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DNA replication of circular genomes generates physically interlinked or catenated sister DNAs. These are resolved
through transient DNA fracture by type II topoisomerases to permit chromosome segregation during cell division.
Topoisomerase II is similarly required for linear chromosome segregation, suggesting that linear chromosomes also
remain intertwined following DNA replication. Indeed, chromosome resolution defects are a frequent cause of
chromosome segregation failure and consequent aneuploidies. When and where intertwines arise and persist along
linear chromosomes are not known, owing to the difficulty of demonstrating intertwining of linear DNAs. Here, we
used excision of chromosomal regions as circular “loop outs” to convert sister chromatid intertwines into catenated
circles. This revealed intertwining at replication termination and cohesin-binding sites, where intertwines are
thought to arise and persist but not to a greater extent than elsewhere in the genome. Intertwining appears to spread
evenly along chromosomes but is excluded from heterochromatin. We found that intertwines arise before replica-
tion termination, suggesting that replication forks rotate during replication elongation to dissipate torsion ahead of
the forks. Our approach provides previously inaccessible insight into the topology of eukaryotic chromosomes and
illuminates a process critical for successful chromosome segregation.
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Genetic information is encoded in DNA as a one-dimen-
sional sequence of bases. However, it is the three-dimen-
sional configuration of the DNA that directs how the
information is accessed. This makes DNA topology a cru-
cial player in genome function. The topological state of
cellular DNA is under the control of DNA topoisomeras-
es—enzymes that generate transient DNA breaks, rear-
range, and then religate their substrates. Topoisomerases
are fundamental for the survival of all organisms and
have crucial roles in virtually all DNA transactions, in-
cluding DNA replication, transcription, and chromosome
condensation and segregation (DiNardo et al. 1984; Holm
et al. 1985; Brill et al. 1987; Uemura et al. 1987; Garten-
berg and Wang 1992; Schultz et al. 1992; Spell and Holm
1994; Cuvier and Hirano 2003). They fall into two main
groups: Type I topoisomerases make transient ssDNA
breaks, while type II enzymes temporarily break both
strands of the double helix. Both types can relax supercoil-
ing, while type II topoisomerases provide the main activ-
ity that removes catenanes or intertwinings between
intact DNA duplexes.

Early studies on the replication of the circular simian vi-
rus 40 genome in infected host cells showed that, follow-
ing completion of DNA synthesis, replication products
are catenated before being resolved (Sundin and Varshav-
sky 1980). This was rationalized by the steric exclusion
of topoisomerases from DNA at the point where repli-
somes converge during replication termination. At these
sites, topoisomerases are unable to access the last 10 or
so turns of the double helix.While the exact events during
replication termination are still being elucidated (Dewar
et al. 2015), intertwining of the resulting replication prod-
ucts appears inevitable. In addition to replication termina-
tion, intertwines between sister chromatids might arise
already during replication elongation. As helicases un-
wind the parental strands to make them accessible to
polymerases, overwinding accumulates ahead of the repli-
cation fork. This positive supercoiling can be relieved by
topoisomerases, although it has been proposed that
some of the torsional stress is passed behind the replica-
tion fork through fork rotation and takes the shape of
intertwined replication products (referred to as precate-
nanes) (Champoux and Been 1980). Evidence for fork rota-
tion has been presented during prokaryotic DNA
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replication and during in vitro plasmid replication (Peter
et al. 1998; Lucas et al. 2001; Wang et al. 2008b; Cebrián
et al. 2015). Eukaryotic chromosomal replication forks
are embedded into their nuclear surroundings and are
thought to be organized into higher-order replication
foci.Whether eukaryotic replication forks therefore rotate
to relieve torsion and generate intertwines during DNA
replication is not known.

While intertwines have not been directly observed
along eukaryotic linear chromosomes, there is no reason
to doubt that they exist and that they must be resolved
during chromosome segregation. Topoisomerase II (topo
II) activity is required during a successful anaphase
(DiNardo et al. 1984; Uemura et al. 1987; Downes et al.
1991; Wang et al. 2008a), suggesting that DNA strand pas-
sage is needed to resolve sister chromatid intertwining
during chromosome segregation. An argument has been
made that differential resolution timing of different parts
of the genome could even be the reason for reproducible
segregation timing differences during anaphase (Vig
1981; D’Ambrosio et al. 2008a). For example, the budding
yeast ribosomal DNA (rDNA) is always the last locus to
segregate during anaphase, likely due to its late topologi-
cal resolution. The segregation timing in turn contributes
to setting up nuclear chromosome positioning in inter-
phase (Gerlich et al. 2003) such that the budding yeast
rDNA is always found in the nuclear periphery. On the
other hand, chromosome resolution failure is a frequent
cause for chromosome missegregation, resulting in aneu-
ploid daughter cells. Amutation in the chromosomal con-
densin complex causes chromosome resolution defects
and spurs neoplastic malignancies (Woodward et al.
2016), exemplifying the importance of chromosome reso-
lution for genome stability.

Sister chromatid intertwining in eukaryotes has tradi-
tionally been studied using circular plasmids orminichro-
mosomes in budding yeast. Based on these studies, it has
become clear that catenation of these circular substrates
arises as a consequence of DNA replication. Most sister
circles are rapidly decatenated by topo II during and after
S phase, although a certain fraction remains intertwined
into mitosis. Persistence of catenanes depends on the
cohesin complex that provides proteinaceous links be-
tween the sister chromatids. During mitosis, the last re-
maining catenanes are removed in a reaction that is
promoted by condensin and by physical sister chromatid
separation by the mitotic spindle (Koshland and Hartwell
1987; Baxter et al. 2011; Farcas et al. 2011; Charbin et al.
2014). The levels of the Smc5–Smc6 complex increase
along chromosomes when intertwines accumulate fol-
lowing topo II inactivation, which led to the proposal
that the Smc5–Smc6 complex recognizes sites of inter-
twining (Jeppsson et al. 2014). These previous studies
did not address where along authentic chromosomes in-
tertwines arise and persist or when during S phase they
are generated.

Having provided awealth of insight intoDNA topology,
small circular minichromosomes differ in their structure
from authentic linear chromosomes. Minichromosomes
are sealed topological units, which is in contrast to the

open-ended nature of their much longer linear counter-
parts. Protein association with linear chromosomes is
thought to establish topologically constrained domains,
although their boundaries are likely to be dynamic. Au-
thentic chromosomes could thus be seen as a loose topo-
logical network. The consequences of this on intertwine
behavior are difficult to predict. Minichromosomes typi-
cally contain centromeres, which bestowdistinct topolog-
ical characteristics that might differ from chromosome
arms (Díaz-Ingelmo et al. 2015). In addition, minichromo-
somes are up to two orders ofmagnitude less stable during
cell division, emphasizing the importance of also studying
the topology of authentic chromosomes (Koshland and
Hartwell 1987).

Investigating the topology of linear eukaryotic chromo-
somesposes a technical challenge in that topological infor-
mation is retained only in topologically closed systems.
While protein factors introduce topological constraints
along linear chromosomes, proteins are removed during
the isolation of nucleic acids. This renders even long linear
DNA molecules topologically unconstrained. In this
study, we used site-specific recombination to excise re-
gions along budding yeast chromosomes as DNA circles
to make them amenable to topological analysis. This al-
lowed us to demonstrate sister chromatid intertwining
along linear chromosomes followingDNA replication. Ev-
idence for intertwining is apparent already before replica-
tion termination, suggesting that replication forks rotate
during replication elongation to dissipate torsional stress.
Following completion of S phase, catenanes arewidely dis-
tributed along chromosomes, with the exception of het-
erochromatin, suggesting that they propagate relatively
freely. Our approach opens new opportunities to analyze
the DNA topology of eukaryotic chromosomes.

Results

Catenated chromosomal loop outs following
DNA replication

To study local chromosome topology along authentic
budding yeast chromosomes, we used site-specific recom-
bination between tandem recombinase recognition sites
to excise covalently closed circles or “loop outs” (Fig.
1A; Supplemental Fig. S1A). We introduced loxP sites
flanking a 17-kb region on the left arm of chromosome
V, surrounding the replication termination site TER501,
where replication forks from the two efficient replication
origins ARS507 and ARS508 converge (McGuffee et al.
2013). Cells were arrested in G2/M by nocodazole treat-
ment, and then we induced Cre recombinase expression
from the galactose-inducible GAL1 promoter. Loop out
was confirmed by Southern blotting and occurred in about
two-thirds of cells within 90 min after induction, after
which it reached a plateau (Fig. 1B). In subsequent experi-
ments, unless otherwise stated, we collected samples for
DNA extraction 90 min after recombinase induction.

We next analyzed the topology of the loop outs by re-
solving purified DNA by native agarose gel electrophore-
sis. A band corresponding to the chromosomal DNA
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before loop out was visible throughout the time course.
Following loop out, a pattern of additional bands appeared,
reminiscent of the topoisomers seen previously during the
analysis of circular minichromosomes (Fig. 1B; Charbin
et al. 2014). To assign band identities, we used two en-
zyme treatments. Incubationwith the nicking endonucle-
ase Nt.Bpu10I resolved the isoforms into two bands with
increased intensity, corresponding to open circular forms.
The slower migrating of these two bands was identified as
nicked catenated species following incubation with puri-

fied human topo IIα, which resolved the catenanes to gen-
erate monomers (Fig. 1C). The fraction of catenated
species was ∼10% of the total loop outs (Fig. 1D). A simi-
lar pattern of topoisomers was seen following excision
of another replication termination region, TER301
(Supplemental Fig. S1B).
To address whether catenated loop outs are a reflection

of sister chromatid intertwining in G2/M-arrested cells,
we performed a number of experiments, described below.
First, if catenated loop outs arise from intertwined sister
chromatids, they should not be seen before DNA replica-
tion. As shown in Figure 1C, loop out occurred equally ef-
ficiently in G1-arrested cells, but only monomer forms
became detectable at this cell cycle stage. This suggests
that catenated loop outs arise as a consequence of DNA
replication.
Cre recombinase acts on pairs of identical target sites,

and these are preserved following recombination. It there-
fore could be that recombination between independently
looped-out sister circles leads to their fusion or catena-
tion. To exclude this possibility, we used the unidirection-
al ΦC31 integrase (Thorpe et al. 2000). ΦC31 mediates
recombination between two distinct recognition sites:
attB and attP. Following recombination, these sites are
converted into attL and attR sites that are no longer a sub-
strate for ΦC31. Loop out between tandem attB and attP
sites flanking the replication termination region TER603
on chromosome VI following ΦC31 expression occurred
with similar efficiency and generated catenated and mo-
nomeric circles in a comparable ratio compared with
Cre-mediated loop out of the same region (Supplemental
Fig. S1C,D). This suggests that catenated loop outs are
not the consequence of sequential recombination reac-
tions between initially unconnected circles.

Catenated loop outs record physiological changes
of intertwining

An important question remains whether catenated loop
outs reflect the intertwining of sister chromatids before
loop out or whether catenation might have arisen after
loop out. To address this, we compared loop out catena-
tion in a haploid and a diploid strain arrested in G1. We
used a MATa/MATa diploid strain that can be arrested
in G1 using α-factor treatment and in which TER501
was flanked by loxP sites on both copies of chromosome
V. If excised DNA circles had a propensity to catenate fol-
lowing loop out, we would expect to detect catenanes fol-
lowing excision of two circles in the diploid strain in G1.
However, this was not the case (Fig. 2A). As in the haploid
strain, catenated circles were observed in the diploid
strain only following DNA replication in G2/M. This is
consistentwith the possibility that catenated loop outs re-
flect the intertwining of sister chromatids.
As an additional test of whether catenated loop outs re-

flect sister chromatid intertwining, we inserted tandem
loxP sites flanking a 12.3-kb region encompassing the cen-
tromere of chromosome X (CEN10) (Supplemental Fig.
S2A). As before, excision in cells arrested in G2/M by
nocodazole treatment revealed catenated loop outs at

Figure 1. Excision of a chromosomal region in G2/M results in
catenated loop outs. (A) Schematic to illustrate the possible out-
comes of excising a chromosomal region as circular loop outs. In-
tertwines between sister chromatids might result in catenated
loop outs. (B) Time course of Cre recombinase induction in G2/
M-arrested cells. The Western blot shows Cre levels; tubulin
served as a loading control. A Southern blot following BamHI
digestion confirms Cre-mediated excision of the TER501 region
flanked by the two loxP sites (cf. Supplemental Fig. S1A for a ge-
nomic map). Electrophoresis of the untreated DNA samples re-
veals a number of topoisomers. (C ) Topological analysis of loop
outs (LOs) from G1-arrested and G2/M (Noc)-arrested cells to-
gether with enzyme treatments to assign band identities. The
fraction of nicked catenanes as a percentage of all loop out species
is indicated. Note that non-loop out DNA (non-LO) migrates at
the exclusion limit for linear DNAs, and the relative position of
circular species changes depending on the length of the gel run.
(Nick)Nicking enzymeNt.Bpu10I. (D) Quantification of the indi-
cated topoisomers as a percentage of all loop out species from the
four last time points following Cre induction in B. The means ±
standard error are shown.
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this locus (Fig. 2B). Under tension of the mitotic spindle,
sister centromeres undergo dynamic separation and re-
joining (“centromere breathing”) (Goshima and Yanagida
2000). As a consequence of their physical separation, in-
tertwining between sister centromeres should be reduced.
To test whether this is the case, we arrested cells in G2/M
by depletion of the anaphase-promoting complex activa-
tor Cdc20, which allows chromosomes to biorient on
the mitotic spindle and centromere breathing to com-
mence. For comparison, we used an aliquot of the same
culture arrested by Cdc20 depletion but also added noco-
dazole to depolymerize the mitotic spindle. This compar-
ison revealed that the presence of a mitotic spindle
significantly reduced the levels of catenated loop outs
(Fig. 2C), consistent with them reflecting the levels of sis-
ter chromatid intertwining.

Next, we aimed to increase intertwine retention follow-
ingDNA replication by depleting topo II.We reduced topo
II levels by replacing its endogenous promoter with a me-
thionine-repressible MET3 promoter and fusing it to an
auxin-inducible degron. We synchronized cells in G1 by
α-factor treatment and repressed topo II expression before
releasing cells to progress through S phase and into a noco-
dazole-imposed G2/M arrest. Topo II was virtually unde-
tectable by Western blotting, yet its functional depletion
was incomplete under these conditions, as cells success-
fully concluded chromosome segregation in a parallel cul-
ture without nocodazole and ceased proliferation only
after two to three cell divisions (Supplemental Fig. S2B).
Nevertheless, reduced topo II levels resulted in a marked-
ly increased fraction of catenated loop outs at TER501
(Fig. 2D). Thus, an expected increase of sister chromatid
intertwinesmanifests itself in an increased fraction of cat-
enated loop outs, suggesting that the former gave rise to
the latter.

Topo II can both decatenate as well as catenate DNA
circles (Vologodskii et al. 2001). We therefore performed
a final test of whether catenated loop outs might arise af-
ter excision of unconnected DNA circles by the catenat-
ing action of topo II. We again arrested cells in G2/M by
nocodazole treatment but now inactivated topo II using
the temperature-sensitive top2-4 allele by shifting the
culture to 37°C before loop out. top2-4 was rapidly inac-
tivated following temperature shift (Supplemental Fig.
S2B; Holm et al. 1985), although we did not use this allele
in the previous experiment because persistence of inac-
tive Top2-4 protein on chromosomes could interfere
with DNA replication (Baxter and Diffley 2008). Topo II
inactivation in G2/M cells before Cre recombinase in-
duction did not reduce the fraction of catenated loop
outs (Supplemental Fig. S2C). This suggests that catenat-
ed loop outs result from intertwining that existed be-
tween sister chromatids before excision. We note that
the fraction of catenated loop outs also did not increase
following topo II inactivation. By the same argument,
catenation between loop outs therefore was not lost in
a major way through topo II action following excision.
Therefore, the fraction of catenated loop outs reflects
the frequency of intertwining between sister chromatids
before excision.

Figure 2. Catenated loop outs reflect the expected chromosome
topology. (A) Comparison of loop out topologies in haploid and
diploid cells following excision during α-factor arrest in G1 or a
nocodazole-induced (Noc) arrest in G2/M. FACS analysis of
DNA content to confirm ploidy and cell cycle stage as well as
the gel blot are shown. Exponentially cycling cells (Cyc) served
as a comparison. (B) Excision of a region surrounding the centro-
mere of chromosome X (CEN10) generates catenated loop outs.
Electrophoresis of the DNA sample following excision is shown
next to the indicated enzyme treatments. (C ) Schematic of how
the mitotic spindle is expected to affect centromere topology as
well as a gel image of the loop outs generated during G2/M arrest
due to Cdc20 depletion in the presence or absence of nocodazole.
The quantification shows the relative abundance of the open cat-
enated loop out in three independent repeats of the experiment.
The means ± standard error are shown. An unpaired t-test con-
firmed a statistically significant increase of catenated loop outs
in the presence of nocodazole. (D) Augmented catenated loop
outs following topo II down-regulation. A gel image is shown of
loop outs after cells progressed through S phase with wild-type
(TOP2) or reduced (top2-aid) levels of topo II. The quantified
means ± standard error from three independent experiments are
shown. An unpaired t-test confirmed a statistically significant in-
crease of catenated loop outs following topo II depletion.
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Intertwines are found at replication termination regions
but also at replication origins

So far, for topological analyses, wemostly excised replica-
tion termination regions, where intertwines are thought
to arise. We next wanted to analyze a region where inter-
twines are less likely to be generated. We chose an effi-
cient replication origin, where topological torsion due to
DNA replication is expected to be directed away in both
directions (Fig. 3A). Based on Okazaki fragment direction-
ality (McGuffee et al. 2013), we selected ARS508 as a
strong replication origin adjacent to TER501 (Fig. 3B). Fol-
lowing Cre recombinase-mediated excision of similarly
sized regions surrounding TER501 or ARS508, we were
surprised to find that the proportion of catenated loop
outs was equal at both places (Fig. 3C). Thus, catenanes
are not restricted to regions of replication termination.
This result could be explained if intertwines form all
along chromosomes duringDNA replication. Alternative-
ly, catenanes might preferentially arise during replication
termination but are able to redistribute.

Cohesin retains intertwines but does not restrict their
location

Based on studies with circular minichromosomes, it is
thought that the chromosomal cohesin complex is re-
quired to retain intertwines between replicated sister
chromatids (Farcas et al. 2011; Charbin et al. 2014). We
note that both the TER501 and ARS508 regions, analyzed
above, contain cohesin-binding sites (Supplemental Fig.
S3A). We therefore addressed the role of cohesin in main-
taining intertwines along authentic chromosomes. We
used cells in which expression of the cohesin subunit
Scc1 could be repressed under control of the MET3 pro-
moter. Owing to Scc1’s inherent instability during ana-
phase and G1, it is efficiently depleted following
transcriptional repression (Fig. 4A). After synchronization
in G1 using α factor and a shift to methionine-containing
medium, cells were released and arrested in G2/M by
nocodazole treatment. Cre recombinase-mediated exci-
sion of TER501 revealed a markedly reduced fraction of
catenated loop outs in cohesin-depleted cells compared
with control cells (Fig. 4A). This suggests that, as in the
case of circular minichromosomes, the physical proximi-
ty conferred by sister chromatid cohesion supports the re-
tention of sister chromatid intertwining along linear
chromosomes.
If cohesin is required to retain sister chromatid inter-

twining, do intertwines accumulate at cohesin-binding
sites? The Smc5/Smc6 complex, implicated in marking
intertwines, is also found at cohesin-binding sites (Jepps-
son et al. 2014). To address this, we excised two compara-
ble replication termination regions on chromosomes III
(TER301) and VI (TER603). The TER301 region contains
two cohesin-binding sites, while sequences surrounding
TER603 are largely free of cohesin (Fig. 4B; Ocampo-
Hafalla et al. 2007). Following excision in G2/M-arrested
cells, the fraction of catenated loop outs was comparable
at both locations. Thus, cohesin promotes retention of in-

tertwines by maintaining proximity between sister chro-
matids but does not restrict intertwines to cohesin-
binding sites.
While cohesin promotes intertwine retention, conden-

sin has been implicated in their removal (Baxter et al.
2011; Charbin et al. 2014). We therefore excised two repli-
cation termination regions—TER404 and TER702—that
are relatively enriched for or depleted of condensin
(Supplemental Fig. S3B; D’Ambrosio et al. 2008b). Again,
we could not detect a significant difference in the fraction
of catenated loop outs at these two locations. The fraction
of catenated loop outs in G2/M-arrested cells also re-
mained unchanged following condensin depletion
(Supplemental Fig. S3C). This suggests that condensin
does not affect the level of intertwining along chromo-
somes at the time when cells enter mitosis, consistent
with what has been observed using circular minichromo-
somes (Farcas et al. 2011; Charbin et al. 2014). It will be
important to investigate whether condensin contributes
to intertwine resolution during anaphase, especially at
the budding yeast rDNA locus, whose segregation de-
pends mostly on condensin (D’Ambrosio et al. 2008a).
This could clarify the nature of anaphase bridges that
are so characteristic for condensin-compromised cells.

Figure 3. Intertwines at replication termination regions as well
as origins. (A) Schematic of sister chromatid intertwines at repli-
cation termination (TER) regions and origins (ARS). (B) Okazaki
fragment directionality (McGuffee et al. 2013) along the investi-
gated region of chromosome V. The origin efficiency matrix
(OEM) indicates the positions of replication origins and regions
of replication termination. (C ) Topology comparison of the
TER501 and ARS508 loop outs as well as quantification of the
fraction of catenated loop outs from four independent repeats of
the experiment. The means ± standard error are shown. An un-
paired t-test found no significant difference (n.s.) between the lev-
els of catenated loop outs at TER501 and ARS508.
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Intertwines are excluded from heterochromatin

With the objective to compare the topological behavior of
different chromosomal regions, we analyzed intertwining
along the transcriptionally silentHMRmating type locus.
This locus is covered by the Sir2–Sir4 silencing complex,

including the Sir2 histone deacetylase that maintains his-
tones in a hypoacetylated state. To excise this region, we
used a strain inwhich the locus is flankedwith target sites
for the R recombinase (Chang et al. 2005). Both R and Cre
recombinases belong to the same group of bidirectional
tyrosine recombinases. Induction of R recombinase ex-
pression in G2/M-arrested cells led to excision of the
HMR locus (Fig. 5A). However, we saw only monomeric
species of the loop out and could not detect any catenated
forms.

Given the absence of catenated loop outs, we wanted to
ascertain whether we would be able to detect catenanes if
therewere any. To do this, we excised theHMR locus dur-
ing an α-factor-inducedG1 arrest and then released cells to
pass through a synchronous cell cycle before rearrest in
the following G1 (Supplemental Fig. S4). At late time
points during S phase, when the excised HMR circles are
expected to replicate (Hawkins et al. 2013), catenated spe-
cies became detectable, and these were resolved during
mitosis before cells returned to G1. This suggests that in-
tertwines form during replication of the HMR locus that
become visible if the locus is excised as a topologically
closed circle before DNA replication. In contrast, inter-
twines are not retained along the HMR locus following
its replication as part of the authentic chromosome III.

An explanation for intertwine exclusion from theHMR
locus might lie in its distinct chromatin state. The Sir2–
Sir4 complex covers this region and might introduce a
chromatin property that disfavors intertwining. To exam-
ine whether its heterochromatic state caused intertwine
exclusion, we repeated HMR locus excision in a sir2Δ
strain in which silencing is abolished. As a consequence
of silent mating type locus derepression, sir2Δ cells no
longer respond to α-factor treatment (Fig. 5B). Catenanes

Figure 4. Cohesin maintains intertwines but does not restrict
their location. (A) A region surrounding TER501 was excised in
G2/M-arrested cells in the presence of cohesin or after the cohe-
sin subunit Scc1 was depleted by MET3 promoter repression fol-
lowing release from synchronization in G1. FACS analysis of
DNA content confirmed cell synchrony, and a Western blot
shows Scc1 depletion together with a gel image to analyze loop
out topology. The quantification shows the means ± standard er-
ror of the fraction of catenated loop outs from four independent
repeats of the experiment. An unpaired t-test revealed a signifi-
cant reduction in catenated loop outs in the absence of cohesin.
(B) Topoisomer distribution of excised replication termination re-
gions TER301 and TER603 enriched for or devoid of cohesin, re-
spectively. The cohesin distribution is depicted (Ocampo-
Hafalla et al. 2007), and the fraction of catenated loop outs was
quantified in four independent repeats of the experiment. The
means ± standard deviations are shown. An unpaired t-test found
no significant difference in the fraction of catenated loop outs
from the two loci.

Figure 5. Heterochromatin excludes intertwines. (A) Loop out
topology was analyzed over a time course ofHMR locus excision
following R recombinase induction in G2/M (Noc)-arrested cells.
A sample of exponentially cycling (Cyc) cells before recombinase
induction is included for comparison. (B) Comparison of topo-
isomer distributions of the HMR loop out in wild-type and
sir2Δ cells treated as indicated with α factor (α) or nocodazole
(Noc). Cell cycle stages were confirmed by FACS analysis of
DNA content. We note that loop outs from the sir2Δ strain mi-
grate distinctly faster, which could be caused by a different super-
coiling status, although we do not know the reason.
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became clearly discernible in sir2Δ cells growing asyn-
chronously or treated with α-factor or nocodazole. There-
fore, the transcriptionally repressive chromatin state at
HMR, possibly a more rigid chromatin structure due to
Sir2–Sir4 complex binding, disfavors the persistence of in-
tertwines in this region.

Intertwines arise during DNA replication

Next, we addressed whether intertwines arise during rep-
lication elongation or are the consequence of replication
termination. We synchronized cells in G1 using α-factor
treatment and released them to progress through S phase
in the presence of low concentrations of hydroxyurea
(HU; 0.1 M) to slow down replication fork progression.
DNA replication during this experiment was visualized
by incorporation of bromodeoxyuridine (BrdU) into newly
synthesized DNA followed by DNA immunoprecipita-
tion using an α-BrdU antibody (Fig. 6A). Thirty minutes
following α-factor release, galactose was added to induce
Cre recombinase expression to excise a region surround-

ing ARS508. To minimize nearby termination events,
we used a strain in which we had deleted the neighboring
ARS507. At 60min, replication had passed through the re-
gion marked for excision, and the first loop out products
started to become detectable (Supplemental Fig. S5A). Af-
ter 90 min, replication had slowly progressed, but, based
on the BrdU incorporation pattern, replication forks had
not converged, and replication termination events had
not yet occurred. We then took a final sample to analyze
loop out topology. Catenated loop outs were clearly dis-
cernible at this time (Fig. 6B), suggesting that intertwining
of sister chromatids arises during replication elongation
and prior to termination, at least in cells undergoing S
phase in the presence of HU.
When we quantified the fraction of catenated loop outs

at 90 min in HU, we found that their abundance was sim-
ilar to what is seen following excision in G2/M (Fig. 6B).
This was surprising, as we would expect additional inter-
twines to arise during the remainder of DNA replication
and during replication termination. The apparently un-
changed levels of intertwines could be explained if they
reflected a constant steady-state level of intertwine reten-
tion rather than the numbers of their initial production.
Similar to what is seen on circular minichromosomes,
most intertwines generated along linear chromosomes
might be readily resolved by topo II, while a lower steady
state of intertwines persists.
To investigate the relationship between intertwine gen-

eration and persistence, we created a situation in which
intertwine formation is directed to a specific region close
to ARS508. Replication termination events are rare in the
vicinity of this active origin (McGuffee et al. 2013). We
changed this by insertion of a replication fork barrier
(RFB), which usually enforces unidirectional replication
fork arrest in the rDNA (Supplemental Fig. S5B; Kobaya-
shi 2003). The arrested fork then awaits an oncoming
fork fromARS509,with replication termination occurring
in a majority of cells at this RFB. Despite the expected lo-
calized intertwine generation during termination at the
RFB, the fraction of catenated loop outs in G2/M-arrested
cells again remained unchanged (Supplemental Fig. 5C).
This suggests that local intertwine generation is offset
by their resolution and dispersion along chromosomes, re-
sulting in a low and largely uniform level of intertwine
retention.

Discussion

Despite its importance for almost all aspects of chromo-
some function, DNA topology of authentic eukaryotic
chromosomes remains an understudied field. Here, we
developed an approach to analyze sister chromatid inter-
twining between replicated yeast chromosomes. Excision
of chromosomal regions as circles retains local topological
information and allows its visualization. Using thismeth-
od, we found that intertwines arise in S phase already dur-
ing replication elongation, consistent with the notion
that torsion ahead of the replication fork is in part passed
on by fork rotation. Fork rotation emerges as a plausible

Figure 6. Intertwines arise during DNA replication elongation.
Cells were released from an α-factor-induced G1 block into medi-
um containing 0.1MHU, and galactosewas added 30min later to
induce Cre recombinase expression. (A) BrdU incorporation at 60
and 90 min was analyzed by BrdU immunoprecipitation as a
marker for replication fork progression. (B) The loop out topology
of a region containing ARS508 was analyzed in samples taken
from the G1 arrest, 90 min in HU, and cells released from G1 to
progress into a nocodazole-imposed G2/M arrest (Noc). The frac-
tion of catenated loop outs was quantified in four independent re-
peats of the experiment and were normalized to the fraction in
G2/M. The means ± standard error are shown. An unpaired t-
test revealed no significant difference between the two condi-
tions. (C ) A model for catenane formation and distribution along
eukaryotic chromosomes. Proximity between sister chromatids,
maintained by the cohesin complex, allows retention of sister
chromatid intertwining but does not restrict intertwine distribu-
tion along chromosomes.
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mechanism that could likewise facilitate DNA unwind-
ing and replication of the final turns of the double helix
during replication termination (Dewar et al. 2015). Fork
rotation during replication elongation is expected to gen-
erate intertwines with little sequence specificity over
wide parts of the genome. Consistently, we found that in-
tertwines that are retained on chromosomes when cells
enter mitosis are widely distributed with little preference
for specific locations. While intertwine retention depend-
ed on sister chromatid proximity provided by the cohesin
complex, the location of the intertwines was not restrict-
ed by cohesin (Fig. 6C).

The frequency of intertwining that we detected in G2/
M-arrested cells was around one-tenth of excised loop
outs in cells grown in rich medium. The frequency was
consistently somewhat lower in all experiments that
used cells grown in syntheticmedium lackingmethionine
to maintain gene expression from theMET3 promoter, al-
though we do not know the reason for this difference.
Loop outs spanned 10–17 kb in length. If catenated loop
outs are a true reflection of intertwining along yeast chro-
mosomes, this corresponds to one intertwine for roughly
every 150 kb. Considering a median budding yeast repli-
con size of ∼50 kb (Hawkins et al. 2013), we would expect
three replication termination events to have taken place
in a chromosome section of this size. Even the lowest es-
timate of howmany intertwines are generated during ter-
mination, with additional intertwines accruing during
replication elongation, makes it clear that only a small
fraction of initially generated intertwines persists follow-
ing DNA replication. The majority of intertwines appears
to be readily resolved by topo II. Given the linear nature of
yeast chromosomes, a fraction of intertwines might sim-
ply swivel off the end of chromosomes, similar to how su-
percoiling dissipates off chromosome ends (Joshi et al.
2010). If DNA relaxation ahead of the fork is impeded
(e.g., by topo I depletion), more intertwines might be
transferred behind the fork. Whether this changes the
steady-state frequency of sister chromatid intertwining
will be interesting to explore.

Ifmost intertwines are readily resolved,what singles out
the ones that persist? We can imagine two scenarios. Per-
sisting linkages might possess a topology that is more
complex than simple intertwines. They might, for exam-
ple, be knots that have been observed as a consequence
of DNA replication (Sogo et al. 1999). Thesemight require
specific activities—e.g., of themitotic condensin complex
—to resolve. Alternatively, persisting intertwines might
reflect a topological steady state of intermingling between
sister chromatids that are held in proximity by the chro-
mosomal cohesin complex. This latter possibility is sup-
ported by the observation that the majority of persisting
intertwines resolves upon cohesin removal.

In the search for locations where intertwines persist, we
came to realize that, with very few exceptions, inter-
twines appear evenly distributed along chromosomes.
This might come unexpected at first. However, if we con-
sider how rapidly chromatin moves within the nucleus
(Heun et al. 2001), intertwines will be hard to restrict to
specific chromosomal locations. Plectonemic structures

show fast motility along DNA in vitro (van Loenhout
et al. 2012), and we imagine that intertwines are equally
motile along chromosomes in vivo. An additional argu-
ment for the ability of intertwines to dissipate along chro-
mosomes is the observation that small chromosomes in
budding yeast are able to separate even without topo II
(Spell andHolm 1994), which should be possible only if in-
tertwines are able to slide off chromosome ends.

We found two locations fromwhich intertwinings were
excluded. First, intertwines disappeared from a centro-
mere under tension of the mitotic spindle. This suggests
that physical separation is a driving force for intertwine
resolution. The second instance is the silent mating
type locus, where intertwine exclusion depended on the
heterochromatic nature of the locus. The Sir2–Sir4 com-
plex associateswith this region andmight alter its flexibil-
ity (Bi and Broach 1997). If intertwines are diffusible along
chromatin, then stiffening of a section should indeed
result in the observed intertwine exclusion. Heterochro-
matin assembly in other eukaryotes involves heterochro-
matin protein (HP1) recruitment to methylated histone
tails, which might equally stiffen chromatin by protein
complex assembly. Notably, intertwines are thought to
persist withinmammalian centromeric heterochromatin,
which manifests as ultrafine bridges during anaphase
(Wang et al. 2008a). While the short budding yeast mating
type locus excludes intertwines, this might be impossible
along the vastly expanded heterochromatin surrounding
mammalian centromeres. On the contrary, in this case,
heterochromatin might hinder the spread of intertwines,
thus effectively trapping them. Heterochromatin topolo-
gy and its implications for chromosome segregation in or-
ganisms other than budding yeast will be important to
investigate.

Is there a role for intertwines between sister chromatids
after DNA replication? Given that most of these inter-
twines readily resolve following removal of the cohesin
complex, there appears to be little that protects their re-
moval other than the proximity of sister chromatids.How-
ever, the fact that these intertwines are easily removed
does not exclude a possible function while they persist.
Topo II has the ability to simplify topology below the ther-
modynamic equilibrium (Vologodskii et al. 2001). Inter-
twining along authentic budding yeast chromosomes
might well rest below equilibrium levels, consistent
with the very low numbers of intertwines that persist.
On the other hand, in both bacteria and along the budding
yeast rDNA, persistent intertwining impacts on segrega-
tion timing (D’Ambrosio et al. 2008a; Wang et al. 2008b).
This suggests that, at least in specific cases, levels of inter-
twining are regulated to achieve biological purposes. Re-
cently, evidence has been provided for a mechanism by
which the transcriptionmachinery controls topo I activity
to adjust DNA topology throughout the transcription
cycle (Baranello et al. 2016). The regulationof topo II, a pro-
tein targeted by numerous post-translationalmodification
within its regulatory C-terminal domain, merits further
exploration. Our assay system to investigate intertwining
along authentic eukaryotic chromosomes provides a tool
that should facilitate these efforts.
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Materials and methods

Yeast strains and culture

The Saccharomyces cerevisiae strains used in this work were of
the w303 background and are listed in Supplemental Table S1.
Cre recombinase target sites were inserted into the genome by
gene targeting using PCR products. A URA3 gene flanked by
short repeat sequences was used as a selectable marker (Reid
et al. 2002), which was lost by counterselection on 5-fluoroorotic
acid-containingmedium following successful recombinase target
site insertion (Rose et al. 1990). Regions flanked by recombinase
target sites were selected to contain at least one essential gene to
disfavor spontaneous loop out during cell expansion. All target
site insertions were confirmed by DNA sequencing. Details of
their genomic locations are in Supplemental Table S2. A centro-
meric plasmid with the Cre recombinase gene under the control
of the galactose-inducible GAL1 promoter (obtained from the
Yeast Resource Center) was then introduced. Cells were main-
tained on complete synthetic medium lacking leucine to select
for recombinase plasmid retention and then grown for experi-
ments in rich YP medium supplemented with 2% raffinose or
in complete synthetic medium lacking methionine to control
Cdc20, Scc1, topo II, or Brn1 expression. Recombinase expression
under the control of the GAL1 promoter was induced by 2% ga-
lactose addition. Cells were arrested in G1 by adding 0.4 µg/mL
pheromone α factor for 2–2.5 h (O’Reilly et al. 2012). Cells were
released into fresh medium following filtration. To slow down
DNA replication, 0.1 M HU was included in the medium. Arrest
in metaphase was achieved by addition of 5 µg/mL nocodazole or
depletion of Cdc20 under the control of the methionine-repress-
ibleMET3 promoter. For Scc1 depletion, its endogenous gene pro-
moter was replaced with the MET3 promoter, and cells were
released following synchronization in G1 into YP medium sup-
plemented with 2 mM methionine. To deplete topo II, the
TOP2 gene was fused to an auxin-inducible degron tag (Nishi-
mura et al. 2009). In addition, its endogenous gene promoter
was replaced with the MET3 promoter. Cells were grown in me-
dium lacking methionine and shifted to methionine-containing
medium, including 1 µM auxin indole-3-acetic acid (IAA), 2 h be-
fore release from α-factor block. To create aMATa/a diploid strain
in which both copies of TER501 were flanked by loxP sites, we
used HO expression to induce mating type switching and conse-
quent diploidization of the haploid parental strain. TheMATα lo-
cus of the resultant MATa/α diploid was then replaced with
MATa by gene targeting, as described (van Werven et al. 2012).
Recognition sites for the ΦC31 integrase (Thorpe et al. 2000)
were inserted into the budding yeast genomeby gene targeting us-
ing PCR products. For ΦC31 integrase expression, a synthetic
yeast codon-optimized gene encoding the integrase (GeneArt,
ThermoFisher) fused to a Pk epitope tag was cloned under the
control of the galactose-inducible GAL1 promoter into the yeast
shuttle vector YCplac111, analogous to the vector used for Cre
recombinase expression.

Genomic DNA purification and analysis

Genomic DNA purification was performed following a previous-
ly described protocol (Charbin et al. 2014). DNA samples were re-
solved on 0.4%–0.5% agarose/TAE gels at 2 V/cm for 18–24
h. Southern transfer and hybridization were performed as de-
scribed (Charbin et al. 2014). Blots were exposed to PhosphorIm-
ager screens, which were scanned using a Typhoon 9400 Imager
(GE Healthcare). Quantification of band intensities was per-
formed using ImageJ. Enzyme treatments to verify the nature of
the observed bands were performed using the indicated enzymes

and reaction buffers, provided by their suppliers. Restriction en-
donucleases were fromNewEngland Biolabs, and digests were in-
cubated for at least 2 h at 37°C. Nicking enzyme Nt.Bpu10I
(ThermoFisher) treatment was for 30 min, while human topo
IIα (Topogen) treatment was for 1 h, both at 37°C.

Yeast molecular biology techniques

BrdU-labeled DNA immunoprecipitation and microarray analy-
sis were performed as described previously (Lengronne et al.
2004) with the following modification. Library preparation and
amplification were carried out using the GenomePlex Complete
whole-genome amplification kit (Sigma). Seven micrograms of
amplified DNA was fragmented using human apurinic/apyrimi-
dinic endonuclease (APE1) in the presence of uracilDNAglycosy-
lase and then labeled with Biotin-11-dXTPs using recombinant
terminal deoxynucleotide transferase before hybridization to
GeneChip Yeast Genome 2.0 arrays (Affymetrix).

Western blotting

Protein extracts forWestern blotting were prepared following cell
fixation using trichloroacetic acid (Foiani et al. 1994) and were re-
solved by SDS–polyacrylamide gel electrophoresis. Following
Western transfer, antibodies used for detection were anti-Cre
recombinase (clone 2D8; Millipore), anti-Pk (clone SV5-Pk1;
Serotec), and anti-α-tubulin (clone TAT-1; Crick Cell Services).
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