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SUMMARY

Mitotic chromosomes in different organisms adopt various dimensions. What defines these dimensions is
scarcely understood. Here, we compare mitotic chromosomes in budding and fission yeasts harboring
similarly sized genomes distributed among 16 or 3 chromosomes, respectively. Hi-C analyses and superre-
solution microscopy reveal that budding yeast chromosomes are characterized by shorter-ranging mitotic
chromatin contacts and are thinner compared with the thicker fission yeast chromosomes that contain
longer-ranging mitotic contacts. These distinctions persist even after budding yeast chromosomes are fused
to form three fission-yeast-length entities, revealing a species-specific organizing principle. Species-specific
widths correlate with the known binding site intervals of the chromosomal condensin complex. Unexpect-
edly, within each species, we find that longer chromosome arms are always thicker and harbor longer-
ranging contacts, a trend that we also observe with human chromosomes. Arm length as a chromosome

width determinant informs mitotic chromosome formation models.

INTRODUCTION

Mitotic chromosome formation is fundamental to faithful genome
inheritance. Each eukaryotic species is characterized by a
distinctive number of chromosomes that store its genome.’
For example, humans harbor 46 chromosomes, as does the Chi-
nese muntjac. The closely related Indian muntjac contains a
similarly sized genome within only 7 (male) or 6 (female) chromo-
somes.>™ During cell divisions, the Indian muntjac chromo-
somes are not only longer but also thicker compared with the
Chinese muntjac’s shorter and thinner chromosomes. Thicker
chromosomes offer a greater degree of DNA compaction, which
facilitates segregation of large genome portions within cellular
confines. While control over chromosome width is therefore
crucial, chromosome width determinants remain poorly
understood.

The condensin complex is a key mitotic chromosome constit-
uent.>® Condensin establishes characteristic, mitosis-specific,
long-range chromatin contacts that underpin chromosome
formation in yeasts and vertebrates.”~'° Most higher eukaryotes
encode two condensin complexes, condensin | and condensin ll,
whose balance influences mitotic chromosome dimensions.”'~'*
How the two condensin complexes discern chromosome length
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and width, and how chromosome dimensions are defined in spe-
cies with a single condensin complex, is not yet known.

Like the two muntjacs, the budding yeast Saccharomyces
cerevisiae and the fission yeast Schizosaccharomyces pombe
harbor genomes of comparable sizes that are distributed, in
their case, between 16 and 3 chromosomes.'®'® While the
evolutionary divergence of the two yeast species long predates
that of the two muntjacs, chromosomal processes are often
conserved through evolution. Here, therefore, we use genetic
engineering in the two yeasts to explore chromosome width
determinants. We then extend our observations to human chro-
mosomes, revealing that a species-specific determinant, as well
as chromosome arm length, shapes chromosome arm width.

RESULTS

Fission-yeast-specific mitotic chromatin contacts

Mitotic chromosomes are characterized by condensin-depen-
dent chromatin contacts in a distance regime that is character-
istic for the species under investigation. Mitosis-specific
contacts reach from ca. 10 to 100 kb in budding yeast, 90 to
900 kb in fission yeast, and 2 to 20 Mb in human cells.'” As
chromosome lengths in these organisms increase in the same

Cell Reports 417, 111753, December 6, 2022 © 2022 The Author(s). 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:yasukakui@aoni.waseda.jp
mailto:frank.uhlmann@crick.ac.uk
https://doi.org/10.1016/j.celrep.2022.111753
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111753&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢? CellPress

OPEN ACCESS

Cell Reports

A B Wild type Figure 1. Mitosis-specific chromatin contacts in
" fission yeast
S.p oml._)e (A) Schematic of chromosome lengths in the S. pombe
Wild type wild-type and long-arm strains. Chromosome Il is shown
Q— with left and right arms inverted.
B = (B) Mitotic Hi-C contact maps covering chromosomes |
% and Il in the wild-type (top right) and long-arm (bottom
> left) strains. Centromere (arrowheads) and telomere (ar-
S Contac_t_ . rows) clustering interactions are highlighted. Data from
Long-arm - o probabilities three biological repeat experiments are compiled. See
=) ‘10_2 also Figures S1A and S1B for documentation of the in-
= I10_3 dividual repeats experiments and Figure S1C for entire
Hi-C contact maps.
1 T/Ib 104 (C) Chromatin contact probability as a function of
Chr | + Il fusion genomic distance along the indicated chromosome arms
. . in the wild-type and long-arm strains.
Cc Wild type Long-arm D _ \{\QLdgfg‘?ﬁ] (D) Mitotic enrichment plot reporting the fold change of
3.75 Mb W = ’(‘%‘ 3.0 chromatin contacts in mitosis relative to interphase. See
5‘10_1 —Interphase —Interphase g g 25 also Figure S1E for mitotic enrichment plots for all the
3 Mitosis Mitosis 5 S 20 chromosome arms.
8102 = EZ15 \
=10-3 02 1.0
g AN AN 5805 NI
51074 A\ =2 00 o ,
o 10k 100k 1M 10k 100k 1M 10k 100k 1M strains (Figure S1D), suggesting that chromo-

Genomic distance (bp)

order, we wondered whether the distance regime of mitotic chro-
matin contacts is determined by chromosome length. To inves-
tigate this possibility, we began by comparing a wild-type fission
yeast strain with a strain in which chromosomes | and Il were
fused.'® The wild-type chromosome | left arm spans 3.75 Mb,
while chromosome | fused to the chromosome Il right arm results
in a total fusion chromosome arm length of 8.43 Mb (Figure 1A,
long arm). We performed Hi-C analyses of chromatin interac-
tions in both strains, either growing asynchronously, when
most cells reside in G2 phase of the cell cycle, or arrested in
mitosis following repression of the anaphase promoting complex
activator SIp1.” Three biological repeats of the experiments were
performed, which produced highly correlated results and were
therefore merged for further analyses (Figures S1A and S1B;
Table S1).

The Hi-C contact maps confirmed the absence of centromere |
in the long-arm strain, which was evident by the lack of centro-
mere clustering interactions that are seen in the wild-type strain
(Figures 1B and S1C, arrowheads). Uninterrupted chromatin
interactions along the fusion chromosome diagonal further
substantiate its continuous nature compared with two distinct
chromosome entities seen in the wild-type strain. The fusion
point between chromosomes | and Il retained detectable interac-
tions with chromosome ends (arrows), suggesting that residual
sub-telomeric sequences at the junction are sufficient to engage
in telomere clustering.'®

We now analyzed chromatin interactions that characterize the
mitotic state. Chromosome condensation and individualization
is manifest as an increased proportion of chromatin contacts
within chromosome arms (intra-arm) at the expense of interac-
tions between chromosome arms or between chromosomes.”"
This behavior was observed in both the wild-type and long-arm
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somes similarly compact and individualize in
both strains.

Next, we plotted intra-arm chromatin con-
tact probabilities as a function of genomic dis-
tance, comparing the longest respective chromosome arms in
the wild-type and long-arm strains. As previously seen,”® the
wild-type chromosome | left arm was characterized by increased
mitotic interactions in a distance range from 90 to 900 kb. Mitotic
chromatin contacts along the fused long arm were enriched in
the same distance range (Figure 1C). We then plotted mitotic
contact enrichment, i.e., the fold change of the contact probabil-
ity in mitosis compared with that in interphase, as a function of
genomic distance. This confirmed a similar distance range of
mitosis-specific interactions along these two arms (Figure 1D),
as well as along all other chromosome arms in both the wild-
type and long-arm strains (Figure S1E). These observations
suggest that fission yeast chromosomes are shaped by similar
mitosis-specific chromatin interactions irrespective of their
length.

Budding-yeast-specific mitotic chromatin contacts

We next analyzed mitosis-specific chromatin contacts in budding
yeast. Chromosome arms in a wild-type strain are around an or-
der of magnitude shorter than in fission yeast (Figure 2A) and are
characterized by mitosis-specific interactions that are shorter by
a similar factor, in the 10-100 kb range.®*° To analyze whether
shorter chromosome length is the reason for shorter mitosis-spe-
cificinteractions, we utilized budding yeast strains in which the 16
chromosomes were merged into 8 or 3 fusion chromosomes.?"
Notably, the 3-chromosome budding yeast strain harbors chro-
mosomes of 2.5-5.6 Mb in length, comparable to the genomic
proportions found in fission yeast.

We again used Hi-C to visualize chromatin contacts in these
strains, arrested in G1 phase using pheromone a-factor, or in
mitosis by nocodazole treatment (Figure S2A). Highly correlated
results from three biological repeat experiments were again
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merged for analysis (Figures S2B and S2C; Table S1). The
mitotic Hi-C maps strikingly confirmed the chromosome fusions,
which were seen by absent centromere clustering interactions
and formation of the expected numbers of contiguous entities
(Figures 2B and S2D).

Mitotic chromosome compaction and individualization were
evident in the budding yeast wild type, as well as the 8- and
3-chromosome strains, by the relative increase of intra-chromo-
some arm interactions (Figure S2E). In the fusion chromosome
strains, intra-arm interactions already dominated during inter-
phase. While an increased proportion of intra-arm interactions
is a natural consequence of chromosome fusions, we noticed
that the fraction of intra-arm interactions was markedly greater
in the 3-chromosome budding yeast strain when compared
with a wild-type fission yeast strain that also harbors three chro-
mosomes (Figure S1D).

Next, we plotted chromatin contact probabilities as a function of
genomic distance along the longest chromosome arm in each of
the three strains. As expected, the wild-type chromosome IV
long arm was characterized by increased mitotic interactions in
the 10-100 kb range. We observed the same for both the 1.97
Mb long arm in the 8-chromosome and the 3.86 Mb long arm in
the 3-chromosome strain (Figure 2C). Indeed, mitotic enrichment
plots revealed increased interactions in the 10-100 kb range along
all chromosome arms in all three strains (Figures 2D and S2F). This
reveals that the size range of mitosis-specific chromatin contacts
is a budding-yeast-specific chromosome characteristic that is in-
dependent of the actual chromosome arm length. This size range
is maintained even if chromosomes reach the length of their fission
yeast counterparts.
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Figure 2. Mitosis-specific chromatin con-
tacts in budding yeast

(A) Schematic of chromosome lengths in the
S. cerevisiae wild-type, 8-chromosome, and
3-chromosome strains. The rDNA locus on chro-
mosome Xll is indicated.

(B) Mitotic Hi-C contact maps covering chromo-
somes |-V and VII-X in the wild-type (top right) and
3-chromosome (bottom left) strains. Data from three
biological repeat experiments are compiled. See
also Figures S2B and S2C for documentation
of the individual repeat experiments and Fig-
ure S2D for entire Hi-C contact maps in wild-type,
8-chromosome, and 3-chromosome strains.

(C) Chromatin contact probability as a function of
genomic distance along the indicated chromosome
arms in the wild-type, 8-chromosome, and
3-chromosome strains.

(D) Mitotic enrichment plot along the same chro-
mosome arms. See also Figure S2F for mitotic
enrichment plots for all chromosome arms.
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In addition to interactions in the 10-100
kb range, the mitotic enrichment plot of
the longest chromosome arm in the
3-chromosome strain revealed another
layer of increased interactions, which
peaked at around 200 kb (Figure 2D, ar-
row). To understand the reason for these
additional interactions, we used an algorithm that turns the dis-
tance constraints contained in Hi-C maps into three-dimensional
chromosome representations that best fulfill these constraints
(CSynth;*? Figure S2G). The resulting model of a mitotic
3-chromosome strain revealed higher-order undulation of
the chromatin chain, which was not seen in wild-type or
8-chromosome strains. This wave-like pattern, reflecting the
200-kb-range interactions, might have arisen inside nuclei from
the spatial constraint imposed on the longest chromosome arm.
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A chromosome-arm-length-dependent chromatin
interaction pattern

We next compared interaction frequencies along chromosome
arms, paying special attention to arm lengths. To do so, we
plotted interaction frequencies along each chromosome arm
normalized to local (10 kb) chromatin contacts. Local contacts
depend on chromatin features that we can assume to be
invariant between different chromosome arms (Figure 3A).

On inspection of the resultant interaction frequency plots, we
noticed that longer chromosome arms extend their interaction
spectrum toward longer-ranging interactions (color-coded in Fig-
ure 3A, insets). This arm length-dependent effect was seen in
both interphase and mitosis, in both budding yeast and fission
yeast. To investigate the origin of longer-ranging contacts along
longer chromosome arms, we prepared cumulative interaction
plots that depict how interactions at increasing distances make
up each chromosome arm’s interaction landscape (Figure S3A).
These cumulative interaction plots revealed that longer-ranging
interactions are not merely the consequence of additional inter-
actions that are possible within longer arms. Rather, shorter
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Figure 3. Farther-reaching chromatin con-
tacts within longer chromosomes

(A) Contact probabilities, normalized at 10 kb, within
all wild-type budding yeast (left) and fission yeast
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chromosome arms are characterized by overall shorter-range
interactions, while within longer arms, even the most frequent in-
teractions are shifted toward longer distances.

To clarify whether longer-ranging contacts are indeed a chro-
matin property of longer chromosome arms, rather than simply
the consequence of added sequences, we performed the
following analysis. We selected, as an example, the budding yeast
chromosome IX left arm and plotted contact probabilities exclu-
sively within this chromosome arm region, which were extracted
from either the wild type or from the corresponding region of the
chromosome fusion strain (Figure 3B). This revealed that the very
same sequence segment encompasses fewer short-range inter-
actions and increased longer-ranging interactions when it is part
of a longer fusion chromosome. The same was true when
comparing each budding or fission yeast chromosome arm within
either their wild-type or fusion chromosome contexts (Figure S3B).
This confirms that longer chromosome arms are indeed character-
ized by longer-ranging chromatin contacts.

When we now record the median interaction distance, represent-
ing a “typical” interaction span within each chromosome arm (Fig-
ure 3C), we make two observations. Firstly, the median interaction
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distinction. Median interaction distances
within chromosome arms of the same length
are markedly longer in fission yeast when
compared with budding yeast.

If typical chromatin interactions span
greater distances in longer chromosome arms, then chromatin
loop sizes should increase accordingly. The slopes of contact
probability plots are often inspected when studying chromatin
loop size. Slopes take a negative turn when a typical loop
size is reached. Plotting theses contact probability slopes for
both budding and fission yeast indeed reveals inflection points
at increasing distances as chromosome arm lengths increase
(Figure S3C), suggestive of increasing loop sizes. In order to
directly compare loop sizes along chromosome arms of
increasing lengths, we turned to micro-C data that have
described chromatin loops in budding yeast.”® Indeed, loops
with the best loop scores extend to longer distances along
longer, when compared with shorter, budding yeast chromo-
some arms (Figure S3D). Together, these observations reveal
that, in addition to species-specific differences, the genomic
DNA length of a chromosome arm shapes the intrachromoso-
mal chromatin contact pattern.

1M 10M

Yeast fusion chromosome arms are wider
Longer median interaction distances and larger chromatin loop
sizes are indicative of thicker chromosome arms, in which DNA
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Figure 4. Chromosome widths in budding and
fission yeast increase with chromosome length

okl Examples of DAPI-stained mitotic chromosomes in

f 1 S. cerevisiae wild-type and 3-chr, as well as S. pombe
.:' wild-type and long-arm, strains. Scale bar, 1 pum.
:‘% Measured chromosome widths in each strain are

shown, and the means and standard deviations indi-
cated. (*p = 1.37 x 1078, **p = 2.2 x 107'6, Welch’s
two samples t tests; S. cerevisiae wild type, n = 502
from 5 cells; 3-chr, n = 415 from 5 cells; S. pombe wild
type, n = 527 from 7 cells; long-arm, n = 695 from 6
" cells). See also Figure S4 for details and for additional
chromosome width measurements.
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sequences at greater distances from each other fold back and
meet. We therefore explored whether longer chromosome
arms are wider. Mitotic budding yeast chromosomes are thought
to be too small to be visualized by conventional microscopy. We
therefore employed scanning superresolution microscopy (Airy-
scan®’) to image mitotic nuclei of wild-type budding yeast
cells stained with the DNA dye 4',6-diamidino-2-phenylindole
(DAPI). This revealed discernible linear chromosomes with a
mean width of 0.123 + 0.017 um (SD) (Figures 4 and S4A). As a
complementary superresolution approach, we used structured
illumination microscopy,” which yielded similar mitotic budding
yeast chromosome images visualized by either DAPI staining or
fluorescent histone tagging (Htb2-mCitrine; Figure S4B). Chro-
mosome beginnings and ends were hard to ascertain so we
were unable to correlate individual chromosome lengths and
widths. Instead, we measured chromosome widths in the
3-chromosome strain, in which all chromosomes are longer
than their wild-type counterparts. This revealed significantly
wider chromosomes measuring 0.129 + 0.018 um, consistent
with the idea that longer chromosomes are also wider.

To confirm our chromosome width measurements using
an additional, unbiased approach, we applied a single Gau-
ssian fit to line traces across chromosomes (Figure S4C).
Chromosome widths determined using this semi-automated
fitting approach (0.122 + 0.022 pm for wild type and
0.131 = 0.012 pum for the 3-chromosome strain in mitosis)
were comparable to our manual measurements and support
the conclusion that longer fusion chromosome arms are wider.
We also applied this measuring approach to budding yeast
in G1, when chromosomes appeared distinctly thinner
(Figure S4C).

Next, we compared mitotic chromosome widths between
the wild-type and long-arm fission yeast strains. The mean chro-
mosome width in the long-arm strain was significantly greater
(0.172 + 0.021 um) compared with the wild-type strain
(0.149 + 0.020 pm) (Figures 4 and S4D). Again, chromosome

,@Qe Q&‘(\ confirmed increased chromosome widths in
@\\6 \/0004’ the long-arm strain (Figure S4C). This shows
that longer fusion chromosome arms are

S. pombe

wider in both budding yeast and fission
yeast.

When we compare chromosome widths
between budding and fission yeast, it
is apparent that chromosomes in both the wild-type and
long-arm fission yeast strains are substantially wider than
those in either the wild-type or 3-chromosome budding yeast
strains. Thus, the cytologically determined chromosome
widths correlate with chromatin interaction spans measured
by Hi-C. A species-specific bracket characterizes budding
and fission yeast chromosomes, while, within each species,
longer chromosome arms are wider.

Longer human chromosome arms harbor longer-ranging
chromatin contacts

Mitotic dimensions can be more accurately measured in higher eu-
karyotes with larger chromosomes. We therefore investigated chro-
matin interactions and dimensions of human chromosomes. AHi-C
dataset comparing non-synchronized (mainly interphase) with
mitotic human HFF-1 fibroblasts revealed relative mitotic enrich-
ment of chromatin contacts in a 2-20 Mb distance range,”® which
is illustrated in Figure 5A along the chromosome 2 g-arm. Plotting
mitotic interaction enrichment next to that of the yeasts illustrates
the wider-ranging interactions that act during human mitotic chro-
mosome formation (Figure 5B). Mitosis-specific interactions in the
2-20 Mb regime characterize every human chromosome arm (Fig-
ure S5A), suggesting that a common, length-independent principle
also underlies human mitotic chromosome formation.

Next, we plotted interaction frequencies normalized to local
chromatin contacts (in this case 100 kb) in both interphase and
mitosis. This confirmed mitosis-specific interactions in the meg-
abase range and revealed, again, that longer chromosomes al-
ways harbor longer-ranging interactions both in interphase and
mitosis (Figure S5B). Cumulative interaction plots along each
chromosome arm illustrate that typical chromatin interactions
reach farther in longer arms (Figure S5C). Displaying the median
interaction distances within human chromosome arms next to
those in yeasts demonstrates the steady increase of interaction
spans, both between the species and as a function of increasing
chromosome arm length (Figure 5C).
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Figure 5. Longer human chromosome arms
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Longer human chromosome arms are wider

The above considerations suggest that longer human chromo-
some arms are wider. To address whether this is the case, we pre-
pared mitotic chromosome spreads from human Hela cells and
measured mitotic chromosome arm lengths and widths following
Giemsa staining (Figure 6). Short arms of acrocentric chromo-
somes were excluded from the analysis to obviate a possible
influence from the close-by centromere constriction. These mea-
surements revealed a clear trend in which shorter chromosome
arms are thinner while longer chromosome arms are thicker. The
correlation between length and width could be approximated by
a power-law relationship with an exponent of o = 0.26.

A correlation between chromosome arm length and width has,
to our knowledge, not been previously reported. We therefore
repeated measurements of human chromosome arm dimensions
using human diploid retinal pigment epithelial (RPE-1) cells. In this
case, to complement the previous approach, we used DAPI stain-
ing and fluorescence microscopy for image acquisition. We
furthermore developed a semi-automated image analysis tool to
obviate any possible measurement bias (Figure S6). The semi-
automated quantification of mitotic chromosome arm lengths
and widths confirmed a power-law relationship between the two,
with the power law exponent derived from the RPE-1 cell measure-
ments somewhat smaller than that observed in HelLa cells. Taken
together, our results reveal that longer chromosome arms are
wider in both yeasts and human cells.

Condensin shows species-specific spacing but
distributes uniformly along short and long chromosome
arms

In both yeasts and vertebrates, mitosis-specific chromatin
contacts in their respective distance ranges are established

6 Cell Reports 41, 111753, December 6, 2022

and cohesin contribute mitosis-specific

contacts in budding yeast.”' How

might architecturally similar condensin

complexes in these organisms establish
mitotic interactions that span such different distances? A
feature that likely impacts condensin-dependent chromatin
contacts is the spacing of chromosomal condensin-binding
sites, i.e., the interval between neighboring condensin-en-
riched regions. We therefore compared the spacing of
condensin binding sites that have been identified in yeast
and human cells using chromatin immunoprecipitation.”-?"?
The median interval between condensin binding sites is 4.1
kb in budding yeast, 11.4 kb in fission yeast, and 107.5 kb
along human chromosomes (Figure 7), an increase that paral-
lels increasing mitotic chromatin interaction distances. In the
case of budding yeast, the median binding site interval of
the cohesin complex®? is 4.6 kb (Figure S7A), so, in this organ-
ism, both condensin and cohesin might contribute chromatin
contacts in a similar distance range.

In contrast to clear species-specific differences, condensin
binding site intervals among chromosome arms of different
lengths were similar in each species (Figure 7). In addition
to the condensin peak intervals, we also assessed the total
detectable condensin density, inferred from overall chromatin
immunoprecipitation (ChIP) sequencing counts, among
fission yeast and human chromosome arms. Again, we found
no difference in condensin density between shorter and
longer chromosome arms (Figure S7B). These observations
open the possibility that condensin binding site intervals
constitute a molecular determinant that defines the mitotic
chromatin interaction range, a chromosomal feature that
is species specific but constant among short and long
chromosome arms. The possible origin of chromosome-
arm-length-dependent chromatin contacts, reaching farther
along longer arms in both interphase and in mitosis, will be
discussed below.
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Figure 6. Longer human chromosome arms are wider

Example of a mitotic HelLa cell chromosome spread stained with Giemsa.
Scale bar, 5 um. A correlation plot of manually measured chromosome arm
lengths and widths is shown. To avoid possible bias from the centromeric
constriction, widths were measured in the middle of each arm. Acrocentric
chromosome arms were excluded from the analysis. The red line is a power-
law regression line (« = 0.26; n = 157 measurements from 3 cells). See also
Figure S6 for semi-automated chromosome arm length and width measure-
ments of DAPI-stained mitotic chromosomes in RPE-1 cells.

DISCUSSION

Our genomic and cytological investigations uncovered and docu-
mented two features of mitotic chromosome formation. Firstly,
chromosomes are characterized by mitotic contact enrichment
in a distance regime that is species specific and independent of
a chromosome’s genomic length. Secondly, in each species,
longer chromosome arms are characterized by farther-reaching
chromatin interactions, both in interphase and in mitosis, physi-
cally manifest as wider chromosome arms in mitosis.

A species-specific distance regime of mitotic chromatin
contacts

Mitosis-specific chromatin contact enrichment occurs in a spe-
cies-specific distance range, increasing from budding yeast to
fission yeast to human. Larger interaction spans correlate with
increasing intervals between detectable chromosomal conden-
sin binding sites. Condensin is thought to establish interactions
between its binding sites by either diffusion capture or by loop
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extrusion.’*=*? In either case, sparser binding sites will connect
genomic regions at greater distances from each other. However,
median condensin binding site intervals are ~4, 10, and 100 kb in
the three species, while condensin-dependent mitotic contacts
reach farther by around an order of magnitude (10-100, 90-
900, and 2-20 Mb, respectively). This discrepancy could be
explained if not all condensin binding sites, detected by ChIP
in a population average, are occupied in individual cells, which
would increase the actual spacing between neighboring conden-
sins. Alternatively, more than two condensin binding sites could
come together to form condensin foci, as suggested by superre-
solution images of condensin complexes on fission yeast or
human mitotic chromosomes.**** Such condensin foci would
bring loci at larger distances into contact. Consistent with the
latter possibility, “chromatin interaction analysis by paired-end
tag sequencing” (ChlA-PET) has detected condensin-mediated
long-range chromatin contacts.>

If condensin intervals shape mitotic chromatin contacts, what
defines condensin binding sites? In all organisms studied, con-
densin is found in promoter regions of actively transcribed
genes.””?8%5:36 Genes, in turn, are much longer, and distances
between genes greater, in higher eukaryotes with larger ge-
nomes. The relationship between gene promoters and conden-
sin-dependent chromatin interactions thus offers an intrinsic
mechanism linking genome and chromosome sizes. On the other
hand, genes are of comparable length in budding and fission
yeasts, yet condensin intervals are larger in fission yeast. Not
all active gene promoters recruit condensin,>”?® and it will be
important to further define those chromatin features that turn
promoters into condensin binding sites. Depletion of the linker
histone H1 from Xenopus cell-free extracts led to increased con-
densin levels and thinner and longer chromosomes.'* We spec-
ulate that intervals between condensin binding sites became
shorter in the absence of histone H1, resulting in shorter-range
mitotic interactions and, consequently, thinner chromosomes.

In addition to different condensin binding site intervals, the
behavior of condensin complexes themselves differ between or-
ganisms, e.g., budding yeast condensin turns over faster on
chromatin compared with human condensin.®” Therefore,
biochemically different behavior could influence chromosome
dimensions. Higher eukaryotes typically contain condensin |
and condensin |l complexes whose relative abundances affect
chromosome shape.' '~ "*? The differences between condensin
I and condensin I, and how these differences affect chromo-
some architecture, remain to be explored.

Longer chromosome arms are wider

A surprise came with the realization that, within each species,
longer chromosome arms are wider. If, in each species, conden-
sin-mediated mitotic contacts span a constant distance,
irrespective of chromosome arm length, then what makes longer
arms wider? The solution to this conundrum likely lies with our
observation that longer chromosome arms harbor longer-
ranging chromatin contacts already in interphase, well before
the majority of condensin becomes active. Longer chromosome
arms occupy an interphase territory that is not only longer but
also wider than that of shorter arms.*' The addition of diffusion
capture interactions between condensin binding sites, acting in
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Figure 7. Condensin distribution along yeast and human chromosome arms

Intervals between reported condensin binding sites along budding yeast,?” fission yeast,” and human chromosome arms?® are displayed. Median intervals along
each arm are indicated, and arms are ordered from short to long and identified by their genomic length. The medians of all condensin binding site intervals in each
organism are indicated as dotted lines. See also Figure S7 for intervals between budding yeast cohesin binding sites, as well as overall condensin ChlIP-

sequencing densities, along fission yeast and human chromosomes.

a constant distance range, could then turn interphase territories
into mitotic chromosome arms that maintain their interphase
aspect ratio. A longer and wider interphase territory will form a
longer and wider chromosome arm. We note that, contrary to
these observations, the process of loop extrusion predicts that
short and long chromosome arms with a similar condensin den-
sity develop the same width.®" Our observations thereby add
constraints that inform our thinking about the molecular mecha-
nisms of chromosome formation.

The power-law relationship between arm length and width,
which is repeated in the relationship between an arm’s genomic
length and median interaction distances, is worth further explo-
ration. An exponent of approximately 0.25 means that a 2-fold
longer chromosome arm is expected to be around 1.2-fold
wider. This relatively small width change suggests that careful
measurements will be important when further studying chromo-
some architecture.

It has, to our knowledge, not been previously reported that
longer chromosome arms are wider. Earlier measurements of
human prophase chromosome dimensions by scanning electron
microscopy have not revealed obvious chromosome width dif-
ferences when whole chromosomes were considered as a unit
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and a chromosome’s substantial proteinaceous shell was
included in the measurement.*? A reason for the difference could
be our use of Hi-C, as well as DNA stains, specifically to analyze
the architecture of a chromosome’s DNA compartment. Another
reason why a length-width relationship has not previously
been noted could be that chromosome arms, insulated at the
centromere, form separate units that should be considered
independently, i.e., chromosome arm length, not necessarily
chromosome length, scales with chromosome arm width. In
retrospect, the early pictures of Indian muntjac chromosomes
clearly illustrate that longer chromosome arms are also wider.®
Similarly, microchromosomes in chicken DT40 cells are not
only much shorter but also much thinner than their autosome
counterparts.*® In addition to a variety of shapes and sizes in
different species, chromosome dimensions change alongside
cell-size changes during organismal development and reproduc-
tion.** Much remains to be learned about the molecular mecha-
nisms that define chromosome dimensions.

Limitations of the study
Our current study is limited to the analysis of two divergent yeast
species and human cell lines. We were able to establish an
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accurate physical length-width relationship for human chromo-
somes but not for yeast chromosomes. The latter were
amenable to width, but not to length, determination. Sampling
of chromosome dimensions in a wider range of species will be
informative, as well as at various stages during development
and during mitotic, as well as meiotic, cell divisions. We revealed
a striking correlation between the spacing of condensin binding
sites and chromosome width. However, it remains to be deter-
mined whether this correlation is underpinned by a causal rela-
tionship. Future experiments that modulate condensin binding
patterns will build on our study and investigate the molecular
mechanisms of chromosome formation. These investigations
will also consider the contributions of chromosomal proteins
additional to condensin and cohesin.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

a-factor O’'Reilly et al. 2012%° N/A
Nocodazole Sigma-Aldrich M1404
DAPI Sigma-Aldrich D9542
cOmplete ULTRA tablets Sigma-Aldrich 5892791001

Mini EDTA-free

RO-3306

ProLong Gold antifade
Entellan embedding agent

Giemsa’s azur-eosin-methylene
blue solution

Gurr buffer tablet

PhosSTOP

Dpnll (5000 U)

T4 DNA ligase (100,000 U)
Biotin-dATP

dATP (10 mM)

dGTP (10 mM)

dTTP (10 mM)

dCTP (10 mM)

Klenow (1000U)

Proteinase K
Phenol:Chloroform:lsoamyl Alc 25:24:1
Phase lock tube Heavy

ClonAmp 2x Premix

T4 DNA polymerase (3000 U)

SPRI select beads

NEBNext Ultra Il kit

Dynabeads MyOne Streptavidin C1
NEBNext Ultra Il Q5 2x PCR Master Mix

NEBNext Multiplex Oligos for
lllumina (Index Primers Set1)

Enzo Life Science
MOP

Merck

Merk

GIBCO

Sigma-Aldrich

NEB

NEB

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
NEB

Thermo Fisher Scientific
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NEB

BECKMAN COULTER
NEB
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NEB

NEB

ALX-270-463-M005
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1.09204.0503

10582-013
4906837001
R0543M
M0202L
19524016
18252015
18254011
18255018
18253013
M0210L
EO0492
P2069-100ML
2302830
639298
MO0203L
B23317
E7645S
DB65001
MO0544L
E7335S

Deposited data

S. cerevisiae Brn1 ChIP

S. cerevisiae micro-C data

S. pombe Cnd2 ChIP

S. pombe wild type Hi-C data
Human HFF-1 cell Hi-C data

HelLa CAP-G ChIP
Raw and processed data

D’Ambrosio et al. 2008
Costantino et al., 2020°°
Kakui et al., 2017”

Kakui et al., 20177
Naumova et al., 2013%°

Sutani et al., 2015%%
This paper

GEO: GSE12149
GEO: GSE151553
GEO: GSE94478
GEO: GSE94478

https://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-1948/

GEO: SRP045410
GEO: GSE148307

Experimental models: Cell lines

Human: HelLa
Human: hTERT-RPE-1

S. Narumiya, Kyoto University
ATCC Cell Bank

N/A

Cat# CRL-4000;
RRID: CVCL_4388
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

A list of yeast strains used in N/A N/A

this study can be found in Table S2.

Software and algorithms

Distiller v0.3.3 N/A github.com/open2c/distiller-nf
bwa v0.17.7 Li, 2013° N/A

cooler v0.8.5 N/A github.com/open2c/cooler
rhdf5 library v2.24.0 N/A github.com/grimbough/rhdf5
liftOver v369 N/A http://hgdownload.soe.ucsc.edu/admin/exe/

Chromosight v1.6.2
nf-core/chipseq

Matthey-Doret et al., 2020*"
N/A

N/A
https://doi.org/10.1038/s41587-020-0439-x

ImageJ/Fiji Open-source http://fiji.sc

Rstudio Rstudio, PBC http://www.rstudio.com/

MATLAB MathWorks https://matlab.mathworks.com

MATLAB script of the image analysis This paper https://doi.org/10.6084/m9.figshare.19383587
tool for semi-automated chromosome

width measurements.

Other

Raw and processed data relating to This paper https://doi.org/10.6084/m9.figshare.19383587

the semi-automatic human chromosome
width measurements.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yasutaka
Kakui (yasukakui@aoni.waseda.jp).

Materials availability
Unique reagents generated in this study are available upon reasonable request from the lead contact without restrictions.

Data and code availability
® The Hi-C datasets generated in this study are available at the Gene Expression Omnibus with identifier GSE148307.
® The original code (MATLAB script) of the image analysis tool developed in this study, as well as the fullimage data, are available
from figshare at https://doi.org/10.6084/m9.figshare.19383587.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains

Yeast strains used in this study are listed in Table S2. Budding yeast was grown in YP medium containing 2% glucose (YPD) at 25°C.
MATuo cells were arrested in G1 by adding 0.02 pg/mL a-factor®® every hour for 2.5 h. MATa cells were arrested in the same way using
0.4 pg/mL a-factor. For block in mitosis, G1-arrested cells were filtered, washed, and released into YPD containing 15 pg/mL of
nocodazole and grown for 90 min. Fission yeast was cultured in YE medium containing 2% glucose and adenine, leucine, uracil,
histidine and lysine supplements (YE5S) at 25°C. Mitotic arrest by Slp1 shut-off under control of the thiamine-repressible nmt41
promoter was achieved by growth in minimal medium with 2% glucose, 3.75 mg/mL of glutamate and the 5 supplements
(PMG5S), followed by transfer into YE5S for 4 h.

Human cell lines

RPE-1 and Hela cells were maintained in DMEM supplemented with 10% fetal calf serum, 0.2 mM L-glutamine, 100 U/mL penicillin
and 100 pg/mL streptomycin at 37°C in a 5% CO, environment. Mitotic cells were collected by shake off, 30 min after release from 3 h
G2/M synchronization by 9 pM RO-3306 treatment. After 5 min incubation with hypotonic buffer (PBS:H,0 = 3:7), cells were fixed with
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fresh Carnoy’s solution (70% methanol, 30% acetic acid). To prepare chromosome spreads, fixed cells were dried on glass slides,
followed by either 5 ug/mL DAPI or Giemsa staining, then mounted in ProLong Gold antifade (Invitrogen) or Entellan embedding agent
(Merck), respectively. HeLa chromosome images were acquired with a Zeiss microscope, 64x objective lens and a PRIME BSI cam-
era, RPE-1 cell images with a LSM880 microscope and 63x objective lens in airyscan mode. Lengths and widths at mid-length of all
clearly identifiable Giemsa-stained HeLa chromosome arms were measured using the line tool in Imaged. Acrocentric arms were
excluded from the analysis.

METHOD DETAILS

Yeast chromosome width measurements

Cells were fixed in 70% ethanol and stained with DAPI, or imaged without staining when visualizing histone-fluorescent protein fu-
sions. Images were acquired along the z axis in 0.15 pm intervals using an Airyscan 2 LSM980 microscope (Zeiss) equipped with a
63x/1.40 NA objective lens. Chromosome widths in single focal planes were measured using the line tool in Fiji. To reduce selection
bias, we measured arm widths in all focal planes and at all places where individual chromosome arms were accessible (at least 39,
but typically between 100 and 168 measurements per nucleus). To determine chromosome widths by Gaussian fitting, line profiles
across yeast chromosomes in single focal planes were obtained in Fiji. The best Gaussian fits for chromosome intensities were deter-
mined using Curve in MATLAB. Chromosome width was then defined as the Gaussian width at half maximum.

Semi-automatic human image analysis

Z-stacks of DAPI-stained RPE-1 chromosome spreads were acquired, and maximum intensity projected. All straight, non-overlapping
chromosome arms were cropped as individual images. A MATLAB script was now utilized (available at https://doi.org/10.6084/m9.
figshare.19383587) that performed the following steps. A double Gaussian fit to capture both sister arms was applied at every pixel
row along the arm length. The width at half maximum intensity was calculated from the fit. To avoid the centromere constriction, arm po-
sitions with less than 70% of the average width were removed. The arm length was then defined as the distance between the 70% width
boundaries. The arm width is the mean of the widths from all included pixel rows. Widths of sister arms were calculated independently.

Hi-C library preparation
Fission and budding yeast cells were fixed at 25°C for 30 min with 0.5% and 1% formaldehyde, respectively. Hi-C libraries were pre-
pared and sequenced as described.*® The human Hi-C data was from Naumova et al.”®

Hi-C data analysis
S. pombe (ASM294v2) and S. cerevisiae (BY4742) genomes were rearranged using SnapGene to create in silico-fused chromosomes
as required. The sequence and coordinates were readout in both FastA and Bed formats.

Distiller v0.3.3 (github.com/open2c/distiller-nf) was used to align reads, filter alignments and aggregate and balance interaction
matrices. Technical replicates of sequenced libraries were aligned to the respective genomes using bwa v0.17.7%° and merged
with biological replicates from which PCR duplicates were removed. Low-confidence (mapq<30) and very near cis alignments
(<1kb) were removed. Interaction matrices were generated at a base resolution of 500 bp and aggregated into matrices of 1, 2, 5,
7.5, 10- 15, 20 and 50 kb and balanced using ICE. Balanced matrices were saved in.cool and.mcool formats.

Interaction matrices were queried using the cooler v0.8.5 dump function (github.com/open2c/cooler) or the rhdf5 library v2.24.0
(github.com/grimbough/rhdf5). Interaction frequency profiles as a function of genomic distance were calculated using 2 kb binned
interaction matrices (10 kb for the human datasets) and defined as the sum of contacts at each genomic separation as a proportion of
the total contacts.

To display the first derivative (slope), a spline was fitted to the profile using the sm.spline function of the pspline R package. The
slope of the smoothed profile was then calculated using the predict R function.

Median interaction distances were calculated using 2 kb resolution interaction matrices (40 kb for human datasets) across arms,
with a 20 kb exclusion at either end (200 kb for human datasets). For each bin, its median contact distance amongst all interactions
was determined. For each arm, the median of those ‘bin’ medians was determined as ‘median interaction distance’.

Cumulative intra-arm interaction profiles were calculated at 2 kb resolution (1 Mb for human). For each bin, interaction scores were
collected from the.cool file and the total score at all distances from the bin calculated. A cumulative profile of interaction scores along
ranked absolute distance between bins was then calculated and scaled to the sum of all contacts.

To compare interaction frequency distribution within the same chromosome arm regions between wild type and chromosome fu-
sions strains, a liftOver chain was created to translate genomic coordinates between genomic contexts (using the liftOver package
downloaded from http://hgdownload.soe.ucsc.edu/admin/exe/). Using liftOver and the liftOver chain we then determine the position
of a wild type chromosome arm in the fusion genome to directly compare the same genomic region in either genomic context.

Micro-C data analysis

S. cerevisiae micro-C data A364 from GSE151553 were”® prepared into.cool and.mcool files, as above, using distiller. The 1 kb res-
olution merged-replicate matrix was then analyzed by Chromosight version 1.6.2*" to identify loops using pattern = loops,
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perc_undetected = 0.2, min-dist = 5000 and max-dist = 100000 with all other parameters left as default. The identified loops were
additionally filtered to remove loops on chromosome arms with fewer than 15 detected loops. This filter removed 84 of 1,080 loops
on 8 chromosome arms. Loop scores calculated by Chromosight detect were then plotted against loop size and a smoothed line
fitted through the data using the geom_smooth function of ggplot2. Loop size with the maximum smoothed loop score on each chro-
mosome arm was then plotted as a function of chromosome arm length.

ChIP data analysis

The ChIP peak interval analysis used published condensin peak lists for S. cerevisiae,”” S. pombe (GSE94478) and Hela cells
(SRP045410). The S. cerevisiae cohesin peak list was derived from.”® To assess overall condensin binding, ChIP-Seq data were re-
analyzed using the nf-core/chipseq pipeline (https://doi.org/10.1038/s41587-020-0439-x). The first 23 kb and last 145 kb on
S. pombe chromosome lll, next to the rDNA repeats, were excluded. Human chr13p, chri14p, chr15p, chr21p, chr22p, chrYp and
chrYq showed <10% input read density compared to any other arm, possibly due to mapping ambiguities, and were therefore
excluded. The read numbers in the ChIP datasets were normalized using the input read numbers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Chromosome width quantifications were performed manually in yeast and Hela cells, or using semi-automated image analyses, as
described in more detail in the method details. Statistical analyses were performed using the t.test function in R.
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