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ABSTRACT

ARTICLE HISTORY

Cellular genomes undergo various structural changes that include cis tethering (the tethering
together of two loci within a single DNA molecule), which promotes chromosome condensation
and transcriptional activation, and trans tethering (the tethering together of two DNA molecules),
which promotes sister chromatid cohesion and DNA repair. The protein complex termed cohesin
promotes both cis and trans forms of DNA tethering, but the extent to which these cohesin
functions occur in temporally or spatially defined contexts remains largely unknown. Prior studies
indicate that DNA polymerase sliding clamp PCNA recruits cohesin acetyltransferase Eco1, sug
gesting that sister chromatid cohesion is established in the context of the DNA replication fork. In
support of this model, elevated levels of PCNA rescue the temperature growth and cohesion
defects exhibited by eco1 mutant cells. Here, we test whether Eco1-dependent chromatin con
densation is also promoted in the context of this DNA replication fork component. Our results
reveal that overexpressed PCNA does not promote DNA condensation in eco1 mutant cells, even
though Smc3 acetylation levels are increased. We further provide evidence that replication forkassociated E3 ligase impacts on Eco1 are more complex that previously described. In combination,
the data suggests that Eco1 acetylates Smc3 and thus promotes sister chromatid cohesion in
context of the DNA replication fork, whereas a distinct cohesin population participates in chro
matin condensation outside the context of the DNA replication fork.
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Introduction
Replicated sister chromatids are tethered
together, termed cohesion, from S phase until
chromosome segregation during anaphase. Loss
of sister chromatid cohesion before anaphase is
highly detrimental to the cell, leading to missegregation of the sister chromatids, aneuploidy,
and cell death [1–8]. In addition to the trans
tethering that occurs between sister chromatids,
DNA segments must also be tethered in cis –
intramolecular tetherings that are critical for
proper gene expression during G1 and chromo
some compaction during mitosis [1,9,10,
11,12,13,14]. Loss of cis tethering further results
in architectural chromatin defects that globally
impact genome organization and transcription
regulation [15–19].
A highly conserved protein complex, termed
cohesin, ensures both trans and cis tethering.
A minimal cohesin complex is comprised of
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three subunits: Smc1, Smc3, and Mcd1/Scc1/
Rad21, but auxiliary factors (Scc3/Irr1/SA1,2 and
Pds5) bind and help regulate cohesin dynamics
[1,2,4,20–22]. Cohesin complexes are loaded onto
chromatin throughout most of the cell cycle by the
Scc2,4 deposition complex, but the cohesin popu
lation loaded during S phase is essential for proper
cohesion establishment [5,23–27]. An additional
factor, Eco1/Ctf7 (herein referred as Eco1) is
required for, and controls, cohesion establishment
[3,4]. Eco1 (ESCO1/EFO1 and ESCO2/EFO2 in
higher eukaryotes) is an acetyltransferase that tar
gets lysines 112 and 113 (K105,106 in humans) of
Smc3 [3,4,28–29,30,31,32]. Eco1-dependent Smc3
acetylation is tightly coordinated with DNA repli
cation, a model supported by three lines of evi
dence. First, elevated levels of the DNA
polymerase processivity factor PCNA rescue eco1
mutant cell inviability [3]. Second, deletion of the
RFC subunit ELG1, whose primary function is to
remove PCNA from chromatin following Okazaki
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fragment maturation, results in retained chroma
tin-bound PCNA that similarly rescues eco1
mutant cell conditional growth [33,34]. Third,
Eco1
binds
PCNA
directly,
providing
a mechanism through which Eco1 is recruited to
the replication fork [35,36]. More recent studies
suggest that Eco1 recruitment may be supported
by additional DNA replication fork-associated
components [37,38,39,40]. Once acetylated, cohe
sin appears largely refractory to destabilizing fac
tors such as Rad61/WAPL [41–43].
Mutations in ECO1, and mutations in all cohe
sin genes tested thus far, typically exhibit both
cohesion and condensation defects [1,2,3,4,44–
46]. Surprisingly, there is evidence that these
cohesin functions may be separable. For instance,
deletion of the anti-establishment factor RAD61
rescues the condensation defects, but not the
cohesion defects, found in eco1 mutant cells
[47]. RAD61 deletion similarly rescues the con
densation, but not cohesion, defects that arise in
pds5 mutant cells [48]. The extent to which DNA
replication factors such as PCNA, which is an
essential regulator of Eco1 function, rescue eco1
mutant cell condensation defects remains
untested – revealing a major deficit in our under
standing regarding how fundamental aspects of
chromosome biology are coordinated. Here, we
test this model and provide exciting evidence
that cohesin modifications that promote conden
sation likely occur in a temporal and spatial con
text that is distinct from that which promotes
sister chromatid cohesion. These findings require
revision of current models of Eco1 function and
mechanisms through which DNA metabolism
proceeds.
Materials and methods
Yeast strains

All yeast strains used in this study were per
formed in a W303 background strain except for
yeast strains noted with an asterisk (*) – which
are a S288C background Table 1. Table 2 lists
bacterial plasmids used in this study. NET1 was
genetically modified as previously described [49].
Primers used to C-terminal tag NET1 with GFP

are (forward primer) 5ʹ-TTTAGGTAAGAAG
AAGAAGCCAAGTGGTGGATTTGCATCATT
AATAAAAGATTTCAAGAAAAAACGGATCC
CCGGGTTAATTAA-3ʹ and (reverse primer) 5ʹ
-TGCTTGATTATTTTTTTTTACTAGCTTTCT
GTGACGTGTATTCTACTGAGACTTTCTGGT
ATCAGAATTCGAGCTCGTTTAAAC-3ʹ
into
yeast strains YBS255 and YBS514. The resulting
yeast strains were transformed with either CEN
vector or 2µ POL30 plasmid to obtain the result
ing yeast strains (YCZ008, YCZ010, YCZ014,
and YCZ016). To construct kanamycin tagged
Eco1 and eco1-203 single mutant yeast strains,
PCR fragments were generated by using primers
(forward
primer)
5ʹ-CAGGAGGTCC
ATTCCAGGGAAT-3ʹ and (reverse primer) 5ʹTGTCCCTTCTCGTGTCTTT-3ʹ genetic tem
plate of YBS1991 and YBS1994. The resulting
fragments were transformed into a wildtype W303
background strain (YCZ238) and integration con
firmed using primers (forward primer) 5ʹCAGGAGGTCCATTCCAGGGAAT-3ʹ and (reverse
primer) 5ʹ-CCAACCTTCTACGGCGAATA-3ʹ. To
obtain KAN:ECO1 elg1::TRP and KAN:eco1-203
elg1::TRP double mutant cells, elg1::TRP template
was generated as previously described [49]. Primers
for ELG1 knockout are (forward primer) 5ʹAGAGAAGGTTTTCCAATGAAAAGGCACGTG
TCTTTATCTGATATATTGACAGGAAATAAGC
GGATCCCCGGGTTAATTAA-3ʹ and (reverse
primer) 5ʹ-ATTTCCCCGCACTACCATGCTATA
TTTATTATACATACGTGTTCCTGTAACGATG
CACGCGAATTCGAGCTCGTTTAAAC-3ʹ.
The
resulting fragment was transformed into KAN:ECO1
cells (YCZ237) or KAN:eco1-203 cells (YCZ240) and
integration
confirmed
using
primers
5ʹTCTTCACTGACCACCTTCGCT-3ʹ (upstream 5ʹ
ELG1) and 5;-AACTGCATGGAGATGAGTGGT-3ʹ
(TRP1). V5 tagged Smc3 strains were created using
EU3430-9A, generously given by Dr. Douglas
Koshland. Primers used to amplify the SMC3:5:HIS
region, primers are (forward primer) 5ʹTTAACGCGGTTGATTTCTACTTTCCAAAAGG
TTTCTGAAAA-3ʹand
(reverse
primer)
5ʹTAGCTCTGATTCTGACTCTAACTCCAGTTCG
GACTCCGTATCGGATTCCAGTTCAGATTC-3ʹ.
The resulting fragment was transformed into
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Table 1. Yeast strains used in this study.
Strain
EU3430-9A
YBS255*
YBS514*
YBS1147*
YBS1991
YBS1994
YKT100
YKT101
YKT106
YKT107
YCZ008*
YCZ010*
YCZ014*
YCZ016*
YCZ044
YCZ046
YCZ052
YCZ071
YCZ238
YCZ240
YCZ249
YCZ254
YCZ262
YCZ299
YCZ328
YCZ334
YCZ342
YCZ480
YCZ581
YCZ582
YCZ587
YCZ589
YCZ591
YCZ592
YCZ593
YCZ594
YCZ613
YCZ614
CYZ635
YCZ636
YCZ637
YCZ638
YCZ651
YCZ652
YCZ653
YCZ654
YCZ655
YCZ656
YCZ657
YCZ658
YCZ659*
YCZ690*
YCZ691*
YCZ692*
YCZ693*
YCZ694*
YCZ695*
YCZ696*
YCZ697*
YCZ698*

Genotype
MATa SMC3-3V5-HIS3MX leu2-3, 112 his3-11, 15 lys2-801 trp1-1 bar1 GAL+
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52 ctf7Δ1::HIS3 CTF7:LEU2
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52 ctf7Δ1::HIS3 ctf7-203:LEU2
MATa his3-1 leu2-0 lys2-0 ura3-0
MATa ECO1: KAN can1::STE2pr-SP-his5, -lyp1, his3D1, -leu2, -ura3, -met15, LYS2+
MATa eco1 203: KAN can1::STE2pr-SP-his5, -lyp1, his3D1, -leu2, -ura3, -met15, LYS2+
MATa ECO1:ADE; URA:tetO; LEU:tetR-GFP;TRP:Pds51-MYC 2µ vector:HIS
MATa ECO1:ADE; URA:tetO; LEU:tetR-GFP;TRP:Pds51-MYC 2µ POL30:HIS
MATa eco1-1:ADE; URA:tetO; LEU:tetR-GFP;TRP:Pds51-MYC 2µ vector:HIS
MATa eco1-1:ADE; URA:tetO; LEU:tetR-GFP;TRP:Pds51-MYC 2µ POL30:HIS
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52
ctf7Δ1::HIS3 ctf7-203:LEU2 Net1:GFP:TRP 2µ POL30:URA3
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52
ctf7Δ1::HIS3 ctf7-203:LEU2 Net1:GFP:TRP, CEN vector:URA3
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52
ctf7Δ1::HIS3 CTF7:LEU2 Net1:GFP:TRP 2µ POL30:URA3
MATa ade2-101 his3-Δ200 leu2-Δ1 lys2-801 trp1-Δ63 ura3-52
ctf7Δ1::HIS3 CTF7:LEU2 Net1:GFP:TRP, CEN vector:URA3
MATα ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 eco1-1:ADE
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 ECO1:ADE
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 elg1∆::TRP
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 elg1∆::TRP
MATα ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 SMC3:3V5:HIS
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 elg1∆::TRP SMC3:3V5:HIS
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 elg1∆::TRP SMC3:3V5:His
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 RTT101:3 HA:TRP
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ056
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ056
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS pCZ057
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS pCZ057
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ057
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ057
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ050
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ050
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:ECO1 SMC3:3V5:HIS pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 KAN:eco1-203 SMC3:3V5:HIS pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 ECO1:ADE pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 ECO1:ADE pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 ECO1:ADE pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 ECO1:ADE pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 eco1-1:ADE pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 eco1-1:ADE pGADT7
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 eco1-1:ADE pCZ065
MATa ade 2–1 his 3–11,15 leu 2–3,112 trp 1–1 ura3-1 eco1-1:ADE pCZ065
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN
MATa his3-1 leu2-0 lys2-0 ura3-0 pGADT7
MATa his3-1 leu2-0 lys2-0 ura3-0 pGADT7
MATa his3-1 leu2-0 lys2-0 ura3-0 2 u ADH RTT101 (pCZ050]
MATa his3-1 leu2-0 lys2-0 ura3-0 2 u ADH RTT101 (pCZ050)
MATa his3-1 leu2-0 lys2-0 ura3-0 2 u ADH RTT101 (pCZ056)
MATa his3-1 leu2-0 lys2-0 ura3-0 2 u ADH RTT101 (pCZ056)
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN pGADT7
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN pGADT7
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN 2 u ADH RTT101 (pCZ050)

Reference
[33]
[6]
[6]
[50],and [51]
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
2,and 75
This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table 1. (Continued).
Strain
YCZ699*
YCZ700*
YCZ701*

Genotype
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN 2 u ADH RTT101 (pCZ050)
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN 2 u ADH RTT101 (pCZ056)
MATa his3-1 leu2-0 lys2-0 ura3-0 rtt101::KAN 2 u ADH RTT101 (pCZ056)

Reference
This study
This study
This study

All strains are in the W303 background [containing RAD5) except where strains labeled with * are S288C background

Table 2.: Plasmids used in this study.
Strain Genotype Reference
pRS202 2µ vector:URA [52]
pRS316 CEN vector:URA [52]
pBS99 2µ POL30:URA [6]
pGADT7 TakaraBio #630,442
pCZ050 2µ ADH RTT101:LEU2 [Zhang] [40]
pCZ056 2µ ADH RTT101:LEU2 (Zuilkoski] This study
pCZ057 2µ ADH BRE11:LEU2 This study
pCZ065 2µ ADH HA:RTT101:LEU2 This study

a wildtype W303 background strain (YCZ044).
YCZ237, YCZ240, YCZ249, or YCZ254 was mated
with YCZ262 and a genetic cross was performed to
obtain the resulting yeast strains (YCZ299, YCZ328,
YCZ334, and YCZ342). To obtain endogenously
tagged Rtt101 yeast strains, RTT101:3 HA:TRP tem
plate was generated as previously described [49].
Primers for RTT101 tag are (forward primer) 5ʹGCCAAGTTGTTACGAGACAAATTCATAACTA
GGGACGAATCAACAGCAACTTACAAGTACC
GGATCCCCGGGTTAATTAA-3ʹ and (reverse
primer)
5ʹ-AGGAAATAAAATGCTGTCGGA
AAAAAAGTTAGGGCTGGTACGGATTATAAA
CTATCTCAGGAATTCGAGCTCGTTTAAAC-3ʹ.
The resulting fragment was transformed into YCZ052
to obtain the yeast strain YCZ480. pGADT7, pCZ050,
and pCZ056 were transformed into YCZ328 and
YCZ299 to obtain the resulting yeast strains
(YCZ581, YCZ582, YCZ87, YCZ589, CZ591YCZ594, YCZ613, YCZ614). pGADT7 and pCZ065
were transformed into YCZ046 and YCZ071 to
obtain the resulting yeast strains YCZ651-YCZ658.
pGADT7, pCZ050, and pCZ056 were transformed
into YBS1147 and YCZ659, generously given by
Dr. Gregory Lang, to obtain the resulting yeast strains
[YCZ690 through YCZ701).
Cohesion assay

Log phase yeast strains YKT100 (ECO1, vector),
YKT101 (ECO1, PCNAOE), YKT106 (eco1, vector)
and YKT107 (eco1, PCNAOE), each harboring

TetO repeats (integrated ~40 kb from
centromereV) and TetR-GFP [2,48], were grown
to 0.2 OD600 and synchronized in G1 by exposing
cells to fresh media supplemented with alpha fac
tor at the permissive temperature 23°C for 2.5–
3 hours. The resulting G1 synchronized cells were
washed and maintained for 3 hours at 34°C in
fresh YPD media supplemented with nocodazole.
The resulting preanaphase cells were fixed with 4%
paraformaldehyde (10 minutes at 30°C). Fixed
cells were spheroplasted by Zymolyase digestion
and then adhered to a glass slide (coated with
poly-L-Lysine) prior to microscopic analyses.
MYC-tagged Pds1 was detected using MYCdirected A-14 (Santa Cruz Biotechnology) fol
lowed by goat anti-rabbit Alexa 568 (Molecular
Probes, Inc., Eugene, OR). DNA detected using
DAPI. Large budded cells, in which GFP spots
(TetO-TetR-GFP) and Pds1 staining co-incided
with DAPI, were analyzed for cohesion.
Quantifications represent at least 400 cells (a mini
mum of 100 cells each from four iterations total)
from which we determined during microscopy
analysis as cohesed or prematurely separated sister
chromatids. Cells were analyzed using an E800
light microscope (Nikon) equipped with a cooled
CD camera (Coolsnapfx, Photometrics) and ima
ging software (IPLab, Scanalytics, Inc).
Condensation assay

Log phase yeast strains YCZ008 (eco1, PCNAOE),
YCZ010 (eco1, vector), YCZ014 (ECO1,
PCNAOE), and YCZ016 (ECO1, vector), each
expressing Net1-GFP to enable analysis of
rDNA structure [11,13,53], were grown to 0.2
OD600 and synchronized in G1 by exposing
cells to fresh media supplemented with alpha
factor at the permissive temperature 23°C for
3 hours. The resulting G1 synchronized cells
were washed and maintained for 3 hours at 34°
C in fresh YPD media supplemented with
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nocodazole. The resulting preanaphase cells were
fixed with 4% paraformaldehyde (10 minutes at
30°C). Quantifications of rDNA structures
(loops/lines versus puffs) obtained from at least
300 cells (100 cells each from three iterations
total) from which we determined during micro
scopy analysis as condensed or decondensed
rDNA structures. Cells were analyzed using an
E800 light microscope (Nikon) equipped with
a cooled CD camera (Coolsnapfx, Photometrics)
and imaging software (IPLab, Scanalytics, Inc).
Smc3 acetylation assay

Log phase yeast strains YCZ299 (eco1, SMC3V5), YCZ328 (ECO1, SMC3-V5), YCZ334
(ECO1, elg1, SMC3-3V5), and YCZ342 (eco1,
elg1, SMC3-3V5) were grown to 0.6 OD600 and
synchronized in G1 in fresh media supplemen
ted with alpha factor at the permissive tempera
ture of 23°C for 3 hours. The resulting G1
arrested cells were washed and then released in
fresh medium supplemented with nocodazole for
3 hours at 30°C to arrest cells in preanaphase.
Cell cultures were normalized to an OD600
between 0.3–0.6, washed and resuspended in
sterile water. Once frozen, 40 µl of IPH50 buffer
(50 mM TRIS pH 8, 150 mM NaCl, 5 mM
EDTA, 0.5% IGEPAL 630 (Sigma), 10 mM
Sodium Butyrate, 1 mM DTT) and glass beads
were added and cells lysed by bead beating
(BioSpec). Cell lysates were supplemented with
IPH50 buffer and protease inhibitor cocktail
(AEBSF, 1,10-Phenanthroline, Pepstatin A, E-64
(Sigma)) before centrifugation at 15,000rpm for
20 minutes. Cells lysates were washed with ster
ile water before centrifugation at 15,000rpm for
10 minutes. Cell lysates were supplemented with
SBIIA (0.5 M Tris pH 9.4, 6% Sodium Dodecyl
Sulfate) buffer and 1 M DTT before a 10-minute
incubation at 50°C. SBII (50% glycerol supple
mented with bromophenol blue) buffer was
added to the cell lysates followed by a 5-minute
incubation at 65°C. Whole cell protein samples
were resolved by SDS-PAGE electrophoresis and
analyzed by Western blot using anti-V5
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(1:40,000) (Invitrogen) with goat anti-mouse
HRP (1:40,000) (Bio-Rad), anti-PGK (1:20,000)
(Promega) with goat anti-mouse HRP (1:40,000)
(Bio-Rad) or by anti-Smc3 K112/K113
Acetylation (1:1,000, gift from Dr. Katsuhiko
Shirahige) in combination with goat anti-mouse
HRP (1:20,000) (Bio-Rad) and ECL prime (GE
Healthcare) for visualization.
Rtt101 and Bre1 expression assay

Log phase yeast strains YCZ480 (ECO1, RTT1013 HA), YCZ587 (ECO1, SMC3-3V5, pGADT7),
YCZ589 (eco1, SMC3-3V5, pGADT7), YCZ635
(ECO1, SMC3-3V5, pCZ065), YCZ636 (indepen
dent isolate of ECO1, SMC3-3V5, pCZ065),
YCZ637 (eco1, SMC3-3V5, pCZ065), and YCZ638
(an independent isolate of eco1 SMC3-3V5,
pCZ065) were harvested to assess Rtt101 protein
expression. Log phase yeast strains YCZ587
(ECO1, SMC3-3V5, pGADT7), YCZ589 (eco1
SMC3-3V5, pGADT7), YCZ591 (ECO1 SMC3-3V5,
pCZ057), YCZ592 (independent isolate of ECO1,
SMC3-3V5, pCZ057), YCZ593 (eco1, SMC3-3V5,
pCZ057), and YCZ594 (independent isolate of
eco1, SMC3-3V5, pCZ057) were harvested to assess
Bre1 protein expression. Log phase cell cultures
were normalized to an OD600 between 0.3–0.6,
washed and resuspended in sterile water. Once fro
zen, 40 µl of 100% TCA and glass beads were added
to the sample and cells were lysed using bead beat
ing (BioSpec). Cell lysates were supplemented with
5% TCA before centrifugation at 15,000rpm for
20 minutes. Cells lysates were washed with sterile
water before centrifugation at 15,000rpm for
10 minutes. Whole cell lysates were supplemented
with SBIIA buffer (0.5 M Tris pH 9.4, 6% Sodium
Dodecyl Sulfate) before a 10-minute incubation at
50°C. SBII buffer (50% glycerol supplemented with
bromophenol blue) and 1 M DTT was added to the
cell lysates followed by a 5-minute incubation at 65°
C. Whole cell protein samples were resolved by
SDS-PAGE electrophoresis and analyzed by
Western blot using anti-HA (F-7) (1:1,000) (SantaCruz Biotechnology) with goat anti-mouse HRP
(1:20,000) (Bio-Rad), or anti-PGK (1:20,000)

6

C. M. ZUILKOSKI AND R. V. SKIBBENS

(Promega) with goat anti-mouse HRP (1:40,000)
(Bio-Rad) and ECL prime (GE Healthcare) for
visualization.

PCNA plays in promoting eco1 mutant cell viabi
lity and specifically in regulating Eco1-dependent
sister chromatid cohesion [3,40].

RESULTS

Persistence of chromatin-bound PCNA (via
elg1∆) promotes Eco1-dependent Smc3
acetylation

Overexpressed PCNA (POL30) suppresses the
cohesion defect in eco1 mutant cells.

We first mapped the temperature range through
which elevated PCNA levels rescue eco1 mutant
cell temperature sensitivity. The results show that
POL30 (PCNA), expressed from a 2 μm plasmid,
rescues eco1-1 mutant cell viability at 34°C but not
at 37°C, both of which are non-permissive for
eco1-1 mutant cells Figure 1a, consistent with
prior studies [3,40]. We next assessed the extent
to which PCNA overexpression rescues defects in
sister chromatid cohesion. Wildtype and eco1
mutant cells, both of which harbor TetO repeats
(integrated ~40 kb from centromere V) and TetRGFP to enable detection of sister chromatids, and
MYC-tagged Pds1 [3,48], were transformed with
either vector (2 μm) or vector that contained
POL30. Log phase cultures of the resulting wild
type and eco1-1 mutant strains were synchronized
in G1 (medium supplemented with alpha factor)
and then released to the restrictive temperature of
34ºC in fresh medium supplemented with nocoda
zole to arrest cells in preanaphase. Cell cycle syn
chronizations were monitored by flow cytometry
Figure 1b. Preanaphase large-budded cells that
retained Pds1 (an indicator of pre-anaphase)
were scored as having either tethered sister chro
matids (one GFP signal) or precociously separated
sister chromatids (two GFP signals) Figure 1c, D.
Wildtype cells, harboring either vector alone or
vector containing POL30, exhibited low levels
(21% versus 20% two GFP signals, respectively)
of separated sister chromatids Figure 1d, levels
similar to those previously reported [42,48]. eco11 mutant cells that harbor vector alone exhibited
a high level of cohesion defects (47%).
Importantly, eco1-1 mutant cells that harbor a 2µ
POL30 plasmid exhibited significantly lower levels
of separated sister chromatids (32%) Figure 1d.
These results confirm the fundamental role that

Smc3 acetylation is essential for cohesion estab
lishment [31,32]. To test if elevated PCNA
levels indeed increases Smc3 acetylation, we
attempted to epitope-tag (3 HA) Smc3 in wild
type and eco1 mutant cells via transformation
[49], but recovered few viable eco1-1 mutant
cells. An adverse genetic interaction was con
firmed through tetrad analysis (Supplemental

Figure 1. PCNA overexpression rescues eco1-1 mutant cell
cohesion defects (a) 10-fold serial dilution of wildtype and
eco1-1 mutant cells that harbor either 2µ vector alone or 2µ
vector that contains POL30. Cells were plated on selective
medium plates and incubated at either 23°C, 34°C, or 37°C for
2 days. (b) DNA content of wildtype and eco1-1 mutant cells
that harbor either vector alone or 2µ POL30 during log phase,
G1 synchronized (alpha factor), and pre-anaphase (NZ) synchro
nization of cells released from G1 at 34°C. (c) Micrographs of
preanaphase wildtype and eco1-1 mutant cells as described in
(B) above. GFP dots were counted in large budded cells in
which the anaphase inhibitor Pds1p (Pds1) was readily detected
within the DNA mass (DAPI). Tethered sister chromatids (one
GFP dot) are indicated with arrows and separated sister chro
matids (two GFP dots) are indicated with asterisks (*). (d)
Percent of pre-anaphase cells with precocious sister chromatid
separation. n = number of total cells counted. n reflects counts
of at least 100 cells, per strain, obtained from at least 4
biological replicates. Student’s T-Tests were used to assess
statistical significance differences and error bars represent stan
dard deviation. Statistically significant differences (*) are based
on P < 0.05.
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Figure 1A and B). We did, however, successfully
V5-tag Smc3 (construct generously provided by
Dr. Douglas Koshland) in eco1-203 mutant cells
by genetic crosses, from which we obtained
wildtype cells, elg1∆ and eco1-203 single mutant
cells, and eco1-203 elg1∆ double mutant cells
that each harbor Smc3-3V5 (Supplemental
Figure 1 C, D). We confirmed that eco1-203
mutant cell temperature sensitive growth is sup
pressed by the deletion of ELG1 Figure 2a
[33,54]. To assess the impact of Smc3 acetyla
tion on cohesion, the resulting strains were
synchronized in G1, washed and released at
30° (restrictive for eco1-203 cells) into fresh
media containing nocodazole Figure 2b. The
resulting pre-anaphase cultures were assessed
for Smc3 acetylation using an anti-Smc3 K112/
K113 acetylation antibody (generously provided
by Dr. Katsuhiko Shirahige). We independently
verified the anti-Smc3 K112/K113 acetylation
antibody obtained from Dr. Shirahige: Smc3
acetylation was detected in wildtype strains,
but not in ecol∆ rad61∆ double mutant cells,
where deletion of RAD61 provides for viability
of cells deleted for the essential gene ECO1
[31,33,42,43]. Commercially available acetylated
Smc3-directed antibodies provided variable
results that included detection of Smc3 in
ecol∆
rad61∆
double
mutant
cells
(Supplemental Figure 1E). Interestingly, wild
type and elg1∆ single mutant cells exhibited
identical levels of Smc3 acetylation Figure 2c,
revealing that wildtype levels of PCNA is not
limiting for Smc3 acetylation. Smc3 acetylation
was largely undetectable in eco1-203 single
mutant cells, similar to prior reports [40,55].
Intriguingly, eco1-203 elg1∆ double mutant
cells exhibited increased Smc3 acetylation, but
at levels well below that observed in wildtype
cells and elg1∆ single mutant cells Figure 2c,
Supplemental Figure 2A and B). These results,
combined with elg1Δ-dependent suppression of
eco1-203 mutant cell conditional growth and
cohesion defects, suggest that PCNA promotes
Eco1-dependent acetylation of Smc3 in the con
text of the DNA replication fork.
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Figure 2. Excess PCNA on chromatin (via elg1∆) partially
rescues Smc3 acetylation levels in eco1-203 mutant cells.
(a) 10-fold serial dilution of wildtype, elg1∆ and eco1-203 single
mutant cells, eco1-203 elg1∆ double mutant cells containing
Smc3-3V5 plated on medium rich plates and incubated at 23°
C and 30°C for 2 days. (b) DNA content of wildtype, elg1∆ and
eco1-203 single mutant cells, eco1-203 elg1∆ double mutant
cells during log phase, synchronized in G1, then shifted to 30°
C and arrested in pre-anaphase. (c) Excess PCNA on chromatin
partially rescues Smc3 acetylation levels in eco1-203 mutant
cells. Smc3 was detected by a V5 specific antibody, and acety
lated Smc3 was detected by a K112/K113 acetylation antibody.
PGK was used as a loading control.

Overexpressed Bre1 does not rescue eco1
mutant cell viability

Elg1, in association with Rfc2-Rfc5, promotes
PCNA unloading while Ctf18, in association
with Rfc2-Rfc5, promotes PCNA loading onto
DNA [34,56,58]. These roles in PCNA regula
tion are consistent with findings that elg1Δ,
which results in increased chromatin-bound
PCNA, promotes Eco1-dependent cohesion
establishment and suppresses eco1 mutant
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cell growth defects while ctf18Δ exacerbates
eco1 mutant cell viability [3,33,54]. It thus
became important to test the extent to which
other DNA replication-associated factors,
beyond PCNA regulators, might influence
Eco1-dependent cohesion activity. Of particu
lar interest is the DNA replication-fork asso
ciated E3 ubiquitin ligase complex that
contains Bre1 [57,58]. Relevant here is that
Bre1 promotes Eco1 recruitment to DNA and
that bre1Δ cells exhibit both cohesion defects
and reduced levels of acetylated Smc3 [59].
These findings predict that elevated levels of
Bre1 should suppress eco1 mutant cell condi
tional growth, similar that obtained by ele
vated levels of PCNA. To test this prediction,
we overexpressed Bre1 (2μ ADH BRE1) in
both wildtype and eco1-203 mutant cells. The
resulting wildtype cells exhibited normal cell
growth in the presence of either the 2μ ADH
vector alone or containing BRE1. As expected,
eco1-203 mutant cells that harbored vector
alone exhibited growth defects at the restric
tive temperature of 34°C. eco1-203 mutant
cells that harbor 2μ ADH BRE1 continued to
exhibit severe cell inviability at the restrictive
temperature of 34°C (Figure 3a, Supplemental
Figure 4A). We confirmed that the BRE1 cod
ing sequence was free of mutation by DNA
sequencing and also that Bre1 protein was
expressed from the overexpression vector by
Western blot (Figure 3b, Supplemental Figure
3A). Our results suggest that, though Bre1
may be important for cohesin acetylation and
sister chromatid cohesion [59], Bre1 is unli
kely to be a direct regulator of Eco1 activity.
Overexpression of RTT101 does not rescue
either eco1-203 or eco1-1 mutant cell viabilities.

An additional DNA replication fork-associated
complex, Rtt101-Mms22-Mms1, was also recently
reported to rescue both eco1 mutant cell viability
and cohesion defects, and significantly increase
Smc3 acetylation levels [40]. Rtt101-Mms22Mms1 promotes histone deposition and stabilizes
the
replisome
during
replication
stress

Figure 3. Overexpressed Bre1 does not rescue eco1-203
mutant cell viability. (a) 10-fold serial dilution of wildtype
and eco1-203 mutant cells harboring either 2μ vector or 2μ
ADH BRE1 plated on selective medium plates and incubated at
23°C, 34°C, and 37°C for 3 days. (b) Detection of AD-HA tagged
Bre1 using HA-directed antibody (Santa Cruz Biotechnology) in
log phase wildtype and eco1-203 single mutant cells.

[60,61,62,63], a specific context previously posited
for Eco1 [64,65]. Elevated levels of Rtt101 pro
duced the most robust rescue eco1 mutant cells
[40]. Thus, we first decided to confirm Rtt101
rescue of eco1-203 mutant cells by generating an
RTT101 overexpression vector, in parallel to
obtaining the RTT101 overexpression plasmid
engineered by Dr. Huiqiang Lou [40]. eco1-203
mutant cells that harbor a PCNA overexpression
plasmid were included as a positive control [3,
Figure 1d]. We were surprised that neither our inhouse constructed RTT101 expressing plasmid,
nor that obtained from our colleague Dr. Lou,
rescued eco1-203 mutant cell viability. In contrast,
elevated levels of PCNA provided the expected
rescue of eco1-203 mutant cell temperature sensi
tivity (Figure 4a, Supplemental Figure 4A). We
sequenced both RTT101 constructs to confirm
that neither contained mutations within the
RTT101 coding sequence. We next confirmed
that RTT101 was indeed being expressed: rtt101Δ
cells (generously provided by Dr. Gregory Lang)
are sensitive to the DNA damage agent methyl
methanesulfonate (MMS). MMS sensitivity was
independently rescued by both RTT101 overex
pression plasmids (Figure 4b, Supplemental
Figure 4B). Note that RTT101 overexpression in
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Figure 4. Overexpression of RTT101 in eco1-203 or eco1-1
mutant cell viability.

fact makes rtt101Δ mutant cells mildly resistant to
genotoxic agents, compared to wildtype levels of
Rtt101.
Mms22 binds Eco1 through a short region that
requires amino acids 61 L and 63D [40]. We were
concerned that our eco1-203 strains might have
incurred spontaneous mutations that abolished
this site – a possibility that we negated through
DNA sequencing. Finally, we generated an
RTT101 overexpression plasmid in which Rtt101
protein was epitope-tagged (AD-HA) so that we
could unambiguously confirm elevated expression.
This construct similarly failed to rescue either
eco1-203 or eco1-1 single mutant cell growth
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defects, despite driving elevated levels of Rtt101
protein (Figure 4c and d, Supplemental Figure
3B, Supplemental Figure 4A). In the study con
ducted by Zhang and colleagues, the strains were
constructed in a BY4741 background, where our
eco1 alleles were derived from W303 and S288C
backgrounds. We hypothesized that there is
a strain specific rescue of eco1 alleles by RTT101
overexpression, which was independently con
firmed (Dr. Huiqiang Lou – personal communica
tion). Currently, the basis for these strain-specific
impacts remain unknown.
(A)10-fold serial dilution of wildtype and eco1203 single mutant cells, harboring either 2μ vector
alone or with RTT101 or POL30, plated on selective
medium plates and incubated at 23°C, 34°C, and 37°
C for 2 days. Plasmids constructed in-house
(Zuilkoski) or generously provided by the Lou lab
(Zhang) are indicated. (B) 10-fold serial dilution of
wildtype and rtt101Δ cells, both harboring vector or
2μ RTT101, plated on selective medium plates con
taining no MMS, 0.05% MMS or 0.1% MMS and
incubated for 2 days. (C) 10-fold serial dilution of
wildtype, eco1-203 and eco1-1 single mutant cells,
each harboring either vector or 2μ AD-HA-RTT101,
plated on selective medium plates and incubated at
23°C, 34°C, and 37°C for 3 days. (D) HA-tagged
Rtt101,
either
endogenously
expressed
(RTT101:3 HA, lane 1) or expressed from a 2µ highcopy vector (lanes 4–7) detected using an HAdirected antibody (Santa Cruz Biotechnology).
PGK (Novex) was used as a loading control.
PCNA overexpression does not rescue the
condensation defect in eco1 mutant cells.

Given the inability of either BRE1 or RTT101
expression to suppress eco1 mutant cell tempera
ture sensitivity, we turned to PCNA to address the
critical question of whether condensation defects
are rescued in coordination with cohesion defects.
The validity of this approach is augmented by
findings that PCNA overexpression Figure 5a and
ELG1 deletion Figure 2a, both provide significant
rescue of eco1 mutant cell conditional growth
[3,33,40]. Wildtype cells and eco1-203 mutant
cells were each modified to express Net1-GFP,
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enabling detection of rDNA structure as either
uncondensed puffs or condensed lines or loops
[11,13,53] and transformed with either a CEN vec
tor alone or 2µ POL30. The resulting strains were
arrested in G1 at the permissive temperature, and
released at 34°C (restrictive temperature for eco1203 mutant cells) into fresh medium containing
nocodazole to arrest cells in pre-anaphase Figure
5b. The synchronized yeast strains were then
scored for condensation defects (elevated number
of puff-like structures compared to discrete line/
loop structures) Figure 5c. Wildtype cells harbor
ing either vector alone or 2µ POL30 exhibited low
level of condensation defects (20% and 21% pufflike rDNA, respectively) while eco1-203 mutant
cells (vector alone) exhibited a high level of con
densation defect (60% puffs), consistent with prior
results [3,,45]. Importantly, eco1-203 mutant cells
that harbored a 2µ POL30 plasmid persisted in
exhibiting high levels of condensation defects
(60% puffs) Figure 5d. These results reveal that
PCNA promotes only a subset of cohesin func
tions – in this case promoting sister chromatid
tethering – but not chromosome condensation.
Discussion
A wealth of studies link Eco1-dependent sister
chromatid cohesion establishment to the process
of DNA replication, most notably through PCNA
recruitment [3,33,35,36,38,39,40,54,66]. The extent
to which Eco1 promotes DNA condensation in the
context of DNA replication, however, remains
unknown. A major finding of this study is that
PCNA appears to play little, if any, role in Eco1dependent chromosome condensation. These
results reveal that Eco1 promotes condensation in
a context that may be spatially and/or temporally
distinct from that of the DNA replication fork, or
at least in relation to PCNA Figure 6. This funda
mental aspect of chromosome biology, and the
manner in which Eco1 promotes chromosome
condensation, thus remains an intriguing enigma.
A second key finding of the current study is the
extent to which Eco1 and cohesin functions in
both cohesion and condensation are separable.
Several studies now document that elevated levels

Figure 5. The overexpression of PCNA does not rescue DNA
condensation defects in eco1-203 mutant cells. (a) 10-fold
serial dilution of wildtype and eco1-203 mutant cells, harboring
either a vector alone or with 2μ POL30, plated on selective
medium plates and incubated at 23°C and 34°C for 2 days. (b)
DNA content of log phase wildtype and eco1-203 single mutant
cells (as described in (A)) synchronized in G1, and then shifted
to 34°C and arrested in pre-anaphase. (c) Micrographs of wild
type and eco1-203 single mutant cells (as described in (A)) in
which sister chromatids (GFP) are located within the DNA mass
(DAPI) of large-budded cells (DIC). Arrows indicate condensed
rDNA loops and asterisks indicated decondensed rDNA puffs.
(d) Percent of pre-anaphase cells with decondensed DNA.
n = number of total cells counted where at least 100 cells per
strain were counted over 3 biological replicates. Statistical
analysis was performed using a Student’s T-Test and error
bars represent standard deviation. Statistically significant differ
ences (*) are based on P < 0.05.

of PCNA suppress eco1 mutant cell growth [3,33],
a rescue that we now document occurs through
rescue of cohesion defects, but not condensation
defects. In contrast, previous efforts revealed that
rad61Δ instead rescues eco1 mutant cell condensa
tion, but not cohesion, defects [47]. These results
mirror those for the auxiliary cohesin factor Pds5:
retained chromatin-bound PCNA (via elg1Δ) sup
presses pds5 mutant cell cohesion defects, while
rad61Δ suppresses pds5 mutant cell condensation
defects [48,67]. Rad61 and Pds5 both associate
with the core cohesin complex [21,22,42,43], and
thus provide little illumination regarding the con
text (relative to the DNA replication fork) through
which Eco1-dependent condensation may be regu
lated. Future efforts in biochemical analysis of

CELL CYCLE

Figure 6. Contexts through which Eco1 may promote cohe
sion (proximal to the DNA replication fork) and condensa
tion (distal to the replication fork). Top: In wildtype cells,
Eco1 is recruited to the replication fork by PCNA to acetylate
cohesin and promote sister chromatid cohesion. Cohesin acet
ylation outside the context of the DNA replication fork by Eco1
promotes DNA condensation. Bottom: In eco1-203 elg1Δ dou
ble mutant cells, mutant eco1 protein is recruited to the repli
cation fork by retained chromatin-bound PCNA. Either through
enhanced activity or recruitment further behind the replication
fork, Eco1 acetylates cohesin in context of PCNA to establish
cohesion. Even in this extended PCNA-eco1 recruitment sce
nario, DNA condensation defects persist.

cohesins from genetic backgrounds, capable of
only condensation or cohesion, are likely to pro
vide critical insights regarding a “cohesin code”
[64] that may allow for simultaneous but distinct
assemblies of trans and cis DNA locus tetherings.
Is there prioritization, in terms of cell viability,
for the myriad roles of cohesins? It is worth spec
ulating that the earliest SMC complex persisted
through evolution due to a singular beneficial
impact on either RNA or DNA biology. Whether
this involved increased stability (reduced accessi
bility to damaging agents through compaction),
non-mutagenic repair (proximity of template),
high fidelity transmission (cohesion of sisters) or
cell function (transcription) remains unknown.
Early studies of current day eukaryotes document
that the rescue of eco1 mutant cell inviability by
rad61Δ appears coordinated solely with the ability
to condense chromosomes [47]. As noted by the
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authors, the prioritization of cohesin function in
condensation is likely predicated on the idiosyn
crasies of yeast that exhibit a closed mitosis and
bipolar chromosome attachment during S phase.
An intriguing outcome of the current study is that
cell viability appears instead coordinated with
cohesion: rescued eco1 mutant cell growth defects
appears to require only a partial rescue in cohe
sion – not condensation. One possibility is that the
Net1-GFP assay employed here may not fully
reveal the state of chromosome condensation or
the effect that PCNA plays in condensation. Prior
to these roles in cohesion and condensation, how
ever, Rad21 (Mcd1/Scc1) was first identified as
a DNA repair factor [68,69,70]. Certainly, there is
sufficient evidence to conclude that all of these
mechanisms are critical for cell survival. Which
activity arose first, however, remains an important
issue in functional evolution that warrants further
research.
The role of PCNA in cohesion also impacts
current views of cohesion establishment. Early
notions that the DNA replication fork passes
through a pre-loaded huge triangular cohesin
ring (single ring entrapment of replicated sister
chromatids) [26,31,71,72] appeared inconsistent
with replisome size constraints and further was
challenged by evidence that cohesin are loaded
behind the fork [5,26,27,73]. Loading behind the
fork could be explained by a two-step sister cap
ture mechanism by individual cohesins [73], but
there is compelling genetic and biochemical evi
dence that sister chromatid tethering involves the
dimerization of cohesins deposited onto each sis
ter chromatid [48,71,74, 75,76,77,78,79]. While
cohesin oligomers proved the dominant structure
by EM, current views of cohesion remain heavily
influenced by EM analyses of the remaining single
ring structures [80,81]. Not surprisingly, cohesincohesin dimerization requires Eco1 [79]. Here,
our data supports the model that Eco1dependent cohesin acetylation promotes cohe
sion (cohesin dimerization) in the context of
PCNA [82]. Furthermore, our results reveal
that only a small pool of acetylated cohesins is
required to support cohesion, consistent with
prior studies [40,83]. Much less is known
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regarding Eco1-dependent regulation of con
densation. Recent publications reveal that cohe
sin extrudes DNA into a loop-like structure,
plausibly
through
cohesin
monomers
[84,85,86]. Further studies are required to
determine the mechanism through which Eco1,
independent of the DNA replication fork, estab
lishes DNA condensation.
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