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A B S T R A C T   

Our understanding of the structure and function of mitotic chromosomes has come a long way since these iconic 
objects were first recognized more than 140 years ago, though many details remain to be elucidated. In this 
chapter, we start with the early history of chromosome studies and then describe the path that led to our current 
understanding of the formation and structure of mitotic chromosomes. We also discuss some of the remaining 
questions. It is now well established that each mitotic chromatid consists of a central organizing region con-
taining a so-called “chromosome scaffold” from which loops of DNA project radially. Only a few key non-histone 
proteins and protein complexes are required to form the chromosome: topoisomerase IIα, cohesin, condensin I 
and condensin II, and the chromokinesin KIF4A. These proteins are concentrated along the axis of the chromatid. 
Condensins I and II are primarily responsible for shaping the chromosome and the scaffold, and they produce the 
loops of DNA by an ATP-dependent process known as loop extrusion. Modelling of Hi-C data suggests that 
condensin II adopts a spiral staircase arrangement with an extruded loop extending out from each step in a 
roughly helical pattern. Condensin I then forms loops nested within these larger condensin II loops, thereby 
giving rise to the final compaction of the mitotic chromosome in a process that requires Topo IIα.   

1. Mitotic chromosomes and the chromosome structure problem 

The discovery of eukaryotic chromosomes arose from studies of cell 
division in the second half of the 19th century and was made possible by 
the development of improved compound microscopes by Zeiss in Jena 
[1]. Edouard Balbiani clearly observed chromosomes and described and 
illustrated metaphase plates in 1861, though he misinterpreted what 
they were [2–4]. Edouard van Beneden saw mitotic chromosomes and 
called them “bâtonnets” (little rods) when he described cell division in 
1875. German scientists also referred to them as little rods (“Stäbchen”) 
or as “Fäden” (threads) [5]. 

Walther Flemming’s very careful observations of cell division in the 
1870s showed that nuclei do not divide by simple fission, as had been 
widely believed, but instead undergo a transformation in which the 
“threads” appear. He therefore named the process mitosis, from the 
Greek μίτος (mitos, “warp thread”) and described its basic features much 
as we know them today [5,6], although he missed the fact that the 
chromosomes split in half longitudinally, with one sister chromatid 

going to each spindle pole. This was corrected a few years later by Emil 
Heuser [7]. Flemming also adapted the use of dyes from bacteriology, 
and this led him to call the threads and nuclear material “chromatin” 
because of their ability to take up stain. Based on this, Waldeyer later 
named the threads “chromosomes” [8]. The importance of chromosomes 
became clear when Sutton [9] observed that their behavior in mitosis 
and meiosis corresponds to the Mendelian behavior of genes. Together, 
these observations led to the chromosome theory of inheritance. A 
timeline of key landmarks leading to our current understanding of 
mitotic chromosome structure is presented in Fig. 1. 

We now know that the hereditary material is DNA and that a mitotic 
chromosome consists of DNA complexed with proteins. Each chromatid 
in a mitotic chromosome is unineme; that is, it contains a single very 
long DNA double helix that wends its way from one end (telomere) of the 
chromatid to the other. This was first established by Joe Gall’s studies on 
fragmentation of lampbrush chromosomes [10] and other observations 
(reviewed by [11]) and has since been thoroughly confirmed by genome 
sequencing and physical mapping of chromosomes. These chromosomal 
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DNA molecules are highly compacted in length. For example, the largest 
human mitotic chromosome is about 8–10 µm long but contains a DNA 
molecule 8.5 cm long (2.5 × 108 base pairs), indicating a 104-fold 
lengthwise compaction [12]. During interphase, the same chromosome 
must also be compacted about 8500-fold to fit into a typical cell nucleus 
(about 10 µm in diameter), so the difference in chromatin compaction 
between mitotic and interphase chromosomes is actually relatively 

subtle. Chromatin is typically estimated to be 2–3-fold more compact in 
mitosis [13–15], but that may be an overestimate. A recent electron 
microscopy tomographic analysis finds an average chromatin concen-
tration of 30 ± 10% (i.e., the percentage of the volume occupied by 
chromatin) in interphase nuclei compared with 42 ± 2.5% in mitotic 
chromosomes [16]. 

Compaction of the chromosomal DNA in both interphase and mitosis 

Fig. 1. Selective timeline of key events in mitotic chromosome studies. For simplicity, references are omitted from the figure, but these are given in the relevant 
sections of the text. 
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is explained in part by formation of the chromatin fiber, in which the 
DNA is wound around core histones to form a string of disk-shaped 
nucleosomes [17]. Under appropriate salt conditions in vitro, this 
“string of beads” is compacted further by linker histones into a fiber 
about 30 nm in diameter [18]. For a long time, it was thought that 
irregular 30 nm fibers also constitute the bulk of chromatin in vivo, both 
in interphase and mitosis. Evidence for this came from electron micro-
scopy (e.g., [19–21]) as well as low-angle x-ray diffraction (e.g., [22, 
23]). However, a general consensus is now emerging that canonical 
30 nm fibers may be rare, except in some specialized cells such as avian 
erythrocytes [16,24,25]. High resolution tomographic imaging of 
chromosomal DNA in interphase nuclei instead reveals a disordered 
granular primary chain 5–24 nm in diameter [16], with higher-order 
structures resembling clusters or “clutches” of nucleosomes [26,27], 
often referred to as chromatin condensates [28,29]. Chromatin density 
is lowest in the nuclear interior and highest in the heterochromatin near 
the nuclear lamina. The chromatin chain appears to be more flexible in 
mitotic chromosomes, and this allows nucleosomes to pack more closely 
together, but still with no regular organization of nucleosomal fibers 
[16]. Regular fibers greater than 100 nm in diameter are rare [30], 
although chromatin domains approximately 200 nm diameter, 
described in earlier conventional electron microscopy studies [31–34], 
have been observed in interphase and mitotic chromosomes [35,36]. 
Others have referred to this concentrated phase of nucleosomes in 
mitotic chromosomes as a “polymer melt” [37]. Importantly, although 
chromatin can undergo liquid-liquid phase separation (LLPS - [38]) 
under certain conditions [28], careful studies suggest that the chromatin 
behaves as a solid that may organize liquid-like domains of associated 
proteins and RNAs around itself [29]. 

As mentioned above, the difference in chromatin compaction be-
tween interphase and mitosis is subtle, as are the differences between 
interphase and mitotic chromatin fibers. By contrast, the morphological 
changes between interphase and mitotic chromosomes are dramatic 
indeed! How do these striking changes come about? 

In this chapter, we review some of the progress that has been made in 
understanding the structure of mitotic chromosomes since they were 
first observed more than 140 years ago. The chromatid has been vari-
ously described as a linear array of bead-like granules (chromomeres) 
[39,40], a rod-like “unit fiber” [41], a coiled filament (chromonema) 
[42,43], a brush-like aggregate of loops [21,44], or a mass of disordered 
chromatin (polymer melt) [19,37,45], and paradoxically all these 
models have had support from microscopy. But as our understanding has 
advanced, the paradox has begun to be resolved. The appearance of 
chromosomes in the microscope presumably reflects their intrinsic 
structure, but evidently can vary because they are elastic [46–48] and 
structurally “metastable” (i.e., can undergo rapid structural trans-
formations in response to their environment or as a result of preparation 
techniques). One common example, not yet fully understood, is the 
transition from paired rod-like sister chromatids to paired helical spirals 
[43,49]. Whether this metastable property of mitotic chromosomes re-
flects a “stressed substructure” [50–53] remains to be determined. For 
selected reviews on mitotic chromosome structure, see [11,12,54–68]. 

A recent study using correlative light and serial block face scanning 
electron microscopy coupled with three-dimensional reconstruction of 
whole mitotic cells yielded the surprising result that up to 40% of the 
volume of mitotic chromosomes is not chromatin. Instead, it consists of a 
layer of proteins and RNAs, organized by the protein Ki-67, that coats 
the surface of chromosomes from prometaphase through anaphase [69, 
70]. This mitotic chromosome periphery compartment (MCPC) is largely 
made up of highly abundant components derived from nucleoli, 
including assembly intermediates of large and small ribosomal subunits 
(for reviews see [66,71]). The role, if any, of Ki-67 in shaping the mitotic 
chromosomes appears to be relatively subtle and may be non-essential 
[72–74]. 

2. Early models: chromomeres and the coiled chromonema 

Early attempts to explain the structure of mitotic chromosomes gave 
rise to two main types of models. In the first, the mitotic chromatid was 
seen as a string (spireme) of chromomeres (bead-like granules) [40]; in 
the second, it was thought to consist of a helix or spiral [43]. It should be 
noted that these ideas were based solely on light microscopy, and both 
originated before anything was known about the composition of chro-
mosomes or the nature of DNA. 

Early researchers described the denser regions seen along the length 
of mitotic or meiotic chromosomes as chromomeres by analogy with the 
dark bands seen in giant polytene chromosomes [39,40]. However, 
chromomeres were only vaguely defined, they were generally seen only 
in prophase chromosomes (not prometaphase or metaphase), and their 
structural significance, if any, was never clear. The term “chromomere” 
is still used, but only rarely in relation to mitotic chromosomes (e.g., 
[75]). 

Observations of helical chromosomes, first by Baranetzky [76] and 
subsequently by many other authors, led to the notion of a “coiled 
chromonema” (i.e., coiled thread or fiber) or spireme as the basic 
structure of the chromatid [40,42,77,78]. A comprehensive review of 
mitotic chromosome structure published in Japan in 1939 by Kuwada 
[43] focused on this idea and by the 1950s this was the dominant model. 
Obvious spirals and even smaller coils within macro-spirals are some-
times seen by light microscopy, particularly in plants with large chro-
mosomes such as Tradescantia and Lilium, e.g., [43,79–83], but they 
have also been seen (rarely) in mammalian cells [49,84,85]. Indeed, 
once the structure of DNA was known, helical models of chromosomes 
became more plausible. It made sense that the DNA double helix might 
twist into a supercoil which in turn could super-twist into shorter, fatter 
solenoidal helices as mitotic chromosomes formed [31,32,34]. On the 
other hand, in the absence of knowledge of topoisomerases, these 
models required elaborate mechanisms to permit topological disentan-
glement and segregation of sister chromatids at anaphase (see for 
example [43]). 

At one point it was proposed that each chromatid consists of a coiled 
“unit fiber” about 0.4 µm in diameter [41]. However, subsequent work 
indicated that the extraordinarily dense unit fiber is an artefact of 
shearing during the preparation of chromosomes [86–88]. In fact, each 
pair of sister chromatids gives rise to a single unit fiber [87]. How paired 
sister chromatids can undergo such a drastic reorganization remains a 
mystery but is one of the observations suggesting that mitotic chromo-
some structure is somehow metastable. Possibly, the chromosome as a 
whole becomes more susceptible to shear when connections within the 
chromosome scaffold (see below) are weakened. 

As discussed below, it is now clear that each chromatid of a mitotic 
chromosome does not simply consist of a hierarchical series of coils. 
Instead, and despite some recent claims to the contrary based on very 
detailed analysis by light microscopy [52], modelling of Hi-C data from 
vertebrate chromosomes undergoing synchronous mitotic entry clearly 
argues that each sister chromatid is organized around a helical array of 
condensin II, from which loops project radially, as though from the steps 
of a spiral staircase [89]. Those and previous Hi-C experiments [90] 
appear to confirm and extend the radial loop model proposed by 
Laemmli and co-workers (see below), who had observed that in some 
histone H1-depleted and decondensed chromosomes the chromosome 
scaffold component topoisomerase IIα follows a helical path, as seen by 
immunofluorescence staining [91]. 

3. The folded fiber model of chromosome structure 

The folded fiber model of Ernest DuPraw [19,45,92] was the first 
model of mitotic chromosome organization that did not include either 
chromomeres or hierarchical spirals, and it was also the first model 
based on electron microscopy rather than just light microscopy. “Whole 
mount” mitotic chromosomes were spread on a liquid surface, picked up 
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on grids and critical point dried. These chromosomes retained their 
normal overall shape, and the chromatids appeared bushy with seg-
ments of chromatin fibers protruding at the surface. Interestingly, 
DuPraw occasionally referred to the folded fiber as “looping out” at 
telomeres and compared this to the “spinning out” of DNA in the loops of 
diplotene lampbrush chromosomes and the “puffs” of polytene chro-
mosomes. However, he never suggested loops as a general feature of the 
folded fiber. In a few cases, DuPraw interpreted his micrographs as 
showing coiled chromatids (e.g., [92]), but these were seen only rarely 
and coiling was not an integral aspect of his folded fiber model. 

DuPraw proposed that the fibers were folded randomly and often 
longitudinally in chromatids, but these ideas were confuted by the 
development of chromosome banding techniques, (e.g., [93–99]). The 
bands consistently traverse a chromatid from side to side, suggesting 
that the fiber mainly lies perpendicular to the chromosome axis rather 
than running parallel to it [98]. The explanation for these banding 
patterns remains somewhat mysterious, though the most likely expla-
nation is that they reflect large scale trends in the G:C and A:T content of 
the DNA (e.g., the “isochores” of Bernardi [100–102]). 

The advent of chromosome banding techniques also showed that 
mitotic chromosome structure, at least at the scale of banding patterns, 
is quite reproducible. Comparing karyotypes of closely related species 
by banding (e.g., humans and other primates; [103]) or chromosome 
painting [104], shows that mitotic chromosome structure is largely 
preserved over millions of cell generations. It is hard to imagine how 
random folding, as postulated in DuPraw’s model, could produce such 
consistency of structure. 

4. Non-histone proteins and the scaffold-radial loop model 

DuPraw’s electron micrographs and his folded fiber model repre-
sented an important advance, but like the chromomere and coiled 
chromonema models, his model did not envision any structural elements 
in chromosomes other than DNA and histones. Yet it was never clear 
how histones alone would be able to maintain stable chromosome 
morphology over millions of cell divisions. 

A major breakthrough was made when Laemmli and co-workers 
removed bulk histones from isolated chromosomes and studied the 
structure and composition of what remained. Treatment of isolated 
prometaphase chromosomes with high salt (2 M NaCl), or with poly-
anions in the presence of low salt, solubilized the histones and produced 
residual DNA-containing structures sedimenting at 4000–7000 S and 
essentially devoid of histones. These structures were disrupted by 
treatment with urea, SDS, or chymotrypsin, but not by RNase or high 
salt, suggesting that they were held together by non-histone proteins 
[105]. 

Electron microscopy of surface-spread histone-depleted chromo-
somes showed a central structure with the general shape of a metaphase 
chromosome, from which DNA extended as loops [44]. This central 
structure was termed the chromosome “scaffold”. The scaffold evidently 
involved non-histone proteins since it could be visualized by silver 
staining in intact chromosomes or in chromosome spreads after DNase 
and high salt treatment but was destroyed by treatment of those spreads 
with urea or a mixture of proteases [106]. A scaffold fraction rich in 
non-histone proteins and with almost all DNA removed could be pre-
pared from isolated mitotic chromosomes by digesting the DNA first and 

Fig. 2. Isolation and characterization of the mitotic chromosome scaffold fraction. (A) General flow-chart for the isolation of mitotic chromosome scaffolds. (B) SDS 
polyacrylamide gel of mitotic chromosomes (lane 1) and the scaffold fraction isolated by treatment with nucleases and 2 M NaCl (lane 2) from chicken MSB-1 cells 
[127]. (C) Human (HeLa) mitotic chromosome scaffold isolated at low ionic strength with dextran sulphate/heparin and centrifuged onto an electron microscope 
grid [87]. 
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then depleting the chromosomes of histones [107]. A description of the 
procedure and some characterization of the scaffold fraction is presented 
in Fig. 2. 

These results led to the Scaffold-Radial Loop Model of mitotic 
chromosome structure [44,108], which proposed that a scaffold of 
non-histone proteins is responsible for the basic shape of mitotic chro-
mosomes and organizes the DNA into loops along the length of each 
chromatid. In thin-sections of isolated chromosomes, Marsden and 
Laemmli observed a radial distribution of chromatin loops projecting 
outward from the central axis of each chromatid [21], and Adolph ob-
tained similar results using thin-sections of permeabilized cells [109, 
110]. Marsden and Laemmli estimated the length of these loops, and 
assuming the existence of a 30 nm chromatin fiber in the isolated 
chromosomes, their results indicated a loop size of around 80 kb [21]. 
This agrees remarkably well with DNA loop lengths measured by Paul-
son and Laemmli [44], measurements of HeLa cell nucleoids [111] and 
recent estimates based on Hi-C ([89] see Section 9). The presence of 
loops and a central organizing structure was subsequently confirmed in 
meiotic prophase chromosomes prepared by the Miller spreading tech-
nique [112–114] and by swelling and shrinking mitotic chromosomes 
that had been centrifuged onto electron microscope grids (Fig. 3) [87]. 
The latter studies also estimated a DNA loop size of around 80 kb, again 
assuming that the chromatin formed a 30 nm fiber in vitro. 

The idea of loops emanating from a central axis was consistent with 
historic evidence for a loop organization of meiotic diplotene “lamp-
brush” chromosomes (e.g., [115–119]). Much later, loops were also 

resolved in transcriptionally active puffs of Chironomus polytene chro-
mosomes [120]. To put these developments in context, several years 
before the discovery of the mitotic chromosome scaffold, Don Coffey and 
co-workers had proposed that nuclei in interphase cells were organized 
by a network of non-histone proteins that they termed the “nuclear 
matrix” [121,122]. Despite years of sometimes bitter controversy (see 
below), we now know that non-histone proteins have major roles in 
organizing both the interphase genome and mitotic chromosomes 
(though they are not necessarily the same non-histone proteins in both 
cases). 

5. The chromosome scaffold controversy 

For many years, the existence of a chromosome scaffold was 
controversial. The dominant argument against it was that no one had 
observed a scaffold in “native” mitotic chromosomes (or a matrix in 
nuclei) by electron microscopy. It was argued that the scaffold/matrix 
was an artefact reflecting the precipitation of non-histone proteins under 
non-physiological salt conditions when the DNA was removed (see e.g. 
[123]). The use of the term “scaffold” may have been unfortunate, as 
many people interpreted the term in the sense of scaffolds used in 
building construction – i.e., as describing a solid rod-like structure upon 
which the chromosome was assembled [124]. Such robust rod-like 
structures had never been observed in electron micrographs. However, 
the original papers on histone-depleted chromosomes [44,105,107]) 
never claimed such a structure for the scaffold, instead describing it as 

Fig. 3. Human mitotic chromosome showing 
radial loops with nucleosomes. (A) Chromo-
somes were isolated from HeLa cells, expanded 
at low ionic strength in the absence of divalent 
cations using TEEN buffer, centrifuged onto an 
electron microscope grid and then treated with 
aqueous uranyl acetate (which caused the 
chromatin not adherent to the carbon film to 
collapse back onto the chromatid axes) [87]. 
(B) Enlarged view of the boxed area. Radial 
loops with abundant nucleosomes are clearly 
seen.   
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“fibrous” and “a non-histone protein network”. 
Over the years evidence has accumulated that the chromosome 

scaffold consists of specific proteins distributed axially, even in unex-
tracted chromosomes. The precise organization of this scaffold remains a 
question of study, but evidence suggests that it consists of a network of 
connections [88] or a series of “spot-welds” [124,125] that anchor (and 
likely create) the chromosome loops, rather than a rigid rod-like 
structure. 

Among the electron micrographs of histone-depleted chromosomes 
published by Paulson [88], many show the scaffold as an open mesh-
work. However, some histone-depleted chromosomes were observed in 
which parts of the scaffold had an open network structure while other 
parts of the same scaffolds looked like solid cores. The latter showed 
features such as “straps” [126], indicating that the DNA had not 
completely adhered to the cytochrome c monolayer during spreading 
and had subsequently aggregated during the dehydration and staining 
steps. An example is shown in Fig. 4. It was suggested, therefore, that the 
open network-like appearance was more indicative of the underlying 
structure of the scaffold, and that the solid “chromosome cores” were 
produced artefactually [88]. 

Subsequent immunoelectron microscopy of mitotic chromosomes 
that had been centrifuged onto electron microscope grids revealed that 
topoisomerase II was distributed throughout the central (axial) region of 
the chromatids as a series of dispersed spot-like foci [125]. The same 
study provided compelling evidence, based on a novel approach 
involving antibody crosslinking within isolated mitotic chromosomes, 
that topoisomerase II was concentrated at the base of the chromosomal 
loops with little or none stably associated with the radial loop DNA 

[125]. 
Any concerns that the entire scaffold might be an artefact of spec-

imen preparation were finally laid to rest by a series of further advances:  

• the discovery of specific protein components of the scaffold, such as 
topoisomerase IIα [127,128], SMC proteins [129] and the condensin 
complex [130,131];  

• the demonstration that these proteins are required for assembly of 
mitotic chromosomes [130–135]. For reviews see [48,55–57,59,60, 
65,66,68,136–161];  

• the demonstration that these proteins have an axial distribution even 
in unextracted chromosomes ([125,128–130], and subsequently, too 
many references to list) (see e.g., Fig. 5);  

• the fact that chromosomes can be swollen and then returned to their 
original size and morphology by manipulating the ionic strength [87, 
162], suggesting that their structural integrity must involve a 
network of crossties [163];  

• the fact that the reversibility of this swelling and therefore the 
structure of the network is dependent on condensin [132];  

• the observation that genetic ablation of the condensin complex 
completely abolished the chromosome scaffold when isolated mitotic 
chromosomes were digested with nuclease and extracted with 2 M 
NaCl [132]. It is highly unlikely that removal of a single protein 
would cause all other chromosome-associated non-histone proteins 
to change their precipitation behavior.  

• And finally, it has been shown that DNA can form chromosome-like 
structures by association with condensin complexes in a fractionated 
Xenopus egg extract system even without significant amounts of 
histones present [164]. 

Thus, after 40 years, it is no longer controversial to refer to a 
“chromosome scaffold” compartment running along the axes of sister 
chromatids. 

Advances in microscopy techniques continue to offer new insights 
into chromosome structure. One example is serial block face scanning 
electron microscopy, which makes it possible to reconstruct whole 
mitotic cells at a resolution of 4 nm in X and Y. The resolution in Z de-
pends on the thickness of the sections cut within the microscope, which 
varies depending on the apparatus used (Fig. 6) [165,166]. This tech-
nique allows, for example, accurate determination of chromosome 
lengths and volumes, key parameters when assessing models of chro-
matin fiber packing. A recent study combining an alternative 3D 
reconstruction strategy (focused ion beam/scanning electron micro-
scopy, or FIB/SEM) with three dimensional-structured illumination 
microscopy (3D-SIM) has reported, paradoxically, that the scaffold ap-
pears to be a double helical structure within each sister chromatid [167]. 
Other recent studies claim that regular bridges that contain scaffold 
proteins and connect sister chromatids are critical for the process of 
mitotic chromosome formation [52,53]. Currently the method that 
achieves the best resolution at the level of light microscopy appears to be 
a combination of expansion microscopy with super-resolution STORM 
imaging [168–170]. This technology can resolve individual protein 
complexes in the context of whole mitotic chromosomes (unpublished 
results). Considering these new developments, it appears likely that 
technological advances will continue to provide novel insights and fuel 
new controversies into the exact nature of the chromosome scaffold. 

6. Identification, localization and functions of scaffold proteins 

In early studies, it was observed that histone-depleted chromosomes 
[105] and isolated chromosome scaffolds [107] had similar patterns of 
proteins in 1-dimensional SDS-PAGE. About 30 polypeptides were 
detected, most of them larger than 50 kDa [105,107] (Fig. 2). However, 
at that time it was not clear which of these were true structural proteins 
of chromosomes, which might have non-structural functions, and which 
were contaminating cytoplasmic “hitchhikers”. 

Fig. 4. Scaffold region of a histone-depleted human mitotic chromosome. 
Chromosomes isolated from HeLa cells were depleted of histones by treatment 
with 2 M NaCl and prepared by Kleinschmidt spreading [460]. Note the open, 
network-like structure of the scaffold in the chromatid on the left. The dense 
“core” in the chromatid on the right and the “straps” emanating from it [126] 
are most likely due to collapse during dehydration and staining of DNA that was 
not completely adsorbed to the cytochrome c monolayer. 
(From [88] with permission.). 
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We now know that, if we ignore the kinetochore (which has more 
than 100 proteins associated with it at one time or another [171–179]), 
it takes remarkably few proteins to convert an interphase nucleus into 
something that looks like mitotic chromosomes [164]. However, 
determining the protein composition of mitotic chromosomes is far from 
simple. Chromosomes are highly charged, and after nuclear envelope 

breakdown many cytoplasmic proteins bind to them and remain tightly 
associated throughout subsequent subcellular fractionation procedures. 
Distinguishing bona fide chromosomal proteins that have some role in 
chromosome structure or segregation from the thousands of fortuitous 
hitchhikers (many of which are very abundant) is far from simple. This 
problem plagued early proteomic studies of chromosomes [180–184], 

Fig. 5. Localization of condensin and KIF4A to the chromatid axis in mitotic cells. (A,B) Two mitotic DT40 cells with conditional SMC2 knockout (SMC2OFF) stained 
for endogenous KIF4A (red) and expressing SMC2-TrAP (green - stained with anti-SBP antibody). Both proteins are localized to the axis of sister chromatids (DNA - 
blue). Unpublished images provided by Kumiko Samejima from [133]. 
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and although interesting proteins were identified, a definitive chromo-
some proteome remained elusive. This problem was partly overcome by 
the development of multiclassifier combinatorial proteomics (MCCP), 
an approach based on a random forest machine-learning algorithm that 
compares the composition of mutant and wild-type chromosomes and 
mitotic cell fractions [171]. The more recent chromatin enrichment for 
proteomics (ChEP) method, which identifies proteins that can be 
crosslinked to DNA prior to subcellular fractionation [185], has pro-
vided further insights. 

The conclusion from these comprehensive proteomic studies of iso-
lated chromosomes and mitotic cells is that a handful of histones makes 
up the bulk of the chromosomal protein mass [171], but that the char-
acteristic mitotic chromosome shape is built as a result of the action of 
the two condensin complexes, the cohesin complex, the chromokinesin 
KIF4A and DNA topoisomerase IIα. Targeted proteomic studies of iso-
lated chromosome scaffolds have not yielded any other candidates for 
major structural proteins [171,186–188]. Another as-yet incompletely 
defined set of highly abundant proteins, largely from nucleoli, makes up 
the mitotic chromosome periphery compartment (MCPC), which com-
prises roughly 40% of the mitotic chromosome volume [165,186,189, 
190]. The remainder of the chromosome mass is composed of thousands 
of less abundant hitchhiker proteins that associate with the mitotic 
chromosomes, but likely do not have roles in either chromosome 
structure or segregation [171,186,188]. 

6.1. DNA topoisomerase Iiα 

The first step toward identifying the structural proteins of the scaf-
fold was made by Catherine Lewis in the Laemmli lab, using newly 
developed isolation procedures that yielded chromosomes relatively 
free of cytoskeletal proteins and other contaminants. Using these chro-
mosomes, Lewis and Laemmli identified two major high molecular 
weight proteins in the scaffold which they called Sc1 (170 kDa) and Sc2 
(135 kDa) [191]. 

The first of these to be identified was Sc1, which was found to be 
DNA topoisomerase IIα (topo IIα) [125,127,128,192]. Ever since isola-
tion of the first topo II mutants in S. pombe it has been known that topo II 
activity is required for sister chromatid separation during anaphase 
[193–195], but its roles earlier in mitosis remain unclear. A variety of 
approaches, including indirect immunofluorescence, immunoelectron 
microscopy and in situ immuno-crosslinking, showed that topo IIα was 
localized to the axes of sister chromatids [91,125,128,196,197]. Later 
studies on the behaviour of Drosophila topo II in live embryos [198], and 
experiments employing over-expression of GFP-tagged exogenous topo 
IIα in cultured cells (and based on rapid turnover in FRAP experiments) 
[199], questioned this axial localization and the scaffold role of topo IIα 
[200]. However, more recent experiments using knock-in technology to 
tag the endogenous protein confirm the original axial localization 
([135], Kumiko Samejima, unpublished). Although a number of exper-
iments have demonstrated that topo IIα is required for assembly and 
maintenance of mitotic chromosomes [135,201–203], it is still not clear 
whether it plays a structural or only a catalytic role. 

In Drosophila, depletion of topo II causes dramatic chromosomal 
structural abnormalities [195]. By contrast, most studies in vertebrates 
have found that topo IIα inhibition with bis(2,6- dioxopiperazine) de-
rivatives (which do not cause the accumulation of DNA breaks) [194, 
204,205] or depletion [133,206] lead to formation of long and thin 
chromosomes that are otherwise fairly normal morphologically, a 
phenotype reminiscent of that seen following condensin II depletion 
[207–209]. In one recent study using acute depletion of topo IIα with an 
auxin degron, it was found that topo IIα appears not to be required 
during prophase for chromosome formation, but that it is required for 
normal chromosome compaction in prometaphase after nuclear enve-
lope breakdown [135]. Polymer simulations reveal that in order for loop 
extrusion to form rod-like arrays of loops resembling mitotic chromo-
somes (see Section 7), it is necessary to postulate the existence of a 

Fig. 6. 3D-Reconstruction of human metaphase chromosomes obtained by SBF- 
SEM. (A) Section 84 of 225 of a metaphase hTERT RPE1 cell imaged by Serial 
Block-Face Scanning Electron Microscopy (SBF-SEM) using 4 nm resolution in 
XY and 75 nm in Z. The microscope was a Gatan 3View. (B) Modelling and 3D 
reconstruction of chromosomes. Representative images in XY and ZY are 
shown. (C) Segmentation and labelling of chromosomes from the 3D recon-
struction. 46 chromosomes were resolved and each is shown in a different 
colour. Chromosomes 1–5 and 19–22 are identified unambiguously by their 
relative lengths and volumes. Image processing used the program AMIRA 
(Thermo Scientific). 
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topoisomerase-like molecule that can pass DNA strands through one 
another, thereby preventing the formation of knots and tangles as the 
DNA is twisted [90]. Indeed, this may be one reason why topo IIα is 
associated with the chromatid axis near the bases of the loops [125]. 

Possible additional role(s) of topo IIα in mitotic chromosome for-
mation are still under investigation. Surprisingly, a recent study re-
ported that degradation of topo IIα during prometaphase and metaphase 
results in a loss of normal chromosome architecture [135], analogous to 
that seen many years ago when condensin subunits were depleted from 
Xenopus egg extracts [130] (see next section). The role of topo IIα in 
maintaining mitotic chromosome structure is unknown, though it could 
be required to prevent tangles due to ongoing loop-extrusion by con-
densins [210]. 

6.2. SMC proteins and condensin 

Scaffold protein Sc2 was identified as SMC2 by expression vector 
cloning using antibodies to the protein from chicken chromosome 
scaffolds [129]. At the same time the SMC protein family was described 
in a number of studies of chromosomal proteins from budding and 
fission yeasts, chicken, X. laevis and C. elegans [129,130,211–214]. 
SMC2 was shown to be a component of the condensin complex identified 
by Hirano and coworkers [63,130,131,215,216]. Indeed, SMC proteins 
make up the heart of the condensin and cohesin complexes, both of 
which play important roles in chromosome organization. They also help 
make up the SMC 5/6 complex, whose function is still debated [147,161, 
217]. The composition and organization of these three SMC complexes is 
presented in Fig. 7. 

The original SMC mutants were identified as necessary for the 
segregation of plasmid minichromosomes in budding yeast [218]. SMC 
initially stood for “Stability of Mini Chromosomes” but was soon 
rebranded as “Structural Maintenance of Chromosomes”. SMC proteins 
are also present in prokaryotes, where they are essential for chromo-
somal structure and segregation [63,159,219,220]. 

The identification of condensin was a key advance. Working in the 
Mitchison lab, Tatsuya Hirano identified two proteins XCAP-C and 
XCAP-E (later identified as SMC4 and SMC2, respectively) as being 
required for the structure and stability of mitotic chromosomes assem-
bled from sperm nuclei in Xenopus egg M-phase extracts [130]. 

Subsequent immuno-fractionation of those extracts yielded a large 
complex with SMC2, SMC4 and three other subunits that was essential 
for the transformation of added nuclei into mitotic chromosomes [131]. 
This complex was named condensin. Early functional studies showed 
that yeast SMC dimers lacking the auxiliary subunits could drive DNA 
annealing independently of ATP hydrolysis [221] and that Xenopus 
condensin could cause ATP-dependent supercoiling of DNA plasmids 
[222,223]. Whether or how these activities contribute to mitotic chro-
mosome formation is still not known. 

Hirano and co-workers subsequently discovered that many eukary-
otes have two such complexes, condensin I and condensin II, with 
distinct but overlapping functions [207,208,224]. Condensin II is nu-
clear in vertebrates, whereas condensin I is mostly cytoplasmic during 
interphase [224,225]. Both condensins localize to the chromatid axes 
during mitosis. A third variant form of condensin complex is responsible 
for regulating dosage compensation in C. elegans [214,226–228]. 

Early RNAi studies showed that condensin was required for proper 
chromosomal localization and function of topo IIα [229,230]. Condensin 
was also found to be required for the segregation of the repetitive yeast 
rDNA locus [231], likely dependent on topo II activity. Genetic analysis 
in Drosophila has revealed that condensins are required for sister chro-
matid resolution and segregation in mitosis [230,232,233]. 

Initial bioinformatic analysis [129,234] revealed that SMC proteins 
are related to ABC-ATPases, with Walker A and B sites at opposite ends 
of the molecules separated by a lengthy region predicted to form two 
coiled-coils flanking a globular hinge region. The Walker A motif is 
required for ATP binding whereas the Walker B motif is required for ATP 
hydrolysis. It was proposed that the molecule might fold back on itself 
like a jackknife, bringing the Walker A and B sites together [234]. 
Although initially disregarded, this model gained support from 
single-particle electron microscopy [235], and was subsequently 
confirmed by cross-linking mass spectrometry [236] and more recently 
by molecular structures from x-ray diffraction [237] and cryoelectron 
microscopy [238,239]. As in other ABC-ATPases, ATP binding causes 
the Walker A and B sites to dimerize, driven by the so-called signature 
motif (another conserved feature of ABC ATPases and SMC proteins). 
ATP hydrolysis releases them from each other [240,241]. In condensin, 
ATP binding causes the Walker A site of SMC2 to dock with the Walker B 
site of SMC4 and vice versa (Fig. 8). (The corresponding polypeptides 

Fig. 7. Organization and protein composition of the three SMC protein complexes. Nomenclature is for the vertebrate proteins. For a description of the nomenclature 
in various model organisms, see [147]. 
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are SMC3 and SMC1 in cohesin. For a discussion of the evolution of the 
ATPase sites in SMC proteins see [242].) Recent studies reveal that the 
two ATP binding pockets are not functionally equivalent [243]. Since 
both the hinge region and heads of SMC2 and SMC4 associate with one 
another, ATP-binding and hydrolysis provides a mechanism regulating 
the opening and closing of a ring approximately 40 nm in diameter 
formed by the long coiled coils. 

Condensins I and II share the same SMC core (a dimer of SMC2/ 
SMC4), but two different sets of auxiliary subunits (Fig. 7A). The 
auxiliary subunits include a strap-like kleisin (from the Greek word for 
closure: kleisimo) that links the ATPase heads of SMC2 and SMC4, sta-
bilizing the closed ring conformation, and two HEAT-repeat-containing 
subunits (HAWKs, for HEAT proteins Associated With Kleisins) with 
DNA-binding activity [147,156,157,161,244–248]. The kleisin subunits 
are CAP-H in condensin I and CAP-H2 in condensin II. The HEAT-repeat 
subunits are CAP-D2 and CAP-G in condensin I, and CAP-D3 and CAP-G2 
in condensin II. Despite their obvious similarities, Condensin I and II 
have significant differences. Condensin II is nuclear during interphase, 
whereas condensin I is cytoplasmic [224,225]. Condensin I, but not 
condensin II, requires an association with the chromokinesin KIF4A to 
localize to the mitotic chromosome axis [249]. Condensin II, but not 
condensin I, requires an apparently non-catalytic activity of protein 
phosphatase 2A to associate with chromosomes in mitosis [250,251]. 

Condensins shape the mitotic chromosomes, apparently by acting in 
a pathway with topo IIα [132,133,142,210,229,230,252–260]. They are 
thought to do this by forming chromatin loops by loop extrusion as 
discussed in detail in Section 7. Gradual depletion of either condensin 
complex by RNAi or conditional gene knockouts does not completely 
abolish mitotic chromosome architecture [132,207,208,261,262], 
although the resulting chromosomes are more fragile than wild type 
(Fig. 9) [87,132,162]. In contrast, depletion of condensin from Xenopus 
egg extracts [131] or acute ablation of condensin either with a degron or 
by protease cleavage blocks the formation of recognizable mitotic 
chromosomes [134,263]. 

6.3. Cohesin 

The second major chromosomal SMC complex is cohesin [264,265]. 
Cohesin got its name because it establishes cohesion between sister 
chromatids in a process linked with DNA replication. Cohesin can also 
bind to chromosomes and form loops throughout the cell cycle, but it 
normally establishes sister chromatid cohesion only during DNA repli-
cation [266,267]. An exception is that cohesin can also be recruited and 
establish cohesion during G2 in association with the repair of 
double-stranded DNA breaks [268–270]. 

In most eukaryotes the bulk of cohesin is released from chromosomes 
during the process of condensation via a prophase pathway [271–275], 
leaving a peri-centromeric sub-population that is responsible for main-
taining sister chromatid cohesion until the kleisin subunit is cleaved by 
the protease separase to trigger sister separation at anaphase [61, 
276–279]. Cohesin is not believed to be essential for assembly of the 
chromosome scaffold [280] although recent studies reveal that it does 
influence the process of chromosome formation (unpublished data). 

Like condensin, cohesin is built around a dimer of SMC proteins, 
SMC1 and SMC3, complexed with three other subunits (Fig. 7B). The 
following uses the nomenclature for human cells. For the corresponding 
names in various model systems, see [147]. The SMC-associated sub-
units include the kleisin Rad21 [281]; the HAWKs SA1 or SA2 [282] and 
either the cohesin-loader NIPBL [283–285] or the regulatory subunit 
Pds5 (both of which are also HAWKs) [271,286,287]. NIPBL and Pds5 
compete for the same binding site on Rad21. Pds5 can stabilize cohesin’s 
association with DNA by recruiting the acetyltransferase Esco1/2 [288], 
which acetylates SMC3 during S phase in a process coupled to DNA 
replication [289,290] and recruits (in metazoans only) a binding part-
ner, Sororin, that stabilizes cohesin on DNA and is required to establish 
sister chromatid cohesion [291–293]. Alternatively, Pds5 can promote 
the release of cohesin from DNA by recruiting the release factor Wapl 
[294,295]. Wapl and Sororin bind to the same site on Pds5 [296], so a 
competition between these factors apparently regulates the stability of 
interphase chromatin loops formed by loop extrusion (see Section 7). 
Cleavage of the kleisin subunit by the protease separase is responsible 
for the final separation of sister centromeres that marks the onset of 
anaphase [61,276–279]. 

Importantly, the realization that mutants in the cohesin loading 
subunit NIPBL cause Cornelia de Lange Syndrome (CdLS), a develop-
mental disorder resulting in severe malformations and mental retarda-
tion [297–299], led to the discovery of a class of human genetic diseases 
known as cohesinopathies [300–302]. CdLS and Roberts Syndrome are 
the best known of these diseases [303,304]. It is now known that mu-
tations in at least 4 cohesin-associated genes are associated with CdLS 
[305,306]. Roberts Syndrome is caused by a defect in the acetyl-
transferase Esco2 [307], which acetylates SMC3 to establish stable 
sister-chromatid cohesion [308]. Analysis of the phenotypes of cohesin 
mutants has revealed that the complex plays an important role in 
organizing the interphase nucleus and regulating patterns of gene 
expression. The cohesin complex acts with the barrier factor CTCF to 
organize interphase chromosomes into local loop domains of 500 kb – 
1 Mb known as TADs (“topologically associating domains”) [309–311]. 
TADs may, at least in some instances, regulate the access of enhancers to 

Fig. 8. Structural dynamics of SMC complexes. (A) ATP binding regulates the 
pairing of SMC protein heads. The heads pair, closing the SMC ring, when ATP 
is bound, and open following ATP hydrolysis. The strap-like kleisin subunit 
which also joins the two heads together, is not shown in this diagram. (B) The 
coiled-coils of SMC proteins are highly dynamic. They can form either a ring 
[267,461], a closed I-structure [235–237,461,462], a folded-over I-structure 
[238,239] or a butterfly structure [463]. The distribution of these different 
states appears to be regulated by ATP-binding [239,463]. Since both the hinge 
region and the HEAT repeat subunits can bind DNA, it is highly likely that these 
conformational changes contribute to loop extrusion, although the detailed 
mechanism is still under investigation. 
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their target genes, and thereby help regulate gene expression. TADs may 
correspond to the bands in insect polytene chromosomes [312], one of 
the oldest observations supporting an organized substructure for inter-
phase chromosomes [313]. The interphase functions of cohesin are 
beyond the scope of this chapter but are discussed in recent reviews 
[157,314]. 

6.4. SMC 5/6 complex 

The function of a third SMC complex has proven to be more elusive, 
so this complex is known only by the name of its SMC proteins: the 
SMC5/6 complex. This is the most elaborate of the three eukaryotic SMC 
complexes, with 4–6 non-SMC subunits (Fig. 7C). Unlike condensin or 
cohesin, SMC5/6 complexes possess associated ubiquitin and SUMO 
ligase (E3) activity conferred by three of the non-SMC subunits. The 
complex can associate with unusual DNA structures (e.g. ssDNA, RNA/ 
DNA hybrids, supercoils or catenanes) and compact the surrounding 
DNA [315,316]. 

SMC5/6 association with DNA is unchanged as cells progress from G2 
into mitosis (Itaru Samejima, unpublished). The complex has been re-
ported to concentrate near centromeres and the rDNA, though different 
localization has been seen in different studies. Depletion of SMC5 has no 
effect on the chromosomal association of condensins or cohesin [186]. 

The SMC5/6 complex appears to function during S phase in replicating 
and separating regions of repetitive DNA and may also have roles in 
DNA repair and recombination. Depletion of SMC5/6 components prior 
to S phase entry causes dramatic chromosome segregation defects in 
mitosis, apparently reflecting difficulties with resolving topological 
tangles [317]. 

6.5. Chromokinesin KIF4A 

The least explored component of the chromosome scaffold is the 
chromokinesin KIF4A [133,318–322]. Chromokinesins are a subgroup 
of the kinesin family of motor proteins that bind both to DNA [152] and 
to microtubules. KIF4A is a bona fide kinesin that can move cargoes to 
microtubule plus ends in neurons [323] and has a key role in forming the 
microtubule structures of the central spindle and intercellular bridge as 
cells divide [324–327]. KIF4A is unusual for a kinesin, in that it has also 
been found to be required for DNA damage responses [328,329] and 
decreased KIF4A activity is associated with cancer [330–332] (reviewed 
in [333]). The underlying mechanisms are not known. 

KIF4A works together with condensins and topo IIα to shape mitotic 
chromosomes [133,249,320,321,333,334]. As a chromokinesin, KIF4A 
can bind both to DNA [152,335,336] and to condensin [133,249,320, 
334,335,337] and it is required for normal condensin I localization on 

Fig. 9. Condensin is required to establish a stable mitotic chromosome architecture. Chromosomes in mitotic chicken DT40 cells either containing SMC2 (A) or 
depleted of SMC2 and therefore condensin (B) were placed in low ionic strength TEEN buffer in the absence of divalent cations [87]. (A) Chromosomes in cells 
containing SMC2 expand, but retain a recognizable chromosome morphology. (B) Chromosomes in cells depleted of condensin look relatively normal initially though 
slightly swollen (left-hand micrograph), but after addition of TEEN buffer, they unravel completely. Experiment performed by Paola Vagnarelli [132]. 
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chromosome axes [133,249]. Indeed, KIF4A depletion reduces con-
densin I levels on isolated chromosomes, while levels of condensin II and 
the other SMC protein complexes are not affected [133]. Depletion of 
KIF4A leads to production of short, fat chromosomes similar to what is 
seen with loss of condensin I [133,207,208,334] and chromosomes 
formed in its absence have a defective structure as shown in the intrinsic 
metaphase structure (IMS) assay [132,133]. Because KIF4A functions as 
a dimer and has a DNA-binding site [152], it is possible that it could 
contribute to the formation or stabilization of DNA loops, although there 
is as yet no direct experimental evidence for this. At this point, the 
mechanism of KIF4A action during mitotic chromosome formation re-
mains unclear. 

6.6. Interactions between scaffold proteins 

These five proteins – topoisomerase II, condensins I and II, cohesin 
and the KIF4A chromokinesin – constitute the minimal requirements for 
reconstitution of condensed chromosomes in vitro [164,255,338]. Thus, 
they appear to be the major, if not the only, essential components of the 
chromosome scaffold. Despite the small number of major proteins 
involved, the analysis of chromosome condensation is complicated by 
the fact that the activity of all of these proteins is regulated by in-
teractions between them, by phosphorylation [187,322] and by changes 
in compartmentalization during chromosome formation [207,225]. 

Condensin interacts functionally and structurally with topo IIα. Ex-
periments in budding yeast reveal that condensin-mediated chromatin 
supercoiling may promote topoisomerase II activity [253]. In addition, 
lowering condensin levels by only 40% is sufficient to disrupt the con-
centration of topo IIα along the chromatid axes [134]. Indeed, simul-
taneous RNAi experiments showed that topoisomerase II, condensins 
and KIF4A somehow counterbalance one another during mitotic chro-
mosome formation. Morphological disruptions caused by condensin and 
KIF4A depletion were to some extent rescued if topo IIα was depleted at 
the same time [133]. 

Topo II activity is regulated by a number of different post-
translational modifications. For example, the enzyme is ADP-ribosylated 
[339], and this can inhibit its activity [340]. Topo II is phosphorylated 
during mitosis [180,341–347], and this has generally been shown to 
stimulate its activity [348–352], possibly by alleviating auto-inhibition 
by the C-terminal tail of the protein [346,351,353–356]. Topo II 
SUMOylation regulates the spindle assembly checkpoint via Haspin and 
Aurora B kinases [357,358]. 

Condensin phosphorylation has been reported to be required for its 
activity in condensing chromosomes [359,360], and a number of kinases 
have been reported to be involved. Aurora B kinase is important for the 
correct localization and function of condensin on mitotic chromosomes 
[224,320,361–365]. Aurora B phosphorylation has been proposed to 
regulate condensin association with H2A and/or H2A.Z, which can act 
as chromosomal receptors for the complex [366]. Phosphorylation of 
CAP-H2 by the kinases Mps 1 and Plk1 is important for condensin II 
binding and chromosome condensation [367,368]. In contrast, phos-
phorylation by Chk2 kinase after DNA damage inhibits condensin as-
sociation with DNA [369]. Phosphorylation by casein kinase II during 
interphase has also been reported to inhibit condensin I activity [370], 
and phosphorylation of the SMC hinge of S. pombe condensin reduces its 
binding to DNA [371]. 

Although the role of condensin’s plasmid supercoiling activity [222] 
in mitotic chromosome condensation remains uncertain, a number of 
studies have looked at the regulation of this activity by phosphorylation. 
Phosphorylation of CAP-D2 or SMC4 was reported to stimulate con-
densin DNA supercoiling activity [359,372,373]. A similar effect was 
seen following phosphorylation of the three non-SMC subunits by yeast 
polo kinase [374]. 

KIF4A phosphorylation is required for its association with condensin 
I [249,375] and for lateral chromosome compaction in mitosis [375]. 
Since condensin I and KIF4A appear to be mutually interdependent for 

their association with chromosomes, this could possibly explain why 
KIF4A association with chromosomes requires phosphorylation [337]. 
Aurora A promotes chromosome congression by activating the 
condensin-dependent chromosomal pool of KIF4A [321]. During later 
stages of mitosis, KIF4A not only has important functions in mitotic 
chromosome formation, it also has important functions in the mitotic 
spindle, where a balance between Aurora B and PP2A-B56 activity 
acting on KIF4A appears to inhibit microtubule dynamics in the central 
mitotic spindle [376–378]. 

7. Formation and stabilization of the chromatin fiber loops in 
mitotic chromosomes 

Contemporary notions of mitotic chromosome organization favor 
“bottle-brush” models with radial loops as proposed by Laemmli and 
coworkers [21,44,108]. It now appears that SMC complexes are 
responsible for this loop organization in both interphase and mitosis. 

The discovery of an ATP binding site in the N-terminal domain of 
cohesin subunit SMC1 led to the proposal that SMC proteins might be 
molecular motors that could function by looping DNA [211]. This fueled 
speculation that SMC complexes might form loops by an active extrusion 
process similar to “DNA reeling” [379] in which the ring-like SMC 
complex would bind to a site on the DNA and then use its motor activity 
to “slide” away from this, effectively pulling the DNA backwards and 
extruding it as a loop through the SMC ring [380]. Subsequent work 
supports the notion of loop extrusion by condensin [381–385] and by 
cohesin [386,387] (reviewed in [384,388,389]). 

Indeed, isolated yeast condensin has been shown to have motor ac-
tivity and move along DNA [390], and in elegant single-molecule 
studies, condensin has been shown to actively extrude loops of DNA in 
an ATP-dependent fashion [385,391–393]. It proved more challenging 
to find conditions where cohesin would actively extrude loops in vitro, 
but this has since been achieved following the discovery that the activity 
depends on the presence of the cohesin loader NIPBL [386,387]. Recent 
estimates are that the loops made by condensin and cohesin in vitro 
average 100–200 kb in size, produced by complexes that have a lifetime 
on the DNA of 5–30 min [389]. 

An important question is whether these loops tend to form at 
particular DNA sequences or whether the SMC binding sites are more 
promiscuous. Here, there are clear differences between the situations in 
mitosis and interphase. Older studies that sought to find mitotic chro-
mosome scaffold associated regions (SARs) and the analogous nuclear 
matrix associated regions (MARs) initially ended in frustration. They 
were based on isolating nuclear matrix/chromosome scaffold fractions 
following restriction endonuclease digestion and looking for the 
enrichment of particular sequences. The results were difficult to 
interpret. 

For nuclei, some MARs were mapped, especially in relation to tran-
scriptionally active loci (e.g., [394–397]. Evidence has variously been 
obtained for preferential association of the nuclear matrix with super-
coiled DNA, bent DNA, single-stranded DNA, and, in cases of some 
particular genes, specific DNA sequences [398–400]. The functional 
significance of these sequences remains obscure. Instead, it has turned 
out that many interphase chromatin loops have convergent sites for the 
architectural factor CTCF (CCCTC binding factor) at their base. CTCF 
can interact with cohesin, and loop-extruding cohesin is found together 
with CTCF at the base of interphase chromatin loops [401–404]. Thus, 
there are two discrete populations of cohesin: cohesive cohesin and 
loop-extruding cohesin. Cohesive cohesin tends to accumulate at the 
ends of genes, where it is presumably pushed by the transcriptional 
machinery [405–407]. Since CTCF binds to sites containing the 
sequence CCCTC, there is indeed a sequence preference (albeit degen-
erate) at the base of interphase chromatin loops [309,408,409]. In the 
absence of CTCF or cohesin, the TAD/loop organization of interphase 
chromatin is lost [410]. 

For mitotic chromosomes, attempts to identify particular SARs were 
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not successful, although it was determined that some scaffold proteins 
bind preferentially to DNA with runs of A:T where the minor groove is 
narrower [196,411–415]. It was possible that the failure to find specific 
SARs might be because scaffold protein positions on the DNA were 
randomized during the extraction process required for scaffold isolation. 
However, subsequent ChIP-seq mapping of condensin revealed very 
little association with specific DNA sequences [416,417]. Although 
some preferential localization was found near centromeres, telomeres 
and at some promoters, the bulk of condensin appears to be distributed 
essentially randomly across mitotic chromosomes. Thus, attempts to 
identify a consensus SAR motif were doomed to failure. With the loop 
extrusion mechanism there is no reason to require that specific DNA 
sequences be associated with the scaffold, though there could still be a 
bias toward certain sequences or types of DNA (e.g., AT-rich, super-
coiled, etc.). The idea of loop extrusion also makes sense evolutionarily 
as it means that the general shape of the chromosome will not be 
affected even by gross changes in DNA sequence such as the addition or 
removal of large amounts of repetitive DNA, or large-scale chromosomal 
rearrangements. 

Polymer modelling has subsequently revealed that loop extrusion on 
its own can compact the DNA [381,383,418]. Furthermore, given a 
dense bottle-brush-like array of loops, entropic forces resulting from 
molecular volume exclusion effects between adjacent loops will inevi-
tably cause the compacted polymer to adopt a rod-like shape similar to 
that produced during mitotic chromosome formation [419]. Thus, loop 
formation driven by DNA extrusion will result in the production of 
rod-shaped chromatids without the need for a scaffold superstructure to 
actively shape the chromosome [383]. At time of writing, loop-extrusion 
models are clearly in the ascendency; however, they are not universally 
accepted. An alternative “diffusion capture” model [420], based on the 
ability of cohesin to link sister chromatids by trapping the replicated 
DNA molecules within its coiled-coil loop, proposes that SMC complexes 
can sequentially entrap two DNAs that are brought into proximity by 
Brownian motion [421]. A problem with such diffusion capture models 
is that they do not explain how loop formation occurs strictly in cis on a 
single DNA molecule rather than allowing condensin to “capture” DNA 
from sister chromatids or even different chromosomes. During mitotic 
chromosome formation loop extrusion clearly works by acting only in 
cis. However, the diffusion capture models cannot be excluded at 
present. 

8. Genomic approaches to study chromosome structure 

Studies of chromatin organization in cell nuclei and chromosomes 
were revolutionized in 2002 when Job Dekker developed the 3C 
(“Chromatin Conformation Capture) method [422]. The basic idea of 
“C” approaches is to crosslink the DNA in intact nuclei or chromosomes 
using formaldehyde, isolate the DNA, fragment it with nucleases, ligate 
it under dilute conditions so that only crosslinked segments will be 
joined end-to-end, reverse the crosslinking, and analyze the resulting 
DNA chimeras by PCR (3C, 4C - [422,423]) or deep sequencing (Hi-C 
[424]) (reviewed in [310,425,426]). Many other variations on this 
approach are now in use as well. 

In this type of analysis, the ligation of two distant sequences shows 
that they were close together in the nuclei or chromosomes. Hi-C data 
are often presented in the form of a two-dimensional “heat map” in 
which the color indicates the frequency of association of two sequences, 
a measure of their spatial proximity. For mathematical analysis, the data 
are displayed as contact probability plots in which the probability of two 
sequences being ligated together is plotted as a function of their distance 
apart on the chromosome. Hi-C is powerful, but expensive. In the initial 
study, achieving a resolution of 1 Mb required 107 sequence reads 
[424], with roughly 100-fold more reads being required for every 
10-fold gain in resolution [425]. 

These methods have provided important information for mapping 
nuclear organization and have helped to elucidate aspects of eukaryotic 

gene expression such as the spatial relationships between transcribed 
regions and enhancers. Heat maps of Hi-C applied to interphase nuclei 
reveal complex but consistent features including loops, topologically 
associated domains (TADs - [309]) and compartments [310,424, 
427–429]. TADs are generally organized by CTCF and cohesin and 
consist of local clusters of loops spanning regions of ~1,000,000 bp 
[311]. TADs are often, though not invariably, linked to gene regulation 
(e.g., genes may be transcribed more efficiently if their enhancer is 
located within the same TAD). Compartments are much larger regions. 
They reflect a tendency of active regions of chromatin to associate with 
one another (A compartments) and inactive regions to associate with 
one another (B compartments) (references above). This may possibly be 
a result of liquid-liquid phase separation [28]. 

9. Hi-C studies of mitotic chromosome structure and formation 

In contrast to results obtained with interphase nuclei, the application 
of Hi-C to HeLa mitotic chromosomes showed a much more homoge-
neous heat map [90]. The TADs and compartments characteristic of 
interphase nuclei disappeared [430], and a relatively simple pattern was 
observed which was essentially the same for all chromosomes and for all 
loci within a chromosome. Naumova et al. [90] concluded, using poly-
mer simulations, that their data for mitotic chromosomes were best 
explained by a linear array of chromatin loops arranged consecutively 
along the length of the chromatid. Their data would be inconsistent with 
models involving hierarchical levels of coiling. 

A recent study of mitotic chromosome formation in cultures under-
going synchronous mitotic entry has reconciled apparently contradic-
tory aspects of several previous models of mitotic chromosome 
organization [89]. This study was made possible by the development of 
a chicken DT40 cell line in which chemical genetics [431] was used to 
place mitotic entry under the control of a modified Xenopus Cdk1as 

(analog-sensitive) kinase whose activity could be regulated by the ATP 
analogue 1NM-PP1 [432–434]. When these cells are incubated in 
1NM-PP1, they accumulate at a point in very late G2 phase. Upon 
wash-out of the drug, they enter mitosis within minutes with a high 
degree of synchrony. For this study, the CDK1as allele was combined 
with auxin-mediated acute ablation [435] of condensin I or II to yield a 
time-resolved genetic analysis of mitotic chromosome formation. 

Analysis of Hi-C contact probability curves and subsequent modeling 
by Gibcus et al. [89] revealed that all long-range interactions that 
existed between chromosomes during interphase were rapidly lost 
shortly after release from the 1NM-PP1 block. Compartments dis-
appeared within 5 min (corresponding to early prophase), and this was 
followed shortly thereafter by a loss of TADs. Analysis of the Hi-C data 
revealed that these “granular” chromatin interactions are replaced by an 
organization in which the entire chromosome consists of 
sequence-independent randomly positioned loops of about 60 kb. 
Because condensin II is stably associated with the chromosome, these 
loops continue to grow as mitosis progresses. Morphologically, the 
looped structures detected by Hi-C at this stage corresponded to pro-
phase chromosomes. The formation of the loops was most likely due to 
loop extrusion by condensin II, which is nuclear in interphase [224, 
225]. However, some contributions from cohesin could not be ruled out. 

RNAi of condensin II causes a delay in chromosome condensation, 
causing it to begin only in late prophase [89,225]. Condensin I is 
generally cytoplasmic until Nuclear Envelope Breakdown (NEB), but it is 
likely that the late prophase condensation seen in the absence of con-
densin II is a result of cytoplasmic condensin I entering the nucleus 
following the loss of barrier function by the nuclear pores. This occurs 
several minutes before visible NEB [436–438]. 

A dramatic transition was seen in the Hi-C data at Nuclear Envelope 
Breakdown (NEB), which defines the transition from prophase to 
prometaphase. A strong second diagonal line appeared in heat maps 
[89]. This diagonal revealed that all chromosome loci were interacting 
in a non-sequence-specific way with other loci roughly 2 Mb away in an 
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axial direction along the chromatid. As prometaphase progressed to-
wards metaphase, this second diagonal broadened and moved to larger 
spatial separations, so that by late prometaphase, it appeared that all 
chromosomal loci were interacting with other loci roughly 10 Mb away. 
This agreed with the previous ChIP mapping of condensin in these cells, 
which showed that most condensin was randomly positioned across the 
genome [416]. 

Analysis of the Hi-C contact probability plots revealed that during 
the transition into prometaphase, the initial 60 kb prophase chromatin 
loops had grown to an average length of 400 kb, presumably because 
condensin II continues to extrude the loops. The persistence and growth 
of these loops is a consequence of the fact that condensin II association 
with DNA is highly stable during mitosis [262]. 

The chromosomes start to come into contact with condensin I from 
the cytoplasm several minutes prior to NEB. It is presumably this con-
densin I that drives late prophase chromosome condensation following 
knockdown of condensin II [225]. Upon NEB, chromosomes are flooded 
with condensin I, which in DT40 and HeLa cells is present at roughly 
5–6-fold higher levels than condensin II [189,439] and is highly dy-
namic [262]. Because the chromosomes already consist of linear arrays 
of chromatin loops formed by condensin II during prophase, condensin I 
is likely to bind within those condensin II loops, thereby forming nested 
loops by an extrusion process. Thus, by late prometaphase/metaphase 
the chromosome has a complex loop structure with 80 kb condensin I 
loops nested within 400 kb condensin II loops (Fig. 10). Subsequently, 
this nested loop organization deduced from Hi-C data was indepen-
dently shown to be consistent with the amounts and dynamics of the 
condensin I and II subunits in HeLa cells [439]. 

The kinetics and dynamics of loop extrusion by the two condensins 
can explain why condensin II-depleted chromosomes are long, thin and 
floppy, as they have only the shorter, more dynamic condensin I-medi-
ated loops [207,208]. By contrast, condensin I-depleted chromosomes 
are shorter and fatter, because the 400 kb loops formed by condensin II 
are not further compacted via the formation of shorter loops nested 
within them. 

Polymer modeling revealed that the second diagonal on heat maps is 

best explained by a sequential helical arrangement of loops in which the 
chromatid axis resembles a helical staircase-like structure, with a loop 
projecting outward from each step [89]. Thus the 2–10 Mb spacing of 
the second diagonal likely reflects interactions along the long axis of the 
chromosome between loops extending from adjacent gyres of the scaf-
fold helix. Genetic analysis indicated that the “ spiral staircase” requires 
condensin II for its formation, since ablation of condensin II subunit 
CAP-H2 causes a loss of the second diagonal in Hi-C analysis. The 
simplest explanation for this is that condensin II molecules assemble in a 
helical array, likely discontinuous, along the chromatid axis. The fact 
that interacting loci in prometaphase chromosomes are about 10 Mb 
apart and condensin II forms 400 kb loops [89] suggests that there are 
about 25 loops per turn of the condensin II helical staircase. 

These experiments were particularly satisfying because they yielded 
a model that is consistent with all of the previous observations of mitotic 
chromosome organization: mitotic chromosomes appear to contain a 
helix of loops of the size measured by Laemmli and co-workers [21,44, 
87], arranged by association with a helical scaffold [91]. These chro-
mosomes would, if examined by traditional electron microscopy, look 
like a randomly folded fiber or polymer melt. However, in the world of 
mitotic chromosomes, it is dangerous to become complacent. A recent 
study used highly detailed three-dimensional modelling from light mi-
croscopy to conclude that although short segments of mitotic chromo-
somes might appear helical, in fact adjacent segments have opposite 
handedness (known as “perversions”), so that the overall structure is a 
zig-zag rather than a helix [52]. This study pushed the interpretation of 
light microscope images to its very limits of resolution, and the jury is 
still out as to whether chromosomes are indeed perverted structures. 
However, preliminary polymer calculations suggest that a zig-zag 
structure would be unlikely to explain the second diagonal seen in 
Hi-C studies (unpublished results). 

10. Mitotic chromosome maintenance 

One of the greatest unsolved mysteries of mitotic chromosomes has 
yet to be systematically studied. This is the fact that after chromosomes 

Fig. 10. Nested loop extrusion by Condensin I and II. (A) Condensin II begins loop extrusion during prophase, so that by late prophase the average loop size is about 
60 kb. By metaphase, the loop size has grown to around 400 kb, but the observed loops are smaller because after nuclear envelope breakdown (NEB) condensin I 
jumps onto the DNA within the condensin II loops and begins to extrude its own loops [89]. This process depends on the fact that the association of condensin II with 
DNA is substantially more stable than that of condensin I [262]. (B) Frames from an animation describing mitotic chromosome organization made by Anton 
Goloborodko [89]. 
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are formed, they must be actively maintained throughout mitosis. Thus, 
chromosome morphology does not simply reflect the outcome of an 
assembly pathway. It also reflects an active process of ongoing main-
tenance. This was first revealed by Hirano in the study in which he 
showed that depletion of Xenopus XCAP-C and XCAP-E (SMC4 and 
SMC2) proteins blocked the formation of chromosomes in Xenopus egg 
M-phase extracts [130]. In the same paper, Hirano showed that if 
XCAP-C (SMC4) was depleted after mitotic chromosomes had formed, 
the chromosome morphology was lost. This aspect of condensin function 
was not pursued until many years later when it was reinvestigated using 
acute depletion. If condensin I with a TEV-cleavable kleisin is expressed 
in Drosophila and then cleaved by microinjecting TEV protease, chro-
mosomes rapidly lose their characteristic structure and the DNA be-
comes highly tangled [210]. In chicken DT40 cells, chromosomes that 
had assembled a normal mitotic architecture rapidly reverted to a 
collapsed mass of chromatin following acute depletion of condensin I 
and II by degron-mediated degradation of SMC2 [134]. Likewise, in 
fission yeast, inactivation of a temperature-sensitive condensin mutant 
after mitotic chromosome formation resulted in a failure of chromosome 
segregation (though the morphology of the chromosomes was not 
examined in detail) [365]. Thus, condensin is required to maintain 
ongoing mitotic chromosome structure in vivo as well as in vitro. 

The most recent addition to this story comes from the work of Nielsen 
and Hudson, who showed that what holds true for condensin is also true 
for topo II. They found that rapid auxin-mediated degradation of topo II 
in prometaphase also resulted in a loss of the organized mitotic chro-
mosome structure [135]. Previous studies had suggested that acute in-
hibition of topo II caused a loss of mitotic chromosome architecture 
[205,210,440]. However this could have been due to dominant-negative 
effects caused by trapping inactivated topo II dimers on the DNA. The 
Nielsen and Hudson study eliminates that possibility. 

These observations call into question the way we have traditionally 
thought about mitotic chromosomes and may also mean that we need to 
re-define what we mean by a chromosome scaffold. Rather than being 
stably assembled structures, mitotic chromosomes can be thought of as 
ongoing dynamic processes. This is yet more evidence that the chro-
mosome scaffold is not a static structure, like a construction scaffold. 
Instead, the scaffold can be thought of as a dynamic ongoing association 
between a set of proteins that form and then actively maintain mitotic 
chromosome morphology. It is extremely interesting that all of the major 
scaffold proteins are ATPases, and it may be relevant that in order to 
function as a scaffold protein KIF4A requires its motor domain [133, 
249]. This latter observation has been paradoxical, since microtubules 
are absent from the nucleoplasm during chromosome formation. It is 
unlikely that microtubules play a key role in the active maintenance of 
mitotic chromosome structure since chromosomes are stable in the 
presence of microtubule depolymerizing drugs. 

The process of active mitotic chromosome maintenance remains one 
of the unsolved (and unstudied) mysteries of mitotic chromosome 
biology. 

11. Chromatin compaction during mitosis 

As mentioned at the beginning of this chapter, mitotic chromosome 
formation involves two processes that proceed in parallel. In one, the 
chromatin is compacted by a relatively subtle factor of 2–3-fold or less. 
In the other, which has occupied the bulk of this review, the compacted 
chromatin is shaped into the characteristic rod-shaped chromosomes 
that gave mitosis its name. This shaping of the chromosomes is driven by 
non-histone proteins of the chromosome scaffold. 

The two processes are separable: compaction of the chromatin can 
occur even in the absence of condensin and chromosome shaping. As 
shown originally by Hirano, depletion of condensin subunit SMC4 cau-
ses mitotic chromosomes assembled in Xenopus extracts to lose their 
characteristic shape, but the chromatin still remains compact [130]. 
Acute knockout of condensin prevents discrete chromosomes from 

forming: instead, the chromatin forms a condensate in which individual 
chromosomes cannot be seen [134,263]. This is an area where the 
techniques used matter greatly. If condensin is knocked out by either 
RNAi or by shutting off its transcription (so that the protein is lost ac-
cording to its normal turnover), then morphologically distinct individ-
ual chromosomes are still formed [132,207,224,441,442]. This implies 
that under those conditions a (slow-acting) alternative pathway is able 
to form individual chromosomes. 

Mitotic chromatin compaction is likely to be important because it 
facilitates individualization of different chromosomes [443] and sepa-
ration of sister chromatids [444]. (The latter is now accessible to new 
Hi-C methods [409,445,446].) It will therefore not be surprising if there 
are multiple redundant mechanisms. For example, it was proposed that 
chromatin compaction is due to hyperactive condensin DNA super-
coiling activity [447], but since this obviously would require condensin 
it cannot be the whole story. Given the importance of mitotic chromatin 
compaction, any mechanism arising during evolution that enhanced 
compaction could have been positively selected. Thus, several distinct 
mechanisms may contribute, and that makes it a particularly difficult 
problem to solve. 

The cause of the condensin-independent compaction is not known, 
but several possible mechanisms have been suggested. These range from 
simple ionic interactions to more complex mechanisms involving his-
tone modifications. Secondary Ion Mass Spectrometry (SIMS) with a 
scanning ion microprobe revealed that Mg2+ binds to chromosomes 
roughly every 20–30 nucleotides and that Ca2+ binding is about twice as 
frequent [448]. Ca2+ appeared to be concentrated near the chromatid 
axis near topo II, whose activity it can inhibit in vitro [448]. Mg2+ was 
localized more in the peripheral chromatin. Interestingly, images could 
be obtained where the Ca2+ signal appeared to follow a helical path. 
Others have also proposed that Ca2+ can affect chromosome structure 
and chromatin compaction in vivo [449]. In contrast, it has recently 
been proposed that a transient rise in free Mg2+ due to ATP hydrolysis 
could contribute to chromatin compaction [450]. ATP has recently been 
proposed to function not only as an energy source, but also as a bio-
logical hydrotrope that helps maintain the solubility of hydrophobic 
molecules in the cytoplasm [451]. 

Bradbury and coworkers proposed that chromosome condensation is 
due to phosphorylation of histone H1 [452,453]. However, it has since 
been shown that premature chromosome condensation can be induced 
in G1-phase mammalian cells without histone H1 phosphorylation 
[454]. In vitro reconstitution experiments suggest that core histone 
posttranslational modifications may be important. When ordered 
nucleosome arrays are reconstituted in vitro on Widom 601 repeats 
[455,456] using purified interphase or mitotic histone octamers with 
intact post-translational modifications [457,458], nucleosome arrays 
assembled from mitotic histones have a greater tendency to aggregate 
than do those assembled from interphase histone octamers [459]. 
Importantly, other chromosomal proteins, including condensins, KIF4A 
and topoisomerase II were absent from these octamer preparations. The 
combination of mitosis-specific modifications that drive this selective 
mitotic chromatin compaction remains to be determined. 

12. Conclusion/perspectives 

Since chromosomes were discovered in the 19th century, a tremen-
dous amount has been learned about their formation, composition and 
structure. Mitotic chromosomes are of intrinsic interest because the 
dramatic events of mitosis are endlessly fascinating. However, they are 
also important because deciphering them may help us to better under-
stand the structure and dynamics of other chromosome forms. Knowing 
the structure of mitotic chromosomes should help us understand inter-
phase, meiotic and polytene chromosomes as well, since all forms of 
chromosomes are presumably structurally related. It may also yield in-
sights into certain human diseases such as cohesinopathies (e.g., Cor-
nelia de Lange and Roberts Syndromes), as well as the origins and effects 
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of chromosomal abnormalities. 
Many challenging questions remain to be addressed. How do the key 

proteins – condensins I and II, topo II and KIF4A – cooperate to produce 
two separate, rod-like chromatids as so beautifully seen in the 1960s-era 
micrographs of Ernest DuPraw? What is the precise mechanism of 
shaping chromosomes and scaffolds? What is the mechanism of loop 
extrusion? What are the origins of coiled chromatids, and why are they 
sometimes seen in isolated chromosomes? We anticipate that these and 
many as-yet unasked questions will be answered in coming years as new 
techniques are developed and old ones are applied with new creativity. 
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