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ABSTRACT

Equal partitioning of the multi-copy 2-micron plas-
mid of the budding yeast Saccharomyces cere-
visiae requires association of the plasmid Rep1
and Rep2 proteins with the plasmid STB partition-
ing locus. Determining how the Rep proteins con-
tribute has been complicated by interactions be-
tween the components. Here, each Rep protein was
expressed fused to the DNA-binding domain of the
bacterial repressor protein LexA in yeast harbor-
ing a replication-competent plasmid that had LexA-
binding sites but lacked STB. Plasmid transmission
to daughter cells was increased only by Rep2 fusion
expression. Neither Rep1 nor a functional RSC2 com-
plex (a chromatin remodeler required for 2-micron
plasmid partitioning) were needed for the improve-
ment. Deletion analysis showed the carboxy-terminal
65 residues of Rep2 were required and sufficient
for this Rep1-independent inheritance. Mutation of
a conserved basic motif in this domain impaired
Rep1-independent and Rep protein/STB-dependent
plasmid partitioning. Our findings suggest Rep2,
which requires Rep1 and the RSC2 complex for func-
tional association with STB, directly participates in
2-micron plasmid partitioning by linking the plasmid
to a host component that is efficiently partitioned
during cell division. Further investigation is needed
to reveal the host factor targeted by Rep2 that con-
tributes to the survival of these plasmids in their bud-
ding yeast hosts.

INTRODUCTION

In the budding yeast Saccharomyces cerevisiae, au-
tonomously replicating (ARS) plasmids lacking a parti-
tioning element are preferentially retained in the mother
nucleus during cell division (1). This maternal bias arises
from the constricted nature of the bud neck which limits
passive diffusion of the plasmids from the mother to
daughter during the relatively brief duration of yeast

mitosis (2). This bias benefits daughter cells by limiting
inheritance of extrachromosomal ribosomal DNA circles
and other factors that accumulate in aging mother cells,
contributing to loss of reproductive capacity (2,3).

Previous studies have shown that daughter cell inheri-
tance of ARS plasmids can be increased by multiple mech-
anisms. Conditions that lengthen G2/M allow more time
for the plasmids to diffuse through the bud neck constric-
tion (2). The presence of telomeric sequences and silencer
elements confers partitioning (4,5). For these, improved in-
heritance depends on recruitment of the Sir4 protein (Silent
Information Regulator 4) to those sequences (6,7), and
the ability of the Sir4 partitioning and anchoring domain
(Sir4PAD) to act as a natural tether, linking the plasmids
to the nuclear envelope, or to telomeres by interacting with
proteins at those sites (2,7-10). Transmission to daughter
cells was also increased by artificially tethering ARS plas-
mids directly to nuclear components, such as the nuclear
pore (11), or nuclear membrane (2), that are segregated, al-
beit unequally, at cell division (9,12). More effective is the
inclusion of a centromeric (CEN) sequence, which enables
ARS plasmid capture and equal partitioning by the spindle
apparatus, just as it does for chromosomes (13). Spindle-
mediated segregation was also achieved by tethering Ask1, a
component of the kinetochore microtubule-binding Dam1
complex (11,14,15), to an acentric ARS-plasmid, or to a
chromosome with an inactivated CEN, although in both
cases, partitioning was quantitatively not as efficient as that
provided by a natural centromere (15).

The 2pm plasmid, one member of a family of multi-
copy, circular double-stranded DNA plasmids found only
in budding yeast (16-18), also overcomes the maternal bias
in inheritance (1). The plasmid achieves this by having a
mechanism that partitions plasmid copies equally (or nearly
equally) between the mother and daughter nuclei at cell di-
vision, and a system for correcting plasmid copy number
in rare cases of plasmid mis-segregation (19-21). Together,
these give the 2pm plasmid an almost chromosome-level fi-
delity of inheritance (22).

Equal partitioning of the plasmid requires association of
the Repl and Rep2 proteins with a repeated sequence at
the plasmid STB stability locus (23-25). The Rep proteins
have been shown to form homo- and hetero-complexes in
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vitro and in vivo (26-28), and to co-localize with the plas-
mid copies which are observed to cluster in a small num-
ber of foci in the nucleus (27,29). The nature of the com-
plex the Rep proteins form at S7'B is unclear. The addition
of STB to an ARS plasmid is sufficient to promote stable
high-copy inheritance provided the host cells contain native
2um plasmid (termed [cir*]) to supply the Rep proteins in
trans (23,24). This feature has been exploited for the devel-
opment of many widely-used yeast expression and cloning
vectors (30). In a strain lacking the 2pum plasmid (termed
[cir’]), or one where either Repl or Rep2 are not expressed,
an ARS plasmid containing S7B behaves like one lacking
STB or CEN and displays a strong maternal bias in inheri-
tance with few daughter cells receiving plasmid copies (1).

Considerable circumstantial evidence suggests the com-
plex of Rep proteins at STB overcomes maternal bias by
physically linking plasmid copies to host chromosomes in
a way that ensures the plasmids will be equally partitioned
when the chromosomes segregate during host cell division
(20,29,31-35). Consistent with this model, conditions that
destabilize the spindle apparatus or impair chromosome
segregation also disrupt 2pm plasmid inheritance (29,33).
Further support comes from the observed co-localization of
plasmid foci with nuclear chromatin (31,32), and with mei-
otic (36) and mitotic (37) chromosomes. Whether these as-
sociations represent direct linkage of plasmids to the chro-
mosomes has yet to be determined.

In addition to their role in plasmid partitioning, the Rep
proteins control plasmid copy number by negatively regu-
lating expression of the plasmid genes (38-40). Increases
in 2pm plasmid copy number are triggered when Flp, a
site-specific recombinase encoded by the plasmid, catalyzes
recombination between its target sites in two inverted re-
peats on the plasmid during replication. This inverts one
of the two bi-directionally-oriented replication forks, con-
verting copying to a rolling-circle mode which produces a
multimeric copy of the plasmid from a single replication
initiation event (41,42). The multimer is subsequently re-
solved into multiple monomeric copies by Flp-mediated or
homologous recombination. At normal plasmid copy num-
ber, cellular Rep protein levels are high enough to ensure
repression of the FLP gene, preventing any further Flp-
mediated increase in plasmid copy number (38,39,42). Raf,
the fourth protein encoded by the 2pm plasmid, can alle-
viate Rep protein-mediated repression of the plasmid genes
by competing with Rep2 for Repl association (38,43,44).

Although the Rep proteins, likely in the form of a
Repl/Rep2 heterodimer (43), target the two divergent pro-
moter regions on the 2um plasmid to repress transcription
(38,39,43), it is only their association with S7B that con-
fers plasmid partitioning function (23,24,45). This differ-
ence may reflect the number and arrangement of Rep pro-
tein target sites offered by the STB repeats and the recruit-
ment of host factors to STB, many of which are known
to function in chromosome segregation. Among these, the
RSC2 (Remodels Structure of Chromatin) complex seems
to play an early and critical step in establishing a func-
tional Rep protein partitioning complex at STB (46,47).
The presence of a functional RSC2 complex and both Rep
proteins at STB are prerequisites for recruitment of other
host factors needed for the 2pm plasmid to be efficiently

partitioned. These include the centromere-specific histone
H3, Cse4 (48), a kinesin family nuclear motor protein Kipl
(49), and two ring-shaped SMC (Structural Maintenance of
Chromosomes) complexes, cohesin (32,47) and condensin
(37). Cohesin and condensin both play critical roles in chro-
mosome segregation and genome organization mediating
inter- and intra-chromosomal linkages by topologically en-
trapping DNA strands (50-53). Studies of a single-copy
2pm reporter plasmid indicate the RSC2 complex and Rep
protein-dependent recruitment of cohesin to STB main-
tains cohesion between newly-replicated sister plasmids un-
til anaphase, when their separation coincides with that of
the segregating chromosomes, contributing to equal parti-
tioning of the plasmid copies (32,47,54,55). Mis-segregation
of a 2pm plasmid reporter plasmid when condensin was
inactivated suggests condensin recruited to S7B also con-
tributes to 2um plasmid inheritance, possibly by compact-
ing the clusters of replicated sister plasmids into formations
that favour symmetric attachment to sister chromatids or by
directly bridging interaction with the chromosomes (37).

Other host proteins found at S7B include two
microtubule-associated proteins, Bikl and Biml (56),
which share an overlapping essential role in chromosome
segregation (57,58). Biml recruits Bikl to the Daml
microtubule-binding complex of the outer kinetochore
complex formed at centromeres, inducing Dam1 complex
oligomerization into rings that enable kinetochore cap-
ture by the microtubule plus-end (57). In cells lacking
Bik1, Kipl was no longer recruited to STB, and in the
absence of either Bik1 or Bim1, a single-copy 2pm reporter
plasmid showed increased mis-segregation, and decreased
recruitment of cohesin to STB, supporting both proteins
contributing to the function of the plasmid partitioning
complex (56). However, there is no evidence to suggest a
kinetochore complex is assembled at STB (33).

Despite progress in identifying ST B-interacting host pro-
teins that contribute to 2pm plasmid partitioning, the role
of the Rep proteins in this process has yet to be established.
Both Rep proteins seem to be required for recruitment of
critical host proteins to S7'B, but the dependence of Repl on
interaction with Rep2 for post-translational stability (43,59)
raises the possibility that the major role of Rep2 might be
to protect Repl from turnover, and possibly to promote
Repl nuclear localization or retention (27,35). Consistent
with Repl being the key determinant of S7B recognition,
Repl is efficiently targeted to STB in the absence of Rep2,
while Rep2 association with STB is reduced in the absence
of Repl (59). Whether Repl1 directly recognizes the ST'B re-
peat DNA is unknown. Repl has not been shown to display
DNA-binding activity in vitro in the absence of host pro-
teins (60). In contrast, Rep2 was found to bind DNA using
a southwestern assay, showing a preference for the STB re-
peat sequence, which could indicate sequence specific bind-
ing but could also represent a preference for AT-rich DNA
(61). It is currently unclear how this activity contributes to
function of the Rep protein/STB partitioning complex.

The interactions of the Repl and Rep2 proteins and their
dependence on STB have made it difficult to disentangle the
contribution each makes to 2pm plasmid partitioning. In
this study, we investigated the ability of the Rep proteins to
contribute to plasmid inheritance in the absence of one an-



other by artificially tethering them to an otherwise unstable
ARS plasmid lacking STB. Tethered Rep2 displayed parti-
tioning function that did not require the presence of Rep! or
a functional RSC2 chromatin remodeler. Analysis of trun-
cated and mutated versions of Rep2 showed the carboxy-
terminal 65 residues were required and sufficient for this ac-
tivity. Mutation of a basic motif in this domain conserved
in the non-Repl-related partitioning proteins encoded by
other 2pum family plasmids impaired this Repl-independent
inheritance and Repl/STB-dependent 2pm plasmid parti-
tioning. Mutation of the basic motif did not affect Rep2
DNA-binding activity or Rep2 interaction with itself, Repl
or Raf suggesting this motif may mediate Rep2 association
with a host protein. Our findings suggest the RSC2 com-
plex and Repl enable recruitment and positioning of Rep2
proteins on the STB repeats where the Rep2 carboxy ter-
mini may link to a host component that is partitioned dur-
ing cell division. Further study is needed to identify the host
factor/s targeted by Rep2 and to determine how this inter-
action contributes to the Rep protein/STB-mediated inher-
itance of 2pum plasmids in their yeast host.

MATERIALS AND METHODS
Strains and media

Yeast strains used in this study were derived in a W303/1A
background (MATaade2-1 ura3-1 leu2-3,-112 his3-11,-15
trpl-1) and are listed in Supplementary Table S1. Strains
containing native 2pum plasmid are designated cir* and
those lacking the plasmid are termed cir’. Yeast were
cultured at 28°C in YPAD (1% yeast extract, 2% Bacto
Peptone, 0.003% adenine, 2% glucose), in synthetic com-
plete (SC) (0.67% Difco yeast nitrogen base without amino
acids, 2% glucose, 1% Difco casamino acids, 0.003% ade-
nine, 0.002% uracil, 0.002% tryptophan), or in synthetic
defined (SD) medium (0.67% Difco yeast nitrogen base
without amino acids, 2% glucose, 0.003% adenine, 0.002%
uracil and all required amino acids) (62). Specific amino
acids or bases were omitted from SD or SC medium to
select for the presence of plasmids in transformed yeast.
For induction of galactose-inducible promoters, 2% glucose
was replaced with 2% raffinose for pre-cultures and with
2% galactose for induction. Media were solidified with 2%
Bacto agar. Escherichia coli strain DHS5a and yeast were cul-
tured and manipulated according to standard protocols.

Plasmids

Plasmids and oligonucleotides used as primers for poly-
merase chain reactions (PCR), for site-directed mutagene-
sis, or as linkers for addition of restriction sites, are shown
in Supplementary Tables S2 and S3, respectively. Phusion
Polymerase was used for all PCR-based cloning, as recom-
mended by supplier (Thermo Scientific). All plasmid se-
quences generated by PCR were confirmed by sequencing.

Plasmids for expression of 2um plasmid proteins in
yeast. HIS3-tagged ARS/CEN single-copy yeast plas-
mids (pMM7 series) to provide constitutive expression in
yeast of the DNA-binding domain of the bacterial repres-
sor protein LexA (amino acids 1-87; LexAgp) or LexAgp
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fused to wild type, truncated or mutant versions of 2um
Repl, Rep2 and Raf proteins were derived from previ-
ously described 2pm-based plasmids (pSH2-1 backbone)
(43,59.,61) by isolating the respective EcoRV fragment en-
coding LexAgp or the LexAgp fusion, with flanking ADH1
promoter and terminator sequences from each, and ligat-
ing these with a 4.5 kb Pvull fragment from the CEN/HIS3
cloning vector pRS313 (63).

Plasmids for galactose-inducible expression of Repl, Rep2
and Raf in yeast. A LEU2-tagged ARS/CEN plasmid
(pPRSGAL-LEU) and derivatives of pPRSGAL-LEU that
express untagged Repl, Rep2 and Raf in yeast un-
der the control of the GALI promoter (P RSGAL-LEU-
REPI, pRSGAL-LEU-REP2 and pRSGAL-LEU-RAF)
have been previously described (43). A plasmid to express
an untagged dimerization mutant of Rep2 (P RSGAL-LEU-
rep2(AA)) was similarly constructed (43).

TRPI-tagged ARS plasmids. The TRPI-tagged ARS plas-
mids pTRPI/ARS and pTRP1/ARS/lexAop8 were cre-
ated by replacing a 600-bp BamHI/Nrul fragment in the
plasmid pYR7 (64) with a BamHI/Scal fragment encoding
the UASAGALI promoter region, obtained from the one-
hybrid vector pJL638 (65) or amplified from the genome
of the one-hybrid reporter yeast strain CT/MD/3a (66),
respectively. In the latter, two copies of a 78-bp oligonu-
cleotide inserted at the cloning site in pJL638, each en-
coding two colEl (overlapping) operator sequences, pro-
vide eight tandem LexA binding sites (lexAops) in the
pTRP1/ARS/lexAop8 plasmid (67).

2um-based plasmids. Plasmid pAS4, an ADE2-tagged
flp~ version of the 2um circle that can be propagated in
E.coli and yeast, and pAS4Arep2, pAS4 with deletion of
the REP2 gene, have been previously described (59,61). To
facilitate replacement of the REP2 coding region in pAS4
with mutant versions, a unique in-frame Notl site was in-
troduced immediately upstream of the REP2 stop codon,
creating plasmid pAS27. An open reading frame (ORF) en-
coding amino acids 1-231 of Rep2 with the SV40 Large T
antigen nuclear localization signal (NLS) (N- PKKKRKV-
C) fused in-frame at the C-terminus was generated by PCR
and used to replace the REP2 ORF in pAS27, generating
plasmid pAS27-rep2;.,3;-NLS. The SV40 NLS has previ-
ously been shown to restore Rep2 nuclear targeting and par-
titioning function when substituted for the C-terminal 20
amino acids of the Rep2 protein (28).

Plasmids encoding Rep2 with four arginine-to-alanine substi-
tutions (4RA) in a basic motif. A mutant version of the
REP?2 gene (rep24r) in which arginine codons at positions
248, 249, 251 and 253 were changed to ones encoding ala-
nine was generated by PCR-mediated site-directed mutage-
nesis. The rep24ga ORF was cloned in the vector pMM?7
to enable expression in yeast fused to LexAgp (pMM7-
rep24ra) or used to replace the wild type REP2 ORF in the
ADE2-tagged 2pum plasmid pAS27 (pAS27-rep24ra) to as-
sess the effect on Repl-mediated plasmid partitioning.
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Plasmid inheritance assays

To measure the ability of LexApgp fusion proteins to
promote plasmid inheritance, yeast cells lacking native
2um plasmid [cir’] (strain JP49/6b) were co-transformed
with two plasmids, one TRPI-tagged (pTRP1/ARS or
pTRP1/ARS/lexAop8), and the other a HIS3-tagged
CEN/ARS plasmid that would constitutively express
LexAgp (pMM?7) or a LexApp fusion protein (pMM7 se-
ries). Co-transformants were cultured to early stationary
phase (~8-10 generations) in medium selective for the pres-
ence of both plasmids (SD lacking histidine and trypto-
phan, SD-his-trp). The mitotic stability of the TRPI-tagged
plasmid (defined as the percentage of cells containing the
plasmid in a population of cells grown in medium selec-
tive for the plasmid) was determined from the ratio of
viable colonies obtained by plating on medium selective
for both plasmids (SD-his-trp) versus selective only for the
CEN/ARS LexAgpp-protein-expressing plasmid (SD lack-
ing histidine, SD-his). The plasmid loss rate during culture
in medium non-selective for the TRPI-tagged plasmid was
determined as previously described (68)(Supplementary
Data).

To assess the effect of expressing an untagged 2pm
plasmid protein in cells expressing LexApp fusion pro-
teins, yeast cells were co-transformed with three plasmids,
PTRPI1/ARS/lexAop8, a HIS3-tagged CEN/ARS plasmid
that would constitutively express LexApp or a LexAgpp
fusion protein, and a LEU2-tagged ARS/CEN plasmid
encoding a 2pm plasmid protein under the control of a
galactose-inducible promoter (GALIp) or that did not en-
code a protein (PRSGAL-LEU-based plasmids). The trans-
formants were cultured in medium selective for the pres-
ence of the three plasmids and containing galactose as the
carbon source, SD(gal)-his-leu-trp. The percentage of cells
containing the TRPI-marked plasmid was determined by
measuring plating efficiency on SD(gal)-his-leu-trp versus
on SD(gal)-his-leu medium.

To measure the mitotic stability of ADE2-tagged 2um-
based plasmids, [cir’] yeast (strain AG8/5) transformants
were and cultured in SC medium lacking adenine for 10-12
generations and the percentage of cells containing the plas-
mid determined by plating on selective (lacking adenine)
versus non-selective (adenine-containing) SC medium.

Statistical analysis

For all plating assays, results presented are the average with
standard deviation from analyzing a minimum of five inde-
pendent yeast transformants for each unless otherwise in-
dicated. Statistical significance was assessed using a two-
tailed Student’s ¢-test.

Western blotting analysis

Protein was extracted from yeast cultures and analyzed
by western blotting as previously described (43). Rabbit
polyclonal anti-LexA (Invitrogen), rabbit polyclonal anti-
Galdap (Sigma) and mouse monoclonal anti-Pgkl (Ab-
cam) were used as primary antibodies with Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit (Novex) and
anti-mouse IgG (Sigma) as secondary antibodies. Signals

were detected by chemiluminescence using a Clarity West-
ern ECL Substrate Kit (BioRad) and images captured us-
ing a VersaDoc 4000MP imaging system and Quantity One
software (BioRad) or by autoradiography. Images were pro-
cessed using Adobe Photoshop CS6 and figures prepared
using Adobe Illustrator CS6.

RESULTS

Repl-independent partitioning function of the 2jum Rep2 pro-
tein

Determining the contributions made by Repl and Rep2
to 2-micron plasmid partitioning has been complicated by
their interaction with each other and with Raf, their joint
role in regulating transcription of their encoding genes, and
by uncertainty in how they associate with the repeated se-
quence at the STBlocus. To disentangle the roles of the indi-
vidual components, we took advantage of an approach pre-
viously used to demonstrate partitioning activity in which a
protein of interest is artificially tethered to an unstable 4ARS
plasmid and the effect on inheritance of the plasmid moni-
tored (2,7,11). Here, we assessed whether either of the Rep
proteins or the Raf protein, when fused to the DNA-binding
domain of the bacterial repressor protein LexA (LexAgp)
and expressed in yeast cells in the absence of any other 2pm
plasmid components, would affect inheritance of an ARS
plasmid containing LexA-binding sites, For the assay, yeast
cells lacking native 2um plasmid (cir’) were transformed
with two plasmids, the first, a TRPI gene-tagged ARS
plasmid that either contained (pTRP1/ARS/lexAop8) or
lacked (pTRP1/ARS) a tandem array of LexA-binding
sites, and the second, a HIS3-tagged CEN/ARS plasmid,
that would constitutively express LexApp or LexApp fused
to Repl, Rep2 or Raf. The transformed yeast cells were
cultured in medium selective for the presence of the two
plasmids, and the percentage of cells that contained the
TRPI-tagged plasmid was determined using a plating assay
(Figure 1A).

As expected for the maternal bias in inheritance of an
ARS plasmid (1,69), only ~15% of the cells transformed
with the TRPI-tagged ARS plasmid lacking LexA tar-
get sites were able to form colonies on medium lacking
tryptophan, irrespective of the LexAgp fusion protein ex-
pressed. Mitotic stability of the plasmid containing LexA
target sites was similarly low in cells expressing LexApp
or LexApp fused to Repl or Raf. In contrast, 30-50% of
cells expressing the LexAgp-Rep2 fusion protein and trans-
formed with the pTRP1/ARS/lexAop8 plasmid were able
to form colonies on medium lacking tryptophan. Plating as-
says showed that inheritance of the HIS3-tagged CEN/ARS
expression plasmid did not differ between these cell cultures
which, as expected for centromere-based plasmids, were sta-
bly maintained, irrespective of whether LexAgp or LexAgp-
Rep2 was encoded (Supplementary Data Figure S1).

To determine whether the failure of the Repl and
Raf proteins to affect plasmid inheritance when teth-
ered to an ARS plasmid might be due to low levels
of the fusion proteins, total protein was extracted from
the pTRP1/ARS/lexAop8 yeast transformants analyzed in
Figure 1A and analyzed by western blotting (Figure 1B).
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Figure 1. Tethering Rep2 to an 4 RS plasmid lacking S7'B promotes plasmid inheritance that is not dependent on Rep1 or affected by absence of Rsc2. (A, B,
D) Yeast cells lacking native 2pum plasmid were co-transformed with two plasmids: an ARS/CEN HIS3-tagged plasmid that would express either the DNA
binding domain of LexA (LexAgp) or the indicated protein fused to LexApp, and a TRPI-tagged A RS plasmid either containing (P TRP1/ARS/lexAop8)
or lacking (pTRP1/ARS) an array of 8 LexA-binding sites. The co-transformed yeast cells were cultured overnight in medium selective for the presence
of both plasmids. (C), as in (A), except yeast also contained a LEU2-tagged ARS/CEN plasmid that expressed an untagged version of the indicated
2um plasmid protein under the control of a galactose-inducible promoter (GALp) or that did not encode a protein (—). The transformants were cultured
overnight in medium selective for the presence of the plasmids and containing galactose as the carbon source. (A, C, D) The percentage of Trp™ cells (an
indication of inheritance of the TRPI-marked plasmid) was determined by a plating assay. (D) As in (A) except the yeast lacked the RSC2 gene. Results
represent the average (£s.d.) from assaying five independent co-transformants for each combination of plasmids for (A and D) and six for (C). Asterisks
indicate significance of increased inheritance of the pTRP1/ARS/lexAop8 plasmid relative to the cells expressing only LexApp as determined by a two-
tailed Student’s t-test ("P < 0.05, ™ P < 0.01, ™ P < 0.001, ™" P < 0.0001). (B) Total protein was extracted from the yeast transformants containing the
pTRP1/ARS/lexAop8 plasmid used for the plating assay in (A) and analyzed by western blotting with antibodies specific for LexA (top) and a yeast host
protein Pgkl (bottom). Species with the mobility expected for the LexA fusion protein being expressed are indicated with an arrowhead. An open circle

denotes a non-LexA host protein detected by the antibody.

The steady-state levels of the Repl and Raf LexAjgp fusion
proteins were similar to those of the LexAgp-Rep2 fusion
protein and therefore high enough to promote plasmid in-
heritance if they had been capable of independently doing
so when tethered to the ARS plasmid. These results also
demonstrate that the higher mitotic stability associated with
tethered Rep2 was not merely due to a greater abundance of
the LexAgp-Rep2 fusion protein.

We also assessed the ability of the LexAgp-
Rep2 fusion protein to promote inheritance of the
pTRP1/ARS/lexAop8 plasmid in the absence of selection
for the TRPI marker gene on the tethered plasmid. Plat-
ing assays showed that after ten generations in medium
containing tryptophan, a significantly higher percentage
of the LexApp-Rep2-expressing cells still contained the
TRPI-tagged plasmid and had a lower rate of loss of
the pTRP1/ARS/lexAop8 plasmid than cells expressing
LexAgp (1.7% versus 6.0% loss per generation) (Supple-
mentary Data Figure S2). Taken together these results are

consistent with Rep2 tethering increasing transmission of
the ARS plasmid to daughter cells.

To determine whether the results obtained from plat-
ing cell cultures reflected a difference in plasmid trans-
mission by individual mother cells, a pedigree analysis
was performed in which buds were separated from mother
cells by micromanipulation and scored for inheritance
of the pTRP1/ARS/lexAop8 plasmid. Consistent with
the cell culture plating assays, even when the LexAgp-
expressing mother cells contained sufficient levels of the
TRPI-tagged plasmid to produce a viable tryptophan-
prototrophic colony, only 25% of daughters were able to
form a colony on medium lacking tryptophan, as com-
pared to mother cells expressing LexAgp-Rep2, where 67%
of daughters were able to do so, indicating they had received
the plasmid (Supplementary Data FigureS3).

The increased transmission of the pTRP1/ARS/lexAop8
plasmid by mother cells expressing LexApp-Rep2 is consis-
tent with the plasmid being actively partitioned at cell divi-
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sion by being tethered to Rep2, but in principle, could also
occur if plasmid copy number was significantly increased
allowing more plasmids to reach daughter cells by passive
diffusion. To assess this possibility, the copy number of the
TRP1-tagged plasmid in transformants cultured under se-
lective conditions was quantified. The average number of
pTRP1/ARS/lexAop8 plasmids in the cell population did
not significantly differ between yeast expressing LexApp
(12 £ 5 copies per cell) versus those expressing LexApp-
Rep2 (13 £ 6 copies per cell) (Supplementary Data Figure
S4). Moreover, when the fraction of the population con-
taining these copies is considered, the copy number of the
TRPI-tagged plasmid per plasmid-containing cell was sig-
nificantly higher in the LexAgp-expressing cultures (56 + 13
copies per Trp* cell) than in those expressing LexApp-Rep2
(24 £ 12 copies per Trp* cell) (Supplementary Data Fig-
ure S4). These results indicate that the increased transmis-
sion of the pTRP1/ARS/lexAop8 plasmid associated with
LexAgp-Rep2 expression cannot be attributed to higher
copy number, and instead supports tethered Rep2 enabling
partitioning of the ARS plasmid.

Tethered Repl1 allows Rep2-dependent partitioning of an ARS
plasmid

The ability of Rep2 to mediate partitioning of an 4 RS plas-
mid when bound to the plasmid through a heterologous
DNA-binding domain, raises the possibility that partition-
ing of the native 2 wm plasmid may depend on Rep2 linking
the plasmid to a segregating host component, with Rep1 be-
ing required to target Rep2 to the plasmid S7'B locus. Our
previous studies of Rep protein interactions with synthetic
STBrepeat sequences in vivo support a model in which Rep1
plays the key role in recognizing sequence elements in the
STB repeats, either directly or through interaction with a
host factor that is targeted to those sites, while Rep2 associ-
ation with ST'B is more dependent on interaction with Repl
(66,70). Based on this model, we might expect that if Repl
were tethered to an ARS plasmid and could recruit Rep2,
the plasmid could be partitioned without requiring the pres-
ence of the STB sequence. To test this, we assessed the mi-
totic stability of the TRPI-tagged ARS plasmid containing
LexA binding sites in yeast expressing LexAgp or LexAgp
fusion proteins, as before (Figure 1A). However, this time,
native Repl, Rep2 or Raf, were also expressed in the cells
under the control of a galactose-inducible promoter to see
if any of these three 2um proteins, which have been shown to
interact with each other and to associate with the STB locus
in vivo, would affect inheritance of the tethered plasmid. As
observed in Figure 1A, if no other 2pum plasmid protein was
expressed, mitotic stability of the pTRP1/ARS/lexAop8
plasmid was only increased by expression of the LexAgp-
Rep? fusion (Figure 1C). The percentage of cells contain-
ing the plasmid was not further increased by expression of
Repl or Raf, both of which associate with Rep2 and help
maintain Rep2 steady-state levels in vivo (43,59). This shows
that the mitotic stability conferred by LexAgp-Rep2 was
not limited by lack of these stabilizing partner proteins, nor
did their presence interfere with this Rep2-mediated inheri-
tance.

In contrast to the lack of impact 2um partner protein ex-
pression had on tethered Rep2, the mitotic stability of the
pTRP1/ARS/lexAop8 plasmid was increased if Rep2 was
expressed in cells where either Repl, or the Repl domain re-
quired and sufficient for Rep?2 interaction (residues 1-129)
(61), was expressed fused to LexApp. The improvement in
inheritance conferred by Rep2 expression did not signifi-
cantly differ between the two Repl fusions (Supplementary
Data Figure S5A) or from that provided by expression of
LexAgp-Rep2 alone (Figure 1C) (P = 0.39 and P = 0.59
for LexApp-Rep2 expression as compared to the Repl and
Repl; 129 LexApp fusions, respectively, with Rep2). West-
ern blotting analysis showed the improvement was not due
to higher steady-state levels of the Repl fusion proteins
in the cells expressing Rep2 (Supplementary Data Figure
S5B). While the difference was not significant, improvement
conferred by the full-length Rep1 fusion might have been af-
fected by the presence of the Repl/Rep2 heterodimer in the
cells (27,40), an effect not imposed when Rep2 was asso-
ciated with the Repl truncation. Co-expression of the Rep
proteins at levels higher than those provided here has previ-
ously been shown to inhibit cell growth and cell cycle pro-
gression (27,40). Taken together, the data suggests that re-
cruitment of Rep2 to the plasmid, either directly by tether-
ing through the LexAgp moiety, or indirectly through in-
teraction with Repl or the Repl amino-terminal domain,
was sufficient to mediate this improved partitioning. Inter-
estingly, although Raf also interacts with Rep2 (43), the
mitotic stability of the pTRP1/ARS/lexAop8 plasmid in
cells expressing the LexApp-Raf fusion protein was not in-
creased by expression of Rep2. This may reflect differences
in the way Repl and Raf associate with Rep2. Raf inter-
acts with the Rep2 domain required for self-association
(Rep2 residues 58-231), and unlike Rep1, may compete with
Rep?2 for this interaction (43). Alternatively, Rep2 associa-
tion with the tethered Raf fusion protein might not be suf-
ficiently robust or might not position Rep2 in a way that al-
lows linkage to a nuclear component that could enable the
tethered plasmid to be delivered more efficiently to daugh-
ter cells.

Repl-independent Rep2-mediated plasmid partitioning is not
affected by absence of Rsc2

RSC complexes are members of the SWI/SNF family of
ATP-dependent chromatin remodelers (71), able to slide nu-
cleosomes along DNA and destabilize or eject them (72).
In yeast, RSC complexes are required for remodeling cen-
tromere and centromere-flanking chromatin to the form
needed for kinetochore function (73), and regulate the dif-
ferential association of cohesin with centromeres and chro-
mosome arms during mitosis (47). They also function in
DNA replication and repair processes (71) and are major
contributors to establishing accessible chromatin at gene
promoter regions (74). Of the two RSC complexes found in
the budding yeast S. cerevisiae (75), RSC2 differs from the
RSCI complex in having the Rsc2 protein rather than the
Rscl protein as a component and is the more abundant of
the two (76). Cells lacking either the Rscl or Rsc2 protein
are viable, while absence of both is lethal, indicating some
functional redundancy between the two, but only deletion



of the gene encoding Rsc2 (rsc2A), and not of the one en-
coding Rscl, leads to a high rate of loss of the 2pm plasmid
(77). Chromatin immunoprecipitation (ChIP) has revealed
the presence of the Rsc2 protein and other RSC complex
subunits at the 2pm plasmid S7B locus (46,47). This along
with a dramatic alteration in micrococcal nuclease sensitiv-
ity of STB chromatin in yeast lacking the Rsc2 protein, but
not when the Rscl protein was absent (77), are consistent
with the RSC2 complex being directly involved in estab-
lishing the chromatin configuration needed for partitioning
competence at STB.

Here, we assessed whether partitioning of an ARS
plasmid mediated by tethered Rep2 would resemble Rep
protein-dependent inheritance of a 2pm plasmid in requir-
ing a functional RSC2 complex. The mitotic stability of
the pTRP1/ARS/lexAop8 plasmid was increased when the
LexApp-Rep2 fusion was expressed in rsc2 A cells (Figure
1D) to the same extent as observed in cells with a wild type
RSC2 gene (Figure 1A), with the increase being dependent
on the TRPI-tagged ARS plasmid having LexA-binding
sites. The ability of tethered Rep2 to mediate plasmid par-
titioning in the absence of the Rsc2 protein suggests the re-
quirement for the RSC2 complex is a feature only of the
Rep protein/STB-mediated plasmid partitioning either for
reconfiguring S7'B chromatin or to enable productive Repl
association, steps that may be bypassed when Rep2 is not
dependent on Repl for linkage to the plasmid.

The C-terminal 65 amino acids of tethered Rep2 are required
and sufficient to promote A RS plasmid inheritance

Previous studies have identified domains in Rep2 sufficient
for self-association and for interactions with Repl, Raf and
DNA (43,61). To determine which portion of Rep2 might
be responsible for promoting inheritance of the tethered
plasmid, truncated and mutant versions of Rep2 were ex-
pressed in yeast fused to LexApp and assessed for their abil-
ity to mediate partitioning of the TRPI-tagged ARS plas-
mid containing LexA binding sites (Figure 2A). Consistent
with this partitioning activity not requiring Repl, fusions
lacking the domain required for Rep1 association, (residues
1-57, LexAgp-Rep2s5.096) (61), or with an amino acid sub-
stitution that abolishes Repl interaction (D22N, LexApp-
Rep2poon) (43), were still able to promote inheritance of
the tethered plasmid. In contrast, a LexAgp-Rep2 fusion
with leucine-to-alanine substitutions at positions 185 and
186 which abolish Rep2 dimerization (LexApp-Rep2aa)
and one lacking the C-terminal 65 amino acids of Rep2
(LexApp-Rep2; »31) (43), were unable to promote inher-
itance of the tethered plasmid. Western blotting analysis
showed similar steady state levels for all these LexAgp fu-
sions indicating that the failure of the latter two to pro-
mote plasmid inheritance was not due to reduced expres-
sion (Figure 2B). Having demonstrated that the C-terminal
65 residues of Rep2 were required for this partitioning ac-
tivity, we then tested a LexAgp fusion containing only this
C-terminal portion of Rep2 (LexAgp-Rep2;3» 296) to see if
this domain was sufficient. Rather surprisingly, given this
truncation lacks the domain required for dimerization, this
fusion protein was as proficient as the full-length wild type

Nucleic Acids Research, 2022, Vol. 50, No. 18 10577

Rep2 LexAgp fusion at promoting inheritance of the TRPI-
tagged ARS plasmid containing LexA binding sites. This
apparent discrepancy suggested there might be a difference
in the way the full-length 296 amino acid Rep2 protein was
configured when bound to the tandem array of LexA bind-
ing sites when it was no longer able to dimerize, as compared
to the fusion containing only the C-terminal 65 residues of
Rep2.

Although non-functional in the tethering assay, the
Rep2iissa, Lissa dimerization mutant was previously shown
to be competent for Repl-dependent 2pm plasmid parti-
tioning (43). This raised the possibility that in the native
context, the Rep2y1s5a. Lissa dimerization mutant was able
to function due to Repl interaction and might also do so
in the tethering assay. We tested this by expressing the full-
length Rep2 dimerization mutant in yeast where Repl or
the Repl amino-terminal domain (1-129) were tethered to
an ARS plasmid as LexApp fusions as in Figure 1C. The
Rep2 dimerization mutant proved to be as efficient as wild-
type Rep2 at improving mitotic stability of the A RS plasmid
tethered to either of the Rep1 fusions (Supplementary Data
Figure S5A). As was seen for wild type Rep2, the average
mitotic stability was slightly better when the Rep2 mutant
was expressed with the truncated version of Rep1_ If the dif-
ference reflects an inhibition imposed by co-expression of
full-length Repl with Rep2 (27,40), it seems Rep2 dimer-
ization is not required for this effect. Overall, the results
of the tethering assay are consistent with Repl interaction
compensating for loss of Rep2 dimerization. One possible
mechanism would be if Repl interaction disrupted an intra-
molecular association between the Rep2 amino-terminal
domain and a more C-terminal portion of Rep2. This as-
sociation might normally be outcompeted by Rep2 dimer-
ization and if not blocked, render the C-terminal domain
inaccessible.

Potential evidence for such an intra-molecular associa-
tion comes from in vitro baiting assays in which a Rep2
truncation containing only the amino-terminal domain
(residues 1-58) was pulled down by full-length Rep2, but
with an efficiency much lower than the pull-down of a Rep2
truncation lacking this domain that retained the dimeriza-
tion domain (residues 58-231) (43,61). If Repl interaction
rescued partitioning function for the tethered Rep2 dimer-
ization mutant by disrupting an inhibitory intramolecular
association, deletion of the Rep2 amino-terminal domain
might be expected to do the same. Consistent with this
hypothesis, inheritance of the ARS plasmid was increased
when the amino-terminal 57 residues of the tethered Rep2
dimerization mutant were deleted (LexApp-Rep2s5.206(a))
(Figure 2A). The mitotic stability was lower than that con-
ferred when wild-type Rep2 lacking this domain was teth-
ered to the plasmid, but this was likely due to the lower
steady-state level of the LexApp-Rep2s5.206(aa) fusion pro-
tein (Figure 2B). Taken together, the results of the tether-
ing assays demonstrate that the C-terminal 65 amino acids
of Rep2 are required and sufficient to mediate this Repl-
independent plasmid partitioning. They also suggest that
in the absence of dimerization, the full-length Rep2 protein
may be prevented from providing this function due to an in-
tramolecular association between the amino-terminus and
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Figure 2. The C-terminal 65 residues of tethered Rep2 are required and sufficient for promoting plasmid inheritance in the absence of Repl and this activity
is lost when a basic motif in this domain is mutated. Yeast lacking native 2pm plasmid were co-transformed with two plasmids: an ARS/CEN HIS3-tagged
plasmid that would express either LexApp or LexApp fused to the indicated version of Rep2, either full-length (1-296), or truncated (1-231, or 58-296,
or 232-296), and either wild type (WT), or mutant (D22N or L185A, L186A (AA)), or with four arginine-to-alanine substitutions in the C-terminal basic
motif (4RA). The co-transformed yeast were cultured overnight in medium selective for the presence of both plasmids. (A) The percentage of Trp* cells
(an indication of inheritance of the TRPI-marked plasmid) was determined by a plating assay. Results represent the average (+s.d.) from assaying six
independent co-transformants for each combination of plasmids. Asterisks indicate significance of increased inheritance of the pTRP1/ARS/lexAop8
plasmid relative to the cells expressing only LexApp as determined by a Student’s two-tailed 7-test (" P < 0.0001). (B) Total protein was extracted from
the co-transformed yeast cultures in (A) and analyzed by western blotting with antibodies specific for LexA (top) and a yeast host protein Pgkl (bottom).
Species with the mobility expected for the LexApp fusion protein being expressed are indicated with an arrowhead. An open circle denotes a non-LexA

host protein detected by the antibody.

a more carboxy-terminal region of the protein, with Repl
interaction or deletion of the Rep2 amino-terminal domain
being able to restore function.

Arginine-to-alanine substitutions in a basic motif in the Rep2
C-terminal domain abolishes Rep1-independent plasmid par-
titioning function

Although members of the 2pum family of plasmids in other
species of budding yeast do not share DNA sequence iden-
tity with the 2m plasmid of S. cerevisiae, all have a similar
organization with two unique regions separated by a pair
of large, inverted repeats (16,18,78). Each member encodes
a highly conserved Flp site-specific recombinase with tar-
get sites in the repeats, a recognizable Repl homolog, and
a second protein that, where studied, has been shown to be
required along with the Rep1 protein for plasmid partition-
ing but which lacks sequence similarity to the 2um Rep2
protein (79-82). A GLAM2 search (83) identified a poten-
tial bipartite basic motif common to the C-terminal domain
of Rep2 and several of these Rep2-functionally equivalent
proteins, raising the possibility that the element might con-
tribute to the partitioning function of these proteins (43).
To assess this, codons in the REP2 ORF specifying four
arginines (residues 248, 249, 251 and 253) were mutated to
encode alanines. Rep2 with this mutant basic motif (Rep2-
4RA), fused to LexApp (LexApp-Rep24ra), was unable to
promote inheritance of the pTRP1/ARS/lexAop8 plasmid
(Figure 2A). Western blotting showed that this loss of parti-
tioning function was not due to a reduced steady state level
of the mutant protein (Figure 2B). Two-hybrid interaction
of the Rep2 protein with Repl, Rep2 and Raf was also un-
affected by the four arginine-to-alanine amino acid substi-
tutions, suggesting that the overall structure of the Rep2

protein was not grossly perturbed by these changes (Sup-
plementary Data Figure S6).

Mutation of the basic motif in the Rep2 C-terminal domain
or deletion of this domain impairs 2pum plasmid inheritance

Since the arginine-to-alanine substitutions in Rep2 abol-
ished its ability to mediate partitioning of an 4 RS plasmid
to which it was directly tethered via a LexAgp moiety, we
wanted to know whether loss of this basic patch in Rep2
would also compromise Repl-dependent partitioning of a
2pm plasmid and to what extent the entire C-terminal do-
main contributes to this function. To test this, we made use
of an ADE2-tagged 2p.m plasmid, pAS27. pAS27 contains
a complete copy of the 2pum plasmid and is partitioning
competent, even in yeast cells lacking native 2pm, but is
defective for Flp-mediated amplification due to disruption
of the FLP gene. These features make the plasmid ideal for
assaying plasmid partitioning as Flp might otherwise com-
pensate for copy number decreases resulting from plasmid
missegregation events (59,61). Derivatives of pAS27 were
created in which the wild-type REP2 coding region was re-
placed with one encoding full-length Rep2 with the basic
motif mutated (pAS27-rep24ra) or one that would express
a truncated version of Rep2 with the C-terminal 65 amino
acids deleted and replaced with the SV40 large T antigen nu-
clear localization signal (NLS) (pAS27-rep2;.23;-NLS). Nu-
clear localization of Rep2 has previously been shown to be
lost when the C-terminal twenty amino acids were deleted
but that replacing these residues with the SV40 NLS was
able to restore Rep2 nuclear localization and plasmid parti-
tioning function (28). The 4 DE2-tagged plasmids were as-
sayed for mitotic stability in yeast lacking native 2pm plas-
mid and with a deletion of the chromosomal ADE2 gene



*kkkk
oy ¢ 1
80 1
Ade*

Cells ] **

(%) 40
20

Ml mm

1-296 — 1-231 1-296

(WT) +NLS (4RA)

Rep2

Figure 3. Deletion of the C-terminal 65 residues of Rep2 or alteration of
a basic motif in this domain impairs 2-micron plasmid inheritance. Yeast
cells lacking native 2pum plasmid and with a deletion of the genomic ADE?2
gene were transformed with 4DE2-tagged amplification-defective (fip™)
versions of a 2pm-based plasmid in which the REP2 gene was wild type
(WT), or deleted (—), or had been replaced with one that encoded Rep2
residues 1-231 fused to the SV40 viral nuclear localization signal (+NLS)
or full-length Rep2 with four arginine-to-alanine substitutions in the C-
terminal domain basic motif (4RA). Transformed yeast cells were cultured
in medium lacking adenine. The percentage of Ade* cells (an indication
of inheritance of the 4DE2-marked 2pm plasmid) was determined by a
plating assay. Results represent the average (+s.d.) from assaying four in-
dependent transformants for each. Data for the plasmid lacking REP2 are
from a previous study (84). Asterisks indicate significance of differences as
determined by a two-tailed Student’s #-test (" P < 0.01, " P < 0.000001).

(Figure 3). The pAS27 plasmid with the wild type copy of
the REP2 gene was inherited as efficiently as previously re-
ported for the ADE2-tagged flp~ 2um plasmid pAS4 (61)
with >90% of cells containing the plasmid when the yeast
were cultured under selective conditions in medium lack-
ing adenine. In contrast, only 17% and 24% of cells in
cultures transformed with the pAS27 derivatives encoding
Rep2 lacking the C-terminal 65 amino acids but fused to the
SV40 NLS, or full length Rep2 with the mutant basic motif
(4RA), respectively, contained plasmid when grown under
the same conditions. The slightly higher mitotic stability of
pAS27-rep2(4RA) relative to pAS27-rep2(1-231-NLS) or
the ADE2-tagged 2pum plasmid lacking a REP2 gene (84),
could indicate the Rep2-4RA mutant retains some limited
function, but taken together the results demonstrate that
the 65 carboxy-terminal residues of Rep2 are required for
2pm plasmid partitioning and this function is lost when the
GLAM2 basic motif in this domain is mutated.

One possible explanation for the failure of the Rep2-
4R A mutant to support partitioning of the 2p.m-based plas-
mid would be if mutation of the basic motif affected Rep2
nuclear localization. Although deletion of the C-terminal
20 residues of Rep2 has been shown to lead to loss of
nuclear localization (28), the more amino-terminally po-
sitioned conserved basic motif might still be part of the
nuclear localization signal. To assess this, cells expressing
GFP-tagged versions of Rep2 were examined by fluores-
cence microscopy. Like wild-type Rep2, the Rep2-4R A mu-
tant protein was observed to localize to the nucleus, even in
cells lacking native 2pum plasmid, demonstrating the con-
served basic motif was not part of the Rep2 nuclear local-
ization signal (Supplementary Data Figure S7).
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Another possibility for the effect of the 4RA mutation
on Rep2 plasmid partitioning function would be if substitu-
tion of these basic residues led to loss of the DNA-binding
activity of Rep2. We assessed this by expressing wild type
and 4RA mutant versions of the C-terminal 65 residues of
Rep2 in bacteria as hexa-histidine-tagged thioredoxin (Trx)
fusion proteins. We have previously shown that this domain
of Rep2 is sufficient for binding S7B DNA in a southwest-
ern assay (61). Here, we found the Rep2-4R A mutant pro-
tein to be as efficient as wild type Rep2 at binding STB DNA
(Supplementary Data Figure S8). While DNA binding ob-
served in a southwestern assay may not reflect protein-DNA
associations that would occur in vivo, the results suggest
that these four arginine-to-alanine substitutions may impair
some function of the Rep2 C-terminal domain other than
STB DNA binding.

DISCUSSION

For budding yeast, the distribution of plasmids lacking an
active partitioning system (4 RS-plasmids) during cell divi-
sion is skewed strongly towards the mother nucleus (1). This
maternal bias must be overcome for equal (or nearly equal)
mother-to-daughter plasmid segregation. In this study, the
ability of the 2pum plasmid Rep2 protein to overcome this
bias when artificially tethered to an 4 RS-plasmid was ob-
served by monitoring plasmid inheritance in cell popu-
lations and in a pedigree analysis. Unlike Rep protein-
mediated partitioning of the native 2pm plasmid, the mi-
totic stability conferred by tethered Rep2 did not require
Repl, a functional RSC2 chromatin remodeling complex,
or the presence on the plasmid of the 2um S7B partition-
ing locus.

We further showed that a small carboxy-terminal do-
main of Rep2 was required and sufficient for this Repl-
independent partitioning function and that four arginine-
to-lysine substitutions in a basic patch in this domain led
to loss of this function. Rep2 with these substitutions was
also compromised for Repl-dependent partitioning of a
2pm-based plasmid which suggests this carboxy-terminal
domain of Rep2 may perform the same essential role in par-
titioning for both situations.

Efficiency of plasmid partitioning mediated by tethered Rep2
relative to that conferred by the Rep protein/STB partition-
ing complex

Current evidence supports a model for 2pm plasmid par-
titioning in which plasmids become attached to mitotic
chromosomes in a way that enables roughly equal num-
bers to be segregated into the two products of cell division
(20,34,35,37,55). Studies of a fluorescently-tagged single-
copy 2um reporter plasmid suggest this is achieved by two
separate mechanisms, both dependent on the Rep protein
complex formed at the plasmid S7B locus. The first in-
volves random attachment of plasmid copies to chromo-
somes, overcoming the maternal bias in plasmid inheri-
tance, and the second promotes symmetric tethering of
newly-replicated sister plasmids to sister chromatids to en-
sure the copies are equally partitioned between the mother
and daughter cell during host cell division (34,35,54).
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Replication-assisted and Rep protein-dependent recruit-
ment of the host cohesin complex to the STB locus and
timely assembly of the spindle apparatus were found to be
required for the equal partitioning (35). However, in the ab-
sence of plasmid replication or under conditions of cohesin
depletion or delayed spindle assembly, the Rep protein/STB
system was still sufficient to almost completely eliminate
the maternal bias in plasmid inheritance, although plasmid
copies then segregated independently of one another (35).

Mitotic stabilities reported for 2um-based plasmids tend
to be high (70-90%), even in the absence of Flp-mediated
plasmid amplification (61,85), but can vary depending on
the plasmid marker gene and the host genetic background
(85-87). In our study, although tethering Rep2 to an ARS
plasmid increased the percentage of cells containing the
plasmid under selective growth conditions (~15% when un-
tethered versus up to 50% when tethered) (Figure 1A), the
increase was less than might be expected if the partitioning
was as efficient as that conferred by the 2pm plasmid Rep
protein/STB system.

The mitotic stability conferred here by tethered Rep2
might have been limited by the cells being required to main-
tain a CEN-based plasmid for expression of the LexAgp-
Rep? fusion protein in addition to the TRPI-tagged ARS
plasmid with the LexA binding sites, or by the way the
Rep2 proteins, fused to the DNA-binding domain of LexA
(LexApp, residues 1-87), were tethered to the plasmid. In
the variant of the 2pum plasmid found in most lab strains
of S. cerevisiae, the STB locus contains a tandem array of
five 62-63-bp repeats where Rep?2 associates with Repl to
mediate plasmid partitioning (25) (70). One-hybrid assays
show a single copy of one of these repeats is sufficient for
Repl and Rep2 association in vivo, while a minimum of two,
tandemly arrayed, is able to confer Rep protein-mediated
partitioning, with four tandem repeats increasing the effi-
ciency to the level provided by the native locus (66). In com-
parison, although the tandem array of eight LexA operators
on the ARS plasmid makes it unlikely that the inheritance
of the tethered 4ARS plasmid was limited merely by insuffi-
cient Rep2 molecules being bound, the spacing of the LexA
target sites or the avidity of binding of the LexApp-Rep2
fusions might have affected the efficiency of plasmid inheri-
tance tethered Rep2 could confer. Alternatively, the mitotic
stability conferred by tethered Rep2 might be the maximum
that could be delivered in the absence of other components
of the partitioning complex formed at STB.

The role of Repl in 2pum plasmid partitioning

The extensive sequence conservation between Repl
homologs encoded by different 2pum family plasmids
(16,18) (our unpublished data), support Repl being a
key determinant in the partitioning process. Despite this,
tethered Repl failed to display partitioning activity inde-
pendently of Rep2 in this study (Figure 1A). It is possible
that LexAgp-Repl fusion protein levels were not high
enough for function to be detected in the absence of Rep2,
or that fusion of the LexA DNA-binding domain to the
Repl amino-terminus interfered with Repl partitioning
function. The latter seems less likely given this fusion was
able to substitute for native Repl in Rep/STB-dependent

2pum plasmid partitioning (data not shown). Perhaps in
the native context, Repl does not act as a direct tether.
Repl function might be restricted to positioning Rep2
on the STB repeats, enabling Rep2 attachment to a host
factor, and with Rep2 allowing cohesin to be recruited
(32,47). Alternatively, Repl might need association with
RSC2-remodeled STB chromatin to adopt a configuration
that could confer partitioning function independently of
Rep2, one that tethered Repl could not adopt.

Is the partitioning activity displayed by tethered Rep2 respon-
sible for the residual mitotic stability of 2um plasmids in
rsc2 A yeast?

In yeast lacking the Rsc2 subunit of the RSC2 complex,
Repl no longer localizes to the subnuclear foci where it
would normally be found with the 2pm plasmid (77), ChIP
and one-hybrid analyses show Repl (but not Rep2) associ-
ation with S7B is lost, and cohesin fails to be recruited to
STB, resulting in 2pm plasmid mis-segregation (25,77). We
do not know how Repl is targeted to STB or why this as-
sociation is lost when Rsc2 is absent. Cell cycle arrest and
release studies show the Rep proteins are present on the
STB repeats for most of the cell cycle except for a brief pe-
riod as cells exit G1 (25,46). Reassembly of the partitioning
complex occurs in stages during S phase with some RSC2
complex subunits (Rsc8 and Rsc58) arriving before the Rep
proteins (and the Kipl motor protein) appear, and others,
notably the Rsc2 and Sth1 catalytic subunits, appearing af-
ter the Rep proteins, and coincident with acquisition of the
Cse4 centromeric histone. The cohesin subunit Mcdl (in-
dicative of cohesin presence) arrives last (25,32,46). This
timeline suggests neither Rep protein depends on presence
of the full RSC2 complex at STB for their initial recruit-
ment to the STB partitioning locus (25,46). Further support
comes from a one-hybrid assay where Rep protein interac-
tion with a tandem array of only two STB repeats, rather
than the native array of five, was assessed (88). In contrast
to the longer array, Repl association was not lost in the
rsc2 A yeast, if anything, it was increased, while that of Rep2
was slightly decreased. This suggests neither Rep protein re-
quired Rsc2 for initial recruitment to ST'B, although the as-
sociations of both might be altered by its absence (88).

The difference in Repl STB association in these stud-
ies may reflect ineffective acquisition of Cse4 by the two-
repeat array. Although an array of two repeats would be
marginally long enough to accommodate a single Cse4-
containing nucleosome (89), a previous study showed a min-
imum of three ST'B repeats was required and sufficient for
optimal Cse4-STB association (90). Based on the previously
proposed stages in the assembly of the 2pm partitioning
complex (25,46), Repl may become dependent on Rsc2 for
retention at STB only after Cse4 is incorporated, a step that
would be significantly enhanced for the longer S7B repeat
array. Subsequent RSC2 complex-mediated repositioning
or remodeling of the STB nucleosomes, or contacts me-
diated by the AT-hook DNA-binding motif and bromod-
omains in the Rsc2 protein (76), may be needed to stabilize
Repl on the Csed4-containing nucleosomes in a configura-
tion with Rep2 that enables replication-dependent capture
of cohesin (35,46).



The discovery here of Rep2 partitioning function that
does not depend on Repl (Figure 1A) may explain why the
loss of Repl association with the native STB repeat array
in rsc2 A yeast does not impact 2pm plasmid maintenance
as severely as absence of either Repl or Rep2 (46,59,66).
Unlike cells lacking Repl, Repl association with STB in
the rsc2 A cells may be lost only after Repl has helped re-
cruit and position Rep2 on the STB repeat array. The re-
tained Rep2 might be able to improve transmission to the
daughter by linking the plasmid to a segregating host fac-
tor, as it did when tethered to the ARS plasmid. However,
in the absence of sustained Rep1 association and cohesin re-
cruitment, this linkage might not be sufficient to fully over-
come the mother bias in inheritance and enable equiparti-
tioning of the plasmid (55). Mitotic stability of 2pm-derived
plasmids in rsc2A yeast varies with genetic background
(46,59,77), but is comparable to that demonstrated here for
an ARS plasmid tethered to Rep2 (Figure 1A) (59). It is
therefore plausible that the Repl-independent partitioning
activity Rep2 exhibited in the tethering assay is responsible
for this residual mitotic stability.

Potential Rep2 basic motif interaction targets

Although the mechanism by which Rep?2 tethering improves
ARS plasmid mitotic stability remains to be established,
the extent of improvement was similar to that provided by
tethering to Sir4 or SirdPAD (7), to the nucleopore protein
Mipl (11) or the Yifl integral nuclear envelope protein (2)
or when the plasmid was linked to the Askl component of
the microtubule-binding Dam1 complex (11,14). While it is
possible that the partitioning activity displayed by tethered
Rep2 is unrelated to the way the 2pm plasmid links to host
chromatin (32,35), this degree of stabilization suggests Rep2
could function as the tether that links the 2pm plasmid to
chromosomes. Rep2 linkage might maintain plasmid asso-
ciation with segregating chromosomes during anaphase af-
ter the RSC2 complex subunits and cohesin have dissoci-
ated from STB (46,73). Alternatively, Rep2 association with
a different segregating host factor or a component of the
mitotic spindle apparatus might represent an independent
contribution to plasmid maintenance.

If artificially tethered Rep2 confers plasmid partitioning
by linking the ARS plasmid to a host factor, our analy-
sis of truncated versions of Rep2 suggests the interaction
is mediated by the highly basic C-terminal 65 amino acids
of Rep2 and disrupted by four arginine-to-alanine substi-
tutions (4RA) in a conserved basic motif in this domain
(Figure 2A). The inability of this mutant version of Rep2
to mediate partitioning of a 2um-based plasmid (Figure
3) suggests this Rep2 domain likely serves the same func-
tion for the Rep protein/STB partitioning complex. The
motif could mediate Rep2 interaction with a chromosome-
associated protein or be required for Rep2 to bind tar-
get chromosomal DNA sequences, tethering the plasmid
to those sites. The latter seems less likely given that the
4RA mutation did not affect DNA-binding by this do-
main in vitro (Supplementary Figure S8). The domain might
have multiple functions, with the DNA-binding activity en-
abling Rep2 association with the STB repeat sequence and
the basic motif specifying attachment to a chromosome-
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associated protein, thereby linking the plasmid to chromo-
somes.

Potential candidates for a factor targeted by the Rep2 C-
terminal basic motif would be host proteins already known
to be required for 2pm plasmid partitioning and those
found to associate with the Rep2 protein. Among these,
the Kipl motor protein co-immunoprecipitated with Rep2,
but not with Repl (49), and although spindle-, rather than
chromosome-associated, could help move Rep2-tethered
plasmids to nuclear positions where chromosome attach-
ment is favoured or the chance for plasmid transmission
through the bud neck to the daughter improved. However,
the dependence of Kipl on Repl for association with STB,
and the less profound impact of Kip1 absence on 2pm plas-
mid partitioning (35,49) relative to that caused by mutation
of the C-terminal basic motif in Rep2 (Figure 3), make Kipl
a less likely target for attachment to Rep2 through this mo-
tif.

Similarly, while absence of either of the microtubule-
associated proteins Biml and Bik impairs segregation of
a 2pm-based plasmid, the impact is not as severe as that
caused by absence of the Rep proteins (56), or as observed
here when the Rep2 basic motif was mutated (Figure 3).
This, and the lack of dependence of Bik1l and Bim1 on the
Rep proteins for association with STB, suggests neither are
the Rep2 attachment target. Bik1 and Bim1 did require each
other for STB association and it has been suggested they
might act as adapters to link the 2pum plasmid to the micro-
tubules, facilitating plasmid movement, possibly by associa-
tion with the Kipl motor protein, to nuclear sites where ac-
quisition of cohesin and attachment to chromosomes might
be favoured (56).

Possible clues as to the nature of the host factor tar-
geted by Rep2 come from the study in which fluorescently
tagged versions of the Rep proteins were expressed in mam-
malian Cos-7 cells (35). Rep2 localized on the mitotic chro-
mosomes in the absence of Repl and when expressed with
Repl, the Rep proteins co-localized in foci that were sym-
metrically positioned (and non-randomly distributed) on
sister chromatids. In the absence of 2um plasmid in these
cells, the pattern could reflect Repl-directed interaction of
the Rep proteins with chromosomal sequences resembling
Repl protein target sites on the 2pm plasmid (66,70) or
Rep2-directed binding of Rep protein complexes to DNA
sequences on the mammalian chromosomes that resemble
the AT-rich STB repeat sequence or association with a con-
served chromatin component that was enriched at those
loci.

Chromatin candidates for Rep2 recognition could be
components of the RSC, cohesin and condensin complexes,
all of which are highly conserved from yeast to mam-
mals (52,53,91). In yeast, RSC complexes localize to cen-
tromeres and centromere-proximal regions (47), to numer-
ous tRNA gene and other RNA polymerase 111 promoters,
and to some specific RNA polymerase II promoters where
they regulate gene expression (71,92). Multiple subunits of
the RSC2 chromatin remodeling complex co-purified with
TAP-tagged Repl and Rep?2 suggesting association with ei-
ther one or both Rep proteins may be direct (46). The Rsc2
subunit is unlikely to be the Rep2 target given that partition-
ing of the Rep2-tethered A RS plasmid was not perturbed by
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deletion of the gene encoding Rsc2 (Figure 1D). However,
one of the other subunits that reassemble at STB early in
S phase before the Rep proteins reassociate (46) could di-
rectly recruit Rep2 to STB or bridge attachment of Rep2 to
chromosome-bound RSC complexes.

The Rep protein-dependent association of the cohesin
and condensin complexes with the S7B locus suggests a di-
rect role for each in 2pum plasmid partitioning, although it
is possible that the 2pm plasmid mis-segregation observed
when they are inactivated is an indirect consequence of
chromosome mis-segregation (32,37). In yeast, cohesin and
condensin are enriched at centromere-proximal regions and
at the repeated ribosomal DNA array locus but are also
found at distinct discrete sites along the chromosome arms
that differ between the two (93). Evidence suggests both
complexes are loaded on the chromosomes by the cohesin
loading factor Scc2/Sccd (93), with cohesin relocating to
intergenic regions where transcription converges (94) while
condensin remains enriched at tRNA genes and RNA poly-
merase [I-transcriptionally silenced regions and sites where
DNA replication forks converge (93,95). The pattern of as-
sociation of the Rep proteins with the mammalian mitotic
chromosomes could reflect the Rep proteins being targeted
to regions enriched for condensed chromatin, or a subset
of sites where cohesin is concentrated (52,93). The local-
ization of fluorescently-tagged 2um reporter plasmids near
centromeres and telomeres of yeast mitotic chromosomes,
with a preference for the latter (37), regions enriched in hete-
rochromatin, and a two-hybrid interaction between the Rep
proteins and the Brnl subunit of condensin, could indicate
the complex is directly recruited to S7B by the Rep proteins.
This could allow the plasmid to be linked to the chromo-
somes (29,37). It is currently unclear if the association with
condensin is direct, as it could be bridged by a host protein
that interacts with Brnl, or if only one of the Rep proteins
is involved, as the assay was undertaken in a strain that con-
tained native 2pm plasmid where the endogenous Rep pro-
teins could bridge an interaction with the other Rep protein.
Genome-wide chromatin capture studies are now needed to
identify the chromosomal sites where the Rep proteins lo-
calize which may reveal how the 2pm plasmids hitchhike on
segregating chromosomes.

Evolutionary considerations

Although the identity of the host factor the Rep2 C-
terminal domain may bind to promote plasmid inheritance
remains to be determined our results support Rep2 being a
key participant in mediating partitioning of the 2pm plas-
mid in addition to providing Repl-supportive functions.
This is somewhat surprising given the lack of sequence sim-
ilarity between Rep2 and the Rep2 functional-equivalent
partitioning proteins encoded by other members of the 2pm
circle family of plasmids (16,18,43,78), Members of the
family may have acquired a different gene that encodes a
protein capable of providing the same function as Rep2,
namely, interaction with Repl and attachment to a chro-
mosomal component. However, the similar position of the
open reading frame encoding these in each plasmid relative
to the position of the genes encoding Flp and Rep!l and the
inverted repeats, and the presence in seven of the eight pro-

teins of a C-terminal region enriched in basic residues with
a match to the bipartite basic motif mutated here, suggests
a common origin (43).

The 2pm plasmid family may resemble the papil-
lomaviruses and Epstein—Barr and Kaposi’s sarcoma-
associated herpesviruses which also depend on tethering
to host chromosomes for their inheritance and for which
the DNA-binding domains of their respective partition-
ing proteins, despite lacking sequence identity, have simi-
lar structures (96). Taken together with the restricted dis-
tribution of the 2pm family of plasmids in the Saccha-
romycetes budding yeast (16,97), the differences between
Rep2 and the other Repl-interacting partitioning proteins
may reflect rapid divergent evolution from a common gene
in concert with changes to the respective partitioning loci
which also differ between members of this family of plas-
mids (16,18,78). Such differences are not without prece-
dent. Kinetochore proteins and the centromeric sequences
on which kinetochores assemble have been able to signifi-
cantly evolve without loss of chromosome segregation func-
tion (98). Functional studies are now needed to determine
whether the 2pm plasmid Rep2 protein and the dissimilar
counterparts encoded by other members of the 2pum family
of plasmids are directly involved in attaching their genomes
to the chromosomes of their respective budding yeast hosts.
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