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Abstract

The cohesin complex plays an important role in the maintenance of
genome stability. Cohesin is composed of four core subunits and a
set of regulatory subunits that interact with the core subunits. Less is
known about cohesin dynamics in live cells and on the contribution
of individual subunits to the overall complex. Understanding the
tethering mechanism of cohesin is still a challenge, especially
because the proposed mechanisms are still not conclusive. Models
proposed to describe tethering depend on either the monomeric
cohesin ring or a cohesin dimer. Here, we investigate the role of
cohesin dynamics and stoichiometry in live yeast cells at single-mole-
cule resolution. We explore the effect of regulatory subunit deletion
on cohesin mobility and found that depletion of different regulatory
subunits has opposing effects. Finally, we show that cohesin exists
mostly as a canonical monomer throughout the cell cycle, and its
monomeric form is independent of its regulatory factors. Our results
demonstrate that single-molecule tools have the potential to provide
new insights into the cohesin mechanism of action in live cells.
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Introduction

The structural maintenance of chromosome (SMC) complex,

cohesin, is involved in the higher-order organization of chromatin

in the cell nucleus. During cell cycle, cohesin holds the newly

formed sister chromatids from the time of their formation at the S

phase of the cell cycle until their separation in mitosis. This process,

known as sister chromatid cohesion, ensures the bipolar attachment

of the centromeres to the spindle and, in turn, the accurate segrega-

tion of the chromatids during cell division [1–4].

The core cohesin complex is a ring composed of Smc1, Smc3,

and Scc1/Mcd1/Rad21 [5]. The proteins Scc3, Pds5, and Wpl1 form

a regulatory subcomplex that binds cohesin through Scc1 [5–10]. In

Saccharomyces cerevisiae, the cohesin complex assembly is regu-

lated by Scc1, which is cleaved and degraded during anaphase and

re-expressed in the late G1 stage of the following cell cycle [11,12].

Cohesin loading onto the chromatin starts at late G1 and continues

during the S phase of the cell cycle [5,13]. At this stage, Wpl1 is

thought to act as an antagonist that dissociates cohesin from the

chromatin [6,8,14,15]. Following DNA replication, the chromatin-

bound cohesin is transformed into the cohesive state that tethers

two chromatin fibers [16–18]. Pds5 maintains cohesion during the

G2 phase of the cell cycle by protecting cohesin from premature

dissociation from the chromatin [7,19]. When cells enter mitosis,

cohesin is removed from the chromatin by proteolytic cleavage of

Scc1 by separase [11,20].

While the overall activity cycle has been described, previous

studies, to a great extent, provide snapshots of the effect of the indi-

vidual subunits on cohesin dynamics. Furthermore, the mechanism

by which cohesin tethers chromatin remains controversial. Several

biochemical studies suggest that the cohesin active unit is mono-

meric [21–23], while genetic evidence suggests that the cohesive

form of cohesin contains cohesin dimers or multimers [24–28]. We

will utilize single-molecule spectroscopy tools to discern cohesin

binding mechanisms in live cells.

Advanced single-molecule spectroscopy tools such as fluores-

cence correlation spectroscopy (FCS) can facilitate the exploration

of cohesin interaction in live cells. FCS is based on the correlation of

fluctuations in fluorescence intensity as molecules diffuse through a

sub-femtoliter volume (Fig 1A). This highly sensitive technique can

provide information on real-time diffusion and interactions at

single-molecule sensitivity. In cells, intermolecular interactions such

as the formation of a cohesin–chromatin complex or major confor-

mational changes can affect the diffusion rate (Fig 1B). Photon

counting histogram (PCH) analysis of the fluorescence fluctuation

signal enables stoichiometric analysis in live cells and the determi-

nation of the stoichiometry of target molecules (Fig 1C). In this

work, utilizing single-molecule spectroscopy and analysis tools we
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examine the effects of Pds5, Wpl1, and Eco1 on cohesin dynamics

and their stoichiometry in live yeast cells. We expect our findings to

provide new insights on cohesin dynamics in live cells.

Results and Discussion

Cell cycle-dependent molecular diffusion of cohesin complexes

To assess cohesin dynamics in live cells and the contribution of the

individual subunits to the complex dynamics, we performed a series

of FCS analyses on several strains. The apparent diffusion time of

cohesin subunits may be altered by conformational changes (for

example, an elongated versus a folded SMC protein, an open versus

a closed/folded ring), interaction with other molecules (protein–

DNA or protein–protein interactions), and molecular crowding (e.g.,

chromosome condensation [29,30]). First, we evaluated the diffu-

sion characteristics of Smc3-GFP throughout the cell cycle. Cells of

strain yAM085 (SMC3-GFP) were grown to mid-log phase and

analyzed by FCS at different stages of the cell cycle. The phases

were determined by cell morphology as described in the Materials

and Methods section (Fig EV1). Typical fluorescence intensity trace

A

B C

Figure 1. Schematic of FCS and PCH analysis based on fluorescence intensity fluctuation.

A One-color fluorescence autocorrelation spectroscopy (FCS) and photon counting histogram (PCH) are methods based on fluorescence fluctuation analysis of
fluorescence intensity detected at a sub-femtoliter volume.

B FCS analysis yields a fluorescence autocorrelation function (G(s)), which reports the average number of fluorescence molecules, N (N is inversely proportional to the
correlation function amplitude G(0)), and the mobility parameter of the molecules diffusing through the diffraction-limited volume (sD is the translational diffusion
time, and D is the diffusion coefficient). Faster mobility correlates with smaller sD.

C PCH analysis is a reporter for the oligomerization state of fluorescence proteins. It reports the measured photon counts per molecule and the average number of
molecules within the observation volume. Diagram illustrates potential oligomerization state of monomer (black), dimer (red), and trimer (blue) from PCH analysis.
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was collected over 10 s, and the apparent transient diffusion time

was fitted using the 3D one-component anomalous diffusion model

(Fig 2A). Typical normalized FCS curves of Smc3-GFP at different

phases of the cell cycle are shown (Fig 2B). In unbudded cells (G1),

the diffusion time of Smc3-GFP was ~11.25 ms (Table 1, Figs 2C–F

and EV2A). The diffusion time of Smc3-GFP increased to ~6.64 ms

in cells with a small bud (S), indicating faster mobility of the

protein. In G2 phase, the diffusion time decreased to ~8.49 ms, and

in mitotic cells with dividing nuclei, the diffusion time of Smc3-GFP

further decreased to ~13.3 ms, similar to the diffusion time of the

protein at G1. Similar diffusion times were noted in cells with either

Scc3-GFP or Scc1-GFP at G1 (only Scc3), S, and G2 phases.

However, at M phase, the diffusion times of Scc3 and Scc1 increased

to 3.44 and 3.12 ms, respectively, suggesting faster mobility of the

proteins and possibly a more freely diffused form (Table 1 and

Figs 2C–F and EV2A). As expected, Scc1-GFP was not detectable in

the cells at the G1 phase, since SCC1 expression starts in the late

G1/S phase of the cell cycle [5,13].

Given that the molecular diffusion is negatively proportional to

the hydrodynamic radius by Stokes–Einstein relation, our observa-

tion of the cohesin is in agreement with current models of the

cohesin activity cycle and structural changes. During the S/G2

phase, Scc1/Scc3/Smc3 shows similar mobility that indicates the

assembly of the subunits into the holocomplex that is loaded onto

A B

C D

E F

Figure 2. Diffusion of cohesin subunits throughout the cell cycle.

A Typical fluorescence intensity trace collected over 10 s.
B Typical normalized FCS curves of Smc3-GFP at different cell cycle phases. Dotted lines indicate fitting of the one-component anomalous diffusion model to the

respective FCS curve.
C–F Diffusion times of Smc3-GFP, Scc3-GFP, and Scc1-GFP at the G1 phase (C), S phase (D), G2 phase (E), and mitosis (F). Data are shown as mean � SEM from at least

three independent experiments. *P < 0.01; #P < 10�13 with the Mann–Whitney test.

ª 2019 The Authors EMBO reports 21: e48211 | 2020 3 of 10

Wenjie Liu et al EMBO reports



the chromatin, which, in turn, slows down its diffusion. As cells

enter M phase, mobility of Scc1-GFP and Scc3-GFP increases. This

observation is explained by cohesin dissociation from the chromatin

and Scc1 cleavage by Esp1/separase [5,13]. The faster mobility of

Scc1-GFP in M phase could be explained by a more freely diffused

form of Scc1-GFP indicated by a 2-component FCS fit, as well as the

increased free diffusion fraction of Scc1-GFP compared to S/G2

phase (Appendix Table S1). Scc3-GFP at M phase shows faster

mobility, indicating the likelihood of a detached form of the protein.

At the same stage, Smc3-GFP shows slower mobility, although

Smc3 and Scc3 have a similar molecular mass. This result could be

explained by a conformational change in Smc3 from a compact

structure into an elongated form, as previously observed for soluble

SMC proteins [31]. The possibility of a cleaved Scc1 N-terminus

being bound to Smc3 decreasing its diffusion also exists.

The effect of regulatory subunit depletion of cohesin dynamics

Next, we explored the effect of the cohesin regulatory subunits

Scc3, Wpl1, Pds5, and Eco1 on cohesin dynamics. For this purpose,

we constructed a strain yEB005 in which Scc1 was fused to GFP,

and WPL1 was deleted (SCC1-GFP WPL1D). We also constructed

three additional SCC1-GFP strains, yEB002, yEB011, and yAM946,

in which Pds5, Scc3, and Eco1 were fused to auxin-induced degron

(AID); this enables their transient depletion through the supplemen-

tation of the growth medium with auxin. The AID proteins were

undetectable by Western blot after supplementing the growth

medium with 1 mM auxin (IAA) for 2 h (Fig EV3). The diffusion of

Scc1-GFP in AID strains without auxin was similar to wild-type

cells, suggesting that the AID has no detectable effect on the diffu-

sion (Appendix Table S2).

Changes in Scc1-GFP in response to the deletion of WPL1 or

auxin-induced depletion of Pds5, Scc3, and Eco1 were measured

(Table 1 and Fig 3A–D). In WPL1D cells at S phase, the diffusion of

Scc1 was twofold slower than wild-type cells, which is in agreement

with the suggested destabilization activity of Wpl1, as cohesin

becomes more stably bound to the chromatin when WPL1 is deleted

[6,14,15]. Unexpectedly, the mobility of Scc1-GFP in WPL1D cells at

G2 increased and was comparable to that of wild-type cells.

However, in the M phase, the diffusion time of Scc1-GFP decreased,

suggesting that Scc1-GFP remains associated with the chromatin in

WPL1D cells. In contrast to the stabilization effect of Wpl1, the

depletion of Pds5 increased the diffusion time at the S and G2

phases to ~4 ms, implying premature cohesin dissociation, which is

in agreement with the role of Pds5 in cohesion maintenance [7,19].

Scc3 is essential for cohesin chromosomal residency and cohesion.

Intriguingly, depletion of Scc3 resulted in slower diffusion of Scc1-

GFP at all stages of the cell cycle. Under these conditions, the diffu-

sion time of Scc1-GFP was ~17 ms. Eco1 acetylates Smc3 during the

S phase and is essential for cohesion establishment. The diffusion of

Scc1-GFP in cells following depletion of Eco1 at the S phase was

15.23 ms, similar to the diffusion after depletion of Scc3. At G2

phase, Scc1-GFP diffusion increased to 21.56 ms and decreased back

to 9.2 ms at the M phase. Cohesin cannot be established in the

absence of Scc3 or Eco1 [9,16,32–34]. Our data suggest that the asso-

ciation of Scc3 with cohesin induces a conformational change in the

Smc1-Smc3-Scc1 trimer, which is important for chromatin binding.

Similarly, the acetylation of Smc3 by Eco1 [17,18] may induce a

conformational change that shifts cohesin to its cohesive mode.

FCS measurements were used to evaluate the concentration of

the tagged proteins in cells, based on their fluorescence, as

explained in the Materials and Methods section (Table 2). The

concentration of Smc3-GFP, Scc3-GFP, and Scc1-GFP is similar

during the S and G2 phase, as expected from their 1:1:1 ratio in

cohesin. In M phase, the concentration of Scc1-GFP in the M phase

is reduced to about 40–50% of its level at the S phase, most likely

due to its cleavage and degradation.

Cohesin exists mostly in the monomeric state throughout the
cell cycle

The possibility that cohesin complexes may exist as dimers or

organized in other multimeric forms has been explored by PCH

analysis of cells carrying Scc1-GFP. For control, we used yeast

strains that express GFP or GFP-GFP to determine the molecular

brightness of GFP monomers and dimers. Typical photon counting

histograms of GFP and GFP-GFP dimers are shown in Fig 4A. As

expected, the brightness of the GFP dimer was approximately

twice that of the monomer. Having established the controls,

cohesin stoichiometry was determined at different stages of the

cell cycle (Fig 4B). Our results and analysis yielded only cohesin

monomers; dimers or multimers were not observed in the S, G2,

or M phase cells.

To examine the possible effect of cohesin regulators on stoichiome-

try, we performed PCH analysis in WPL1D, auxin-depleted Pds5, and

Eco1 cells. Similar to the wild type, the monomeric form of cohesin in

Table 1. Summary of cohesin holocomplex and subunit-depleted complexes on diffusion times throughout the cell cycle.

Strain

Diffusion time in millisecond (n)

G1 S G2 M

Smc3-GFP 11.24 � 0.50 (75) 6.64 � 0.22 (59) 8.49 � 0.53 (47) 13.30 � 0.95 (42)

Scc3-GFP 8.66 � 0.57 (40) 6.47 � 0.47 (23) 7.87 � 0.49 (48) 3.44 � 0.17 (40)

Scc1-GFP N/A 6.99 � 0.22 (87) 6.95 � 0.29 (55) 3.12 � 0.10 (86)

Scc1-GFP WPL1D N/A 13.52 � 0.59 (64) 7.18 � 0.37 (38) 11.1 � 0.47 (41)

Scc1-GFP Pds5-AID N/A 4.31 � 0.27 (38) 4.48 � 0.37 (39) 2.34 � 0.18 (18)

Scc1-GFP Scc3-AID N/A 16.43 � 0.80 (33) 16.76 � 0.66 (46) 14.66 � 1.59 (27)

Scc1-GFP Eco1-AID N/A 15.23 � 1.50 (27) 21.56 � 1.70 (25) 9.20 � 0.92 (27)

Data is shown as mean � SEM from at least three independent experiments.
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these cells remained in this state (Fig 4B). The handcuff model of

cohesin dimerization suggested that the dimerization of two cohesins

is mediated by sharing a single subunit. To exclude the possibility that

Scc1 is shared by two complexes, we repeated the PCH analysis with

cells containing Scc3-GFP (Fig 4C). Only monomers were detected,

suggesting that cohesin is a canonical monomer.

To eliminate the possibility that dimers are not detected due to

the limitation of our experimental setup, we constructed two yeast

strains yAM953 and yAP941 in which we tagged either SMC3 or

SCC3 in addition to SCC1 with GFP. Therefore, we expected that if

cohesin is indeed a monomer, the photon count from each cohesin

complex will correspond to two GFP molecules. The handcuff model

A B

C D

Figure 3. The effect of subunit composition on cohesin diffusion time throughout the cell cycle.

A Representative normalized FCS curve of Scc1-GFP at different cell cycle phases. Dotted lines indicate fitting of one-component anomalous diffusion models to the
respective FCS curve.

B–D The diffusion times of Scc1-GFP at S phase (B), G2 phase (C), and M phase (D) were measured in strains yIO664 (wild-type) and yEB005 (WPL1D), and in auxin-
depleted yEB002 (PDS5-AID), yAM085 (SCC3-AID), and yAM946 (ECO1-AID) cells. Data are shown as mean � SEM from at least three independent experiments.
*P < 10�5; **P < 10�13.

Table 2. Cellular concentration of cohesin subunits throughout the cell cycle.

Subunit Condition G1 S G2 M

Smc3-GFP 49.96 � 4.06 166.64 � 8.58 138.2 � 3.53 128.1 � 5.12

Scc3-GFP 78.78 � 4.94 149.53 � 10.56 151.26 � 5.23 105.85 � 10.85

Scc1-GFP N/A 157.33 � 3.67 108.0 � 6.56 69.73 � 2.0

Scc1-GFP WPL1D N/A 118.93 � 4.8 109.83 � 9.1 73.48 � 10.93

Scc1-GFP Pds5-AID N/A 132.47 � 5.86 151.28 � 10.53 75.79 � 12.48

Scc1-GFP Scc3-AID N/A 110.28 � 7.46 92.88 � 4.35 54.69 � 7.43

Protein concentrations are in nM.
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suggests that cohesin dimers are formed by two tripartite Smc1-

Smc3-Scc1 rings that are held by a single Scc3 subunit. In this case,

PCH in cells carrying Scc1-GFP and Scc3-GFP is expected to corre-

spond to three GFPs. The PCH results show only two GFPs per

molecule (Fig 4D) and, therefore, fully support our conclusion on

the monomeric state of cohesin in live cells.

Here, we analyzed the dynamics and stoichiometry of cohesin in

live cells. We found changes in cohesin diffusion time that depend

on both the cell cycle and subunit composition of the complex.

These changes in cohesin diffusion may reflect interactions with

chromatin and major conformational changes. In addition, we

showed that cohesin complexes remain as monomers. No conclu-

sive evidence of cohesin dimers or other multimers was noted.

These results provide new insight into cohesin dynamics in live

cells.

The diffusion of proteins in live cells is affected by multiple

non-exclusive factors that include molecular interactions, confor-

mation, volume exclusion, and collision in the nucleus. Most

importantly, cell cycle-dependent chromatin dynamics can also

affect the local environment of chromatin density. All these possi-

bilities should be kept in mind when interpreting FCS data from

live cells. Considering these factors, the measured diffusion of

cohesin subunits at different stages of the cell cycle is consistent

with the current model of the cohesin activity cycle. We found that

the diffusion time of Smc3 and Scc3 is lower in the G1 than the S

phase of the cell cycle. In the G1 phase, Scc1 is not expressed, and

A B

C D

Figure 4. Photon counting histogram (PCH) reveals a monomer form of cohesin.

A Typical fitted photon counting histograms of GFP and GFP-GFP in live yeast cells.
B The molecular brightness of different GFP-tagged constructs was obtained with GFP monomer and GFP-GFP dimer as the brightness standard. Cells of strain yIO664

(SCC1-GFP) were analyzed throughout the cell cycle by PCH. To examine the effects of Wpl1, Pds5, and Eco1 on cohesin dimerization, the PCH analysis was repeated
in strain yEB005 cells (SCC1-GFP WPL1D), strain yEB002 cells (SCC1-GFP PDS5-AID), and yAM946 (SCC1-GFP ECO1-AID) in which Pds5-AID/Eco1-AID was depleted
with auxin.

C PCH analysis of strain yAM085 (SMC3-GFP) throughout the cell cycle.
D PCH analysis of strains yAM953 (SCC1-GFP SMC3-GFP) and yAP941 (SCC1-GFP SCC3-GFP) containing two GFP-tagged subunits. Data are shown as boxplot (+data

overlap) with values of minimum, 5% percentile, 25% percentile, median, 75% percentile, maximum, and mean (center square marks) from at least three independent
experiments.
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therefore, cohesin is not assembled. The slower diffusion of Smc3

compared with Scc3 suggests that Smc3 possibly exists in the

dimerized form with Smc1, while Scc3 forms a subcomplex with

Wpl1 and possibly Scc2/4 or Pds5. In the S and G2 phases, the dif-

fusion times of both Smc3 and Scc3 are similar to that of Scc1 and

most likely associated with the cohesin complex assembly and

formation of stable cohesin–DNA complexes. In mitotic cells, Scc1

is cleaved by separase, and cohesin is fully released from chromo-

somes. At this stage, we noted a faster diffusion of Scc1 and Scc3.

Surprisingly, Smc3 has a slower diffusion at M phase. This may be

explained by transformation of the SMC proteins to a rod shape

after Scc1 cleavage [5,13].

The effect of depleting cohesin regulatory subunit proteins on the

diffusion of Scc1 was measured. The deletion of WPL1 resulted in

slower Scc1 diffusion compared with the holocomplex in S and M

phases. However, in G2 phase, the diffusion time of Scc1-GFP in

WPL1D cells was found to be similar to the protein in wild-type

cells. These results suggest that Wpl1 in yeast may play a role in

cohesin loading and release but not to cohesion maintenance

[15,35]. In mammalian cells, in the absence of Wpl1, cohesin is not

released from the chromatin [6,8]. Our results suggest that Wpl1

plays a similar role in yeast. The depletion of Pds5 by the auxin

degron system had an opposite effect on Scc1 diffusion and led to

an acceleration of Scc1 movement, indicating premature cohesin

release from the chromatin [7,19]. Surprisingly, the deletion of Scc3

and Eco1 led to a longer diffusion time of Scc1 in the S, G2, and M

phases.

We and others have suggested that cohesin adopts a function-

related conformation and can shift between conformations [36–38].

These conformations may include an open ring conformation and a

compact structure such as rod or folded conformation. Both Scc3

and Eco1 are essential for cohesin tethering activity [16–18]. Based

on these results, we suggest that the non-cohesive form of cohesin

is open while the chromatin-bound complex is compact. The deple-

tion of Scc3 inhibits the conformational change and stabilizes

cohesin in an open conformation that is reflected by the longer dif-

fusion time. Therefore, we predict that Scc3 is a key subunit that

controls cohesin conformation. In the absence of Eco1, cohesin

conformation at S phase is open, similar to conformation without

Scc3. Eco1 depletion inhibits Smc3 acetylation and cohesion estab-

lishment. In turn, the complex maintains its open conformation

throughout the cell cycle.

The mechanism of chromosome tethering is a long-standing

debate. Biochemical evidence supports a monomeric ring model,

while genetic evidence indicates cohesin dimerization. Our single-

cell analysis of cohesin in live yeast cells identified monomers under

all experimental conditions. Ours is also the first experiment to

explore this mechanism in live cells. Furthermore, we showed that

neither cell cycle nor cohesin auxiliary subunits induce multimeriza-

tion of cohesin. In addition, the experiments in which two separate

subunits were tagged with GFP strongly argue against the handcuff

model in which Scc3 is shared by two Smc1-Smc3-Scc1 rings. There-

fore, our results favor the model by which cohesin is active as a

monomeric ring. However, we cannot completely rule out the possi-

bility of a small fraction of cohesin present as dimers, or the exis-

tence of location-dependent dimerization as measured by ensemble

characterization of cohesin subunits at the single-cell level, where

only 10–30% of cohesin was found to be sufficient to support the

mitotic cohesion [39,40]. The discrepancy between the results

obtained by different experimental approaches is yet to be settled.

Materials and Methods

Yeast strains and growth

The yeast strains used in this work are listed in Appendix Table S3.

The strains were constructed using standard molecular and genetic

methods. Cells were grown in YPD or SD medium, as indicated

[9,38,41]. Auxin-induced degradation [42,43] was done as described

in Ref. [9,38]. Protein depletion was validated by semi-quantitative

growth assays on YPD plates, with and without auxin (IAA) (Sigma-

Aldrich), and by Western blot with antibodies against V5 (Invitro-

gen) and tubulin (Abcam).

Single-molecule fluorescence lifetime imaging system

Live yeast cell fluorescence fluctuation spectroscopy (FFS) and

imaging were performed using the Alba Confocal Lifetime Imaging

system (ISS, Inc.) The fluorescence lifetime imaging system is

described elsewhere [44,45]. Briefly, a 488 nm picosecond pulsed

laser was used to excite the GFP-tagged protein. The excitation

beam was delivered to the sample stage through an apochromatic

water immersion objective (60×, NA = 1.2, Olympus), and fluores-

cence was collected by the same objective. A 50-lm pinhole was

employed to block off-focus photons, and the final signal was fil-

tered by a band-pass filter (520/43, Chroma) before detecting by a

photon avalanche photodiode detector (SPCM-AQRH-15, Excelitas).

Photons were recorded using a time-correlated single-photon count-

ing module in the time-tagged time-resolved mode (TTTR). Autocor-

relation data were analyzed in VistaVision (ISS) and OriginPro.

Fluorescence correlation spectroscopy in living yeast

Yeast cells were cultured with synthetic defined medium at 2%

dextrose (Sigma), 6.7 g/l of yeast nitrogen base without amino acids

(Sigma), and complete supplement mixture or amino acid drop out

mixture as required (Formedium). Overnight yeast culture was

diluted to O.D. ~0.1 to 0.2 and subcultured at 27°C in the dark. For

live-cell measurements, around 1 ml of yeast cells (in mid-log

phase) was pipetted on the 18-mm, no. 1.5H round coverslip (Azer

Scientific) and maintained in an in-house 3D printed coverslip

holder before transferring to a live-cell chamber (Tokai Hit, Japan)

at 27°C. Coverslips were precoated with 0.1 mg/ml concanavalin A

(Sigma) for 60 min, rinsed with molecular biology grade water

(Corning), and stored in the dark at 4°C before use. The cell cycle

stage was defined by morphology as follows: S phase, where cells

show a tiny bud with undivided nuclei; G2 phase comprises of

medium-budded cells with nuclei near the neck; and M phase is

large-budded cells with nuclei GFP signals present in both mother

and daughter cells (Fig EV1). G1 cell synchronization was achieved

with alpha-factor mating pheromone (Zymo Research). M phase

arrest was performed with nocodazole (Santa Cruz Biotechnology)

[9,38,41].

FCS measurements were carried out using the Alba Fluorescence

Lifetime Imaging system. Ten 10-s fluorescence trace measurements
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were taken per cell with an average laser power of ~0.2 lW (mea-

sured at the back aperture of the objective) to minimize photo-

bleaching effects in each segment of the data, and the data were

averaged per cell for FCS analysis [46,47]. Cells were measured

within 45 min after mounting on the coverslip [48]. FCS analysis is

described elsewhere in our previous work [46,48,49] For FCS

measurement, the autocorrelation function G(t) is defined as

follows:

GðsÞ ¼ \dFðtÞ � dFðt þ sÞ[
\dFðtÞ[ 2

(1)

Where <F> is the average fluorescence intensity and dF(t) = F(t)–

<F(t)>.

For solution measurements, G(s) was fitted with:

GðsÞ ¼ c
\N[

� 1

1þ s
sD

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

j2 � s
sD

q (2)

where j ¼ z0
x0

represents the structure parameter of the confocal

profile. sD is the characteristic diffusion time of fluorescence mole-

cules, which reflects the transit dwell time in the effective detection

volume. j was calibrated using a known concentration of rhoda-

mine 110 solution at the beginning of each experiment day. <N> is

the average number of fluorescent particles in the excitation–detec-

tion volume. c is 0.3536 for 1-photon FCS under 488 nm excita-

tion.

For yeast cell FCS experiments, the acquired G(s) was fitted with

the standard equation for the free, 3D anomalous diffusion model:

GðsÞ ¼ c
\N[

� 1

1þ s
sD

� �a �
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1
j2 � s

sD

� �a
r (3)

where a is the degree of anomalous behavior, and 0.5–0.8 indicates

anomalous diffusion. Five hundred iterations of a Levenberg–

Marquardt algorithm were employed for fitting both PCH and FCS

data to minimize reduced chi-square. A globally reduced v2 ~ 1

was reached for the analysis.

The diffusion time sD is related to the diffusion coefficient D by

sD ¼ x2
0

4D
(4)

Cohesin dynamics is complex and involves multiple interacting

partners such as cohesin–DNA, cohesin subunit interaction, and

cohesin conformational change, among others in the nucleus envi-

ronment where the presence of chromatin presence is an additional

obstacle to diffusion. Distinguishing each diffusion component

presents significant technical difficulty, and hence, we used the one-

component anomalous diffusion model to quantify the overall

“apparent” diffusion time of cohesin subunits during cell cycle

progression. Anomalous diffusion model was used as fitting model

because we did not observe distinct 2-component FCS curve in the

experiments. A comparison of one- versus two-component analysis

is shown in Fig EV4. No significant improvement in the fitting was

achieved with the two-component model.

For PCH, the fundamental equation to determine molecular

brightness is given by [50]:

e ¼ In0bgI (5)

where e is the brightness (counts per second per molecule, CPSM), gI
is the detection efficiency, In0 is the maximum excitation at the center

of the detection volume for the one-photon system, and b is the exci-

tation probability. The PCH algorithm for a 3D Gaussian confocal

volume, which accounts for afterpulsing and dead-time effect, is

provided by VistaVision software (ISS) according to the literature

[51,52]. The histogram of detected photons with an integration time

of 50 ls was used for analysis. Laser intensity was set to the value

determined by the intensity control unit in the Alba system with an

electronically controlled neutral density filter wheel. Identical laser

power was used in experiments with SCC1-GFP strains, and yeast

cells expressing GFP and GFP-GFP were evaluated as standard

control of monomer and dimer GFP brightness. Fluorescence inten-

sity measurements of 3–10 s, without noticeable photodepletion,

were used for analysis, and 3–5 measurements were grouped to

determine the molecular brightness of a single cell.

Expanded View for this article is available online.
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