v.smooth absent present YHR004C | NEM1
E9 normal | normal pale blue smooth absent present YHRO08C | SOD2
present,
E17 normal | dark pale blue v.smooth, small | absent small YHR026W | PPAIl
G8 absent | normal absent v.smooth absent present YLR358C | YLR358C
J17 normal | dark pale blue v.smooth absent present YJR118C ILM1
J21 dark normal pale blue v.smooth absent present YJRI20W | YJRI20W
J23 pale normal pale blue v.smooth absent present YJRI2IW | ATP2
4 | D12 normal | normal v.pale blue v.smooth absent present YDRS512C | EMII
E3 normal | normal pale blue v.smooth, large | absent present YGRO063C | SPT4
Ell normal | normal pale blue smooth absent present YGRO92W | DBF2




€0¢T

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
normal,
4 | F15 normal | small blue v.smooth absent present YCR047C | BUD23

F19 dark normal pale blue smooth absent present YCRO53W | THR4

H2 dark dark pale blue smooth absent present YGR252W | GCNS5

J14 normal | normal pale blue v.smooth absent present YIR023W | DALSI]
present,

J19 normal | normal pale blue v.smooth absent small YNLO52W | COXS5A

K14 normal | normal pale blue v.smooth absent present YNRO52C | POP2
present,

L22 normal | dark pale v.smooth absent small YNL315C | ATP11

M7 absent | normal absent v.smooth absent present YKL204W | EAPI

M14 normal | normal pale blue v.smooth absent present YPL268W | PLCI1

N16 normal | normal pale blue v.smooth absent present YOR270C | VPHI

P7 normal | normal white v.smooth large present YNLI107W | YAF9

YOR302
P8 absent | normal white v.smooth, large | absent present YOR302W | W
51 AS normal | normal pale blue v.smooth small present YDR417C | YDR417C

present,

D21 normal | absent blue smooth medium small YBL021C | HAP3

F22 normal | normal pale blue smooth medium present YBRO18C | GAL7

F24 normal | normal pale blue v.smooth normal present YBRO19C | GAL10

H4 normal | normal pale blue smooth normal present YBRO2IW | FUR4

16 normal | normal pale blue smooth medium present YALO2IC | CCR4

N19 absent | dark absent v.smooth med/normal | present YBLOSOC | PETI112




v0¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
5| N20 normal | normal pale blue smooth normal present YBR065C | ECM2
6| A3 absent | absent blue v.smooth v.small present | YBRO8IC | SPT7
D5 normal | normal pale blue v.smooth normal present YCLO16C | DCCI1
present, YDLO032
F16 normal | normal white v.smooth medium small YDLO32W | W
present,
F18 normal | normal white v.smooth medium small YDL033C | SLM3
present,
GI13 normal | normal pale blue v.smooth norm/med | small YBRI120C | CBP6
Gl4 normal | normal pale blue v.smooth normal present YBR215W | HPC2
122 normal | normal pale blue v.smooth normal present YBR231C | SWC5
present,
7| Al6 normal | normal v.pale blue v.smooth absent small YDL198C | GGCI1
present,
A23 normal | normal v.pale blue v.smooth small small YDL107W | MSS2
present,
A24 normal | absent pale blue v.smooth normal small YDL202W | MRPLI11
C17 absent | absent dark blue v.smooth small present | YDL116W | NUP84
D15 normal | dark pale v.smooth absent present YDRO069C | DOA4
present,
F6 normal | normal pale blue v.smooth normal small YDR173C | ARGR3
J4 normal | normal pale blue v.smooth absent present YDR195W | REF2
present,
K16 dark dark pale blue v.smooth absent small YDROI7C | KCS1
L4 normal | normal pale blue v.smooth absent present YDR207C | UME6




S0¢C

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
7| L11 normal | normal pale blue smooth med/sm present YDR116C | MRPLI
M12 absent | absent pale blue v.smooth med/sm present | YDR027C | LUVI
MI18 absent | present pale blue v.smooth normal present YDRO30C | RAD28
N9 pale absent blue smooth small present | YDRI27W | AROI
P11 absent | normal absent smooth absent present YDR140W | MTQ2
8 | A7 normal | dark pale blue v.smooth, small | normal present YDR245W | MNN10
B13 normal | normal pale blue v.smooth medium present YDR443C | SRB9
C21 normal | dark dark blue smooth absent present YDR264C | AKR1
D23 pale pale blue smooth med/large present YDR462W | MRPL28
G23 absent | normal blue smooth normal present YDR289C | RTT103
H18 absent | normal absent v.smooth v.small present YEL044W | IES6
present,
110 normal | normal blue v.smooth norm/med | small YDR393W | SHE9
present,
J8 normal | dark pale blue v.smooth colony small YELOSIW | VMAS
L2 normal | normal pale blue smooth, large normal present YELOSOW | HHY1
N3 normal | normal pale blue v.smooth small present YDRS512C | EMII
P19 absent | absent absent v.smooth, large | small present YDRS532C | KRE28
9| Clé6 normal | normal pale blue v.smooth medium present YFLO18C LPDI
present,
D12 absent | dark absent v.smooth absent small YGLI15W | SNF4
YGL024
D23 absent | present | pale blue v.smooth absent present | YGL024W | W




90¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
present,
9| El7 absent | absent absent v.smooth, small | colony small (YER044C) | (ERG28)

F1 pale normal dark blue v.smooth small present YGL025C | PGDI

HI11 normal | normal pale blue smooth normal present YGL042C | YGLO042C

111 normal | dark pale blue smooth small present YERO061C | CEMI
present,

J17 normal | normal pale blue v.smooth absent small YGLO58W | RAD6

YERO068C-

K7 normal | normal pale blue v.smooth present present | A

K9 normal | normal blue smooth absent present YERO6OW | ARGS,6

L9 normal | normal pale blue v.smooth absent present | YGLO66W | SGF73

N8 normal | absent pale blue v.smooth norm/med | present YGL173C | KEMI1

10 | A7 absent | absent pale blue smooth normal, nib | present YGL197W | MDS3

A20 present | absent pale blue smooth small present YGRO36C | CAX4

C9 normal | pale blue smooth med/normal | present YGL211IW | NCS6

DI normal | normal pale blue v.smooth normal present YGR135W | PRE9

El12 normal | normal v.pale blue smooth normal present YGRO56W | RSC1

F10 normal | normal pale blue smooth normal present YHL022C | SPO11

F21 normal | normal pale blue smooth absent present YGR157W | CHO2
present,

GI15 normal | normal pale blue smooth absent small YGL237C | HAP2

HI normal | normal pale blue smooth medium present YGR159C | NSR1

YGRI160
H3 normal | normal pale blue v.smooth small present YGR160W | W




L0T

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
10 | HI3 normal | normal pale blue v.smooth absent present YGR165W | MRPS35
H23 normal | normal pale blue smooth normal present YGR170W | PSD2
15 normal | normal v.pale blue v.smooth normal present YGL244W | RTF1
19 normal | normal pale blue v.smooth, large | small present YGL246C | RAII
L2 normal | normal pale blue v.smooth small present YHROIOW | RPL27A
L18 normal | normal pale blue v.smooth absent present YHROI8C | ARG4
present,
MI12 normal | normal pale blue v.smooth absent small YGR104C | SRB5
present,
M14 normal | normal pale blue v.smooth, large | v. small small YGRI105W | VMA21]
Ol11 absent | normal pale blue v.smooth colony present YGR020C | VMA7
11 | D17 normal | normal pale blue v.smooth absent present YIL020C HIS6
E10 normal | normal white smooth absent present YHR167W | THP2
115 normal | normal pale blue smooth small present YHR100C | GEP4
J10 normal | normal pale blue v.smooth small present YIL0O52C RPL34B
12 | Al dark dark pale blue v.smooth normal present YIL098C FMC1
B3 normal | normal pale blue smooth absent present YJL127C SPT10
B9 dark normal pale v.smooth, small | normal present YJL124C LSM1
present,
G2 normal | absent blue v.smooth, small | v. small small YJL188C BUDI19
Gl12 normal | normal pale blue smooth normal present YJLI83W | MNNI11
present,
14 normal | normal blue v.smooth absent small YJL176C SWI3
J15 normal | normal pale blue v.smooth absent present YJLO71W | ARG2




80¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
12 | K5 normal | normal pale blue smooth normal present YIL160C POTI1
M10 normal | normal blue v.smooth medium present YJL148W | RPA34
13 | Al3 normal | normal pale blue v.smooth medium present YKLO06W | RPLI14A
A2l normal | normal pale blue smooth normal present YKLO10C | UFD4
G3 normal | normal pale blue smooth norm/med | present YKLO37W | AIM26
present,
Gl4 normal | normal pale blue v.smooth medium small YKLI37W | CMC1
N20 absent | absent dark blue smooth normal present YLROISW | BRE2
014 normal | normal pale blue smooth normal present YKL185W | ASHI
P16 normal | normal pale blue smooth absent present YLRO25W | SNF7
present,
14 | B23 normal | normal pale blue smooth, large absent small YLR239C | LIP2
D4 normal | normal pale blue v.smooth absent present YLR337C | VRPI1
D9 normal | normal pale blue v.smooth absent present YLR244C | MAPI
F21 normal | normal pale blue smooth normal present YLR262C | YPT6
normal, present,
G3 normal | small pale v.smooth absent small YLRO67C | PET309
13 normal | pale dark blue smooth absent present YLRO79W | SIC1
present,
16 normal | pale pale v.smooth absent small YLR182W | SWI6
K1 normal | normal pale blue smooth normal present YLRO9OW | XDJ1
present,
K24 normal | normal white v.smooth colony small YLR203C MSS51
L20 normal | normal pale v.smooth norm/med | present YLR393W | ATP10




60¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
14 | O6 normal | normal pale blue v.smooth small present YLR218C | COA4
N16 absent | pale pale blue smooth absent present YLR403W | SFPI
present,
15 | B21 normal | normal pale v.smooth absent small YMRI51IW | YIM2
present,
B23 pale normal pale blue v.smooth colony small YMRI50C | IMP1
B24 absent | normal pale blue smooth medium present YMR242C | RPL20A
El4 normal | normal dark blue v.smooth normal present YMLO14W | TRM9
YMLO10W- | YMLO10
G2 normal | normal pale blue v.smooth small present | A W-A
present,
H2 absent | normal absent v.smooth absent small YMR267W | PPA2
I1 normal | normal pale blue smooth normal present YMRO02W | MIX17
YMLO082
115 normal | normal pale blue smooth normal present YMLOS2W | W
J15 normal | normal pale blue smooth norm/med | present YMRI191W | SPG5
L15 absent | normal absent smooth colony present YMR202W | ERG2
M5 normal | normal pale blue v.smooth small present YMLO63W | RPS1B
M7 normal | normal white smooth norm/med | present YML062C | MFTI1
present,
P19 pale pale pale blue smooth absent small YMR228W | MTF1
16 | A12 absent | normal absent smooth, small normal present YNL238W | KEX2
Al6 normal | pale dark blue smooth absent present YNL236W | SIN4
D14 normal | normal pale blue smooth absent present YNLO2IW | HDAI
E10 normal | normal pale blue v.smooth norm/med | present YNL215W | IES2




01¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard

16 | G20 normal | normal pale blue smooth medium present YNLI98C | YNL198C
I8 normal | normal pale blue smooth norm/med | present YNL192W | CHS1
K21 absent | normal absent smooth absent present YNL269W | BSC4
L14 normal | normal pale v.smooth small present YNRO20C | ATP23
M4 normal | pale pale blue v.smooth med/small | present YNL17IC | YNL171C
N13 normal | normal blue smooth colony present YNLO69C | RPL16B
015 absent | absent absent v.smooth absent present YNL248C | RPA49

normal, present,

17 | B4 absent | small absent v.smooth, small | absent small YOR290C | SNF2
Ell normal | normal pale blue v.smooth norm/med | present | YOR030W | DFG16
E20 absent | normal pale blue v.smooth absent present YORI130C | ARGl
E23 normal | normal pale blue smooth absent present YORO036W | PEP12
F9 dark normal pale blue smooth small present YOR221C | MCTI
H16 absent | normal absent v.smooth absent present YOR331C | YOR331C
K19 normal | normal pale blue v.smooth absent present YORO070C | GYPI
MIl11 absent | pale absent v.smooth v.small present YORO078W | BUD21

18 | C21 normal | normal v.pale blue smooth medium present YOL012C | HTA3
E24 normal | normal pale blue v.smooth med/small | present YPL248C GAL4
F5 normal | normal dark blue v.smooth medium present YPLI161C BEM4
F13 normal | normal pale blue smooth normal present YPLIS7TW | TGS1
115 normal | normal pale blue v.smooth normal present YOL045W | PSK2
K1 normal | absent pale blue v.smooth, large | normal present YOLO050C | YOLO50C

present,

K3 dark dark pale v.smooth absent small YOLO5SIW | GALI11




11¢

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
18 | K19 normal | normal pale blue v.smooth absent present YOLO5S8W | ARGI
05 normal | normal pale blue v.smooth v.small present YOLO76W | MDM20
M23 normal | pale pale blue smooth, small small present YOLO72W | THP1
024 normal | normal pale blue v.smooth small present YPLI88W | POSS5
P11 normal | normal pale blue smooth norm/med | present YPL098C MGR2
19 | B8 normal | normal pale blue v.smooth normal present YCR044C | PERI
present,
B16 normal | normal white v.smooth v.small small YGR222W | PET54
B20 normal | normal pale blue smooth med/small | present YGR285C | ZUOI
present,
B22 normal | normal dark blue smooth v.small small YIR026C YVHI
D9 normal | normal blue smooth absent present YBROS1C | SPT7
present,
E10 normal | normal pale blue v.smooth normal small YPR134W | MSSI18
El12 normal | normal pale blue v.smooth normal present YPR135W | CTF4
present,
El3 normal | normal pale blue v.smooth absent small YPRO36W | VMAI3
E20 absent | absent dark blue v.smooth, small | absent present YPR139C LOAI
F6 normal | dark pale blue smooth small present YHRO064C | PDR13
Gl12 normal | normal pale blue smooth, small normal present YPR147C YPR147C
YDR290
HI normal | normal pale blue v.smooth medium present YDR29OW | W
H4 normal | normal pale blue v.smooth normal present YGR188C | BUBI
present, YGL218
J7 normal | dark pale blue v.smooth normal small YGL218W | W




[4¥4

Southerns growth controls ORF name
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
19 [ J14 normal | dark pale blue v.smooth med/small | present YJR118C ILM1
present,
J16 normal | normal pale blue v.smooth med/small | small YJRI2IW | ATP2
J23 absent | normal dark blue v.smooth absent present YBR279W | PAF1
(YPR177
K24 normal | normal white smooth absent present (YPR177C) | C)
present,
L7 normal | normal pale blue smooth med/small | small YJL006C CTK2
L10 absent | absent dark blue v.smooth normal present YJR040W | GEF1
present,
N24 normal | normal pale blue v.smooth, large | absent small YCR084C | TUPI
04 normal | normal pale v.smooth small present YPRIOIW | QCR2
P6 normal | normal white smooth normal present YFLOOIW | DEGI
P16 normal | normal pale blue v.smooth, large | absent present YGR272C | YGR272C
present,
P22 normal | normal pale blue smooth small small YNL315C | ATP11
20 | Al normal | normal pale blue v.smooth small present YDR417C | YDR417C
present,
B2 normal | absent pale blue v.smooth v.small small YOR290C | SNF2
present,
B3 normal | normal pale blue v.smooth v.small small YKLO8OW | VMAS
YOR302
B6 normal | normal pale blue v.smooth absent present YOR302W | W
present,
B20 normal | normal pale blue v.smooth med/small | small YOR358W | HAPS




¢Ic

Southerns growth controls ORF name
non- Rep
Plate | Position | mated | mated STB(0)-lacZ | overexpression | galactose dextrose | systematic | standard
present,
20| C3 normal | absent dark blue v.smooth medium small YBL021C | HAP3
C19 normal | normal pale blue v.smooth small present YBLO58W | SHP1
D4 normal | normal pale blue smooth med/small | present YOLO72W | THP1
present,
D6 normal | normal pale blue v.smooth, small | v.small small YOLOSIW | GALI11
present,
D7 normal | normal pale blue v.smooth medium small YLL041C SDH2
pale,
D10 pale small dark blue v.smooth, large | v.small present YPL234C VMALII
D16 normal | normal pale blue v.smooth absent present YPLI88W | POSS5
El normal | normal pale blue v.smooth normal present YBLOSOC | PETI112
F6 normal | normal pale blue v.smooth absent present YPL106C SSE1
F11 normal | normal pale blue smooth small present YLR226W | BUR2
F19 normal | normal pale blue v.smooth absent present YLR244C | MAPI
present,
Gl normal | normal v.pale blue v.smooth medium small YBRI120C | CBP6
114 normal | normal pale blue v.smooth absent present YGL246C | RAII
normal, present,
121 absent | small dark blue v.smooth absent small YDL067C | COX9
dark, present,
J1 normal | small pale blue v.smooth, large | small small YMRI51IW | YIM2
pale,
L5 small pale dark blue v.smooth absent present YNL248C | RPA49




v1¢

ORF name

Southerns growth controls
non- Rep
Plate | Position | mated mated STB(0)-lacZ | overexpression | galactose | dextrose | systematic | standard
pale,
20 | L9 small normal dark blue v.smooth normal present YNL236W | SIN4
present,

M4 normal | normal v.pale blue smooth med/normal | small YHRI116W | COX23
M20 normal | normal blue v.smooth absent present YJL188C YJL188C
08 pale absent dark blue v.smooth absent present YJLO75C YJLO75C




