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Abstract: Mitotic chromosome assembly is an essential preparatory step for accurate transmission of
the genome during cell division. During the past decades, biochemical approaches have uncovered
the molecular basis of mitotic chromosomes. For example, by using cell-free assays of frog egg
extracts, the condensin I complex central for the chromosome assembly process was first identified,
and its functions have been intensively studied. A list of chromosome-associated proteins has been
almost completed, and it is now possible to reconstitute structures resembling mitotic chromosomes
with a limited number of purified factors. In this review, I introduce how far we have come in
understanding the mechanism of chromosome assembly using cell-free assays and reconstitution
assays, and I discuss their potential applications to solve open questions.

Keywords: mitotic chromosome; Xenopus egg extract; reconstitution; condensin; topoisomerase
IL; histone

1. Introduction

When cells enter mitosis, chromatin fibers begin to condense within the nucleus,
transforming into thread-like structures. Later, as the nuclear envelope breaks down, the
thread-like structures become thicker and shorter, resulting in highly organized structures
known as mitotic chromosomes. This process, called mitotic chromosome assembly or
chromosome condensation, is essential for the accurate transmission of sister chromatids
to daughter cells. Numerous efforts have been made over the past century to elucidate
the mechanisms underlying this process. Model organisms and experimental approaches
used in chromosome biology are diverse. For example, mutant screening by yeast genetics
and microscopic analyses in mammalian tissue culture cells have yielded many important
findings. However, we should not forget that biochemical approaches have also made
substantial contributions. The condensin complex, which plays a central role in mitotic
chromosome assembly, was discovered by a proteomic analysis of chromosomes assembled
in a cell-free extract of frog eggs [1,2]. More recently, using only purified proteins, we have
succeeded in reconstituting structures nearly equivalent to chromosomes assembled in the
cell-free assays [3]. In this review, first, the outline of the frog egg extracts and the reconsti-
tution assays as well as their historical background are introduced. Second, with emphasis
on these highly tractable in vitro assays, the progress in mitotic chromosome research is
summarized. Lastly, possible strategies to solve the remaining mysteries are discussed.

2. Establishment of Frog Egg Extracts for Studying Large-Scale Chromatin Structures

Cell-free extracts made from frog eggs were first described for studying the large-scale
transformations of chromatin structures by Yoshio Masui in 1983 [4]. This pioneering work
demonstrated that the cytoplasmic extract was readily prepared from eggs of the northern
leopard frog Rana pipiens by centrifugation (Figure 1A) and that interphase nuclei and
mitotic chromosomes can be assembled in a test tube, by incubating sperm nuclei of the
African clawed frog Xenopus laevis in the Rana egg extract (Figure 1B). A year later, a similar
cell-free system using egg extracts and sperm nuclei of the toad Bufo japonicus was also
reported [5]. Subsequent works have developed protocols for the extract preparation from
Xenopus eggs (instead of Rana or Bufo eggs) and for precise manipulation of the cell cycle
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stages in an extract [6-9]. Thus, frog egg extracts have broadened our understanding of
the basic mechanism of cell cycle regulation. In parallel, the application of egg extracts
has gradually been extended to biochemical studies on cell cycle-regulated chromosomal
events such as DNA replication in S phase and chromosome assembly and segregation in
mitosis. One of the most powerful protocols in this experimental system is the depletion
of a target protein from egg extracts with its specific antibody (immunodepletion). This
sharply addresses the requirement of a given protein for the corresponding cellular process.
It is also possible to replace an endogenous protein with a recombinant protein (e.g., a
protein with site-directed mutants) and investigate the functionality of the recombinant
one in the extract [10]. Furthermore, proteins that mediate various biological processes can
be purified from an egg extract by conventional column chromatography [11]. In this way,
many scientists who have used frog egg extracts benefited from their unique biochemical
tractability and produced many historically important results in cell biology [1,2,4,11-27]
(Figure 2).
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Figure 1. Cell-free chromosome assembly assays using frog egg extracts. (A) Preparation of egg
extracts. The cytoplasmic fraction recovered after low-speed centrifugation can be directly used
as an egg extract for both duplicated chromosome assembly and single chromatid assembly and
assays. The high-speed supernatant (HSS) of an egg extract supports only single chromatid assembly.
(B) The duplicated chromosome assembly assay. The resultant structures were fixed and labeled by
anti-CAP-G antibody (green) and DAPI (magenta). (C) The single chromatid assembly assay. The
resultant structures were processed as in (B).
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Figure 2. Timeline of studies using frog egg extracts [1,2,4,11-27].

3. Sperm Chromatin Remodeling: An Essential Preparatory Step for Chromosome
Assembly in In Vitro Assays

In retrospect, frog egg extracts were originally developed with an aim of recapitulating
the dynamic process of male pronucleus formation that naturally occurs in fertilized eggs,
rather than an aim of studying the cell cycle [4,5]. It is no exaggeration to say that the current
in vitro assays for mitotic chromosome research originated from these founding studies. In
this section, the molecular mechanisms behind the early stage of male pronucleus formation
and how they have been elucidated using cell-free assays are introduced.

Sperm is the male gamete that is specialized to transmit the paternal genome to
the next generation through sexual reproduction. To smoothly accomplish this task, a
sperm nucleus has a highly compact shape in most animals. The bulk of chromosomal
DNA in mature sperm interacts with arginine-rich small polypeptides collectively known
as protamines (also known as sperm-specific basic proteins in some amphibian species).
Protamines replace nucleosomal histones during spermatogenesis, maintaining a highly
compact state of the nuclei. However, such a non-canonical chromatin structure must
be broken shortly after fertilization so that the paternal genome becomes competent for
DNA replication and transcription. When sperm is incorporated into the egg cytoplasm,
its nuclear envelope rapidly disappears and the chromatin swells. Protamines are then
replaced with histones to assemble nucleosomes along the entire length of DNA [28,29]
(Figure 3).
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Figure 3. Sperm chromatin remodeling mediated by histone chaperones. Protamine occupies a large
part of the proteinaceous components of sperm chromatin. Immediately after fertilization, protamine
is removed from the sperm DNA by the histone chaperone Npm2 in the egg cytoplasm. Core histones
instead are deposited on the DNA by actions of histone chaperones (e.g., Npm2, Nap1, NASP (also
known as N1), HIRA, and Asf1), consequently promoting nucleosome assembly. In Xenopus (unlike
Bufo or mouse), sperm nuclei contain adequate amounts of histones H3-H4, which later participate in
nucleosome assembly in fertilized eggs.

A series of these events, hereafter referred to as “sperm chromatin remodeling”, had
been studied mainly by descriptive approaches such as light and electron microscopy until
the early 1980s [29]. However, this situation drastically changed after the establishment
of frog egg extracts by which the whole process of sperm chromatin remodeling can be
recapitulated in a test tube. An outline of the cell-free assay is as follows. First, sperm nuclei
isolated from testes of male frogs are treated with natural lecithins or non-ionic detergents
to permeabilize their plasma and nuclear membranes. Next, the resultant “demenbranated”
sperm nuclei are incubated in an egg extract at a temperature of around 20 °C. Consequently,
sperm chromatin remodeling is completed within several minutes [4,5,15,30]. This indicates
that activities sufficient for remodeling reside in egg extract. A protein responsible for both
chromatin swelling and protamine removal was first identified as nucleoplasmin (currently
referred to as Npm?2) via fractionation of a Bufo egg extract [31]. A requirement of Npm2
for these events was confirmed by its immunodepletion from Xenopus egg extracts [30]
(Figure 3).

It is believed that nucleosome assembly on sperm-derived paternal DNA must be
coupled with protamine removal to keep the DNA from being physically vulnerable and to
facilitate pronucleus formation [32-34]. Biochemical reconstitution using purified factors
provided a clue to the question of which protein is central for nucleosome assembly on
paternal DNA. Npm?2 in X. laevis was characterized as the first member of histone chap-
erones (a class of proteins that facilitate nucleosome assembly [35,36]), and its ability to
properly deposit histones on naked plasmid DNA was intensively studied [37,38]. There-
fore, it was a natural trend to test whether Npm?2 fulfills a similar task on sperm-derived
paternal DNA. As expected, by incubating demembranated sperm nuclei with purified
Npm?2 and core histones, not only protamine removal but also nucleosome assembly can be
recapitulated [15,16]. Furthermore, a different experimental setup showed that Nap1 coop-
erates with Npm?2 to efficiently promote nucleosome assembly on Xenopus sperm DNA [39].
Large quantities of various histone chaperones are known to exist in frog eggs [39-44]. It
is therefore possible that several histone chaperones cooperatively facilitate nucleosome
assembly on sperm DNA (Figure 3).

4. Mitotic Chromosome Assembly Recapitulated in Egg Extracts

In the original cell-free assays using an “interphase” extract, sperm chromatin remod-
eling is followed by assembly of the nucleus, and then, a single round of DNA replication
occurs in the nucleus [4]. After completion of DNA replication, mitosis can be induced
by adding cyclin B, a protein required for activation of the mitotic kinase Cdk1 [45]. As a
result, the nuclear envelope breaks down, and “duplicated chromosomes”, each of which
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is composed of a pair of sister chromatids, are assembled (Figure 1B) [4,45]. Conversely,
a “mitotic” extract can be prepared from unfertilized eggs by soaking them in a buffer
containing the Ca?*-chelating agent EGTA before centrifugation [6]. This is because the cell
cycle of unfertilized frog eggs is arrested in metaphase of meiosis II by the activity known
as a cytostatic factor, which is inactivated by a transient increase in the cytoplasmic Ca?*
ion upon fertilization [46,47]. When sperm nuclei are incubated in a mitotic extract, they
undergo chromatin remodeling and are directly transformed into a cluster of chromosome-
like structures, which consist of “single chromatids” [48] (Figure 1C). Although the former
assay reproduces cellular events in a physiological order, the latter assay is more frequently
used for chromosome studies because of its biochemical tractability.

Egg extracts can be further clarified by high-speed centrifugation at ~150,000x g
(Figure 1A). The high-speed supernatant (FHSS) of a mitotic extract retains the ability to
recapitulate single chromatid assembly, whereas an interphase HSS fails to support nuclear
assembly or DNA replication [7,48]. The use of the mitotic HSS allowed us to cleanly purify
large quantities of chromosomes by single-step centrifugation. Taking advantage of this,
major proteinaceous components of mitotic chromatids, collectively referred to as Xenopus
chromosome-associated polypeptides (XCAPs), were isolated. The composition of XCAPs
turned out to be simple, being composed of the subunits of the complex currently known
as condensin I, topoisomerase Ilx (topo Ilx), and core and linker histones [1,2].

5. Mitotic Chromatids Can Be Made by Using Purified Proteins

The abovementioned simple composition of XCAPs prompted us to reason that it
might be possible to produce structures similar to mitotic chromatids using purified proteins
instead of egg extracts. In the beginning, this idea itself seemed extremely challenging
because it remained to be determined how many regulatory proteins (i.e., proteins other
than XCAPs) are involved in this process. However, through biochemical fractionation
of M-HSS, we were able to narrow down the number of proteins necessary and sufficient
for the reconstitution. It was finally demonstrated that structure resembling mitotic single
chromatids can be reconstituted from only six purified proteins (condensin I, topo I, core
histones, and three histone chaperones (Npm2, Nap1, and FACT)) and Xenopus sperm
nuclei [3]. To be more precise, only core histones H2A-H2B are needed to be supplied
because an adequate amount of H3-H4 retains in Xenopus sperm nuclei (Figure 3). Only
three of these proteins, core histone, topo Ilx, and condensin I, localize on the resultant
structures, while the rest are histone chaperones that leave them after transient actions.
The omission of either one of the three chaperones caused distinct defects in chromatin
morphogenesis, indicating that they execute non-overlapping essential functions. Overall,
the elementary process of chromosome assembly, which was previously thought to be
extremely complex, is supported by a limited number of proteins.

However, the final structures reconstituted in the original assay, which were composed
of mutually entangled chromatin fibers, were not necessarily identical to single chromatids
assembled in cell-free assays using egg extracts (Figure 4, upper). To fill this gap, we first
developed a protocol to evaluate the reconstituted structures using morphometric param-
eters and then surveyed the conditions in which the final structures become thicker and
entanglements between them are mostly eliminated. As a successful outcome of these chal-
lenges, optimal buffer conditions for chromatid reconstitution were reported recently [49].
The structures reconstituted in this “second-generation” assay are morphologically indistin-
guishable from chromatids observed in the cell-free assay (Figure 4, lower). The systematic
survey of buffer conditions revealed that functions of topo Ilc are sensitive to salt con-
centrations. It has long been known that monovalent and divalent cations (e.g., K* and
Mg2+ ions) are enriched on mitotic chromosomes in vivo [50-53]. The reconstitution assays,
in which ion atmospheres around chromatin can be manipulated, will be instrumental in
addressing the physiological significance of chromosome-bound cations.
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Sub-optimal buffer (2.0 mM MgClz, 120 mM KClI)
DAPI Condensin | Topo Il (yeast)

Optimal buffer (5.0 mM MgClz, 80 mM KCI)
DAPI Condensin | Topo llo (Xenopus)

Figure 4. Mitotic chromatids reconstituted with purified factors. The final structures reconstituted
under different conditions were analyzed by immunofluorescence. Note that preparations of topo I
were also different between the two tested conditions: budding yeast topo II and Xenopus laevis topo
Il were used under sub-optimal and the optimal conditions, respectively.

6. Our Current Understanding of Major Chromosome-Associated Proteins

In the following subsections, to what extent the functions of the major proteinaceous
components of mitotic chromatids and their regulation have been understood using cell-free
extracts and reconstitution assays are outlined.

6.1. Condensins: ATP-Utilizing Machines That Fold a DNA Strand into a Chromosome

Condensin I is composed of two core subunits with ATP-binding domains (CAP-
C/Smc4 and CAP-E/Smc2) and three regulatory subunits (CAP-D2, CAP-G, and CAP-H).
Many eukaryotes have condensin II, which shares a common set of core subunits but has a
different set of regulatory subunits (CAP-D3, CAP-G2, and CAP-H?2) [54-56]. When sperm
nuclei were incubated in an extract immunodepleted of both condensins, a cloud-like
amorphous chromatin mass was produced, drawing the solid conclusion that condensins
are indispensable for mitotic chromosome assembly [2,23,57]. Furthermore, cell-free assays
using extracts depleted of either condensin I or II revealed that they have non-overlapping
functions [23,58]. A series of analyses involving manipulation of the ratio of condensin
I to II underscored that condensin I promotes lateral compaction perpendicular to the
chromosome axis while condensin II contributes to longitudinal compaction along the
axis [58]. Note that supporting results have been reported in chicken DT40 cells [59].

The recombinant complexes of condensins I and II expressed in insect cells have been
demonstrated to rescue the defect in chromosome assembly caused by condensin depletion
in the egg extract [25,60,61]. This protocol paves the way for addressing functionalities of
mutant condensins with amino acid substitutions and those of “sub-complexes” in which
either one(s) of the five subunits are lost. Recent analyses using a variety of recombinant
complexes have revealed hitherto unappreciated functional crosstalk between the subunits
and differences in regulatory mechanisms between condensins I and II [25,61-63].
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Xenopus egg extracts have also led to important findings on regulations of condensin-
mediated mechanochemical reactions. Multiple amino acid residues of condensin subunits
are known to be phosphorylated during mitosis in Xenopus as well as in humans and
budding yeast [2,64-66]. It is therefore possible to purify hyper-phosphorylated and hypo-
phosphorylated forms of condensins using mitotic and interphase egg extracts, respectively.
Only a mitotic form of condensin I can introduce positive supercoils into DNA in an ATP
hydrolysis-dependent manner [67,68] (Figure 5A). The same is also true for condensins
purified from human cells and budding yeast [65,66]. Furthermore, chromatid recon-
stitution using purified factors requires the mitotic phosphorylated form of condensin
I[3]. It is thus believed that the positive supercoil introducing activity of condensin I is
physiologically relevant. Conversely, increasing lines of evidence show that condensins
are capable of extruding DNA loops in an ATP hydrolysis-dependent manner [63,69-73]
(Figure 5A). Loop extrusion by condensins has been observed not only in an experimental
setup made of purified proteins but also in a mitotic egg extract [74]. During the past years,
several molecular mechanisms have been proposed for condensin-mediated loop extrusion
(see reviews [75-78]). How positive supercoils and loops on a long stretch of genomic
DNA, which are created by condensins, result in highly organized structures of mitotic
chromosomes is one of the biggest open questions.
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Figure 5. Condensin and topo Il differently act on DNA depending on ambient environments.
(A) Condensin binds a stretch of DNA and extrudes it into a loop. This activity is known to be
detectable in a reaction mixture containing a low concentration of condensin (~1.0 nM) (upper panel).
In contrast, when an excess amount of condensin I is mixed with relaxed circular DNA in the presence
of topoisomerase I (which removes only compensatory negative supercoils), positive supercoils are
created on the DNA (lower panel). (B) Topo Ilx can catalyze both decatenation and catenation of
circular DNAs. The equilibrium of these opposite reactions was tilted depending on the ratio of DNA
to topo H«.

6.2. Topo Ila: A Catalyst for Disentanglement and Entanglement of Chromosomal DNA

Topo Il is an enzyme that manipulates DNA tangles and supercoils through a unique
mechanism involving cleavage and re-ligation of a double-stranded DNA (known as the
strand passage reaction) [79,80]. It is therefore believed that topo Il facilitates an essential
initial step for chromosome assembly by resolving inter-chromosomal entanglements. In
the single chromatid assembly assay using Xenopus egg extracts, depletion of topo IIx
completely blocks chromatid individualization, leaving a banana-shaped chromatin mass
derived from the Xenopus sperm nucleus [48]. An egg extract cell-free assay using erythro-
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cyte nuclei as substrates [81] has also shown the requirement of topo Il for chromatid
assembly [82]. This excludes the possibility that the requirement of topo Il is limited to
sperm nucleus substrates, which are protamine-based “non-canonical” chromatin.

Our recent results, which were obtained from a combination of chromatid reconsti-
tution assays and enzymological assays, strongly suggested that topo Il« first resolves
inter-chromatid entanglements to drive chromatid individualization and then generates
intra-chromatid entanglements to promote chromatid thickening [49]. Only the latter pro-
cess requires the C-terminal domain (CTD) of topo Ilx, which is known to be required
for its chromosomal binding [83]. Consistently, topo llx catalyzes different reactions on
circular DNA (i.e., decatenation and catenation) depending on molecular crowding in
the ambient environment (Figure 5B). Analogous to this, condensin I also differently acts
depending on its concentration: it creates DNA loops at a relatively low concentration [69],
whereas positive supercoiling requires a considerably high concentration of condensin
1[67] (Figure 5A). In the future, it will be important to understand how DNA and chromatin
structures are transformed by the cooperative actions of topo Il and condensins in the
crowded environment that were naturally created around the axis of each chromatid.

6.3. Histones: Dynamic Bricks of Chromosomes

Although the core histones occupy the largest parts of the whole protein mass of
mitotic chromosomes [1,84,85], to what extent they might directly contribute to large-scale
chromatid assembly had not been studied until recently. The chromatid reconstitution
assay allowed us to address this question from a fresh angle. At present, successful re-
constitution relies on the specific combination of core histone H2A-H2B, namely, that of
N-terminally truncated versions of H2A.X-F (an embryo-specific variant of H2A) and
canonical H2B [3,86]. This result has two interesting implications. First, the use of histones
lacking the N-terminal tails might bypass potential requirements for post-translational
modifications in these regions, thus minimizing the number of factors required for reconsti-
tution. Second, the C-terminus of H2A .X-F is extended and acidic, unlike that of canonical
H2A. Such unique characteristics might modulate histone-DNA interaction, ensuring the
productive actions of topo Ilx and condensin I on chromatin. In addition, the reconstitution
assay also uncovered the otherwise cryptic importance of the histone chaperone FACT,
which has been implicated in the destabilization of nucleosomes [87]. Taken all together,
it is most likely that the dynamic nature of nucleosomes underlies large-scale chromatid
assembly. Notably, a recent paper using the cell-free assays reported that the general tran-
scription factor TFIIH alters nucleosome structures to generate a chromatin environment
for productive actions of condensins in mitosis [88].

Is nucleosome assembly per se an essential prerequisite for chromatid assembly?
This naive question was addressed by modifying the single chromatid assembly assay
using the Xenopus egg extract. Briefly, mouse sperm nuclei, which barely contain all core
histones, unlike Xenopus sperm nuclei [89] (Figure 3), were used as substrates. It was
first confirmed that this heterologous cell-free system supports nucleosome assembly on
mouse sperm DNAs and converts them into a cluster of rod-shaped single chromatids [26].
This system also allowed us to impede the whole process of nucleosome assembly on
sperm DNA by depleting the histone chaperone Asfl from an egg extract [90]. In the Asf1-
depleted extract, mitotic chromatid-like structures could be assembled despite the absence
of nucleosomes. The resultant “nucleosome-depleted” chromatid was composed of the
condensin-enriched central axis and hazy chromatin masses surrounding it. It is most likely
that nucleosomes themselves do not play a vital role in folding a centimeters-long genomic
DNA into micrometers-long chromatids, although they contribute to the compaction of
DNA loops emanated from the chromatid axes.

It was formerly thought that linker histones have indispensable roles in mitotic chro-
mosome assembly because they are known to be heavily phosphorylated by the mitotic
kinase cyclin B-Cdk1 [91-93]. The cell-free assay of egg extracts allowed for more direct
investigation of the linker histones’ roles. The embryonic variant H1.8 (previously termed
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B4, H1M, or H1X) is the unique linker histone that resides in Xenopus eggs [31,94], whose
binding to the nucleosome dyad axis in mitotic chromosomes was demonstrated in a recent
cryo-EM analysis [27]. Nevertheless, depletion of H1.8 from the mitotic egg extracts caused
no discernible defects in the morphology of single chromatids assembled in the cell-free
assay [95]. It was later demonstrated that single chromatids recruit reduced levels of
H1.8, prompting re-investigation of its role in more physiological chromosomes that have
undergone DNA replication. Duplicated chromosomes assembled in an H1.8-depleted
egg extract are longitudinally elongated and contain greater amounts of condensins and
topo Ilx than those assembled in a mock-depleted control extract [96,97]. Related to this,
chromatin loading of condensins and topo Il increases on nucleosome-depleted DNA in
egg extracts [26,34]. In summary, currently available data for manipulation of core and
linker histones in the cell-free and reconstitution assays strongly suggest that nucleosome
dynamics underlie proper actions of condensins and topo Il«.

7. Conclusions

During the past 40 years since the establishment of frog egg extracts, our understand-
ing of large-scale chromatin transformations including sperm chromatin remodeling and
mitotic chromosome assembly has been greatly strengthened. Now that it is possible to
reconstitute chromosome-like structures with purified factors, we are moving into a new
era to solve how major chromosomal proteins cooperatively act. One of the most important
questions is how condensins and topo Ilx act on nucleosome templates. The use of mouse
sperm nuclei as starting materials in the reconstitution assay will pave the way for the
introduction of various mutant forms of histones as well as those of condensins and topo
IIx. The long-term goal in this research field is to comprehensively understand how a
chromatin fiber is folded into a mitotic chromatid. To this end, we must deeply investigate
in vitro assembled chromosomes described here by using recently emerging analytical
technologies, including chromosome-conformation capture analysis (Hi-C) [97-102] and
mechanical manipulation of chromosomes [103-107].

In addition, I wonder if the chromatid reconstitution assay might be of great use
for practical research. For instance, it is known that, for successful animal cloning, a
donor nucleus isolated from somatic cells must be injected into a “mitotic” recipient
enucleated egg [108,109]. In relation to this animal cloning protocol, when nuclei isolated
from terminally differentiated cells undergo chromosome assembly in a mitotic egg extract,
they become competent for DNA replication in subsequent interphase [24]. It might be
possible to improve the success rate of cloning by pretreating donor nuclei with defined
purified factors that participate in mitotic chromatid assembly. Thus, the in vitro assays
described here will broaden our horizons in chromatin biology and neighboring fields.
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