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The Saccharomyces cerevisiae 2-pm plasmid is a multicopy selfish
genome that resides in the nucleus. The genetic organization of
the plasmid is optimized for stable, high-copy propagation in host-
cell populations. The plasmid’s partitioning system poaches host
factors, including the centromere-specific histone H3-variant Cse4
and the cohesin complex, enabling replicated plasmid copies to
segregate equally in a chromosome-coupled fashion. We have
characterized the in vivo chromatin topology of the plasmid par-
titioning locus STB in its Cse4-associated and Cse4-nonassociated
states. We find that the occupancy of Cse4 at STB induces positive
DNA supercoiling, with a linking difference (ALk) contribution es-
timated between +1 and +2 units. One plausible explanation for
this contrary topology is the presence of a specialized Cse4-contain-
ing nucleosome with a right-handed DNA writhe at a functional
STB, contrasted by a standard histone H3-containing nucleosome
with a left-handed DNA writhe at a nonfunctional STB. The similar-
ities between STB and centromere in their nucleosome signature
and DNA topology would be consistent with the potential origin of
the unusual point centromere of budding yeast chromosomes from
the partitioning locus of an ancestral plasmid.

CEN evolution | nucleosome topology | reversome

he 2-um plasmid of Saccharomyces cerevisiae resides in the

nucleus at 40 to 60 copies per cell, and propagates itself with
nearly the same stability as chromosomes (1, 2). The plasmid is
a benign selfish DNA element that seems to provide no advan-
tage to its host, but poses, at its normal copy number, no serious
disadvantage either. In haploid cells the plasmid is organized
into a cluster of three to five foci, and segregates as a cluster (3).
This effective reduction in copy number necessitates an active
partitioning system, comprised of two plasmid-coded proteins,
Repl and Rep2, and a cis-acting partitioning locus S7B, to en-
sure equal or nearly equal plasmid segregation. A decline in
plasmid copy number because of rare missegregation events is
corrected via DNA amplification triggered by the Flp site-
specific recombination system harbored by the plasmid (4, 5).
Positive and negative regulatory circuits implemented through
the plasmid-coded Rafl protein and the Rep proteins ensure
quick amplification response without the danger of runaway in-
crease in copy number (6-8).

The Rep-STB system channels several host factors involved in
chromosome segregation toward the execution of plasmid segre-
gation. These factors include the mitotic spindle, the spindle-
associated motor Kip1, the RSC2 chromatin-remodeling complex,
the centromere-specific histone H3-variant Cse4 (CenH3), and
the yeast cohesin complex (9-15). The de novo assembly of the
plasmid-partitioning complex at STB during the G1-S window
of each cell cycle (9, 12, 14, 16) is reminiscent of the assembly of
the kinetochore complex at centromeres. However, kinetochore
components have not been detected at STB by ChIP (13).

The assembly of the plasmid-partitioning complex culminates
in the recruitment of cohesin at STB, which pairs sister-plasmid
molecules topologically by forming a protein ring around them
(11, 13). Several lines of circumstantial evidence are consistent
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with a chromosome-hitchhiking mechanism for plasmid segre-
gation (3, 10, 13). A plausible scenario invokes replicated sister-
plasmid clusters, bridged by cohesin, being tethered to sister
chromatids (which are also paired by cohesin). Dissolution of the
cohesin bridge in anaphase would then trigger the segregation of
sister clusters in unison with sister chromatids.

The association of Cse4, regarded as the signature nucleosome
component at the centromere (CEN) (17-19), with STB is in-
triguing. Furthermore, the presence of Kipl and the RSC2
complex, as well as the assembly of the cohesin complex, at STB
raises the possibility of a potential evolutionary link between the
two (11, 12, 20) (see Discussion). We now demonstrate that the
STB chromatin, in its functional state in vivo, contributes a
nonstandard positive DNA supercoil. This topological equiva-
lence to CEN (21) authenticates the occupancy of STB by a
Cse4-containing nucleosome. The plasmid-partitioning complex
organized at STB and the kinetochore assembled at CEN may
help preserve the Cse4-containing histone core particles at these
loci, and potentially foster a reversed chirality with which DNA
wraps around such particles.

Our findings lend credence to a possible origin of the unusual
point centromere of budding yeast chromosomes by domestica-
tion of the STB locus of an ancestral 2-pm related plasmid (20).
These findings also speak to the current debate on whether
CenH3-containing nucleosomes engender the normal left-handed,
or the opposite right-handed DNA writhe (21-23). The in vivo
topology of STB revealed in the present investigation and that of
CEN deduced from an earlier study (21) are consistent with the
right-handed writhe.

Results

STB Chromatin Contributes Positive DNA Supercoiling in Its Functional
State. S. cerevisiae plasmids containing a CEN sequence shift to
a higher level of negative supercoiling in vivo when CEN function
is inactivated, and by inference, in the absence of a functional
Cse4-containing nucleosome (21). The linking difference (ALKk)
between the active and inactive states is close to +2 for one copy of
CEN, and roughly doubles with an additional copy of CEN. This
difference is consistent with one unit of positive DNA writhe in-
troduced by a single Cse4-containing nucleosome, changing to an
equivalent negative writhe when it is replaced by a standard his-
tone H3-containing nucleosome (ALk = +1 - (-1) = +2).
Although current evidence is consistent with Cse4 being
a nucleosome component at STB (12, 24), a nonnucleosomal
role for Cse4 in STB function cannot be ruled out. Cse4 may
indeed localize, at low abundance, to highly expressed genes or
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repeated DNA elements, apparently without engendering ki-
netochore assembly (25, 26). Because of its rarity, positively
supercoiled DNA at STB, if observed, would provide strong
support for its occupancy by a CEN-like Cse4 nucleosome or
nucleosomes. We therefore undertook a series of topological
analyses of the DNA at the STB chromatin in its functional and
nonfunctional states.

During characterization of the interaction between Cse4 and
the 2-um plasmid or high-copy STB reporter plasmids, we had
previously noticed a significantly lower than molar stoichiometry
of Cse4 with respect to STB (24). However, when the copy
number of an S7B reporter plasmid was reduced to one or close
to one (10), Cse4-STB association could be made nearly quan-
titative. The present assays were performed using nearly or
strictly “single”-copy versions of the reporter plasmids (Fig. 1
and SI Appendix, Figs. S2 and S4).

The ~2.7-kbp pSTB-CEN4 plasmid (Fig. 1), with CEN flanked
by two direct copies of the R recombinase target sites, was used in
the experiments depicted in Fig. 2. The plasmid was introduced
into two essentially isogenic [cir’] strains, both harboring two in-
tegrated copies of the R recombinase gene under GAL promoter
control, but only one containing a GAL promoter-driven REPI-
REP?2 expression cassette. Galactose induction would result in the
excision of the CEN4-containing small circle (584 bp) (Fig. 1 and
SI Appendix, Fig. S1) in both strains, whereas it would also activate
STB function in the strain containing the REPI-REP?2 cassette.
One could thus address the topology of the STB-containing large
circle (pSTB plasmid; 2,140 bp) in the STB-active and STB-
inactive states. The actual copy number of the “pseudosingle” copy
pSTB was estimated to be 2.01 + 0.61 (SI Appendix, Fig. S2).
Electrophoresis in a chloroquine-gel disclosed a ALk of +1.75
conferred on pSTB by an active STB (Fig. 24 and B). The average
ALk from independent experiments was +1.68. In contrast, the
status of ST7B made no apparent difference to the topology of the
CEN circle (Fig. 2 C and D).

The observed ALk is accommodated by the loss of a Cse4
nucleosome upon inactivation of S7B, followed by the organi-
zation of a standard histone H3 nucleosome as its replacement
(ALk = (+1) - (-1) = +2). This interpretation would bring STB
in conformity with the explanation posited for the change in
writhe from positive to negative between active and inactive
forms of CEN (21). However, alternative mechanisms for Cse4-
assisted sequestration of net positive supercoiling at STB cannot
be excluded (see Discussion).

RRT

Positive Writhe of STB Chromatin Is Directly Correlated to its
Occupancy by Csed. Our previous work showed that STB is free
of Cse4 during G1, or when the mitotic spindle is depolymerized
(12). In contrast, CEN is occupied by Cse4 in G1-arrested cells or
those lacking the spindle (12, 27). We exploited these differences
between CEN and STB in their association with Cse4 to further
characterize the contribution of Cse4 to the topological status of
STB. Control metaphase cells revealed a ALk of +1.20 and
+1.25 for the pSTB plasmid relative to G1 cells and nocodazole-
treated cells, respectively (Fig. 3 A and B). No such difference
was noted for the CEN4 circle (Fig. 3 C and D).

The strong correlation between the positive writhe induced by
STB DNA and conditions that foster its occupancy by Cse4
suggests that a Cse4-containing nucleosome is responsible for
this unique topology.

Magnitudes of the Positive DNA Writhe at CEN and STB. To estimate
the ALk contribution of S7B in reference to CEN, we subjected
a reporter plasmid harboring both S7B and CEN (pSTB-CEN4")
(Fig. 1) to topological analysis without dissociating CEN from it
(Fig. 4). The ndc10-1 (T°) mutation was used to switch CEN from
its active (26 °C) to inactive (37 °C) state.

The topological contribution of CEN was derived from top-
oisomer distributions of adjacent lanes (denoting the shift from
26 °C to 37 °C); that of STB from topoisomer distributions of
alternate lanes (denoting the presence or absence of Rep pro-
teins) (Fig. 4). As shown in Fig. 4, the ALk resulting from CEN
alone was +0.92 (lanes 1 and 2) or +1.01 (lanes 3 and 4); that
resulting from STB was +1.23 (lanes 1 and 3) or +1.32 (lanes 2
and 4). The sum of the STB and CEN ALk contributions was
+2.24 (lanes 1 and 4).

Our estimates of ALK““Y from the ndcI0-1 strain are smaller
than those previously reported (21). Any change in Lk may be
partitioned in different ways between writhe (crossings of the
helix axis; Wr) and twist (crossings between the two DNA
strands; Tw). The plasmid topology displayed in vitro reflects the
net balance of Wr and Tw in vivo as a result of protein binding
(e.g., nucleosome assembly), the operation of protein machines
(e.g., transcription), and the action of DNA relaxing enzymes
(topoisomerases). Subtle effects of the ndc10-1 mutation per se
and the temperature shift on plasmid topology, as well as po-
tential incomplete inactivation of Ndcl10 under the nonper-
missive conditions, might account for less-than-expected ALk
values. Possible interactions between CEN and STB, causing
some degree of negative cooperativity in Cse4 recruitment,
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---------- a-factor---------
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in raffinose ' >
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0A .
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Fig. 1. Reporter plasmids and protocols for cell-cycle arrest and release. (Upper) The reporter plasmids pSTB-CEN4 and pSTB-CEN4’ used in topology assays

are drawn schematically. Recombination by the R recombinase within pSTB-CEN4 would resolve it into the pSTB plasmid plus the CEN4 circle. (Lower) The
experimental regimen for obtaining cells for analyses of plasmid topology is schematically indicated. Raffinose was replaced by galactose in G1-arrested cells
to induce expression of the R recombinase or the Rep proteins or both, as required by individual assays. Cells were normally released from G1 at 26 °C; they
were released at 37 °C to inactivate Ndc10 in the ndc70-1 strain. The predominant fraction of cells was in metaphase, large budded with a single nucleus near
the bud neck, at the time of harvest.
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Fig. 2. Topological distributions of a single-copy STB reporter plasmid when
STB is maintained functional or nonfunctional. The pSTB-CEN4 reporter
plasmid (Fig. 1) was resolved into pSTB and CEN4 circle in G1, and their to-
pologies were analyzed in the ensuing metaphase. After electrophoresis in
a 1.5% agarose gel (0.3 pg/mL chloroquine), the pSTB (A) and CEN4 circle (C)
bands were revealed by Southern analysis. The topological distributions in A
and C are plotted in B and D, respectively. The “0"” topoisomer, because of
potential overlap with the nicked circle (N), was omitted in deriving their
centers (vertical lines).

cannot be ruled out either. A small error is introduced in ALk
estimates by omitting the “0” (relaxed) DNA band, which could
potentially overlap with the nicked plasmid, in marking the
centers of topoisomer distributions.

Despite the caveats noted above, the overall similarity be-
tween CEN and STB in the sign (+) and magnitude (between 1
and 2) of their ALk contributions is apparent. Based on the data
from Fig. 3 and table 2 of Furuyama and Henikoff (table 2 in ref.
21), the CEN-induced positive-DNA writhe ranges from 1.33 to
1.85, with a mean of 1.59. In our experiments (Figs. 2-4), STB-
promoted positive supercoils vary from 1.20 to 1.75, the mean
value being 1.35 (S Appendix, Table S1).

ALk Between Active and Inactive Forms of CEN and STB Estimated
After Separation of the Two Loci from the Parent Plasmid Harboring
Them. The interpretations of the results in Fig. 4 were based on the
assumption that the observed Lk changes in the reporter plasmid
under conditions that maintained CEN or STB or both in their
active and inactive states were directly attributable to the in-
dividual topologies of these loci. To verify the validity of this as-
sumption, we first unlinked CEN and S7B from each other into the
pSTB plasmid and the CEN4 circle by recombination within pS7TB-
CEN4 (as described earlier) (Fig. 2), and then examined the to-
pologies of the two circles separately (SI Appendix, Fig. S3).

The topology of pSTB was shifted toward higher negative
supercoiling in the [cir"] background (SI Appendix, Fig. S3, lanes
3 and 4), lacking Repl and Rep2, regardless of the temperature,
26 °C or 37 °C. Conversely, the CEN circle became more nega-
tively supercoiled at the nonpermissive temperature (37 °C) (S
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Fig. 3. Topologies of the pSTB plasmid in single copy state in G1 arrested or
nocodazole-treated cells. (A-D) The single-copy pSTB and CEN4 circle were
generated in G1 by recombination (see Fig. 2). Cells were released from G1in
galactose with the addition of nocodazole (Noc) or without nocodazole as
the control (Con). Topology analyses were performed in G1 arrested cells
(lane 2) or G2/M cells (Con, lane 1; Noc, lane 3).

Appendix, Fig. S3, lanes 6 and 8), irrespective of the presence or
absence of the Rep proteins.

The lower estimates of ALk for STB in these assays was likely
a result of the shadow bands above and below the —1 and -2
topoisomer positions, the identities of which have not been de-
termined. The slower migrating bands could potentially be the
result of a small fraction of the parent plasmid that escaped re-
combination, and deletion of the CEN circle. The possible source
of the faster migrating bands is unknown. The intensities of these
spurious bands relative to those of the authentic ones were sig-
nificant in lanes 3 and 4, broadening the —1 and —2 topoisomer
peaks and artificially skewing the distribution to be more positive.
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Fig. 4. Individual contributions of STB and CEN to the topology of a re-
porter plasmid harboring both loci. (A and B) The indicated strains harboring
the pSTB-CEN4' reporter plasmid (Fig. 1) were arrested in G1 at 26 °C, con-
ditioned with galactose, and released in galactose at 26 °C or 37 °C. Plasmid
topologies were assayed at 2 h after release.
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Thus, the independent CEN and STB topologies assayed in
the pSTB plasmid and the CEN4 circle are consistent, at least
qualitatively, with the composite CEN and STB topologies as-
sayed in their linked state in the pSTB-CEN4 plasmid.

Topology of STB Harbored by an Exact Single-Copy Plasmid. The copy
number of a CEN-containing plasmid only approaches, and is not
precisely, 1. As a result, even within a single cell, there might be
a distribution in the occupancy by Cse4 of an STB reporter plasmid
derived from a CEN-containing precursor plasmid. However, the
estimated copy number of the pSTB reporter plasmid assayed in
Fig. 1 was ~2, not significantly different from unity (SI Appendix,
Fig. S2). The association of Cse4 with S7B is limited to a region
proximal to the 2-pm circle replication origin (S7B-proximal),
comprising five tandem repeats of a 60-bp consensus element (24).
Furthermore, a subset of three of these repeats is necessary and
sufficient for Cse4 recruitment. Because of the limited size of the
DNA region (a maximum of ~300 bp) to which Cse4 localizes, the
potential distribution of Cse4 nucleosomes per plasmid molecule
can only be 0, 1, or 2 (see Discussion). As discussed earlier, Cse4
association with the nearly single-copy reporter plasmids used for
the topology tests is nearly quantitative. Thus, the “0” class must be
negligible. To unequivocally eliminate potential uncertainties in-
troduced by copy-number variations, we have determined the to-
pology of STB maintained precisely at one copy in every cell.

We generated unit-copy circular molecules of pS7TB by R
recombinase-mediated excision of its linear form integrated into
chromosome XV at the HIS3 locale (SI Appendix, Fig. S4).
Strategies for pSTB excision in G1 and subsequent topological
analysis in metaphase were analogous to those described for the
assays using the CEN-STB reporter plasmids. The ALk for STB
between the Repl-Rep2 complemented and noncomplemented
conditions was estimated as +1.37, nearly the same as that
obtained for pseudosingle copy reporter plasmids (+1.35 + 0.23)
(81 Appendix, Table S1).

The concordance of the topological status of STB between its
plasmid and integrated forms argues against complications in-
troduced by a distribution of STB copy number within the ex-
perimental cell population.

Discussion

The present study reveals an unanticipated positive supercoiling
of DNA at the STB locus of the 2-pm plasmid, analogous to the
topology recently reported for the yeast centromere (21). It fur-
thermore addresses the potential role of a plasmid-partitioning
locus in the origin of the noncanonical point centromere.

The simplest explanation for our results, without invoking
significant change in DNA twist, is the trapping of a positive
writhe because of one Cse4-containing nucleosome present at
STB. As noted earlier, Cse4 is confined to a region of STB
composed of five 60-bp tandem repeats, three of which suffice
for Cse4 occupancy (24). Based on CEN DNA length (~125 bp),
the likely nucleosome density at S7B cannot be more than two.
The conserved sign and comparable magnitudes of the Lk con-
tributions by CEN and STB are most parsimoniously accounted
for by the same Cse4 stoichiometry: namely, one nucleosome at
each of the two loci. However, the possibility that the positive-
DNA writhe at STB is constrained collaboratively by an adjacent
pair of Cse4-nucleosomes cannot be ruled out entirely.

Centromere Identity: DNA Topology or Nucleosome Structure? The
right-handed DNA writhe of the Cse4-containing nucleosome ob-
served in vitro and implied in vivo (21) suggests a unique topological
mechanism for centromere identity. However, it is not certain that
the reversed DNA topology applies universally to CenH3-contain-
ing nucleosomes. The crystal structure of the subnucleosomal hu-
man (CENPA-H4), tetramer suggests that physical features, rather
than DNA topology, provide the signature of a centromeric nucle-
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osome (23). These features include differences between CENPA-
CENPA and H3-H3 interfaces, as well as those between CENPA-
H4 and H3-H4 interfaces. In addition, there is a charge reversal
within a protruding loop between CENPA and H3. Strikingly,
in vitro assembled CENPA-containing nucleosomes induce the
conventional negative writhe in DNA. Depending on assembly
conditions, DNA can be wrapped in a left- or right-handed fashion
around Cse4-containing nucleosomes in vitro (21, 22).

The stoichiometry of the core particle in the centromeric nu-
cleosome is also under debate. Experimental evidence in favor of
a histone tetramer [hemisome; H2A/H2B/H4/(CenH3 = Cse4)]
or a histone octamer (H2A/H2B/H4/CenH3/CenH3/H4/H2B/
H2A) has been reported (22, 25, 28-30). The specter of an un-
usual hexameric nucleosome core, bereft of H2A and H2B, but
including the Cse4-associated nonhistone protein Scm3 [H4/
Cse4/Cse4/H4-(Scm3)2], has also been raised (31).

The aforementioned uncertainties notwithstanding, the topo-
logical evidence for a finite reduction in negative superhelicity,
in vivo in yeast, by a functional CEN is well documented (21).
Results from our present study signify a similar attribute of STB
when it is associated with Cse4. While this special topology is
consistent with positive DNA supercoiling at a Cse4-nucleosome,
a recently proposed alternative explanation suggests the possible
absence of native nucleosomes (or negative supercoils) adjacent
to a Cse4 containing nucleosome, which also harbors negative
DNA writhe (32). However, nucleosome mapping data for cen-
tromere flanking regions do not support this notion of nucleo-
some depletion (17, 33). The topology results for plasmid sub-
strates containing two copies of CEN argue against a negative
DNA writhe for the Cse4 nucleosome. The number of H3 nu-
cleosomes required to give the ALk observed in the absence of
Cse4 would be too many to be accommodated within the sizes of
the plasmids employed (21). Overall, our results would be con-
sistent with a right handed DNA wrap induced at S7B by a Cse4
containing hemisome or some other nucleosome core organiza-
tion that traps this contrary DNA writhe (a reversome).

Models for the Positive Writhe of an Active STB Chromatin. The
observed decrease in Lk of 1.35 + 0.23 (SI Appendix, Table S1)
when STB is not occupied by a Cse4 nucleosome is less than the
predicted value of 2 if an H3 nucleosome were to take its place
quantitatively (Fig. 54). Perhaps the AT-richness of STB may
pose some impediment to nucleosome assembly, resulting in in-
complete replacement.

A formal possibility that a functional STB is nucleosome-free,
and a nonfunctional STB accommodates up to two standard
nucleosomes (Fig. 5B), is unlikely. STB function depends on its
association with Cse4, presumably as a nucleosome component,
in a Repl-Rep2-assisted manner (12, 24, and present study).
Furthermore, G1 arrest and spindle disassembly, conditions that
do not foster Cse4-STB association (12) but sustain Rep-STB
association (3, 9, 14, 16), decrease Lk by the anticipated amount
(Fig. 3 4 and B).

An alternative scenario for ALk = [2| is the presence of two
Cse4 nucleosomes at a functional STB and none, Cse4-, or H3-
nucleosome, at a nonfunctional ST7B (Fig. 5C). In principle, two
Cse4 hemisomes may jointly constrain one positive writhe, which
will be converted to one negative writhe if only one H3 nucleo-
some substitutes for their absence. In light of the stringent regu-
lation of Cse4 in the nucleus by protein turnover (34-36), its
absence from the majority of S7B plasmids in their multicopy
state (24), and its quantitative occupancy of low-copy plasmids, we
favor a functional stoichiometry of one Cse4 nucleosome per S7B.

Ancestral STB as the Potential Source of the Budding Yeast Point
Centromere. Eukaryotic centromeres, in general, comprise long
DNA stretches, display little or no sequence consensus, and are
epigenetically specified (20). Neo-centromeres can arise at chro-
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Fig. 5. Change in DNA topology between functional and nonfunctional
STB. A ALk of ~I2| because of the transition of STB between its functional
(Lks) and nonfunctional (Lk.¢) states may be accommodated in one of at least
three ways (A-C). (A) The right-handed DNA wrap around a Cse4-containing
nucleosome (red) switches to the standard left-handed wrap around a his-
tone H3-containing nucleosome (green). (B) A nucleosome-free, functional
STB switches to a nonfunctional state occupied by two histone H3-contain-
ing nucleosomes. (C) Loss of two Cse4-containing nucleosomes, each with
a positive-DNA writhe, from a functional STB generates a nucleosome-free,
nonfunctional STB. These models assume that the standard twist of B-form
DNA is not significantly altered when it is occupied by histone H3- or Cse4-
containing nucleosomes.

mosomal locales where none existed previously (37, 38). Machin-
eries for RNA interference and heterochromatin formation are
important in the establishment of these “regional” centromeres
(39). In contrast, the S. cerevisiae point centromere is quite short
(~125 bp), genetically defined, and has a characteristic tripartite
DNA organization (40, 41). Point centromeres are unique to
members of the Saccharomycetaceae fungal lineage that have lost
all or nearly all of the protein components of the RNAIi and het-
erochromatin machineries (42). This lineage also stands apart from
the rest of eukaryotes in harboring autonomously replicating
plasmids analogous to the 2-um plasmid. These evolutionary pro-
pinquities (20), together with the anomalous positive DNA writhe
induced by a functional CEN or STB through a nonstandard nu-
cleosome, argue for the possible origin of CEN from an an-
cestral STB.

Coupling Between 2-pym Plasmid and Chromosome Segregation
Pathways. The present-day segregation machineries of the bud-
ding yeast chromosomes and the 2-pm plasmid likely signify two
distinct (and nonconflicting) solutions for stable propagation ar-
rived at by divergence from the same start point. The common
components of the two pathways are likely vestiges of their shared
evolutionary history. By this reasoning, the scaffold proteins that
support the assembly of the kinetochore and plasmid-partitioning
complexes must also be bonded by a common ancestry. It is not
surprising that this suspected evolutionary kinship is not discern-
ible at the extant DNA or protein sequence levels. The penalty for
bearing the plasmid burden (43, 44), however small, would have
driven evolution of the chromosome segregation machinery away
from the plasmid-partitioning system.

The conservation of Cse4 association and cohesin assembly at
CEN and STB perhaps connotes the plasmid’s counter-strategy

1. Ghosh SK, Hajra S, Paek A, Jayaram M (2006) Mechanisms for chromosome and
plasmid segregation. Annu Rev Biochem 75:211-241.

2. Jayaram M, Yang X-M, Mehta S, Voziyanov Y, Velmurugan S (2004) The 2 micron
plasmid of Saccharomyces cerevisiae. Plasmid Biology, eds Funnel BE, Phillips G (ASM
Press, Washington, DC), pp 303-324.

3. Velmurugan S, Yang X-M, Chan CS, Dobson M, Jayaram M (2000) Partitioning of the
2-microm circle plasmid of Saccharomyces cerevisiae. Functional coordination with
chromosome segregation and plasmid-encoded Rep protein distribution. J Cell Biol
149:553-566.
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to ensure stable propagation through chromosome-coupled
segregation. It is noteworthy that components of the inner kinet-
ochore complex, such as Ndcl10 and Ctf13, have no homologs
outside of Saccharomycetaceae among fungi and other eukaryotes
(20). Similarly, Repl and Rep2 homologs are also confined to the
family of 2-pm related plasmids. The Rep2 proteins have scant
homology among them, perhaps signifying their rapid evolution as
an adaptive response to their respective host environments.

Can Nucleosomes Switch Between Left- and Right-Handed DNA
Chirality? Right-handed DNA writhe observed in (H3-H4), tet-
rasomes in vitro (45, 46) suggests a mechanism for the entrap-
ment of a metastable right-handed turn per “reversome” particle
in nucleosome arrays subjected to large positive torsional stress
(47, 48). In vivo, compensatory positive supercoils generated, for
example, as a result of transcription could potentially trigger the
flip from nucleosome to reversome. The associated energetic
cost may be alleviated with the help of histone chaperones as
well as high-order protein interactions: for example, those pro-
vided by the kinetochore complex or the plasmid-partitioning
complex. Some degree of chiral heterogeneity among Cse4-
containing nucleosomes may account for experimentally observed
ALKk of < 2 in the absence of functional Cse4.

The chiral ambiguities of in vitro assembled Cse4 nucleosomes
(21, 22) likely arise from conditions that induce alternative his-
tone stoichiometries, modulate their stacking preferences, and
promote DNA contacts that are permissive of either left- or
right-handed DNA writhe. The deduced in vivo topologies, pro-
tected against such vagaries perhaps by the stabilizing influence of
the kinetochore and plasmid partitioning complexes, are unlikely
to distort the authentic chirality of CEN or STB chromatin.

Materials and Methods
Plasmids. Reporter plasmids are schematically diagrammed in Fig. 1 and their
constructions described in the S/ Appendix.

DNA Topology Assays. The general protocols were based on those described
by Furuyama and Henikoff (21) with appropriate modifications. DNA samples
were run at 4 °C in 1.5% agarose gels containing 0.3 pg/mL chloroquine (1x
TBE buffer; 0.3 pg/mL chloroquine; 2.5 V/cm). The duration of electropho-
resis was ~48 h for resolution of plasmid (~2,000 bp) topoisomers and ~24 h
for resolution of small circle (~600 bp) topoisomers. Following Southern
hybridization, band intensities were quantitated using a Typhoon Trio
phosphorimager and ImageQuant software (GE Healthcare).

Miscellaneous protocols. Routine experimental protocols, such as bacterial and
yeast transformations, total yeast DNA and plasmid DNA preparations, curing
of native 2-ym circles from [cir*] yeast strains, and so forth are available
upon request.

Supporting Information. Two tables, one summarizing topological analyses (S/
Appendix, Table S1), the other listing experimental strains (S/ Appendix,
Table S2), four figures (SI Appendix, Figs S1-54), and relevant details of re-
porter plasmids are included in the S/ Appendlix.
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