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he pericentromere chromatin pro-

trudes orthogonally from the sister-
sister chromosome arm axis. Pericentric
protrusions are organized in a series of
loops with the centromere at the apex, max-
imizing its ability to interact with stochasti-
cally growing and shortening kinetochore
microtubules. Each pericentromere loop is
~50 kb in size and is organized further
into secondary loops that are displaced
from the primary spindle axis. Cohesin and
condensin are integral to mechanisms of
loop formation and generating resistance
to outward forces from kinesin motors and
anti-parallel spindle microtubules. A major
unanswered question is how the boundary
between chromosome arms and the peri-
centromere is established and maintained.
We used sister chromatid separation and
dynamics of LacO arrays distal to the peri-
centromere to address this issue. Perturba-
tion of chromatin spring components
results in 2 distinct phenotypes. In cohesin
and condensin mutants sister pericentric
LacO arrays separate a defined distance
independent of spindle length. In the
absence of Smt4, a peptidase that removes
SUMO modifications from proteins, peri-
centric LacO arrays separate in proportion
to spindle length increase. Deletion of
Smt4, unlike depletion of cohesin and con-
densin, causes stretching of both proximal
and distal pericentromere LacO arrays.
The data suggest that the sumoylation state
of chromatin topology adjusters, including
cohesin, condensin, and topoisomerase II
in the pericentromere, contribute to chro-
matin spring properties as well as the sister

cohesion boundary.
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Introduction

Mitosis is the stage of the cell cycle
where condensed and tethered sister chro-
matids are aligned by the spindle appara-
tus in preparation for segregation into
daughter cells. Microtubules nucleated
from spindle pole bodies are attached to
the kinetochore at centromere DNA. Bio-
rientation of sister chromatids is a conse-
quence of pulling forces from the spindle
microtubules. The pericentric chromatin
(30-50 kb surrounding the centromere)
emanates from the sister cohesion axis,
adopts a looped organization, and resists
pulling forces with an inward non-linear
spring force.! The chromatin spring is
composed of cohesin, condensin, and
pericentric chromatin * as well as topo-
isomerase 2 (TopZ).3 “4 Tension generated
by the opposing forces of the outward-
directed pulling microtubules and the
inward-directed chromatin ~ spring is
sensed at the kinetochore to ensure faith-
ful segregaltion.S It remains to be eluci-
dated how tension is transduced through
pericentric chromatin that spans 800 nm
between 2 sister kinetochores to ensure
proper sensing.

Visualization  of  LacO/Lacl-GFP
sequences proximal to the budding yeast
centromere has revealed key features of
the pericentromere and how it responds to
tension. The first major observation was
sister foci separation and alignment along
the spindle when  kinetochores
become bioriented on the spindle.® Sec-

axis

ond was the organization of cohesin into a

barrel structure around the spindle
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microtubules.'® Cohesin and condensin
are enriched in the 30-50 kb surrounding
the centromere, generating a chromatin
loop as deduced by 3C technologies."’
The loops emanate from the sister chro-
matid arm axis and orient toward the
spindle pole bodies of the bipolar spindle.
Outward microtubule based forces are bal-
anced by the pericentromere chromatin
spring.” Depletion of key components of
the spring, including cohesin, condensin,
and topoisomerase results in pericentro-
mere LacO arrays stretching asymmetri-
cally along the spindle axis as well as
spindle fluctuations beyond the values
observed in wild type spindles."* * Math-
ematical modeling of yeast microtubule
spindle dynamics revealed that a non-lin-
ear chromatin spring with a threshold
extension faithfully captures experimental
asymmetric stretching, spindle length fluc-
tuations, and declustering of the 16 kinet-
ochores.! The evidence for secondary
pericentric loops is further supported by
the probability distribution heat maps of
pericentric LacO arrays and the non-over-
lapping positions of condensin (350 nm
dia. along the spindle axis) and cohesin
(500 nm dia. radially displaced from the
spindle axis) in the pericentromere
(Figs. 1A-B).>'"!2 The behavior of chro-
matin loops and how they respond to
changes in spindle length in these and sev-
eral other mutants is depicted in Fig. 1C.
Any model of the pericentromere is
incomplete without understanding the
organization of the chromatin spring and
critically, the boundary between the peri-
centromere and the sister chromatid arm
axis.

Both condensin and the
deconjugation peptidase Smt4/Ulp2
have been implicated in maintaining the
sister cohesion boundary adjacent to the
pericentromere. Recently, it was found
that condensin, Cbf5/dyskerin, and Lrs4/

monopolin display both separation and

SUMO

13

aberrant alignment of a pericentric distal
LacO array (13.2 kb from CEN 11).1
Smt4 and Top2 have been shown to affect
separation of distal pericentromere.” Fur-
thermore, Top2-SUMO is recruited to
. 15 .
the yeast pericentromere, ~ Xenopus inner
16 17
centromere, - and human centromere.
However, it is unclear what is functionally
distinct about Top2 with and without the

www.tandfonline.com

SUMO post-translational modification in
the pericentromere.3 In addition, Smt4
could affect many essential chromatin pro-
teins considering that Smt4 and condensin
genetically interact '® and both TOP2 and
SMC proteins contain sumoylation sites
and are sumoylated."’

The boundary between sister chroma-
tid cohesion and the pericentromere cohe-
sin barrel is critical to mechanisms that
focus tension at the kinetochore for proper
sensing via the spindle checkpoint. We
used a distal pericentromere label
(13.2 kb) from CEN to measure the posi-
tion and dynamic behavior in both wild
type and mutants. We find that upon
depletion of chromatin proteins (histone,
pericentric cohesin, condensin) distal peri-
centromere separation remains constant
over a large change in spindle length. This
behavior is exemplified by a constant force
spring and suggests there is a boundary to
sister-sister cohesion adjacent to the peri-
centromere that resists separation. Fur-
thermore, condensin and cohesin are not
responsible for dictating the arm bound-
ary adjacent to the pericentromere. Deple-
tion of the desumoylation peptidase Smt4
results in a linear separation distance
between sister pericentromere loci and
spindle length. The sumoylation pathway
is key to the boundary complex and aids
in focusing tension to the kinetochore by
resisting chromosome arm separation and
stretching of the chromatin spring at both
centromere proximal and pericentromere
distal loci.

Results

Condensin tethers the distal
pericentromere to the spindle tension
axis

Depletion of condensin results in the
separation and loss of alignment along the
spindle axis for loci distal to the centro-
mere.'* Condensin tethers chromatin to
the spindle axis leading to the hypothesis
that pericentromeres from different chro-
mosomes are cross-linked via condensin’s
interaction with dyskerin and pericentric
tRNA genes."* This hypothesis predicts
that the pericentromere from one chromo-
some will be detached upon removal of all

tDNA genes throughout the
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chromosome.'* Toward this end, tDNA
genes were removed from chromosome
III, the essential tDNA genes relocated to
other chromosomes to ensure survival of
the mutant strain.'* Probability distribu-
tion heat maps were generated for sepa-
rated 11.5 kb distal pericentromere LacO
arrays relative to their respective spindle
pole bodies *'"*° for wild type and Chr3-
tDNAA strains. Separated wild type distal
pericentromere loci at 11.5 kb displayed
clustering around the spindle axis similar
to proximal pericentromere arrays and
had an average radial distribution from
the spindle axis of 143 £ 8 nm (standard
error, n = 166, Figs. 2A-C). Removal of
tDNA  sites resulted in a significant
increase in the radial distance from the
spindle axis to 196 + 11 nm (standard
error, n = 188, p < 0.01, Figs. 2B, C).
The probability distribution map is shown
in Fig. 2 A and B. Reduced condensin at a
single pericentromere via deletion of
tDNA genes results in the radial displace-
ment of the distal pericentromere from
the spindle axis (Fig. 2).14

To determine if condensin is par-
tially or solely responsible for distal
pericentromere  radial  position, we
imaged a distal LacO array in wild type
and various mutants. Using a LacO
array at 12.6 kb (centroid 13.2 kb,
1.2 kb array) we measured the radial
displacement of separated LacO arrays.
In wild type cells the distal pericentro-
mere LacO was radially displaced
172 4+ 95 nm from the spindle axis. An
increase in spindle length without per-
turbing the chromatin spring can be
accomplished by overexpression of the
kinesin motor protein Cin8.”! Spindle
length increased 50% (1.5 pm to
2.2 pm) and the radial position of the
distal pericentromere LacO decreased
slightly to 140 + 42 nm (GalCin8,
Fig. 2C), suggesting that increased spin-
dle length does not increase radial posi-
ton. Depletion of pericentric cohesin
has been reported to be responsible for
the radial position of the centromere
We depleted

cohesin  via

proximal LacO arrays.”
the pericentromere  of
mem2IA which resulted in a longer
spindle, increased percentage of mitotic
cells with separated LacO, but no sig-
nificant change in the radial position of
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Figure 1. Hypothesized structure of the pericentromere. (A) Wild type mitotic spindle drawn to scale with a single sister chromatid pair. (B) Hypothesized
compaction of 25 kb of the pericentromere from the sister cohesion axis to the centromere. The 25 kb is separated into 7 kb extended along the spindle
tension axis and 2 cohesin/condensin-based loops each 8-10 kb in size. (C) The hypothesized pericentromere compaction accounts for size increases in
H3 repressed spindles via loss of half the nucleosomes/compaction and cohesin or condensin mutants in which asymmetric stretching occurs. Scale bar

the distal pericentromere LacO arrays
(181 £ 12 nm, p > 0.05, n = 158,
Fig. 2C). Taken together these data
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suggest that increased spindle length,
increased LacO separation, and centro-
mere proximal confinement dictated by

pericentromere loci.
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pericentric cohesin are not necessary to
maintain the radial position of distal
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Figure 2. Condensin tethers the distal pericentromere to the spindle axis. (A, B) Probability distribution map of a separated LacO array inserted at
11.5 kb from CEN IIl in wild type and tDNAA chromosome 3. (C) Graph of average radial distance from spindle axis in a LacO array 11.5 kb from CEN Il or
LacO array 13.2 kb from CEN XI. Error bars represent standard error. (¥) Asterisks denotes significant increase compared to wild type, P< 0.01.

Depletion of dyskerin or monopolin
results in a 40-60% depletion of pericen-
tric condensin and a loss of alignment
along the spindle axis."* The proximity of
the distal pericentromere LacO to the
spindle axis did not change upon their
depletion (177-187 nm, n = 50 and 86,
p > 0.05, Fig. 2C). However, depletion
of a subunit of condensin (br71-9) results
in the distal pericentromere LacO becom-
ing significantly displaced from the spin-
dle axis, increasing from 172 nm in wild
type to 252 £ 15 nm (n = 118, p <
0.01, Fig. 2C). This is contrary to con-
densin’s role in the centromere proximal
pericentromere where condensin dictates
axial but not radial position.

To quantitate the radial position of
pericentric chromatin, we used centro-
mere proximal 10 kb LacO arrays inserted
at 1.8 kb (centroid at 6.8 kb) from CEN
XV which have been shown to stretch
asymmetrically. A stretched (linear fluo-
rescence signal) and its sister LacO that
remains as a compact foci are indicative of
the differential distribution of tension
between sister chromatids (Fig. S1A).
There is higher tension along the spindle
axis (stretched chromatin) vs. radially dis-
placed foci (compact chromatin). In wild
type spindles the stretched LacO resides
on average at 82 nm from the spindle axis
while un-stretched
143 nm  (Fig. S1B).

mutants depleted of histone, pericentric

its sister  resides

In  chromatin

cohesin, or condensin, this trend persists.
However, during asymmetric stretching
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the focus becomes further radially dis-
placed from the spindle axis (150 nm to
>225 nm in the mutants, Fig. S1B). The
displacement of one focus is likely due to
the loss of tension once its sister LacO
array decompacts and stretches along the
spindle axis. The average radial displace-
ment for stretched LacO arrays are signifi-
cantly less than that of a focus (blue vs.
red bars, Fig. S1). The radial positions of
stretched pericentromere under tension
and its sister not under tension mirror the
change in radial displacement seen at dis-
tal pericentromere loci from spindles with
condensin or depleted of condensin
(brn1-9, Fig. 2). The radial increase of
distal pericentromere loci in condensin
mutant brnl-9 could result from a similar
mechanism via loss of tethering and ten-
sion from the spindle axis and misalign-
ment of the sister spot.

Distal pericentromere radial position
is dictated by tension via histone and
condensin compaction while SMT4 resist
tension based stretching

Condensin tethering of the distal
pericentromere may also dictate the
transition from the chromosome arms
to the pericentromere. In order to
determine the separation behavior of
distal pericentromere chromatin  we
imaged the 1.2 kb LacO/Lacl-GFP
array at 12.6 kb from CEN XI (cen-
troid at 13.2 kb) in wild type and
mutant spindles along with spindle pole

bodies (Spc29-RFP). Wild type cells
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show infrequent separation of distal
pericentromere (5%, n = 61, Fig. 3) in
agreement with previous findings.® To
determine if the distal pericentromere
separates upon elongation of the meta-
phase spindle without perturbing the
chromatin spring we overexpressed the
kinesin motor protein Cin8 (GalCin8).
Mean spindle length increased from
1.5 wm to 2.2 pm while separation of
sister 13.2 kb LacO arrays increased
from 5% to 11% (n = 57, Fig. 3A).
When the chromatin spring is per-
turbed via depletion of pericentric cohe-
sin (mem2I1A) or condensin (brnl-9)
mean spindle length increased to 2.1
and 2.6 wm, and the incidence of
13.2 kb LacO separation increased to
45% and 62% respectively (Fig. 3A).
cbf5-AUU/dyskerin mutant and /rs4A/
monopolin mutants displayed a similar
mean spindle length as wild type
(1.5 wm) but a significant
increase in distal pericentromere percent
separation  (52% and 25%). The

increase in separation percentage in dys-

showed

kerin mutants is consistent with its role
in recruiting condensin to the mid-spin-
dle.'® Thus, sister chromatin loci distal
to the centromere resist tension in wild
type or upon elongation of the spindle
via kinesin generated force, but separate
upon perturbation of the chromatin
spring. The ability to differentially
effect sister chromatid separation is
indicative of the different mechanistic
of

contributions microtubule-based
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Figure 3. Compaction dictates axial alignment while SMT4 and TOP2 resist axial strain. (A and B) Metaphase spindles were imaged with distal pericentro-
mere labeled via LacO/Lacl-GFP at 13.2 kb from CEN XI and spindle poles bodies Spc29-RFP in wild type and mutants GalCin8, GalH3 (23 kb), mcm21A,
brn1-9, cbf5-AUU, Irs4A, top2-4, and smt4A. (R) Metaphase spindles were scored for the percentage of cells displaying separated 13.2 kb LacO/Lacl-GFP
foci. (B) Separated 13.2 kb LacO foci were classified as axial (blue), perpendicular to the spindle (orange) or stretching/splitting (green). Representative
images show spindle pole bodies (purple) and 13.2 kb LacO (green). Scale bar =1 pm.

motor proteins vs. chromatin topology
adjusters.

Pericentric cohesin and condensin both
maintain the chromatin spring, but there
are distinct mechanistic differences.? In
order to gain insight into functional spe-
analyzed LacO arrays
13.2 kb distal pericentromere loci. Sepa-
rated 13.2 kb LacO arrays in wild type
and GalCin8 overexpression mutants

cialization we

remained aligned along the spindle axis,
denoted as axial (blue, Fig. 3B). Similarly,
depletion of pericentric cohesin results in
separation and axial alignment along the
spindle axis (mem2IA, Fig. 3B). In con-
trast, depletion of condensin or its recruit-
ing complexes (dyskerin, monopolin)
results in separated 13.2 kb foci that are
misaligned relative to the spindle axis.
The separated foci lie perpendicular to the
spindle axis in 30% of spindles (orange,
Fig. 3B). Thus, condensin is responsible
for both the separation and the proper
alignment of distal pericentromere chro-
matin along the spindle axis.'*

Pericentric condensin both compacts
and resists stretching of the pericentric
chromatin proximal to the centromere.
This was evidenced by imaging LacO
6.8 kb from CEN XV in a condensin tem-
perature sensitive mutant (brn1-9).% LacO
foci distance from the spindle pole
increased (decompaction) and LacO/Lacl-
GFP foci were imaged as a line signal
more frequently (stretching). Distal peri-
centromere label 13.2 kb does not show
any evidence of stretching or splitting
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upon depletion of condensin (Fig. 3B).
Decompaction of centromere proximal
loci (6.8 kb) was also accomplished by
depletion of histones via GalH3 repression
with no increase in pericentromere
stretching.” Decompaction of the pericen-
tromere via histone depletion results in
similar increases in spindle size (2.4 pm)
and distal LacO separation percentage as
observed in condensin mutants (GalH3
45% separation of 23 kb LacO from
CEN, Fig. 3A). Furthermore, decompac-
tion of the pericentromere via histone
depletion results in aberrant perpendicular
alignment of separated distal pericentro-
mere LacO to levels comparable to per-
centages in condensin, dyskerin, or
monopolin (30% perpendicular separated
13.2 kb or 23 kb, Fig. 3B). Thus, loss of
histone or condensin based chromatin
compaction results in a separated distal
pericentromere that fail to properly align
relative to the spindle axis.

Stretching of centromere proximal
pericentromere LacO arrays was reported
by Bachant and colleagues when cells were
depleted of Top2 or desumoylation
enzyme Smt4.>* To determine if these
components also increase separation of
distal pericentromere loci, we generated
mutants in strains containing the LacO
array 13.2 kb from CEN. Temperature
sensitive Top2 mutant (z0p2-4) and dele-
tion of Smt4 (smt4A) resulted in similar
increases in spindle length (1.5 pm WT
to 2.2-2.5 wm) and increased percentage
of separated 13.2 kb LacO arrays (60%,
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Fig. 3A), similar to previous ﬁndings.3 In
both 2p2-4 and smt4A, stretching (line
signal) or splitting (a single sister foci
breaking into multiple foci) of the LacO
array was observed in a fraction of spindles
(green, Fig. 3B). This is the first reported
stretching of distal pericentromere LacO
arrays and LacO arrays of such a small size
(1.2 kb, 360 nm B-form DNA). This
unique stretching/splitting phenotype was
also reported for rop2-4, smr4A, and non-
sumoylated top2 (zp2-SMN) mutants
containing centromere proximal LacO
atrrays.3 4 Thus, distal pericentromere
LacO at 13.2 kb resists stretching in a
Smt4 and Top2-dependent mechanism.

Distal pericentromere separation
distance is dictated by the desumoylation
enzyme SMT4

The distal pericentromere could be
separating to a defined distance dictated
by the pericentromere or in a linear func-
tion related to spindle length. To test
these 2 possibilities we measured percent
of separated sister loci at 13.2 kb from
CEN as well as the distance between sepa-
rated sister loci in spindles of increasing
length. All mutants showed relatively lin-
ear increases in percentage of 13.2 kb
LacO separation for increasing spindle
lengths (Fig. 4A). However, the distance
between separated LacO spots vs. increas-
ing spindle length bins revealed a more
complex situation. For wild type spindles,
separation only occurred at higher spindle
lengths and for the small number of events
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TR 100% T-=wr T 2 ——WT

Qz  goy, {—Gcalcin g = ~e—GalCing

oW ? |~cams 5 1.5 1 cam

a0 29

o g 60% -—=mem21 T 8 ~e—mem21

25 ~e—brn1-9 L 1 4 {=brte

TE  40% |-+ corsavy 83 — chISAUU

22 —a—Irsd E T 05 {4

% S 20% | ——top2-4 g g : —e—top2-4

R gop 4emd R R L . ,
0 1 2 3 > 0 1 2 3 =

Spindle length bins (um) Spindle length bins (um)

C spinde 1320

poles LacO
(T X X ] linearly increasing
o0 090 (only smt4A)
®®®@® consistent separation
® 00 © (all others)

length. Error bars represent standard error.

Figure 4. Distal pericentromere separates a defined distance irrespective of spindle length and is controlled by Smt4. (A and B) Metaphase spindles were
imaged with distal pericentromere labeled via LacO/Lacl-GFP at 13.2 kb from CEN XI and spindle poles bodies Spc29-RFP in wild type and mutants Gal-
Cin8, GalH3 (23 kb), mecm21A, brn1-9, cbf5-AUU, Irs4A, top2-4, and smt4A. (A) Percentage of spindles with separated 13.2 kb LacO foci and (B) distance
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deletion of SMT4 results in a linear increase/proportional response of separation distance between the distal pericentromere and increase in spindle

the average separation distance was
0.5 pm (n = 2, Fig. 4B). A 0.5-0.8 wm
132 kb LacO  separation  distance
occurred irrespective of spindle length for
mutants with decreasing histone compac-
tion (GalH3), depleted of pericentric
cohesin (mcm21A), condensin (brnl-9,
cbf5-1 and /rs4A\), or overexpression of the
kinesin motor Cin8 (GalCin8; Fig. 4B,
Table S1). These data suggest that there is
a tether/boundary of sister chromatid arm
cohesion adjacent to the pericentromere
that limits the physical length of distal
pericentromere separation. This boundary
is independent of pericentric cohesin, con-
densin enrichment, or histone
compaction.

It has been hypothesized that Top2 and
the sumoylation pathway dictate the inter-
change from the sister-sister cohesion
boundary relative to the orthogonal peri-
centromere loops.s’4 Depletion of Top2
(top2-4) displays a similar constant dis-
tance of separation relative to spindle
length. However, deletion of the desu-
moylation peptidase Smt4 results in a lin-
ear increase in 13.2 kb LacO foci
separation and spindle length (Fig. 4B).
Linear fit to the data reveals a slope of 0.5
with a good fit (R* = 0.94, Table S1)
indicating that the chromatin spring
length on average increases uniformly
with half the increase coming between the
labeled foci and half the increase coming
from outside the labeled foci to account
for the increase in spindle length. Thus,
the sumoylation pathway and specifically
desumoylation peptidase Smt4 dictates

www.tandfonline.com

the sister-sister cohesion boundary adja-
cent to the pericentromere chromatin

spring.

Smt4 is also component of the
pericentromere spring

Smt4 is responsible for cohesion of the
arms at the boundary of the pericentro-
To determine if Smt4
responsible for centromere proximal force

mere. is also
resistance, we deleted Smt4 in a strain
with LacO at 6.8 kb from CEN XV. An
increase in 6.8 kb LacO pericentromere
stretching was measured for increasing
spindle length bins (Fig. 5A), suggesting
Smt4 contributes to both the proximal
and distal portions of the pericentromere.
This is expected from the demonstrated
sumoylation of cohesin, condensin, and
topoisomerase 2."” The stretching behav-
ior is similar to other known chromatin
spring components cohesin, condensin,
and Top2.>” Interestingly, the probability
of stretching for 6.8 kb LacO and 13.2 kb
LacO are similar in sm#4A mutants (41%
vs. 32%; Fig. 5B) while stretching is not
seen at the 13.2 kb for other chromatin
spring proteins (Fig. 3B). Thus, Smt4
aids force resistance in both proximal and
distal pericentromere.

Perturbation of the chromatin spring
results in  increased  pericentromere
stretching coupled with spindle fluctua-
To whether smt4
mutants display a similar phenotype, we
measured spindle length fluctuations in
smt4A spindles. Mutant smt4A spindles
show

tions. determine

increased fluctuations

spindle
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(Fig. 5C). The average change in length
(AL) increased from 110 nm in wild type
to 250 nm in sm#4A (Fig. 5C, D, n =
177 and 169 respectively). Thus, Smt4 is
both a major component of the chromatin
spring as well as functioning at the bound-
ary between the sister-sister cohesion axis
and the pericentromere.

Smt4 aids condensin clustering in the
pericentromere

Since Smt4 is a desumoylation enzyme
it is unlikely that the protein itself main-
tains the chromatin spring but instead
controls the sumoylation of a chromatin
spring component. It has been found that
sumoylation can keep proteins from
aggregating or clustering.”*”> Sumoyla-
tion sites have been found on Top2, cohe-
sin, and condensin."’ Previously, we have
shown that condensin clusters in the peri-
centromere.'> To determine if loss of
Smt4 disrupts condensin clustering in the
pericentromere, we deleted Smt4 in a
strain with condensin Smc4-GFP and
spindle pole bodies Spc29-RFP (Fig. 6A).
In wild type spindles Smc4-GFP forms
either a focus, 2 foci, or a uniform line sig-
nal with equal probability.”> Simulations
accounting for the number of condensin
molecules and the size of the pericentro-
mere and condensin structure revealed
that clustering of 8-16 molecules of con-
densin are required to recapitulate the
experimental pattern of fluorescence.'” If
a molecule is dispersed (not clustered) it
should highlight the entire structure (line
signal) while clustering causes a smaller
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mitotic spindle with labeled spindle pole bodies (purple). The pericentric condensin is between the spindle poles (solid white arrow) and the rDNA con-
densin is off the spindle axis (hollow arrow). (B) Graph of condensin intensities measured in the pericentromere (between the spindle poles) and cor-
rected for background for WT, mecm21A and smt4A (n = 20, 18, 32 respectively; p > 0.6). Error bars represent standard error. (C) Size measurements for
simulated condensin cylinder in mutants mecm271A and smt4A. Wild type condensin cylinder best fit to a simulated cylinder 700 nm in length with a
1.45 wm spindle length.'? Simulated condensin cylinder length was increased to 1400 nm to account for increase in spindle length to 2.15 pum for
mcm21A and smt4A mutants. (D) Line scans drawn through experimental images of condensin fluorescence along the spindle axis in mcm271A and
smt4A mitotic spindles to determine classification of one focus, 2 foci, multiple foci, broken line, or uniform. The measured number of condensins 240 '2
were randomly placed inside the cylinder as groups of 16, 8, 4, 2, or 1 to simulate a gradient of clustering to individual molecules. Scale bars = 1 pm.
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signal or non-uniform (single foci or 2
foci). To account for the similar increase
in spindle length of mem2IA and smr4A
mutants (from 1.45 to 2.15 pm), we
increased the size of the simulated conden-
sin cylinder from 700 nm in WT to
1400 nm (Fig. 6C). Upon lengthening of
the spindle in mem2IA spindles, conden-
sin total fluorescence remains unchanged
(Fig. 6B and'®) while uniform signal
remains in the minority (40% uniform or
broken line signal) and clustered remains
the majority (60% one focus, 2 foci, or
multiple foci), similar to wild type.
Mutant sm#4A also maintain condensin
pericentromere enrichment (Fig. 6B), but
display a more uniform Smc4-GFP distri-
bution (60 % uniform vs. 40% clustered,
Fig. 6D). Modeling of condensin mole-
cules at different levels of clustering reveals
that mem21A maintains a high level of
condensin clustering (8-16 molecules per
cluster) while the increase in uniform
labeling for smt4A best matches a decline
in clustering (2-4 molecules per cluster).
Thus, the loss of desumoylation results in
declustering of condensin which likely
perturbs of the chromatin spring.

Discussion

The pericentric chromatin in budding
yeast is organized into an intramolecular
loop with the centromere at the apex of
the primary loop and condensin at the
base of secondary loops. The pericentric
loops are restricted to 30-50 kb surround-
ing each centromere. Outside the pericen-
tric region, sister chromatid arms are
linked in an intermolecular fashion
through the action of cohesin. The
boundary between these 2 structural
modes is critical to understanding how
tension is generated between sister centro-
meres. A widely cited model is that ten-
sion is focused on the intermolecular
cohesion between sister chromatids. Based
on the intramolecular pericentric loops,
this would have to be outside the pericen-
tromere, along the chromosome arms.
Alternatively, tension could be generated
within the pericentromere, through the
packaging and confinement of chromatin
loops."? In either scenario, there is a tran-
sition between intra- and inter-molecular
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sister chromatid linkages. The identity
and function of boundary factors and how
they might establish an inflection zone has
not been elucidated. One of the mitigating
factors is that the transition zone may vary
among the 16 replicated chromosomes in
sequence and spatially relative to the spin-
dle. Using LacO/Lacl-GFP arrays inserted
at distal pericentromere sites we have
identified a boundary that restricts separa-
tion of the pericentric chromatin. This
boundary is dictated by the Smt4 SUMO
peptidase that deconjugates SUMO, a
post translational modification known to
occur on many essential chromatin pro-
teins such as cohesin, condensin, and top-
oisomerases. In the absence of the Smt4,
there is a linear increase in centromere
DNA separation as a function of spindle
length. This phenotype is unique to Smt4
and defines its functional role in mainte-
nance of the boundary. Furthermore,
Smt4 contributes to the mechanical prop-
erties of the pericentromere.

Upon deletion of the SUMO deconju-
gation enzyme Smt4 additional chromatin
from the arms is brought into the spindle
resulting in increased distance between
LacO arrays (Fig. 4B). Several compo-
nents enriched in the pericentromere
including cohesin, condensin, and topo-
isomerase II are sumoylated. It is likely
that the transition zone is dictated by one
or more of these sumoylated chromatin
proteins. Condensin sumoylation deter-
mines clustering in the pericentromere
(discussed later), but evidence is lacking
for a role in determining the boundary.
On the other hand, cither cohesin®® or
topoisomerase IT*” could act to maintain
sister cohesin at the boundary (Fig. 7A).

Cohesin’s main function is to promote
2829 and sumoylation
of cohesin has been shown to cause degra-
dation of cohesin. Sizl and 2 —dependent

sister-sister cohesion

sumoylation of cohesin in preparation for
degradation is antagonized by Pds5 or
overexpression of SMT4 which can sup-
press pds5 mutants.”®  Alternatively,
sumoylation of Pds5 itself has been
reported to lead to an inability to protect
cohesin from degradation or dissolution
of sister cohesion.”’ Here we showed that
loss of pericentric cohesin enrichment
does not result in linear separation, sug-
gesting cohesin at the sister cohesion
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boundary is not recruited by the kineto-
chore COMA complex. In addition, cohe-
the
centromere via ChIP in sm#4A mutants
remains similar to wild type.” Therefore,
additional research is required to clearly

sin  enrichment proximal to

determine cohesin’s possible role in defin-
ing the transition between intra- and
intermolecular sister chromatid cohesion.

Of the essential proteins in the pericen-
tromere, sumoylated topoisomerase II is
specifically recruited to the pericentromere
during metaphase in many eukaryotes.'”™"”
Pericentric Top2-SUMO is required to
relax topological stress when sister centro-
meres are bioriented. Topological stress is
induced upon nucleosome release from
stretched  pericentric  chromatin  on  the
spindle axis.>*** Similarly, Top2 sumoyla-
tion aids in the relief and redistribution of
mechanical stress as in meiotic crossover
interference.” It is possible that topological
catenates outside the pericentromere deter-
mine the boundary between sister cohesion
and the pericentromere. Topological cate-
nates are sufficient to maintain sister chro-
matid cohesion even when cohesin is
depleted.>**> Thus, over accumulation of
Top2-SUMO in the pericentromere with-
out the SUMO peptidase Smt4 could
result in removing catenates responsible for
setting the boundary, allowing sister cohe-
sion chromatin to transition into pericen-
tric chromatin. This idea is supported by
the partial suppression of the separation of
LacO arrays at the distal pericentromere in
smt4A mutants by a non-sumoylatable ver-
sion of Top2 (top2-SMN).*

The requirement for sumoylation at
the boundary between intra- and intermo-
lecular looping provides insights into how
tension is transmitted to the centromere/
kinetochore  (Figs. 7A-C). A
unique phenotype of the Smt4 deletion is
that distal pericentromere LacO arrays

second

stretch as frequently as the proximal peri-
centromere (Fig. 5B). One possibility is
the transition zone is ill-defined, and there
is more pericentric chromatin proximal to
the spindle (Fig. 7C). The increase in
crowding could increase tension as evi-
denced by stretching of distal chromatin
(Fig. 4). In addition, the increase in
sumoylated proteins could perturb the
mechanical properties of the chromatin

spring.
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pericentromere to the kinetochore.

The distal pericentric LacO array is a
monitor of tension throughout the peri-
centromere. One of the major phenotypes
of separated distal pericentromere LacO
arrays is perpendicular alignment to the
spindle axis (Fig. 3). This occurred upon
decompaction of the chromatin spring via
histone repression (GalH3), condensin

depletion (brni-9, lrsdA, cbf5AUU), or
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mutation in topoisomerase II (top2-4).
These foci are not displaced from the spin-
dle axis, except for depletion of condensin
brn1-9 (Fig. 2C). Rather, they lose their
alignment relative to the primary microtu-
bule spindle axis. The defect in alignment
might reflect disorganization of the peri-
centric chromatin network surrounding
the central spindle. Condensin functions
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to cross-link pericentromeres of neighbor-
ing chromosomes to the central spindle
axis."** However, depletion of nucleo-
somes does not disrupt inter-pericentro-
mere cross-linking. Thus, disruption of
the cross-linked pericentromere network
is more likely to result in displacement of
LacO from the spindle axis as seen only in
(Fig. 2C).  An

condensin  mutants
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alternative is that perpendicular alignment
is the result of reduced tension between
sisters. This is evident in asymmetric
stretching of centromere proximal LacO
arrays in condensin mutants (60%).>
While one pericentromere strand is proxi-
mal to the spindle and decompacted, its
sister chromatid remains compact and dis-
placed from the spindle axis (see Fig. S1).
The displaced foci often moves closer to
the spindle pole suggesting tension at this
locus is lost (Fig. S1). In mammalian
cells, condensin mutants also fail to prop-
erly transduce tension to the kinetochore
for proper sensing, leading to chromo-
some misalignment and inability to cor-
rect improper attachments.?”*®

The role of condensin in cooperative
condensation/clustering has been noted in
a number of recent studies. It was first
reported that condensin condenses chro-
matin cooperatively.3 %40 Theoretical
work described how cooperativity and
clustering of condensin complexes would
result in condensation.®! We have found
that condensin forms either one foci, 2
foci or a line signal in the pericentromere
with equal frequency. This behavior can
be simulated by clustering of condensin
complexes using the experimentally deter-
mined size of the condensin cylinder in
the pericentromere and the number of
condensin molecules."? Sun and Marko
have found similar condensin clusters in
human mitotic chromosomes both in the
pericentromere and in the arm via anti-
body labeled fluorescence of isolated sister
chromatids (Sun et al., data unpublished).
The mechanism of clustering may reside
in the binding to tRNA genes.'#*?

It has been reported that sumoyla-
tion can modulate the clustering or
cooperative  binding of proteins.”**’
Our evidence suggest a similar mecha-
nism for the control of condensin clus-
tering as excess sumoylation (smr4A)
results in pericentric condensin declus-
tering (Fig. 6). Clustered condensins
compact the pericentromere into loops
and cross-link different pericentromeres
to coordinate movement and resist ten-
sion from outward spindle forces. Dele-
tion of Smt4 does not disrupt the
enrichment of cohesin® nor condensin
(Fig. 6B) but does result in decompac-
loops and

tion of pericentromere
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stretching along the spindle axis viewed
by imaging centromere LacO arrays.
While the phenotype is complex, the
increased concentration of SUMO in
the spindle perturbs the network in a
way that disrupts the coordination
among the pericentromeres. This leads
to asymmetries in the spatial distribu-
tion of force within the pericentric,
manifested as asymmetric and off-axis
stretching. The appropriate balance of
sumoylated complexes in the mitotic
spindle is essential to maintaining the
pericentromere chromatin spring as well
as its boundary with sister arm
cohesion.

The modulation of the boundary
between the pericentromere and sister arm
cohesion as well as the pericentromere
chromatin spring is dictated by sumoyla-
tion and the SUMO deconjugation pepti-
dase Smt4. The inability to set a boundary
between the pericentromere and sister arm
cohesion results in premature sister chro-
matid separation and dramatic increase in
stretching/decompaction at distal pericen-
tromere loci. Furthermore, lack of desu-
moylation  results in  condensin
declustering and increased stretching of
centromere proximal chromatin that leads
to spindle length fluctuations. These per-
turbations results in the inability to prop-
erly sense tension and correct errors.t344
Thus, the desumoylation peptidase Smt4
is a key regulator of the transition between
intermolecular sister chromatid cohesion
and the intramolecular pericentric chro-
matin spring.

Materials and methods

Cell preparations

Cells were incubated in YPD (2% glu-
cose, 2% peptone, and 1% yeast extract)
at 32°C for WT strains. Temperature-sen-
sitive strains containing 6rn1-9, lrs4A and
top2-4 were grown at 24°C. Temperature-
sensitive strains brn/-9 and rop2-4 were
grown into early log phase at 24°C and
then shifted to restrictive temperature at
37°C for 3 h before filming. Tempera-
ture-sensitive stains were then viewed at
RT for no longer than 45 min. Gal-Cin8
strains were grown in YPD (2% glucose)
then shifted to YPG (2% galactose) for
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3 hours before imaging. Gal-H3 strains
were a factor arrested in YPG (2% galac-
tose), washed, and then released into YPD
(2% glucose) for 3—4 h before viewing, to
deplete H3 histone as outlined in Bouck
and Bloom.*> LacO/lacI-GFP strains were
grown in SD-His media to induce lacl-
GFP under the HIS promoter as outlined
by Goshima and Yanagida® and Pearson
et al.®

Microscopy

Wide-field microscope images were
acquired at RT (25°C) using a microscope
stand (Eclipse TE2000-U; Nikon) with a
100x Plan Apo 1.4 NA digital interfer-
ence contrast oil emersion lens with a
camera (Orca ER; Hamamatsu Photon-
ics). MetaMorph 6.1 software (Molecular
Devices) was used to acquire unbinned z
series image stacks with a z step size of
300 nm. Imaging was performed in water
on ConA-coated coverslips. Image expo-
sure times were between 300 and 800 ms.

LacO array analysis

Population images of metaphase cells
were acquired of strains with 13.2 kb
LacO arrays (1.2kb array inserted at
12.6 kb from CEN XI; ®) in WT, Gal-
Cin8, GalH3, mem2IA, brnl-9, cbf>-
AUU, IrsdA, top2-4, and smt4A mutants.
Lacl-GFP is a fusion protein of GFP-
LacI-NLS driven by the HIS3 promoter,
with the Lacl gene deleted for 11 C-termi-
nal amino acids to prevent tetrameriza-
tion.* Images captured using
unbinned acquisitions and were analyzed
in MetaMorph. Orientation relative to the
spindle axis was determined as axial if
both foci lie parallel to the spindle axis,
whereas perpendicular orientation was
determined by foci lying at a 90° angle to
the axis as outlined in Snider et al., .'* In

were

MetaMorph line scans were used to deter-
mine focus versus stretching or splitting
LacO spots.” Focus LacO spots were
determined by a Gaussian distribution
line scan through the brightest pixel.
Oppositely, stretched LacO was deter-
mined by a non-Gaussian distribution or
broadening of the line scan with a 0.5
decrease in brightest pixel fluorescence sig-
nal compared with a focus. LacO was clas-
sified as splitting if the line scan revealed
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to bright pixels >250 nm apart for a sin-
gle sister loci.

Using Metamorph the brightest pixel
was logged into Excel (Microsoft) for each
spindle pole body (Spc29-RFP) and
LacO/LacI-GFP. In Excel data was ana-
lyzed to measure spindle length and/or
LacO separation distance in micrometers.
Distances were measured in 2 dimensions
using the Pythagorean Theorem. Excel
was used to apply geometrical rotations to
each spindle and respective LacO coordi-
nates to a defined y-axis then report the
radial displacement, distance in y, of the
LacO coordinate from the spindle axis.

Probability distribution heatmaps

For heat mapping, images of 1.7-kb
LacO/Lacl-GFP were rotated and aligned
relative to the spindle axis (determined by
Spc29-RFP) using MATLAB. The LacO
array is a 1.2-kb 32-mer described in
LacO array analysis, inserted at Metl4
1.1 kb from the centromere on chromo-
some XI.* The distance in x and y from
the spindle pole was measured for the
brightest pixel of each LacO and logged in
Excel. The number of occurrences of a
LacO occupying a position within one
quadrant of the spindle was recorded and
mirrored across the x axis. This informa-
tion was transferred to MATLAB, in
which an image was generated using the
black body radiation spectrum to depict
probability of the LacO position.

Spindle length and variation

Spindle lengths were measured by log-
ging the coordinates of the brightest pixel
of each spindle pole body, marked by
Spc29-RFP, using MetaMorph. Coordi-
nates of pixel position were measured in
triplicate. The coordinates of sister spindle
poles were transferred to Excel and con-
verted into distance spindle length in
micrometers. Spindle lengths were mea-
sured in 2 dimensions and 3 dimensions
using the Pythagorean theorem. Time-
lapse videos were performed on single cells
using Acquire Timelapse in MetaMorph
to take a z series every 35 s for 20 time
points, equaling 11.67 min. Change in
spindle length, denoted as variation, was
calculated by the absolute value of the dif-
ference between spindle length at each
time point and the mean spindle length of
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the time lapse. All metaphase spindle
lengths and time lapses were taken in spin-
dles of at least 1.1 wm, with separated
Nuf2 kinetochore foci and spindles not
exhibiting linearly increasing anaphase
spindle behavior.

Analyzing Smc4-GFP fluorescence

MATLAB (MathWorks Inc.) was used
to rotate the spindle axis of MetaMorph
images horizontally using Spc29-RFP as
markers of spindle ends. Horizontally
rotated images could then be analyzed in
MetaMorph with the brightest pixel of
both spindle pole bodies along the same y
coordinates. Line scans 1 pixel in width
were drawn along the spindle axis through
the brightest pixel. The data of pixel posi-
tion and intensity of Smc4-GFP were
transferred to Excel (Microsoft) and
graphed to determine the classification
(one focus, 2 foci, or uniform signal) of
condensin enrichment between the spin-
dle poles. Simulated fluorescence images
were analyzed in the same manner.

Condensin enrichment was measured
as reported in Snider et al.,."* In Tmage] a
box the size of 15 x 27 was used to mea-
sure the integrated intensity of the peri-
centric condensin and a box 25 x 37 was
used to correct for background. Integrated
intensity of Smc4 (FSmc4) was then
determined by the following formula in
Excel: FSmc4 = FI - Fbackground, in
which Fbackground = (Fp - Fy) X (area
of inner region - area between perimeter
of inner and outer regions), FI = inte-
grated intensity of inner region, and FO
= integrated intensity of outer region.

Model convolution

The experimental PSF of our micro-
scope was determined by imaging a 100-
nm fluorescent bead with 100-nm z-steps
spanning 1 wm above and below the
brightest plane. Five different z-series of
100-nm fluorescent beads were aligned
and averaged to generate the average PSF
of our microscope.47 The experimental
PSF z-stack was imported into Micro-
scope Simulator 2.0.0 for use. The Micro-
scope Simulator 2.0.0 software program
(CISMM  UNC-Chapel Hill; hetp:/
cismm.cs.unc.edu/downloads*®) was used
to generate geometrical cylinder models
with length, inner diameter, and outer
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diameter. Cylinders were filled randomly
with a designated number of fluorophores
to represent clustering (fewer fluorophores
= more clustered, more fluorophores =
lack of clustering). The experimentally
measured number of condensin fluoro-
phores is 240.'* Each fluorophore in the
cylinder was convolved with the experi-
mental PSF. The convolution of the entire
cylinder matrix is the summarization of
the contributions of the fluorescence from
each simulated fluorophore position in x,
y, and z to the image plame.47’49 Image(x,
y) = Z cylinder matrix (x,y,x) - PSF(x,y,
z). All simulated images were focused on
the midplane of the cylinder. Random
Gaussian noise (cohesin — mean 250, SD
3; condensin — mean 220, SD 2.6)
matching the noise from experimental
images was added to the generated images.
Maximum intensity from simulated
images was scaled to reflect the maximum
intensity observed in experimental images.
Cylinders ~ were  randomly  placed
(£65 nm) relative to the x,y coordinates
for each output-simulated image to avoid
aliasing.
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