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Protein-mediated “chromosome kissing” between two DNA sites in trans (or in cis) is known to facilitate three-
dimensional control of gene expression and DNA replication. However, the mechanisms of regulation of the long-
range interactions are unknown. Here, we show that the replication terminator protein Fob1 of Saccharomyces
cerevisiae promoted chromosomekissing that initiated rDNA recombination and controlled the replicative life span
(RLS). Oligomerization of Fob1 caused synaptic (kissing) interactions between pairs of terminator (Ter) sites that
initiated recombination in rDNA. Fob1 oligomerization and Ter–Ter kissing were regulated by intramolecular in-
hibitory interactions between the C-terminal domain (C-Fob1) and the N-terminal domain (N-Fob1). Phosphomi-
metic substitutions of specific residues of C-Fob1 counteracted the inhibitory interaction. A mutation in either
N-Fob1 that blocked Fob1 oligomerization or C-Fob1 that blocked its phosphorylation antagonized chromosome
kissing and recombination and enhanced the RLS. The results provide novel insights into amechanism of regulation
of Fob1-mediated chromosome kissing.
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“Chromosome kissing” refers to protein-mediated and
physiologically relevant interactions between two sites
located on either different chromosomes or the same
chromosome. Intrachromosomal kissing interactions are
also called chromosome looping (Schleif 1992). Chromo-
some kissing facilitates three-dimensional mechanisms
of control of different DNA transactions. For example,
Reb1-mediated termination of DNA replication in fission
yeast (Singh et al. 2010) and forkhead protein-dependent
control of the timing of replication initiation (Knott
et al. 2012) are modulated by chromosome kissing. Differ-
entiation of naïve T helper cells into the Th1 and Th2
forms (Spilianakis et al. 2005) and X-chromosome inacti-
vation (Xu et al. 2006) are some of the other examples of
biological activities controlled by kissing interactions.
There are several examples of biological regulation by
chromosome looping in prokaryotes (Hochschild and
Ptashne 1988;Mukherjee et al. 1988a,b; Lobell and Schleif
1990;Miron et al. 1992; Schleif 1992) and eukaryotes (Tol-
huis et al. 2002). The principal objective of this study was

to unravel a mechanism of regulation of “chromosome
kissing” and investigate the DNA transactions regulated
by it.

Recent methods designed to detect interchromosomal
and intrachromosomal interactions have made it possible
tomap interacting sites in eukaryotic nuclei on a genome-
wide scale (Dekker et al. 2002; Splinter et al. 2004; Simo-
nis et al. 2007; de Laat et al. 2008). However, the proteins
responsible for promoting most of these interactions and
their physiological significance are known in only very
few cases. There is also little or no information available
on the mechanisms of regulation of kissing interactions.
In mammalian cells, a complex of cohesin and CTCF
(CCCTC-binding factor) promotes formation of topologi-
cal domains of potentially interacting chromosomal loops
(Zuin et al. 2014). Cohesin has also been implicated in
chromosomal loop stabilization by interaction with a
transcription mediator presumably at the stem of a
DNA stem–loop structure (Kagey et al. 2010). Within
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the topological domains, specific loop-to-loop interaction
by chromosome kissing probably involves sequence-spe-
cific DNA-binding proteins that form protein bridges be-
tween the interacting sites by oligomerization (Singh
et al. 2010; this study).
Recombination (e.g., translocation) at a distance pro-

moted by long-range protein–DNA interactions is poten-
tially significant because, among other things, it can
give rise to fused oncogenes or place a quiescent oncogene
under the control of a strong promoter, resulting in its
pathogenic overexpression. Chromosome translocations
are caused not just by randomDNAbreakage and stochas-
tic rejoining of the broken ends. Rather, breaks located in
close proximity to each other in the nucleoplasm tend to
undergo preferential rejoining (Roix et al. 2003; Roukos
and Misteli 2014).
The Fob1 protein binds to two tandem terminator (Ter)

sites called Ter1 and Ter2 (also called replication fork bar-
riers [RFBs]) (Brewer1988;Breweretal. 1992), located inthe
nontranscribed spacer 1 (NTS1) between the end of the
DNA encoding the 35S precursor rRNA and that of the
5S RNA-encoding DNA in each of the rDNA repeats.
Fob1–Ter interaction causes polar replication fork arrest
(Kobayashi et al. 2004; Mohanty and Bastia 2004; for re-
views of replication termination, see Bastia and Mohanty
1996, 2006; Dalgaard et al. 2011; Bastia and Zaman 2014).
The fork arrest at Ter sites in rDNA prevents head on
collision between the leftward moving fork and the right-
ward moving 35S transcript (Brewer 1988; Takeuchi et al.
2003). Transcription replication interference can cause ge-
netic instability (Liu andAlberts 1995;Mirkin andMirkin
2007;Aguilera andGarcia-Muse 2012; Bermejo et al. 2012;
Lin and Pasero 2012) that significantly increases the “ge-
netic load,”which can presage induction of cancer.
In the absence Sir2 (a NAD-dependent histone deacety-

lase), Fob1-mediated fork arrest is known to promote re-
combination between rDNA repeats (Kobayashi et al.
2004; Kobayashi and Ganley 2005). The presence of Sir2
in the nucleolar milieu suppresses recombination and
transcription by RNA polymerase II (Pol II) but not by
RNA Pol I or Pol III. Intrachromatid recombination gener-
ates rDNA circles, and their excision reduces the number
of rDNA repeats. Although it is known that intrachroma-
tid recombination in mother cells causes a decrease in
their replicative life span (RLS) (Sinclair and Guarente
1997; Defossez et al. 1999), little is known about the mo-
lecular mechanisms that regulate the process.
Sir2 is loaded onto rDNA as a part of the complex called

RENT1 that consists of Net1, Cdc14, Tof2, Lrs4, and
Csm1 proteins (Straight et al. 1999; Moazed 2001; Huang
andMoazed 2003; Huang et al. 2006). There are two foci at
which RENT1 gets loaded onto rDNA. Loading at the Ter
sites requires Fob1–Net1 interaction, whereas that near
the promoter region of 35S RNA requires RENT1–RNA
Pol I interaction (Huang et al. 2006).We reported previous-
ly that silencing by RENT1 and fork arrest are two inde-
pendent functions of Fob1 (Bairwa et al. 2010). Sir2 is
known to suppress intrachromatid but not interchromatid
recombination in the rDNA array (Kobayashi et al. 2004;
Kobayashi and Ganley 2005).

Using Saccharomyces cerevisiae as amodel system, the
principal focus of this study was to determine whether
and how chromosome kissing is regulated and whether
it promoted recombination between two geographically
separated sites in rDNA. Incidentally, we also studied
the effect of the control mechanism on RLS that was
used as an additional biological readout. Here, we show
that oligomerization of Fob1 promotes chromosome kiss-
ing at Ter sites of the NTS1 of rDNA. The kissing interac-
tion triggers intrachromatid recombination that is known
to control the RLS. We show further that the C-terminal
domain of Fob1 (C-Fob1) is inhibitory and interacts with
its N-terminal domain (N-Fob1) to antagonize not only
Fob1 oligomerization but also its interaction with other
proteins. Consistent with the proposition that phosphory-
lation of C-Fob1 is the trigger that breaks its intramolecu-
lar interaction with N-Fob1, we discovered that certain
Thr/Ser residues of C-Fob1, when replaced by Ala, caused
constitutive C-Fob1–N-Fob1 interaction, whereas phos-
phomimetic Asp substitutions at the same locations
counteracted this effect, thereby illuminating the mecha-
nism of control of chromosome kissing, recombination,
and RLS.

Results

Isolation of mutant forms of Fob1 defective
in Fob1 oligomerization and chromosome
kissing

Fob1 interactswith itself (MohantyandBastia 2004). Sche-
matic diagrams of the rDNA repeats (Fig. 1A) and the Fob1
ORF are shown in Figure 1B. The C-terminal EcoR1 site
provided us with a convenient landmark at which to
split theORF into its N-terminal (N-Fob1) andC-terminal
(C-Fob1) domains (Fig. 1B).TheN-Fob1proteinwasbiolog-
ically active, as shown by its ability to arrest replication
forks and silence rDNA in vivo in comparison with wild-
type Fob1 (Supplemental Fig. S1A,B). The C-Fob1 peptide
did not seem to bemisfolded because, as shown later, it re-
tained specific protein–protein interaction with N-Fob1
and biochemically did not behave like a globally mis-
folded, sticky protein.
Our stratagem to isolate mutants defective in Fob1-me-

diated chromosome kissing was based on the expectation
that the long-range interactions are likely to involve olig-
omerization of the protein, and therefore mutants defec-
tive in the latter are also likely to be kissing-defective
(Singh et al. 2010). We amplified the Fob1 ORF by low-fi-
delity PCR and selected mutants defective in Fob1–Fob1
interaction using a reverse yeast two-hybrid (YR2H) selec-
tion as described in theMaterials andMethods. We recov-
ered two mutants—namely, M213L and E373V—the
former of which did not interact with itself but did inter-
act with wild-type Fob1. In contrast, the latter failed to in-
teract not only with itself but also wild-type Fob1 even
after 10 d of growth on Ade dropout indicator plates (Fig.
1C). The E373V mutant caused the strongest defect in
Fob1–Fob1 interaction and therefore was selected for fur-
ther analysis.
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In principle, heterodimerization of a pGAD-Fob1 with a
pGBT-Fob1 should activate the reporter genes present in
the yeast two-hybrid (Y2H) indicator strain, and the
E373V mutation is expected to interrupt this dimeric in-
teraction. Alternatively, it is possible that the E373V mu-
tation might be interrupting oligomerization of a dimer.
The monomeric molecular mass of wild-type Fob1 is
62.8 kDa. We purified both the wild-type and the E373V
forms of the proteins after expression as a GST fusion in
yeast and purification after digestion with “PreScission”
protease (GE Life Sciences) to remove theGST tag and per-
formed gel filtrations to determine the relative molecular
mass. The protein mobility on the gel filtration column
with respect to that of the markers of known molecular
mass revealed that both forms of Fob1 appeared tomigrate

as a dimer (Fig. 1K). This observation suggested that the
E373V mutation might be inactivating a dimer to oligo-
mer interface. However, this interpretation is subject to
the caveat that the protein could still be a monomer
because its molecular conformation (e.g., possibly a flexi-
ble rod)might cause it tomimic the hydrodynamic behav-
ior of a dimer on a gel filtration column. Indeed, the Reb1
protein of Schizosaccharomyces pombe, which is an
ortholog of Fob1,migrates as a dimer on a gel filtration col-
umn, but subsequent determination of its crystal struc-
ture showed that the protein is a monomer that forms
dimers only after binding to DNA (our unpublished re-
sults). Therefore, pending more definitive confirmatory
evidence, we provisionally interpreted the data as oligo-
merization of a monomer.

Figure 1. Mutant forms of Fob1 defective in
Fob1 oligomerization and the presence of an
autoinhibitory domain at the C-terminal end
of Fob1. (A) Physical map of the rDNA repeat
unit. Each rDNA unit has 35S and 5S rRNA-
encoding sequences separated by two nontran-
scribed spacers. (B) Schematic representation
of the primary structure of Fob1. (C ) Yeast
two-hybrid (Y2H) analyses of Fob1mutants de-
fective in protein oligomerization. (D) Y2H
analysis of interaction between Fob1 and itself
orN-Fob1 and betweenN-Fob1 andN-Fob1. (E)
β-Galactosidase reporter assay showing that
the C-terminal deletion of Fob1 enhances
Fob1–Fob1 interaction by approximately two-
fold. (F ) Biochemical confirmation by ELISA
of the data shown inD and E. (G) Western blots
showing the relative levels of Fob1 andN-Fob1
present in pGBT9 vector; the blots were devel-
oped using anti-Gal4DNA-binding domain an-
tibodies with actin used as a loading control.
(H) Quantification of the data (ratios of the in-
tensities of GBT9-Fob1/actin and GBT9-N-
Fob1/actin) with standard error bars (from
three experiments). (I ) Y2H analyses and isola-
tion ofmutant forms of C-Fob1 by reverse Y2H
(YR2H) selection; interaction of the wild-type
and three mutant forms of C-Fob1 with N-
fob1 is shown (the nucleotide substitution of
the mutants of C-Fob1 is shown below). (J)
Confirmation of the Y2H analysis (shown in
I ) by quantifications of the β-galactosidase re-
porter activities. (K ) Gel filtration profiles of
wild-type (WT) and E373V mutant forms of
yeast from which GST tags were removed by
digestionwith PreScission protease. (L) Amod-
el showing Fob1 monomers in the closed form
in which the C-terminal domain of Fob1 is in
association with the N-terminal region of the
protein-blocking interactions with RPA2 and
retarding Fob1 oligomerization. Deletion of
the C termini allows the N-Fob1 to interact
with not only itself but also RPA2.
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C-Fob1 contains an inhibitory domain

Does C-Fob1 regulate the biological activities of N-Fob1?
We addressed this question by performing Y2H analysis of
interaction of Fob1 with itself, Fob1 with N-Fob1, and N-
Fob1 with itself (Fig. 1D). The quantitative interaction
data were generated by the measurement of the specific
activities of the lacZ reporter (Fig. 1E). The data revealed
that full-length Fob1 had an approximately twofold lower
level of interactionwith itself in comparisonwith that be-
tween Fob1 and N-Fob1 and between N-Fob1 and itself.
Additional confirmation of the data was provided by
ELISA experiments in which Fob1 without a GST tag
was immobilized on a plastic surface and challenged sep-
arately with GST-tagged Fob1 and GST-N-Fob1. The data
showed that N-Fob1 had a higher affinity for Fob1 as con-
trasted to Fob1 binding to itself (Fig. 1F). This interpreta-
tion could be subject to the caveat that a significantly
higher level ofN-Fob1 expressed by the two-hybrid vector,
in comparison with that of Fob1, might mimic the data
and give the false impression of a higher affinity of interac-
tion between N-Fob1 and itself or between N-Fob1 and
Fob1 in comparison with that of Fob1–Fob1 interaction.
To address this question, we performed Western blots of
both forms of Fob1 expressed from a pGBT9 vector using
antibodies against the DNA-binding domain of Gal4
(Fig. 1G,H). The results showed that the consistent in-
crease in the Fob1 oligomerization by deletion of C-Fob1
could not be attributed to the relative intracellular levels
ofN-Fob1 and Fob1, with actin used as an internal control.
If C-Fob1 inhibited the activities of N-Fob1 by protein–

protein interaction, one would expect the two separated
domains to physically interact with each other in trans.
Furthermore, the interaction should be abolished by mis-
sense mutations in C-Fob1 (or N-Fob1) that perturbed the
interaction interface. Y2H analysis provided clear evi-
dence supporting physical interaction between the two
domains (Fig. 1I). Quantification of the β-galactosidase
produced in each case by the LacZ reporter further au-
thenticated the interaction (Fig. 1J). We examined the in-
teractions between N-Fob1 and C-Fob1 further by
isolating mutant forms of C-Fob1 that failed to interact
with N-Fob1. The amino acid alterations that disrupted
N-Fob1–C-Fob1 interactions are shown (Fig. 1I, bottom).
All three mutants—namely, m1–m3—were defective in
interaction with N-Fob1, as shown by both lack of growth
on Ade dropout plates and the magnitude of β-galactosi-
dase activities of the lacZ reporter in comparison with
that of wild-type C-Fob1 (Fig. 1J). We also biochemically
confirmed the interaction data as shown in Supplemental
Figure S2B. The data have been summarized schemati-
cally in Figure 1L.
Does the C-terminal truncation of Fob1 enhance not

only Fob1–Fob1 interaction but also its interaction with
other proteins? In order to address this question, guided
by our unpublished results, we examined the interaction
between Fob1 and RPA2. Y2H analysis showed that
RPA2 either did not interact with full-length Fob1 or did
so very poorly. However, the interaction was dramatically
enhanced by deleting the C terminus of Fob1 (amino acid

residues 430–566) (Supplemental Fig. S2A,C). Taken to-
gether, these results led us to conclude that C-Fob1 was
inhibitory and antagonized not only Fob1 oligomerization
but also its interaction with RPA2.
We constructed the full-length Fob1 ORF with the m3

(K454T) mutation located in the C-terminal domain and
observed that it had amodestly lower level of interactions
with both wild-type Fob1 and N-Fob1 as contrasted to the
same interactions by Fob1 lacking the m3 mutation (Sup-
plemental Fig. S3A,B). Therefore, the m3 mutation locat-
ed in trans reduced interaction between m3 C-Fob1 and
wild-typeN-Fob1 to a greater extent thanwhen it was pre-
sented in cis.We suggest that this difference can be attrib-
uted to a lowering of the entropic component of the
interaction brought by physical tethering of the two do-
mains of Fob1 when m3 was present in intact Fob1.

Phosphorylation of C-Fob1 relieved its inhibitory activity

Is therea regulatorymechanismthat converts the“closed”
Fob1 to an “open” active form in vivo? In this context, at
least two alternative possibilities come to mind: (1) a
post-translational modification of C-Fob1 by either acety-
lation, phosphorylation, or some other covalent modifica-
tion or (2) noncovalent interaction with a ligand that
competes out C-Fob1–N-Fob1 interactions. Because of
the known association of Fob1 with the histone deacety-
lase Sir2, we first looked for acetylation as a possible
post-translationalmodification, but the results were nega-
tive (data not shown).We then looked for phosphorylation
of Fob1 as a possible mechanism to break N-Fob1–C-Fob1
interaction. The residues of Fob1 that are known to be
phosphorylated are shown in Figure 2A (based on phos-
phoGRID [http://www.phosphogrid.org] data; S. Hum-
phrey and M. Mann, pers. comm.). All phosphorylation
sites determined so far are located inC-Fob1.Wesubstitut-
ed A residues at the T504 and S519 separately with phos-
phomimetic D at the same locations and investigated
whether a double mutation, T504A–S519A, would keep
the Fob1 in a constitutively “closed” state and whether
thecorrespondingphosphomimeticDsubstitutionsmight
induce a constitutively “open” conformation that would
permit Fob1 oligomerization.
The effects of double A and double D substitutions in

C-Fob1 were compared with and contrasted to each other,
wild-type Fob1, and wild-type N-Fob1 by Y2H analyses.
The data were obtained from three sets of experiments,
with each set measured in triplicate. In each case, the in-
teractions of AA with AA, DD with DD, each of the dou-
ble mutants with wild-type Fob1, and each of the double
mutants with N-Fob1 as measured by the reporter lacZ-
specific activities are shown (Fig. 2B). Inspection of the
data showed that the T504A–S519A double mutant had
significantly reduced interaction with wild-type Fob1,
N-Fob1, and itself in comparison with the corresponding
interactions with the T504D–S519D phosphomimetic
form. For example, Figure 2B shows that the reporter ac-
tivity induced by the double A-substituted fob1 interact-
ing with itself (Fig. 2B, IV) was 38% of that elicited by
the interaction of wild-type Fob1 with itself (Fig. 2B,
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VIII) and that the self-interaction of the double D-substi-
tuted Fob1 restored the reporter activity close to that of
the wild-type level (taken as 100%) (Fig. 2B, XI). Both
the double A and double D mutants were hypomorphic
in comparison with similar interactions by the wild-type
protein. This is not unusual because, despite the phospho-
mimetic attributes of an aspartic acid substitution, it is
not identical in structure to a phosphoserine and therefore
does not completely recapitulate the properties of a phos-
phorylated wild-type protein.

It should be noted that the aforementioned mutations
similarly regulated the interaction of Fob1 with RPA2
(Supplemental Fig. S2D).

Since residues 430–566 of the protein were dispensable
for biological activity of Fob1 (Supplemental Fig. S1), it is
unlikely that two residues, 504 and 519, of C-Fob1 are
directly involved in protein–protein interactions with N-
Fob1. Rather, it is more likely that the C terminus plays
a regulatory role by “masking” the oligomerization inter-
face by either imposing a steric block or the induction of
an allosteric change in Fob1 that blocks its oligomeriza-
tion and interactions with other proteins.

The oligomerization-defective mutant E373V of N-Fob1
failed to support integrative recombination

We investigated the possible biological consequences of
the aforementioned mutations by investigating their im-
pact on integrative recombination in rDNA. The rDNA
units undergo at least two kinds of recombination; name-
ly, intrachromatid and interchromatid. The former but not
the latter is suppressed by Sir2, which also represses tran-
scription from the Epro promoter (Kobayashi and Ganley
2005) that makes the region recombinogenic by displac-
ing cohesin (Fig. 3A, panels i,ii). The intrachromatid re-
combination was mimicked in trans by the integrative

Figure 2. Phosphorylation of some residues of the C terminus of
Fob1 relieved its inhibitory activity. (A) The residues of Fob1 that
are known to be phosphorylated are shown in red. (B) Y2H analy-
ses of T504A–S519A and T504D–S519D double mutants of Fob1.
The T504A–S519A double mutant showed significantly reduced
interactionwithwild-type Fob1,N-Fob1, and itself in comparison
with that of the T504D–S519D mutant.

Figure 3. An oligomerization-defective mutant of Fob1 fails to
promote integrative recombination and is controlled by phos-
phorylation of C-Fob1. (A, panel i) Diagram showing that, in
wild-type (WT) cells, Sir2 keeps the bidirectional promoter Epro
off, and cohesin rings are covering the NTS1 spacer that includes
the Ter sites to prevent intrachromatid recombination. (Panel ii)
Removal of Sir2 turns on Epro, and the cohesin rings are swept
away by transcription emanating from Epro from the spacer re-
gion, making it potentially recombinogenic. The presence of a
plasmid that has the Ter site, Epro, and the NTS1 region pairs
with the corresponding Ter sites of the chromosomal rDNA by
chromosome kissing promoted by tetramerization of dimeric
Fob1. (B) Southern blots of total DNA from cells of the genotypes
shown at the top plus the resident plasmid pBBHyg2 probed with
labeled hygromycin (Hyg) sequence probe. Consistent withA, no
plasmid integration occurs in a wild-type strain (lane 1), vigorous
integration occurs in Δsir2 (lanes 2,5), no detectable recombina-
tion occurs in Δsir2 Δfob1 cells (lanes 3,6), and greatly reduced
(>90%) integration occurs in the Δsir2fob1E373V mutant form
(lane 4). Lane 7 shows reduced recombination in fob1504A–

519A in comparison with lane 8, which shows that, in phospho-
mimetic fob1 504D–519D, recombination was enhanced. (C )
Quantification of the recombination data shown inB. (D) Two-di-
mensional gel analyses of fork arrest in the cells of the designated
genotypes. (E) Quantification of the data shown inD. (F ) Western
blots of wild-type Fob1, Fob1E373V, Fob1T504A–S519A, and
Fob1T504D–S519D showed approximately equal intracellular
levels of protein with respect to actin.
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recombination between a plasmid DNA that contained
NTS1, including two tandemTer sites, Epro, and the asso-
ciated sequences. The plasmid readily integrated into
the chromosomal rDNA array in a Δsir2 strain (LPY11)
in which the Epro-initiated transcription displaced the
cohesin rings from the Ter region (Fig. 3A, panels i,ii).
We reported previously that this recombination does not
require Rad51 but is totally dependent on Rad52 as well
asTof1 andCsm3, components of the forkprotection com-
plex, but not Mrc1 (Mohanty et al. 2009; for a general re-
view on recombination, see Paques and Haber 1999). It
also requires fork arrest at Ter. The plasmid integration
process described below (Fig. 3) is identical in its require-
ments to that of intrachromatid recombination in the
rDNA repeats (Mohanty et al. 2009). Therefore, it is a con-
venient tool with which to investigate the latter.
We constructed the yeast strains Δsir2, Δsir2Δfob1, and

Δsir2 fob1E373V, with the integrated Fob1 being tran-
scribed from its natural promoter in chromosome XII.
We transformed the reporter plasmid pBBHyg2 that car-
ried a single copy of the NTS1 into each of the strains
(Fig. 3A), and, after multiple cycles of growth (approxi-
mately the same number for each strain), total DNA was
prepared from each culture and resolved in 0.8% agarose
gels. The DNA was blotted onto Nytran membranes and
probed with a labeled DNA probe containing the hygrom-
ycin (Hyg) sequence. The experimental scheme and a
representative blot of a one-dimensional agarose gel are
shown in Figure 3, A and B, respectively. As expected,
the data showed that there was no plasmid integration
in the wild-type or Δfob1 cells, but extensive integration
occurred in a Δsir2 strain (Fig. 3B, lanes 1–3). In contrast,
a Δsir2 fob1E373V congenic strain showed very low levels
of integration of the plasmid DNA into the chromosomal
rDNA array (Fig. 3B). The results from three independent
replicates of the experiment were in agreement with each
other (see Fig. 3C). We concluded from the data that the
absence of Sir2 and replication fork arrest by Fob1 are
both necessary but not sufficient for promoting plasmid
integration. Fob1 oligomerization, which presumably pro-
motes synaptic (kissing) interactions between the plasmid
and the rDNA at the Ter sites, is a critical factor in pro-
moting recombination.
The aforementioned interpretation would be valid if

and only if the fob1E373Vmutation did not cause a signif-
icant reduction in replication fork arrest, which is essen-
tial for integrative recombination (Benguria et al. 2003;
Mohanty et al. 2009).We addressed this issue by preparing
replication intermediates from each of the strains used in
the experiments and resolving these in two-dimensional
(2D) Brewer-Fangman gels. The results (Fig. 3D), as ex-
pected, did not reveal detectable fork arrest at the Ter
site in the Δsir2Δfob1 strain but showed approximately
similar magnitude (intensity of termination spot divided
by the integrated intensity of the Y arc) of fork arrest in
the Δsir2 and Δsir2fob1E373V cells (Fig. 3E). We conclude
from the data that (1) presumptive chromosomekissing by
Fob1 between pairs of Ter sites in trans initiated recombi-
nation by promoting Ter synapsis, and (2) the presumptive
kissing activity of the protein can be dissociated from its

ability to arrest replication forks by the E373V mutation.
Direct evidence for Fob1-mediated kissing is presented
later. Recruitment of RPA2 by Fob1 (Supplemental Fig.
S2A,C) might be promoting a postsynaptic step in recom-
bination catalyzed by Rad52 (Mohanty et al. 2009).
If C-Fob1–N-Fob1 interaction blocked Fob1 oligomeri-

zation and thereby integrative recombination, a deletion
of the C-Fob1 domain (as in Δsir2fob1E373ΔC ) should
partially suppress the phenotypes of E373V point muta-
tions as manifested in a reduction of integrative re-
combination frequency. This was expected to occur by
increased Fob1 oligomerization caused by the unmasking
of the oligomerization interface located in the N-Fob.
We tested this prediction by constructing a E373VΔC
strain and performed plasmid integration analysis as de-
scribed above. We discovered that the mutation caused a
partial enhancement of integration of the plasmid in the
fob1E373VΔC strain (35% of the wild-type level) over
that of fob1E373V (<5% of the wild-type level). Y2H anal-
ysis showed that, whereas fob1E373V failed to interact
with itself, the C-terminally deleted form of the pointmu-
tant showed enhanced (∼40% of thewild-type level) inter-
action (Supplemental Fig. S4A,B).
We then examined the effect of C-Fob1 phosphorylation

on integrative recombination by comparing and con-
trasting the relative levels of fob1T504A–S519A and
fob1T504D–S519D. The frequency of integrative recom-
bination was diminished in the double A mutant. It was
partially restored in the double D mutant (Fig. 3B,C).
The fob1 mutant strains promoted equivalent levels of
fork arrest at Ter (Fig. 3D,E). Furthermore, the enhance-
ment or attenuation of recombination could not be attrib-
uted to a higher or lower intracellular levels of Fob1
protein because Western blots showed that the FOB1,
fob1E373V, fob1A-substituted, and fob1D-substituted
mutant forms all showed approximately equal intracellu-
lar levels of the different forms of the protein with respect
to actin, which was used as an internal control (Fig. 3F).
Taken together, the data are consistent with the interpre-
tation that the probable “freezing” of Fob1 in the closed
state (caused by loss of phosphorylation at the sites by
the T504A–S519A mutations) blocked recombination,
and the phosphomimetic mutant partially relieved the
block by inducing a constitutively open conformation.

Direct demonstration of Fob1-mediated
chromosome kissing by circular chromosome
conformation capture (4C)

Although the preceding data were consistent with the
interpretation that Fob1-mediated chromosome kissing
was indispensable for integrative recombination, we
wished to obtain direct evidence for such interactions.
We performed 4C analysis (Dekker 2006; Simonis et al.
2007) with some modifications (see the extended proto-
cols in the Supplemental Material for details; Singh
et al. 2010). The sequence around the Ter sites between
the two natural Afl III sites located in the NTS1 regions
of rDNA array in chromosome XII (Fig. 4A,B, shown in
blue) was used as the bait, and the presumptive prey
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was the same sequence present in the plasmid pBBHyg2
(Fig. 4A,B, shown in red) excepting that the NTS1 se-
quence was tagged at the 3′ end (right end) with a 149-
base-pair (bp)-long marker sequence (Fig. 4A,B, shown in
green) to help distinguish it from the otherwise identical
chromosomally located NTS1 sequences (Fig. 4A,B). The
F1–F3 primer pairs were used to make sure that the
DNA samples were recovered after the multiple manipu-
lations constituting the 4C protocol (Fig. 4C). Successful
capture of chromosome kissing between the plasmid
and chromosomal rDNAwas expected to generate a diag-
nostic PCR product of 525 bp + 149 bp = 674 bp (Fig. 4C,
red–green). As expected, it was recovered from both
Δsir2 (LPY11) and Δsir2Δrad52 cells (Fig. 4C, red arrows)
but not from the Δsir2Δfob1 or Δsir2fob1E373V cells.
The data showed that the kissing interaction (1) was
Fob1-dependent, (2) was dependent on Fob1 oligomeriza-
tion, and (3) preceded the Rad52-catalyzed step of recom-
bination. As expected, control experiments showed that

no signal (the 674-bp product) was detectable in “no
cross-link” and “no ligation” controls.

It has not escaped our attention that the 4C approach is
also expected to capture interaction between pairs of chro-
mosomal rDNA repeats. In two out of three sets of exper-
iments, we observed that such interactions are detectable,
albeit at a lower level than that between plasmid-borne
and chromosomal rDNA interactions (Fig. 4D, blue ar-
row). It should also be kept inmind that HCHO is a virtual
zero-length cross-linker that is not known to cross-link
two complexes unless these are in direct physical con-
tact with each other. Taken together, the data provide di-
rect and compelling evidence for Fob1-mediated Ter–Ter
kissing.

Ectopic transcription-induced Fob1-mediated HOT1
recombination was not affected by abolition of
chromosome kissing and was not regulated by Fob1
phosphorylation

Passage of transcription through a pair of DNA repeats is
known to cause recombination (Huang andKeil 1995; Pra-
do et al. 1997). It was reported that when the Ter sites pre-
sent in the highly recombinogenic HOT1 sequence of
yeast are inserted into ectopic locations, transcription cat-
alyzed byRNAPol I causes high-frequency recombination
between flanking repeated sequences. The HOT1 se-
quence inserted into one of a pair of his3 alleles flanking
an ADE5 reporter (the yeast strain is also marked by
ade2). Fob1causeshigh-frequency recombinationbetween
the his3 repeats, resulting in the excision of the ADE5
marker as nonreplicating circularDNA (Fig. 5A) that caus-
es red–white sectoring. In contrast, the strain carrying a
deletion of fob1 produces smooth red colonies (Fig. 5A,B;
Keil and Roeder 1984; Voelkel-Meiman et al. 1987).

We wished to investigate whether chromosome kissing
promoted HOT1 recombination. The reporter strain
shown in Figure 5A containing a fob1 deletion was sepa-
rately complemented with a plasmid-borne wild-type
FOB1 or the “nonkissing” mutant fob1E373V, the colo-
nies were allowed to grow for a few days on low-adenine
plates, and the percentage of sectored colonies was scored.
Thedata showed thatbothwild-typeFOB1 and fob1E373V
showed no significant difference in the recombination fre-
quency (Fig. 5C), thereby supporting the conclusion that
Fob1-mediated chromosome kissing was not necessary
for HOT1 recombination.We further investigated the pos-
sible impact of fob1T504A–S519A and fob1T504D–S519D
mutations onHOT1 activity. The data showed that the re-
combination frequencies in the A-substituted mutant
were not significantly different from that of the D-substi-
tuted form, which was close to that of the wild-type cells
(Fig. 5C). Why are the substitution mutations hypomor-
phic to that of the wild type if all of these strains bind to
Ter sites with approximately equivalent affinity? Keeping
in mind that Fob1 binding to Ter is necessary but not suf-
ficient for HOT1 activity, it is possible that the two
mutant forms do not completely recapitulate the ability
of the wild-type protein to promote Fob1-mediated
activation of transcription at a HOT1 site. The apparent

Figure 4. A direct demonstration of Fob1-mediated chromo-
some kissing by 4C analyses. (A) Restriction maps of the plas-
mid-borne NTS1 region of rDNA showing the Ter sites and the
naturally present left Afl III site (in red), the sequence tag (green)
engineered to distinguish it from chromosomal NTS1 site (blue),
and the engineered rightAfl III site immediately to the right of the
green tag. (B) Schematic representation of the 4C reaction and the
primer pairs used for PCR amplification. (C ) Agarose gel electro-
phoresis of the diagnostic PCR products indicative of chromo-
some kissing (red arrows) LPY11 contains Δsir2. (D) Agarose gel
electrophoretic pattern showing both the PCR product caused
by chromosomal rDNA Ter site interaction in trans with the
plasmid-borne Ter site in trans (red arrow) and another chromo-
somal Ter site in cis (blue arrow).
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independence of HOT1 activity on Fob1-mediated long-
range interactions, as discussed later, helps to distinguish
between two alternative models of transcription-depen-
dent recombination.

The nonkissing mutant form of Fob1 (E373V) extended
the RLS of yeast cells

We integrated the E373V mutation into the Fob1 locus in
our standard yeast strain, YPK9, previously used for RLS
measurements (Jazwinski 1993). Several independent col-
onies of each strain were used for measurement of RLS by
micromanipulation, separation of the daughter cells from
the mother cells, and counting the number of generations
after which the mother cells ceased to bud. The percent-
age of survival as a function of the number of generations
was plotted, and the data (Fig. 6A; Supplemental Table 3)
showed that the 50% survival for the wild-type and
fob1E373V strains was 18.7 and 29 generations, respec-
tively. The corresponding maxima were 27 and 47 gener-
ations, respectively. Thus, the data (Supplemental Table
3) showed a significant enhancement of the life span of
the kissing-defective fob1E373V mutant over that of the
wild-type FOB1 strain. Although cells containing the
fob1 E373VΔC mutation partially suppressed the integra-
tive recombination defect (Supplemental Fig. S4C), appar-
ently themagnitude of the suppression was not enough to
be reflected in the RLS in comparison with that of wild-
type FOB1 (Supplemental Fig. S4D). Why did the deletion
of C-Fob1 from a Fob1 E373V fail to enhance the RLS of
the double mutant (Supplemental Fig. S4D)? This could
have been caused by possible pleiotropic, secondary,
and tertiary effects caused by the relatively large fob1ΔC

deletion and the point mutation contained in the
fob1E371VΔC strain on Fob1 structure and function.

RLS is controlled by phosphorylation of C-Fob1

Since our data showed that phosphorylation of T504 and
S519 inC-Fob1 controlled protein–protein interactions in-
volving Fob1, including its oligomerization, we wished to
investigate the possible impact of the fob1T504A–S519A
mutant and its phosphomimetic variant, fob1T504D–

S519D, on RLS. We performed RLS analysis of the mu-
tants in comparison with the wild-type strain, and the
data showed that the A-substituted double mutant had a
significantly higher level of RLS in comparison with the
D-substituted variant and the wild-type cells (Fig. 6B;
see Supplemental Table 3 for statistical analysis of the
RLS data.). We conclude from the data that phosphoryla-
tion ofC-Fob1 regulated theRLS presumably by its impact
on the intrachromatid recombination frequency. A sum-
mary of the regulatory pathway that controls chromo-
some kissing, involving Fob1 oligomerization and the
phosphorylation of C-Fob1, is shown schematically in Fig-
ure 6C.

Discussion

Contact between homologous chromosomes as a poten-
tial regulatory mechanism was first suggested by Muller
(1941) on the basis of his observations that homologous

Figure 5. An oligomerization-defective mutation in Fob1 pro-
motes transcription-induced recombination at an ectopic Fob1-
binding site located in the His3 ORF (HOT1 recombination). (A)
Schematic representation of the recombination process showing
the elimination of the Ade5 marker that produces red–white sec-
toring. (B) Representative photographs showing sectoring and
nonsectoring cells. (C ) Quantification of the recombination fre-
quency (plasmid sectoring).

Figure 6. The RLSs of the wild-type (WT) and mutant forms of
Fob1. (A) Life span analyses showing that the fob1-E373V muta-
tion significantly enhances the RLS in comparison with the
wild-type Fob1. (B) RLS data showing that the T504A–S519Amu-
tations that appear to lock Fob1 dimers in a closed conformation
enhance the life span, whereas the phosphomimetic T504D–

S519D mutants reduce the life span in comparison with the for-
mer mutant. (C ) A model depicting the sequence of events that
regulate integrative recombination and RLS. Enhanced RLS as
shown in the model is caused by the fob1 E3733V and the phos-
phomimetic fob1 S467D S468D S519D triple mutants.
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chromosomes ofDiptera show somatic pairing. He postu-
lated that a regulatory protein located on one chromatid
could diffuse across and bind to the cognate site on the
paired homolog and modulate gene activity in trans,
a phenomenon subsequently called “transvection” (Lewis
1985). Recent works using chromosome conformation
capture (3C) techniques have revealed that interactions
between nonhomologous chromosomes called “chromo-
some kissing” also occur, and the process controls bio-
logical activities such as differentiation and replication
(Spilianakis et al. 2005; Singh et al. 2010; Knott et al.
2012) by “nonhomologous transvection.” The present
work shows that chromosome kissing can also promote
recombination at rDNA and control RLS.

The first new insight provided by this work is that Fob1
promotes the critical synaptic contacts between pairs of
Ter sites by chromosome kissing and was obligatory for
intrachromatid recombinationand life span control. Previ-
ously, it was suggested that recombination in rDNA was
triggered by recruitment of Top1 to theTer region generat-
ing chromosome breaks (Di Felice et al. 2005) that some-
how got together, perhaps by association of Fob1 with
inner nuclear membrane proteins, to promote rejoining
(Mekhail et al. 2008; Chan et al. 2011). However, the bio-
chemical attributesof theE373Vmutationsof Fob1report-
ed here unequivocally establish that chromosome kissing
at Ter is the major mechanism that brings Ter sites into
close proximity to promote recombination. The second
novel insight provided by this work is that phosphoryla-
tionofC-Fob1 (andprobablyalso its dephosphorylation) al-
lows Fob1 to be in reversible, closed, and open states that
control many of the physiological activities of the protein,
including its oligomerization, regulation of chromosome
kissing, and intrachromatid recombination in rDNA and
RLS. Although Fob1-mediated RLS was previously report-
ed (Sinclair and Guarente 1997; Sinclair et al. 1998; Defos-
sez et al. 1999) and the cyclic degradation of Fob1 during
the cell cycle by the anaphase promoting complex is
known (Menzel et al. 2014), the molecular mechanism of
regulation of various DNA transactions catalyzed by
Fob1was unknown. A summary of themechanism of con-
trol of Fob1-mediated chromosome kissing is presented in
Figure 6C. The model suggests that Fob1 monomers exist
as a closed structure brought about by the intramolecular
interaction between N-Fob1 and C-Fob1, with the latter
serving as an inhibitory module. Phosphorylation of
C-Fob1 breaks the interaction helping to convert the pro-
tein to an open form. A specific domain gets unmasked in
the process, leading to Fob1oligomerization,Ter–Terkiss-
ing, intramolecular recombination, and reduction of RLS.

It was reported that in nondividing cells of dogs and
humans, there is progressive loss of rDNA as a function
of aging (Strehler and Chang 1979; Strehler et al. 1979).
However, the molecular mechanism driving this process
in mammalian cells is presently unknown. Although
Fob1-induced and Sir2-antagonized recombination in an
rDNA array appears to be the dominant mechanism of ag-
ing in yeast, it has been suggested to be a yeast-specific
mechanism (Rine 2005). However, the aforementioned
connection between rDNA instability and aging in mam-

malian cells tends to caution one against jumping to such
a conclusion.

There are other mechanisms of aging that appear to be
conserved across species boundaries. For example, caloric
restriction (Jiang et al. 2000) mediated by the TOR and
Sch9 kinases as an aging mechanism appears to be con-
served from yeast to mammals (Kaeberlein et al. 2005;
Rine 2005; Steinkraus et al. 2008). Damaged nucleosomes
that trigger unwarranted transcriptional noise (Feser et al.
2013) and H4K16 acetylation necessary for maintenance
of telomeric heterochromatin (Dang et al. 2009) are other
pathways of aging that might be evolutionarily conserved
(Kaeberlein et al. 2007). Another conserved pathway in-
volves the yeast longevity genesRAS2 and LAG1, the first
longevity gene cloned as such that encodes ceramide syn-
thase (D’Mello et al. 1994; Sun et al. 1994). TheNeurospo-
ra orthologs of these genes interact to regulate circadian
rhythm as well as chronological life span and RLS (Case
et al. 2014). An interaction between these genes is associ-
ated with human longevity and healthy aging. Not sur-
prisingly, circadian disruption curtails life span in
several species and elicits aging-related phenotypes in hu-
mans. Mitochondria to nucleus signaling is yet another
conservedmechanism operating in yeast,C. elegans,Dro-
sophila, mouse, and in human cells (Jazwinski 2014). In-
terestingly, this mechanism, which is normally induced
during the yeast RLS, suppresses the deleterious effects
on longevity of rDNA circle formation (Borghouts et al.
2004), raising the possibility that rDNA circles may not
be a major contributor to aging in yeast. Furthermore, cir-
cle formation does not appear to be a mechanism of aging
of yeast strains isolated from the wild (Stumpferl et al.
2012). Indeed, there aremany inconsistencies with the no-
tion that rDNA circles are an important factor in yeast ag-
ing, and there is significantly more support for the
instability of rDNA itself as the critical factor (Ganley
and Kobayashi 2014). There is also support for the notion
that excessive transcription of rDNA during aging may
play a role (Kim et al. 1999; Jazwinski 2000; Jazwinski
et al. 2010; Stumpferl et al. 2012), and this may be related
to the regulation of protein translation in the cytoplasm
(Steinkraus et al. 2008). Thus, there remains much to
learn about the role of different DNA transactions at the
rDNA locus in yeast replicative aging.

As contrasted to integrative recombination, HOT1-in-
duced recombination did not require Fob1-mediated chro-
mosome kissing. Two alternative mechanisms were
proposed to explain Fob1-provoked and transcription-in-
duced HOT1 recombination: (1) Fob1 promotes it by act-
ing as an enhancer of Pol I transcription at the ectopic
HOT1 locus (Keil and Roeder 1984; Zehfus et al. 1990;
Huang and Keil 1995), or (2) Fob1 does not directly en-
hance Pol I transcription but promotes long-range interac-
tion between the HOT1 locus placed in chromosome III
and the rDNA array present in chromosome XII in the nu-
cleolus. It was suggested that the more abundant tran-
scription factors, including RNA Pol I, present in the
nucleolus promoted vigorous transcription-mediated
HOT1 activity (Wai et al. 2000). Our observation that
HOT1 recombination was undiminished even in the
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absence of Fob1-mediated long-range interactions tends to
support the first model. We suggest that the E373Vmuta-
tion did not impact HOT1 activity because chromosome
kissing is not required for the process. Consistent with
this observation, phosphorylation of C-Fob1 or lack of it
also did not seem to affect the frequency of HOT1
recombination.
Genome-wide 4C analysis of the yeast nucleus has re-

vealed that rDNA is present at a separate location at the
nuclear periphery, whereas all of the other chromosomes
associatedwith each other at their centromeres in the cen-
ter of the nucleus, with the two arms of each radiating out
from this center to the nuclear periphery (Duan et al.
2010). It is possible that this placement of the rDNA in
the periphery of the yeast nucleus acts as a topological bar-
rier to interaction between rDNA and binding sites possi-
bly present or ectopically placed on other chromosomes.
This might inhibit kissing interactions between the
HOT1 locus present on chromosome III and the rDNA ar-
ray in chromosome XII.
Is it phosphorylation-mediated chromosome kissing or

Fob1–RPA2 and/or Fob1-mediated Top1 recruitment to
the regions of the Ter sites rather than Fob1-induced chro-
mosome kissing that triggers recombination of rDNA and
RLS?Although it is known that anRPAcomplex is needed
for Rad51/Rad52-mediated homologous recombination
(Sung et al. 2003), the recombination event requires
RPA2-catalyzed steps that follow rather than precede the
Fob1-mediated synaptic interaction. RPA is also involved
in a checkpoint response by and loading of Mec1 at a sin-
gle-stranded region using the adapter protein Ddc2 (Ban-
dhu et al. 2014). However, the latter is provoked by fork-
stalling caused by genotoxic stress. Interestingly, fork ar-
rest at natural Ter sites of rDNAdoes not provoke a check-
point response despite fork-stalling (Bentsen et al. 2013).
It should also be noted that althoughTop1was postulat-

ed to induce theDNA breaks that are processed by homol-
ogous recombination, Fob1 does not directly interact with
Top1, but the latter is believed to be recruited by preferen-
tial binding to bent DNA induced by Fob1 (Di Felice et al.
2005). It has been shown that Top1 actually inhibits re-
combination at rDNA (Kim and Wang 1989; Christman
et al. 1993). Therefore, Top1 recruitment is expected to
be undiminished in the E373V and the double A- and dou-
ble D-substituted mutants in comparison with wild-
type Fob1 because the Fob1 mutants used in this work re-
tain normal Ter-binding activity. In summary, neither
RPA2–Fob1 interaction nor Top1 recruitment indirectly
by Fob1 provide alternative mechanisms that can super-
sede or bypass the critical role of the Fob1–Fob1 interac-
tion in the control of recombination and RLS.
Although the rDNA repeats of budding yeast are pre-

sent in a single cluster in chromosomeXII, those of fission
yeast are present in two separate clusters at either end of
chromosome III. In humans, rDNA clusters are present
in five different chromosomes; namely, XIII, XIV, XV,
XXI, and XXII (Henderson et al. 1972). It is therefore
tempting to speculate whether the Reb1 protein of fission
yeast and its homolog, TTF1, of higher eukaryotes also
promote interchromosomal long-range interactions that

would promote recombination to correct the rDNA se-
quences against mutational drift and also coordinate reg-
ulation of their functions. One would expect that the
process must be tightly controlled so as not to generate
frequent translocations among the five nonhomologous
chromosomes and consequent loss of genome stability.
In this context, perhaps it is worth noting that although
the Reb1 protein of S. pombe promotes specific interac-
tion between a Ter site located on chromosome II and a
major and a minor site located on chromosome I to gener-
ate cooperativity at a distance and robust fork arrest
(Singh et al. 2010), frequent recombination between the
two chromosomes at the interacting sites has not been re-
ported, suggesting suppression of recombination between
the nonhomologous chromosomes despite the homology
at the rDNA arrays. These studies provide us with addi-
tional reasons to favor rDNA instability rather than circle
formation as the probable cause for aging in yeast.
It is perhaps interesting to speculate why yeast cells

have evolved such a phosphorylation-mediated kissing
mechanism for controlling recombination. It is known
that rDNA arrays undergo expansion and contraction of
repeats in response to physiological cues such as availabil-
ity of nutrients. It is likely that a Fob1 phosphorylation-
dependent mechanism evolved to provide the molecular
basis of rDNA copy number homoeostasis.
Future work will be directed at the identification of

the kinase that promotes Fob1 phosphorylation and the
hypothetical phosphatase that would reverse the process.
Identification and functional analyses of other players an-
ticipated to be involved in chromosome kissing is also a
major goal. In conclusion, our work provides novel mech-
anistic information about regulation of chromosome kiss-
ing and replication Ter protein-mediated recombination
in rDNA and its impact on the RLS of yeast cells.

Materials and methods

Strains and plasmids

A complete list of strains and plasmids is shown in Supplemental
Table 1.

Oligonucleotides

Oligonucleotides are listed in Supplemental Table 2.

Y2H and reverse two-hybrid analysis

Y2H interactions were carried out using the yeast strain PJ69-4A
as described previously (James et al. 1996; Mohanty and Bastia
2004). Wild-type genes and their mutant versions were cloned
in pGAD424 and pGBT9 vectors. The plasmids were transformed
in pairs into PJ69-4A, and colonies containing the plasmid
pair were patched on SD/Leu−Trp− and SD/Leu−Trp− Ade−

plates. Colonies growing on SD/Leu−Trp− Ade− were considered
putative positive interactors, and their counterparts from
SD/Leu−Trp− plates were analyzed further by β-galactosidase as-
says as described in the Clontech manual. YR2H selections were
carried out bymutagenizing one of the ORFs (e.g., FOB1) of an in-
teracting pair and selecting for colonies that grew in the
SD/Leu−Trp− plates but not SD/Leu−Trp− Ade− plates.
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Random and site-directed mutagenesis

The FOB1 ORF was mutagenized by low-fidelity PCR. Each mu-
tagenesis reaction was carried out by vent exo− DNA polymerase
in four reaction tubes containing three dNTPS at 0.25 mM each
and one dNTP at 0.0625 mM. After PCR amplification, four
PCR products were mixed to generate a pool of mutants. Compe-
tent yeast cells containing pGBT9-based plasmids were trans-
formed with the PCR products along with linearized pGAD424
vector for in vivo recombination and circularization of
pGAD424 with mutagenized Fob1 PCR products. The trans-
formed cells were diluted and plated on SD/Leu−Trp− plates to se-
lect cells that contained pGBT9-based plasmid and circularized
pGAD424 + Fob1 PCR products. Colonies that grew on the SD/
Leu−Trp− but not the SD/Leu−Trp− Ade− were expected to con-
tain either a putative noninteracting mutant of Fob1 or a blank
vector that circularized without an insert. Extraction of plasmid
followed by PCR amplification and sequencing was done to con-
firm whether the pGAD424 plasmid contained the correct Fob1
ORF with a potential mutant.

HOT1 assay

The colony color-sectoring assay was carried out as described
(Keil and Roeder 1984; Voelkel-Meiman et al. 1987; Mohanty
and Bastia 2004).

Plasmid integration assay

The plasmid integration assay was performed as described
(Mohanty et al. 2009).

2D agarose gel electrophoresis

Preparation and separation of replication intermediates by 2D gel
electrophoresis were performed according to modifications of
published procedures (Brewer and Fangman 1987) as modified
(Mohanty et al. 2006).

Protein–protein interaction in vitro

Wild-type Fob1, its E373Vmutant, and N-terminal Fob1 were ex-
pressed and purified from yeast as GST fusions. Whenever neces-
sary, the GST moiety was cleaved off with PreScission protease
(GE Life Sciences), and the Fob1 was purified by passage through
a glutathione agarose column followed by a gel filtration step.
C-terminal Fob1 and its mutants with a kinase tag were cloned
into a PMAL vector that included a TEV protease site that en-
abled us to cleave off the kinase-tagged protein from the MBP
(maltose-binding protein). Fob1 fusion proteins expressed in yeast
and Escherichia coliwere immobilized on glutathione sepharose
or amylose resin, depending on the affinity tag, and purified. One
picomole of each protein was immobilized in the respective affin-
ity beads that were allowed to interact with an increasing range of
0.1–0.3 pmol of 32P-labeled putative interacting proteins (as in
Fig. 1G) or peptides, eluted, and resolved in SDS–polyacrylamide
gels. The images from the PhosphorImager were quantified with
ImageJ software from the National Institutes of Health.

ELISA

ELISAwasperformed as described (Mulugu et al. 2001). Fob1-GST
was expressed in yeast and purified. Part of the fusion protein was
digested with PreScission protease to cleave the linker between
the Fob1 and the GST moiety, and Fob1 was repurified through
a glutathione agarose affinity column. N-Fob1-GST was purified

by the same procedure from yeast excepting that the GSTmoiety
was left in the fusion protein. Fob1 (without GST; 2.5 pmol) was
adsorbed onto each well of a plastic microtitre plate; washed,
blocked; overlaid separately with a range (0.05–1.6 pmol) of
GST, Fob1-GST, or N-Fob1-GST; and allowed to interact with
the immobilized fob1. The binding was quantified by adding
goat anti-GST IgG and washing, and interaction with anti-goat
IgG-alkaline phosphatase antibody and the absorbanceweremea-
sured at 405 nm with a plate reader.

Western blot analysis

Logarithmic phase cultures were harvested, washed, and lysed in
RIPAbuffer (50mMTri-Cl at pH8.0, 150mMNaCl, 1%TritonX-
100, 0.1% SDS, 0.5% sodium deoxycholate with 1 mM PMSF,
complete protease inhibitormix) bymixingwith an equal amount
of glass beads for 5min.Onepercent SDSwas addedand incubated
for 5 min at 95°C. The beads were washed with equal volumes of
RIPA buffer and centrifuged at 13,000 rpm for 25 min, and super-
natant was collected. The lysates were quantified by the Bradford
assay, and equal amounts of each sample were vigorously mixed
with 2× SDS loading buffer, boiled for 5 min, and resolved by
10% SDS-PAGE. The resolved protein samples were transferred
onto Hybond enhanced chemiluminescence nitrocellulosemem-
brane (GE Healthcare), and the blots were incubated in the pres-
ence of anti-DB Gal4 antibody (1:2500 dilution) , anti-Fob1
antibody (1:250 dilution), and anti-β-actin antibody (1:500 dilu-
tion, used as loading control; Santa Cruz Biotechnology) for 1 h
at room temperature. Secondary antibody treatment, washing,
and detection by chemiluminescence were performed as directed
by the supplier’s manual (ECL, Western blotting detection re-
agents, and analysis system) (GE Healthcare). Quantification
was done by either ImageQuant or ImageJ software.

RLS determination

RLS determination has been described previously (Egilmez and
Jazwinski 1989). Briefly, cells growing logarithmically on YPG
(YPwith 3% glycerol instead of glucose) to suppress growth of pe-
tites were spotted (1–2 μL) on YPD 2% agar plates. Individual
unbudded cells were micromanipulated to isolated spots on the
plate and allowed to bud. The mother cells were removed, and
the RLS determination was initiated with these newborn daugh-
ters (virgin cells) that had never budded. Forty virgin cells of each
strain were followed at 30°C. After each division, the new bud
was removed from the cell, which was now counted as one gener-
ation older. RLS determinations were performed on at least two
separately isolated clones of each strain. Statistical differences
in the RLSs of strains in any given experiment were evaluated us-
ing the Mann-Whitney test, with two-tailed P-values reported.

Statistical analysis of RLS data

Statistical analysis of RLS data is presented in Supplemental Ta-
ble 3. Additional information is available in the Supplemental
Material.
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