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Preface: Overview of Nuclear Organization and 
Nuclear Dynamics 

Kunio Takeyasu 

Laboratory of Plasma Membrane and Nuclear Signaling, Kyoto University 
Graduate School of Biostudies, Kitashirakawa Oiwake-cho, Sakyo-ku, 
Kyoto 606-8502, Japan 

In contrast to the fact that prokaryotes, which do not have cell nuclei, can 
live only as unicellular organisms, eukaryotes bearing cell nuclei exist as a 
huge variety of organisms from single cell to higher multicellular organ
isms having higher-level functions. The reason for this is that cell nuclei of 
eukaryotes have a combination of mechanisms to store, retain, and transfer 
the very long genome stably and to produce cells carrying different func
tions from the identical genome information. Such functions of cell nuclei 
are supported by the intranuclear higher-order architecture. To understand 
vital activities closely related to genome fiinction, such as cell prolifera
tion, environment responsiveness, reproduction, development, differentia
tion, and aging, it is necessary to know the fundamental structure and con
struction of the cell nucleus, "a container" of genome (shown above). In 
this book, we investigate the dynamics of the nuclear structure as the basis 
supporting genome function, thereby comprehensively understanding how 
the higher-order structure of the nucleus is established and how it corre
lates with the expression of a variety of vital activities, including cell pro
liferation and ontogenesis, by combining biochemical and molecular ge
netic methods with the latest imaging techniques. 

Nuclear Organization 

A cell nucleus (hereafter referred to as nucleus) is an organelle that is 
compartmentalized by a special membrane structure, the nuclear envelope. 
A nucleus has a number of structural characteristics that other organelles 
do not have. One of these is internal storage of genomic DNA, a chemi
cally single and physically very long supermolecule. In the case of human 
cells, DNA approximately 2 m long is stored in a tiny nucleus with a dia
meter of ~5 // m. Accurate replication and distribution of such a long 
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DNA molecule is required for the cell cycle regulation, and selective tran
scription of appropriate genes is necessary for transcriptional regulation. 
These facts conjure up an image of a highly orderly structure being re
quired in a nucleus to keep and to express genome functions. The second 
characteristic of a nucleus is that it provides "space" for molecules such as 
proteins and RNAs to dissociate and distribute easily, since it is a giant 
organelle and lacks an internal membrane structure as a partition. In fact, 
many functional complexes (several kinds of nuclear bodies, such as nu
clear speckle, Cajal body, and promyelocytic leukemia oncoprotein [PML] 
body, as well as nucleolus) exist in the nucleus (shown above), and its 
structure and function show dynamic alteration depending on the physi
ological conditions. Such functional complexes are designated as intranu
clear compartments and/or intranuclear domains according to their func
tions and sizes. The third characteristic is a nuclear envelope structure, 
which exists as a boundary between the nucleus and the cytoplasm. Nu-
clearpore complexes exist to link two lipid bilayers that constitute a nu
clear envelope, and regulate the bidirectional transport between the nucle
us and the cytoplasm. A mesh-like structure, known as the nuclear lamina, 
in the inner layer of the nuclear envelope provide the scaffolding for 
chromosome functions in animal cells. Thus, the nuclear envelope, includ
ing nuclear pores, supports genome function of a nucleus structurally and 
in terms of substance transport. 
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Fundamental Problems to be Solved 

Intensive investigations of individual events in the nucleus, such as tran
scription of genes, DNA replication, repair, recombination, and RNA 
processing, have been conducted to date. Biological factors involved in the 
raw process of individual vital functions have been discovered by bio
chemical, molecular, biological, and genetic methods, and their molecular 
bases and molecular mechanisms have been analyzed. Nevertheless, how 
individual reactions are regulated temporally and spatially has not been 
investigated so intensively in spite of its importance, since most of the 
findings were based on in vitro reactions. 

The amount of intranuclear proteins is huge (several hundred 
mg proteins/ml, assuming that they are distributed evenly in the nucleus). 
These proteins function without forming precipitations in the living cells 
by forming highly orderly complexes with chromosomal DNAs and 
RNAs. However, they have not been well-investigated biochemically, 
since most nuclear proteins form highly insoluble precipitations as a result 
of biochemical treatment, including DNA degradation. Although such in
soluble proteins, called nuclear matrix proteins, may potentially affect 
gene expression as a nuclear architecture, the function of these has not 
been clarified thus far due to difficulties in the biochemical analysis. 

Trend of New Nucleus Research 

Genomic sequences of a variety of living organisms have been read, and 
genes coding for proteins, components of organisms, are being unraveled 
comprehensively. The presence and function of novel proteins can be 
speculated on and searched for using such genome information. In addi
tion, thanks to the development of proteomics technology, the protein pro
file of a number of organelles in a nucleus, including the nucleolus, is now 
being clarified inclusively. Under the circumstances, single molecular dy
namics in living cells and visualization of intermolecular binding are now 
enabled by great advances in the development of several fluorescent pro
teins and imaging techniques as independent technologies. By expressing 
target proteins fused to fluorescent proteins in cells, membrane proteins as 
well as nuclear proteins, which have thus far been difficult to handle bio
chemically, can be dynamically investigated in living cells. Based on the 
genome information accumulated as mentioned above, it becomes possible 
to map the dynamics of individual proteins in cells in a three-dimensional 
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structure, over time, by a combination of biochemical and molecular ge
netic methods with molecular imaging techniques. 

Based on the dynamic viewpoint of time, unforeseen and unex
pected findings are being revealed, including the fact that importin j3, 
which transports nuclear proteins into the nucleus in the intermittent phase, 
is also involved in spindle formation, that components of the nuclear pore 
complex are present in the centromere in the mitotic phase and are in
volved in chromosome disjunction, and that RNAs produced as transcrip
tional products transform DNA in their transcriptional regions into inactive 
heterochromatin. In other words, spatiotemporal changes of cellular 
molecules and structures in vital activity can now be captured. 

In addition to the progress in the technologies investigating 
molecular dynamics, techniques derived to analyze the genome are also 
advancing markedly, and it has now been found that abnormalities of nu
clear proteins induce several diseases, thanks to identification of genes re
sponsible for these diseases. These include "nuclear membrane diseases," 
which are triggered by abnormalities in nuclear envelope proteins. For in
stance, a number of diseases, such as Emery-Dreifuss muscular dystrophy, 
familial lipodystrophy, progeria syndrome, and Pelger-Huet malformation, 
occur as a result of deletions and/or mutations of proteins of the inner layer 
of the nuclear envelope as well as nuclear lamina. The fact that nuclear 
envelope proteins are responsible for several diseases showing different 
symptoms suggests that the nuclear envelope architecture can regulate the 
expression of genome information dynamically, depending on the devel
opmental and environmental status. 

Hope for Fruitful Research on Nuclear Dynamics 

Many authors of chapters in this book participated in the International 
Workshop on Nuclear Dynamics: Approaches from Biochemistry, 
Molecular Biology and Visual Biology at Yokohama, Japan on December 
5, 2002. All of us agreed that, in order to understand vital activity closely 
related to genome function, it is prerequisite to understand the inner struc
ture of the cell nucleus that supports the genome function. Since the struc
ture is not always stable but varies from hour to hour, it is necessary to 
capture dynamic changes of the structure and function from the viewpoint 
of molecular dynamics. Since dynamic structural changes might be related 
to unexpected functions, researchers from a broad range of specialized ar
eas including nuclear envelope, nuclear transport, chromosome structure, 
transcription, RNA processing, and nuclear domain structures should pro-
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mote studies by collaborating organically with researchers specializing in 
imaging and nanotechnology. From this point of view, this book was writ
ten. It took over 3 years to complete, with the tremendous efforts of indi
vidual authors. 

We hope that the outcomes of this field are prerequisite for the 
understanding of gene expression, DNA replication, and chromatin struc
ture, and are likely to open new avenues for the elucidation of genes re
sponsible for "nuclear membrane diseases" and abnormalities in chromo
somal distribution, as well as mechanisms involved in nuclear 
reprogramming. Study results may also support research activities aiming 
at applications in regenerative medicine, which include the development of 
artificial chromosomes used in gene therapy as well as artificial cells that 
have specialized nuclear functions. In this sense, nuclear dynamics re
search could open up an extremely important field in terms of understand
ing the basics of life. 
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1. Visual Biology of Nuclear Dynamics: From 
Micro- to Nano-dynamics of Nuclear Components 

Shige H. Yoshimura 

Graduate School of Biostudies, Kyoto University, Kitashira-
kawa-oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan 

1.1 Cell Nucleus and Inner Nuclear Compartments 

When you look at an interphase nucleus in a living cell through a light mi
croscope, you will see a round, static organelle separated from the cyto
plasm. If you continue the live-cell observation, you will easily learn that 
the cell nucleus does not undergo any significant morphological changes 
until it reaches the mitosis, where the nuclear envelope and the chromo
somes show dynamic structural changes. Because of these morphological 
properties, the cell nucleus had previously been considered a "container" 
of genome that provides an enclosed space for genomic events to be car
ried out. However, recent progress in molecular and cellular biological ap
proaches has led to the revelation that the cell nucleus is composed of 
various kinds of different "compartments," each of which is supposed to 
have a distinct "structure" and "function." These include promeyelocytic 
leukemia (PML) bodies, Cajal bodies, nucleolus, nuclear speckles, and nu
clear foci (see figure in the Preface). Recent developments in various 
fluo-rescence observation techniques have revealed that these compart
ments are moving within a nucleus and there is a constant flow of proteins 
between nucleoplasm and these compartments (Fig. 1). In this chapter, 
therecent progress in various "visualization techniques" will be reviewed, 
and how these techniques have been utilized to visualize the structures and 
the dynamics of the inner nuclear compartments and chromosomes will be 
described. 
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nucleoplasm 

compartments 
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Fig. 1. Dynamics of inner nuclear compartments. The cell nucleus is composed 
of various inner nuclear compartments, such as nucleolus, promyelocytic leuke
mia (PML) body, Cajal body, and nuclear speckles. Two types of dynamics were 
investigated by fluorescence-based observation techniques. A The movement of 
the compartment itself can be chased by time-lapse imaging of a living cell ex
pressing the green fluorescence protein (GFP)-fiised marker protein. B The 
movement of the protein between the compartment and the nucleoplasm can be 
monitored by a photobleaching technique, such as fluorescence recovery after 
photobleaching (see later sections). 
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1.2 Dynamics of Inner Nuclear Compartments 

Fluorescence-Based Imaging Techniques Enable Real-Time 
Visualization of DNA and Proteins in Nucleus 

The recent progress that has come about in fluorescence imaging 
tech-niques has been one of the biggest achievements in cell biology. Such 
advancement relies on the progress both in software and hardware devel
opment for fluorescence microscopy, i.e., the development of a variety of 
fluorescent probes and a series of fluorescent proteins, and a great im
provement in microscope setups including lasers and cameras. Useful fluo
rescent probes for observing nuclear dynamics include intercalators that 
specifically bind to DNA (DAPI, Hoechst, YOYO-1 (Invitrogen), and oth
ers; Fig. 2), a variety of ion-specific probes (Fura2 for Ca^^ BCECF and 
SNARF for H^), and phospholipid-specific probes (DiO and others). The 
advantages of these chemical probes are: (i) most of them have little effect 
on cell viability, (ii) they are so small that they can easily cross the plasma 
membrane and diffuse into the cell, and (iii) they can be easily applied to 
live-cell imaging. Where protein dynamics is concerned, a series of 
fluorescent proteins (green fluorescent protein [GFP], and its derivatives. 
Fig. 3) have been the most useful tool. Recent progress in laser-scanning 
confocal microscopy and high-speed video microscopy has enabled 
four-dimensional imaging of these fusion proteins in a living cell. 

Real-time imaging of GFP-tagged protein has provided a large 
amount of information that could not be obtained otherwise, e.g., snapshot 
images of fixed cells. Dynamic morphological changes of the nuclear en
velope breakdown (NEBD) was recently visualized and analyzed by the 
group of Ellenberg. The time-lapse observations of fluorescent pro-
tein-fiised lamin and other nuclear envelope proteins, combined with pho-
tobleaching techniques, revealed that microtubules tear the nuclear envel
ope to facilitate the NEBD (Beaudouin et al. 2002). The involvement of 
dynein in NEBD was also reported (Salina et al. 2002). In mitosis, the nu
clear lamina completely disappears, and the nuclear envelope is vesiculat-
ed and diffused into the cytoplasm. Many nuclear pore complex (NPC) 
subunits are also released into the cytosol. Reassemblies of the NPC, the 
nuclear envelope, and the nuclear lamina at the end of mitosis have also 
been studied by fluorescence-based four-dimensional microscopy, together 
with electron microscopy (for review see Vasu and Forbes 2001; Burke 
and Ellenberg 2002; Suntharalingam and Wente 2003). Some of the NPC 
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subunits bind to the chromatin, then vesiculated envelopes are recruited to 
the surface of the chromatin and fused together to cover the surface. The 
formation of the nuclear lamina occurs after the nuclear envelope com
pletely surrounds the chromatin and forms a round nucleus. Free lamins 
are transported into the nucleus through newly formed NPC and then form 
the lamina structure. 

, x i X l ? ^ ^ -^XST^^ •"'̂ ^"^^vSob 
-"tx 

HoeGhst33342 

if 
0 0 

Fura2 

Fig. 2. Various fluorescence probes for studying nuclear dynamics. Top 
DNA-specific probes. DAPI (4',6-diamidino-2-phenylindole, dihydrochloride, 
A«x=358 nm, Aem=461 nm) and Hoechst are commonly used fluorescent dyes 
for DNA. Both of them intercalate between bases of double-stranded DNA but 
have slightly different properties for living cells (Haraguchi et al. 1999). 
Hoechst 33342 (Aex=350 nm, Aem=461 nm) has better membrane permeability, 
better DNA specificity and better retention property than Hoechst 33258 
(Aex=352 nm, Aeni=461 nm) and DAPI, and thus is more suitable for living 
cells. One simply adds Hoechst 33342 to the culture medium and then it 
specifically binds to DNA in all kinds of cells, and can be detected by UV 
light irradiation. Because detection of the dye requires UV excitation, 
long-time live imaging may cause defects in the genome, and microscopes that 
are not equipped with UV lasers cannot be used for this imaging. 
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Fig. 2 (continued) Bottom Cation-specific probe. Fura2 is a Câ -̂specific fluo
rescent probe designed especially for intracellular Câ ^ imaging. Fura2 carries 
five carboxyl groups covalently attached through ester bonds. Since this esteri-
fied Fura2 is hydrophobic, it can penetrate the plasma membrane and can be 
taken up by the cell. Once Fura2 enters the cytoplasm, ester bonds are hydro-
lyzed by cytoplasmic esterase and Fura2 moiety is released. Since hydrolyzed 
Fura2 is very hydrophilic, it can no longer penetrate the membrane and remains 
in the cytoplasm. A single Fura2 specifically binds to one Câ ^ in a certain con
centration range and thus can be used to monitor the Câ ^ concentration in a cell. 
Not only cytoplasmic Câ ,̂ but also Câ ^ dynamics in the nucleus, have been ex
tensively investigated utilizing Fura2 and similar dyes. The Câ ^ concentration in 
the nucleus is controlled independently of the cytoplasmic Câ ^ and Câ ^ cannot 
diffuse through the nuclear pore complex (NPC) into or out of the nucleus. 
H -̂specific fluorescent probes (e.g. BCECF, SNARF, etc.) are also available to 
monitor intracellular pH. 

Four-Dimensional Fluorescence Microscopy Reveals the 
Dynamics of Inner Nuclear Compartments 

In contrast to its dynamic morphological changes in mitosis, the nucleus 
seems to be static throughout the interphase. Many proteins in inner nu
clear compartments (PML bodies, nucleolus, etc.) were found in the in
soluble fraction; i.e., when cultured cells were successively treated with 
detergent, high-salt solution and DNase I to remove all soluble proteins 
and chromosomes, these proteins remained in the insoluble fraction (nu
clear matrix fi*action), suggesting that these compartments are relatively 
immobile structures. Such a nuclear matrix was supposed to function as an 
immobile scaffold, to which chromosomes and other protein complexes 
were attached. However, recent fluorescence imaging techniques revealed 
that some of the inner nuclear architectures are slowly but constantly mov
ing while changing their sizes and shapes. 

The time-lapse observation of GFP-fused coilin, one of the pro
tein components of a Cajal body, demonstrated that Cajal bodies are mo
bile (Platani et al. 2000). Two different types of Cajal body (large and 
small) have been known to exhibit different mean velocities; 0.48 and 0.65 
fxm/min for large and small bodies, respectively. Occasionally, two Cajal 
bodies join together or a single body separates into two individual bodies 
(Platani et al. 2000). A similar behavior of the Cajal body was observed 
when fluorescent protein-tagged SMN (Survival of Motor Neuron pro
teins) was used as a marker (Sleeman et al. 2003). The kinetic analysis of 
the movement suggested that the Cajal bodies move in the nucleoplasm 
mostly by anomalous difftision, i.e., the movement of the particle is gov-
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emed both by free diffusion and by a constraint to some immobile frac
tions. The Cajal body was known to associate with chromatin in an adeno
sine triphosphate (ATP)- and transcription-dependent manner, and its mo
bility was drastically reduced when it was associated with chromatin 
(Platani et al. 2002). 

•Jtcatori r-wnf-ai 

1 

500 
wavelengtii (nm) 

300 400 600 700 

Fig. 3 Fluorescent proteins. Green fluorescent protein (GFP) was firstly discov
ered in a jellyfish {Aequorea victoria) and is composed of 238 amino acids. Since 
the fluorescence property of GFP is, in most cases, not affected by fusing with 
other proteins, it has been a useful tool for the construction of fluorescent pro
teins. The expression of such chimeric GFP protein in a cell is directly and easily 
confirmed by fluorescence microscopy without fixation or staining of the cell. 
GFP can be functionally expressed in a wide variety of cells and animals, from 
bacteria to the higher eukaryotes. A The structure of GFP. B A fluorescence im
age of HeLa cells expressing histone H3 fused with enhanced GFP (EGFP). 
Since the addition of GFP occasionally changes the intracellular localization of 
the target protein, the localization of GFP fusion proteins should be carefully 
compared to that of the native protein. C Intensive mutation work has developed 
a series of useful variants, which have different emission and excitation spectra. 
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Fig. 3. (continued) The combination of these fluorescent proteins enables the 
simultaneous live imaging of several different proteins. EBFP, enhanced blue 
fluorescent protein; ECFP, enhanced cyan fluorescent protein; EYFP, enhanced 
yellow fluorescent protein. 

Dynamic movements of other nuclear compartments have also 
been observed. Pre-mRNA splicing factor (SF2/ASF) fused with GFP 
showed a transcription-coupled dynamic movement in the nucleoplasm 
(0.2 (xm/min) (Eils et al. 2000). Similar to the Cajal bodies, some of these 
speckles underwent separation (budding off), producing two small separate 
speckles. PML bodies also turned out to be dynamic compartments (Mu-
ratani et al. 2002). Time-lapse imaging of EYFP-fused SplOO protein (a 
component of the PML body) demonstrated that although -25% of the 
PML bodies were immobile, -63% showed restricted movement which 
was similar to that of the Cajal bodies. Interestingly, a small population of 
the PML bodies (-12%) exhibited rapid and large movement (4.0-7.2 
^im/min), which could be abolished by ATP depletion (Muratani et al. 
2002). These observations suggest that the inner nuclear compartments are 
always moving by simple diffusion within a constrained area, but occa
sionally show energy-dependent rapid movements. 

FRAP and FLIP Visualize Dynamic Protein Flow into and out of 
the Compartments 

The relatively slow movement of the inner nuclear architectures does not 
necessarily mean that the protein components stably remain in the com
partment and have a low turnover rate. FRAP (fluorescence recovery after 
photobleaching), also referred to as fluorescence microphotolysis, is an ef
fective method of analyzing protein mobilities in living cells. A small re
gion of interest (ROI) with fluorescently tagged protein is irradiated by a 
strong laser pulse to irreversibly bleach the fluorophore, and the subse
quent recovery of the fluorescence signal is monitored by time-lapse mi
croscopy (Fig. 4A) (see Chapter 8 by Kimura). FRAP data are often ana
lyzed with a kinetic model of protein diffusion and provide usefiil 
information on the diffusion coefficient. A number of FRAP analyses of 
various nuclear proteins, together with FLIP (fluorescence loss in pho
tobleaching. Fig. 4B) analyses, have revealed that the fluorescence recov
ery time of nuclear proteins varies fi-om several seconds to hours. Interest
ingly, even in the nuclear compartment that is not apparently physically 
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moving, proteins are rapidly moving between the compartment and the nu
cleoplasm on the order of a few seconds. 

B 

Ceiexpraeslng 
GFP fuakm pmtBki 

phoioblBBcli 

nsglon of interaBl (ROI) 

Celt expressing 
GFP fusion pfDteIn 

phonMBBdh 

time 

Fig. 4. Fluorescence recovery after photobleaching (FRAP) and fluorescence loss 
in photobleaching (FLIP). FRAP and FLIP are two major techniques used to 
measure the mobility of molecules in a cell. These techniques are easily done with 
conventional confocal laser scanning microscopy (CLSM). A In FRAP, a small re
gion of interest (ROI) with fluorescently tagged protein is irradiated by a strong 
laser pulse to irreversibly bleach the fluorophore. The subsequent recovery of the 
fluorescence signal, which is caused by the influx of unbleached molecules from 
other areas, is monitored by time-lapse observation. B In FLIP, a small region out
side fhe ROI is constantly photobleached and the fluorescence signal of ROI is 
monitored as a function of time until the signal has completely disappeared. 
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The relatively fast-moving proteins include nucleolar proteins 
(fibrillarin, nucleolin, B23) (Dundr et al. 2000; Phair and Misteli 2000; 
Chen and Huang 2001), proteins in the perinucleolar compartment (Huang 
et al. 1998), splicing factors (ACF, SF2/ASF, SC35) (Kruhlak et al. 2000; 
Phair and Misteli 2000), and proteins in the Cajal bodies (coilin, fibrillarin, 
SMN) (Handwerger et al. 2003; Sleeman et al. 2003), which were found in 
the insoluble fraction of the nucleus and thus had been supposed to be re
latively static compartments. Nucleolar proteins involved in rDNA tran
scription (UBFl), pre-rRNA processing (fibrillalin, nucleolin, and Rpp29), 
and ribosome assembly (B23 and nucleolin) move relatively fast between 
nucleolus and nucleoplasm, with diffusion coefficients varying from 0.020 
to 0.14 pim /̂s, whereas the ribosomal proteins (S5 and L9) show relatively 
slow mobility (diffusion coefficient 0.019 jxmVs) (Phair and Misteli 2000; 
Snaar et al. 2000; Chen and Huang 2001). The mobilities of these proteins 
are differentially reduced when RNA polymerase I, which plays a major 
role in rDNA transcription, is selectively inhibited by actinomycin D 
(Chen and Huang 2001). These protein exchanges between nucleolus and 
nucleoplasm could be critical in the regulation of rRNA synthesis. Coilin 
and SMN, both of which are localized in the Cajal bodies, showed differ
ent recovery speeds after photobleaching; coilin is 50 times faster than 
SMN, indicating that even in the same compartment, each protein compo
nent has a different exchange rate. 

The small diffusion coefficients of these nuclear proteins indi
cate that they are not "completely freely" diffusing in a nucleus. The mo
bility of nuclear proteins lies in between "completely immobile" and 
"freely diffused." Based on the model of Misteli and others (Misteli 2001), 
the slower mobility might result from the repeated transient interaction 
between the nuclear proteins and more immobile nuclear components (for 
review see Pederson 2000, 2001; Shopland and Lawrence 2000; 
Carmo-Fonseca et al. 2002). The movements of GFP-tagged nuclear pro
teins in the nucleoplasm were much slower than those of GFP itself and 
also than fluorescence-labeled dextran molecules that were artificially di
rected into the nucleus (Seksek et al. 1997). These facts suggest the exis
tence of "immobile" fractions in a nucleus. However, the question of 
whether such "immobile fractions" really exist in relation to what we know 
as the "nuclear matrix" remains to be addressed 

In clear contrast to these mobile proteins, components of nu
clear lamina (lamin A, B, C), and NPC subunits (POM121, Nupl53) are 
less mobile in the interphase (Moira et al. 2000; Daigle et al. 2001; Griffis 
et al. 2002), indicating the stabilities of these structures. However, recent 
studies using FRAP revealed that an individual NPC subunit has different 
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recovery rate ranging from several seconds to hours (Griffis et al. 2002). 
This suggests that the entire NPC, which is composed of 30-50 different 
polypeptides in vertebrates, is not a static complex and some of the 
subunits are rapidly moving in and out of the complex, whereas other 
subunits are less mobile and might be involved in constructing a funda
mental architecture of the pore. Interestingly, Nup98, one of the relatively 
mobile NPC subunits involved in the export of mRNA, is found not only 
in the NPC but also in the nucleoplasm (GLFG body), and the mobility 
differs depending on the ongoing transcription by RNA polymerase I or II 
(Griffis et al. 2002). The mobile NPC subunits may not be directly in
volved in the construction of the NPC architecture, but rather has regula
tory roles in the transportation process. 

The mobility of chromosomal proteins also varies. The least mo
bile are core histones, which are one of the most fundamental structural 
proteins of the chromosome. FRAP analysis of GFP-tagged histone H2B 
revealed that the recovery takes several hours or more (Lever et al. 2000), 
and that the recovery rate was independent of the chromosomal location 
(for example, euchromatin versus heterochromatin) (Misteli et al. 2000). A 
clear contrast to the core histones was seen in the linker histones (Lever et 
al. 2000; Misteli et al. 2000) and HMG proteins (Phair and Misteli 2000) 
(tl/2 of several seconds). The chromosomal proteins involved in 
higher-order folding of chromatin fibers (HI, HMG) are more mobile than 
the core histones. A FRAP experiment on a mitotic chromosome demon
strated that the recovery of fluorescence was observed on a spatially sepa
rated chro-mosome in a mitotic cell (Lever et al. 2000). This result indi
cates that physical interaction between chromatin fibers is not necessary 
for histone HI exchange, and this exchange may occur through dissocia
tion from a chromosome, diffusion through the nucleoplasm, and reasso-
ciation to another chromosome. 
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Fig. 5 Fluorescent resonance energy transfer (FRET). A FRET can occur when the 
emission spectrum of the donor fluorophore is overlapped with the excitation 
spectrum of the acceptor. The FRET efficiency largely depends on the spatial dis
tance between the donor and the acceptor. Only when they are close to each other 
FRET occurs. B FRET can be used to detect protein-protein {top left), DNA-DNA 
{top right), and DNA-protein interactions and conformational changes in proteins 
{bottom left) and DNA {bottom right). 
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Visualization of Protein-Protein Interactions (FRET) 

Fluorescent resonance energy transfer (FRET) is a recently developed 
fluorescence technique to visualize protein-protein and protein-DNA 
in-teractions. It can also be used to detect conformational changes of pro
teins, DNAs, and RNAs (Mergny and Maurizot 2001). It utilizes the trans
fer of fluorescence energy from a donor to an acceptor molecule; when the 
excitation spectrum of the acceptor overlaps the emission spectrum of the 
donor, the emission energy from the donor is transferred to the acceptor for 
excitation, before it is emitted as fluorescence (Fig. 5). When the acceptor 
is also a fluorophore, the fluorescence from the acceptor can be detected. 
FRET can be widely used both in vivo and in vitro. In the case of in vivo 
FRET experiments using living cells, CFP and YFP are often used as a 
donor and an acceptor, respectively. FRET has often been utilized to elu
cidate protein-protein interactions in the NPC (Damelin and Silver 2000, 
2002), nuclear lamina (Moir et al. 2000; Kalab et al. 2002; Macara 2002; 
Plafker and Macara 2002; Shimi et al. 2004), the PML bodies (Marcello et 
al. 2001) and other nuclear components (Marcello et al. 2001; Day et al. 
2001) (see Chapter 4 by Haraguchi). 

The development of high-speed, highly sensitive cameras enabled 
the visualization of a single-molecule fluorescence in both in vivo and in 
vitro experiments. Single-molecule methods, such as single particle track
ing and single-molecule FRET, have better space and time resolutions than 
the mass fluorescence methods such as FRAP and FLIP. Total internal re
flection fluorescence microscopy (TIRFM) is now used to visualize fluo
rescence signals with low background and high contrast (for detail, see 
Fig. 6). Because of the limited reach of excitation light, TIRFM has often 
been used for in vitro imaging of various cellular components (Tokunaga 
et al. 1997; Harada et al. 1999; Greene and Mizuuchi 2004). In vivo (in 
situ) imaging of cytoskeletal components (Rappoport et al. 2003; Bret-
schneider et al. 2004) and of nuclear events (Jones et al. 2004) have also 
been reported. 
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Fig. 6. Total internal reflection fluorescence microscopy (TIRFM). A TIRFM 
requires an excitation light beam traveling at a high incident angle through the 
glass cover slide (or plastic tissue culture container), where the proteins or the 
cells adhere. Refractive index differences between the glass and water phases 
regulate how light refracts or reflects at the interface as a function of incident an
gle. At a specific critical angle, light totally reflects at the glass/water interface, 
rather than passing through and refracting. The reflection generates a very thin 
electromagnetic field (evanescent field, usually less than 200 nm) in the aqueous 
medium, which has an identical frequency to that of the incident light. TIRFM 
utilizes this evanescent light for excitation of the fluorophore. B The intensity of 
evanescent light decays very rapidly depending on the distance from the reflec
tion surface, enabling the excitation of fluorophores only close to the glass sur
face. C, D In conventional microscopes, two different systems are available to 
obtain the total reflection at the surface of the sample The objective-based system 
utilizes an immersion objective with a high numerical aperture to produce excita
tion illumination at supercritical angles and to retrieve fluorescence information 
emitted by the specimen (C). The prism-based system is composed of a prism at
tached to the slide glass and a focusing lens to obtain excitation beam light at a 
supercritical angle (D). The fluorescence is retrieved through an objective placed 
on the opposite side of the sample. Because of its simple equipment, the objec
tive-based system is now more commonly used. 



14 S.H. Yoshimura 

1.3 Chromosome Dynamics 

FISH Reveals Chromosome Territories in the Nucleus 

The most commonly used technique for chromosome labeling is fluores
cence in situ hybridization (FISH). FISH utilizes fluorescently labeled 
DNA probe to visualize a specific locus in the genome. A large variety of 
FISH techniques are available now and a number of different sets of fluo
rescent probes can be purchased from many manufacturers. For example, 
SKY'^ FISH (Spectral Karyotyping FISH, Applied Spectral Imaging, 
[Vista, California, U.S.]) can distinguish ("paint") 24 chromosomes in 
human (21 in mouse) with different fluorescent colors by combining flve 
different fluorescent dyes and a fluorescence spectrum microscopy. 

A number of FISH studies and other microscopic observations 
have revealed that in most mammalian cells, the interphase chromosomes 
are arranged in a nucleus so that the chromosomes occupy mutually exclu
sive volumes that are referred to as chromosome territories (for review see 
Cremer and Cremer 2001). The volume of each chromosome territory is 
roughly correlated with its DNA content but is affected by its overall tran
scription status (Croft et al. 1999). Chromosome territories do not show 
large-scale movement in an interphase nucleus and their overall positions 
within a nucleus are not affected by transcriptional status (Croft et al. 
1999; Abney et al. 1997; Zink et al. 1998; Manders et al. 1999; Vazquez et 
al.2001). 

Recent studies have demonstrated that transcriptionally active sites 
are scattered throughout the territory and not localized to the surface of the 
territory (Abranches et al. 1998; Belmont et al. 1999; Verschure et al. 
1999; Mahy et al. 2002). The chromosome territory seems to be a kind of 
sponge structure and many soluble proteins and protein complexes, such as 
transcriptional machineries, can diffuse into the territory. Occasionally, 
some gene-rich loci, in which overall transcriptional activity is high, ex
tend away from the territory (Mahy et al. 2002). Thus, overall transcrip
tional status of a gene-rich locus, but not the activity of individual genes, 
may influence the organization of the chromosome territory. 

Each chromosome territory has been known to have a preferential 
positioning within a nucleus. Two types of positioning have been found so 
far (Parada and Misteli 2002). The "relative positioning" is the relationship 
between the neighboring chromosomes. Chromosome territories occupy 
preferred positions relative to each other and a certain neighborhood envi
ronment is preferentially established (Parada et al. 2002). The "radial posi-
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tioning" describes the distance between the territory and the center of the 
nucleus. Gene-rich chromosomes tend to localize in the interior of the nu
cleus and gene-poor chromosomes are located in the nuclear periphery. For 
example, chromosome 19 is one of the most gene-rich chromosomes in 
human cells and is preferentially positioned in the interior of the nucleus. 
On the other hand, chromosome 18, one of the gene-poor chromosomes, is 
preferentially found in the nuclear periphery (Croft et al. 1999; Sun et al. 
2000; Boyle et al. 2001; Cremer et al. 2001). This tendency of chromo
some positioning can also be seen in other human chromosomes (Boyle et 
al. 2001) and in the chromosomes of higher primates (Tanabe et al. 2002). 
Although the physiological significances of these positionings are still un
clear, there might be a functional cross-talk between different chromo
somes. 

GFP-Coupled Chromosome-Labeling Techniques Reveal 
Overall Chromosome Dynamics Throughout the Cell Cycle 

Real-time visualization of single chromosome or single chromosome locus 
can be achieved by labeling proteins that bind specifically to the locus of 
interest, although this application is limited to the specific regions of 
chromosome such as centromere, telomere, heterochromatin, and replica
tion foci, due to the limited number of site-specific proteins. To label the 
entire chromosome, fiuorescent protein-coupled histone is most commonly 
used and is now overwhelming the conventional DNA-specific fluorescent 
probes (see page 3) (see also Fig. 2). The exogenously introduced fluores
cent core histone does not have a significant effect on the chromosome 
morphology or the cell viability in most cell lines. 

Are the chromosome positionings in a nucleus inherited to the 
daughter cells after mitosis, and if so, how? Two recent papers addressed 
these questions by utilizing fluorescence-based chromosome observation 
techniques. Gerlich et al. utilized CFP- and YFP-coupled core histones and 
a patterned photobleaching technique combined with in vivo time-lapse 
microscopy and computer simulation. They found that the relative posi
tioning of chromosome in mammalian cells was faithfiilly transmitted 
during mitosis (Gerlich et al. 2003). Namely, the global chromosome 
positioning seems to be heritable through the cell cycle. On the other hand, 
Walter et al. reported that chromosome positions significantly change dur
ing mitosis and early Gl phase, and the interphase pattern of chromosome 
territory was not perfectly maintained in daughter cells (Walter et al. 
2003). These two groups observed the same chromosome event with dif
ferent approaches. The apparent discrepancy between these two inde-
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pendent studies might result from how they define the "same chromosome 
positioning." Walter et al. utilized very stringent criterion for pattern 
maintenance and any deviations from the original pattern were considered 
as changes (Parada et al. 2003). On the other hand, the criterion used by 
Gerlich et al. was less stringent and asks whether the chromosomal pat
terns observed deviate from random arrangement of chromosome. 

Lacl-GFP/lacO System and Chromosome Mobility 

In addition to the labeling of the entire chromosome by GFP-histone, the 
GFP-coupled labeling technique can also be applied to the labeling of a 
specific chromosomal locus. However, as mentioned above, this applica
tion largely depends on the existence of a site-specific protein and, thus, 
has been limited to several chromosome regions (centromere, telomere, 
etc.). A key technical breakthrough in the studies of the chromosome dy
namics was introduced by the use of tandemly repeated arrays of a bacteri
al operon (lacO) in a cell expressing a fiision protein between the lac rep
ressor and GFP (Robinett et al. 1996; Belmont and Straight 1998; Belmont 
2001). In this system, tandem repeats of lacO are inserted into the desired 
position of the genome (Fig. 7). The live imaging of these cells provide 
information on the dynamic movement of specific chromosomal loci as 
well as other chromosomal regions such as telomere (Straight et al. 1997; 
Heun et al. 2001; Ancelin et al. 2002; Bressan et al. 2004), centromere 
(Straight et al. 1996; Nabeshima et al. 1998; Goshima and Yanagida 2000; 
Heun et al. 2001; Thrower and Bloom 2001; Yamamoto and Hiraoka 
2003), and replication origins (Heun et al. 2001), as well as that of plas-
mids in bacterial cells (Pogliano et al. 2001). The biggest advantage of the 
technique is that one can visualize any regions of interest within a genome 
(of course, one has to spend some time to obtain the cell line carrying lacO 
repeat in a desired position in a genome) and high specificity of the 
lacI-GFP protein to the lacO locus. 

The recent study using the lacI/lacO system also revealed that cen-
tromeric and telomeric regions of budding yeast chromosome remain at the 
periphery of a nucleus and do not show any large-scale movement during 
the interphase (Heun et al. 2001). Contrarily, noncentromeric and nonte-
lomeric regions showed small and large movements in Gl phase (distance 
<0.2 \im and >0.5 \im). During S and G2 phases, only the small-scale 
movement was detected and the large-scale movement could not be seen, 
indicating that the dynamic rearrangement of the chromosome occurs 
mainly in Gl phase. Since the large chromosomal movement was 
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abolished when FOFl-ATPase was suppressed, it involves an en
ergy-dependent step. 

Mammalian chromosomes, which show a nonpolar arrangement 
within a nucleus, do not undergo long-range movement in the interphase 
(Abney et al. 1997). However, detailed analysis of chromosomal loci by 
high-resolution fluorescence microscopy revealed that the chromosomal 
loci were moving in a manner of "constraint diffusion" (the diffusion coef
ficient is -5x10"^^ cmVs and the area is limited within 1 jim) (Marshall et 
al. 1997). The diffusion coefficient and the size of the constraint largely 
varied according to each locus. For example, nucleolar-attached region and 
the nuclear periphery were less mobile than other loci (Chubb et al. 2002). 
Thus, in the living cell, chromatin fibers are constantly in a diffusion mo
tion confined by some anchoring mechanisms, depending on the cell types. 
Both the range and the rate of chromatin mobility appear to be modulated 
by interactions between chromatin and internal nuclear structures, such as 
the nuclear envelope and the nucleolus. 

1.4 Nanoscale Dynamics of the Nucleus 

Nanoscale Visualization: Electron Microscopy Versus 
Scanning Probe Microscopy 

Although the techniques in fluorescence microscopy have advanced 
re-markably, it has a physical limitation in the spatial resolution (several 
hundreds of nanometers). This is because, in all types of optical micro
scopes, the spatial resolution (so) is limited by the wavelength of light util
ized (1) and the numerical aperture of the objective (NA) (eo=0.611/NA). 
Furthermore, the fluorescence signal in the image indicates the "location" 
of the molecule but not the real "shape" of the molecule, which is much 
smaller than the spatial resolution of fluorescence microscopy. To visual
ize the real "shape" of the molecule (^nm), scanning probe microscopy 
(SPM) or electron microscopy (EM) can be utilized. Both of these methods 
were originally developed to observe the surface of metals and polymers, 
but now are indispensable tools for the visualization of biological samples 
and are widely used in molecular and cellular biology. Due to the require
ment of fixation and staining processes, EM has limitations in the observa
tion of molecular dynamics. On the other hand, atomic force microscopy 
(AFM), one type of SPM, does not require such procedures, and is now the 
only device that can visualize nanometer structure in solution without fixa
tion and staining of the sample (Fig. 8 A). 
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Fig. 7. Chromosome labeling (GFP-lacI system). The \?Lcl-G¥P/lacO system was 
developed by Belmont. The binding site for lad, which is made up of 256 repeats 
of lacO DNA, should be stably incorporated into genomic DNA. When the plas-
mid encoding GFP-ftised lad is also introduced into the same cell line, the ex
pressed GFP-lacI specifically binds to lacO repeats and, under the fluorescence 
microscope, indicates the position of lacO locus in the genome. Since the micro
scopic observation does not require cell fixation, this approach has a great advan
tage over the fluorescence in situ hybridization (FISH) procedure, which requires 
many steps of sample preparation (fixation, hybridization, etc.) 



1. Visual Biology of Nuclear Dynamics 19 

Nanoscale Architectures of DNA, Chromatin, Chromosome, 
and inner Nuclear Compartment 

The first application of AFM to biological samples dates back to the late 
1980s, when several groups observed double-stranded DNA and 
DNA-protein complexes (Hansma et al. 1988). In the 1990s, the observa
tion technique of AFM improved remarkably, together with a number of 
biochemical purification/reconstitution procedures. In the case of the ob
servation of DNA-protein complex (for example, a transcription factor 
binding to a specific DNA sequence within a promoter region), the fol
lowing information can be deduced from the analysis of the AFM image: 
(i) the protein binding site along several-kilobase DNA strand (with an 
accuracy of ~10 bp), (ii) stoichiometry of bound proteins (dimer, tetramer, 
or higher multimer) and (iii) structural change in a DNA strand caused by 
protein binding (bending, twisting, untwisting, wrapping, looping, etc). 
Our group previously reported the observation of stem-loop structure in a 
bacterial promoter region and specific binding of transcription factor to 
that structure (Ohta et al. 1996), dynamic relaxation of supercoiled DNA 
by replication factor (Yoshimura et al. 2000a), long-range DNA loop for
mation in p-globin enhancer region by transcription regulators (Yoshimura 
et al. 2000b), and DNA end-loop formation by telomere-specific proteins 
(Yoshimura et al. 2004). 

In the 1970s, chromatin fibers were extensively studied by EM, 
and the higher-order arrangements of chromatin fibers such as 30-nm fi
bers and 300-nm loops were identified (Paulson and Laemmli 1977; 
Rattner and Hamkalo 1978a,b; Marsden and Laemmli 1979). The AFM 
was also utilized to observe chromatin fibers in the 1980s and 1990s. 
In-liquid and in-air imaging of extracted chromatin fiber has clearly re
vealed that the higher-order packing of chromatin fiber largely depends on 
the salt concentrations (Leuba et al. 1994; Zlatanova et al. 1994) and the 
presence of linker histones (Bustamante et al 1997; Leuba et al. 1998). In 
the late 1990s, when an in vitro chromatin reconstitution method was es
tablished, AFM was immediately applied to visualize those reconstituted 
chromatin fibers. The physical properties of the reconstituted chromatin 
fiber and the effect of linker histone HI were investigated from AFM ob
servation (Sato et al. 1999; Hizume et al. 2002, 2003) (see later section for 
details of the chromatin fiber observation). 
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Fig. 8. Nanoscale visualization of nuclear components by atomic force microscopy 
(AFM). AFM generates three-dimensional surface profiles (topographical images) 
of molecules with a nanometer resolution. A A key element of AFM is its micro
scopic force sensor (cantilever), which is made of silicon or silicon nitride and 
measures 100-500 \im in length by 0.5-5 jim in width. Mounted on the end of the 
cantilever is a sharp tip that is used to sense the force between the sample and it
self. By scanning a sample under the cantilever and recording the deflection of the 
cantilever, the local height of the sample is measured. Three-dimensional topog
raphical maps of the surface are then constructed. B-D AFM images of human in
terphase chromosome (B), rye mitotic chromosome (C), human nuclear matrix 
(D), and bacterial chromosome in log-phase (E) 
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When nanoscale chromosomal architecture is argued based on 
the microscopic images, "how you purify the sample" and "how you pre
pare the specimen" are always important issues to be considered. Indeed, 
the EM and AFM observations of mitotic chromosome revealed that puri
fied chromosomes might be covered by a significant amount of nonchro-
mosomal proteins and RNA (Tamayo et al. 1999; Tamayo and Miles 
2000). Our group recently developed an "on-substrate" specimen prepara
tion procedure for AFM observation in order to exclude artifacts resulting 
from "bulk" purification procedures (Yoshimura et al. 2003). When this 
technique was applied to HeLa cells cultured on a cover glass, a distinct 
chromatin fiber of 80 nm width was observed in an interphase nucleus 
(Yoshimura et al. 2003) (Fig. 8) (see later section for details). Considering 
that the ~80 nm "fibrous" or "granular" structures were also identified in 
various chromosomes (Allen et al. 1993a,b ; Tamayo et al. 1999; Tamayo 
and Miles 2000), and that a fluorescence microscopy study also suggested 
the existence of 80-nm chromatin fibers (Belmont and Bruce 1994), this 
might be the one-step higher-order folding of the 30-nm chromatin fibers, 
although its molecular mechanism is not yet flilly understood. 

The nuclear envelope has also been a good target of AFM obser
vation, not only because of its distinct structure and dimension but also 
because of its easiness in the specimen preparation on a flat surface. The 
groups of Oberleithner and others utilized AFM to observe the NPC in the 
nuclear envelope of Xenopus oocyte and cultured cells to demonstrate that 
the structure of the NPC changes depending on ATP (Rakowska et al. 
1998), Ca^^ (Wang and Clapham 1999) and extracellular hormone stimula
tion (Folprecht et al. 1996) (see Chapter 2 by Oberleithner). 

AFM Visualizes Nanoscale ''Dynamics" of Nuclear 
Components 

The biggest advantage of the AFM is its ability to image in liquid. This has 
two important meanings. First, the sample does not have to be dried, and 
thus, the damage of the sample can be minimized. Second, the enzymatic 
action and the conformational change of a protein (or a protein complex) 
can be monitored by time-lapse imaging, enabling the visualization of a 
single molecule in action. 

The first visualization of a single molecule in motion was achieved 
in 1994 by Hansma's group. They were successful in obtaining time-lapse 
images of DNA being digested by DNase I at 30-s intervals (Bezanilla et 
al. 1994). The Bustamante group successfully visualized the molecular 
events of RNA polymerase sliding along DNA. They observed RNA po-
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lymerase binding to the promoter and forming an initiation complex with 
DNA wrapping around the protein (Rivetti et al. 1999). They made a 
"stalled complex" by depriving cytidine triphosphate (CTP) from nucleo
tide triphosphate mix. When CTP was added to the stalled complex, the 
RNA polymerase started to slide along the DNA template at 0.5-2 bp/s 
(Kasas et al. 1997; Bustamante et al. 1999; Guthold et al. 1999). The in
teraction of a restriction enzyme and DNA (Ellis et al. 1999; Berge et al. 
2000) was also analyzed by in-liquid time-lapse imaging, producing a clear 
image of how a site-specific protein finds the target sequence. 

The time resolution (scanning speed) has been an important prop
erty of AFM. Thanks to intensive studies by many researchers, the scan
ning rate of AFM was improved with newly designed piezoelectric scan
ners and feedback systems. Now, --30 frames/s (for tapping mode) (Ando 
et al. 2001) and -100 frames/s (for contact mode) are already being 
achieved. The fast-scanning AFM revealed a rapid movement of plasmid 
DNA on the mica surface (Fig. 9) as well as dynamic movement of an en
zyme on DNA. In the case of Hindlll (type II restriction enzyme), a dimer 
first randomly binds to DNA and immediately starts to slide along the 
DNA fiber. The sliding is completely random and can go in both direc-
fions. Most of the enzymes stay on DNA for -1.5 s and travel --250 bp. 
When the enzyme encounters its recognition sequence during such a short 
binding, it digests DNA into two fragments and the dimer dissociates into 
two monomers. The digestion and dissociation into component monomers 
take place simultaneously and each DNA fragment retains one of the 
monomers. These monomers will dissociate from the DNA on the order of 
several seconds and then reform a dimmer in order to start the process over 
again. 

The Combination of AFIM and Fluorescence IMicroscopy 
{AFWFM) Reveals the Nanoscale Structure of Eukaryotic 
Genome and Inner Nuclear Architectures 

The fluorescence microscope localizes a specific molecule, but does not 
visualize the "real shape" of the molecule in nanoscale. On the other hand, 
AFM visualizes the nanoscale structure of the specimen but does not 
provide any information on the "identity" of the molecule. When you are 
using AFM to observe a large protein complexes or inner cellular archi
tectures such as chromosomes, you will always encounter the problem of 
how to distinguish or identify a specific protein in the AFM image. This 
situation has led many AFM researchers to combine the AFM with other 
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Fig. 9. Fast-scanning AFM. In-liquid fast-scanning AFM images of plasmid DNA 
(~2.9 kb) deposited on a mica surface. The resonance frequency of the cantilever 
is 500-1000 kHz in liquid. In the course of the experiment, images were captured 
at a scanning rate of 4 frames per second. The image analysis demonstrated that 
the movement is random and is not affected by the scanning direction 

observation techniques in order to overlay the AFM image with an image 
that indicates the location of a specific protein. 

The purification and isolation of the interphase chromosome is dif
ficult because of its tight connection to inner-nuclear architectures such as 
nuclear lamina. Nanoscale analyses of interphase chromosome could be 
achieved by observing an ultrathin section of a nucleus or chemically dis
sected cultured cells. Recently, we applied a chemical dissection procedure 
of cultured cells for AFM and successfully observed the nanoscale struc
ture of the interphase chromosome and the inner-nuclear architectures 
(Yoshimura et al. 2003). The interphase chromosome is composed of 
globular structural units of -80 nm width. On the other hand, the inner nu
clear architecture is composed of a network of thin filaments (10-60 nm 
width) and small globules (100-500 nm diameter) (Fig. 8B), which is simi
lar to so-called nuclear matrix structures previously identified by EM (Fey 
et al. 1986; He et al. 1990; Nickerson et al. 1997; Nickerson 2001). 
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Fig. 10A,B. Identification of a specific protein on an AFM image by 
AFM/fluorescence microscopy (FM). A Schematic illustration of the AFM/FM 
system. The AFM scanner is mounted on the stage of an inverted microscope. B 
Hybrid AFM image of HeLa cell nuclear matrix. HeLa cells expressing 
GFP-fused PML protein were grown on a cover glass and the glass was then 
treated to remove the plasma membrane, cytosol, and chromosomes, leaving puri
fied nuclear matrix on the glass. A Fluorescence signal was obtained with an in
verted fluorescence microscope and an AFM image was also obtained from the 
same cell by the scanner mounted on the microscope stage 

When we carefully looked at the image of inner nuclear fibers, 
the small globules were located at the "junction" of the thin filaments, sug
gesting that it connects filaments into a mesh-like network. To examine 
whether these globular structures are homogeneous in the protein compo
sition, the AFM was combined with fluorescence microscopy (AFM/FM 
hybrid imaging) (Fig. 10). The cultured cells expressing GFP-labeled PML 
protein, one of the components of PML bodies, were first observed by FM 
and then by AFM. The alignment of the AFM image and fluorescence im-
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age of the nuclear matrix fraction purified on a cover glass revealed that 
not all globular structures contained PML protein (Fig. lOB). There is an 
increasing number of proteins found in the inner-nuclear components. The 
utilization of this combined AFM/FM will reveal the nanoscale structures 
of each component together with their protein compositions. However, 
since the AFM image and the fluorescence image must be overlaid manu
ally, the accuracy of the image overlay is on the order of'-10-100 nm. To 
obtain the merged image at several-nanometer resolution, we need another 
technique. 

Fig. 11A,B- In vitro chromatin reconstitution. Nucleosomes are reconstituted on 
-100 kb closed circular plasmid by salt-dialysis procedure and observed by 
AFM. The so-called beads-on-a-string structure of chromatin fiber can be seen 
(A). The addition of HI induces the formation of thick chromatin fiber of-30 
nm width (B). 
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The Combination of IMoiecular Recognition (PicoTREC) and 
AFIUI, As Well as Biochemical Reconstitution Procedure, 
Reveals the Dynamics of Chromatin Fiber and 
Chromatin-Associated Proteins 

The development of chromatin reconstitution technique has been playing 
critical roles in the recent progress in chromatin dynamics. The highest 
reconstitution efficiency with a proper nucleosome spacing (-200 bp) can 
be achieved by the utilization of the embryo extract from Droshophila 
melanogaster (Becker and Wu 1992). This chromatin template has been 
utilized for the analyses of transcriptional control by nucleosome. The 
salt-dialysis method (Ura et al. 1995; Li and Wrange 1997) constitutes an
other procedure, where purified DNA and core histone octamer are mixed 
in the presence of a high concentration of salt (2 M NaCl) and the sample 
is then dialyzed to the final salt concentration of 50 mM or below. 
Although the reconstitution efficiency is not as high as in the method using 
embryo extract, this method is still useful for the characterization of chro
matin fiber itself because of its simple components (Allen et al. 1993a,b; 
Sato et al. 1999; Yodh et al. 1999). 

Recently, we developed a salt-dialysis method to efficiently 
re-constitute chromatin fibers without using any nucleosome-positioning 
signals. By comparing the reconstitution efficiency of plasmid DNA rang
ing from 3 to 100 kb, we found that a 100-kb plasmid with negative su-
percoils had highest efficiency in the salt-dialysis reconstitution (one nu
cleosome per -250 bp) (Hizume et al. 2002, 2003). The most striking 
property of this long chromatin fiber was observed when it was mixed with 
linker histone HI. An addifion of histone HI induced a further folding of 
the chromatin fiber into a thicker fiber of 20-30 nm width (Fig. 11), and 
the width of the fiber changed depending on the ion concentration. These 
results demonstrate that the higher-order folding of chromatin fiber largely 
depends both on the presence of linker histone and nu-
cleosome-nucleosome interaction. 

In the single molecule imaging of the chromatin fiber associated 
with various regulatory proteins, it is extremely difficult to identify a par
ticular protein on the chromatin fiber, since the fluorescence microscope 
does not provide sufficient spatial resolution. The PicoTREC system was 
developed by Molecular Imaging (Tempe, AZ, USA) to recognize a 
specific protein by SPM probe, while obtaining a topographic image with 
the same probe (Stroh et al. 2004a,b) (Fig. 12). In this system, the antibody 
specific for the protein of interest was covalently attached on an AFM tip 
via a 10-20-nm polyethylene glycol (PEG) spacer. The modified AFM tip 
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can collect normal topographical information as well as the attractive force 
exerted from antibody-antibody interaction. Since the PicoTREC system 
simultaneously obtains these two different signals and produces two dif
ferent images (a topographical image and a recognition image), the overlay 
of these two different images can be achieved with an accuracy of several 
nanometers. So far, the core histones in nucleosome, as well as several 
proteins including lysozyme and BSA, have been successfully recognized 
by this system (Stroh et al. 2004a, b) (Fig. 12). 

Fig. 12. Identification of a specific protein by PicoTREC AFM. PicoTREC is a 
new Topography and RECognition imaging solution that requires no fluores
cence, radioactivity, enzyme-linked detection schemes, or other extraneous la
bels. PicoTREC can be used to map ligand-receptor interactions, study biologi
cal processes, or probe nanometer-scale molecular binding sites on a variety of 
surfaces. 
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Fig. \2{continued). A variety of molecules can be attached to AFM cantilevers, 
making them chemically or biologically selective sensors so that individual 
molecular interactions can be studied. It combines real-time detection of molecular 
recognition events and single-molecule sensitivity with the imaging capability of 
AFM. PicoTREC allows a researcher to quickly determine where specific, single 
molecule binding interactions occur on a sample and resolves them from surface 
topography information. For example, when an antibody is attached to an AFM 
tip, the forces required to break the bonds that are involved in binding events with 
target molecules are easily detected and resolved by PicoTREC. a A topographical 
image of chromatin fiber, b A recognition image with antihistone H3 antibody at
tached to the probe. c,d The recognition signal disappeared when the blocking 
peptide was added in the imaging chamber (d) but was not with bovine serum al
bumin (c). e,f The specificity of the recognition signal. The nonchromatin 
molecules in the topographical image (e, arrowheads) were not seen in the recog
nition image (f) (Images were provided by Dr. Lindsay, Arizona State University) 

SNOM/AFM Simultaneously Provides AFM Image and 
Fluorescence Image with High Spatial Resolution 

SNOM/AFM (scanning near-field optical microscope/AFM, also referred 
to as NSOM/AFM) is another instrument that allows one to simultaneously 
obtain AFM and fluorescence images. SNOM/AFM contains all of the 
equipment necessary for AFM but has a cantilever made of an optical fiber 
instead of silicon crystal. A sharp optical fiber probe with a tip radius of 
50-100 nm is used not only to obtain the topographical image of the sam
ple, but also to irradiate the excitation light to the sample. The excitation 
light, when coming out from a small aperture of the fiber tip, produces an 
evanescent field, which allows the excitation of a very limited area of the 
specimen. Thus, SNOM/AFM can obtain fluorescence images with a re
solution much higher than the limit of the conventional fluorescence mi
croscope. Furthermore, because of this unique probe, higher accuracy in 
image alignment can be achieved. 

SNOM/AFM was first applied to the structural analysis of mitotic 
chromosomes. A specific locus in mitotic chromosome was labeled by the 
FISH technique. When this specimen was observed by SNOM/AFM, both 
the nanoscale topographical image and the fluorescence signal fi*om the 
FISH probe were obtained (Yoshino et al. 2002; Fukushi et al. 2003; Ober-
ringer et al. 2003). However, it was claimed that because of the harsh 
treatment in the FISH procedure (heat, denatured, and dry), the chromo-
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somes could no longer maintain their native structure. To overcome this 
problem, low-temperature FISH was developed to reduce the sample dam
age (Winkler et al. 2003). SNOM/AFM was also applied to the protein on 
the cell surface. The location of the cell-surface receptor was also mapped 
on a cultured cell (Nagy et al. 1999). It was clearly observed on this cell 
line that the hormone stimulation induced clustering of the receptor on the 
cell surface (Nagy et al. 1999). 
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2.1 Introduction 

In 1994 a paper was published that contained a rather unusual observation 
made with a rather unusual technique (Oberleithner et al. 1994). The un
usual observation was the increase in number of nuclear pore complexes 
(NPCs) in nuclear envelopes of kidney cells in response to aldosterone and 
the unusual technique applied in this study was atomic force microscopy 
(AFM). At that time, aldosterone had been considered as a hormone that 
controlled fluid and electrolyte balance in kidney through regulation of 
plasma membrane ion channels and transporters but virtually nothing was 
known about its interaction with the nuclear barrier. Possibly, those AFM 
experiments were bom of the desperate desire of a few renal physiologists 
who wanted to apply a new nanotechnique, originally developed by physi
cists working in the material sciences (Binnig and Quate 1986), on a bi
ological membrane with some relevance for kidney function. In the mean
time 10 years have passed. Aldosterone underwent a dazzling 
metamorphosis in terms of site and mode of action (Oberleithner 2004). 
Atomic force microscopy developed into a useful tool in the biological 
sciences (Roco 2003). Finally, the nuclear envelope advanced to an exten
sively explored membrane system that selectively passes signals from out
side into the nucleus (Gerasimenko et al. 2003). In this short review chap
ter I will focus on recent developments in this field 

2.2 Atomic Force Microscopy 

The AF microscope works by moving a probe back and forth across a sur
face and recording features as the probe encounters them. Atomic force 
microscopy produces images that are not compromised by the limitations 
of the wavelengths of the various types of electromagnetic radiation. This 
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means that very high resolution (below 1 nm) can be obtained. Biological 
work using the AFM has shown considerable growth since its invention in 
1986 (Binnig and Quate 1986). The AFM probe (i.e., the AFM tip which 
scans the sample) is typically made from a pyramidal crystal of silicon ni
tride deposited onto a gold-coated, flexible cantilever. A sample (e.g. the 
nuclear envelope) is prepared on a flat substrate (i.e., glass or mica) and 
moved so that it makes contact with the probe. The sample is then moved 
in a raster pattern and the cantilever carrying the probe is deflected verti
cally as features in the sample move under it. The movement is controlled 
by a series of piezoelectric drivers and the control is such that the probe 
can be positioned in either horizontal "x" or "y" dimensions or in the ver
tical "z" dimension very accurately. A low-powered laser is focused onto 
the cantilever and is reflected onto a series of photomultiplier detector 
elements. As a result, when the probe scans across a surface and meets 
some sort of obstacle, the cantilever is deflected, changing the reflected 
angle of the laser, and therefore affecting the signal detected by the pho-
tomultipliers. The signal is fed into a computer which then constructs a 
three-dimensional image from the information received. The principle of 
the AFM is therefore quite simple, and its implementation is dependent on 
the availability of suitable sensitive photomultipliers and piezo control 
mechanisms. More about the different modes of recording high resolution 
AFM images can be found in a recent review (Henderson and Oberleithner 
2000). 

2.3 Aldosterone 

The traditional concept of aldosterone action is the binding of the ligand to 
classic mineralocorticoid receptors (MRs) in target cells of kidney, colon, 
and salivary and sweat glands. It is followed by a genomic response and an 
appropriate change in physiological function of the target cell. Over the 
past years, the endocrine properties of aldosterone have taken on a broader 
perspective involving nonclassic actions in nonepithelial cells found in 
nonclassic target tissues (Epstein 2001). At least four new perspectives 
shape up, related to aldosterone action. The fact that the MRs play a cru
cial role in the function of a broad variety of cell types should not lead to 
an underestimation of the potential role of rapid (apparently nongenomic) 
effects elicited by this hormone. 

1. Many more different cell types than previously thought express the MR. 
Besides the above mentioned classic aldosterone-responsive tissues MR 
are found also in endothelial cells, cardiac myocytes, fibroblasts, vascu-
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lar smooth muscle cells and many others. In parallel, evidence for dis
tinct changes in cellular functions elicited by aldosterone and blocked 
by specific inhibitors is accumulating in the literature (Delyani 2000). 

. Aldosterone exerts rapid effects, nongenomic in nature (Falkenstein et 
al. 2000). These effects have a rapid time course (seconds to minutes) 
and are not inhibited by actinomycin D. They have been considered to 
reflect aldosterone acting via a high-affinity membrane receptor, distinct 
from the classic intracellular MR on two reasons. One is that the rapid 
effects have not been inhibited by spironolactone and another is that 
glucocorticoids do not mimic the effects of aldosterone at nanomolar 
concentrations. 
Rapid, nongenomic effects of aldosterone may also reflect actions via 
the classic intracellular MR. Such a scenario can be derived from ex
periments in vascular smooth muscle cells (Alzamora et al. 2000), car
diac myocytes (Mihailidou et al. 2000) and vascular endothelial cells 
(Golestaneh et al. 2001) discussed in more detail in a recent review 
(Funder2001). 

Table 1. Changes in nuclear envelope structure and function in response to 
aldosterone 

Parameter 

Nuclear envel
ope electrical re
sistance 
Nuclear pore 
configuration 

Nuclear envel
ope dextran 
permeability 
Interpretation 
(Schafer et al. 
2002; Ober
leithner et al. 
2003) 

0-2 min after al
dosterone 
Increased 

Flags on pores 

Unchanged 

Mineralocorticoid 
receptor docking 
on nuclear pore 
surface blocking 
small peripheral 
channels 

8-15 min after 
aldosterone 
Decreased 

Pores free 

Strongly in
creased 

Transcription 
processes going 
on in the cell 
nucleus paral
leled by nuclear 
swelling 

18-24 min after 
aldosterone 
Increased 

Plugs in pores 

Unchanged 

Export of early 
transcripts 
(mRNA) through 
nuclear pore 
central channels 
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4. Aldosterone action may not even depend upon aldosterone secreted 
classically from the suprarenal glands but may be triggered by aldoster
one released directly at the site of action. Indeed, recent experiments in 
endothelial cells and cardiomyocytes show that the complete cascade, 
the renin angiotensin aldosterone system (RAAS) , including MR, can 
be localized within the heart (Hatakeyama et al. 1994; Silvestre et al. 
1998). This suggests that observations like mineralocorticoid-induced 
vascular remodeling and hypertension may stem from the paracrine 
and/or autocrine action of locally produced aldosterone released in re
sponse to angiotensin II derived from the vascular wall. In other words, 
the vascular bed is endowed with all of the cellular effectors that had 
been believed to exist exclusively in selected organs such as the kidney. 

2.4 Xenopus laevis Oocyte 

Insight into aldosterone action at subcellular level was recently gained by 
investigating a rather nonclassic target cell, namely Xenopus laevis oocyte, 
with AFM and electrical methods. The biological model, the technical ap
proaches and the major experimental results have been published in detail 
previously (Danker et al. 1999; Shahin et al. 2001; Schafer et al. 2002). 
The reason why oocytes advanced to a suitable model for studying aldos
terone action at molecular level was the following: Stage VI Xenopus 
laevis oocytes are inactive in terms of transcription but can be activated by 
exogenous stimuli (Golden et al. 1980; Leonard and La Marca 1975). They 
respond to aldosterone by triggering a fast signal cascade involving the cell 
nucleus. Some molecules of this signal cascade interact with the nuclear 
barrier and thus can be studied at single molecule level. 

2.5 Nuclear Pores 

In eukaryotic cells two concentric membranes in parallel separate the nu
cleus from the cytoplasm. This so-called nuclear envelope is punctured by 
nuclear pore complexes (NPCs) that serve as regulated pathways for mac-
romolecules entering and exiting the nuclear compartment. Transport 
across NPCs (each NFC has a molecular mass of 120 MDa) occurs 
through central channels. Such import and export of macromolecules 
through individual NPCs could be elicited in Xenopus laevis oocyte by in
jection of aldosterone and visualized with AFM. 
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Fig. 1. Nuclear envelope of Xenopus laevis oocyte, a "biological nanoarray," 
imaged with atomic force microscopy (AFM). The area is about 600x600 nm. 
The image height {z-axis) is 15 nm. Nuclear pore complexes are the yellow 
structures. The lipid bilayer membrane visible between the pores is more or 
less dark blue 

2.6 Flags on Pores 

Mineralocorticoid receptors, usually located in the cytosol in an inactive 
state, move rapidly toward the cell nucleus upon activation. Two minutes 
after aldosterone injection into a Xenopus laevis oocyte a homogeneous 
population of macromolecules was found attached to the cytoplasmic sur
face of NPCs. These macromolecules were termed "flags" since they ap
peared "shaky" when scanned. Such a "shaky" appearance indicated a 
rather loose interaction of the macromolecule with the NPC. A few minut
es later, flags had disappeared (Schafer et al. 2002). Flags could resemble 
the aldosterone receptors. From the volume of the individual macromole
cules, measured by AFM (Henderson et al. 1996; Schneider et al. 1998; 
Pietrasanta et al. 1999; Berge et al. 2000), a molecular mass of about 100 
kDa per molecule could be estimated. This is a fair match of the molecular 
mass of a monomeric MR (Arriza et al. 1987). Nevertheless, AFM can 
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Fig. 2. Atomic force microscopy imaging of "flags" on nuclear pores. Putative 
mineralocorticoid receptors ("flags" indicated by arrows) attached to the rims 
of nuclear pores (ring-like structures with central channels) 2 min after aldos
terone stimulation. Individual pores are about 80-100 nm. The image height 
(z-axis) is 10 nm. Flags (about 8 nm in height) disappear a minute later proba
bly due to nuclear import 

only estimate the volume with considerable scatter and there is yet no 
proof for any specificity. The fact that the putative receptors disappeared a 
few minutes after aldosterone injection was probably caused by transport 
through the NPC central channels into the nucleoplasm. 

2.7 Plugs in Pores 

Twenty minutes after hormone injection large plugs (»1 MDa) appeared in 
the central NPC channels (Schafer et al. 2002). They could be ribonucleo-
proteins (RNPs) exiting the nucleus. If plugs were located close to the sur
face of individual NPC they could be detected by AFM. They had large 
dimensions (about 40 nm in diameter and 8 nm in height) and could be 
even harvested by the AFM stylus. Indications that plugs could be the first 
products of the genomic response came from the molecular mass that fairly 
matched the mass of rRNPs (Sperling et al. 1997). Further support for this 
theory could be derived from the delayed response, i.e., plug formation 20 
min after hormone injection. 
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Fig. 3. Atomic force microscopy imaging of "plugs" in nuclear pores. Putative 
ribonucleoproteins ("plugs" indicated by arrows that point in export direction) 
located in the central channels of nuclear pores 20 min after aldosterone 
stimulation. Individual pores are dilated to outer diameters of about 120-140 
nm. The image height (z-axis) is 10 nm. Plugs disappear a few minutes later 
probably due to export into the cytosol 

2.8 Nuclear Pore Channels 

Aldosterone transiently changed the electrical properties of the nuclear 
envelope (Schafer et al. 2002). The observed changes correlated with the 
morphological changes of the NPCs observed with AFM. Electrical resis
tance measurements in isolated nuclei revealed transient electrical nuclear 
envelope resistance peaks following aldosterone treatment, an early (2 
min) peak and a late (20 min) peak. Electrical peaks reflected macro-
molecule interaction with NPCs. As worked out by elegant studies of 
Bustamante et al (Bustamante et al. 1995), macromolecules can serve as 
dielectric insulators when plugging the central channels. Thus, the early 
peak in nuclear envelope electrical resistance induced by aldosterone was 
not due to plugging of the central channel with putative MR but rather due 
to blockage of the so-called peripheral channels of NPCs. Evidence for 
such small peripheral channels located in the NPC rings surrounding the 
large central channel, came from electron microscopy (Hinshaw et al. 
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1992). We recently confirmed the existence of peripheral channels with 
AFM (Shahin et al. 2001). The fact that the 100 kDa molecules (flags) 
decorated the cytoplasmic rings explained the early peak in electrical re
sistance. The flags (presumably aldosterone receptors) physically blocked 
the small peripheral channels and prevented ion fluxes that finally deter
mined nuclear envelope electrical resistance. The late peak was probably 
caused by the plugs that exited the central channels. Based on these ex
periments, a model was proposed in which the central channel (60 nm in 
length) is more or less always congested with macromolecules that prevent 
ion flux. The "real" diffiisional ion permeability, however, is based on the 
fiinction of small peripheral channels that can be in the open configuration 
(resting pores that allow ion equilibrium between cytosol and nucleo
plasm), in the "blocked" configuration (macromolecules on pore surface 
occupying the entrances of the small peripheral channels and causing a 
transient ion disequilibrium between cytosol and nucleoplasm) or in the 
"squeezed" configuration (large RNPs exiting the central channels causing 
a transient ion disequilibrium between cytosol and nucleoplasm similar as 
mentioned above (for details see Mazzanti et al. 2001). 

Fig. 4. Effect of adenosine triphosphate (ATP) (and calcium) on the conforma
tion of individual NPCs of Xenopus laevis oocyte. ATP (plus calcium) induces 
the formation of so-called peripheral channels {small arrows) circularly ar
ranged around the central channel {large arrow). Each AFM image is about 
100 nm in width. The image height {z-axis) is 10 nm 
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2.9 Spironolactone 

Spironolactone is an aldosterone antagonist that competes for the same 
binding site on the MR. Upon spironolactone binding the release of heat 
shock protein hsp 90 is facilitated leaving behind a destabilized form of 
MR (Couette et al. 1996). Surprisingly, structural as well as functional 
studies revealed that spironolactone interfered already with MR vectorial 
transport, directed from cytosol to nucleus. With AFM putative MRs 
(flags) could not be detected on the NPC surface if spironolactone was 
coinjected with aldosterone (Schafer et al. 2002). At the same time, the 
early electrical peak was missing. Both AFM and electrical data suggest 
that the putative MRs do not move towards the nuclear envelope if bound 
to spironolactone. Data were in agreement with studies using confocal 
fluorescence microscopy to trace the translocation of MRs from the cyto
sol into the cell nucleus (Fejes-Toth et al. 1998). The researchers convinc
ingly showed that spironolactone strongly attenuated intranuclear MR ac
cumulation. It was not surprising that spironolactone also inhibited the late 
response (i.e., the late electrical resistance peak and the plug appearance in 
the NPC central channels). This was the logic consequence, since the 
blocker already interfered with the pregenomic signal cascade. 

2.10 Actinomycin D 

Actinomycin D is known to inhibit transcriptional processes in the cell nu
cleus triggered by steroid hormones. Application of this drug in aldoster-
one-injected oocytes prevented the late aldosterone response, i.e., the late 
electrical resistance peak of the nuclear envelope and the appearance of 
plugs (rRNPs) in NPC central channels (Oberleithner et al. 2000). This 
observation strongly indicated that NPC plugs originate from transcrip
tional processes elicited by aldosterone. In contrast, Actinomycin D was 
ineffective at blocking the early response, which confirms that the early 
electrical peak usually observable after aldosterone injection was prege
nomic in nature. The aldosterone-induced transcriptional process in the 
oocyte nucleus was found to have an electrical correlate. Electrical resis
tance of the nuclear envelope transiently decreased within a narrow time 
segment (Schafer et al. 2002). This electrical leak of the nuclear envelope 
was accompanied by a passive permeability leak for small macromolecules 
(Buchholz et al. 2004). The leak pathway induced by aldosterone lasted 
only minutes. Evidence for the transient formation of so-called megapores 
could be derived from recent AFM experiments on nuclear envelopes 
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Fig. 5. Atomic force microscopy images of so-called megapores found in the 
nuclear envelope of Xenopus laevis oocyte 10 min after aldosterone injection. 
The megapores have outer diameters in the range of 1000 nm and a height of 
about 150 nm. They are composed of close to 100 individual nuclear pores 
(visible in the flat part of this image). The estimated lifetime of these large 
pores is in the range of a few minutes. They are candidates that mediate a large 
transient macromolecule permeability of the nuclear envelope 

studied right at the time when aldosterone-induced transcription processes 
occurred in the nucleus (unpublished observation in the author's labora
tory). Megapores resembled suprastructures in the nuclear envelope made 
up by a large number of individual NPCs arranged around a "megachan-
nel." 

2.11 Intracellular Calcium 

A rise in intracellular free calcium is the typical early response of a target 
cell when exposed to aldosterone (Gekle et al. 1996; Schneider et al. 
1997a; Harvey and Higgins 2000). It occurs few seconds after hormone 
application and is usually transient in nature. Beyond doubt, it is a prege-
nomic cellular event, that still lacks an explanation concerning its physi
ological relevance. Recent data indicate a potentially important role for in
tracellular free calcium (Schafer et al. 2003). When EGTA was coinjected 
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with aldosterone, the early and the late electrical peaks were missing. Ob
viously, free calcium is necessary for an appropriate aldosterone response. 
Since the early electrical resistance increase reflects MR docking to NPCs 
it was assumed that MR docking is missing under low calcium conditions. 
The mechanism by which calcium ions could interfere with the pregenom-
ic signaling pathway remains obscure. Calcium could be necessary for 
hormone-receptor interaction, for vectorial movement of activated recep
tors towards the nuclear envelope and for docking of HR to NPCs. Miner-
alocorticoid receptors are known to be associated to cytoskeletal structures 
(Jalaguier et al. 1996; Golestaneh et al. 2001). According to the literature 
aldosterone abolishes such interactions and obviously allows MRs to move 
on. This could be a crucial step of MR translocation into the cell nucleus. 
Calcium ions are supposed to play a role in this scenario. It is concluded 
that the intracellular calcium increase observed in response to aldosterone 
enables MRs to travel to NPCs. Then, MRs are translocated into the nu
cleoplasm. Only in presence of appropriate concentrations of ionized cal
cium can a cell properly respond to the steroid. 

2.12 Endothelium 

Some years ago it was observed in living aortic endothelial cells that al
dosterone transiently increased cell volume (Schneider et al. 1997b). The 
aldosterone response occurred in minutes and could be inhibited by amilo-
ride. Since AFM was applied in this previous study it was possible to ana
lyze the three-dimensional morphology of the adherent endothelial cells 
together with cell volume. Although AFM images of living cells have only 
poor resolution it became obvious in a later analysis (Oberleithner et al. 
2000) that the volume change mainly occurred in the cell nucleus. Based 
on these data it was postulated that volume "cycles" between intracellular 
compartments induced by aldosterone. 

2.13 Nuclear Volume Cycling 

To shift volume from the cytosol to the nucleoplasm, osmotic driving 
forces are necessary. Macromolecule movements occur between cytosol 
and nucleoplasm in response to steroid hormones. Most likely, changes in 
water balance are mediated by receptor import into the cell nucleus and 
export of transcribed mRNA into the cytosol. Such macromolecule shifts 
together with condensation/decondensation processes of the chromatin in-
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duced by steroid interaction with DNA response elements could explain 
changes in volume. 

The changes of cell volume in response to aldosterone could be divided 
into two phases, a pregenomic and a genomic response (Oberleithner et al. 
2003). The onset was immediate (within 2 min) and independent of the 
classical receptors since spironolactone was ineffective. This was typical 
for a pregenomic response. It smoothly intercalated with the genomic re
sponse indicated by sensitivity to spironolactone 5 min after hormone ex
posure. Noteworthy was the transient nature of the volume change and the 
biphasic response observed in the nuclear compartment. The sharp volume 
increase of the nuclear compartment at the onset of the hormone response 
and the sharp volume decrease about 15-20 min later strongly indicated 
that the volume change occurred in the nucleus. It matched the previous 
observations of receptor import into the nucleus within 2 min and mRNA 
export into the opposite direction after 20 min. We proposed a model 
where the aldosterone-induced initial nuclear swelling was indicative for 
receptor import while the late nuclear shrinkage indicated nuclear mRNA 
export (Oberleithner et al. 2003). 

Fig. 6. Atomic force microscopy imaging of human umbilical vein endothelial 
cells (HUVEC). Shown is the apical endothelial surface. An individual HU-
VEC cell, exposed for 3 days to aldosterone, has a volume of about 2000 fem-
toliters. Clearly visible are the swollen nuclei (light upper parts of cells). Cell 
heights are in the range of 5 ^m 
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Fig. 7. Atomic force microscopy imaging of HUVEC. Shown is the apical en
dothelial surface. An individual HUVEC cell, exposed for 3 days to aldoster
one and then treated with a plasma membrane sodium channel blocker (amilo-
ride) for 1 h, has a volume of about 1400 femtoliters. Cells including nuclei 
appear shrunken as compared to cells in absence of the blocker (compare with 
Fig. 6). Cell heights are in the range of 3 ^ ^m 

2.14 Amiloride 

To our surprise, cariporide, a potent inhibitor of plasma membrane Na /̂H^ 
exchange (Symons and Schaefer 2001), did not block the volume changes. 
Usually, the antiporter mediates sodium uptake whenever a cell needs to 
gain volume (Hayashi et al. 2002). This situation should happen at the on
set of aldosterone action when receptors, accompanied by water, move into 
the nucleus and thus shrink the cytosolic compartment (while the nucleus 
swells). In contrast to cariporide, amiloride was effective. A low dose of 
amiloride wiped out the aldosterone-induced volume increase indicating 
that epithelial Na^ channels mediated the volume changes across plasma 
membrane. Indeed, epithelial Na^ charmels have been shown to exist in 
vascular endothelial cells (Golestaneh et al. 2001). They are regulated by 
aldosterone and require an intact cytoskeleton. 
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2.15 Conclusion and Outlook 

The nuclear envelope is a smart barrier. Transport of molecules across this 
barrier is mediated by perfectly tuned NPCs. Aldosterone and probably 
other steroid hormones regulate the nuclear pores and make them more or 
less permeable depending on the metabolic state of the cell. From the 
physiological point of view this knowledge could be useful in understand
ing the signal cascade underlying steroid hormone action. From the medi
cal point of view a clearly defined, hormonally induced transient perme
ability change of the nuclear barrier could help to specifically deliver 
material fi'om the cytosol into the nucleus. Such treatments could be even
tually applicable also in the human organism. 
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cortical collecting duct cells. Kidney Int 57:1395-1403 

Hatakeyama H, Miyamori I, Fujita T, Takeda Y, Takeda R, Yamamoto H (1994) 
Vascular aldosterone. Biosynthesis and a link to angiotensin Il-induced hy
pertrophy of vascular smooth muscle cells. J Biol Chem 269:24316-24320 

Hayashi H, Szaszi K, Grinstein S (2002) Multiple modes of regulation of Na /̂H^ 
exchangers. Ann N Y Acad Sci 976:248-258 

Henderson RM, Oberleithner H (2000) Pushing, pulling, dragging, and vibrating 
renal epithelia by using atomic force microscopy. Am J Physiol Renal Physiol 
278:F689-F701 

Henderson RM, Schneider S, Li Q, Hornby D, White SJ, Oberleithner H (1996) 
Imaging ROMKl inwardly rectifying ATP-sensitive K+ channel protein using 
atomic force microscopy. Proc Natl Acad Sci USA 93:8756-8760 

Hinshaw JE, Carragher BO, Milligan RA (1992) Architecture and design of the 
nuclear pore complex. Cell 69:1133-1141 

Jalaguier S, Momet D, Mesnier D, Leger JJ, Auzou G (1996) Human mineralo
corticoid receptor interacts with actin under mineralocorticoid ligand modula
tion. FEBS Lett 384:112-116 

Leonard DA, La Marca MJ (1975) In vivo synthesis and turnover of cytoplasmic 
ribosomal RNA by stage 6 oocytes of Xenopus laevis. Dev Biol 45:199-202 

Mazzanti M, Bustamante JO, Oberleithner H (2001) Electrical dimension of the 
nuclear envelope. Physiol Rev 81:1-19 



2, Nanoarray Responsive to Aldosterone 53 

Mihailidou AS, Bundgaard H, Mardini M, Hansen PS, Kjeldsen K, Rasmussen 
HH (2000) Hyperaldosteronemia in rabbits inhibits the cardiac sarcolemmal 
Na(+)-K(+) pump. Circ Res 86:37^2 

Oberleithner H (2004) Unorthodox sites and modes of aldosterone action. News 
Physiol Sci 19:51-54 

Oberleithner H, Brinckmann E, Schwab A, Krohne G (1994) Imaging nuclear 
pores of aldosterone sensitive kidney cells by atomic force microscopy. Proc 
Natl Acad Sci USA 91:9784-9788 

Oberleithner H, Reinhardt J, Schillers H, Pagel P, Schneider SW (2000) Aldos
terone and nuclear volume cycling. Cell Physiol Biochem 10:429-434 

Oberleithner H, Schneider SW, Albermann L, Hillebrand U, Ludwig T, Riethmul-
ler C, Shahin V, Schafer C, Schillers H (2003) Endothelial cell swelling by 
aldosterone. J Membr Biol 196:163-172 

Oberleithner H, Ludwig T, Riethmiiller C, Hillebrand U, Albermann L, Schafer C, 
Shahin V, Schillers H (2004) Human endothelium: target for aldosterone. 
Hypertension 43:952-956 

Pietrasanta LI, Thrower D, Hsieh W, Rao S, Stemmann O, Lechner J, Carbon J, 
Hansma H (1999) Probing the Saccharomyces cerevisiae centromeric DNA 
(CEN DNA)-binding factor 3 (CBF3) kinetochore complex by using atomic 
force microscopy. Proc Natl Acad Sci USA 96:3757-3762 

Roco MC (2003) Nanotechnology: convergence with modem biology and medi
cine. Curr Opin Biotechnol 14:337-346 

Schafer C, Shahin V, Albermann L, Hug MJ, Reinhardt J, Schillers H, Schneider 
SW, Oberleithner H (2002) Aldosterone signaling pathway across the nuclear 
envelope. Proc Natl Acad Sci USA 99:7154-7159 

Schafer C, Shahin V, Albermann L, Schillers H, Hug MJ, Oberleithner H (2003) 
Intracellular calcium: a prerequisite for aldosterone action. J Membr Biol 
196:157-162 

Schneider M, Ulsenheimer A, Christ M, Wehling M (1997a) Nongenomic effects 
of aldosterone on intracellular calcium in porcine endothelial cells. Am J 
Physiol 272 :E616-E620 

Schneider SW, Yano Y, Sumpio BE, Jena BP, Geibel JP, Gekle M, Oberleithner 
H (1997b) Rapid aldosterone-induced cell volume increase of endothelial cells 
measured by the atomic force microscope. Cell Biol Int 21:759-768 

Schneider SW, Larmer J, Henderson RM, Oberleithner H (1998) Molecular 
weights of individual proteins correlate with molecular volumes measured by 
atomic force microscopy [In Process Citation]. Pfliigers Arch 435:362-367 

Shahin V, Danker T, Enss K, Ossig R, Oberleithner H (2001) Evidence for Câ -̂
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3.1 Introduction 

The somatic division, called mitosis, is characterized by equal distribution 
of parental genome into two daughter cells. Mitosis involves a dramatic 
reorganization of both nucleus and cytoplasm driven by protein kinase 
cascades including master controller Cdkl-cyclin B. Mitosis is an ancient 
eukaryotic event, and some divergence emerged during evolution. Many 
single cell eukaryotes, including yeast and slime molds, undergo a closed 
mitosis, in which mitotic spindle formation and chromosome segregation 
occur within an intact nuclear envelope. However, higher eukaryotes such 
as animal and plant cells use open mitosis, in which nuclear envelope dis
assembles before the chromosomes segregate. This review primarily fo
cuses on mitotic chromosome segregation in animal cells and refers to 
other organisms when regulation is mechanistically conserved. For con
venience of discussion, mitotic chromosome dynamics are subdivided into 
six phases: prophase, prometaphase, metaphase, anaphase, telophase and 
cytokinesis. 

This chapter highlights the research progress made over the past 
10 years, which has sought to identify and illustrate specific roles for pro
teins involved in kinetochore dynamics, kinetochore-spindle interaction, 
and mitotic checkpoint, which underlie mitotic chromosome segregation 
control. Table 1 provides a summary of the various proteins that have been 
implicated in the regulation of chromosome segregation. In the course of 
this review, relevant earlier studies are briefly discussed and references 
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given to related review articles. We discuss how centromeres and their ki-
netochores assemble, how they power mitotic chromosome movements, 
how, as signaling elements of the mitotic checkpoint, they control cell cy
cle advance during cell division. 

Table 1. Summary of parietal cell proteins implicated in the cell activation pro
cess 

Name Yeast 
homologue 

"ENT^TSNCT^OSORE 
CENP-A 

CENP-B 

CENP-C 

DAXX 

PASS! 

CSE4 

PDC2 

CBFl 

BIGl 

NDCIO 

CENTRAL ZONE 
CENP-I 

HsMIS12 

CENP-H 

HECl 

NUFl 

HsSPC24 

HsSPC25 

CFF3 

MTWl 

CBFl 

TID3 

SPEC 

Spc24 

Spec25 

Cellular lo
cation 

Hetero-
chromatin 
Inner kine-
tochore 
Inner kine-
tochore 
Inner kine-
tochore 
Inner kine-
tochore 

Interzone 
kinetochore 

Interzone 
kinetochore 
Inner kine
tochore 
Inner kine
tochore 
Inner kine
tochore 
Inner kine
tochore 
Inner kine
tochore 

Presumed function 

Centromere specification 

a-Satellite DNA binding 

Centromere biogenesis 

Binding to CENP-C in interphase 

Centromere specification 

Kinetochore assembly? 

Responsible for CENP-C targeting 
Kinetochore assembly? 

Centromere biogenesis 

Responsible for TTK, Madl local
ization 
Centromere specification 

Centromere maturation 

Centromere maturation 
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Name Yeast Cellular lo-
homologue cation 

Presumed function 

OUTER ZONE 
CENP-E 

MCAK 

KIFCl 

DYNEIN 
complex 

Dynamitin 

P150giued 

CH-TOG 

CLIP-170 

CLASP 1 

DKCl 

PRCl? 

LIS! 

CIN8 (?) 

KIP3 

KAR3 

DYNl 

JNMl 

NIP100 

STU2 

BIKl 

STUl 

CBF5 

ASE 

LISl 

Kinetochore 
corona 

Interzonal 
kinetochore 
Kinetochore 
corona (?) 

Kineto
chore co
rona 
Kinetochore 
corona? 

Kinetochore 
corona? 
Kinetochore 
corona? 
Kinetochore 
corona? 
Kinetochore 
corona? 
Kinetochore 
corona? 
Kinetochore 
corona? 

Other outer KT proteins 
CENP-F SLK19(?) Kinetochore 

corona? 

Chromosome segregation 

Spindle checkpoint signaling 
Spindle microtubule depolymerase 

Chromosome congression 

Chromosome segregation 

Dynein complex assembly? 

Dynein complex assembly?, MAPs 

Kinetochore-spindie association? 

Kinetochore-spindie association? 

Kinetochore-sp indie association? 

Kinetochore-spindle association? 

Kinetochore-spindle association? 

Kinetochore-spindle association? 

53BP1 

HKLP2 

MLP1(?) 

RAD9 

Kinetochore 
corona? 
Kinetochore 
corona? 

REGULATORY ELEMENTS 
Aurora B 

NCENP 

Survivin 

Ipll 

SLI15 

BIR 

Kinetochore 
inner 
Kinetochore 
inner 
Kinetochore 
inner? 

Kinetochore-spindle association? 

Kinetochore-spindle association? 

Kinetochore assembly and protein 
modification 
Kinetochore protein active regula
tion 
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Name Yeast 
homologue 

;^^^^j~^;^^^^f^j 
HsBUBl 

HsBUB3 

HsMADl 

HsMAD2 

HsMAD3 

TTK 

HsCDC20 

ZWIO-ROD 

PP2A 
dephos-
phorylation 
SGOl 

BUBl 

BUBS 

MADl 

MAD2 

MAD3 

MPSl 

CDC20 

BUBl 

PPH22 

SGOl 

Cellular lo
cation 

Kinetochore 

Kinetochore 

Kinetochore 

Kinetochore 

Kinetochore 

Kinetochore 

Kineto
chore? 
Kinetochore 

Kinetochore 

Kinetochore 

Presumed function 

Kinetochore assembly and protein 
modification 
Kinetochore protein activity regula
tion 
Kinetochore protein activity regula
tion 
Kinetochore protein activity regula
tion 
Kinetochore assembly and protein 
modification 
Kinetochore assembly and protein 
modification 

APC/C activation 

Kinetochore assembly and protein 
modification 
Kinetochore assembly and protein 

Kinetochore assembly and protein 
modification 

3.2 Mitotic Spindie: An Eiaborate Structure for 
Chromosome Segregation 

Chromosome condensation, the landmark event at the onset of prophase, 
often begins at the nuclear periphery with simultaneous disassembly of nu
cleolus. In the cytoplasm, the interphase microtubule arrays emanating 
from a single centrosome is converted into two sets of astral arrays sur
rounding the duplicated centrosomes. These two asters then separate and 
migrate over the surface of the nucleus. Later, chromosomes condense into 
distinct paired threads, termed sister chromatids, which are closely paired 
along their entire length. Although chromosome condensation was first ob
served more than a century ago (e.g., Sutton 1903), the molecular mecha
nism is just beginning to be uncovered. 
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Mitosis involves a series of complex chromosome movements 
coordinated by the mitotic spindle. During prometaphase, spindle microtu
bules nucleated at centrosomes grow and shrink rapidly until they encoun
ter and bind to a kinetochore via a "search and capture" process. If the sis
ter kinetochore captures a spindle microtubule from the same pole, a 
syntelic attachment is created; if the captured microtubule is from the op
posite pole, the attachment is bipolar. In metaphase, sister chromatids with 
bipolar attachments align in the middle of the spindle to form the meta
phase plate. The spindle assembly checkpoint senses the state of chromo
some-spindle attachment, delaying cell cycle progression until all pairs of 
sister chromatids have formed bipolar attachments. It is not yet known 
how monopolar, syntelic, and bipolar attachments are distinguished, but 
only bipolar attachments are stable and give rise to tension across paired 
sister kinetochores. When all pairs of sister chromatids have made stable 
bipolar attachments to microtubules, the mitotic checkpoint is silenced, the 
anaphase-promoting complex is then activated to degrade the cohesin. 
Chromatids then begin to move toward the opposite poles while maintain
ing end-on microtubule attachment. Chromosome-to-pole movements dur
ing anaphase A and subsequent separation of the poles during anaphase B 
create two equal and separated sets of sister chromatids. The rate at which 
this process goes wrong in yeast is on the order of lxlO~^ errors per chro
mosome per cell division, demonstrating the high fidelity of the mechani
cal and regulatory mechanisms that orchestrate chromosome segregation. 

3.3 Kinetochore Dynamics in iMitosis 

Chromosome movements on the spindle fibers during mitosis is powered 
and regulated by the kinetochore. The kinetochore is the site for spindle 
microtubule-centromere association. (In general, centromere refers to the 
highly repetitive DNA segment that confers centromere function while ki
netochore often refers to the proteinaceous structure assembled onto the 
surface of the centromere.) Structurally, it is composed of four layers: an 
innermost plate that apparently consists of a specialized layer of chroma
tin, an interzone, an outer plate that has been argued to consist of tightly 
packed fibers (e.g., Rattner 1986), and an outermost fuzzy, fibrous corona 
that is most clearly seen after microtubule disassembly (e.g., Yao et al. 
1997). Under electron microscopy, the kinetochore appears as a narrow 
band of dense chromatin just at the surface of the primary constriction, the 
inner kinetochore, and a laminar outer kinetochore domain that contains 
many of the microtubule binding and signal transduction molecules dis-
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cussed below. The cohesin protein complex linking two sister kinetochores 
will be addressed as well. 

Although the molecular composition and structure differ mark
edly respective to the kinetochore among various organisms, biochemical 
and genetic studies have revealed some common aspects of the organiza
tion, which provides a sketch of a simple "core centromere architecture." 
Chromatin is the key feature and the centromere domain is built on a 
unique class of nucleosome found only on centromere, in which atypical 
histone H3, referred to as CENP-A, governs the characteristics of the nu
cleosome (Smith 2002). CENP-A is a variant of histone H3 with more than 
60% sequence identity at the C-terminal histone fold domain. Using 
CENP-A purified from HeLa cells, Takeyasu and colleagues employed at
omic force microscopy to evaluate whether CENP-A can replace histone 
H3 in an in vitro nucleosome reconstitution assay (Yoda et al. 2000). They 
found that typical "beads on a string" images obtained from histone H3-
organized nucleosomes were similar to those obtained with CENP-A-
mediated assemblies. In fact, mononucleosomes isolated by glycerol gra
dient sedimentation had a relative molecular mass of approximately 200 
kDa and were composed of 120-150 bp of DNA and equimolar amounts 
of CENP-A, and histones H4, H2A, and H2B. Thus, CENP-A forms an oc-
tameric complex with histones H4, H2A, and H2B in the presence of 
DNA, indicating the exchangeability between CENP-A and histone H3. 

Great progress has been made toward a better understanding of 
the molecular composition of the kinetochore protein complex mediating 
the attachment of spindle microtubules to mitotic chromosomes in budding 
yeast (e.g.. He et al. 2000). He and his colleagues show that four major 
protein complexes comprised of >20 components are central players in 
outer kinetochore assembly and microtubule binding. The Ctfl9 complex 
and the Ndc80 complexes appear to represent "adaptors" that interact with 
both core centromere and distal kinetochore or spindle components (Ortiz 
et al. 1999; Wigge and Kilmartin 2001; Janke et al. 2001). The Damlp 
complex (Cheeseman et al. 2001; Janke et al. 2002) (also known as DASH 
[Li et al. 2002]) may be the central component of microtubule binding ac
tivity, with its activity regulated by the yeast Aurora B kinase (Ipll) (Big
gins et al. 1999; Tanaka et al. 2002). Interestingly, Ipll-dependent phos
phorylation of the three Damlp components is essential for microtubule 
capture of yeast kinetochore (Cheeseman et al. 2002a), suggesting a criti
cal role of Ipll in kinetochore dynamics. While the yeast homologues of 
INCENP (Slil5) and survivin (Birl) are highly conserved in eukaryotic 
cells (Bolton et al. 2002), it would be interesting to see whether animal 
cells use similar components to govern chromosome movements. 
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Mammalian cell centromere organization is in much more com
plex than that in the yeasts. For example, human centromeres contain ex
tensive (1500 to >30 000 copies), tandemly repeated arrays of a 171 bp se
quence element called a satellite. Centromere function has been mapped to 
a-satellite arrays by centromeric deletions, either naturally occurring on 
the X chromosome (Schueler et al. 2001) or those induced by telomere in
sertion into the Y (Brown et al. 1994). Centromeric satellite DNAs are not 
conserved in sequence among metazoans, but share: (1) their presence in 
very large tandem arrays, and (2) unit repeat lengths that tend toward mul
tiples of the nucleosome repeat length (Henikoff et al. 2001). 

CENP-A nucleosomes are bound to a-satellite DNA in human 
centromeres (Vafa and Sullivan 1997), but these are not uniformly distrib
uted. Stretched chromatin fibers reveal interspersed CENP-A- and histone 
H3-containing nucleosomes (Blower et al. 2002). These foci may represent 
kinetochore "subunits" that assemble together to form multiple binding 
sites for the multiple microtubules that attach to mammalian centromeres 
(Zinkowski et al. 1991). In fact, our own attempt to dissection this com
plex structure using proteomic approach combined with in vitro reconstitu-
tion supports the notion that kinetochore is assembled by several protein 
subcomplexes (see below). 

The fundamental link of centromere to a distinct histone also 
supports a role for chromatin structure in centromere determination. 
CENP-A appears to be at the foundation of the kinetochore assembly proc
ess and is required for assembly of most distal kinetochore components 
examined (Howman et al. 2000; Oegema et al. 2001). CENP-A assembled 
chromatin does not form a specialized domain of DNA replication (Shelby 
et al. 2000; Sullivan and Karpen 2001), and its loading is uncoupled from 
that of the conventional histones (Shelby et al. 1997; Takahashi et al. 
2000). 

3.4 Determinants of De Novo Centromere Formation 

What determines the assembly of centromere? This has been answered, at 
least in part, by engineering artificial mammalian chromosomes. Mini-
chromosomes were initially formed de novo by a mixture of a large syn
thetic chromosome 7 a-satellite array, telomeric sequences, a selectable 
marker, and genomic DNA fragments (Harrington et al. 1997). This pro
duced stably transmitted microchromosomes with functional centromeres 
containing chromosome 7 a-satellite sequences and typical kinetochore 
components, but only in extremely rare frequency. Subsequently, a yeast 
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artificial chromosome (YAC) carrying chromosome 21 a-satellite arrays 
was retrofitted with telomeres by recombination and introduced into hu
man cells, which yields a much enhanced frequency of microchromosomes 
containing newly assembled functional centromeres, but only when the 
YAC contained a-I type satellite arrays, a frequent site marked by the 
CENP-B, a centromeric DNA-binding protein (Ikeno et al. 1998). This 
suggested a role for CENP-B in centromere biogenesis, an idea previously 
dismissed by demonstration that CENP-B null mice are viable and fertile 
with only mild phenotypic effects on gonad size (Hudson et al. 1998). By 
engineering two a-I satellite arrays such that they differed only by the 
presence of functional CENP-B boxes, CENP-B was shown to be neces
sary for de novo centromere formation, but it functions efficiently only in 
the context of a-satellite DNA. Since heterochromatin formation is a 
highly cooperative process driven by a series of mutually reinforcing reac
tions (Richards and Elgin 2002), it is likely that CENP-B functions in me
diating centromeric chromatin modification, as demonstrated by the three 
CENP-B homologues in Schizosaccharomyces pombe (Nakagawa et al. 
2002). Given the biochemical feature and complexity of kinetochore in 
mammalian cells and the availability of genomic database, proteomic ana
lysis will shed light on molecular composition of kinetochore in mam
malian cells. Precise delineation of centromere assembly machinery must 
await molecular dissection of kinetochore composition and reconstitution 
in vitro using sequentially added purified components. 

Condensin, a complex of five proteins, is a major constituent of 
mitotic chromosome, and it appears to play an essential role for chromo
some condensation (Hirano 2000). Phosphorylation of two condensin 
subunits by Cdkl-cyclin B stimulates their entry into the nucleus and asso
ciation with chromatin as cells enter prophase. Condensin was discovered 
in a search for proteins that associated with mitotic chromosome using 
Xenopus egg extracts. Depletion of condensin caused defects in mitotic 
chromosome assembly, suggesting the importance of condensing in cen
tromere formation and/or maturation. While the molecular function of 
condensin remains to be established, it seems that condensin induces a su-
perhelical twist into DNA molecules (Hirano 2000). Recent studies reveal 
that the onset of condensation correlates to the phosphorylation of histone 
HI by Cdkl-cyclin B and H3 by aurora-B. It has been hypothesized that 
local chromatin unfolding due to histone phosphorylation allows binding 
of other factors such as condensing proteins, which condense the chromo
some. 

To identify the molecular machinery underlying centromeric 
cohesion, Watanabe and his colleagues using fission yeast meiosis as a 
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model system (Kitajima et al. 2004). Since meiosis produces haploid germ 
cells after a pair of specialized nuclear divisions, those authors reasoned 
that sister chromatids must segregate together during the first meiotic divi
sion (meiosis I), which requires that sister chromatid cohesion persists at 
centromeres. Using genetic assay, they indeed identified Sgol (shugoshin), 
a protector of the centromeric cohesin Rec8 in fission yeast. Moreover, 
they identified Sgo2, a paralogue of shugoshin in fission yeast, which is 
required for faithfiil mitotic chromosome segregation. Both Sgol and Sgo2 
are well conserved in eukaryotic cells. Interestingly, localization of Sgol 
and Sgo2 at centromeres requires the kinase Bubl, identifying shugoshin 
as a crucial target for the kinetochore fiinction of Bubl, which validates 
the role of Bubl in maintaining chromosome stability during mitosis as 
mutation of Bubl cause chromosome instability in human colorectal cell 
lines (Cahill et al. 1998; see below). These findings provide insights into 
the evolution of meiosis and kinetochore regulation during mitosis and 
meiosis. It would be interesting to delineate whether and how Bubl kinase 
regulates Sgol and Sgo2 in metaphase I and II, respectively, and the pre
cise function of Sgo2 in mitosis. 

3.5 Kinetochores Power Chromosome Movements in 
Mitosis 

It has been a century-long challenge and pursuit to understand how cells 
divide and faithfully transmit chromosomes at each cell division. In a typi
cal somatic cell cycle, chromosomes in prophase initiate condensation, 
then, upon disassembly of the nuclear envelope and the interphase micro
tubule array, the fully compacted chromosomes spill into what was the cy
toplasm to produce prometaphase. As a nascent mitotic spindle assembles, 
a dynamic process of repetitive search by unstable microtubules ensues for 
capture of chromosomes at their kinetochores (Fig. 1; modified). Initial 
capture is frequently by binding of one kinetochore of a duplicated chro
mosome pair along the side of a spindle microtubule (e.g., Yao et al. 
1997), allowing rapid (up to 1 [im/s) poleward translocation along that mi
crotubule powered by a minus-end directed, kinetochore bound microtu
bule motor, almost certainly cytoplasmic dynein (Rieder and Alexander 
1990). This is followed by attachment of additional microtubules (up to 50 
in humans [Rieder 1981] or 7 at mouse kinetochores [Putkey et al. 2002]), 
motor action at attachment sites, and oscillatory movements coupled to 
continued growth and shrinkage of those kinetochore bound microtubules. 
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Subsequent capture by the unattached kinetochore of a microtu
bule from the opposite spindle pole produces bi-orientation and congres-
sion to the cell center in a rapid, discontinuous series of movements, again 
mediated by kinetochore motors (e.g., Yao et al. 1997). The presence at 
kinetochores of active plus and minus end motors has been demonstrated, 
with net direction of movement redirectable in vitro by mitotic phosphory
lation (Hyman and Mitchison 1991). In mammals, known flinctioning ki
netochore motors include the kinesin family member CENP-E (e.g., Yao et 
al. 2000) and cytoplasmic dynein. 

Fig. 1. Ultrastructural analyses of kinetochore-associated motor CENP-E and its 
binding protein TTK, a spindle checkpoint kinase. I CENP-E is a major compo
nent of corona fiber of the kinetochore. At metaphase CENP-E extends from the 
kinetochore outer plate at least 50 nm along spindle microtubules. A Low-
magnification view of a metaphase HeLa cell with chromosomes aligned at the 
equator between the spindle poles {asterisks). B Magnified view of one meta
phase chromosome showing that spindle microtubules indeed associate with a 
kinetochore with a trilaminar structure. Five 10-nm gold particles are located to 
each sister kinetochore {arrows). Five additional gold particles just to the right of 
the boxed area represent CENP-E associated with the kinetochore of another 
chromosome (more clearly seen in adjacent sections). C Higher magnification 
view shows that CENP-E is located to the corona fibers of the kinetochore. op, 
outer plate; ip, inner plate; cf, corona fibers. Bars: A 2 îm; B 170 nm; C 70 nm 
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Fig. 1. (continued) II TTK is localized at the developing kinetochore and spindle 
poles of mitotic HeLa cells. Visualization of TTK is achieved by 10-nm gold 
conjugated goat antirabbit IgG. a Low magnification of a prometaphase HeLa 
cells. Asterisks mark the two spindle poles of the bipolar spindle. An apparent 
mono-oriented chromosome is boxed, and higher magnification is shown in b. b 
Magnified view of shows that 10 nm particles represent the TTK localization at 
the kinetochore (arrow) and spindle microtubules adjacent to centrosome (ar
rowhead), c Enlarged view of b shows a bioriented chromosome with 10 nm 
gold particles deposit onto the kinetochore (arrows), d Higher magnification 
view of boxed area of b shows that 10 nm gold particles decorate the outer sur
face of the kinetochore interfaced with spindle microtubule (arrow). In addition, 
six 10-nm gold particles also mark an apparent protein complex associated with 
spindle microtubules (arrowhead), e Magnified view of a centrosome shows that 
a microtubule-associated protein complex decorated by eight 10-nm gold parti
cles (arrow) traffics toward the pole. Several 10-nm gold particles (arrowhead) 
are also deposited to the pole 300-400 nm away from the centrioles. Bars: a 2 
M,m; b 500 nm; c-e 150 nm 

3.6 Motors in Chromosome Congression 

A long perplexing question is how chromosome congression is precisely 
achieved. Laser ablation to disconnect the two chromatids or destroy either 
kinetochore argues that the major force behind the chromosome motility is 
generated by the leading kinetochore (Khodjakov and Rieder 1996), i.e., 
the one whose bound microtubules are shortening and whose motors are 
moving toward the microtubule minus ends. Microinjection of p50 dyna-
mitin and a dynein antibody, two soluble dynein inhibitors, disrupts the 
alignment of kinetochores at metaphase (Sharp et al. 2000). Mutations in 
the tethers (Rough deal [Rod] and Zeste white 10 [ZWIO]) that link dynein 
to kinetochores attenuate the rate of poleward chromosome movement 
(Savoian et al. 2000), implicating dynein as a likely primary motor for 
congression. Depletion of CENP-E using antisense oligonucleotide effect
ed a block of chromosomal alignment at the metaphase plate, indicating 
the essential role of CENP-E in chromosome congression and/or meta
phase alignment (e.g., Yao et al. 2000). Indeed, chromosome alignment is 
precluded by disruption of CENP-E function in vitro using Xenopus egg 
extracts (Wood et al. 1997) and antibody injection in mammalian cells 
(Chan et al. 1997). A final class of kinetochore motor-like component, ex-
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emplified by the Kin I subgroup of the kinesin family (MCAK in mam
mals [Wordeman and Mitchison 1995] and XKCMl in Xenopus [Walczak 
et al., 1996]), is a microtubule depolymerase [Desai et al. 1999]. Two most 
recent studies demonstrate that Aurora B phosphorylates and regulates 
MCAK activity both in vitro and in vivo (Andrews et al. 2004; Lan et al. 
2004). Interestingly, Aurora B kinase activity was required for localization 
of MCAK to kinetochore, but not to spindle poles. Protein phosphorylation 
of serine 196 by Aurora B in the neck region of MCAK inhibited its mi
crotubule depolymerization activity, perhaps due to confirmational 
changes. Using phospho-S196 specific antibody, this phosphorylation was 
shown at centromeres and anaphase spindle midzones in vivo. Addition of 
phospho-S196 antibodies to cultured cells or in vitro assembled spindle 
caused defects in chromosome positioning and/or segregation. It remains 
interesting to see whether Aurora B participates mitotic checkpoint by di
recting MCAK to depolymerize incorrectly oriented kinetochore microtu
bules, which allows removing mitotic brake. 

Chromosomes also experience forces exerted along the chromo
somes arms (polar wind) as a result of spindle microtubule interaction with 
plus-end directed microtubule motors bound to chromatin (chromoki-
nesins). The first identified, Drosophila Nod, is required for proper align
ment of meiotic chromosomes that have not undergone recombination (Af-
shar et al. 1995). Immunodepleting another (Kid) prevents normal 
chromosome alignment (Antonio et al. 2000; Funabiki and Murray, 2000), 
while antibody-induced inhibition of human Kid blocks chromosome os
cillations, with chromosome arms atypically extending toward spindle 
poles during congression (Levesque and Compton 2001). It is generally 
believed that Kids provide an additional layer of surveillance for chromo
some segregation. 

Despite greater progress made toward molecular composition of 
kinetochore, the precise mechanics responsible for chromosome segrega
tion remains elusive. Early biophysical and microscopic studies pointed to 
the role of dynein in chromosome congression. The ~50 pN force generat
ed during chromosome movement (Alexander and Rieder 1991; Nicklas 
1983, 1988) is equivalent to several dynein molecules per kinetochore (~6 
pN per motor molecule [Shingyoji et al. 1998]). Since kinetochore is a 
multimotor protein complex, it is difficult to assign an individual motor for 
the complex chromosome movement based on evidence available. How
ever, it would be possible and exciting to ascertain individual motor's 
function in different aspects of chromosome movements using inducible 
dominant negative mutation and real-time microscopic image. 
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3.7 Mitotic Complexities: Protein Subcompiexes and 
Circuitry 

In close mitosis system, for example budding yeast, where the intranuclear 
spindle forms prior to centromere duplication during S phase, nonmotor 
microtubule-associated proteins appear to provide chief force for microtu
bule capture, while dynein plays a role in spindle positioning and perhaps 
maintaining, but not chromosome movement (Yeh et al. 1995). The 
Damlp complex interacts physically with central kinetochore proteins of 
both the Ctf? while Ndc80 complexes and binds to microtubules directly in 
vitro (Cheeseman et al. 2001), consistent with a direct role in mediating 
kinetochore-microtubule attachments. These authors further pursue the 
molecular regulation of kinetochore-microtubule by identifying Ipllp tar
gets using a combination of tandem affinity chromatography and mass 
spectrometry (Cheeseman et al. 2002b). Among 28 proteins recovered by 
this assay, ten of these phosphorylation proteins are targeted directly by 
Ipllp. Their systematic mutational analysis of the Ipllp phosphorylation 
sites demonstrated that the essential microtubule binding protein Damlp is 
a key Ipllp target for regulating kinetochore-microtubule attachments in 
vivo. 

A group of microtubule plus-end binding proteins (e.g., the EBl 
protein family and CLIP-170 in mammals) might also be involved in me
diating interactions between microtubules and kinetochores. The yeast 
EBl homologue BIMl localizes to the plus ends of cytoplasmic microtu
bules and increases dynamic instability (Timauer et al. 1999) while re
moval of EBl nails down the spindle microtubule stability (Rogers et al. 
2002). During congression, EBl is found at the ends of kinetochore of a 
chromatid pair which are bound to microtubules that are growing, but not 
at those that are shrinking (Timauer et al. 2002). EBl interacts (Su et al. 
1995) with the human adenomatous polyposis coli (APC) tumor suppres
sor protein. Adenomatous polyposis coli also binds to and stabilizes micro
tubules (Zumbrunn et al. 2001), localizes to the ends of microtubules em
bedded in kinetochores, forms a complex with mitotic checkpoint proteins 
Bubl and Bub3, and is a substrate for both of the Bubl and BubRl kinases 
in vitro (Kaplan et al. 2001). As truncations of the APC gene are found in 
most colorectal tumors, Fodd and colleagues (2001) reasoned that muta
tions in APC might be responsible for chromosomal instability and exam
ined mouse ES cells homozygous for Min (multiple intestinal neoplasia) or 
Apc\63ST alleles. They show that Ape mutant ES cells display extensive 
chromosome and spindle aberrations, providing genetic evidence for a role 
of APC in chromosome segregation. Consistent with this, APC accumu-
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lates at the kinetochore during mitosis. Ape mutant cells form mitotic spin
dles with an abundance of microtubules that inefficiently connect with ki-
netochores. This phenotype is recapitulated by the induced expression of a 
253-amino-acid carboxy-terminal fragment of APC in microsatellite un
stable colorectal cancer cells. One possible explanation for these observa
tions is that EBl/APC complex may be one of the nonmotor linker(s) that 
connect microtubule attachment and the spindle checkpoint signaling ma
chinery on the kinetochore. 

Although there has been a recent explosion in the identification 
of budding yeast kinetochore components, the physical interactions that 
underlie kinetochore function remain obscure, in particular to kinetochore 
of mammals, where open mitosis governs cell duplication. To better un
derstand how mammalian cell kinetochores attach to microtubules and 
how this attachment is regulated, we sought to characterize the kinetochore 
composition of human cells using a combination of affinity chroma
tography and mass spectrometric analyses. Potential protein-protein inter
actions among kinetochore proteins were assessed using yeast hybrid scre
en and epitope tagging. Our current analyses provide a draft map for 
kinetochore protein subcomplexes at the kinetochore of human cells (Fig. 
2). Further examination of these interactions in living cells will delineate 
protein-protein interaction circuitry at the kinetochore and consolidate the
se interactions into mitotic regulation, and elucidate how aberrant protein-
protein interactions cause chromosome instability phenotype. 

3.8 Anaphase Movements Driven by Motors and Flux 

During anaphase identical sister chromatids separate and move towards 
opposite poles of the mitotic spindle. In the mitotic spindle, kinetochore 
microtubules have their plus ends embedded in the kinetochore and their 
minus ends at the spindle pole, revealed by photobleaching fluorescent mi
crotubules (Gorbsky et al. 1987) and confirmed using fluorescence pho-
toactivation of tubulin assembled into kinetochore bound microtubules 
(Mitchison and Salmon 1992), flux represents continuous addition of tubu
lin subunits at kinetochores, coupled to disassembly at the poles driven by 
plus-end directed, pole bound microtubule motors presumably pulling on 
kinetochore microtubules and sliding them poleward. The major mecha
nism for chromosome movement in anaphase in vertebrate somatic cells is 
motor-powered kinetochore movement coupled to microtubule disassem
bly at the kinetochore (e.g., Mitchison and Salmon 1992; Walters et al. 
1996). Early studies show that poleward flux makes a relatively minor 
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Centromere Structure 
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Fig. 2. Schematic drawing of hypothetical composition of kinetochore subcom-
plexes. Information presented here is derived from published studies and our own 
unpublished observation (pull-down assay, yeast genetic screen, and computation
al analyses) 

contribution with chromosome-to-pole movement three to eight times 
faster than flux. Yeast appears to lack microtubule depolymerization at 
poles and poleward microtubule flux during anaphase (Mallavarapu et al. 
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1999). In Xenopus egg extracts, however, anaphase A movement occurs at 
rates similar to poleward spindle microtubule flux (Desai et al. 1998), con
sistent with flux as the predominant mechanism. Elsewhere, the situation is 
controversial: fluorescent speckle microscopy has been used to claim a 
dominant role for flux (Maddox et al. 2002) in syncytial Drosophila em
bryos, while other efforts have found that dynein inhibitors disrupt chro-
matid-to-pole movement during anaphase A (Savoian et al. 2000; Sharp et 
al. 2000). 

Rogers and his colleagues have recently shown (2004) that two 
functionally distinct microtubule-destabilizing KinI kinesin enzymes are 
responsible for anaphase chromosome motion in Drosophila, One of them, 
KLP59C, is required to depolymerize kinetochore microtubules at their ki-
netochore-associated plus ends, thereby contributing to chromatid motility 
through a Pac-Man-based mechanism. The other, KLPIOA, is required to 
depolymerize microtubules at their pole-associated minus ends, thereby 
moving chromatids by means of poleward flux. One question remain unan
swered is how microtubules maintain their attachment to kinetochores and 
spindle poles while undergoing polymerization and depolymerization. 
Also, do other motile motors at the kinetochore (e.g., dynein and CENP-E) 
contribute to the process? 

3.9 Signaling Cascade for Spatiai-temporai Controi of 
Chromosome Segregation 

To assure accurate segregation, the mitotic checkpoint (also known as the 
spindle assembly checkpoint) acts to block entry into anaphase until both 
kinetochores of every duplicated chromatid pair have attached correctly to 
spindle microtubules. It has been proposed that unattached kinetochores 
and/or those not under microtubule-exerted tension are the central signal
ing elements that produce a "wait anaphase" signal. By filming mitoses, it 
was initially found that anaphase ensues about 20 min after the last kineto
chore attaches to the spindle (Rieder et al. 1994) and that by repeated de
tachment of a meiotic chromosome from a spindle by manipulation with a 
microneedle delayed anaphase indefinitely (Li and Nicklas 1995). That it 
was an unattached kinetochore that was responsible came from the seminal 
demonstration that laser ablation of the last unattached kinetochore pro
duces anaphase onset within about 15 min (Rieder et al. 1995). A kineto-
chore-dependent wait anaphase signal is also suggested in budding yeast: 
blocking centromere assembly (by destruction of the Cbf3 component 
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NdclO) eliminates mitotic delay in the presence of microtubule assembly 
inhibitors (Gardner et al. 2001). 

Yeast genetic screen initially identified seven components of 
the mitotic checkpoint, Madl-Mad3 (Mitotic arrest defective) (Li and 
Murray 1991), Bubl-Bub3 (Budding uninhibited by benomyl) (Hoyt et al. 
1991), and Mpsl, a kinase that is also essential for spindle pole body du
plication (Weiss and Winey 1996). There are vertebrate homologues of all 
of these except Bub2. As initially demonstrated for Mad2 (Chen et al. 
1996; Li and Benezra 1996), other mitotic checkpoint proteins have now 
been identified to bind to and act at unattached kinetochores including 
Madl (Chen et al. 1998), Bubl (Taylor and McKeon 1997), Bub3 (Taylor 
et al. 1998), BubRl (the mammalian Mad3) (Taylor et al. 1998), and Mpsl 
(Abrieu et al. 2001). In mammals, there are several additional components 
involving mitotic checkpoint. For example, loss of the kinetochore-
associated microtubule motor protein CENP-E, a binding partner of 
BubRl, the checkpoint cannot be established or maintained Xenopus egg 
extracts (Abrieu et al. 2000), HeLa cells (Yao et al. 2000), in mice (Putkey 
et al. 2002). Most recently, Cleveland and his colleagues show that single 
unattached kinetochores due to depletion of CENP-E cannot block entry 
into anaphase but result in aneuploidy in 25% of divisions in primary 
mouse fibroblasts in vitro and in 95% of regenerating hepatocytes of 
knock-out mice. Significantly, they further demonstrate that CENP-E 
binds to and directly stimulates the kinase activity of purified BubRl in vi
tro. Thus, CENP-E is required for enhancing recruitment of its binding 
partner BubRl to each unattached kinetochore and for stimulating BubRl 
kinase activity, implicating it as an essential amplifier of a basal mitotic 
checkpoint signal. It would be interesting to further establish the inter
relationship of BubRl-CENP-E and provide structural view as how 
CENP-E association enhances BubRl activity in vitro and whether this 
holds in living cells. 

Although the nature of the direct molecular interaction(s) be
tween checkpoint proteins and kinetochores and the inter-relationship 
among checkpoint proteins has not been determined, the basic scheme of 
the signaling cascade has been established. Mad2 is recruited to unattached 
kinetochores in a complex with Madl (Chen et al. 1998). BubRl and 
Bubl, both kinases, are required for generation and then rapid release from 
kinetochores of one or more inhibitors of Cdc20 (Fizzy in flies [Dawson et 
al. 1993], p55 in mammals [Kallio et al. 1998] or Slplp in fission yeast 
[Kim et al. 1998]). Interestingly, recent studies show that TTK (human 
homologue of yeast MPSl) interacts with CENP-E, a mitotic kinesin lo
cated to corona fiber of kinetochore (Zhang et al. 2002). To elucidate the 
molecular function of TTKl, Dou and his colleagues (2003) conducted un-
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trastructural studies and revealed its dynamic distribution profile. TTK is 
present at the nuclear pore adjacent complex of interphase HeLa cells. 
Upon nuclear envelope fragmentation, TTK targets to the outermost region 
of the developing kinetochores of mono-orient chromosome as well as to 
spindle poles. After stable attachment, throughout chromosome congres-
sion. TTK is a constituent of the corona fibers, extending up to 90 nm 
away from the kinetochore outer plate. Upon metaphase alignment, TTK 
departs from the kinetochore and migrates toward the centrosomes. Taken 
together, this evidence strongly supports a model in which TTK functions 
in spindle checkpoint signaling cascades at both kinetochore and centro-
some, which were supported by several independent studies (Liu et al. 
2003; Fisketal. 2003). 

In an attempt to elucidate the signaling cascade of Madl, Lou 
and his colleagues (2004) carried out yeast genetic screen to identify 
Nek2A as a potential binding partner. Chromosome segregation in mitosis 
is orchestrated by protein kinase signaling cascades. Although it was estab
lished that Nek2A is a centrosome-associated protein kinase. Like Madl, 
Nek2A is localized to HeLa cell kinetochore of mitotic cells. Significantly, 
elimination of Nek2A by siRNA does not arrest cells in mitosis but causes 
aberrant premature chromosome segregation. Nek2A is required for Mad2 
but not Madl, Bubl and Heel to associate with kinetochores. Moreover, 
loss of Nek2A impairs mitotic checkpoint signaling in response to spindle 
damage by nocodazole, which effected mitotic escape and led to genera
tion of cells with multiple nuclei. These studies demonstrate that Nek2A is 
a kinetochore-associated protein kinase essential for faithful chromosome 
segregation. The dynamic distribution of Nek2A at kinetochore and cen-
trosome provide another example of checkpoint molecular dynamics link
ing between kinetochore and centrosome. 

The recruitment of Mad2 at kinetochores has often been taken 
as a measure of ongoing checkpoint signal generation (and release). How
ever, inhibition of ZWlO/Rod yields an inactive checkpoint despite promi
nent Mad2 binding at kinetochores (Chan et al. 2000). Diminution of 
Heel, the homologue of yeast Ndc80, on the other hand, yields a chroni
cally activated checkpoint with no Mad2 bound to kinetochores (Martin-
Lluesma et al. 2002). Thus, it is now abundantly clear that the steady-state 
level of Mad2 bound to kinetochores is not a faithful reporter for check
point activation or inactivation. 

Another candidate for spindle checkpoint reporters is BubRl, 
which directly binds Cdc20 and APC/C elements Cdcl6, Cdc27, and 
APC7 (Chan et al. 1999; Wu et al. 2000) and by doing so can block Cdc20 
activation of APC/C for mitotic substrates. The inhibitory activity has been 
argued to be BubRl alone without a contribution of Mad2 (Tang et al. 
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2001) or in a complex (named MCC) that apparently contains stoichiomet
ric amounts of BubRl, Bub3, Mad2, and Cdc20 (Sudakin et al. 2001). An 
equivalent quaternary complex containing Mad3 (the yeast BubRl), Bub3, 
Mad2, and Cdc20 has also been observed in budding yeast (Fraschini et al. 
2001; Hardwick et al. 2000). Further, the much higher APC/C inhibitory 
activity in vitro of MCC (>3000-fold more potent than tetrameric Mad2) 
(Sudakin et al. 2001) would make this complex an attractive candidate for 
a diffusible inhibitory signal were it not that it (and its yeast counterpart) is 
formed in a kinetochore-independent manner (Sudakin et al. 2001; Fra
schini et al. 2001). This has led to the suggestion that the kinetochore con
tribution may modify APC/C itself to increase its affinity for MCC (Suda
kin et al. 2001). However, equally plausible are models with spatial signal 
amplification, for example, MCC gradient near kinetochores, thereby pro
ducing a high concentration of an inhibitor to saturate available Cdc20. In 
fact, such intracellular gradients can be evaluated using a FRET assay. 

3.10 Silencing the Checkpoint Signal: Attachment and 
Tension 

There is a continuing debate as to whether the mitotic checkpoint is si
lenced by microtubule attachment (Rieder et al. 1995) or by the tension 
exerted between bioriented kinetochore pairs after attachment (Li and 
Nicklas 1995) and whether activities of subsets of the known components 
are selectively silenced by one or the other (Skoufias et al. 2001; Zhou et 
al. 2002). 

Mcintosh initially proposed the tension model under which the 
mechanical tension generated by poleward-directed forces acting on both 
kinetochores of a bioriented chromatid pair turns off checkpoint signaling 
(Mcintosh 1991). Compelling evidence for a tension requirement initially 
emerged using praying mantis spermatocytes in meiosis I, which have a Y 
chromosome and two genetically different X chromosomes. Although the 
Y is supposed to pair with both X chromosomes, occasionally it pairs only 
with one, thus yielding a mono-oriented X. When this occurs, anaphase 
onset is delayed by up to 9 hr but can be triggered to initiate almost imme
diately by application of mechanical tension applied across the mono-
oriented kinetochore by use of a force-calibrated microneedle (Li and 
Nicklas 1995). 

This is a general finding in meiosis: eliminating tension be
tween homologous chromosomes by preventing recombination delayed 
anaphase onset in yeast, presumably from checkpoint activation. This de-
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lay was eliminated by genetically allowing sister kinetochores to inappro
priately separate during meiosis I, thereby allowing each homologue to 
biorient in the absence of recombination and restore tension across the sis
ters (Shonn et al. 2000). Similarly, in cells that enter mitosis without a pri
or round of DNA replication, the unreplicated chromatids attach to spindle 
microtubules, but no tension can be developed and the mitotic checkpoint 
is chronically activated (Stem and Murray 2001). 

However, in the initial demonstration that kinetochores are the 
signaling elements for the checkpoint, destruction of the last unattached 
kinetochore eliminated checkpoint signaling despite lack of tension on the 
kinetochore of the sister chromatid (Rieder et al. 1995). Similarly, in 
maize, satisfying the checkpoint requires tension in meiosis, but in mitosis, 
attachment is sufficient (Yu et al. 1999). Furthermore, in PtKl cells, loss 
of Mad2 recruitment to kinetochores depends on microtubule attachment, 
not tension (Waters et al. 1998). Similarly, very low doses of the microtu
bule inhibitor vinblastine produce loss of tension and kinetochore bound 
Mad2 and a 'checkpoint' arrest that, unlike the case after inhibition of 
spindle assembly (Gorbsky et al. 1998), is insensitive to inactivation with 
Mad2 antibody injection (Skoufias et al. 2001). 

This has led to the proposal that there are two branches of 
checkpoint signaling and silencing. One, in which the signal released is an 
activated, inhibitory form of Mad2, is silenced by microtubule attachment, 
while the other, presumably involving conversion of BubRl into a Cdc20 
inhibitor, is silenced by tension. The challenge ahead is to distinguish these 
two possibilities and illustrate the checkpoint signaling regulation. 

3.11 Mitotic Checlcpoint Defects Promote Aneupioidy and 
Tumorigenesis 

The mitotic checkpoint in budding yeast, where the intranuclear spindle 
forms quickly after centromeres are duplicated in S, is a real checkpoint 
activated only to arrest mitosis in the relatively rare instances when at
tachment is delayed. However, in most other higher organisms such as 
mammals, it becomes an essential cell cycle control pathway activated at 
every mitosis/meiosis immediately upon nuclear envelope disassembly. 
Loss of Mad2, Bub3, or Rael in mice is lethal early, with cells accumulat
ing mitotic errors and undergoing apoptosis by embryonic day 5 or 6 (Do-
bles et al. 2000; Kalitsis et al. 2000; Babu et al. 2003). Similarly, in Dro-
sophila, loss of Bubl causes chromosome mis-segregation and lethality 
(Basu et al. 1999). Microinjection of antibodies to Mad2 yields premature 
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anaphase onset and chromosome mis-segregation (Gorbsky et al. 1998). 
Haplo-insufficiency in Mad2 provokes late onset, self-limiting lung tumors 
(Michel et al. 2001). Elimination of Nek2A effects insufficient targeting 
and/or retention of Mad2 to the kinetochore and causes premature chromo
some segregation in cultured cells, which displays chromosome instability 
phenotype (Lou et al. 2004). Reduction in Bub3 or Rael generates ane-
uploidy in vitro and a sharply increased susceptibility to chemically in
duced tumorigenesis (Babu et al. 2003), suggesting the checkpoint control 
is essential for mitotic regulation. While the primary mission of the check
point is to prevent such errors in chromosome segregation, a hallmark of 
human tumor progression (Hartwell and Kastan 1994), it would be of great 
interests to illustrate how perturbation of kinetochore protein-protein in
teraction effects chromosome instability. 

3.12 The Epigenetic Regulation of Centromere Structure 
and Function 

Human centromere formation involves the assembly of the mitotic kineto
chore onto chromosomal locations that contain the interphase prekineto-
chore. In budding yeast, centromere DNA alone can nucleate centromere 
formation de novo, centromeres in S. pombe depend strongly, and those of 
metazoan cells primarily, on epigenetic factors rather than DNA sequence 
for activity. Three lines of evidence support this statement. First, centro
mere sequences are evolving at an unusually high rate, coevolving with 
their essential partner CENP-A, and show no obvious sequence conserva
tion that links divergent species or even different chromosomes in the case 
of Drosophila (Henikoflfet al. 2001). Second, centromere DNA sequences 
by themselves are unable to specify centromere function: stable dicentric 
chromosomes have been found in which one centromere has been silenced 
with no obvious rearrangement of centromere DNA (Sullivan and Willard 
1998). Third, acquisition of centromere function has been found on certain 
rearranged chromosomes lacking an endogenous centromere. 

Syndromes of disordered "chromatin remodeling" are unique in 
medicine because they arise from a general deregulation of DNA transcrip
tion caused by mutations in genes encoding enzymes which mediate 
changes in chromatin structure. Chromatin is the packaged form of DNA 
in the eukaryotic cell. It consists almost entirely of repeating units, called 
nucleosomes, in which short segments of DNA are wrapped tightly around 
a disk-like structure comprising two subunits of each of the histone pro
teins H2A, H2B, H3 and H4. Histone proteins are covalently modified by a 
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number of different adducts (i.e., acetylation and phosphorylation) that 
regulate the tightness of the DNA-histone interactions. Mutations in genes 
encoding enzymes that mediate chromatin structure can result in a loss of 
proper regulation of chromatin structure, which in turn can result in de
regulation of gene transcription and inappropriate protein expression. Sig
nificantly, there are several diseases whose defects in chromatin remodel
ing are tied to chromosome instability (e.g., Rett syndrome (RS); 
immunodeficiency-centromeric instability-facial anomalies syndrome). 
Molecular elucidation of these regulatory elements will not only provide 
insights into our understanding of centromere assembly but shed light on 
pathogenesis of the aforementioned diseases. 

The tumor suppressor gene RASSFIA is frequently silenced in 
lung cancer and other sporadic tumors as a result of hypermethylation of a 
CpG island in its promoter. However, the precise mechanism by which 
RASSFIA functions in cell cycle regulation and tumor suppression has 
remained unknown. Song and his colleague show that RASSFIA regulates 
the stability of mitotic cyclins and the timing of mitotic progression by in
teracting with Cdc20, an activator of the APC/C, resulting in the inhibition 
of APC/C activity. Although RASSFIA does not contribute to either the 
Mad2-dependent spindle assembly checkpoint or the function of Emil, de
pletion of RASSFIA by RNA interference accelerated the mitotic cyclin 
degradation and mitotic progression as a result of premature APC activa
tion. It also caused a cell division defect characterized by centrosome ab
normalities and multipolar spindles. Thus, these findings link epigenetic 
regulation of spindle protein activity to mitotic progression. 

3.13 Conclusions 

It becomes increasingly clear that the centromere and its associated kineto-
chore are much more than simple attachment sites for spindle microtu
bules. Mammalian centromeres are much more complex than initially 
imagined, representing repeated assemblies of the simple, one-nucleosome 
centromeres in budding yeast. Central to genetic inheritance, in almost all 
examples known they are also epigenetically determined and regulated. In 
addition, kinetochore regulators include active components in microtubule 
capture, stabilization, and in powering chromosome movements essential 
for faithful segregation. More than that, they are the signaling elements for 
controlling cell cycle advance through mitosis by as yet identified protein-
protein interaction circuitry. 
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3.14 Future Directions 

In the next few years, we can expect proteomic and biochemical analyses 
to generate a complete list of kinetochore components and subcomplexes, 
encompassing perhaps 150-180 proteins, and interaction circuitry about 
the modes and roles of these proteins in orchestrating sophistic chromo
some dynamics in dividing cells. Real-time studies will also provide a 
framework of kinetochore architecture and dynamics at various stages of 
cell cycle. Given the spatial-temporal trait of protein-protein interactions, 
we believe that functional studies will require the development of high-
throughput image robotics for studying real-time protein dynamics in live-
cell chromosome movements in wild-type and "mutant" cells with high 
precision. It would be exciting and challenging task to consolidate the pro
tein-protein interaction informatics from different genetic and biochemical 
background into a model for kinetochore dynamics in mitotic chromosome 
segregation. It will be also necessary to develop new in vitro assays to re
constitute and evaluate the interactions of kinetochore complexes to mimic 
kinetochore dynamics of mitosis. A combination of proteomic, genetic, 
biochemical and biophotonic analyses with computational modeling will 
enable us to consolidate the mechanistic view of heredity envisioned more 
than 100 years ago. 
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4.1 Introduction 

In eukaryotes, the nuclear envelope encapsulates chromosomes and 
provides a physical framework for their organization; it also acts as a nu-
cleo-cytoplasmic boundary for intracellular components providing a regu
lated chemical environment within the nucleus. The genetic activities of 
chromosomes are modulated within this distinct physicochemical domain. 
The nuclear envelope is an apparently stable structure during interphase in 
the cell cycle, but is dynamic during mitosis, proceeding through disas
sembly and reassembly in a short period of time. These processes must be 
precisely regulated to ensure proper progression of the cell cycle, and de
fects in such processes often cause cell death or disease. Owing to the ad
vancement of imaging technologies, the dynamic behavior of the nuclear 
envelope during the cell cycle is now being studied in detail in the living 
cells of many organisms. In this chapter we describe the dynamic proc
esses of disassembly and reassembly of the nuclear envelope as revealed 
by fluorescence microscopy. 

4.2 Structure of the Nuclear Envelope 

The nuclear envelope is composed of three structural components: a dou
ble membrane, the nuclear lamina, and the nuclear pore complex (NPC) 
(Fig. 1). The double membrane is composed of two lipid bilayers (an inner 
nuclear membrane and an outer nuclear membrane). The outer nuclear 
membrane is contiguous with the endoplasmic reticulum (ER) membrane. 
In contrast, the inner nuclear membrane contains integral membrane 
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Nuclear pore complex 

|LEM 

raLEM emerin 

Fig. 1. A schematic diagram of the nuclear envelope in animal cells. LAP2p, 
emerin, and MANl belong to the LEM-domain proteins, which share the -43-
residue LEM domain. LBR, lamin B receptor 

proteins specific to the nucleus, such as the lamin B receptor (LBR), lami
na associated polypeptide 1 (LAPl), LAP2P, emerin, MANl, otefm, nu-
rim, nepsrin, Unc84, young arrest (YA), and LUMA (reviewed in Wilson 
2000; Holaska et al. 2002; Rose et al. 2004). More recently, proteomic 
analysis has revealed about 80 protein components in total (Schirmer et al. 
2003). Most of these inner nuclear membrane proteins bind either chro
matin or the nuclear lamina, or both. These binding interactions are 
thought to influence gene expression, although details of the mechanism 
are largely unknown. 

The NPC is embedded in the double membrane, and provides a 
molecular gate for nuclear-cytoplasmic transport across the nuclear enve
lope. The NPC is a gigantic protein complex with a molecular mass of 
about 125 MDa, which forms an 8-foId symmetrical structure. Proteomic 
analysis shows that in mammals and yeast, the NPCs are composed of 
about 30 proteins (Cronshaw et al. 2002; Rout et al. 2000). 

The nuclear lamina is a mesh-like structure beneath the inner nu
clear membrane composed mainly of A-type and B-type lamins. Although 
A-type and B-type lamins are similar in molecular structure, the biological 
features of the two lamins are different. B-type lamin is essential for cellu
lar functions and is ubiquitously expressed in most tissues during all de-



4. Breakdown and Reformation of the Nuclear Envelope 91 

velopmental stages. One the other hand, A-type lamin is non-essential for 
cell growth, and its expression is regulated during development. 

Recently, several human disorders known as "nuclear envelopa-
thy" or "nuclear laminopathy" have been reported (reviewed in Nagano 
and Arahata 2000; Wilson et al. 2001; Worman and Courvalin 2004). The
se disorders involve mutations in nuclear envelope components. Mutations 
in lamin A cause eight human diseases: the autosomal dominant form of 
Emery-Dreifuss muscular dystrophy (Bonne et al. 1999; Clements et al. 
2000; Lee et al. 2001), limb-girdle muscular dystrophy type IB, dilated 
cardiomyopathy type 1 A, Dunnigan-type familial partial lipodystrophy, an 
axonal neuropathy known as Charcot-Marie-Tooth disorder type 2B1 (De 
Sandre-Giovannoli et al. 2002), a bone development disorder named man-
dibuloacral dysplasia (Novelli et al. 2002), Hutchinson-Gilford progeria 
syndrome (Eriksson et al. 2003; Mounkes et al. 2003), and atypical Werner 
syndrome (Chen et al. 2003). Emery-Dreifuss muscular dystrophy is also 
caused by mutations or loss of emerin (Bione et al. 1994). As defects in the 
nuclear envelope can cause many different diseases, the nuclear envelope 
must affect a wide variety of cellular functions. These diseases provide an 
insight into functions of the nuclear envelope, giving rise to the question of 
how the nuclear envelope is involved in cell aging or tissue-specific de
fects. 

4.3 Breakdown of the Nuclear Envelope 

Schemes of the Nuclear Envelope Breakdown 

In the classical textbook description (e.g. Alberts et al. 2002), there are two 
main types of mitosis; these are defined by the behavior of the nuclear en
velope. In most fungi the nuclear envelope remains intact throughout the 
cell cycle; the spindle-pole body (SPB), which is embedded in the nuclear 
envelope, acts as a spindle pole; and the mitotic spindle is formed within 
the intact nucleus (closed mitosis). In contrast, the nuclear envelope in 
animals and plants disassembles completely at prometaphase prior to mi
totic chromosome segregation, and the mitotic spindle is formed between 
pairs of centrosomes (open mitosis). However, several observations now 
show that there are some variations of the typical closed or open mitoses, 
such as, partial breakdown of the nuclear envelope in closed mitosis or a 
persistent nuclear envelope remaining after spindle formation in open mi
tosis. 



92 T. Haraguchi and Y. Hiraoka 

Partial breakdown of the nuclear envelope has been reported in 
several fungi that had previously been believed to undergo closed mitosis. 
Typical closed mitosis is observed in the budding yeast Saccharomyces 
cerevisiae; in this organism the SPB is embedded in an intact nuclear en
velope throughout the cell cycle. In contrast, in the fission yeast 
Schizosaccharomyces pombe, the SPB resides outside the nuclear envelope 
in interphase, embeds into the nuclear envelope in mitosis, and dissociates 
from the nuclear envelope afterwards; thus, the S. pombe nuclear envelope 
partially breaks down and then re-forms at the site of the SPB during mito
sis (Ding et al. 1997). 

In Caenorhabditis elegans, the nuclear envelope seems to be regu
lated in a more complex manner. During development the nuclear envel
ope partially disassembles near the spindle poles during metaphase, but 
most of the nuclear envelope remains intact until early anaphase, and does 
not fully disassemble until mid-late anaphase (Lee et al. 2000). The timing 
of NPC disassembly, however, depends on the embryonic stage. In the 
early embryonic stages (2- to 24-cell embryos) the NPCs remain intact 
during metaphase, while in the late embryonic stages (>30-cell embryos) 
the NPCs disassemble during metaphase. 

In Drosophila syncytial blastoderm embryos the nuclear envelope 
persists until metaphase (Paddy et al. 1996). Fixed specimens show that 
nuclear envelope breakdown and mitotic spindle formation are coordi
nated: invagination of the nuclear envelope is observed in prometaphase, 
followed by partial breakdown of the nuclear envelope at the site where 
the mitotic spindle is forming (Fuchs et al. 1983; Hiraoka et al. 1990; 
Paddy et al. 1996). Thus, in both C. elegans and Drosophila spindle for
mation precedes nuclear envelope dissociation. 

In human cells formation of a mitotic spindle in the presence of an 
intact nuclear envelope has also been observed (Georgatos et al. 1997; 
Beaudouin et al. 2002). It was originally held that in open mitosis the nu
clear envelope breaks down before the mitotic spindle is formed, but these 
findings indicate that the nuclear envelope persists after the mitotic spindle 
is formed in higher eukaryotic cells, and thus there is a limited period 
when the nuclear envelope and the mitotic spindle are both present. Taken 
together, these observations suggest a mechanism, discussed below, in 
which microtubules or centrosomes trigger envelope breakdown (see also 
Fig. 3). 
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Nuclear Envelope Breakdown in Human Cells 

Live-cell imaging technology based on fluorescence microscopy has re
vealed the process of nuclear envelope breakdown in living human cells. 
Assembly and disassembly of the nuclear envelope can be followed by 
monitoring the behavior of inner membrane proteins. For example, lamin 
B fused with green fluorescence protein (LBR-GFP) can be visualized 
throughout mitosis in living cells. Coupled with simultaneous observation 
of chromosomes stained with Hoechst 33342, a DNA-specific fluorescent 
dye, a comprehensive picture of envelope dynamics can be developed 
(Haraguchi et al. 2000). Figure 2 A shows an example of nuclear envelope 
breakdown in human HeLa cells. In late prophase, the nuclear envelope 
becomes deformed and invaginates into the nucleus (4-8 min in Fig. 2A). 
These invaginations occur at sites that correspond to the positions of the 
centrosomes. Following invagination, complete breakdown of the nuclear 
envelope occurs (10 min in Fig. 2A). After nuclear envelope breakdown, 
chromosomes migrate to form the metaphase plate (12 min in Fig. 2 A). 

Nuclear invagination can also observed when fixed cells are used. 
Figure 2B-E shows the results of indirect immunofluorescence staining us
ing an anti-lamin B antibody with fixed HeLa cells. In interphase and early 
prophase the nuclear envelope was roughly spherical (Fig. 2B). In late 
prophase, which is characterized by highly condensed chromosomes, the 
nuclear envelope is invaginated into the nucleus (Fig. 2C); at this stage, 
centrosomes are located at the both ends of the nuclear invagination (Fig. 
2E). From prometaphase to metaphase the nuclear envelope cannot be de
tected (Fig. 2D). 

Observation of fluorescently labeled nuclear proteins shows that 
the nuclear envelope is still intact when the mitotic spindle first forms. 
Figure 2F shows simultaneous observation of rhodamine-conjugated tubu
lins (to visualize the mitotic spindle) and a fluorescently labeled nuclear 
protein in living HeLa cells. In this example, the mitotic spindle began to 
form while the nuclear protein remained in the nucleus, showing that the 
nuclear envelope was still intact. Shortly after spindle formation began, the 
nuclear envelope was disassembled and the nuclear protein diffused 
throughout the cell. 

From the observations described above a more detailed description 
of nuclear envelope breakdown is being formed. In human cells, the mitot
ic spindle forms in the cytoplasm on an intact nuclear envelope in late pro
phase. As spindle formation progresses, the spindle pushes against the nu
clear envelope causing invagination (Fig. 3 A,B). 
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Such an image of invagination seems reminiscent of observations 
of early Drosophila embryos, but it was not clear whether the breakage 
point of the nuclear envelope was in the invaginated region proximal to the 
centrosomes, like that observed in Drosophila and C. elagans embryos, or 
elsewhere. To clarify the region of breakage of the nuclear envelope in 
human cells, live and high-resolution three-dimensional observation of the 
nuclear envelope using lamin B-GFP was performed (Beaudouin et al. 
2002). Surprisingly the observations made suggested the unexpected 
model that the nuclear envelope was torn at the site of most tension in the 
nuclear lamina, and not in the invaginated region (Beaudouin et al. 2002) 
(see Fig. 3D). This model is supported by findings that dynein-dynactin 
complexes on the nuclear envelope facilitates nuclear envelope breakdown 
by pulling the nuclear envelope (Salina et al. 2002). It is also supported by 
the finding that in starfish oocytes nuclear envelope breakdown does not 
take place uniformly but starts at a specific site distant from the centro-
somes (Terasaki et al. 2001; Lenart et al. 2003). These findings contrast 
with what is observed in Drosophila and yeasts, in which the nuclear en
velope starts to break down at the sites of the centrosomes (see Fig. 3C). 
Thus, further investigations are needed to elucidate common mechanisms 
of nuclear envelope breakage among eukaryotes; for example, in addition 
to mechanical force models, biochemical modification of lamin Bl is also 
proposed to cause nuclear envelope breakdown (Panorchan et al. 2004). 
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Fig. 2A-F. Invagination and breakdown of the nuclear envelope in prophase. The 
dynamic behavior of the nuclear envelope was observed by time-lapse observation 
of fluorescently stained living cells (A and F) or indirect immunofluorescence 
staining of fixed cells (B-E). A Fluorescently stained living HeLa cells were pre
pared as described previously (Haraguchi et al. 1997, 1999, 2000). Briefly, cells 
plated on a 35-mm glass-bottom culture dish were transfected with a lamin B re
ceptor-green fluorescence protein (LBR-GFP) fusion construct to stain the nuclear 
envelope, treated with Hoechst 33342 to stain the chromosomes, and then microin-
jected with rhodamine-conjugated nuclear localization sequence-bovine serum al
bumin (NLS-BSA) (used as a nuclear protein) to monitor the timing of nuclear en
velope breakdown. Time-lapse images were obtained at 37°C using an Olympus 
oil immersion objective lens (PlanApo 40x/NA=1.35) on the DeltaVision micro
scope system (Applied Precision, Seattle, WA, USA; Haraguchi et al. 1999). 
Numbers on the left indicate time in minutes. B-D Fixed HeLa cells stained with 
4',6-diamidino-2-phenylindole (DAPI) (a DNA stain) and anti-lamin B (to stain 
the nuclear envelope) as described previously (Haraguchi et al. 2000): B inter
phase, C prophase, D metaphase. E A fixed prophase cell stained with DAPI, anti-
lamin B, and anti-y-tubulin (to stain centrosomes). F Time-lapse images of a living 
cell stained with rhodamine-conjugated tubulins (to stain microtubules: green) and 
NLS-GFP (used as a nuclear protein: red). Images were taken every 1 min. Num
bers on the top indicate the time in minutes 
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Fig. 3A-D. Diagrams of invagination and breakdown of the nuclear envelope. 
Centrosomes on the nuclear envelope (A) become localized within a nuclear in
vagination (B). The nuclear envelope is broken either in the invaginated region 
proximal to the centrosomes (C) or at other sites where stress is accumulated (D). 
The former case has been observed in Drosophila (Fuchs et al. 1983; Hiraoka et 
al. 1990; Paddy et al. 1996), fission yeast (Ding et al. 1997), and the nematode 
(Lee et al. 2000); the latter case has been observed in starfish (Terasaki et al. 
2001; Lenart et al. 2003) and humans (Georgatos et al. 1997; Beaudouin et al. 
2002) 

4.4 Reformation of the Nuclear Envelope 

Temporal Sequences of Nuclear Envelope Reformation 

The nuclear envelope reforms around chromosomes during telophase to re
establish functional nuclear structures for the subsequent interphase. Re
formation of the nuclear envelope begins with attachment of vesicular 
membranes to chromosomes. This is followed by fusion of the membranes 
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and re-composition of integral membrane proteins, the NPCs, and nuclear 
lamina into the nuclear envelope. 

Hoechst33342 LBR-GFP NLS-APC merged 

Fig. 4. Reformation of the nuclear envelope in telophase. The dynamic behavior of 
the reforming nuclear envelope during telophase was observed in fluorescently 
stained living cells using the DeltaVision microscope system as described in the 
legend to Fig. 2A (Haraguchi et al. 2000). Cells were transfected with LBR-GFP 
to stain the nuclear envelope, treated with Hoechst 33342 to stain chromosomes, 
and then microinjected with NLS-allophycocyanin (NLS-APC) to monitor nuclear 
transport activity. Images were taken every 1 min. Numbers on the left indicate 
time in minutes. Scale bar 10 |xm 
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Hoechst 33342 GFP-BAF Anti-emerin merged 

Fig. 5. Intracellular localization of barrier-to-autoregulation factor (BAF) and 
emerin in telophase. HeLa cells expressing GFP-BAF were fixed and stained 
with antibodies against emerin. Chromosomes were stained with Hoechst 33342. 
An enlarged image of the indicated area (white square), together with a schematic 
diagram, is shown at the right. BAF is shown in green and emerin in red. Repro
duced from Haraguchi et al. (2001) 

To understand the molecular mechanism of reformation of the nu
clear envelope, the temporal sequence of the reconstruction of envelope 
components onto the chromosome surface has been determined using fixed 
cells (Bodoor et al. 1999) and, more recently, by time-lapse observation of 
nuclear proteins in living cells (Haraguchi et al. 2000, 2001). Figure 4 
shows an example of a series of observations in living cells. Live cells 
stained with Hoechst 33342, LBR-GFP, and a fluorescently labeled 
nuclear protein were observed every 1 min from metaphase to telophase to 
monitor the behavior of the chromosomes, nuclear membrane, and nuclear 
protein, respectively. These experiments reveal when the nuclear mem
brane reforms and when nuclear import fiinction recovers. Nuclear mem
branes started to reassemble 5 min after the metaphase-anaphase transition 
and nuclear import function recovered at 8 min (Fig. 4). Another nuclear 
integral membrane protein, emerin (one of the LEM-domain proteins; see 
Fig. 1), has also been examined, using GFP-emerin, to confirm the behav
ior of the nuclear membrane (Haraguchi et al. 2001). Interestingly, the re
sults of the observations using emerin-GFP were different from those us
ing LBR-GFP. Both emerin and LBR first attached to the telophase 
chromosome mass at a site distant fi*om the mitotic spindle at 4-5 min after 
the onset of anaphase. Emerin then accumulated at the central core region 
of the telophase chromosome mass close to the mitotic spindle (designated 
the "core" region; Fig. 5) from 6 to 8 min after the onset of anaphase 
(Haraguchi et al. 2001). In contrast, LBR accumulated at chromosomal re
gions flanking the "core" region. This difference suggests that emerin and 
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LBR reassemble by different mechanisms (see the next section). Two other 
LEM-domain proteins, LAP2p and MANl, also accumulate at the "core" 
region. After 8 min, LBR and emerin become uniformly distributed, sug
gesting that vesicular membranes that contain different nuclear integral 
membrane proteins fiise at this time (Fig. 6). 

NPC assembly has also been examined by immunofluorescence 
staining of cells fixed at precise times after the onset of anaphase (Bodoor 
et al. 1999; Haraguchi et al. 2000). RanBP2, p62, and Nupl53 re-assemble 
in early telophase, whereas Tpr reassembles in late telophase. Nuclear 
transport fiinction is recovered 2 min later, coinciding with the time when 
localization of emerin and LBR becomes uniform as observed in living 
cells. Thus, the uniform distribution of emerin and LBR is an indication of 
the completion of a nuclear envelope bearing nuclear import activity. 

Molecular Mechanisms of Nuclear Envelope Reformation 

There are at least three independent pathways, involving Ran, barrier-to-
autointegration factor (BAF), and A-kinase anchoring protein AKAP149, 
involved in envelope reformation. 

Involvement of Ran has been demonstrated by in vitro experiments 
using Xenopus oocyte extracts, in which the nuclear envelope re-forms 
around plastic beads coated with Ran (Zhang and Clarke 2000), and by 
microscopic observation in living C elegans embryos (Askjaer et al. 
2002). Importins a and p modulate Ran-dependent assembly of the nuclear 
envelope (Harel et al. 2003; Hachet et al. 2004) by mediating the assembly 
of nuclear pore complexes (Walther et al. 2003). 

Involvement of BAF has been demonstrated by live observation of 
nuclear components in living human cells (Haraguchi et al 2001). BAF 
was first discovered as a cellular protein that prevented retroviral DNA 
from suicidal auto-integration and ensured its integration into host DNA 
(Lee and Craigie 1998). It was later described as a binding partner of the 
LEM domain nuclear envelope proteins (Furukawa 1999; Lee et al. 2001). 
BAF binds nonspecifically to double-stranded DNA in vitro (Lee and 
Craigie 1998) and colocalizes with emerin at the "core" region of chromo
somes during telophase (Haraguchi et al. 2001, see Figs. 5 and 6). In HeLa 
cells, both emerin and BAF accumulate briefly at the "core" region of te
lophase chromosomes and later distribute over the entire nuclear rim (Fig. 
5). Recruitment of emerin is mediated by BAF: in HeLa cells expressing 
the dominant BAF mutant G25E, which does not show "core" localization, 
the mutated BAF disrupts emerin localization at the core region during te
lophase and dissociates emerin from the nuclear envelope in the subse-
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quent interphase (Haraguchi et al. 2001). The mutation also dissociates 
LAP2p and lamin A from the nuclear envelope, but has no effect on lamin 
B. Thus, BAF may be required for the assembly of LAP2P and lamin A as 
well as emerin, when the nuclear envelope re-forms during telophase 
(Haraguchi etal. 2001). 

Fig. 6A-C. Diagram of the assembly of the nuclear envelope during telophase. 
Metaphase chromosomes with no nuclear envelope (A). Emerin and LBR initially 
accumulate at distinct, separate locations of the telophase chromosome mass (B), 
but later become uniformly distributed (C). Emerin accumulates at the "core" re
gion, and LBR accumulates at regions outside the core regions. BAF, LAP2P, and 
MANl also accumulate at the core region 
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AKAP149, A kinase-anchoring protein with a molecular weight of 
149 kDa, is a factor responsible for reassembly of lamin B into the nuclear 
envelope at the end of mitosis (Steen et al. 2003). The AKAP149 protein 
targets protein phosphatase 1 (PPl) to the nuclear envelope, and this tar
geting is necessary for assembly of lamin B. In the presence of an 
inhibitory peptide that inhibits PPl binding to the nuclear envelope, lamin 
B failed to assemble into the re-forming nuclear envelope at the end of 
mitosis (Steen et al. 2003). 

Lamin A and lamin B seem to assemble into the nuclear lamina by 
different pathways. For example, the timing of assembly is different; lamin 
B assembles early in telophase, before lamin A. Also, AKAP149 and PPl 
are involved in assembly of lamin B, but not of lamin A: while the inhibi
tory peptide that inhibited PPl binding to the nuclear envelope caused fail
ure of lamin B to reassemble into the reforming nuclear envelope at the 
end of mitosis, it had no effect on lamin A assembly (Moir et al. 2000; 
Steen et al. 2003). Moreover, assembly of lamin B is not affected by the 
BAF mutant G25E, whereas lamin A assembly is inhibited (Haraguchi et 
al. 2001). These results indicate that lamin A and lamin B form separate 
filaments, unlike the current model, in which lamin A and lamin B form 
mixed filaments. 

4.4 Dynamics of Nuclear Envelope Components In 
Interphase 

The interphase nuclear envelope may seem to be static, but its protein 
components are continuously moving around within it, and there is also 
some movement of proteins into and out of the inner membrane of the nu
clear envelope. Studies by fluorescence recovery after photobleaching 
(FRAP) have measured the mobility or exchange rates of various integral 
membrane proteins, such as LBR, emerin, LAP2P, and MANl. LBR is re
latively immobile, similar to nuclear lamina components, suggesting that 
LBR binds stably to the nuclear lamina (Ellenberg et al. 1997). In contrast, 
emerin, LAP2P, and MANl all exhibit significantly greater movement in 
the nuclear envelope than does LBR (Ostlund et al. 1999; Shimi et al. 
2004). Moreover, while the nuclear lamina and NPCs form immobile net
works with a very low turnover (Daigle et al. 2001), FRAP studies have 
shown that the constituent proteins of the NPCs are actually in fiux. NPC 
components could be classified into three groups according to their mobil
ity: slow (retention time >20 h), intermediate (retention time of several 
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hours), and fast (retention time less than a few minutes) (Rabut et al. 
2004). 

4.5 Nuclear Envelope In Plants 

The nuclear envelope in plants has structures similar to that in animals, but 
the molecular components are quite different (Rose et al. 2004). The entire 
genome of Arabidopsis has now been sequenced (Arabidopsis Genome 
Initiative 2000), but it contains no amino acid sequences similar to lamin. 
On the other hand, plant cells may have lamin-like molecules, as antibodi
es against metazoan lamin recognize the plant nuclear envelope (Li and 
Roux 1992; McNulty and Saunders 1992; Minguez and Moreno Diaz de la 
Espina 1993). So far, three components are known to localize to the plant 
nuclear envelope: nuclear matrix constituent protein 1 (NMCPl), MFPl 
attachment factor 1 (MAPI), and Ran GTPase activating protein (Ran-
GAP). NMCPl is a coiled-coil protein forming intermediate filaments 
similar to lamin or myosin (Masuda et al. 1997), and thus is a good candi
date for a lamin homologue in plants. RanGAP is conserved from yeasts to 
humans, but mechanisms for localization to the nuclear envelope in plants 
seem to be different from those in animals. An amino terminal domain 
unique to plant RanGAP is necessary for its localization to the nuclear en
velope (Rose and Meier 2001). MAPI also has this domain, suggesting 
that the domain may be a plant-specific localization signal to the nuclear 
envelope. However, the animal LBR is localized to the nuclear envelope in 
plant cells that have no lamin B (Irons et al. 2003). Thus, there seems to be 
common mechanisms for LBR localization to the nuclear envelope inde
pendent of lamin B. 

4.6 Concluding Remarks 

We have described the cell cycle behavior of the nuclear envelope ob
served by direct observations in living cells. As the protein components of 
the nuclear envelope are insoluble, it has been difficult to examine those 
proteins biochemically. Recent developments in fluorescence imaging of 
proteins in living cells have made it possible to examine their dynamics, 
mobility, and interactions without biochemical purification. In particular, 
by using GFP-fiision constructs, mutated proteins can be fluorescently 
tagged in living cells and their behavior examined. A combination of 
molecular genetic approaches and live cell imaging will provide new in-
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sights into understanding the fundamental functions of the nuclear enve
lope. 
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5.1 Structure of the Nucleolus 

The nucleolus is the most prominent structure in the nucleus, and is clearly 
distinguished from other nuclear substructures (Scheer and Hock 1999; Ol
son et al. 2000; Spector 2003). Since the 1960s, it has been generally 
thought to be the site of ribosome biogenesis. Inner nucleolar DNA se
quences encode 18S, 5.8S and 28S ribosomal RNAs and in the nucleolus, 
many ribosomal proteins and nascent ribosomes are detected (Fatica and 
Tollervey 2002; Raska 2003). In metabolically active animal and plant 
somatic cells and in yeast, the nucleolus harbors tens to hundreds of active 
ribosomal genes, which account for roughly one half of the total cellular 
RNA production, while no other types of active genes have been identified 
within it. 

Structural Basis of the Nucleolus 

In human diploid cells, ribosomal genes are located on several chromo
somes and form arrays of tandem repeats. These genomic sites can be de
tected on metaphase chromosomes and are referred to as nucleolar-
organizing regions (NORs). NORs are located on the short arm of acrocen
tric chromosomes (nos. 13, 14, 15, 21, and 22) and can be visualized by 
silver staining, due to the abundance of associated argyrophilic proteins. 
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Each NOR is, on average, 3 Mb in length (80 copies of 43 kb repeat), indi
cating that a NOR dominates more than half the region on the short arm of 
an acrocentric chromosome. Each ribosomal gene unit is 43 kb in length, 
which consists of a transcribed segment (13.7 kb) and an external non-
transcribed spacer (29.3 kb). The transcribed segment is transcribed by 
RNA polymerase I (pol I) which synthesizes the long precursor rRNA 
(pre-rRNA) which, in mammalian cells, contains the 18S, 5.8S, and 28S 
rRNA sequence and internal and external transcribed spacers (Olson et al. 
2000; Raska 2003). Under normal conditions, only a subset of all rRNA 
genes are ordinarily active, depending on cell growth activity (Carmo-
Fonseca et al. 2000). The remaining rRNA genes are silenced by chromat
in modification (Grummt and Pikaard 2003). Although it has frequently 
been observed that chromosomes are doubled up in malignant and immor
talized cells, the number of nucleoli are maintained in such cells as well as 
in normal cells, suggesting that several chromosomes, especially the short 
arm of acrocentric chromosomes, are assembled on one nucleolus (Sulli
van etal. 2001). 

The sites of rDNA transcription, rRNA processing, and the assem
bly of ribosomes are located in separate, morphologically distinct regions 
within the nucleolus (Fig. 1) such as the fibrillar center (FC), the dense fi
brillar component (DFC), and the granular component (GC), as observed 
at the structural level by transmission electron microscopy (Olson et al. 
2000; Raska 2003). Fully active nucleoli are large, with extensive inter
mingling of FC, DFC, and GC (Raska 2003). In contrast, quiescent cells or 
those with nucleolar inactivation following induced transcriptional arrest 
have small and compact nucleoli in which the distinct morphological com
ponents tend to be segregated into adjacent blocks (Shaw and Jordan 
1995). 

Transcription in the Nucleolus 

The fibrillar center is usually seen in the nucleoli of most metazoans but is 
generally not found in lower eukaryotes. It has been established that the 
FC harbors several hundred copies of rRNA genes, arranged in one or 
more tandem arrays at chromosomal loci, NOR, where the pol I and its 
transcription factors involved in rDNA transcription are enriched (Fig. 2). 
Of all rRNA genes, only a subset is normally active, and these actively 
transcribed templates appear to have a more peripheral location, extending 
into the DFC. Therefore, the precise localization of rDNA transcription 
with respect to the borders between FC and DFC remains a controversial 
issue (Shaw and Jordan 1995; Huang 2002; Raska 2003). 
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Fig. la,b. The structural organization of the nucleolus, a The nucleolus is com
prised of distinct nucleolar subcompartments, fibrillar center (FC; white area), 
dense fibrillar compartment {DFC\ lined area), and granular compartment {GC\ 
dotted area), and has large heterochromatin domains (filled circles) in its periph
ery, which originate from heterochromatic areas of rDNA genes and the centro
mere heterochromatin adjacent to rDNA genes, b An image of the nucleoli in a 
HeLa cell stained with antibodies against fibrillarin {green) and B23 (red). The 
DNA is stained with Hoechst 33342 (blue). Fibrillarin is a member of the pre-
rRNA processing complex acting in the DFC, and B23 is involved in the later 
steps of pre-rRNA processing and the assembly of ribosome subunits in the GC. 
Bar 5 jxm 

In mammalian cells, the basal pel I transcription machinery is 
composed of pol I, the upstream binding factor (UBF), and the selectivity 
factor (SLl), a TBP-TAFi complex (Comai 2004). It is also knov^n that 
one of the chromatin remodeling complexes, nucleolar remodeling com
plex (NoRC), is involved in rDNA transcription and fimctions as a regula
tory target which is related to growth stimuli (Grummt and Pikaard 2003). 

RNA Processing in the Nucleolus 

The DFC surrounds the FC and functions as a site for pre-rRNA process
ing (Fig. 2). The DFC contains newly synthesized pre-rRNA, which is a 
primary large precursor transcript encoded by rDNA, and therefore pre-
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rRNA requires extensive post-transcriptional processing. The pre-rRNA 
contains the 18S, 5.8S, and 28S rRNA sequences and internal and external 
transcribed spacers, is processed by removal of these spacer sequences, 
and modified by ribose-0-2'-methylation and pseudouridylation in the 
DFC. The processing requires ribonucleoproteins, including a variety of 
small nucleolar RNAs (snoRNAs) that are responsible not only for the 
cleavage events that cut the long pre-rRNA, but also for guiding the 2'-0-
methylation and pseudouridylation of rRNA (Maxwell and Foumier 1995; 
Smith and Steitz 1997; Tollervey and Kiss 1997). Finally, mature rRNAs 
(IBS, 5.8S, and 28S) are assembled with ribosomal subunits and 5S rRNA, 
which is synthesized in the nucleoplasm by RNA polymerase III (pol III), 
to produce 40S and 60S pre-ribosomal particles in the GC (Melese and 
Xue 1995; Fatica and Tollervey 2002). The GC constitutes the remainder 
of the nucleolus surrounding the FC and DFC, is enriched in ribosomal 
proteins and ribosomal subunit assembly factors, and contains nearly com
pleted preribosomal particles destined for the cytoplasm (Tschochner and 
Hurt 2003). The biogenesis of 40S and 60S ribosomal subunits occurs 
concurrently with the pre-rRNA maturation process and involves associa
tion with 5S rRNA as well as 70-80 different ribosomal proteins. 

Nucleoli Have Large Heterochromatin Structures 

Highly condensed chromatin structures are observed in the areas surround
ing of nucleolus. These structures are formed by several acrocentric chro
mosomes, which contain heterochromatin blocks derived from centro
meres and silent rDNA repeats, since the majority of ribosomal genes are 
inactivated. It is generally thought that heterochromatin structures accumu
late in nucleoli as well as in regions of the nuclear envelope to anchor the 
chromosomes (Gasser 2002; Spector 2003). Movement of the euchromatin 
region in the nucleoplasm is constrained, whereas the heterochromatin re
gion is tightly fixed on the nucleoli and nuclear envelope. Consequently, it 
is believed that the euchromatin structure has an advantage, in that it can 
associate with transcription factors or chromatin modification enzymes in 
the nucleoplasm. 

The Nucleolus Is a Dynamic Structure Depending on Growth 
Conditions 

In spite of the differences in size and protein composition, nucleoli are 
constructed in essentially the same structure in all organisms. However, 
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prokaryotes do not have a detectable nucleolus, although ribosome bio
genesis occurs actively. This could be because prokaryotic cells have a 
very low copy number of rRNA genes with a nontandem arrangement. 
This view was addressed in previous studies, using yeast strains carrying a 
deletion of chromosomal rDNA repeats. These strains grow depending on 
the transcription of rRNA driven by RNA polymerase II (pol II), when 
plasmids with a single rRNA gene are introduced into them. These strains 
are devoid of typical nucleolar structures; several granules, termed mini-
nucleoli, replace the nucleolus (Oakes et al. 1998; Trumtel et al. 2000). 
Thus it would appear that the construction of a normal nucleolus is basical
ly dependent on the pol I-dependent transcription of rDNA. That is, normal 
nucleolar formation appears to require a specific rDNA organization, the 
tandem chromosomal arrangement of rDNA repeats, and transcription ac
tivity on the chromosome loci by pol I. 

In mammalian cells, the importance of the tandem chromosomal 
arrangement of rDNA genes has not yet been clarified. However, rRNA 
transcription plays an important role in the maintenance of nucleolar struc
tures (Scheer and Hock 1999; Olson et al. 2000). In fact, when a pol I tran
scription inhibitor, actinomycin D, is introduced to mammalian cells, the 
subnucleolar compartments (FC, DFC, and GC) segregate into distinct re
gions within the nucleus (Olson and Dundr 2005). In addition, the nucleo
lar structure is sensitive to the pol II inhibitor, 5,6-dichloro-lp-D-
ribofuranosylbenzymidazole (DRB). However, since DRB also functions 
as a protein kinase inhibitor, the issue of whether the segregation of subnu
cleolar compartments is due to the suppression of the pol II gene product 
or nucleolar protein dephosphorylation is currently unclear. 

5.2 Dynamic Behavior of Nucleolar Structures During the 
Cell Cycle 

Dynamic Distribution of Nucleolar Subcompartments During 
IMitosis 

Although the nucleolus in yeast remains intact during mitosis, which is 
separated into daughter cells along the mitotic spindle during the late stag
es of division, the nucleolus in multicellular organisms has a remarkable 
characteristic (Fig. 3). That is, in higher eukaryotes, this highly organized 
structure is disassembled at the beginning of mitosis and various nucleolar 
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Fig. 2. Schematic representation for the multi-steps in ribosome biogenesis. A 
single rDNA gene unit is 43 kb in length, and consists of a transcribed segment 
(13.7 kb) and a noncoding segment (29.3 kb). The rDNA gene is first transcribed 
as a precursor rRNA (pre-rRNA) in the border between the fibrillar center (FQ 
and the dense fibrillar compartment (DFC). Pre-rRNAs are then processed in the 
DFC, where the external transcribed spacer (ETS) and internal transcribed spacer 
(ITS) are enzymatically removed. Also, pre-rRNA is methylated and pseu-
douridylated under the guidance of small nucleolar RNAs, resulting in 18S, 5.8S, 
and 28S rRNAs. 5S rRNAs are transported out of the nucleolus by RNA polym
erase III transcription. These rRNAs are then complexed with ribosomal proteins 
to form the small (40S) and large (60S) ribosomal subunits in the GC. The nearly 
mature subunits are exported to the cytoplasm through nuclear pore complexes, 
and the small and large subunits are eventually incorporated into mature ribo-
somes in the cytoplasm 

proteins leave the subnucleolar structures. The nucleolar proteins are then 
segregated to daughter cells during mitosis and the nucleolus is reassem
bled in the resulting daughter cells. 

The relative kinetics of the disassembly of nucleolar subcompart-
ments have recently been examined in human cell lines using a quantita
tive live cell-imaging technique with fluorescent protein-tagged nucleolar 
proteins (Leung et al. 2004). Nucleolar disassembly starts with the loss of 
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a pol I subunit (RPA39) from the PCs before the nuclear envelope breaks 
down at the prophase. The dissociation of proteins from outer subcom-
partments, the GC and the DFC, occurs simultaneously with the break
down of the nuclear envelope. The NORs, which are chromosome regions 
containing the repeats of rDNA genes and are morphologically similar to 
PCs when observed by electron microscopy, then become visible on the 
mitotic chromosomes, when the interphase chromatin is condensed into 
mitotic chromosomes. In contrast to RPA39, most of the rDNA transcrip
tion factors (the pol I complex, UBP, SLl, and TTP-1) remain bound in 
the NORs during mitosis. Although this difference in the dissociation ki
netics of these proteins remains unclear, rRNA transcription is still detect
ed even after the breakdown of the nuclear envelope, until at least the late 
prophase (Gebrane-Younes et al. 1997). The disassembly of the nucleolar 
subcompartments, DPCs and GCs, occurs simultaneously, coinciding with 
the breakdown of the nuclear envelope and chromosome condensation, fol
lowed by the disintegration of the PCs and the formation of NORs (Klein 
etal. 1998). 

During mitosis, various classes of nucleolar components become 
distributed over several different regions (Hernandez-Verdun et al. 2002). 
The transcription apparatus, including the pol I complex and its transcrip
tion factors, remains located on the NORs of rDNA gene-containing chro
mosomes (Roussel et al. 1993, 1996; Sirri et al. 1999). In contrast, pre-
rRNA processing machinery components become distributed on the sur
face of all the mitotic chromosomes (Hernandez-Verdun and Gautier 1994; 
Dundr et al. 1997). The partially processed pre-rRNAs and pre-rRNA 
processing machinery such as fibrillarin, B23, nucleolin, Nop52, and 
snoRNAs U3 and U14 also become colocalized mainly on the surface of 
chromosomes. The colocalization of these different factors that are in
volved in pre-rRNA processing suggests that the processing complexes 
remain intact, at least to some extent, during mitosis. Eventually, these pre-
rRNA processing factors appear as numerous small dot-like structures, 
prenucleolar bodies (PNBs) at the telophase and in the early Gl phase, and 
are involved in the reformation of nucleoli (Jimenez-Garcia et al. 1994; 
Hernandez-Verdun et al. 2002). This perichromosomal distribution of nu
cleolar machinery during mitosis may reflect the equal separation of nu
cleolar proteins to daughter cells as chromosome passenger proteins (Eam-
shaw and Mackay 1994), although how the chromosome periphery is 
involved in the separation remains unclear. 

In addition, these processing machineries are also distributed to 
large cytoplasmic spherical particles termed nucleolus derived foci (NDP), 
which first appear in the prometaphase, diminish in number during the te-
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lophase, and eventually disappear in the Gl phase (Dundr and Olson 
1998). The NDF do not contain components of the pol I transcription ma
chinery, assuring the spatial separation of rRNA transcription machinery 
from pre-rRNA processing components during mitosis. 

(a) Interphase 

Mjcteoiar fusion 

(e) Early Gl phase (d) re lease 
f^fonriBtion of nudear fnentifane 
Piimaiy consliuctior of nudeotus 

Fig. 3a-h. A model for nucleolar disassembly and reassembly during mitosis, a 
The nucleolus during interphase is organized from distinct subcompartments: the 
fibrillar center (FC) containing the rDNA; the dense fibrillar component (DFC) 
corresponding to the site of pre-rRNA processing; and the granular component 
(GC) corresponding to the assembly of the ribosome subunit. b When cells enter 
the mitotic prophase, the destruction of the nuclear envelope begins through the 
phosphorylation of proteins (e.g., lamin A) by cyclin B-CDKl, and the chromo
somes condense at the same time. A small portion of the protein complexes in 
DFC and GC are dispersed simultaneously before the destruction of nuclear enve
lope, and are distributed to the chromosome periphery. After the completion of 
the nuclear envelope breakdown and chromosome condensation, the FC is re
placed by nucleolar-organizing regions on mitotic chromosomes. Although cyclin 
B-CDKl also inactivates a part of the rRNA transcription factors, rRNA tran
scription is still active on some chromosomes during the prometaphase. Nucleolar 
disassembly appears to take place in the order of DFC/GC and then FC. 
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Fig. 3. (continued) c At the metaphase, rRNA processing complexes are distribut
ed to the chromosome periphery and cytoplasmic structures, referred to as nucleo
lar derived foci (NDF). In contrast, transcription complexes persist on the nucleo-
lar-organizing region (NOR), After the metaphase-anaphase transition, the 
chromosomes move rapidly to the poles, d rRNA transcription is reinitiated during 
the telophase. Concurrently, the rRNA processing complexes in the chromosome 
periphery form prenucleolar bodies (PNB), and the NDF fuse to PNBs. PNBs are 
then transported to the NORs, where rRNA transcription is reinitiated. Eventually, 
nucleolar subcompartments start to reform around the active NORs in the order of 
FC, DFC, and GC. e After the early Gl phase, the nucleoli become mature via as
sociation with each other and again become prominent structures in the nucleus, f-
h The immunofluorescence images show the nucleolar subcompartments at the 
prophase (f), metaphase (g), and early Gl phase (h), which are stained with anti
bodies against upstream binding factor (green) and B23 (red). In f, B23 (a GC 
component) is dissociated from the nucleolus and is distributed to the chromosome 
periphery. In g, NORs are clearly recognized as green punctate signals on mitotic 
chromosomes, while the processing machinery is distributed to the chromosome 
periphery and NDF. From the telophase to the early Gl phase (h), the rRNA proc
essing machinery forms PNBs in the nucleoplasm (red), and PNBs move to active 
NORs (green). Bars 5 \Lm 

Molecular Mechanisms of Nucleolar Disassembly 

It is well known from previous studies that when cells enter mitosis, RNA 
transcription is globally repressed in higher eukaryotic cells. Interestingly, 
the pol I transcriptional machinery (the pol I complex, UBF, SLl, and 
TTF-1) remains associated with the NORs. However, rDNA transcription 
is silenced from the prophase to the telophase (Szentirmay and Sawadogo 
2000; Spector 2003). Pre-rRNA processing activity is concurrently sup
pressed at the beginning of mitosis and restored at the exit from mitosis 
(Dundretal. 1997). 

It is noteworthy that the modification of transcription factors in the 
pol I complex by phosphorylation appears to play a prominent role in the 
inhibition of rRNA transcription (Gebrane-Younes et al. 1997; Hernandez-
Verdun et al. 2002). Some components of the pol I transcription machin
ery, such as SLl (Heix et al. 1998) and TTF-1 (Sirri et al. 1999), are mi-
totically phosphorylated by cyclin B-CDKl, a mitosis-specific kinase. The 
phosphorylation of SLl inhibits its interaction with UBF, which prevents 
the formation of the transcription initiation complex in vitro (Heix et al. 
1998), and cyclin B-CDKl is necessary for not only the establishment but 
also the maintenance of the repression from the prophase to the anaphase. 
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In fact, the in vivo inhibition of cyclin B-CDKl activity leads to the 
dephosphorylation of the components of the pol I transcription machinery 
and restores pol I transcription in mitotic cells (Sirri et al. 2000). Thus, the 
repression of pol I transcription is regulated by the activity of cyclin B -
CDKl. 

On the other hand, the in vivo inhibition of cyclin B-CDKl leads 
to the accumulation of pre-rRNAs, which are not processed to mature 
rRNAs, indicating that the repression of rRNA processing activity is not 
dependent on cyclin B-CDKl. It is reasonable to speculate that pol I tran
scription and rRNA processing might be regulated by distinct mechanisms. 

Nucleolar Reassembly After Mitosis 

The process of nucleolar reassembly mainly consists of two steps. In the 
first step, in the telophase, the pol I transcription machinery is released 
from mitotic inhibition. Nucleolar reassembly begins in the late anaphase 
or early telophase when pol I transcription is reinitiated, depending on the 
decrease in cyclin B-CDKl activity (Sirri et al. 2000). Cyclin B-CDKl 
activity is decreased by the ubiquitin-mediated proteolysis of cyclin B, 
when chromosomes align on the metaphase plate, just after the spindle-
assembly checkpoint is inactivated (Vorlaufer and Peters 1998; Clute and 
Pines 1999; Kraft et al. 2003). The nucleolar components that are present 
in the chromosome periphery are released fi-om the decondensing chromo
somes and form PNBs together with rRNA processing complexes (Jime-
nez-Garcia et al. 1994). The population of nucleolar components present in 
the NDF associates with PNBs in the telophase at around the same time as 
the formation of the nuclear envelope. Collectively, the inactivation of cy
clin B-CDKl, the reactivation of pol I, and the formation of PNBs are 
critical for the early phase of nucleolar reassembly. 

In the second step, the processing machinery is recruited to the 
newly growing nucleoli. The PNBs appear to be involved in pre-RNA 
processing, because they contain a number of nucleolar proteins, snoR-
NAs, and partially processed pre-rRNAs (Azum-Gelade et al. 1994; Jime-
nez-Garcia et al. 1994). It is important to note that PNBs do not contain 
any transcriptional components, and that transcription is never initiated 
within them (Bell et al. 1992; Gebrane-Younes et al. 1997). The PNBs 
then migrate toward the NORs to deliver the nucleolar components and 
approach each other to reassemble the mature nucleolus. Investigations of 
the dynamic behavior of PNBs in living cells, using fluorescent proteins, 
have demonstrated that the delivery of pre-rRNA processing machinery 
from the PNBs to the NORs occurs via the spatial exchange of components 
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(Dundr et al. 2000; Savino et al. 2001), as evidenced by the observation 
that dense fibrils transiently connect PNBs to NORs. That is, the dynamic 
behavior of PNBs is required for the transfer of protein from the PNBs to 
the reforming nucleoli in the late phase of nucleolar reassembly. Previous 
investigations have shown that a cyclin B-CDKl inhibitor induces tran
scription by pol I and the formation of PNBs in mitotic cells, but that the 
inhibitor does not induce the transport of pre-rRNA processing machinery 
from the PNBs to the NORs (Sirri et al. 2002). This suggests that an alter
nate activation mechanism for the components in PNBs or NORs is opera
tive in the late phase of the nucleolar reformation process. Thus, the struc
ture of the complete nucleolus is reformed in the mid Gl phase. 

Moreover, a recent study indicated that nucleolar reassembly con
sists of sequential reconstruction processes of the nucleolar subcompart-
ments in the order FC, DFC, and finally, GC (Leung et al. 2004). The tem
poral order of nucleolar reassembly reflects the root of ribosome 
biogenesis; the reactivation of pol I induces the formation of FC, and DFC 
is then constructed as compartments of rRNA processing. Finally, GC is 
constructed for ribosome assembly. 

The Activity of rRNA Transcription and rRNA Processing: 
Which Activity Governs the Late Stage of Nucleolar 
Reassembly? 

As described above, the degradation of cyclin B-CDKl leads to the initia
tion of pol I transcription in the telophase. This event appears to trigger the 
early stage of nucleolar reassembly. However, a transcription factor, UBF, 
is still inactivated during this stage. In addition, it has been shown that 
phosphorylation by cyclin D1-CDK4 and cyclin E-CDK2 is required for 
the activation of UBF (Voit et al. 1999). From this evidence, it is conceiv
able that during the early Gl phase, pol I transcription activity is not so 
high compared with the following stages of the cell cycle. The late stage of 
nucleolar reassembly is therefore regulated by activity other than rRNA 
transcription. In support of this conclusion, the inhibition of pol I transcrip
tion during the nucleolar reassembly process does not impair the recruit
ment of nucleolar proteins such as components of the DFC or GC in the 
vicinity of the NORs (Dousset et al. 2000). The nucleoli that are formed 
under these conditions contain partially processed pre-rRNAs synthesized 
in the early prophase of the last cell cycle, suggesting that pre-rRNAs may 
play some important role in the late stage of nucleolar reassembly. 

Partially processed pre-rRNAs are produced in the prophase when 
the rRNA processing complex leaves the nucleoli, since rRNA transcrip-



118 T. Saiwaki and Y. Yoneda 

tion is still active at that time (Gautier et al. 1992). The pre-rRNAs are 
maintained in a stable state during mitosis in the NDFs or PNBs in which 
the pre-rRNAs form processing complexes with numerous nucleolar pro
teins and snoRNAs (Dundr and Olson 1998; Pinol-Roma 1999; Dousset et 
al. 2000). This suggests that the processing complexes formed in the NDFs 
and PNBs are nucleated by the pre-rRNAs. Since the late stage of nucleo
lar reassembly occurs in the absence of pol I transcription, pre-rRNA proc
essing activity has an important role in the late stage of nucleolar reassem
bly. In fact, during the early stage of Xenupus lavevis embryogenesis, 
rRNA transcription is established after the transition to the mid-blastula 
stage. Until the mid-blastula transition, nucleoli are repeatedly disassem
bled and assembled, and are devoid of rRNA transcription during several 
cell cycles. However, rRNA processing machinery is recruited to the 
NORs to associate with pre-rRNA of maternal origin (Verheggen et al. 
1998, 2000). Thus, the late stage of nucleolar reassembly is accomplished 
by the formation of DFC and GC, depending on the protein transport from 
dynamic PNBs to the NORs through rRNA processing activity. 

5.3 Conclusions 

Based on live cell-imaging studies, a model for cell-cycle-dependent nu
cleolar dynamics has been established. When cyclin B-CDKl is transport
ed to the nucleus during the G2/M transition, the pol I transcription com
plex is inactivated and the kinase triggers the disassembly of the nucleolus 
as well as the breakdown of the nuclear envelope. The nucleolar subcom-
partments, DFC and GC, are disassembled more rapidly than FC so that 
partially processed pre-rRNAs are released from the nucleolus and associ
ate with processing components. This complex is distributed to the periph
ery of chromosome and cytoplasmic particles (NDF), while most of the 
components of the pol I complex are located in the region of the rDNA se
quences on several chromosomes, referred to as NOR. Such a discrimina
tive distribution is not observed in the pol II or pol HI transcription ma
chinery that is dispersed within the cytoplasm, and has a great advantage in 
terms of the equipartition of nucleolar proteins and the immediate supply 
of ribosomes during the Gl phase. During the formation of the nuclear en
velope in the telophase, the rRNA processing machineries are distributed 
to the PNB from the chromosome periphery. In contrast, a processing 
complex in the NDF is dissociated and transported to the nucleus through 
the newly reassembled nuclear envelope and are eventually incorporated 
into the PNB. rRNA transcription is reactivated by the inactivation of cy-
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clin B-CDKl. The components of the PNB are then recruited to the NOR 
to form the mature nucleolus (Leung et al. 2004). The transfer of protein to 
the NOR is dependent on the rRNA processing rather than rRNA transcrip
tion activity (Verheggen et al. 1998, 2000; Dousset et al. 2000). Another 
interesting discovery is that, even after the reassembly of nucleolus, the 
nucleolus is under the control of CDK throughout the interphase (Sirri et 
al. 2002). This will be a clue to understanding how the nucleolus is main
tained in a cell cycle-dependent manner (Hernandez-Verdun et al. 2003). 

A statistical evaluation shows that the number of FC foci and func
tional nucleoli after mitosis in daughter cells is mutually similar and nearly 
equivalent to that of their mother cell, compared with unrelated cells (Le
ung et al. 2004), raising another interesting unanswered question of how 
the number and distribution of nucleoli are accurately maintained in the 
daughter cell nuclei. NORs may participate in the structural and fiinctional 
preservation of the nucleolar states in daughter cell lineages, since it has 
been shown that several NORs originating from several chromosomes fiise 
with each other to participate in the formation of one nucleolus (Hernan
dez-Verdun et al. 2002). Alternatively, transcriptionally silent heterochro-
matic regions adjacent to rDNA genes, which are bound with Netl and 
Sir2 in yeast, may play crucial roles in the maintenance of nucleolar integ
rity (Carmo-Fonseca et al. 2000). In addition, the fact that global chromo
some positioning is maintained after mitosis (Gerlich et al. 2003; Walter et 
al. 2003) may lead to an understanding of the spatial positioning and the 
number of nucleoli in daughter cells. 
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6.1 Introduction 

The nuclear envelope is the boundary between the nucleus and cytoplasm. 
The nuclear envelope consists of two lipid bilayers, the nuclear lamina and 
nuclear pore complexes (NPCs) (Fig. 1). The transfer of materials between 
the nucleoplasm and cytoplasm is regulated by NPCs. The nuclear envel
ope is also the basis of the nuclear architecture and functions. Inner nuclear 
membrane proteins connect the nuclear lamina and the nuclear membrane 
(Fig. 1). The nuclear envelope provides a platform for chromatin. The par
ticipation of inner nuclear membrane proteins in gene replication and ex
pression has been demonstrated. The nuclear envelope also dynamically 
changes in structure during the cell cycle. In vertebrates, it is disassembled 
in the prometaphase, and reassembled at the transition from the anaphase 
to the telophase. Some control systems for these dynamic changes, i.e., 
microtubule-dynein, Ran-importinp and phosphorylation-
dephosphorylation systems, were partially revealed recently. On the other 
hand, it has become clear that when some proteins supporting such nuclear 
envelope functions are mutated, unexpected diseases, i.e., muscular dys
trophies, familial partial lipodystrophy, cardiomyopathy, progeria, and 
others, are caused. 

6.2 Nuclear {Membrane and Lamina Proteins 

Intrinsic membrane proteins specific to the inner nuclear membrane are 
summarized in Table 1. Many novel proteins were recently found. The 
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nucleoplasm I | lamina tfirJlJlJONM ||cytoplasm 

Fig. 1. Schematic view of the nuclear envelope and chromatin. The inner and 
outer nuclear membranes (INM and ONM) are joined by the NPC. A- and B-type 
lamins are shown as blue and red thick-curved lines, respectively. Selected pro
teins of the inner nuclear membrane and proteins that interact with INM proteins 
in the nuclear interior are shown. The LEM domain and LEM-like domain are 
depicted. The gray circles represent interactions with lamins. Chromatin at the 
nuclear periphery is structurally condensed, since it is mostly transcriptionally si
lent 

development of new visual assay systems contributed to their finding 
(Rolls et al. 1999; Ding et al. 2000). Proteome analysis of the nuclear en-
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velope is also a powerful method for finding novel proteins. Nineteen un
known or uncharacterized proteins were identified in the nuclear envelope 
fraction on proteome analysis (Dreger et al. 2001). Cross-contamination 
by other organelles causes many problems in proteomics. Schirmer im
proved this point, and found 67 uncharacterized open reading frames in a 
liver nuclear membrane fraction (Schirmer et al. 2003). Interestingly, 23 of 
them were mapped within chromosome regions linked to a variety of dys
trophies (Schirmer et al. 2003). 

The major proteins comprising the nuclear lamina are lamins. Ver
tebrates have three major A-type lamin proteins (lamins A, AAIO, and C) 
derived from the LMNA gene, and two major B-type lamins (lamins Bl 
and B2) derived from the LMNBl and LMNB2 genes. All vertebrate cells 
constitutively express at least one B-type lamin, whereas A-types are de-
velopmentally regulated and expressed in differentiated cells. 

Table 1. Properties of intrinsic membrane proteins specific to the inner nuclear 
membrane 

Protein 

LAPIA 

LAPIB 

LAPIC 

LAP2P 

LAP28,6 
,Y 

Poly
pepti
de 
mass 
(kDa) 
75 

68 

57 

50 

38^6 

Lamin 
binding 

A/B 

A/B 

A/B? 

B 

Most 
likely B 

Chro
matin 
binding 

No 

No 

No 

Yes 

Pro
bable 

Other 
binding 
proteins 

BAF, 
GCL, 
HA95 

-

Com
ments 

Splice 
variant of 
LAPIA 
Splice 
variant of 
LAPIA 
LEM 
protein 

Splice 
variants 
of 
LAP2p 

References* 

Senior A 
and Gerace L 
1988 
Senior A 
and Gerace L 
1988 
Martin L et al. 
1995 

Foisner R 
and Gerace L 
1993; 
Furukawa K 
etal. 1995 
Berger R et al. 
1996; 
Harris CA 
etal. 1995 
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Table 1 (continued). 

Protein 

Emerin 

MANl 

Lamin B 
receptor 

Nurim 

Unc-84 

Unc-83 

RFBP 

LUMA 

UNCL 

Nesprinl 
a(Sy-
nelB, 
Mynel) 

Poly
pepti
de 
mass 
(kDa) 

' 29 

82 

70 

29 

125 

118 

126 

45 

27 

112 

La
min 
bin
ding 

" A ^ 

B 

B 

— 

B 

~ 

"-

A 

Chromatin 
binding 

Probable 

Probable 

Yes 

— 

"~ 

~" 

~ 

-

Other 
binding 
proteins 

"BAFT 
GCL, 
YT521-
B, Actin, 
Nesprin 
l a 
BAF, 
Smads 1, 
5 and 8 
Histone 
H3/H4, 
HPl, 
pl8, 
HA95, 
LBR-
kinase 
~ 

Unc-83 

Unc.84 

RUSH 

— 

Emerin, 
Self-
associati
on 

Comments 

LEM pro
tein 

LEM pro
tein 

Sterol C-14 
reductase 
activity 

~" 

— 

"" 

ATPase 

RNA bin
ding 
Spectrin 
repeats, In
terrupted 
LEM do
main 

References* 

Bione S et al. 
1994 

Lin F et al. 
2000 

Woman HJ 
etal. 1990; 
Silve S et al. 
1998 

Rolls MM 
etal. 1999 
Malone CJ 
etal. 1999 
Starr DA 
etal. 2001 
Manshara 
mani M 
etal. 2001 
Dreger M 
etal. 2001 
Fitzgerald J 
et al. 2000 
Apel ED 
et al. 2000; 
Mislow 
JMK et al. 
2002; 
Zhang Q et al. 
2001 
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Table 1 (continued). 

Protein 

Nesprin2 

(Syne2) 

Poly
pepti
de 
mass 
(kDa) 
377 
87 
61 

La- Chromatin 
min binding 
bin
ding 

Other 
binding 
proteins 

Comments 

Spectrin 
repeats 

References* 

Apel ED 
et al. 2000; 
Zhang Q 
etal.2001 

*Most of these references are not included in the references at the end of this 
chapter 

6.3 Dynamics of the Nuclear Envelope 

The major known regulation systems for assembly and disassembly of the 
nuclear envelope are the microtubule-dynein system, Ran-importinp sys
tem, p97 system, and phosphorylation-dephosphorylation system. The mi
crotubule-dynein system functions in the breakdown of the nuclear envel
ope on entering mitosis (Beaudouin et al. 2002; Salina et al. 2002). The 
Ran-importinp system functions in the formation of the nuclear envelope 
on exiting mitosis. The Ran-importinp system indicates the site where nu
clear membrane fusion (Harel et al. 2003) and NPC formation (Walther et 
al. 2003) should occur. Ran-GDP is converted into Ran-GTP by RCCl on 
chromatin, and consequently Ran-GTP exists on or near the surface of 
chromatin at a high concentration. The suppression of nuclear envelope 
formation by importinp is abolished by Ran-GTP, and thereby nuclear 
membrane fusion (Harel et al. 2003) and NPC formation are restricted to 
the surface of chromatin. Nuclear membrane fusion is caused by machiner
ies involving the p97-Ufdl-Npl4 and p97-p47 complexes (Hetzer et al. 
2001). The participation of a multifunctional enzyme, glyceraldehyde-3-
phosphate dehydrogenase, in the nuclear membrane fusion step has also 
been demonstrated with a Xenopus egg extract system (Nakagawa et al. 
2003). 
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The dynamics of the assembly and disassembly of the nuclear en
velope are precisely regulated by the phosphorylation-dephosphorylation 
system. The phosphorylation and dephosphorylation of nuclear membrane 
and nuclear lamina proteins are summarized in Table 2. Most nuclear 
membrane proteins lose their binding ability as to chromatin on specific 
phosphorylation at the beginning of mitosis. A- and B-type lamins are also 
depolymerized and solubilized through phosphorylation (Table 2). Lamin 
B and lamin B receptor (LBR) recover the ability to assemble the nuclear 
lamina and to bind to chromatin through dephosphorylation (Steen et al. 
2000; Table 2). Recruitment of protein phosphatase 1 (PPl) to the inner 
nuclear membrane by AKAP149 and the resulting dephosphorylation of 
lamin B are prerequisites for the lamina formation at the end of the meta-
phase (Steen et al. 2000). PPl is also required to maintain the cell nucleus 
integrity during the interphase (Steen et al. 2003). 

Table 2. Phosphorylation and dephosphorylation of nuclear membrane and lamina 
proteins 

Protein R Sites Reaction 
system 

Nuclear membrane proteins 
LAPIA, 
IB, IC 

LAP2P 

P 

P 

P 

-

T74, 
T159, 
SI 76, 
S179 

Cell-free 

In vivo, 
In vitro 

In vivo 

Enzy
mes 

-

Cell 
cycle 

M 

M,I 

I 

Comments 

-

Inhibition 
of binding 
to lamin 
BI and 
chromo
somes 

References* 

Foisner R 
and Gerace 
L1993 
Foisner R 
and Gerace 
L1993 

Dreger M et 
al. 1999 

R, reaction type; P, phosphorylation; D, dephosphorylation. Sites: S, serine; T, 
threonine. Enzymes: SRPK, SR protein-specific kinase; cdc2, cdc2 kinase; PKA, 
protein kinase A; CaMKII, calmodulin dependent protein kinase 11; PKC, protein 
kinase C; PPl, protein phosphatase 1. Cell cycle: I, interphase; S, synthetic phase; 
M, mitotic phase 
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Table 2 (continued). 

Protein R Sites Reaction Enzy-
system mes 

Nuclear membrane proteins (continued) 
LBR 

Emerin 

AKAP 
149 

P 

P 

P 

D 

P 

P 

S76, 
S78, 
S80, 
S82, 
S84 
S71, 
S76, 
S78, 
S80, 
S82, 
S84 
S71 

S71 

— 

S 

In vivo SRPK 

In vivo SRPK, 
cdc2 

Cell-free cdc2 

Cell-free PPl 

In vivo -

In vivo -

Cell 
cycle 

I 

M 

M 

I 

I/S/M 

S 

Comments 

Suppressi
on of bin
ding to 
chromatin 
Recovery 
of binding 
to chroma
tin 

Dissociati
on of PPl 

References* 

Nikolakaki 
Eetal . 1997 

Nikolakaki 
Eetal . 1997 

Takano M 
et al. 2004 

Ito H et al. 
in 
preparation 

Ellis JA 
etal. 1998 
Steen RL 
et al. 2003 

R, reaction type; P, phosphorylation; D, dephosphorylation. Sites: S, serine; T, 
threonine. Enzymes: SRPK, SR protein-specific kinase; cdc2, cdc2 kinase; PKA, 
protein kinase A; CaMKII, calmodulin dependent protein kinase II; PKC, protein 
kinase C; PPl, protein phosphatase 1. Cell cycle: I, interphase; S, synthetic phase; 
M, mitotic phase 
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Table 2 (continued). 

Protein 

Lam ins 
Lam in B 

Lam in 
A/C 

Lam in C 

R 

D 

P 

P 

P 

P 

P 

P 

P 

P 

Sites 

-

-

S395, 
S405 

S23 

S405 

-

S395, 
S405 

S22, 
S392 

S22, 
S404, 
S406( 
?) 

S22, 
S392, 
S404, 
S406( 

J} 

Reaction 
system 

Cell-free 

Cell-free 

In vitro 

In vitro 

In vivo 

In vivo 

In vitro 

In vitro 

Cell-free 

Cell-free 

En
zymes 

PPl 

PKC 

PKCpiI 

cdc2 

PKCpII 

PKC 

Cell 
cycle 

I 

I 

-
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References* 

Thompson 
LJ et al. 
1997 

Collas P et 
al. 1997 

Goss VL et 
al. 1994 

Goss VL et 
al. 1994 

Goss VL et 
al. 1994 

Hocevar BA 
etal. 1993 

Hocevar BA 
etal. 1993 

Heald R and 
Mckeon F 
1990 

WardGE 
and Kirsch-
nerMW 
1990 

Ward GE 
and Kirsch-
ner MW 
1990 

R, reaction type; P, phosphorylation; D, dephosphorylation. Sites: S, serine; T, 
threonine. Enzymes: SRPK, SR protein-specific kinase; cdc2, cdc2 kinase; PKA, 
protein kinase A; CaMKII, calmodulin dependent protein kinase II; PKC, protein 
kinase C; PPl, protein phosphatase 1. Cell cycle: I, interphase; S, synthetic phase; 
M, mitotic phase 
*Most of these references are not included in the references at the end of this chap
ter 
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6.4 Roles of Intrinsic Nuclear Membrane Proteins and 
Lamins 

The major roles of intrinsic inner nuclear membrane proteins and lamins 
are classified into three groups, i.e., roles regarding the nuclear architec
ture, roles as systems for the assembly and disassembly of nuclear envel
ope during the cell cycle, and roles as regulation systems for chromatin 
function. In this section, the roles of selected nuclear envelope proteins are 
summarized. 

Lamina-Associated Polypeptide 2fi 

Lamina-associated polypeptide 2p (LAP2P) binds to lamin B, barrier-to-
autointegration factor (BAF) (Furukawa 1999), and HA95 (Martins et al. 
2003b). LAP2p belongs to the "LEM domain" family, which mediates di
rect binding to BAF. BAF is known to play crucial roles in cell cycle pro
gression and nuclear organization in Drosophila (Furukawa et al. 2003). 
The association of LAP2P with HA95 is regulated by PKA (Martins et al. 
2003a), and disruption of this association prevents the initiation step, but 
not the elongation step, of DNA replication (Martins et al. 2003b). These 
observations suggested that the binding of LAP2P to chromatin through 
HA95 is important for initiation of DNA replication. In addition, it has al
so been shown that LAP2p interacts with a transcriptional repressor, germ 
cell-less (GCL), in the interphase nucleus and thereby mediates transcrip
tional repression (Nili et al. 2001). The roles of LAP2P in membrane-
chromatin attachment, lamina assembly, and nuclear envelope formation 
have also been demonstrated using a Xenopus egg extract system with 
truncated LAP2p proteins (Gant et al. 1999). 

Emerin 

Emerin binds to lamins A and B, BAF, and a transcriptional repressor, 
GCL (Holaska et al. 2003). Emerin belongs to the "LEM domain" family. 
BAF competes with GCL as to binding to emerin in vitro (Holaska et al. 
2003). Further emerin-binding proteins were searched for recently by 
means of a yeast two-hybrid method in human heart and HeLa cell cDNA 
libraries, a splicing factor, YT521-B, a transcription factor, vav-1, and a 
death-promoting transcriptional repressor, Btf, being found (Wilkinson et 
al. 2003; T. Haraguchi, personal communication). Emerin bound YT521-B 
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at the same site as that for GCL in vitro and the binding inhibited YT521-
B-dependent splice site selection in vivo. These results suggested that 
emerin participates in the regulation of transcription and splicing. 

MAN1 

MANl of Caenorhabditis elegans is known to interact directly with B-
type lamin and BAF in vitro like emerin in the N-terminal region (Liu et 
al. 2003). MANl is a LEM domain protein, and at least one of its functions 
overlap those of emerin in C. elegans (Liu et al. 2003). On the other hand, 
MANl was recently identified as a neutralizing factor in Xenopus embryos 
(Osada et al. 2003). The neutralizing and bone morphogenetic protein 
(BMP)-antagonizing activities of MANl reside in the C-terminal region, 
and the C-terminal region binds to Smadl, SmadS, and SmadS, which are 
intracellular mediators of the BMP pathway (Osada et al. 2003). Thus, 
MANl acts as a Smad-interacting protein that antagonizes BMP signaling 
during Xenopus embryogenesis. 

LBR 

LBR provides an anchorage site in the nuclear envelope for chromatin in 
interphase cells (Pyrpasopoulou et al. 1996). LBR is also suggested to 
function in the membrane targeting to chromatin on exiting mitosis (Collas 
et al. 1996). LBR has been shown to bind directly to the DNA part of 
chromatin (Duband-Gouleta and Courvalin 2000, Takano et al. 2002, Ta-
kano et al. 2004), HPl (Ye et al. 1997), and histone H3/H4 complexes in
cluding HPl (Polioudaki et al. 2001) by in vitro experiments. The binding 
to HPl was also confirmed in vivo by means of a yeast two-hybrid method 
(Ye et al. 1997). LBR seems to be important for maintenance of the nu
clear architecture because nuclear abnormalities in the karyotype of neu
trophils are caused by LBR deficiency (see below; Hoffmann et al. 2002). 
LBR exhibits 3 P-hydroxysterol A '̂̂ -reductase activity and thereby contrib
utes to sterol metabolism (Silve et al. 1998; Waterham et al. 2003). 

Lamins 

The lamins are the major structural components of the nuclear lamina 
(Gruenbaum et al. 2003; Hutchison 2002). In cells that do not exhibit A-
type lamin expression, highly elongated or irregularly shaped nuclei with 
herniation of the nuclear membrane are often observed (Sullivan et al. 
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1999). These observations are consistent with the idea that the lamina 
provides strength and support for the nuclear membrane. The lamina plays 
an important role in anchoring the elements of the nuclear membrane in 
their correct positions. Other than these structural functions of lamins, it is 
widely accepted that lamins play roles in the regulation of gene expression 
and replication. When lamin B3 was depleted from Xenopus egg extracts 
with specific antibodies, small nuclei that failed to show initiation of DNA 
replication were assembled, and readdition of purified lamin B3 restored 
the DNA replication activity (Goldberg et al. 1995). On the other hand, 
when dominant-negative lamin mutants were added to assembled nuclei in 
a Xenopus egg extract to disrupt the lamin organization, the elongation 
step but not the initiation step of DNA replication was prevented (Moir et 
al. 2000). Both studies suggest the direct participation of lamins in DNA 
replication, although their precise roles are not yet clear. In both somatic 
cells and transcriptionally active Xenopus embryonic nuclei, disruption of 
the lamina by dominant negative mutants inhibits RNA polymerase II ac
tivity, which provides direct evidence of the involvement of lamins in tran
scription (Spann et al. 2002). A-type lamins have also been reported to be 
colocalized with RNA splicing-factor speckles in interphase cells (Ja-
gatheesan et al. 1999). A-type lamins might also support nuclear compart
ments containing proteins involved in RNA splicing. 

6.5 Nuclear Envelope and Genetic Diseases 

Considerable interest has been focused on the nuclear envelope in recent 
years following the realization that several human diseases are linked to 
defects in genes encoding nuclear envelope-specific proteins, i.e., A-type 
lamins, emerin, LBR, and ALADIN. These diseases, described collectively 
as the "nuclear envelopathies," are summarized in Table 3. Studies on the 
molecular and cellular mechanisms underlying these diseases have only 
just started. 
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Table 3. The nuclear envelopathies 

Disease Type of mutation Principal phenoty-
pes 

References* 

A-type lamins 
Autosomal-
dominant Eme-
ry-Dreifuss 
muscular 
dystrophy 
(EDMD2) 

Autosomal-
recessive Eme-
ry-Dreifliss 
muscular 
dystrophy 
(EDMD3) 
Limb-girdle 
muscular 
dystrophy type 
1 (LGMDIB) 
Dilated cardio
myopathy with 
conduction 
system defect 
(CMDIA) 

Dilated cardio
myopathy with 
conduction 
system defect 
(CMDIA) 

Dunnigan-type 
familial partial 
lipodystrophy 
(FPLD) 

Throughout the co
ding sequence. Inc
ludes amino-acid 
substitutions, codon 
deletions, frames-
hifts, and premature 
stop codons 
A single homozy
gous mutation at 
C664T, causing a-
mino-acid substitu
tion H222Y 

Amino-acid substi
tution, codon dele
tion and splice do
nor mutations 
Throughout the co
ding sequence. Inc
ludes amino-acid 
substitutions, fra-
meshifts, and pre
mature stop codons 
Throughout the co
ding sequence. Inc
ludes amino-acid 
substitutions, fra-
meshifts, and pre
mature stop codons 
Majority of missen-
se mutations cluste
red in exon 8 with a 
few mutations in 
exon 11 

Early contractures 
of tendons, slowly 
progressive muscle 
weakness, and car
diac conduction de
fects 

Early contractures 
of tendons, slowly 
progressive muscle 
weakness, and car
diac conduction de
fects 
Progressive pelvic 
girdle weakness 
but sparing of the 
lower leg muscles 
Impaired systolic 
function and 
ventricular dilation. 
Variable skeletal 
muscle involve
ment 
Impaired systolic 
function and 
ventricular dilation. 
Variable skeletal 
muscle involve
ment 
Loss of subcutane
ous fat in the limb 
and trunk with ex
cessive fat accumu
lation around the 
neck 

Bonne G et al. 
2000; Genschl J 
and Schmidt HH 
2000: Brown CA 
etal.2001 

Raffaele di Bar-
letta M et al. 
2000 

Murchir A et al. 
2000; Kitaguchi 
T etal.2001 

Brodsky GL et 
al. 2000 

Brodsky GL et 
al. 2000 

Cao H et al. 
2000; Shackleton 
S et al. 2000 
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Table 3 (continued). 

Disease 

A-type lam ins 
Charcot-Marie-
Tooth neuro
pathy type 2B1 
(CMT2B1) 

Hutchison-
Gilford progeria 
syndrome 
(HGP) 

Emerin 
X-linked Eme-
ry-Dreifiiss 
muscular 
dystrophy (X-
EDMD) 

LBR 
Autosomal do
minant Pelger-
Huet anomaly 
(PHA) 
Autosomal re
cessive 
HEM/Greenber 
g skeletal 
dysplasia 
ALADIN 
Autosomal re
cessive Triple A 
syndrome 

Type of mutation 

A homozygous re
cessive mutation at 
R298C in the rod 
domain 

Point mutation in 
exons 2 and 11. In
correct splicing ge
nerates a shorter 
product 

Throughout the co
ding sequence. Inc
ludes frameshift and 
missense mutations. 
and premature stop 
codons 

Splice donor and 
acceptor mutations, 
frameshifts, and 
nonsense mutations 
Substitution in exon 
13 results in a trun
cated LBR protein 

Throughout the ge
ne. Nonsense, fra
meshifts, and spli
ce-site mutations 

Principal phenoty-
_J>5S 

Reduced axon den
sity, demyelinated 
axons, and wasting 
of the peripheral 
muscles 
Accelerated aging. 
including shortened 
stature, craniofacial 
disproportion, alo
pecia, and osteopo-
IVJOld 

Early contractures 
of tendons, slowly 
progressive muscle 
weakness, and car
diac conduction de
fects 

Abnormal nuclear 
shape and chroma
tin organization in 
blood granulocytes 
Chondrodystrophy 
with a lethal course 

Adrenal insuffi
ciency, achalasia. 
and alacrima 

References* 

De Sandre-
Giovannoli A et 
al. 2002 

Eriksson M et al. 
2003; De Sandre-
Giovannoli A et 
al. 2003 

Bione S et al. 
1994 

Hoffmann K et 
al. 2002; Best S 
et al. 2003 

Waterham HR et 
al. 2003 

TuUio-Pelet A et 
al. 2000 

*Most of these references are not included in the references at the end of this 
chapter 
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A-Type Lamins 

Mutations of the A-type lamin gene, LMNA, cause as many as seven dis
eases (Table 3). How do mutations in the lamin gene promote these par
ticular disease phenotypes, and why do certain mutations can give rise to 
tissue-specific effects? To explain these phenotypes and tissue 
specificities, several hypotheses have been put forward. The "structural 
hypothesis" proposes that mutations weaken the lamina structure, and 
thereby lead to fragility of the nuclear envelope and its breakage in pa
tients. The "gene-expression hypothesis" proposes that the tissue-specific 
changes in gene expression that are associated with some mutations pro
mote disease. 

More than 30 mutations in the LMNA gene have been identified in 
patients with autosomal dominant Emery-Dreifiiss muscular dystrophy 
(EDMD2) (Krimm et al. 2002). EDMD2 mutations are distributed 
throughout the gene, including both the amino- and carboxy-terminal 
globular domains, and the central rod domain, with no clear correlation be
tween the site of the mutation and the severity of the disease. EDMD3 is 
called autosomal-recessive Emery-Dreifuss muscular dystrophy and the 
only mutation identified is H222Y. These and other observations on 
EDMD seem consistent with the structural hypothesis. There has also been 
an interesting report on the phenotypical variability and tissue specificity 
among cardiac and muscular disorders. In one family, one member was 
classified as having dilated cardiomyopathy (CMDIA) and one as having 
EDMD2, and two displayed symptoms of limb-girdle muscular dystrophy 
(LGMDIB) (Brodsky et al. 2000). This strongly supports that the pheno
typical variability among EDMD2, LGMDIB and CMDIA is due to the 
influence of environmental factors rather than modified genes. 

In contrast to those in individuals with cardiac and skeletal muscu
lar diseases, mutations in familial partial lipodystrophy (FPLD) are local
ized mostly in exon 8, particularly at codons 482 and 486, with a few mu
tations in exons 1 and 11 (Ostlund and Worman 2003). Recently, the three-
dimensional (3D) structure of the C-terminal domain of lamin A/C, which 
is mutated in muscular dystrophies, cardiomyopathy and partial lipodys
trophy, was determined by nuclear magnetic resonance (Krimm et al. 
2002). In the 3D structure, most mutations associated with muscular dys
trophies involve buried residues in the core. These mutations may destabi
lize the structure of the entire carboxyl-terminal tails of lamins A and C. 
Actually, studies on one lamin mutation in EDMD2, R453W, showed that 
its higher-order structure is less stable than that of the wild-type or mutants 
R482Q and R482W, which cause FPLD (Krimm et al. 2002). In contrast, 
FPLD-associated mutations are clustered within a small surface region and 
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lead to a decrease in positive surface charge. These findings suggest that 
these mutations may disturb the interaction between A-type lamins and a 
specific binding partner. Recently this partner was searched for by means 
of yeast two-hybrid screening, an adipocyte differentiation factor, i.e., 
sterol response element binding protein 1 (SREBPl), being found (Lloyd 
et al. 2002). The binding of SREBPl to lamin A was noticeably reduced 
by FPLD mutations (Lloyd et al. 2002). Whilst the physiological relevance 
of this interaction has yet to be elucidated, these results are consistent with 
the gene-expression hypothesis. Muscular dystrophy and FPLD, which are 
caused by mutations of the A-type lamin gene, may be partially explained 
by the "structural hypothesis" and "gene-expression hypothesis," respec
tively. 

The mutations that cause Hutchison-Gilford progeria syndrome 
(HGP) are localized mostly in exon 11, with a few in exon 2, of LMNA, 
particularly at codon 608 (Eriksson et al. 2003; De Sandre-Giovannoli et 
al. 2003). These mutations in HGP cause incorrect splicing, which gener
ates shorter products. 

Emerin 

The emerin gene, STA, was found to be the gene responsible for X-linked 
Emery-Dreifuss muscular dystrophy (X-EDMD) (Bione et al. 1994). More 
than 90 mutations in the STA gene have been identified in subjects with X-
EDMD, and it was found that the mutations are distributed throughout the 
gene. To determine whether or not the mutations cause instability of the 
nuclear envelope, lamin solubility and distribution were examined. It was 
found that all lamin subtypes exhibited increased solubility in fibroblasts 
from X-EDMD patients compared to in normal individuals, and that lamin 
C became redistributed from the nuclear lamina to the nucleoplasm in X-
EDMD fibroblasts (Markiewicz et al. 2002). Another study involving cells 
expressing a X-EDMD emerin mutant, Del236-241 (a deletion in the 
transmembrane domain and the protein mainly localized to the cytoplasm), 
showed that the mutant emerin affects the endogenous lamin A/C distribu
tion and the cell cycle length (Fairley et al. 2002). These results suggested 
that the mutations in X-EDMD cause instability of the nuclear envelope. 
However, as mentioned above, the binding of GCL, Btf, YT521-B, and 
other proteins to emerin is known. To clarify the molecular and cellular 
mechanisms in X-EDMD, further studies are necessary. 
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LBR 

Mutations in the LBR gene cause the Pelger-Huet anomaly (Hoffmann et 
al. 2002). The Pelger-Huet anomaly (PHA) is an autosomal dominant dis
order characterized by an abnormal nuclear shape and chromatin organiza
tion in blood granulocytes. Affected individuals show hypolobulated neu
trophil nuclei with coarse chromatin. These phenotypes suggest that LBR 
is responsible for the nuclear shape and chromatin organization. Eleven 
different LBR mutations have been identified, and it has been shown that 
these mutations occur throughout the gene, and involve both the trans
membrane and nucleoplasmic domains (Hoffmann et al. 2002: Best et al. 
2003). The wide range of LBR mutations underlying the remarkable con
stant phenotype suggest that the Pelger-Huet anomaly is essentially a 
quantitative defect, and that the nuclear hypolobulation occurs because of 
the reduced level of LBR protein in the inner nuclear membrane (Best et 
al. 2003). 

A recent study has shown that a homozygous mutation in the LBR 
gene causes hydrops-ectopic calcification-"moth-eaten" (HEM) or Green-
berg skeletal dysplasia (Waterham et al. 2003). HEM is an autosomal re
cessive chondrodystrophy with a lethal course, characterized by fetal hy
drops, short limbs, and abnormal chondro-osseous calcification. The 
concentration of cholesta-8,14-dien-3p-ol, which is a substrate of LBR, in 
cultured skin fibroblasts of an 18-week-old fetus with HEM was deter
mined, an elevated level of the sterol compatible with a deficiency of 3p-
hydroxysterol A '̂̂ -reductase being observed (Waterham et al. 2003). Most 
disorders in HEM could be attributed to the enzymatic defect of LBR in 
the cholesterol biosynthesis pathway (Waterham et al. 2003). 

Presumed homozygous individuals with the Pelger-Huet anomaly 
have ovoid neutrophil nuclei, as well as varying degrees of developmental 
delay, epilepsy, and skeletal abnormalities (Hofftnann et al. 2002). HEM 
and homozygous PHA can be considered as allelic disorders that exhibit a 
wide clinical spectrum, with nonviable fetuses with HEM representing the 
severe end and minor limb defects representing the mild end of the spec
trum. 

ALADIN 

ALADIN is a component of the NPC and is localized to the cytoplasmic 
surface of the complex (Cronshaw and Matunis 2003). The protein belongs 
to the WD-repeat family of regulatory proteins. Mutations of the protein 
cause the Triple A syndrome. The triple A syndrome is a human autosomal 
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recessive disorder characterized by adrenal insufficiency, achalasia and 
alacrima. Mutations in Triple A syndrome individuals are spread through
out the ALADIN gene. With a variety of disease-associated mutations in 
the ALADIN gene, the mutant proteins fail to be localized to NPC. Micro
scopic analysis of cells from a patient suggested that defects in NPC func
tion, rather than structure, give rise to the Triple A syndrome (Cronshaw 
and Matunis 2003). ALADIN may play a cell type-specific role in the 
regulation of nucleocytoplasmic transport, and this function is essential for 
proper maintenance and/or development of certain tissues (Cronshaw and 
Matunis 2003). 

6.6 Perspectives 

During the last few years, many novel nuclear envelope proteins have been 
reported and many inherited diseases have been found to be related to 
specific nuclear envelope proteins. However, the identification and charac
terization of further novel nuclear membrane proteins by means of pro-
teomic analysis (Schirmer et al. 2003) and other methods are indispensable 
for elucidation of the function of the nuclear envelope and the pathogenic 
mechanisms of nuclear envelopathies. To understand the dynamics of nu
clear envelope assembly/disassembly, further studies on 
kinase/phosphatase systems, especially phosphatase systems, regulating 
the dynamics are important. Inherited diseases, i.e., "nuclear envelo
pathies," offer unique opportunities to define the functions of nuclear en
velope proteins in normal cells, and an opportunity to understand how de
fects in nuclear envelope function contribute to disease pathogenesis. 
cDNA microarray analysis (Tsukahara et al. 2002), and proteome analysis 
of nuclear envelope proteins of normal and disease individuals could 
provide new information for understanding the diseases. In the future, 
studies involving knockout or mutated animals (De Sandre-Giovannoli et 
al. 2002; Mounkes et al. 2003) could provide further valuable information 
for elucidation of the mechanisms underlying these diseases, and pave the 
way for the development of novel treatment strategies. 

References 

Beaudouin J, Gerlich D, Daigle N, Eils R, EUenberg J (2002) Nuclear envelope 
breakdown proceeds by microtubule-induced tearing of the lamina. Cell 
108:83-96 



140 T. Horigome et al 

Best S, Salvati F, Kallo J, Gamer C, Height S, Thein SL, Rees DC (2003) Lamin 
B-receptor mutations in Pelger-Huet anomaly. Br J Haematol 123:542-544 

Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, Toniolo D (1994) 
Identification of a novel X-linked gene responsible for Emery-Dreifiiss mus
cular dystrophy. Nat Genet 8:323-327 

Brodsky GL, Muntoni F, Miocic S, Sinagra G, Sewry C, Mestroni L (2000) Lamin 
A/C gene mutation associated with dilated cardiomyopathy with variable 
skeletal muscle involvement. Circulation 101:473-476 

Collas P, Courvalin J-C, Poccia D (1996) Targeting of membranes to sea urchin 
sperm chromatin is mediated by a lamin B receptor-like integral membrane 
protein. J Cell Biol 135:1715-1725 

Cronshaw JM, Matunis MJ (2003) The nuclear pore complex protein ALADIN is 
mislocalized in triple A syndrome. Proc Natl Acad Sci USA 100:5823-5827 

De Sandre-Giovannoli A, Chaouch M, Kozlov S, Vallat JM, Tazir M, Kassouri N, 
Szepetowski P, Hammadouche T, Vandenberghe A, Stewart CL, Grid D, 
Levy N (2002) Homozygous defects in LMNA, encoding lamin A/C nuclear-
envelope proteins, cause autosomal recessive axonal neuropathy in human 
(Charcot-Marie-Tooth disorder type 2) and mouse. Am J Hum Genet 70:726-
736 

De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, 
Lyonnet S, Stewart CL, Munnich A, Le Merrer M, Levy N (2003) Lamin A 
truncation in Hutchinson-Gilfold progeria. Science 300:2055 

Ding D-Q, Tomita Y, Yamamoto A, Chikashige Y, Haraguchi T, Hiraoka Y 
(2000) Large-scale screening of intracellular protein localization in living fis
sion yeast cells by the use of a GFP-fusion genomic DNA library. Gene Cell 
5:169-190 

Dreger M, Bengtsson L, Schoneberg T, Otto H, Hucho F (2001) Nuclear envelope 
proteomics: Novel integral membrane proteins of the inner nuclear membrane. 
Proc Natl Acad Sci USA 98:11943-11948 

Duband-Goulet I, Courvalin J-C (2000) Inner nuclear membrane protein LBR 
preferentially interacts with DNA secondary structures and nucleosomal 
linker. Biochemistry 39:6483-6488 

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR, 
Robbins CM, Moses TY, Berglund P, Dutra A, Pak E, Durkin S, Csoka AB, 
Boehnke M, Glover TW, Collins FS (2003) Recurrent de novo point muta
tions in lamin A cause Hutchinson-Gilford progeria syndrome. Nature 
423:293-298 

Fairley EA, Riddell A, Ellis JA, Kendrick-Jones J (2002) The cell cycle dependent 
mis localisation of emerin may contribute to the Emery-Dreifliss muscular dys
trophy phenotype. J Cell Sci 115:341-354 

Furukawa K (1999) LAP2 binding protein 1 (L2BP1/BAF) is a candidate mediator 
of LAP2-chromatin interaction. J Cell Sci 112:2485-2492 

Furukawa K, Sugiyama S, Osouda S, Goto H, Inagaki M, Horigome T, Omata S, 
McConnell M, Fisher PA, Nishida Y (2003) Barrier-to-auto integration factor 
plays crucial roles in cell cycle progression and nuclear organization in Dro-
sophila. J Cell Sci 116, 3811-3823 



6. Roles and Diseases of the Nuclear Envelope: 141 

Gant TM, Harris CA, Wilson KL (1999) Roles of LAP2 proteins in nuclear as
sembly and DNA replication: truncated LAP2p proteins alter lamina assem
bly, envelope formation, nuclear size, and DNA replication efficiency in 
Xenopus laevis extracts. J Cell Biol 144:1083-1096 

Goldberg M, Jenkins H, Allen T, Whitfield WGF, Hutchison CJ (1995) Xenopus 
lamin B3 has a direct role in the assembly of a replication competent nucleus: 
evidence from cell-free egg extracts. J Cell Sci 108:3451-3461 

Gruenbaum Y, Goldman RD, Meyuhas R, Mills E, Margalit A, Fridkin A, Dayani 
Y, Prokocimer M, Enosh A (2003) The nuclear lamina and its functions in the 
nucleus. International Rev Cytol 226:1-62 

Harel A, Chan RC, Lachish-Zalait A, Zimmenman E, Elbaum M, Forbes DJ 
(2003) Importin p negatively regulates nuclear membrane fusion and nuclear 
pore complex assembly. Mol Biol Cell 14:4387-4396 

Hetzer M, Meyer HH, Walther TC, Bilbao-Cortes D, Warren G, Mattaj IW (2001) 
Distinct AAA-ATPase p97 complexes function in discrete steps of nuclear as
sembly. Nat Cell Biol 3:1086-1091 

Hoffmann K, et al (2002) Mutations in the gene encoding the lamin B receptor 
produce an altered nuclear morphology in granulocytes (Pelger-Huet anom
aly). Nat Genet 31:410-414 

Holaska JM, Lee KK, Kowalski AK, Wilson KL (2003) Transcriptional repressor 
germ cell-less (GCL) and barrier to autointegration factor (BAF) compete for 
binding to emerin in vitro. J Biol Chem 278:6969-6975 

Hutchison CJ (2002) Lamins: building blocks or regulators of gene expression? 
Nat Rev Mol Cell Biol 3:848-858 

Jagatheesan G, Thanumalayan S, Muralikrishna B, Rangaraj N, Karande AA, Par-
naik VK (1999) Co localization of intranuclear lamin foci with RNA splicing 
factors. J Cell Sci 112:4651-4661 

Krimm I, Ostlund C, Gilquin B, Couprie J, Hossenlopp P, Momon J-P, Bonne G, 
Courvalin J-C, Worman HJ, Zinn-Justin S (2002) The Ig-like structure of the 
C-terminal domain of lamin A/C, mutated in muscular dystrophies, cardiomy
opathy, and partial lipodystrophy. Structure 10:811-823 

Liu J, Lee KK, Segura-Totten M, Neufeld E, Wilson KL, Gruenbaum Y (2003) 
MANl and emerin have overlapping function(s) essential for chromosome 
segregation and cell division in Caenorhabditis elegans. Proc Natl Acad Sci 
USA 100:4598-4603 

Lloyd DJ, Trembath RC, Shackleton S (2002) A novel interaction between lamin 
A and SREBPl: implications for partial lipodystrophy and other 
laminopathies. Human Mol Genet 11:769-777 

Markiewicz E, Venables R, Mauricio-Alvarez-Reyes, Quinlan R, Dorobek M, 
Hausmanowa-Petrucewicz I, Hutchison C (2002) Increased solubility of 
lamins and redistribution of lamin C in X-linked Emery-Dreifuss muscular 
dystrophy fibroblasts. J Struct Biol 140:241-253 

Martins SB, Marstad A, Collas P (2003a) In vitro modulation of the interaction 
between HA95 and LAP2P by cAMP signaling. Biochemistry 42:10456-
10461 



142 T. Horigome et al 

Martins S, Eikvar S, Furukawa K, Collas P (2003b) HA95 and LAP2p mediate a 
novel chromatin-nuclear envelope interaction implicated in initiation of DNA 
replication. J Cell Biol 160:177-188 

Moir RD, Spann TP, Herrmann H, Goldman RD (2000) Disruption of nuclear 
lamin organization blocks the elongation phase of DNA replication. J Cell 
Biol 149:1179-1191 

Mounkes LC, Kozlov S, Hernandez L, Sullivan T, Stew ârt CL (2003) A progeroid 
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7.1 Eukaryotic Gene Regulation: Three Major Stages and 
Three Main Types of Gene Selectors 

Gene expression is the process whereby DNA sequence information is 
converted into a functional transmitter or player, namely, mRNA, and then 
a major functional player, namely, protein. Transcription is the first step in 
gene expression. Since the temporal and spatial regulation of gene expres
sion define cellular identity, transcription is the most critical and funda
mental step in the cellular fimctions of a gene. We have classified tran
scriptional regulation into three fiinctional stages on the basis of the 
complexity of the DNA structures involved. The first level concerns the 
activation/inactivation of promoters on naked DNA, the second level en
tails activation/inactivation of nucleosomes, while the third level involves 
the activation/inactivation of chromosomal regions (Fig. 1). We denote the 
components that determine which genes are activated or repressed at each 
of these levels as "gene selectors." We have categorized the gene selectors 
into three main groups, namely, DNA-binding proteins, histones (non
specific DNA-binding proteins), and histone-binding proteins. These three 
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types of gene selectors work in cooperation to select the genes that are to 
be expressed (Fig. 2). 

Three stages 
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Fig. 1. Three stages of eukaryotic gene expression. Eukaryotic gene regulation can 
be classified into three functional stages. The first level is the activa-
tion/inactivation of promoters on naked DNA. The main factors involved at this 
stage are DNA and DNA-binding proteins. The second level concerns activa-
tion/inactivation of nucleosomes. Nucleosomal factors regulate the activities of 
DNA-binding proteins. The third level entails the activation/inactivation of chro
mosomal regions. At this level, chromatin factors are further involved in gene 
regulation. Three representative concepts are shown according to each stage. 
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Fig. 2. Three main types of gene selectors. We denote the factors that determine 
which genes are activated or repressed as gene selectors. Gene selectors can be 
categorized into three main groups: DNA-binding proteins, histones, and histone-
binding proteins. 

Since the structure of DNA in eukaryotes is complex, the regulation of eu-
karyotic transcription initiation is more complicated and sophisticated than 
that of bacterial transcription (Cold Spring Harbor Laboratory 1999). 
However, the process of transcription itself on the naked DNA is basically 
the same in both prokaryotes and eukaryotes, as both require RNA polym
erase and additional transcription initiation factors (Cold Spring Harbor 
Laboratory 1999). Nevertheless, there are differences in the molecules or 
machinery architecture employed by each case: eukaryotes have three 
RNA polymerases (pol I, II, and III) and several initiation factors called 
general transcription factors (GTFs) whereas bacteria have only one RNA 
polymerase and one initiation factor (Roeder and Rutter 1969; Matsui et al. 
1980; Roeder 2003). Pol II and the GTFs (TFIIA, TFIIB, TFIID, TFIIE, 
TFIIF, and TFIIH) are believed to regulate the basal level of mRNA ex
pression (Roeder 2003). To regulate the level of transcription initiation in 
response to various biological phenomena, additional regulatory transcrip
tional regulatory proteins that act on DNA directly and indirectly are re
quired (Chambon 2004). We denote this stage as "the activa-



148 S. Muto and M. Horikoshi 

tion/inactivation of promoter stage." This stage, which determines the fre
quency of transcription initiation, involves the interaction of DNA-binding 
proteins with specific DNA elements (promoters) followed by the assem
bly of transcription machineries onto the DNA near the transcription initia
tion site through the interaction with these DNA-binding proteins (Horiko
shi et al. 1988a,b; Hai et al. 1988). Thus, gene selectors like the DNA-
binding proteins modulate transcription initiation at this stage. 

The majority of eukaryotic DNA is packaged into nucleosomes, 
which are composed of four different basic proteins called core histones 
and the DNA that wraps around them (Komberg 1974; Luger et al. 1997). 
This nucleosome structure is generally thought to inhibit DNA-binding 
proteins (activators/repressors) and transcription machineries from access
ing the DNA (Workman and Roeder 1987). Consequently, modulation of 
nucleosome structure that allows these factors to associate with particular 
nucleosomal DNA regions is critical for the activation/inactivation of 
specific genes (Workman and Kingston 1998). The modulation of nu
cleosome structure involves three distinct processes: (i) assem
bly/disassembly of the nucleosome by histone chaperones (Laskey et al. 
1978), (ii) sliding or transfer of the nucleosome by nucleosome remodeling 
complexes (Tsukiyama et al. 1994; Cote et al. 1998; Peterson and Tamkun 
1995), and (iii) alteration of nucleosome accessibility to chromatin-related 
factors due to the modification of histones by histone-modifying enzymes 
(Brownell et al. 1996; Taunton et al. 1996). The three different chromatin-
related factors involved in modulating nucleosome structure (i.e. histone 
chaperones, nucleosome remodeling complexes, and histone-modifying 
enzymes) are now known to act in collaboration with each other (Wolffe 
1998; Tyler 2002). We denote this stage as "the activation/inactivation of 
nucleosomes stage." Thus, gene selectors like the histones and various 
chromatin-related factors control transcription initiation through the re
modeling of the nucleosome structure at this stage. 

Finally, the third stage is "the activation/inactivation of chromo
somal regions stage." Cytologically, the eukaryotic genomes can be 
roughly divided into euchromatin and heterochromatin (Turner 2001; 
Grewal and Elgin 2002). Heterochromatin was originally defined as being 
the portion of the genome that remains condensed when the cell transits 
from metaphase to interphase. Generally, telomeres, centromeres, HM loci, 
and rDNA loci are considered to be the heterochromatin regions in yeast 
(Grunstein 1998; Kimura and Horikoshi 2004). Higher eukaryotes also 
bear many additional heterochromatin regions. There have been two im
portant findings indicating that there is a link between the formation of 
heterochromatin structure and the inactivation of genes. First, in Droso-
phila, it was observed that clonally inherited silencing followed chromo-
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some rearrangements with one breakpoint within the heterochromatin (this 
is known as position effect variegation [PEV]) (Schotta et al. 2003). Sec
ond, X-chromosome inactivation results in one X chromosome becoming 
the Barr body, which is essentially a heterochromatin aggregate (Chadwick 
and Willard 2003). While the choice of which X chromosome to inactivate 
appears to be random in most mammalian species, the decision is clonally 
inherited (Latham 2005). How are the boundaries between heterochromat
in domains and euchromatin domains established? Two major models have 
been proposed. One of the prevailing models involves insulator activity 
(West et al. 2002). In this model, specific DNA elements called insulators 
control activators by inhibiting the spread of chromatin modifications or 
by acting as DNA markers that bind to perinuclear substrates by forming 
loops. In other words, an insulator acts as a wall and blocks the effects of 
activators or repressors, thereby defining the boundaries between hetero
chromatin and euchromatin. Recently, however, we advocated a rather dif
ferent model, namely, the "negotiable border model" (Kimura et al. 2002; 
Kimura and Horikoshi 2004). In this model, the boundaries between inac
tive chromosomal regions (silenced regions) and active chromosomal re
gions (nonsilenced regions) are decided by the balance between two op
posing histone modifications. This model therefore postulates that the 
boundary is flexible and negotiable rather than fixed. 

In this chapter, we will focus only on the mRNA-synthesizing ini
tiation reaction in eukaryotes. Thus, bacterial or archaeal transcription, the 
pol I or pol III systems, and other steps than initiation will not be covered 
here. In the next section, we summarize the mechanism of eukaryotic tran
scription initiation on the naked DNA and how it is regulated. We then de
scribe the nucleosome structure and review the three important fac
tors/enzymes that alter nucleosome structure and function. The fourth 
section details the mechanism by which chromosomal domains regulate 
activation and repression of transcription. In the final section, we briefly 
summarize our observations and suggest prospective research avenues re
garding eukaryotic gene regulation. 
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7.2 Promoter Activation/Repression from Naked DNA 

Transcription Initiation 

The basal apparatus used to initiate mRNA transcription in eukaryotes al
ways consists of pol II (RNA polymerase II) and various GTFs (Matsui et 
al. 1980; Roeder 2003). To accurately start to transcribe from a specific 
site, core promoters are also necessary. The eukaryotic core promoter con
sists of a minimal set of DNA sequences that extend either upstream or 
downstream of the transcription initiation site (Buratowski 2000). Pol II 
core promoters are known to involve four distinct consensus sequences, 
namely, the TATA box, the TFIIB recognition element (BRE), the initiator 
(Inr), and the downstream promoter element (DPE) (Kadonaga 2002). The 
TATA box is recognized by the general transcription initiation factor 
called TBP (TATA box-binding protein) (Horikoshi et al. 1989a,b). TBP is 
a part of the multi-subunit complex TFIID. The other subunits of TFIID 
are denoted as TBP-associated factors (TAFs) (Green 2000). 

Upon the start of transcription, TBP binds to the TATA box and 
extensively distorts its sequence (Horikoshi et al. 1992; Kim et al. 1993). 
The resulting TBP-DNA complex forms a platform that recruits pol II and 
other GTFs (Horikoshi et al. 1988b; Buratowski 2000). These proteins are 
thought to assemble at the promoter in a sequential manner, namely, 
TFIIA, TFIIB, TFIIF and pol II first followed by TFIIE and TFIIH (Bura
towski et al. 1989). After the formation of this so-called preinitiation 
closed complex, the promoter melts and a distinct complex called the open 
complex is formed (Buratowski 2000). The promoter melting requires 
ATP hydrolysis mediated by TFIIH (Holstege et al. 1996). In eukaryotes, 
before pol II leaves the promoter, the carboxyl terminal domain (CTD) of 
the largest subunit of pol II is phosphorylated by TFIIH (Feaver et al. 
1991; Lu et al. 1992; Serizawa et al. 1992). This event enables pol II to 
leave most of the GTFs behind and to proceed with transcription. This is 
the process by which pol II initiates transcription from a naked DNA tem
plate in vitro. The efficiency of this basal transcription process is con
trolled by various regulatory proteins (Horikoshi et al. 1988b; Roeder 
1996). 
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Fig. 3. Operon theory. CAP mediates the effect of glucose, whereas Lac repressor 
mediates the lactose signal. Lac repressor can bind to operator and repress tran
scription only in the absence of lactose. In the presence of glucose, the repressor 
is inactive and the transcription is active. CAP can bind to DNA and activate the 
genes only in the absence of glucose. Thus, only when lactose is present and glu
cose is absent, the gene is expressed at high levels. 

Transcriptional Regulation: Activators and Repressors 

Some regulators control gene expression in response to extracellular sig
nals. Regulatory proteins are called activators when they increase the basal 
transcription level and repressors when they decrease it (Ptashne and Gann 
2001). These regulatory proteins typically show sequence-specific DNA-
binding activity, and can be both activators and repressors depending on 
the physiological context (Ma 2005). The basic ON/OFF idea of how these 
regulatory proteins control gene expression was first elegantly proposed by 
Jacob and Monod in 1961 on the basis of their genetic work with the sim
ple organism Escherichia coli and additional biochemical analyses (Fig. 3) 
(Jacob and Monod 1961). Their so-called operon theory states that a rep
ressor inhibits transcription by binding to an operator adjoining the pro-
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moter; this then blocks the binding of polymerase to the promoter. After 
this great work, regulators were found to act by a variety of distinct 
mechanisms. For example, activators often simultaneously interact with a 
site on the DNA near the promoter and act as a stimulator that connects the 
enzyme and the promoter (Horikoshi et al. 1988b). Some activators stimu
late the transition from the closed to the open complex by allostery, 
namely, by triggering a conformational change in either polymerase or 
DNA. Other activators can act fi-om a distance by forming a loop and/or 
bending the DNA (Rippe et al. 1995). 

As research into transcriptional regulation progressed, two other 
important ideas were proposed. The first is that most regulators have dis
tinct activating and DNA-binding surfaces. The activating surface interacts 
with core polymerase while the DNA-binding surface recognizes specific 
DNA elements (Ptashne and Gann 2001; Ptashne 2004). In a typical case, 
the DNA-binding domain is a helix-tum-helix that consists of two a-
helices separated by a short turn, one of which fits into the major groove of 
the DNA and recognizes the specific sequence (Ptashne 2004). Other 
DNA-binding motifs have also been discovered in eukaryotes, including 
the zinc finger motif, the leucine zipper motif, and the helix-loop-helix 
motif The second important idea is that many regulators interact to form 
dimers that bind in a cooperative fashion to adjacent sites on the DNA 
(Murre et al. 1989; Blackwood and Eisenman 1991). This enhances the 
specificity of DNA-binding regulators, as it increases the affinity of the 
regulators for the correct sites without facilitating their interactions with 
incorrect sites (Ptashne and Gann 2001). 

In eukaryotes, as in bacteria, the most stringently regulated stage in 
transcription is the initiation step (Fig. 4) (Roeder 2003). However, there 
are two striking differences between eukaryotes and bacteria in terms of 
their promoters and regulators. The first is that the eukaryotic genome is 
wrapped around histones to form nucleosomes (Luger et al. 1997). This 
will be discussed further in the next section. The other striking difference 
is that many eukaryotic genes have more regulatory binding sites and are 
controlled by more regulatory proteins (McKnight and Tjian 1986). The 
greater number of regulatory binding sites reflects extensive signal integra
tion and more complicated temporal- and spatial-specific regulation 
(Evans et al. 1990; Weintraub et al. 1991; Gehring 1992). Moreover, the 
eukaryotic regulatory factors, unlike their bacterial counterparts, bear 
structurally and functionally distinct domains that possess on the one hand 
DNA-binding activity and regulatory activity (including activating activ
ity) on the other (Ptashne 1988). Interestingly, analysis of these domains as 
they appear throughout evolution fi-om yeast to mammals suggests that 
they are separable and interchangeable (Ptashne 1988). The DNA-binding 
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Fig. 4. Transcription initiation by RNA polymerase II. The general transcription 
factors help polymerase II bind to the promoter and melt the DNA. First, the TA
TA DN A sequence is recognized by TBP (TATA-box binding protein), one of the 
subunits of the general transcription initiation factor called TFIID. TBP exten
sively distorts the TATA sequence. The resulting TBP-DNA complex provides a 
platform to recruit other general transcription initiation factors and RNA polym
erase II to the promoter. In vitro, these factors assemble at the promoter in order: 
TFIIA, TFIIB, TFIIF together with RNA polymerase, and then TFIIE and TFIIH. 
TFIIE and TFIIH bind upstream of RNA polymerase II. Promoter melting comes 
after the formation of the pre initiation complex. 

domain has also been shown to bear a binding surface for other proteins 
and to play another regulatory role (Wagner and Green 1994). 

Unlike the DNA-binding domains, the regulatory domains of tran
scriptional regulators do not always have stable structures and it is be
lieved that their stable (or fixed) structure is induced by binding with other 
factors, including the transcriptional machinery (Ptashne 2004). In eu-
karyotes, the regulatory domains may mediate the direct interaction be
tween activators and Pol II, as is the case with bacteria (Horikoshi et al. 
1988a). In addition, the activators indirectly recruit Pol II by inducing the 
association between the transcription initiation machinery (general tran
scription factors), cofactors, and chromatin-related factors (Fig. 5) (Roeder 
2003). In eukaryotes, the transcriptional machinery contains many factors 
that form complexes, such as mediator or TFIID complexes (Romberg and 
Lorch 1999). Activators interact with one or more components of these 



154 S. Muto and M. Horikoshi 

complexes and thereby recruit them to the gene promoter (Horikoshi et al. 
1988b). Activators also associate with chromatin-related factors that help 
the transcriptional machinery to bind to the targeted promoter (Kadam and 
Emerson 2002). Three types of chromatin-related factors are known: his-
tone chaperones, chromatin-remodeling complexes, and histone-modifying 
enzymes (Tyler 2002). There are at least two ways by which these factors 
regulate transcription initiation. First, they can uncover the promoter re
gion, which would otherwise remain inaccessible within the nucleosome 
(Wolffe 1998). Second, they can create specific binding sites on the nu
cleosome for other regulators or the TFIID complex (Workman and King
ston 1998). When a gene is controlled by many regulatory proteins, it acts 
synergistically. For example, two activators can recruit different compo
nents of a single complex, or recruit different complexes. For gene expres
sion to be the center of signal integration, such synergy is essential (Ptash-
ne and Gann 2001). 

LDBP 

General transcription factors 
& cofactors 

C^_ 
ffil IP 

Chromatin-related factors 
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Fig. 5A-C. Activation by DNA-binding proteins. In eukaryotes, DNA-binding 
proteins recruit RNA polymerase II to the promoter (A), as is the case with bacte
ria. In addition, the DNA-binding protein indirectly recruits polymerase II by in
ducing the association between the general transcription factors, cofactors (B), 
and chromatin-related factors (C). 
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7.3 Alteration of Chromatin Structure 

Nucleosome Structure 

The DNA in eukaryotic cells is packaged into nucleosomes, which are 
composed of eight core histone proteins and the DNA that wraps around 
them (Luger et al. 1997). The core histone proteins are H2A, H2B, H3, and 
H4. The DNA between each nucleosome is called linker DNA. The histone 
protein HI is referred to as a linker histone because it binds to the linker 
DNA (Wolffe 1997). In the presence of DNA, the core histones form a 
tuna can-shaped structure. H3 and H4 first form heterodimers that then 
come together to form a tetramer. H2A and H2B form heterodimers but 
not tetramers. The assembly of the nucleosome involves the ordered asso
ciation of these complexes with DNA, namely, the binding of the H3-H4 
tetramer to the DNA followed by binding of the two H2A-H2B dimers to 
the H3-H4-DNA complex (Wolflfe 1998; Khorasanizadeh 2004). This 
process needs the help of other nuclear proteins called histone chaperones, 
which will be discussed later in this section. 

Each core histone is made up of a conserved region, called the his-
tone-fold domain, and an N-terminal tail (Luger et al. 1997). The histone-
fold domain mediates nucleosome assembly while the tail is subjected to 
extensive chemical modifications that regulate nuclear events (Khorasani
zadeh 2004). 

The determination of a series of nucleosome structures has mark
edly improved our understanding of nucleosome and chromatin structure 
(Luger 2003). Given the high degree of evolutionary conservation of the 
histone proteins, it is not surprising that the structure of Xenopus nu
cleosome is highly similar to that of chicken (Luger et al. 1997; Harp et al. 
2000). In contrast, the yeast histones are little different from those of 
higher eukaryotes (White et al. 2001). Minor protein sequence differences 
between yeast and higher eukaryotes alter the intemucleosomal contacts in 
crystal packing (White et al. 2001). 

Three types of chromatin-related factors discussed below are 
known to be involved in the alteration of chromatin structure (Fig. 6). The 
localized introduction of histone variants into chromatin may also change 
the equilibrium between different types of nucleosome-nucleosome inter
actions and nucleosome-chromatin factor interactions, which affect various 
nuclear events. 
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Histone Chaperones 

Histories and DNA form aggregates when mixed directly in physiological 
conditions. To prevent improper and premature interactions between DNA 
and histones, acidic proteins (histone chaperones) bind to free histones 
(Mello and Almounzi 2001). These histone chaperones act in concert with 
each other or other chromatin factors to enable the correct and rapid as
sembly of the nucleosomes in synchronization with DNA replication, 
DNA repair, and transcription (Tyler et al. 2001; Mello et al. 2002; Akey 
and Luger 2003). 

The first identified histone chaperone is nucleoplasmin, which is 
also the first characterized chromatin-related factor (Laskey et al. 1978). 
Since this discovery, many additional histone-binding proteins have been 
found to be histone chaperones. Examples are NAPl, CAFl, TAFl, and 
CIA (see below). The histone chaperones can be classified into two groups 
on the basis of the histones they target, namely, the H2A-H2B dimer-
binding group and the (H3-H4)2 tetramer-binding group. For example, nu
cleoplasmin and Nl, which are the most abundant proteins in the nuclei of 
Xenopus oocytes, bind to H2A-H2B dimers and (H3-H4)2 tetramers, re
spectively (Kleinschmidt et al. 1985; Dilworth et al. 1987). Although both 
nucleoplasmin and Nl can mediate nucleosome assembly in the absence of 
the other, it has been suggested that they may sequentially deposit their 
histones onto the DNA (Dilworth et al. 1987). Nucleoplasmin and Nl ho-
mologues have not been found in yeast, Caenorhabditis elegans, or plants 
and appear to exist only in higher organisms, often in germinal cells. This 
indicates histone chaperones play specialized roles. 

The structure of the nucleoplasmin decamer indicated that this and 
other histone chaperones might participate in nucleosome assembly. The 
nucleoplasmin monomer is composed of a conserved N-terminal domain 
and a flexible acidic C-terminal domain. The crystal structure of the N-
terminal domain has been resolved (Dutta et al. 2001). Two pentamers of 
the nucleoplasmin monomer are packed face-to-face to form a decamer. 
These observations led to a model of the nucleoplasmin-histone complex 
wherein five histone octamers dock around the periphery of a nucleoplas
min decamer. This model is consistent with previous experiments that sug
gested (i) the H2A-H2B dimer end of the histone octamer docks into the 
concave lateral surface of nucleoplasmin and (ii) nucleosome assembly at 
DNA replication forks requires a nucleoplasmin decamer complex (Dutta 
etal.2001). 



7. Gene Selectors Regulate Gene Expression 157 

Nucleosome assembly protein 1 (NAPl) was originally identified 
as an activity that facilitates the in vivo reconstitution of nucleosomes in 
HeLa cell extracts (Ishimi et al. 1984). In Saccharomyces cerevisiae, 
NAPl participates in the control of mitotic events through an interaction 
with Clb2, one of the cyclin B family members (Kellogg and Murray 
1995). NAPl is located in the cytoplasm during the G2 phase of the cell 
cycle and in the nucleus in S phase, suggesting that NAPl may shuttle his-
tones between the cytoplasm and the nucleus (Ito et al. 1996; Miyaji-
Yamaguchi et al. 2003). Therefore, NAPl may be involved in the control 
of the cell cycle and the transfer of histones. 
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Fig. 6. Alteration of nucleosome structure. Three types of chromatin-related fac
tors are known to be involved in the alteration of chromatin structure. Histone 
chaperones dynamically assemble and disassemble nucleosomes. Chromatin re
modeling complexes may facilitate sliding of a histone octamer and transferring it 
from one DNA to another or may remodel locally a nucleosome structure. His-
tone-modifying enzymes create new binding surfaces for protein recognition. The 
bromodomain and chromodomain recognize acetylated and methylated lysines, 
respectively. Distinct modifications may take place sequentially or concurrently 
to specify downstream events. 
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The deposition of histories onto newly replicated DNA is con
trolled by the chromatin assembly factor 1 (CAF-1) complex, which is re
cruited to the DNA by interacting with proliferating cell nuclear antigen 
(PCNA) (Smith and Stillman 1989; Shibahra and Stillman 1999). CAF-1 is 
also tightly associated with DNA repair (Gaillard et al. 1996). In cells, 
CAF-1 interacts with those H4 histones whose lysine 5 and 12 residues 
have been acetylated, which is the acetylation pattern of newly synthesized 
histones (Verreault et al. 1996). Therefore, CAF-1 seems regulate histone 
metabolism by depositing histones onto newly synthesized DNA during 
DNA replication and DNA repair (Smith and Stillman 1989). 

Template activating factor 1 (TAFl) was first identified as a posi
tive regulator of replication and transcription by in vitro chromatin studies 
(Matsumoto et al. 1993, 1995). Later, TAFl was shown to bear histone 
chaperone activity (Okuwaki and Nagata 1998) and to inhibit histone ace
tylation caused by p300 (Seo et al. 2001). TAFl also negatively regulates 
transcription by inhibiting the DNA-binding activity of zinc finger type 
DNA-binding proteins and their p300-mediated acetylation (Suzuki et al. 
2003; Miyamoto et al. 2003). However, the detailed mechanisms by which 
TAFl acts in replication and transcription remain to be determined. 

CCGl interacting factor A (CIA) was isolated as a binding factor 
of CCGl, the largest subunit of TFIID (Munakata et al. 2000; Chimura et 
al. 2002). CIA was found to have histone chaperone activity; moreover, it 
is the most conserved histone chaperone (Munakata et al. 2000). There are 
two highly identical CIA family members in higher eukaryotes (Umehara 
and Horikoshi 2003). CIA-I is ubiquitously expressed while CIA-II is 
specifically expressed in tissues such as the testis (Umehara and Horikoshi 
2003). CIA binds to the entry/exit site on the nucleosome, where DNA be
gins to wind around the core histones (Munakata et al. 2000; Mousson et 
al. 2005). The yeast homologue of CIA, Asfl, was initially identified as a 
gene that de-repressed the silent mating type loci upon overexpression (Le 
etal. 1997). 

Biochemical studies in Drosophila identified a complex that facili
tated efficient nucleosome assembly on replicated DNA when CAF-1 ac
tivity was limited (Tyler et al. 1999). This complex, replication-coupling 
assembly factor (RCAF), contains CIA/Asfl, H3, and H4. The Drosophila 
CI A/Asfl functions synergistically with the CAF-1 complex to assemble 
chromatin during DNA replication and DNA repair (Tyler et al. 2001). 
Thus, histone chaperones may act in part as heterochaperones, including as 
heterodimers of two family forms such as CIA-I and CIA-II. Many studies 
have revealed CIA to be a highly versatile player in transcription (Chimura 
et al. 2002; Adkins et al. 2004). CIA may be involved in various cell activ
ities by transferring histones to specialized histone deposition factors and 
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monitoring the fluctuation in histone pools coupled with DNA replication, 
DNA repair, and transcription. 

Recently, a novel type of histone chaperone was identified. FKBP, 
a member of the peptidyl prolyl cis-trans isomerase (PPIase) family, was 
shown to be required for the silencing of gene expression at the rDNA lo
cus (Kuzuhara and Horikoshi 2004). It was also shown to possess histone 
chaperone activity. Moreover, it was suggested on the basis of research on 
FKBP that histone chaperones might be involved in aging via chromatin 
remodeling and/or alteration of protein folding. 

Chromatin Remodeling Complexes 

Chromatin remodeling complexes change the chromatin structure by alter
ing the contacts between the DNA and histones in an ATP-dependent 
manner (Flaus and Owen-Hughes 2004). Chromatin remodeling complex
es can be grouped on the basis of their ATPase subunits into three classes, 
namely, Swi2/Snf2, Iswl, and Mi-2/NuRD (Becker and Horz 2002; Nar-
likar et al. 2002; Martens and Winston 2003). Of these, the Swi2/Snf2-
related groups have been particularly well studied. Swi2/Snf2 complexes 
have been detected in S. cerevisiae, Drosophila, and humans, and the 
Swi2/Snf2 subunit possesses both ATPase and remodeling activities in vi
tro (Martens and Winston 2002). The other subunits have been relatively 
poorly characterized but genetic analysis in S. cerevisiae has shown that 
most are required for the remodeling activity of the complex in vivo (Geng 
et al. 2001). The other subunit(s) also appear to have another role, namely, 
the interaction with DNA-binding proteins (Kal et al. 2000). Previous stud
ies have shown that the Swi2/Snf2 complex is recruited to the promoter by 
an activator or a repressor, and that interactions between specific 
Swi2/Snf2 component(s) and DNA-binding proteins may determine when, 
where and how transcription is regulated by the Swi2/Snf2 complex 
(Martens and Winston 2002). Many reports indicate that the Swi2/Snf2 
complex plays a role in transcriptional activation and repression (Belandia 
et al. 2002; Zhang et al. 2002). With regard to its repressive role, 
Swi2/Snf2 complex was shown to be brought to the promoter by the 
CoREST corepressor, which is itself also recruited to the promoter by the 
DNA-binding protein (Battaglioli et al. 2002). A recent study has demon
strated the recruitment of Swi2/Snf2 complex by the heterochromatin pro
tein HP la suggesting Swi2/Snf2 participates in heterochromatin formation 
(Nielsen et al. 2002). 

Swi2/Snf2 complexes have another striking characteristic. All 
Swi2/Snf2-type remodeling complexes contain a motif called bromodo-
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main that recognizes acetylated lysine residues in the histone N-terminus 
in vitro (Hassan et al. 2002). It is still unclear whether this domain is re
quired for the stable interaction of Swi2/Snf2 with the nucleosome, but 
recognition of histone epitopes by Swi2/Snf2-type complexes may partly 
determine the specificity of promoters that they work. 

Alteration of the nucleosome structure involve (1) sliding of a his
tone octamer along the DNA, (2) transfer of a histone octamer from one 
DNA to another, and (3) local remodeling of a nucleosome structure (Tsu-
kiyama and Wu 1997; Becker and Horz 2002; Peterson 2002; Flaus and 
Owen-Hughes 2004). All chromatin remodeling complexes can facilitate 
sliding but only the Swi2/Snf2 complex can transfer or remodel nu-
cleosomes (Martens and Winston 2003). However, these different means 
by which the chromatin remodeling complex alters the nucleosome may 
reflect, at least in part, the experimental substrate and conditions used. 
Therefore, it is not clear whether remodeling events occur by a single 
mechanism or by combined mechanisms. Several recent studies have fo
cused on another possible mechanism. Sthl, a subunit of RSC complex, a 
Swi2/Snf2 complex, was shown to have ATP-dependent DNA transloca
tion activity (Laurent et al. 1993). Sthl is a length-dependent ATPase 
whose activity is greater on circular DNA than on linear DNA. Sthl was 
also found to displace the third strand in a triple helix, which suggests that 
it can track along DNA (Saha et al. 2002). These results together suggest 
Sthl can twist and translocate DNA. In a novel model that has been pro
posed, Swi2/Snf2 first binds at the entry/exit sites on a nucleosome and its 
translocation activity breaks DNA-histone interactions (Saha et al. 2002). 

Histone-Modifying Enzymes 

The four core histones are subject to a wide range of covalent modifica
tions, including lysine acetylation, lysine and arginine methylation, serine 
phosphorylation, lysine ubiquitination, and lysine sumoylation (Cheung et 
al. 2000a,b; Roth et al. 2001). These modifications may affect chromo
some functions through two distinct yet related mechanisms. First, since 
all modifications may change the electrostatic charge of the histones, they 
may affect the structure of the nucleosome and its interaction with DNA-
and nucleosome-associated factors. Second, since the modifications could 
create new binding surfaces for protein recognition, they may be responsi
ble for recruiting specific functional proteins such as DNA-binding pro
teins or mediators to their proper sites of action. This notion is exemplified 
by the case of the bromodomain that recognizes acetylated lysine, and by 
the chromodomain that can recognize methylated lysine (Yang 2004). One 
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prevailing idea is that a "histone code" exists wherein distinct modifica
tions take place sequentially or in combination to specify downstream 
events (Strahl and Allis 2000). Some examples of such combinations of 
histone chemical modifications and the regulatory roles they play are de
scribed below. 

The acetylation of lysines in histone tails plays diverse roles in 
regulating nucleosome structure and function (Jenuwein and Allis 2001). 
Acetylated lysines may decrease histone-DNA interactions and promote 
the accessibility of the DNA to chromatin-related factors. Therefore, 
specific acetylation may regulate DNA replication and DNA repair as well 
as transcription by recruiting proteins that have an acetylated lysine-
recognizing module, namely, the bromodomain (Peterson and Laniel 
2004). There is evidence that the lysines in histones H3 and H4 are se
quentially acetylated by HAT and that this leads to the ordered recruitment 
of bromodomain-containing complexes (Jenuwein and Allis 2001). 

Lysine methylation is believed to play a role in epigenetic inheri
tance (Lachner and Jenuwein 2002; van Leeuwen and Gottschling 2002). 
The establishment and maintenance of mitotic and meiotic transcription 
patterns are crucial for cell fate determination, and the methylation of H3-
K9 and H3-K27 are linked to epigenetic silencing mechanisms (Grewal 
and Elgin 2002). By utilizing their chromodomains, the HPl protein binds 
to methylated H3--K9 while the polycomb protein recognizes methylated 
H3-K27; this mediates gene silencing (Nakayama et al. 2001; Cao et al. 
2002). Chromodomains are also found in several chromatin factors that al
so bear HAT domains, ATPase domains, and SET domains (Brehm et al. 
2004). SET domains are responsible for lysine methylation (Marmorstein 
2003). The chromodomain binds to methylated histone tails in a site-
specific manner with an affinity that is the strongest for trimethylated ly
sine and the weakest for monomethylated lysine (Rice and Allis 2001). 

The methylation of arginines is believed to be involved in the ac
tive state of transcription since methylation of H4-R3 facilitates H4 acety
lation and enhances transcription (Wang et al. 2001). Methylated H4-R3 
may well become a recognition site for other proteins such as HAT; how
ever, the details remain to be elucidated. 

The phosphorylation of H3--S10 or H3-S28 correlates with mitosis 
and chromosome condensation, as well as with transcription activation 
(Wei et al. 1998; Goto et al. 1999). The acetyltransferase GCN5/PCAF, 
CBP/p300, and SAGA prefer to acetylate lysine by interacting with the ad
jacent phosphorylated serine (Cheung et al. 2000a,b; Lo et al. 2000). 

The binding of ubiquitin or the small ubiquitin-related modifier 
SUMO to a specific lysine plays an important role in regulating transcrip-
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tion (Zhang 2003). The ubiquitin is attached by three steps, namely, El ac
tivation, E2 conjugation, and E3 ligation (Finley and Chau 1991). The 
ubiquitination and sumoylation of the lysines may induce proteosome-
dependent degradation of transcription factors or modification-dependent 
recruitment of chromatin factors (Gill 2004). Several studies suggest that 
Rad6-mediated H2B ubiquitination is linked to gene silencing. Deletion of 
RAD6 in budding yeast resuhed in defects of telomeric and HML silencing 
(Huang et al. 1997). The silencing function of Rad6 seems to be conserved 
as its fission yeast homologue is also required for mating-type silencing 
(Naresh et al. 2003). However, some studies link Rad6-mediated H2B 
ubiquitination to activation of specific genes. H2B ubiquitination is impor
tant for the methylation of H3-K4 and H3-K79 (Sun and Allis 2002; 
Briggs et al. 2002), while a subunit of the SAGA complex can remove the 
ubiquitin from the H2B lysine (Henry et al. 2003). These results suggest 
sequential ubiquitination and deubiquitination may occur in concert with 
lysine methylation, thereby regulating transcription (Zhang 2003). Further, 
the binding of ubiquitin to H2A occurs near the entry/exit sites of DNA 
and the binding site of HI (Bonner and Stedman 1979). Thus, this post-
translational modification is likely to affect the stability of the higher order 
structure of chromatin. 

7.4 Silencing/Antisilencing 

Heterochromatin Structure 

Gene silencing is dependent on where a gene is located. Silencing is usual
ly associated with a dense form of chromatin called heterochromatin. Het
erochromatin was named for its dense appearance as compared to the other 
type of chromatin (euchromatin) (Fig. 7) (Grewal and Elgin 2002). Het-
erochromatic regions are gene-poor and mainly consist of repetitive DNA, 
including satellite sequences and middle repetitive sequences related to 
transposable elements (Craig 2005; Dimitri et al. 2005). If a gene is ex
perimentally moved to this region, it typically enters a transcriptionally si
lent state. The well-known phenomenon related to such silencing in het-
erochromatic regions is the PEV that is observed after rearrangements of 
the Drosophila chromosome that bears a breakpoint within heterochro
matin (Henikoff 1990). Silencing and its release, antisilencing, are critical 
for the maintenance and the inheritance of life because any disorder in this 
system induces anarchic gene expression (Delaval and Feil 2004). 
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.Sir2-4p 

Fig. 7. Heterochromatic regions in Saccharomyces cerevisiae. There are three 
typical heterochromatic regions in S. cerevisiae: telomere, rDNA, and mating loci. 
Many DNA-binding proteins and chromatin-related factors are known to function 
to maintain heterochromatic conditions. 

Establishment and Maintenance of Heterochromatin Domains 

Two mechanisms are utilized to establish and maintain heterochromatin, 
namely, the chemical modification of histones and the methylation of 
DNA (Craig 2005). Gene silencing by DNA methylation has not been 
found in yeast but is common in plants and mammals (Rangwala and 
Richards 2004). Silencing in yeast is mediated by the deacetylation and 
methylation of histones (Dhillon and Kamakaka 2002). In S. cerevisiae, 
the telomeres, the silent mating-type locus, the centromeres, and the rDNA 
genes are silent regions (Kimura and Horikoshi 2004). Of these hetero
chromatin regions, the telomere is the best studied. Telomeres comprise 
the last 1-5 kb of each chromosome, which is folded and has a dense struc
ture, and many repeated sequences are found in these sequences. A silenc
ing complex that consists of Sir2, Sir3, and Sir4 is recruited to the telomere 
by a DNA-binding protein Raplp that recognizes these repeated sequences 
(Cockell and Gasser 1999). Sir stands for silent information regulators 
while Sir2 is a histone deacetylase (Imai et al. 2000). The recruitment of 
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the silencing complex initiates the local deacetylation of histone tails. The 
deacetylated histones are in turn directly recognized by the silencing com
plex (Hecht et al. 1995; Grunstein 1998). In this way, the local deacetyla
tion spreads along the chromosome in a self-perpetuating manner (Guar-
ente 1999). The extent to which chromatin deacetylation spreads is thought 
to be limited by two mechanisms. One is histone reverse acetylation and 
the other is another chemical modification, namely, methylation (Craig 
2005). We will see how the balance of histone acetylation forms a bound
ary between heterochromatin and euchromatin in the next section. Histone 
methylases have been better characterized in higher eukaryotes and in 
Schizosaccharomyces pombe than in S. cerevisiae. From various studies 
using these organisms, it appears that modifications of histone tails by 
deacetylase and methylase act in concert to establish and maintain the het
erochromatin domains (Craig 2005). 

Boundaries of Heterochromatin Domains 

That heterochromatin domains have distinct boundaries has long been in
ferred from the consequences of removing these boundaries, as seen by 
PEV in Drosophila (Schotta et al. 2003). The previously prevailing theory 
of how these boundaries are formed is based on the insulator model. In this 
model, insulators or boundary elements act as walls that prevent gene acti
vation or repression mechanisms from spreading to a particular side of the 
wall (Labrador and Corces 2002; West et al. 2002). The model proposes 
that the components of these walls are recruited by the insulators, and it 
was initially suggested that the wall components may be sequence-specific 
DNA-binding proteins (Bi and Broach 1999; Donze and Kamakaka 2001; 
Fourel et al. 2004). However, the latter notion has been challenged by ex
perimental observations showing that insulators decide the position of a 
marked transition in histone chemical modifications (Litt et al. 2001; 
Mutskov et al. 2002). For example, deletion of the insulators induced 
spreading of methylated H3-K9 and Swi6 into adjacent euchromatic re
gions, concomitant with a decrease in methylated H3-K4 (Nakayama et al. 
2001). This indicates differential methylation of histone H3 and may serve 
as a marker for specific euchromatin and heterochromatin domains that are 
separated by insulators. 

Recently, we proposed a novel boundary-formation model that 
stated the boundaries between euchromatic and heterochromatic regions 
are not strictly fixed; rather, they are defined in a passive manner by the 
balance between two opposing activities (Fig. 8) (Kimura et al. 2002). We 
have denoted this model as the "negotiable border model" and the previous 
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model as the "fixed border model" (Kimura and Horikoshi 2004). There 
are two important differences between the two models. In the negotiable 
border model, the transition of the chemical modification status is gradual 
rather than definite, and a specific DNA element is not required at the bor
der; rather, two DNA elements that recruit histone-modifying enzymes on 
both sides of the border are essential (Kimura and Horikoshi 2004). It 
should be noted that the negotiable border and fixed border models are not 
mutually exclusive. Some of the insulators, however, may be involved in 
establishing a negotiable border. The introduction of the negotiable border 
model may help us to better understand complex transcriptional mecha
nisms in higher eukaryotes, such as the transcription at homeotic or globin 
gene clusters. 

fixed border model negotiable border model 

O 

o 

fixed border active 

O 

O 

negotiable border 

^ 

inactive active 

Fig. 8. Establishment of heterochromatic domains. The previously prevailing 
theory of how boundaries between euchromatic and heterochromatic domains are 
established is based on the insulator model, or fixed-border model. In this model, 
insulators or boundary elements act as solid walls that prevent gene activation or 
repression mechanisms from spreading over them. Enhancer cannot effect gene 
regulation beyond this fixed wall. In a novel model, the negotiable-border model, 
the boundaries are not strictly fixed but are defined by the balance between two 
opposing enzymatic activities. The position of the border is unstable, because 
transition of the chemical modification status is gradual rather than definite. 
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7.5 Summary of Eukaryotic Gene Regulation 

In this chapter, we have presented a brief overview of the three major stag
es and three main types of gene selectors that regulate transcription. The 
last decade has seen significant progress in our knowledge in the field of 
chromatin transcription. As a result, we have realized that not only acetyla-
tion but methylation are linked to the control of transcriptional activation 
and repression, and how a border between heterochromatin and euchro-
matin domains may be established. However, the more we learn about the 
regulation of transcription, the further the point at which we will compre
hensively understand it seems to get. This is because transcription seems to 
involve vast, perhaps infinite, numbers of combinations of chemical modi
fications and interactions of a variety of components. To simplify our goal, 
we should continue to search for the basic rules that operate at each step of 
transcription. While the study of the regulatory mechanisms that govern 
temporal and spatial gene expression is important, the extraction of such 
basic principles is vital to molecular and cellular biology. 
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8.1 Introduction 

Although we have a draft sequence of the human genome, little is known 
about how the chromatin fiber is packed in three-dimensional (3D) space, 
or how packing affects fiinction (Jackson 2003). We know packing plays a 
major role; the rate of transcription of a typical gene can vary over eight 
orders of magnitude (Ivarie et al. 1983), but deleting local elements like 
promoters and enhancers reduces expression by less than 5000-fold in 
transient transfection assays where the 3D "context" is missing. Common 
sense suggests the fiber cannot be packed randomly, but elucidating what 
any underlying order might be has proved difficult. First, the foldings of 
the chromatin fiber have dimensions below the resolution (-200 nm) of the 
light microscope (LM) and so can only be seen by electron microscopy 
(EM), but then the fixation required can distort structure. Second, DNA is 
so long and packed so tightly it breaks and/or aggregates easily on isola
tion. Third, chromatin is poised in a metastable state so small charge al
terations trigger changes in structure and fiinction, and replacing the natu
ral environment with our buffers often promotes aggregation. 

Not surprisingly, biochemists minimize aggregation through the 
use of hypo- and hypertonic buffers, but then different isolates made in dif
ferent buffers have quite different structures; for example, "matrices" and 
"scaffolds" contain different sets of DNA sequences associated with dif-
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ferent proteins. Some buffers lead to a stable reduction in contour length of 
chromatin loops (so new attachments of the chromatin fiber to the underly
ing structure are generated), others increase it (so some attachments are de
stroyed; Jackson et al. 1990). Again not surprisingly, observations on the 
different structures have led to different models including: (i) random 
packing of the nucleosomal string (Sachs et al. 1995), (ii) helical hierar
chies—strings are coiled into solenoids (-30 nm diameter), solenoids into 
higher-order structures, and so on (Sedat and Manuelidis 1978), (iii) loops 
(50-150 kbp) attached to the peripheral lamina or internal structures like 
(iv) skeletons, matrices, scaffolds (e.g., Saitoh and Laemmli 1978), or fac
tories (Cook 1995), and (v) combinations of the above—^for example, of 
helical coils and radial loops (Manuelidis 1990), or helical coils and ran
dom folding (Li et al. 1998; Strukov et al. 2003). Since there is so little 
agreement, outsiders often dismiss all the results seen (Cook 1988; 
Pederson 2000; Belmont 2002). 

Here, we concentrate on results obtained using isotonic buffers. 
We discuss the idea that most large biological structures are intrinsically 
unstable, persisting only by exchanging subunits with others in their sur
roundings. We then go on to review evidence for the existence of transient 
chromatin loops, and propose a general model for the organization of all 
genomes that involves such loops. Finally, we suggest how ever-changing 
attachments of the loops to the underlying structure can explain how genes 
are regulated. 

8.2 Self-Assembly and Self-Organization of 
IMacromolecuiar Structures 

Macromolecular structures are generated in two fundamentally different 
ways (Misteli 2001a). Many virus particles "self-assemble" to a fixed plan 
to attain a true thermodynamic equilibrium; the particles are stable, and 
survive in the absence of a pool of unincorporated subunits when released 
from the host. Our houses are similar structures, although we direct their 
construction; when the builder has finished he removes any unused bricks 
but the house usually remains standing. But most cellular structures are 
built differently. Thus, the cytoskeleton lacks a rigid architecture. It is 
"self-organizing," intrinsically unstable, and persists only by exchanging 
subunits with others in its surroundings; if those subunits are removed, it 
collapses and disappears. The structures discussed here fall into the latter 
category. They are ever-changing, with their shape at any particular mo
ment depending on past and present environments. We cannot make pre-
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else predictions about the position of any particular molecule or gene 
within the structure; however, we should eventually be able to predict the 
probabilities that they will be found in one particular place rather than an
other. Evidence for the dynamic nature of nuclear structures is reviewed in 
a number of chapters in this book, and photobleaching studies of the criti
cal components that concern us here—^transcription factors and polymeras
es tagged with green fluorescent protein (GFP)—reveal that they exchange 
continually with the soluble pool (e.g., Stenoien et al. 2001; Becker et al. 
2002; Chen et al. 2002; Dundr et al. 2002; Kimura et al. 2002). 

8.3 Chromatin Loops 

Evidence 

The idea that the chromatin fiber is looped is one of the oldest in cell biol
ogy. Images of the lampbrush chromosomes that can be isolated from oo
cytes are often cited as providing the best evidence for looping. During the 
first meiotic division, duplicated homologues pair, and loops can be seen 
extending microns away from axial chromomeres. Unusually, these chro
mosomes are transcribed, and nascent RNA is attached to both loops and 
chromomeres (Snow and Callan 1969). Note, however, that these loops on
ly become visible on dispersing chromatin in hypotonic buffers, and none 
are seen in sections of whole oocytes where chromatin appears as a granu
lar aggregate. Therefore, some transcription units may be stripped off the 
granules during dispersal, and possible intermediates in such a process— 
small granules—can be seen scattered around loops (Mott and Callan 
1975; Cook 2001). 

Supercoiling provides additional evidence. Supercoils cannot be 
maintained in linear eukaryotic DNA without looping. However, lysing 
cells in >1 M NaCl releases "nucleoids" containing superhelical DNA 
(Cook and Brazell 1975; Benyajati and Worcel 1976), and nascent tran
scripts are associated with attachment points, but not loops (Jackson et al. 
1984a). Nucleoids made from all active cells examined (e.g., fibroblasts, 
erythroblasts, epithelial cells of men, chickens, frogs, insects) contain such 
supercoils. In contrast, inactive chicken erythrocytes (and human sperm) 
yield relaxed DNA, with the supercoiling (and so looping) being lost pro
gressively as they develop (Jackson et al. 1984a). But this evidence is also 
compromised by the unphysiological conditions used. 
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Experiments involving nuclease digestion in isotonic buffers are 
also consistent with looping. Cutting an unlooped fiber should release long 
fragments that are then shortened, but the expected long fragments are not 
seen; rather, kinetics fit the release of short fragments from loops (Jackson 
et al. 1990, 1996; Jackson and Cook 1993). Other in vitro evidence is also 
supportive; EM reveals that pure repressors like Gal, AraC, and X bind to 
distant sites on one molecule of DNA to loop it (reviewed by Ptashne 
1986), and an enhancer can only influence a promoter on another plasmid 
if the two make molecular contact, which implies that when they are on the 
same chromosome they must also do so (Mueller-Storm et al. 1989). Con
tact between an enhancer on one chromosome and a target promoter on 
another also underlies the phenomenon of transvection seen in Drosophila 
larvae (Wu 1993; Cook 1997). 

The application of two new methods—"chromosome conformation 
capture" (3C; Dekker et al. 2002) and "RNA tagging and recovery of asso
ciated proteins" (RNA TRAP; Carter et al. 2002)—^provide excellent sup
port for loops tied through two (or more) active transcription units (Cook 
2003). Both methods involve careful fixation, before analysis by polym
erase chain reaction of which DNA sequences lie next to each other in 3D 
space (i.e., after ligation in 3C, or purifying complexes in RNA TRAP). 
The mouse P-globin locus control region (LCR) lies tens of kilobases away 
from the P-globin genes that it regulates. This LCR is transcribed, and both 
methods show it contacts the P-globin gene in erythroid nuclei (where the 
gene is also transcribed). No contacts are found in brain nuclei, where the 
gene is inactive (Carter et al. 2002; Tolhuis et al. 2002; Palstra et al. 2003). 
(Competition between two different genes within the locus for the LCR 
leads to their alternate transcription, with the nearest one initially being 
transcribed the most; this is consistent with the transcription fi*equency be
ing determined by LCR:promoter distance [Hanscombe et al. 1991; Dillon 
et al. 1997].) Similarly, 3C reveals that two distant "barrier" elements (i.e., 
scs and scs") flanking the Drosophila 87A7 heat-shock locus—which are 
both transcribed—lie together (Blanton et al. 2003). 

Although none of this evidence is derived fi^om the analysis of liv
ing cells, taken together it provides good evidence for looping. 

Ever-Changing Attachments 

Many models for looping involve stable interactions between a motif like a 
MAR with some abundant protein bound to the substructure; this molecu
lar tie would persist from one interphase to the next, be highly conserved, 
and found in all cells in the population. However, genomic sequencing has 
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failed to uncover any such motifs, and a simple experiment demonstrates 
that different ties are found in different cells in the population. Cells are 
permeabilized in an isotonic buffer, treated with a nuclease like EcoRl, de
tached fragments removed, and remaining fragments analyzed. If the same 
DNA ties were found in all cells (Fig. la), removing all but 10% cellular 
DNA should leave the ties enriched tenfold. However, enrichments are 
never this high, implying that the same ties are not found in all cells and 
that they change continually (Fig. lb; Dickinson et al. 1990; Jackson et al. 
1990, 1996; Jackson and Cook 1993). 

Constrained Diffusion of DNA Within Loops 

Chromatin dynamics can be monitored in living cells containing lac opera
tor arrays integrated into a chromosome if they also express the repressor 
tagged with GFP; the repressors bound to the array appear as a moving 
spot (Robinett et al. 1996; Gasser 2002; Spector 2003). Analyses of the ki
netics are consistent with the array diffiising randomly over short dis
tances. In yeast, the array can sample a considerable fraction of nuclear 
volume in minutes (Heun et al. 2001). In larger fly and human nuclei, the 
local neighborhood (diameter -500 nm) is sampled roughly as rapidly, but 
diffusion further a field is constrained—^presumably by neighboring chro
matin (Marshall et al. 1997; Vazquez et al. 2001; Chubb et al. 2002; 
Chubb and Bickmore 2003). 

Active Transcription Units Are Attached Through Engaged 
Polymerases 

Which proteins and DNA motifs constitute the molecular ties? In experi
ments like that illustrated in Fig. 1, the residual fi*agments prove to be parts 
of transcription units associated with engaged polymerases. For example, 
they hybridize with poly(A)^ RNA (Jackson and Cook 1985) and contain 
active rDNA cistrons (Dickinson et al. 1990), while cloning and sequenc
ing over 100 randomly selected ones shows they are nearly all parts of 
transcription units (Jackson et al. 1996). Moreover, they remain associated 
with engaged polymerases; removing most chromatin in an isotonic buffer 
does not reduce polymerizing activity, whether it be the total activity or 
due to polymerases I or II (Jackson and Cook 1985; Dickinson et al. 1990). 
These polymerases cannot be tethered to the substructure through nascent 
transcripts as they remain after RNase treatment. (Note that when the ex
periment illustrated in Fig. 1 is conducted in nonisotonic buffers, different 
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fragments [e.g., MARs and SARs] are found to be attached depending on 
the buffer used [above].) 

A detailed study of a model loop confirms that engaged polym
erases mediate attachments (Jackson and Cook 1993). When a few plas-
mids carrying the SV40 origin of replication are transfected into monkey 
cells (i.e., cos 7), they replicate over 2-3 days to give hundreds of 
minichromosomes. After permeabilization in an isotonic buffer, nearly all 
these model loops (~5 kb) resist electroelution and so must be attached to 
the substructure. Transfecting in progressively more DNA increases the 
number of attached plasmids up to a maximum of-1200, but then higher 
inputs generate additional unattached ones. This suggests there are a satur
able number of attachment sites. Only the attached population is active, as 
eluting the unattached fraction does not reduce plasmid-specific transcrip
tion. Cutting with Haelll and removing most of the resulting -400 bp 
fragments (as in Fig. 1) also has little effect on transcription but it leaves 

a Structural b Functional 

• • 

repeat 

f cut, remove • 

detached fragments ^^ 

- ^ each cell yields „ ^ . 

same attached set different attached set 

Fig. 1. Molecular ties, a Static (structural). DNA repeats (green) in two cells bind 
to the same protein complexes (ovals, diamonds), looping the fiber. After cutting 
with a nuclease and removing detached fragments, the same set of repeats from 
each cell remain bound; when 10% DNA remains, repeats are enriched tenfold, b 
Dynamic (functional). The fiber is looped by attachment to a protein complex, but 
both attachments and proteins in the complex change from moment to moment. 
After cutting and removing detached fragments, a different set of fragments remain 
attached in the two cells; when 10% DNA remains, no fragment is enriched ten
fold. This result is obtained if cutting and removal are carried out in isotonic buff
ers; essentially all active transcription complexes also remain attached. Reprinted 
with permission from Cook 2003. 
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fragments from within one or other of the two transcription units. Quanti
tative analysis shows that each minichromosome is attached at 1-2 points 
through either one of the two promoters in the plasmid or the body of the 
transcription units. 

Support for the idea that polymerases act as the ties comes from 
the regeneration of loops from unlooped sperm DNA (Gall and Muq^hy 
1998). When demembranated sperm heads (which are inactive and contain 
unlooped DNA; above) are injected into the germinal vesicle of amphibian 
oocytes, the heads swell, accumulate polymerase II, and begin to be tran
scribed. If the contents of the germinal vesicle are now dispersed in a hy
potonic buffer, lampbrush loops derived from both injected sperm and host 
are seen. The generation of lampbrushes from sperm DNA depends on 
transcription, as actinomycin D prevents it. Moreover, the active form of 
polymerase II (marked by hyperphosphorylation of serine 5 in the heptad 
repeats of the C-terminal domain of its catalytic subunit) becomes concen
trated in the lampbrush axis. 

Polymerases elongate at -1.8x10^ nucleotides/min, and take -10 
min to transcribe a typical human gene (Kimura et al. 2002). While tran
scription continues, an active transcription unit will remain attached, and 
only on termination will it detach to leave the bound polymerase that is 
now free to exchange with others in the soluble pool. 

Other Kinds of Attachment 

Transcription factors bound to their (untranscribed) DNA targets probably 
mediate additional attachments, as those targets resist nucleolytic detach
ment from the substructure. The first hint that this was so came from studi
es on nucleoids derived from rat cells transformed by polyoma virus; when 
most DNA was detached with EcoRl, fragments containing viral enhancers 
remained (Cook et al. 1982). These results were confirmed using isotonic 
buffers; thus, minichromosomes are attached as much through nontran-
scribed promoters as through the body of transcription units (above). These 
kinds of attachment are unlikely to persist for long, as most GFP-tagged 
transcription factors remain bound to DNA only for seconds (Misteli 
2001b; Chen et al. 2002; Hoogstraten et al. 2002). And likely to be estab
lished only when assembled into preinitiation complexes, as specific tran
scription factors like Spl and C/EBP are detached with the body of the 
loop by Haelll digestion; while in contrast basal factors like TFIIB and 
TFIIH remain (Kimura et al. 1999). 
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Another kind of tie—^not to a factory—may be essentially perma
nent. Histones can carry a "code" (Fischle et al. 2003; Lachner et al. 2003) 
that ensures they bind tightly to others in heterochromatin or to the lamina 
(Polioudaki et al. 2001). These are probably the ones that GFP-tagging in
dicates do not exchange except when DNA is replicated (Kimura et al. 
2001), so they can sequester a loop permanently away from a factory. For 
example, genes involved in immunoglobulin rearrangements are reposi
tioned to centromeric heterochromatin during lymphocyte development co
incident with their inactivation (Brown et al. 1999). Other kinds of tie 
probably exist only fleetingly, and will be best analyzed in vivo (e.g., by 
fluorescence correlation spectroscopy; Lippincott-Schwartz et al. 2001; 
Weidemann et al. 2003). These arise because chromatin presents such a 
huge binding surface to the nucleoplasm; then, many so-called soluble nu
clear proteins probably spend much of their time bound transiently to it 
through low-affmity interactions. 

8.4 Clusters of Active Polymerases Organize Rosettes of 
Loops 

A IModel for Genome Organization 

The principles and results described above lead to a general model for the 
organization of all genomes (Fig. 2; Cook 1995, 2002). When genes strung 
along a template are transcribed, active polymerases form into clusters to 
loop intervening DNA. We call one of these clusters a "factory" as it con
tains several polymerizing complexes working on different transcription 
units. Each factory would be surrounded by a rosette (or "cloud") of loops, 
and strings of nucleosomes and factories (plus surrounding clouds) would 
constitute the major architectural motifs responsible for organizing the ge
nome. As we have seen, transcription factors in factories would mediate 
additional attachments. Then, RNA polymerase is not only an enzyme, but 
a critical structural component that ties the genome in loops. Note that the 
3C and RNA TRAP methods provide powerful evidence for the local con
tact between two active transcription units; for example, the LCR only 
contacts the p-globin gene that it regulates when both are transcribed 
(above). 
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Evidence That Active Poiymerases Do Not Tracic 

Textbooks tell us that active RNA polymerases track like locomotives 
down their templates. In contrast, in our model active polymerases are at
tached to the substructure, and the immobilized enzyme works by reeling 

Territory 
in nucleus 

Cloud 
around 
factory 

short 
euchromatic 

loop 

Loop 
attached 
t o f a c t o r y 

Zig-^agging string 

Nucleosome 

DNA duplex 

Fig. 2. A model for genome folding. DNA is wound into a nucleosome, and then a 
zig-zagging string of nucleosomes is tied to a factory through a cluster of tran
scription factors (diamond) or an active polymerase (oval). Components of the fac
tory exchange with the soluble pool, and attachments to the factory are made and 
broken as factors dissociate and transcription terminates. Ten to twenty loops (on
ly three are shown) of 5-200 kbp form a cloud around the factory; long, static, 
loops are likely to become heterochromatic and attached to the lamina. Fifty to one 
hundred clouds then form a chromosome territory. Reprinted with permission 
from Cook 2001 and Cook 2003. 
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in its template (Cook 1999). Evidence for this is of three general types. 
First, a tracking polymerase would generate a transcript that is entangled 
about the template, but this problem does not arise if the polymerase is 
immobilized. Second, biochemical results indicated that active genes, 
RNA polymerases, and nascent transcripts are all so closely associated 
with the underlying structure that they remain when most chromatin is re
moved with nucleases (as in Fig. 1). Third, we developed a method for lo
calizing nascent transcripts with high resolution, and used it to show that 
active polymerases engaged on a number of different transcription units 
are concentrated in a limited number of discrete sites (diameter --50 nm) 
firmly associated with the substructure. (Engaged polymerases are allowed 
to extend transcripts by a few nucleotides in Br-UTP or biotin-CTP before 
the resulting tagged RNA is immunolabeled [Jackson et al. 1993].) As 
there turn out to be 8-fold more active molecules of RNA polymerase in a 
HeLa cell than transcription sites, and as only one polymerase is typically 
engaged on a transcription unit, each site (diameter -50 nm) must contain 
-8 different polymerases active on ~8 different units. 

This suggests active polymerases are immobilized, but can they 
then work? There is good evidence they can, as tethering them to a slide or 
plastic bead has no effect on the rate of polymerization of nucleotide 
triphosphates (Schafer et al. 1991; Cook and Gove 1992). They can be 
viewed as motors that haul in their templates. They are powerful ones 
largely due to their low gearing; for each triphosphate hydrolyzed, DNA is 
reeled in by '^.34 nm—one-tenth and one-hundredth the step-lengths re
spectively of kinesin and myosin V (Gelles and Landick 1998). 

Specialized Factories 

We are all familiar with the prototypic mammalian transcription factory— 
the nucleolus—which is dedicated to the synthesis of 45S rRNA and the 
production of ribosomes (Grummt 2003). Active polymerase II and III are 
also each concentrated in their own discrete factories dedicated to the pro
duction of particular transcripts. Thus, in a HeLa nucleus polymerase II 
transcripts (but not polymerase III, or its transcripts) are concentrated in 
-8000 nucleoplasmic sites, while polymerase III transcripts (but not po
lymerase II, or its transcripts) are found in another -2000 sites (Pombo et 
al. 1999). 

Some factories specialize even further, and become dedicated to 
the transcription of specific sets of genes. Examples include: OPT domains 
(transcribing genes depending on Octl and PTF; Pombo et al. 1998), sites 
containing jJ-globin and LCR transcripts (above), stress granules (tran-
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scribing satellite repeats; Jolly et al. 2004), CBs (transcribing snRNAs; 
Callan et al. 1991; Frey et al. 1999; Jacobs et al. 1999), and perinucleolar 
polymerase III factories (transcribing tRNAs; Thompson et al. 2003). 

Factories Contain IMany {Machines Required to IMake IMature 
Transcripts 

Active RNA polymerase II is part of a huge complex that carries out 
many—^perhaps all—of the functions (RNA synthesis, capping, splicing, 
polyadenylation) required to generate a mature message (Maniatis and 
Reed 2002; Proudfoot et al. 2002). This complex probably also proofreads 
mRNAs before going on to destroy faulty ones along with any peptides 
generated during proofreading (Iborra et al. 2001, 2004; Andrulis et al. 
2002; Brogna et al. 2002; Libri et al. 2002; Lykke-Andersen 2002). Proof
reading involves the nonsense-mediated decay (NMD) pathway (Hilleren 
and Parker 1999); this probably uses ribosomes to scan mRNAs for inap
propriately placed (i.e., premature) termination codons (PTCs), and—if de
tected—^triggers the destruction of those faulty messages (along with any 
misfolded peptides that might result from proofreading). Nascent pep
tides—which are presumably made during the scanning by the ribo
somes—are found in the nucleoplasmic transcription factories, together 
with components of the translation and NMD machineries. As inhibiting 
transcription immediately inhibits this nuclear protein synthesis, the proc
esses must be tightly coupled (Iborra et al. 2001). Moreover, the transcrip
tional, translational, NMD, and degradative machineries colocalize and co-
immunoprecipitate; selected components (translational initiation factor 
eIF4E, ribosomal subunit S6, NMD factors UPFl/2) also copurify with the 
catalytic subunit of the polymerase, probably by binding to its C-terminal 
domain (Iborra et al. 2004). 

8.5 Gene Activation 

Local Concentrations of Polymerases and Promoters 

Nuclei of HeLa cells contain a dispersed pool of RNA polymerase II pre
sent at --1 jxM, but this is unlikely to account for much transcription be
cause the local concentration in a factory is -1000-fold higher (Cook 
2001). This is especially so when promoters are tethered close to a factory. 
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Compare two promoters in a loop, where one lies ~4-fold further away 
along the DNA from the factory. The distant promoter will be confined to 
a 64-fold larger volume around the factory (as volume depends on radius^). 
This reduces its local concentration by the same amount, and so the fre
quency with which it contacts the factory. As a result, distant promoters 
are much less likely to initiate than proximal ones. The long tether has an
other effect; it buffers the distant promoter from transcription-driven 
movement, and this immobility makes it likely to acquire the histone code 
characteristic of "closed" chromatin. The context then becomes self-
sustaining: productive collisions of the nearer promoter with the factory at
tract factors increasing the initiation frequency, and the longer the distant 
promoter remains inactive the more it is likely to be embedded in hetero-
chromatin. 

Gene Regulation and Promoter-Factory Distance 

The probability that a promoter collides productively with a factory is in
creased by increasing promoter mobility (by "opening" chromatin), in
creasing promoter-factory affinity (through binding of appropriate fac
tors), and reducing promoter-factory distance (by shortening the tether; 
Iborra et al. 1996; Cook 2003). It will also depend on which other promot
ers compete for binding sites in nearby factories. For example, a polym
erase II unit might be "silenced" by nearby polymerase II units (because 
they compete too effectively for a polymerizing site) or polymerase III 
units (because they attach to a remote polymerase III factory distant from 
any polymerase II factory). Alternatively, adjacent transcription units can 
stimulate activity. Consider the activation of the human e-globin gene dur
ing development. We imagine that it is initially embedded deep in hetero-
chromatin far from a factory. During erythroblast development, the con
centration of critical activators rises so the LCR—which would be in open 
chromatin on the edge of the heterochromatin—^now has an increased af
finity for the factory. Once the LCR attaches and transcription begins, a 
polymerase reels in the template. This transiently subdivides the long loop 
into two smaller ones and the associated movement reverses the histone 
code, to open e-globin and bring it closer to the factory; now, it is much 
likelier to attach. Active transcription units can also act as barriers that 
prevent the spread of heterochromatin down the chromatin fiber; the inevi
table movement associated with activity counteracts histone aggregation 
and the spread of an inactive histone code. Therefore, the pattern of activ
ity of adjacent genes on the chromosome will also determine whether or 
not a particular gene is active. 
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8.6 Conclusions 

This model illustrated in Fig. 2 has several advantages. First, it is general, 
and can easily be extended to bacteria. Thus, lysing bacteria in a detergent 
and 1 M NaCl releases the prototypic factory—a, cluster of still-engaged 
polymerases surrounded by DNA loops. Transcription maintains this struc
ture, as inhibiting it with rifampicin or treatment with ribonuclease 
(RNase) unfolds it (Pettijohn 1996). Moreover, GFP-tagging reveals that 
RNA polymerases are concentrated in discrete foci, each of which proba
bly contains several different operons encoding rRNA (Lewis et al. 2000; 
Cabrera and Jin 2003). Second, it is a minimalist model in which all the 
basic structural motifs are defined. Third, we have seen it can readily ex
plain how gene activity is regulated. Fourth, it can be extended to mitosis. 
Then, the contour length of the loops and the basic shape of the chromatin 
clouds remain unchanged (Jackson et al. 1990; Manders et al. 1999), and 
decreased transcription coupled to increased cloudxloud and fac
tory ifactory aggregation could drive reassembly into the most compact and 
stable structure, a cylinder of nucleosomes around an axial core containing 
the remnants of the factories (Cook 1995). Despite these advantages, many 
questions remain. For example, we still know very little about the microar
chitecture of factories, or what maintains their structure as their constitu
ents exchange continually with others in the surroundings. 

Three different kinds of motion of the chromatin loop have been 
described: (i) the random Brownian motion of DNA segments within the 
loop, (ii) the directed transcription-dependent reeling-in by immobilized 
polymerases that continuously changes the contour length of one particular 
loop, and (iii) the making^reaking of the molecular ties that attach loops 
to the factory (so adjacent loops split/merge as polymerase initi
ate/terminate or transcription factors bind/dissociate). These three motions 
counteract the tendency of chromatin to condense into heterochromatin, 
with a consequential alteration in histone code. 
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9.1 Introduction 

The driving force behind studies on nuclear architecture is based on the as
sumption that nuclear architecture is an integrated part of the complex epi-
genetic regulatory mechanisms which control cell type specific gene ex
pression patterns. Epigenetic mechanisms comprise the chromatin level, 
including DNA methylation, histone modifications and chromatin remod
eling factors, and the nuclear level, which includes the dynamics and three-
dimensional (3D) spatial higher-order organization of the genome inside 
the cell nucleus. There is increasing evidence that such a higher-order or
ganization of chromatin arrangement contributes essentially to the regula
tion of gene expression and other nuclear functions (for review see Spector 
2003; van Driel et al. 2003). 

The nucleus appears to be a compartmentalized organelle, but the 
mechanisms involved in nuclear compartmentalization must be different 
from the mechanisms involved in the compartmentalization of the cyto
plasm. In contrast to the organelles in the cytoplasm there are no mem
brane structures in the nucleoplasm, which could separate different nuclear 
compartments. 

Understanding nuclear architecture in space and time, as we argue, 
is indispensable to understand the changes of nuclear functions during cell 
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cycle, cell differentiation, cellular senescence, programmed cell death, as 
well as the reprogramming of nuclei in animal cloning experiments. In this 
chapter we describe what is presently known or argued about the structure 
and arrangements of chromosome territories (CTs), variedly sized chro
matin domains, as well as non-chromatin domains. 

While it is no longer controversial to say that changes of gene ac
tivity are correlated with changes of chromatin structure, it is still a matter 
of controversy as to what extent changes in higher-order chromatin archi
tecture and arrangements are either the cause or the consequence of 
changes in gene expression (Singer and Green 1997; Parada et al. 2004). 
We must therefore study epigenetics as a problem of complex interactions 
of several hierarchical levels ranging from DNA methylation to histone 
modifications and chromatin remodeling, to higher-order chromatin ar
rangements and nuclear architecture at large. These different levels are 
most likely dependent on each other in complex and unpredictable ways 
(Geiman and Robertson 2002; van Driel et al. 2003). 

Throughout this chapter we attempt to integrate presently known 
features of the nuclear architecture into the framework of the CT-
interchromatin compartment (IC) model of the cell nucleus (Cremer and 
Cremer 2001; Cremer et al. 1993). At the end we will try to present a view 
of the functional nuclear architecture, which brings together our present 
knowledge of nonrandom, yet probabilistic features of CT arrangements 
with possibly deterministic features of the positioning of active genes in 
euchromatic nuclear zones and of silent genes in heterochromatin nuclear 
zones. This model presented is necessarily premature in the light of the 
facts established to date. 

About a century ago Carl Rabl and Theodor Boveri suggested that 
each chromosome in the cell nucleus of animal cells occupies a distinct 
territory (Boveri 1909). This concept was abandoned when EM studies 
performed in the 1950s and 1960s revealed areas of compacted and disper
sed chromatin, called hetero- and euchromatin, but failed to distinguish 
distinct CTs (for review see Wischnitzer 1973). During the 1960s and 
1970s the view of the cell nucleus as a bag, where extended chromatin fi
bers float around in the nuclear sap with little geometrical constraints be
came popular. At this time only a minority of nuclear researchers argued 
for a functionally relevant nonrandom higher-order chromatin architecture 
(for reviews see Comings 1968; Okada and Comings 1979; Vogel and 
Schroeder 1974). In the late 1970s and 1980s the Rabl-Boveri view of CTs 
was resurrected, when firm evidence for the territorial organization of in
terphase chromosomes, CTs was obtained for a variety of species from the 
animal and plant kingdoms (Zom et al. 1976; Cremer et al. 1982, 1988; 
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Manuelidis 1985; Schardin et al. 1985; Lichter et al. 1988; Leitch et al. 
1990) (Fig. 1A,B). 

9.2 Topology and Function of Chromosome Territories 
and Chromatin Domains 

Structure of Chromosome Territories and Chromatin Domains 

Methodological advancements since the 1980s have made it possible to 
study nuclear architecture from the level of chromatin and non-chromatin 
domains to the level of the higher-order organization of these components 
at large. The development of multicolor fluorescence in situ hybridization 
(M-FISH) protocols, under conditions which preserve the 3D nuclear 
shape and higher-order chromatin arrangements of nuclei as much as pos
sible (3D-FISH) (Solovei et al. 2002), has allowed studies of chromatin to
pology from the level of single genes to entire CTs and their suprachromo-
somal arrangements (Fig. IC) (for review see Spector 2003; Parada et al. 
2004; Pederson 2004). 

Pulse-labeling of DNA with thymidine analogues in living mam
malian cells during the replication phase has revealed the presence of focal 
chromatin aggregates or chromatin domains with a DNA content in the or
der of several hundred kilobases (kb) to several megabases (Mb), termed 
~1 Mb chromatin domains (Ma et al. 1998). Early and mid-replicating ~1 
Mb chromatin domains can be visualized in different colors by pulse-
chase-pulse experiments with CldU and IdU. The mid-replicating domains 
are gene poor and predominantly arranged at the nuclear periphery and 
around nucleoli, while early replicating domains are gene rich, and local
ized in the nuclear interior between the perinuclear and perinucleolar gene-
poor compartments. These ~1-Mb domains persist through interphase and 
we consider them as a major substructure of CTs. Neither the structure of 
these chromatin domains nor the way in which they are connected with 
each other has been elucidated to date. When cells with pulse-chase-pulse 
labeled DNA grow for several additional cell cycles labeled and unlabeled 
chromatids segregate, giving rise to cells with fewer and fewer labeled 
chromosome territories. Each labeled CT, however, orientates itself in 
early Gl such that the typical distribution pattern of early and mid replicat
ing chromatin domains is conserved (Fig. ID) (Schermelleh et al. 2001). 
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Fig. 1. A Visualization of chromosome territories (CTs) X (green) and 8 (red) af
ter fluorescence in situ hybridization (FISH) with chromosome-specific painting 
probes on light optical section of a human female lymphocyte nucleus (blue). 
Note the relatively compact structure of territories in this nucleus. B Light optical 
section through painted CT #18 in a human fibroblast nucleus. Note the irregular 
shape and focal substructure of the CT showing regions with different chromatin 
density. C Hybridization of two differently labeled pools of BAC probes, as
signed to G-dark (red) or G-light bands (green) to CT #12 (blue) in human lym
phocyte nucleus. Majority of BAC signals is found within the CT; occasionally 
signals (arrow) extend from CTs (image courtesy of D. Biener, University of 
Munich). D Early- and mid-replicating chromatin domains. Left: Typical distribu
tion of early replicating chromatin (red) throughout the nuclear interior and mid-
replicating chromatin (green) at the nuclear and nucleoli periphery on the optical 
section through a nucleus of neuroblastoma cell after double replication labeling 
with Cy3- and Cy5-conjugated nucleotides. Right: Optical mid-section through 
nucleus of a cell double replication labeled as on the Left. Note that though only 
a few CTs are labeled in this nucleus (as a result of sister chromatid segregation 
during few postlabeling mitotic divisions), the topology of mid- and early-
replicating chromatin is maintained through several cell cycles. The inset shows 
the same nucleus after counterstaining (image courtesy of L. Schermelleh, Uni
versity of Munich). E Three-dimensional (3D) reconstructions of a HeLa cell nu
cleus with replication labeled chromosome territories (red) performed from three 
time points (0, 6, and 12 h) of a 4D time lapse series covering cell cycle from Gl 
to G2. Note that the position of the labeled CTs remains almost unchanged dur
ing this time interval (image courtesy of L. Schermelleh, University of Munich). 

Recently, in vivo labeling approaches have provided insight into 
the dynamics of CTs, chromatin domains, genes, as well as non-chromatin 
domains in the nucleus of living cells (for review see Belmont 2003). The-
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se approaches have made it possible to perform 4D (space coordinates plus 
time) studies of the topology of chromatin and non-chromatin nuclear do
mains in nuclei of cultured, living cells (Fig. IE). The perspectives of fu
ture studies become even brighter in the light of dramatic improvements of 
laser fluorescence microscopy beyond the Abbe limit of conventional light 
microscopic resolution (Failla et al. 2002), advancements in bioinformatics 
for quantitative 3D and 4D evaluations (Swedlow 2003) and higher-order 
chromatin and chromosome computer modeling (Kreth et al. 2004). 

Random or Nonrandom Arrangements of CTs? 

The question as to whether CT arrangements are fixed or variable was of 
concern to Theodor Boveri (Boveri 1909). In his studies of embryos of the 
Ascaris equorum, Boveri argued that the neighborhood of CTs is stably 
maintained during the resting stage (interphase), but that new neighbor
hoods can be established in mitosis, when chromosomes move to form the 
metaphase plate. Accordingly, he assumed that the neighborhood of CTs 
can differ from cell cycle to cell cycle. Since then scientists have defended 
both the assumption of highly ordered CT arrangements (Nagele et al. 
1995) and the assumption of highly variable, likely random arrangements 
(Lesko et al. 1995). It has recently become possible to visualize all pairs of 
autosome territories, the X and the Y territory, in different colors in post
mitotic (GO) fibroblast nuclei. This approach allowed to measure their dis
tances from the center of the nucleus (assessment of the radial CT ar
rangements) and the distances and angles between homologous and 
heterologous CTs (assessment of the side-by-side arrangements). The re
sults demonstrate a profound variability of side-by-side arrangements (Fig. 
IF) (Bolzer et al. 2004). In contrast, the radial distribution of CTs in hu
man fibroblast nuclei was highly nonrandom: the territories of larger 
chromosomes were positioned closer to the nuclear rim, while the territori
es of small chromosomes were located close to the nuclear center. 

In nuclei of other cell types than fibroblasts, such as human lym
phocytes and a number of epithelial normal and malignant cell types, a 
highly nonrandom radial distribution of CTs was also observed, but here 
the distribution was not correlated with size but with gene density of the 
respective chromosomes. Whereas, for example, in human fibroblasts the 
CTs of the small gene dense chromosomes 18, 19 and Y (all with a similar 
DNA content) were centrally positioned together, the arrangements of the
se territories were distinctly different in human lymphocyte nuclei. Here, 
the CTs #19 were observed in the nuclear center, while the CTs #18 and Y 
were positioned at the nuclear periphery (Fig. IG) (Croft et al. 1999; Boyle 
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et al. 2001; Cremer et al. 2001b, 2003). This gene density related chromat
in arrangement was also reflected by the polarized distribution of sub-
chromosomal domains within a CT representing either gene dense or gene-
poor regions (Fig. IH). The reason(s) for these cell type specific differ
ences of CT arrangements remain speculative, but nuclear shape may have 
an important impact. Fibroblast nuclei are elliptically shaped and rather 
flat, while, e.g., lymphocyte nuclei and other cell types investigated are 
rather spherical. As a consequence, a gene-poor CT # 18 or Y, located in 
the center of a flat fibroblast nucleus, still allows a close association to the 
nuclear envelope, whereas the association to the nuclear envelope requires 
a peripheral position for these CTs in a spherical nucleus. This attachment 
can be triggered, among others, by HPl, a protein recruited at specific 
transcriptionally inactive chromatin sites, which interacts with the LBR, a 
component of the inner nuclear membrane. Although differences in nu
clear shape may affect the distribution of CTs, they are unlikely to be suf
ficient to explain the profound differences between the size-dependent ra
dial order found in fibroblast nuclei and the gene density-dependent order 
found in lymphocyte nuclei. 

Computer simulations of CT arrangements were performed with 
the intention to model CT arrangements under the condition that these ar
rangements were enforced by geometrical constraints. Interestingly, these 
simulations indicated that in both elliptically shaped flat nuclei and spheri
cally shaped nuclei, geometrical constraints would favor the positioning of 
small CTs at the nuclear periphery and the positioning of large CTs in the 
nuclear interior. This difference between the predicted CT distribution due 
to geometrical constraints and the experimentally observed CT distribu
tions suggests that other conditions than geometrical constraints play a de
cisive role in the formation of cell type specific, nonrandom, radial CT pat
terns. 

Changes of CT Positions During Interphase 

To follow up positional changes of entire CTs during different cell-cycle 
stages of the interphase nucleus, cycling cells were replication-labeled 
with fluorochrome-labeled nucleotides during S-phase. During the second 
and later postlabeling mitoses, labeled and unlabeled chromatids segregat
ed randomly, resulting in cells exhibiting nuclei with few labeled CTs lo
cated at different nuclear sites. Those CTs can be followed by live cell mi
croscopy through a subsequent interphase and mitosis (Walter et al. 2003). 
While "large-scale" positional changes (>1 ^im) of the intensity gravity 
centers of CTs were observed in early Gl, the mobility of CTs was 



9. Functional Nuclear Domains 203 

strongly constrained from mid Gl to late G2. We never observed, for ex
ample, movements that led to a positional change of a CT from one side of 
the nucleus to the opposite site. The constrained mobility of entire CTs, 
however, is consistent with the possibility that certain subchromosomal re
gions carry out larger, even directed movements, as described below. 

A comparison of CT arrangements between mother and daughter 
cells in different cell types showed an obvious symmetry in most pairs of 
daughter cells (Fig II), whereas different mitotic cells produced daughter 
nuclei with largely different CT arrangements (Walter et al. 2003; Gao et 
al. 2004). 

Dynamics of Centromere Positions in Cycling and Postmitotic 
Cells During Terminal Cell Differentiation 

Changes of centromere positions from the nuclear periphery into the nu
clear interior and vice versa, as well as movements which result in the 
formation of centromere clustering (chromocenters) or in their dissolution, 
provide important examples for dynamic, large-scale changes of chromatin 
arrangements during the cell cycle and during the terminal differentiation 
of postmitotic cells (Fig. IJ) (Solovei et al. 2004a and references therein). 
Impressive changes of the chromatin pattern during the cell cycle can also 
be observed by the visualization of methylated histones (Fig. IK). In gen
eral, clustering of centromeres into a few large chromocenters after exit of 
the cell cycle and/or terminal differentiation (see below) has been de
scribed for different cell types and may be a common finding for different 
cell types (Cerda et al. 1999; Beil et al. 2002; Cremer et al. 2004). 

Recent studies of centromere positions in Purkinje cell nuclei from 
mouse cerebellum provide an example for positional changes during ter
minal cell differentiation (Solovei et al. 2004b and references therein). At 
birth (PO), mouse Purkinje cells are already in a postmitotic state but the 
terminal differentiation, including the formation of the impressive den
dritic tree of these cells, occurs during the postnatal period. Studies of cen
tromere positions during postnatal days PO to P28 revealed that centro
meres at all stages were typically located close to the nuclear envelope or 
close to a nucleolus. The fractions of centromeres observed either at the 
nuclear envelope or at the nucleoli, however, differed profoundly during 
terminal differentiation (Fig. IL). Whereas at PO Purkinje cell nuclei typi
cally showed 2-4 nucleoli and 7-8 centromere clusters mostly at the nu
clear periphery, cells at P28 typically showed large clusters of centromeric 
heterochromatin around the single centrally located nucleolus. It is not yet 
known whether the moving fraction of centromeres signified a random col-
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lection of all centromeres or changes of the orientation of specific CTs. It 
seems unlikely, however, that these highly reproducible changes of higher-
order chromatin occur without a functional necessity. 

Gene Topology in Correlation to Their Transcriptional Activity 

At present there is an ongoing debate regarding how transcriptionally 
competent and silent genes are topologically arranged with respect to the 

Fig.l. (continued) F Identification of all 24 CTs using a 24-color code on a single 
optical section through a human male fibroblast nucleus after multi-color FISH. In 
both shown nuclei CT neighborhood is different: e.g., compare positions of CTs 
#1, 2, 9 (image courtesy of A. Bolzer, University of Munich). G Visualization of 
CTs #18 {red) and #19 {green) in a 3D reconstruction of a nucleus of human he
mopoietic stem cell. Gene-dense CTs #19 are located in the nuclear interior and of
ten associated, whereas the gene-poor CTs #18 are typically found at the nuclear 
periphery. H Maximum intensity projection of an image stack through a human 
lymphocyte nucleus {blue) after hybridization with pools of differentially labeled 
BAC probes for gene-rich {green) and gene-poor {red) regions of chromosome 12. 
Note the orientation of the gene-dense regions towards the nuclear interior and of 
the gene-poor regions towards the nuclear periphery (Image courtesy of D. Biener, 
University of Munich). 
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Fig. 1. (continued) I Visualization of CT #7 (green) and of CT #10 (red) in nu
clei of two sister HeLa cells (there were three copies of chr. #10 in this cell line). 
Sister nuclei show a clear symmetry of the relative positions of painted CTs. J 
Light optical sections through nuclei of human lymphocytes at different cell cy
cle stages after kinetochores (green) immunostaining. Note different spatial dis
tribution and clustering of kinetochores depending on the cell-cycle stage. K Pat
tern of heterochromatin in nuclei of human breast cancer cell line (MCF-7) after 
immunodetection of methylated lysines of histone H3. The distribution of chro
matin visualized by this antibody changes significantly during the cell cycle: in 
particular, in S-phase heterochromatin is distributed through a nucleus with few 
distinct larger clusters adjacent to the nucleoli and nuclear periphery. Upon exit 
from the cell cycle, heterochromatin clusters significantly grow in size while 
small signals disappear (image courtesy of Roman Zinner, University of Mu
nich). L Three-dimensional reconstructions of nuclei of murine Purkinje cells at 
birth (PO, top) and in the adult animal (P28, bottom). Chromocenters (clusters of 
centromeres, green) are visualized by FISH with probe for pericentromere het
erochromatin (major satellite repeat). At birth most of the chromocenters are of 
similar size and equally distributed over the nucleus; during 4 weeks of postnatal 
development chromocenters undergo some intensive spatial rearrangements and 
finally form a typical pattern for adult animals with two to three large chromo
centers adjacent to the nucleoli and a few small chromocenters adjacent to the 
nuclear periphery 

outside and inside of CTs and chromatin domains, and with respect to the 
IC. Although there is strong experimental evidence for an interaction be
tween the spatial organization of genes and their activation or repression, 
data thus far provide a complex and inhomogeneous picture. 

The 3D positioning of two X-linked genes, ANT2 and ANT3, 
were compared in the active and inactive X chromosome territories of fe
male human amniotic fluid cell nuclei. ANT2 is transcriptionally active on 
Xa, but inactive on Xi. ANT3 is located in the pseudoautosomal region 
and escapes X-inactivation. It was shown that transcriptionally active 
ANT2 and ANT3 genes were positioned more peripheral within their CT 
than the inactive ANT2 gene (Dietzel et al. 1999). In contrast, PcG pro
teins, which are involved in gene silencing, are localized in the periphery 
of chromatin domains suggesting that silent genes may be positioned at 
this periphery as well (Cmarko et al. 2003). For the human MHC locus on 
chromosome 6 and the epidermal differentiation complex (EDC) on chro
mosome 1 it was shown that large chromatin loops can protrude away 
fi-om a chromosome territory at a scale of several microns in cells with a 
high transcriptional activity of these gene clusters (Volpi et al. 2000; Wil-
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Hams et al. 2002). An analysis of the spatial organization of the gene-rich 
subtelomeric region 11 pi5.5 containing genes that are not coordinately 
expressed also showed that this region frequently extended from the visi
ble bulk DNA of the corresponding chromosome territory (Mahy et al. 
2002a). As a consequence it was suggested that local gene density and 
transcription influences the organization of chromosomes in the nucleus. 
On the other hand the investigation of the spatial organization of active 
and inactive genes and noncoding DNA of a --̂ 1 Mb stretch of the WAGR 
region on l i p 13, performed by the same group, showed that both coding 
and noncoding sequences from this region were similarly located inside of 
the l i p territory. Accordingly, both ubiquitously expressed genes and 
genes with a tissue-specific expression can be transcribed from the territo
ry interior, suggesting that large-scale chromatin remodeling to position 
genes on the surface of a CT is not inevitably required for transcription 
(Mahy et al. 2002b). The observations of chromatin loops with (active) 
genes expanding from neighboring CTs and intermingling by chance 
within a space between more compact central CT portions led the group of 
Bickmore to challenge the organization of chromosomes as distinct chro
mosome territories in the interphase nucleus (Chubb and Bickmore 2003). 

9.3 Interchromatin Compartment and Non-Chromatin 
Nuclear Domains 

Ultrathin sections of typical mammalian cell nuclei viewed in the trans
mission electron microscope (TEM) revealed chromatin clumps of various 
sizes, surrounded by a largely chromatin-free interchromatin space (Visser 
et al. 2000). The latter contains numerous multiprotein complexes, further 
referred to as non-chromatin domains. The interchromatin space and its 
content is called the IC. To some extent these non-chromatin nuclear do
mains represent sites for the maturing and storage of fiinctional proteins 
and protein complexes, which can be released from these domains to their 
sites of action. It is still not clear, however, to which extent such domains 
have storage functions and to what extent they are directly involved in nu
clear functions, such as transcription control, splicing, replication, and re
pair. Transcription and cotranscriptional splicing takes place in perichro-
matin fibrils, which expand from the surface of chromatin domain into a 
boundary zone between chromatin domains and the IC, called the 
perichromatin region (PR). This evidence clearly supports a nonrandom 
organization of chromatin domains, which must expose active genes at 
their surface. Whether silent genes are located in the interior of chromatin 
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domains is not proven. Interestingly, PcG proteins, which are involved in 
gene silencing, are localized in the periphery of CDs indicating that silent 
genes may be positioned at the chromatin domain periphery as well. The 
IC contains a variety of non-chromatin domains, which take up and release 
functionally important proteins roaming the nuclear space. Below we re
view a few examples, including Cajal bodies, PML bodies, splicing speck
les, and RadSl foci. Two conceptionally simple, elegant, and widely used 
live cell approaches, termed FRAP and FLIP, have made it possible to 
study the dynamic behavior of specific proteins, which roam the nucleus, 
and their interactions with chromatin and non-chromatin nuclear domains. 
Fluorescence recovery after photobleaching (FRAP) experiments require 
that a nuclear protein present in a given chromatin or non-chromatin do
main is fused to a blue-, green-, yellow-, or red-fluorescent marker protein 
(BFP, GFP, YFP, RFP). The fluorescence protein-marked proteins in the 
given domain are selectively and irreversibly bleached with a laser mi-
crobeam, employing conditions which do not impair the function of the 
marked nuclear protein. The kinetics of fluorescence recovery in the 
bleached domain provide information on the mobility and binding kinetics 
of this nuclear protein. In FLIP (fluorescence loss in photobleaching) ex
periments the laser microbeam is focused to a nuclear region remote from 
FP-tagged nuclear domains. In the case that the FP marked proteins are not 
firmly bound to a given nuclear substructure, but roam the entire nuclear 
space, repeated bleaching of a single nuclear site leads to a loss of fluores
cence everywhere in the nucleus. FRAP and FLIP experiments demon
strated a high mobility of many proteins in the nucleoplasm and also 
showed that the dynamics of individual proteins or protein complexes can 
differ greatly. 

PML Bodies 

Approximately 10-20 PML bodies, also termed NDIO or PODs, can be 
observed in the cell nucleus (Fig. 2A). PML bodies are nuclear matrix 
(NM)-associated structures of 200-1000 nm in diameter. Their number 
and size varies during the cell cycle and in different cell types. Electron 
spectroscopic imaging demonstrates that the core of the PML body is a 
dense, protein-based structure which does not contain nucleic acids. 

The PML body comprises PML, a core component of the nuclear 
body, and other proteins such as SUMO-1, pRB, p53, BLM, and SplOO 
(Stemsdorf et al. 1997; Alcalay et al. 1998; Zhong et al. 1999; Guo et al. 
2000). Among these proteins PML is essential for the formation of PML 
bodies (Ishov et al. 1999). In order to be localized in the nuclear body 
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Fig. 2. Non-chromatin nuclear domains and chromosome DNA. Nuclear speckles 
(A), PML body (B), and Rad51 nuclear foci (C) in a human fibroblast cell line are 
detected by immunofluorescence staining (green) together with chromosome 
DNA (red) by propidium iodide (PI) staining. Profile plots of signal intensity 
along the arrows in the light optical confocal sections show the segregation of 
non-chromatin nuclear domains and chromosome DNA 

PML must be covalently bound to a ubiquitin-like protein SUMO-1 (PICl 
or sentrin), or sumoylated, at three lysine residues (Stemsdorf et al. 1997; 
Muller et al. 1998; Zheng et al. 2000a,b,c). Unmodified PML is associated 
with the soluble nucleoplasmic fraction, and the SUMOylated PML frac
tion is tightly associated with the NM. PML plays several physiological 
roles such as a mediator of interferon function (Lavau et al. 1995; Regad et 
al. 2001), a proapoptotic factor (Quignon et al. 1998; Wang et al. 1998), 
and a tumor suppressor (Mu 1994; Le et al. 1996). Furthermore, PML 
might work as a transcription regulator by interacting with p53 and pRB 
(Alcalay 1998; Guo et al. 2000). 

A variety of functions have been suggested for PML bodies 
(Zhong et al. 2000a,b,c), although the main biological function of this nu
clear domain is still unclear. PML is associated in vivo with several DNA 
repair proteins, including Mrell, Rad51, BLM, TopBPl, and H2AX 
(Mizoeva and Petrini 2000; Bischof et al. 2001; Xu et al. 2003), suggesting 
a role of PML body in DNA repair. The number of PML bodies increases 
afler treatment of cells with interferon (Lavau et al. 1995), and a variety of 
viruses, such as Herpes simplex virus-1 and human cytomegalovirus target 
PML body (Everett et al. 2004). These observations suggest a role of PML 
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bodies in the antiviral defense. Interaction of PML with the transcription 
coactivators CBP and p300 (von Mikecz et al. 2000), and inhibition of the 
transactivation activity of Spl (Vallian et al. 1998) and pRB (Alcalay et al. 
1998), as well as transcription repression of Tax (Desbois et al. 1996) and 
Daxx (Zhong et al. 2000a,b,c) by PML suggest a role of PML bodies in 
transcription regulation. Indeed, newly synthesized RNA is found in the 
chromatin-depleted region of the nucleoplasm immediately surrounding 
the core of the PML body (Boisvert et al. 2000). 

PML bodies are classified into three groups according to the dy
namics of PML body in living cells visualized by EYFP-SplOO (Muratani 
et al. 2002). The first type exhibits a constrained, non-energy-dependent 
movement. The second type shows very localized movements. These two 
types of PML bodies are thought to be stably associated with an underly
ing nuclear structure or with a specific nucleic acid or protein complexes. 
The third type of PML body exhibits rapid (4-7 \im/mm) and more ex
tended movements in the nucleoplasm by a metabolic-energy-dependent 
mechanism. Another report claims that PML bodies exhibit little move
ment while small foci that contain Spl00 but not PML are dynamic and 
fuse with PML bodies (Wiesmeijer et al. 2002). Studies of the dynamics of 
the components of PML bodies using FRAP and FLIP techniques showed 
that CBP moves very rapidly into and out of PML bodies, while PML and 
Spl00 are relatively immobile in these bodies (von Mikecz et al. 2000). 
Further studies are required to clarify the dynamics of the components that 
are taken up and released from these bodies. 

Cajal Bodies 

"Cajal bodies" (CBs) or "coiled bodies" appear as a tangle of coiled, elec
tron-dense threads by EM, and are conserved from plants to animals 
(Matera 1998). The number and size of CBs varies among cell types and 
also shows relationships with cell cycle within cell types. Up to 10 CBs 
per nucleus, ranging from 0.1 to 2 ^m in diameter, are typically observed 
in mammalian cells. Cajal bodies comprise numerous nuclear and nucleo
lar factors involved in transcription, splicing, snRNA processing and sig
naling, such as snRNPs, survival of motor neuron protein (SMN), nucleo
lar snoRNPs, splicing snRNPs, NOPP140, fibrillarin, RNA polymerase I 
and II, TFIIF, TFIIH, and the TATA binding protein (TBP) (Matera 1999). 
Since CBs do not contain nascent RNA, the nuclear domains could play a 
role in coordinating the assembly and maturation of nuclear RNPs and 
possibly other macromolecular complexes (Jady et al. 2003). Among the 
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components of CBs, p80 coilin, discovered as a human autoantigen, is 
used as a marker of CBs (Andrade et al. 1991). However, not all coilin is 
concentrated in CBs. Coilin also shows numerous smaller foci together 
with a diffuse nuclear staining pattern (Matera 1998). Overexpression of 
coilin increased the intensity of diffuse nuclear staining, but not the num
ber of CBs, indicating that an excess of this protein does not help to in
crease the assembly of CBs (Platani et al. 2000). 

Cajal bodies are dynamic nuclear domains. Live imaging experi
ments using plant cells expressing GFP-U2 snRNP B fusion protein and 
human cells expressing fibrillarin-GFP or GFP-tagged coilin showed that 
all CBs move within the nucleoplasm (Boudonck et al. 1999; Platani et al. 
2000, 2002; Snaar et al. 2000). Movements included translocations 
through the nucleoplasm, joining of CBs to form larger bodies, and separa
tion of smaller bodies from larger CBs. Mobility of CBs increases after 
adenosine triphosphate (ATP) depletion or inhibition of transcription, indi
cating that the association of CBs with chromatin requires ATP and active 
transcription (Platani et al. 2002). GFP-tagged fibrillarin in CBs and nu
cleoli of human cells shows high mobility of the protein in both organelles, 
and has a significantly larger mobile fraction in CBs than in nucleoli 
(Snaar et al. 2000). A recent study of the dynamics of CBs components in 
the Xenopus germinal vesicle using fluorescence-labeled U7 small nuclear 
RNA, coilin, and TATA-binding protein (TBP) revealed the slower recov
ery of fluorescence of GFP-tagged proteins after photobleaching in CBs 
than in nucleoplasm (Handwerger et al. 2003). These observations suggest 
that CB components bind to other molecules which could provide a com
mon scaffold for the formation of CBs. Interestingly, a fraction of CBs 
themselves move to and from nucleoli, suggesting the tethering of CBs to a 
specific nuclear structure. In fixed somatic cells and oocytes, CBs associ
ate with the histone and snRNA genes, suggesting the direct tethering of 
CBs to specific gene loci or frequent association of CBs with these loci 
(Frey and Matera 1995, 2001). Further studies are required to identify the
se molecules and clarify the mechanisms of the formation and dynamics of 
CBs. 

Splicing Speckles 

Electron microscopy studies have identified nuclear domains in mam
malian cell nucleus which are built up from numerous small electron dense 
bodies of 20-25 nm connected by a thin fibril, interchromatin granule clus
ters (IGCs). Almost all essential pre-mRNA splicing factors are concen
trated in the nuclear domains, "splicing speckles," also known as "SC35 
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domains" or "IGCs" with irregular shapes in various sizes (for a review, 
see Lamond and Spector 2003) (Fig. 2B). 

Splicing speckles are composed of Ul, U2, U4/U6, and U5 
snRNPs, arginine/serine-rich (SR) splicing factors, and the hyperphos-
phorylated large subunit of RNA polymerase II. The arginine/serine-rich 
domain of a fraction of SR splicing factors is required for targeting protein 
to nuclear speckles. In addition to these proteins associated with splicing 
or transcription, kinases, such as CLK (Colwill et al. 1996), PRP4 (Kojima 
et al. 2001), and PSKHl (Brede et al. 2002), and phosphatases (protein 
phosphatase 1) (Trinkle-Mulcahy et al. 1999) that can phosphory-
late/dephosphorylate proteins of the splicing machinery have been identi
fied in speckles. Furthermore, 3'-end RNA-processing factors, the eukary-
otic translation-initiation factor eIF4E (Dostie et al. 2000), and structural 
proteins like lamin A (Jagatheesan et al. 1999) are located in speckles. 

Studies of the dynamics of GFP-tagged ASF, a splicing factor, 
have revealed the recruitment of the protein from speckles to sites of active 
transcription (Misteli et al. 1997). Cells with active transcription exhibit 
more widespread nucleoplasmic localization of RNA processing factors 
and a smaller number of speckles, whereas inhibition of transcription by a-
amanitin treatment induces accumulation of splicing factors into the nu
clear compartments resulting in the formation of enlarged, round-shaped 
speckles (Misteli et al. 1997). Pulse labeling of transcription sites using 
bromouridine triphosphate (BrUTP) has revealed no transcription activity 
within nuclear speckles (Cmarko et al. 1999). In contrast, perichromatin 
fibrils, which are observed adjacent to IGCs by EM, show incorporation of 
BrUTP, suggesting that they are formed at transcription sites. These obser
vations indicate that speckles serve as storage or assembly sites of splicing 
factors, but not compartments of transcription and splicing. 

Speckles visualized by the ASF-GFP fusion protein change shape 
over time and subdomains are capable of both blebbing and fusing with 
individual speckles (Misteli et al. 1997). But they keep a relative position 
in interphase nuclei, suggesting that they are mildly tethered to some im
mobile nuclear structure. The motion of ASF-GFP examined by fluores
cence FRAP experiments is at rates up to 100 times slower than free diffu
sion when it is associated with speckles and, interestingly, also in the 
nucleoplasm (Kruhlak et al. 2000). These results suggest that ASF interact 
transiently and frequently with relatively immobile nuclear components in 
and outside speckles. Recent study of the relationships between Speckles 
and higher-order chromosome structure showed that speckles were rarely 
contacted by gene-poor later-replicating (G-band) DNA, and were typi
cally surrounded by a subset of gene-rich or early-replicating (R-band) 
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DNA (Shopland et al. 2003). Furthermore, two muscle genes became lo
calized to the periphery of speckles during terminal differentiation from 
proliferative myoblasts to muscle cells (Moen et al. 2004). Speckles could 
serve as a center of a subset of active genes which form a euchromatin area 
around the nuclear domains. Speckles could be nuclear domains which are 
formed in the vicinity or at the center of a group of functionally related ac
tive genes located in the same euchromatin area. 

It is still unclear how the formation and dynamics of speckles is 
regulated. Recently, the "Regulated-Exchange" model has been proposed 
by Lamond and Spector (2003). According to this model, speckles would 
be formed through a process of self-assembly without an underlying scaf
fold structure. The respective rates of association and disassociation of in
dividual speckle components define their exchange rates and the sizes of 
their bound and soluble pools in the nucleus. The association and/or disas
sociation rates could be controlled in response to specific cellular signals 
through the regulatory mechanisms, or phosphorylation/dephosphorylation 
of the RS domain of SR splicing factors. Further studies are required to 
clarify the mechanism of speckles formation and dynamics. 

9.4 Nuclear Domains Associated with DNA Repair 

IMre11/Rad50/NBS1 Complexes 

The MREl 1-RAD50-NBS1 (MRN) complex has been thought to ftmction 
in diverse aspects of the cellular response to DNA damage, sensing, proc
essing, and repair (for reviews see (D'Amours and Jackson 2002; Petrini 
and Stracker 2003; van den Bosch et al. 2003). The original components of 
the MRN complex Mrell, RadSO, and Xrs2 (NBSl is the vertebrate ho-
mologue of Xrs2), were identified by genetic screening for Saccharomyces 
cerevisiae mutants that were hypersensitive to DNA damage or were de
fective in meiotic recombination. Mrell and RadSO are highly conserved 
in Schizosaccharomyces pombe, mouse, and human cells, whereas Xrs2 is 
not. Mrel 1 is a core component of the MRN complex and has DNA nucle
ase, strand-dissociation and strand-annealing activities (for a review see 
D'Amours and Jackson 2002)). RadSO is thought to play an important role 
in binding DNA ends to hold them in close proximity and in controlling 
the nuclease activity of Mrell (Paull and Gellert 1999; Hopfner et al. 
2001). NBSl is reported to be a regulator of some biochemical activity of 
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the MRN complex, such as ATP-dependent DNA unwinding and nuclease 
activity (Carney et al. 1998; Matsuura et al. 1998; Varon et al. 1998). 

Mrel 1 is thought to be distributed homogeneously within the nu
cleoplasm in undamaged cells, and to be recruited to sites containing dou
ble strand breaks (DSBs) after induction of DNA damage in a time- and 
dose-dependent fashion but not in cells that are treated with other types of 
the DNA-damage induction like UV irradiation (Maser et al. 1997; Nelms 
et al. 1998). Mrel 1 foci colocalize with phosphorylated histone H2AX af
ter induction of DNA damage (Paull et al. 2000), and in cells that undergo 
V(D)J recombination (Chen et al. 2000) or class switch recombination (Pe
tersen et al. 2001). RadSO and NBSl have been shown to accumulate at la-
ser-UVA-microirradiated sites in human breast tumor cells. MREll starts 
to form nuclear foci at sites containing DNA damage 10 min after induc
tion of DNA damage, indicating the role of MRN complex at the early sta
ge of DSB repair (Mirzoeva and Petrini 2001). DSB-induced Mrell foci 
have been classified into two groups: small and many foci, which are the 
earliest DNA-damage-dependent foci observed in damaged cells from 10 
min to 8 h after induction of DNA damage, and large and less in number 
than small foci, appearing 4 h post-treatment (Mirzoeva and Petrini 2001). 
Another study reported that after partial volume irradiation with ultrasoft 
X-rays, Mrel 1 located to the irradiated sites in human fibroblasts, but did 
not find distinct RadSl accumulation at these sites (Nelms et al. 1998). 
These findings strongly suggest the involvement of MRN complex or 
Mrel 1 foci in the DSBs repair system of in human cells. 

Introduction of detergent treatment before fixation of cells in im
munofluorescence staining revealed that Mrell foci show colocalization 
with PML bodies in untreated cells (Mirzoeva and Petrini 2001). In mam
mals, the Mrel 1 complex binds to Trf2, an important regulator of telomere 
function (Zhu et al. 2000). The Trf2-Mrell complex interacts with te
lomeres specifically in S phase, indicating the involvement of Mrel 1 com
plex in telomere replication. Recently, dynamic association of telomere 
and PML body was reported (Molenaar et al. 2003). These findings sug
gest that Mrel 1 foci could play an important role in telomere maintenance 
in normal cells. 

Rad51 Foci 

Among genes of the Rad52 epistasis group in Saccharomyces cerevisiae, 
Rad51 plays a central role in this process and also in mitotic recombination 
(Shinohara et al. 1992). RadSl forms helical filaments on both single- and 
double-stranded DNA, promoting homologous pairing and strand ex-
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change (Shinohara et al. 1992, 1993; Ogawa et al. 1993; Baumann et al. 
1996;). Mouse RadSl genes are expressed at high level in thymus, spleen, 
ovary, and testis and at a low level in brain and other tissues (Shinohara et 
al. 1993). Both yeast and human RadSl appear to function as a part of a 
larger recombination complex that includes other members of the Rad52-
epistasis group. Human RadSl protein interacts with Rad52, replication 
protein A, and the tumor suppressors p53, BRCAl, BRCA2, Xrcc2, and 
Xrcc3 (Shinohara et al. 1992; Buchhop et al. 1997; Scully et al. 1997; Sha-
ran et al. 1997; Golub et al. 1998). RadSl-deficient DT40 chicken lym
phocytes show increases in chromosome breaks and cell death (Sonoda et 
al. 1998). This evidence suggests that RadSl-mediated homologous re
combination may play an essential role in DNA repair of mammalian cells. 

RadSl protein forms multiple discrete foci in the nucleoplasm, and 
the percentage of cells with RadS 1 foci increase after induction of DNA 
damage (Haaf et al. 199S) (Fig. 2C). RadSl foci are detected in a fraction 
of normal human cells, typically during S phase (Tashiro et al. 1996). It 
has been shown that defects in RadS4, Xrcc2, Xrcc3 and some other genes, 
which are required for assembly and stabilization of multimeric RadSl 
protein complexes, interfere with RadSl foci formation (Bishop et al. 
1998; Tan et al. 1999; O'Regan et al. 2001). After induction of DSBs, sin
gle-stranded DNA (ssDNA), which could be an intermediate of recombi-
national repair, is detected within RadSl foci (Raderschall et al. 1999). 
Furthermore, UVA microirradiation and whole cell UVC irradiation ex
periments confirmed the recruitment of RadSl at site of DNA damage 
(Tashiro et al. 2000). RadSl also accumulates at discrete foci on chromo
somal DNA during meiotic prophase in yeast, mice and human (Plug et al. 
1996; Scully et al. 1997). These findings obtained by the recently devel
oped biological techniques indicate the in vivo involvement of RadS 1 in 
the homologous recombination. 

Dynamics of RadS2 group proteins in response to DNA damages 
studied with FRAP experiments using RadSl, RadS2, or RadS4-GFP fu
sion proteins revealed that about half of the RadSl proteins, while all of 
RadS2 and RadS4 molecules, in the nucleoplasm were mobile (Essers et al. 
2002). Furthermore, RadSl proteins showed longer residence time in the 
nuclear foci than RadS2 or RadS4, indicating that RadS 1 is stably associat
ed with damaged DNA induced nuclear foci. 
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9.5 The Matrix View of Nuciear Architecture 

Evidence for a constrained mobility of chromatin and non-chromatin do
mains (Vazquez et al. 2001; Chubb et al. 2002; Muratani et al. 2002; Pla-
tani et al. 2002; Walter et al. 2003) raises the question of a mechanism that 
enforces such constraints. A possible explanation, which needs to be dis
cussed here, is a NM or scaffold, which may provide attachment sites for 
DNA and proteins. Since Berezney and Coffey (1974) published a protocol 
for its preparation (Berezney and Coffey 1974), the biochemically defined 
NM, enriched in hnRNP proteins and protein complexes associated with 
virtually any nuclear function (Berezney et al. 1995) has triggered much 
experimental work and a seemingly endless controversy. From the very 
beginning proponents of the NM have emphasized its functional impor
tance as a truly existing, in vivo structure. Its opponents have suspected 
that the insoluble NM is an experimental artifact due to high salt treat
ments and/or other steps that favor the aggregation of proteins, which in 
the living cell freely roam the nuclear sap. Electron microscopy studies 
provided evidence for an in situ NM with a 3D network of branching 10 
nm core filaments (Nickerson et al. 1997). These core filaments may 
provide attachment sites for (ribonucleo-) protein complexes with distinct 
functional properties, but are still biochemically ill defined. It has not been 
possible to date to raise antibodies that specifically and exclusively stain 
this network of core filaments. 

At present, few scientists still subscribe to the view that a perma
nent nuclear skeleton exists in the living cell nucleus, which organizes its 
chromatin. It has been argued that NM preparations may comprise the par
tially intact and functional content of the IC in the living cell nucleus 
(Cremer et al. 2000). This proposal implicates that matrix filaments, if they 
should finally emerge as truly existing in vivo structures, are located 
within the IC and not in the interior of higher-order chromatin domains or 
chromatin fibers. The major functional purpose of matrix filaments may be 
a role to regulate the access of genes to preformed functional protein com
plexes contained in the IC. 

9.6 Functional Importance of Cell Type-Specific Higher-
Order Chromatin Arrangements: A IModel View 

The CT-IC model has provided a set of hypotheses in favor of a functional 
nuclear compartmentalization, which can be experimentally tested (Cremer 
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and Cremer 2001a). It proposes that -1-Mb chromatin domains are major 
constituents of CTs. Further, it assumes that each - l -Mb chromatin do
main is built up from a series of smaller chromatin loop domains with a 
DNA content in the order of-100-kb chromatin domains. Computer simu
lations of CTs based on the assumption that each -1-Mb chromatin domain 
is a distinct structural unit separated from its next two neighbors by chro
matin linkers were consistent with experimental observations (Miinkel et 
al. 1999). Clusters of-1-Mb chromatin domains form chromosome band 
domains, which in turn are assembled to chromosome arm domains and 
entire CTs. The CT-IC model takes into account EM evidence that the nu
cleus contains a largely chromatin-free space lined by chromatin domain 
surfaces, called the IC. According to the CT-IC model, transcriptionally 
active genes are exposed at the surface of chromatin domains, and tran
scription and cotranscriptional splicing occurs in perichromatin filbrils lo
cated in the PR, which can be considered as the most peripheral part of 
chromatin domains or as a part of the IC or as an extra compartment, ex
panding between chromatin domains and the IC. An important, unresolved 
question pertains to the location of permanently silent genes. Are they also 
exposed at the periphery of chromatin domains in connection with the PR 
and the IC? Or are they hidden in the interior of chromatin domains? The 
latter possibility would make sense in the case where transcription com
plexes are preformed like modules which can be put together at the site of 
transcription. In the case where the size of such transcription modules and 
the compaction of chromatin domains prevents their diffusion into the 
chromatin domain interior, silent genes could be safeguarded from an un
desirable transcriptional activation by their spatial separation from the IC, 
where such transcription modules are formed. However, such a mechanis
tic explanation is most likely insufficient, since it has been shown that the 
compaction of heterochromatin still allows for the diffusion of individual 
proteins into its interior (Cheutin et al. 2003) and even fluorescein isothio-
cyanate-conjugated dextran molecules up to about 70 kDa seem to pene
trate freely into heterochromatin chromatin (Verschure et al. 2003) . It 
seems therefore wise to keep in mind that in addition to size other factors, 
such as electric charge, may influence the diffusion of proteins and protein 
complexes from the IC into the interior of chromatin domains. 

The following model is an attempt to provide a functional interpre
tation of the data brought together in this chapter, in particular of the find
ing that radial CT arrangements are not deterministic, but probabilistic and 
that side-by-side arrangements of CTs are highly variable. A basic princi
ple of this model is the assumption that the active or silent state of a gene 
depends on its chromatin environment. Active genes are supposedly em
bedded in an euchromatic environment, while permanently silent genes are 
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embedded in facultative heterochromatin or associated with constitutive 
heterochromatin. We consider two possibilities for a gene to switch be
tween different chromatin environments: One possibility is that a so far 
heterochromatic nuclear domain is remodeled into an euchromatic domain. 
In this case the gene or a cluster of genes can maintain its 3D nuclear posi
tion. The other possibility takes into account that a gene or a cluster of 
genes moves from a heterochromatic nuclear zone into an already existing 
euchromatic nuclear zone. The same considerations in reverse order apply 
to the silencing of so far active genes. 

Berezney and Wei (1998) have introduced the concept of nuclear 
zones as a structural precondition of the topological, nuclear coordination 
of replication and transcription programs. Here, we broaden this concept 
and predict that all genes, which are active in a given cell type during a 
given period of interphase or during a given state of differentiation, must 
be located in euchromatic nuclear zones, whereas all permanently silent 
genes in such cells must be located in heterochromatic nuclear zones. The
se zones comprise more than a single ~1 Mbp chromatin domain and can 
be built up either by c/^-interactions between functionally equivalent 
chromatin domains of a given CT or by /ra«5-interactions between func
tionally equivalent chromatin domains from several neighboring CTs. The
se deterministic requirements can be fulfilled for all genes involved in a 
given active or shut-down biochemical or signaling pathway even when 
these genes are located on different CTs. We consider it functionally ir
relevant whether such a set of genes forms a 3D cluster in a given nucleus 
or whether they are scattered at different nuclear sites, as long as each gene 
is located in its appropriate nuclear zone. Accordingly, the model is com
patible with the experimentally observed probabilistic neighborhood of 
CTs during clonal cell growth. The nonrandom distribution of gene-dense 
bands and of gene-poor bands along mitotic chromosomes (containing the 
transcriptionally active housekeeping genes and the cell type-specific and 
in most cell types silent genes, respectively), the "polarized", radial orien
tation of CTs, as well as directed chromatin movements may all have 
evolved as adaptations to secure a functionally important nuclear architec
ture that allows the cell type-specific allocation of genes into the respective 
nuclear zones when a fertilized egg develops into an organism. 
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10-1.1 Introduction 

A single somatic cell of humans contains DNA fibers of a total length of 
approximately 2 m, which are compacted, without entanglement, into the 
nucleus of approximately 1x10"^ m in diameter. To greater or lesser de
grees, all organisms compact their DNA. Biologically important DNA re
gions, such as the origins of DNA replication, regulatory regions of tran
scription, and recombination loci, must all be compacted. The tightly 
constrained DNA, however, presents the appropriate environment for rep
lication, transcription, and recombination to take place. 

In eukaryotes, the DNA fiber is packaged into chromatin. In the 
last decade, much progress has been made in understanding how transcrip
tion is initiated in chromatin (Workman and Kingston 1998; Peterson and 
Workman 2000; Aalfs and Kingston 2000; Vignali et al. 2000; Wu and 
Grunstein 2000; Becker and Horz 2002; Narlikar et al. 2002). In the first 
step, transcription activators bind to their target DNA elements and recruit 
chromatin remodeling or modifying activities, to alter chromatin structure. 
We know that activators can bind to their targets, even when those DNA 
elements are adjacent to nucleosomes, or actually within nucleosomes 
(Aimer et al. 1986; Archer et al. 1992; Zhu and Thiele 1996; Wolffe 1998; 
Nishikawa et al. 2003). Until recently, however, it was unclear what struc
tures of chromatin allow activator binding, or how those structures are 
constructed. Several recent studies have shed light on the significance of 
curved DNA structures for this (Blomquist et al. 1999; Ohyama 2001; Ni
shikawa et al. 2003). This essay describes some recent advances. 
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10-1.2 Three-Dimensional Architecture of Naturally 
Occurring Curved DNA Structures 

A DNA bend can be generated either by an exterior force such as a protein 
binding, or by the nucleotide sequence per se. The former is called (pro
tein-) induced DNA bend or simply DNA bending; and the latter is called 
curved DNA, bent DNA, or intrinsic DNA curvature. This essay concen
trates on the latter. Generally, regularly distributed runs of adenines or 
thymines (A-tracts or T-tracts), with a periodicity of one run per helical re
peat, form bent DNA structures (Trifonov and Sussman 1980; Marini et al. 
1982; Wu and Crothers 1984; Hagerman 1986; Diekmann 1986; Ula-
novsky and Trifonov 1987; Koo and Crothers 1988; Barbie et al. 2003). 
The periodicity of the tracts relative to the helical repeat length of DNA 
(about 10.5 bp) determines the DNA's three-dimensional (3D) architecture 
(Calladine et al. 1988). When the A- or T-tracts occur with a periodicity 
almost equal to 10.5 bp, the helical trajectory of DNA becomes planar 
(Fig. 1), that is to say, a flat curved structure (plane curve or 2D curve) is 
formed. However, if the tract periodicity is other than this, then a 3D 
curved structure is formed, like a corkscrew, with either a right- or a left-
handed writhe. When the periodicity is less than 10.5 bp (e.g., 9 or 10 bp), 
DNA adopts a left-handed curved structure, and when the periodicity is 
larger than 10.5 bp (e.g., 11 or 12 bp), it adopts a right-handed curved 
structure (Calladine et al. 1988; Hirota and Ohyama 1995; Brukner et al. 
1997; Nishikawa et al. 2003). These are sometimes called "space curves." 
Periodicities of 5-7 bp result in a nearly straight (actually a zigzag) trajec
tory of the helical axis. Naturally occurring DNA adopts various 3D 
shapes by combining these basic structures. 

10-1.3 Curved DNA and Packaging of Genomes into 
Chromatin 

The structure and mechanical properties of DNA influence the formation, 
stability and positioning of nucleosomes (Zhurkin et al. 1979; Trifonov 
and Sussman 1980; Satchwell et al. 1986; Shrader and Crothers 1989; 
loshikhes et al. 1992; Sivolob and Khrapunov 1995; loshikhes et al. 1996; 
Olson et al. 1998; Fitzgerald and Anderson 1998). DNA has to be bent 
around the histone core, and it therefore seems thermodynamically favor
able to form a nucleosome on a DNA sequence that is already appropriate
ly curved (Drew and Travers 1985; Zhurkin 1985; Anselmi et al. 1999). 
Indeed, nucleosomes often preferentially associate with curved DNA 
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Fig. 1. Intrinsic DNA curvatures with superhelical and circular conformations. 
The figure shows the structures formed by the nucleotide sequences (A5CATG)8 
(left), (A5CAGTCA5CAGTCG)4 (top), and (A5CAGTCAG)7 (right). They were 
drawn by a combination of DIAMOD (Dlakic and Harrington 1998) and 
RASMOL (Sayle and Milner-White 1995). 

fragments (Pennings et al. 1989; Costanzo et al. 1990; De Santis et al. 
1996; Widlund et al. 1997). By screening a library of DNA fragments from 
nucleosome cores from the mouse, Widlund et al. (1997) showed that 
among the fragments that form the most stable nucleosomes, a curved 
DNA structure is the most common feature. 

This suggests that curved DNA structures may frequently occur on 
eukaryotic genomes in order to package them. Indeed, the repeating units 
of satellite DNA sequences frequently contain one or more curved DNA 
structures (Martinez-Balbas et al. 1990; Pasero et al. 1993; Fitzgerald et al. 
1994). The satellites are universally associated with regions of constitutive 
heterochromatin, and comprise anywhere from a few percent to >50% of 
mammalian genomes (John and Miklos 1979; Singer 1982). Also, curved 
DNA sites occur repeatedly in human e-, GY-Ay-tpP-, 6-, and P-globin, c-
myc, and immunoglobulin heavy chain î loci, and in mouse P"'̂ ^̂ '̂ -globin 
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locus (Wada-Kiyama and Kiyama 1994, 1995, 1996; Ohki et al. 1998). 
Most of these findings have been based on retardation of DNA fragments 
during electrophoresis in non-denaturing polyacrylamide gels. Fragments 
that migrate at normal speed are not usually thought to contain a curved 
DNA structure, but an "unseen DNA curvature" was found in one such 
DNA fragment, in which another structural property, that caused rapid mi
gration, had suppressed the effect of the curved DNA (Ohyama et al. 
1998). Thus, there could be many more curved DNA structures in the ge
nome than we have previously thought. 

10-1.4 Curved DNA Is Often Located in the Control 
Regions of Transcription 

In both prokaryotic and eukaryotic genomes, curved DNA occurs frequent
ly in regions that control transcription (Ohyama and Hashimoto 1989; 
Ohyama et al. 1992; Ohyama 1996; Ohyama 2001; Asayama et al. 2002; 
and references therein). In the class II genes of eukaryotes, both TATA-
box-containing and TATA-box-less promoters often contain this structure. 
Moreover, curved DNA may be common to all class I gene promoters 
(Marilley and Pasero 1996). Despite the many reports of curved DNA in 
promoters, the role of curved DNA is not ftilly understood. As described 
above, nucleosomes often preferentially associate with curved DNA frag
ments. However, it is generally thought that if nucleosomes assemble over 
a promoter region, they would inhibit access and/or assembly of transcrip
tion factors. How do eukaryotes circumvent this problem? They appear to 
use the DNA curvature cleverly. 

10-1.5 Chromatin Structure That is Permissive to the 
Activator Binding 

Structures That Encourage Nucieosome Formation 

To make target DNA elements accessible, there are logically two 
options: expose the region toward the environment on the surface of a nu
cieosome; or make the region free of nucleosomes (Fig. 2). As argued 
above, it seems thermodynamically favorable to incorporate into a nu
cieosome a DNA sequence that is already appropriately curved. Thus the 
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Fig. 2. A chromatin structure that permits activator binding can be formed in two 
ways: by inhibiting nucleosome assembly on the target element; or by putting the 
target element on a nucleosome, and displaying it towards the environment. 

first option could occur with DNA that has an intrinsic conformation simi
lar to the writhing of DNA in nucleosomes, namely, when it mimics left-
handed (negative) supercoils. The second option could occur when the 
DNA's intrinsic structure is different from this. 

Unusual DNA Structures That Inhibit Nucleosome Formation 

In Saccharomyces cerevisiae, the adenylate kinase gene promoter has a 
curved DNA structure which is dissimilar to the negative supercoil. This 
promoter was shown to be free of nucleosomes (Angermayr et al. 2002). 
Also, in the yeast GAL80 promoter, intrinsic DNA curvature close to the 
upstream activator sequence (UASGALSO) may play the same role. Nu
cleosomes are not formed on this curved DNA, or on UASGALSO (Bash et 
al. 2001). Other unusual DNA structures such as poly (dA«dT) sequences, 
triple-stranded DNAs, and cruciform DNAs, may also keep DNA free of 
nucleosomes. Using in vivo UV photo-footprinting and DNA repair by 
photolyase, Suter et al. (2000) demonstrated that poly (dA»dT) sequences 
in yeast promoters such as HISS, URA3, and ILVl were not folded into nu
cleosomes. Formation of triple-stranded DNA and nucleosome assembly 
are competing processes. For example, Espinas et al. (1996) studied in vi
tro assembly of mononucleosomes onto 180 bp DNA fragments containing 
(GA»TC)22, or onto 190 bp fragments with (GA»TC)io. Nucleosome as
sembly was strongly inhibited when triple-stranded DNA was formed at 
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the (GA»TC)n site, while the formation of triple-stranded DNA was inhib
ited when the (GA»TC)n site was incorporated into a nucleosome. The 
(GA»TC)n sequences themselves had no influence on nucleosome forma
tion. Similarly, it is known that cruciform structures are unable to associate 
with core histones, and are located mainly on inter-nucleosomal DNA 
(Battistoni et al. 1988). 

Left-Handedly Curved DNA Can Expose c/s-DNA Elements in 
Nucleosomes 

When curved DNA structures mimic part of the negative supercoils seen in 
nucleosomes, they seem to be very effective in recruiting histone cores. 
Even though the target DNA elements of activators are incorporated into 
nucleosomes, if they can display their recognition sites on the surface of 
the nucleosomes, recognition would be facilitated (Ohyama 2001). Curved 
DNA is implicated in the formation of such structures, and the nucleosome 
structure formed on the long terminal repeat of the mouse mammary tumor 
virus (MMTV-LTR) is a good example. Four recognition elements 
(ORE 1-4) of the glucocorticoid receptor, a zinc finger protein, are located 
within a positioned nucleosome. Two GREs expose their major grooves 
towards the environment on the surface of this nucleosome, and are recog
nized by the receptor (Pina et al. 1990a; Fletcher et al. 2000; and references 
therein). An early study revealed the presence of a curved DNA structure 
between GRE2 and GRE3, and proposed that this may determine the rota
tional setting of the nucleosomal DNA (Pina et al. 1990b). This curved 
DNA has a left-handed curved trajectory (Ohyama 2001). 

Recently, by creating 35 reporter constructs with the herpes sim
plex virus thymidine kinase (HSV tk) promoter, we studied the relationship 
between the geometry of DNA upstream of the promoter, nucleosome po
sitioning, and promoter activity (Nishikawa et al. 2003). Left-handed 
curved, right-handed curved, planar, zigzag, and straight DNA segments 
were studied. A left-handed curved DNA of about 40 bp activated tran
scription by about 10-fold when it was linked to the promoter at a specific 
rotational phase and distance. The other DNA conformations did not have 
this effect. Transcription was activated by the following mechanism: the 
histone core was attracted by the left-handed curved DNA; the TATA box 
was thereby left in the linker DNA with its minor groove facing outwards; 
this structure enhanced accessibility of the TATA box; and presumably the 
enhanced interaction between the TATA box and the TFIID activated tran
scription (Fig. 3). 
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Fig. 3. A left-handed curved DNA structure that is appropriately introduced up
stream of a promoter can activate transcription, by modulating local chromatin 
structure. The figure shows an example using the HSV tk promoter as a test sys
tem. Curved DNA can attract histone octamers, and depending on the distance be
tween it and the TATA box, can position the box either in the linker DNA region 
(pLHC4/TLN-6) or at the edge of the nucleosome {pLHC4/TLN'16) with its minor 
groove facing outwards. Both make the box more accessible to transcription fac
tors, and activate transcription, although the first structure is more active than the 
second. The symbols ai , a2, and aS are nucleosomes formed on the promoter re
gion. Reprinted, with permission, from Nishikawa et aL 2003. 

Another Role of DNA Curvature 

Even when DNA geometry is dissimilar to the negative supercoils on his
tone octamers, neighboring DNA sequences may allow a nucleosome to 
form. In this case, however, the nucleosome structure may be altered. This 
mechanism also seems to construct nucleosomes that permit activators to 
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bind to DNA. Using the repeated (A/T)3NN(G/C)3NN motifs (TG-motifs) 
that are anisotropically flexible and have a high nucleosome-forming abil
ity (Shrader and Crothers 1989), Blomquist et al. (1999) constructed DNA 
fragments composed of the TG-motifs and the binding site for the nuclear 
factor 1 (NF-1) with an As-tract on both sides. They then reconstituted nu-
cleosomes on these DNA fragments, and studied NF-1 binding affinity. 
Binding affinity was more elevated when the flanking A-tracts were posi
tioned out-of-phase with the TG-motifs than when the tracts were in-phase. 
The formation of altered nucleosome structures, and the enhanced accessi
bility of a c/5-DNA element on a nucleosome, have also been reported for 
a poly (dA^dT) sequence (Zhu and Thiele 1996). 

10-1.6 Concluding Remarks 

In eukaryotic genomes, many DNA structures are present. Among them, 
curved DNA structures play an important role in nucleosome formation, 
stability, and positioning. The reason why curved DNA is fi*equently locat
ed in transcriptional control regions is presumably that it constructs chro
matin structures that leave target elements exposed, permitting activators 
to recognize them and bind. Right-handed curved DNA seems to inhibit 
nucleosome formation, which is similar to its putative role in prokaryotes, 
inhibiting assembly of nucleoid structuring proteins (Ohyama 2001). In 
prokaryotes, the DNA located in the promoter regions frequently has a 
right-handed curved path of helical axis (Travers 1990; Ohyama et al. 
1992; Asayama et al. 1999), which helps open promoter complexes to 
form (Hirota and Ohyama 1995), and could inhibit association of nucleoid 
proteins (the effects of left-handed curved DNA structures have not yet 
been clarified). In eukaryotic chromatin, left-handed curved DNAs ensure 
the accessibility of target sites of activators, by regulating the rotational 
setting of neighboring DNA on the surface of histone octamers, or in the 
close vicinity of the nucleosomes. Although this essay has highlighted the 
role of DNA curvature in the organization of chromatin infrastructure, 
DNA curvature may also play other roles, after local chromatin structure 
has been remodeled. 
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10-2.1 Introduction 

Actin plays central roles in the organization and dynamics of the cy-
toskeleton. Within a few decades of the first isolation of actin from muscle 
in 1941, it was shown that actin filaments form the main architecture of the 
cytoskeleton, and that the dynamics of the cytoskeleton are regulated by 
the assembly/disassembly of the filament, which depends on the adenosine 
diphosphate/triphosphate (ADP/ATP) exchange and on association with 
various actin-binding proteins. Because of these characteristics of actin, 
previous researchers hypothesized that actin and/or its evolutionarily relat
ed molecules were involved in the organization and dynamics of the nu
cleus. However, actin filaments were observed only in the cytoplasm, and 
no molecule evolutionarily related to actin was identified at the time. The 
hypothesis was therefore regarded with skepticism for a long time. 

In 1992, the first molecule, other than its isoforms, that is evolu
tionarily related to actin was identified (Lees-Miller et al. 1992; Schwob 
and Martin 1992). This molecule was called actin-related protein, abbrevi
ated Arp. The discovery of Arp revealed that the actin family consists of 
actin isoforms and Arps. The first Arp identified was localized in the cyto
plasm; however, some Arps were later found to be localized predominantly 
in the nucleus of a wide variety of organisms (Weber et al. 1995; Harata et 
al. 1999a), showing the involvement of actin family molecules in the or
ganization and dynamics of the nucleus. In this essay, I will describe the 
progress of research on Arps localized in the nucleus. 
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10-2.2 General Aspects of Actin-Related Proteins (Arps) 

Arps and actin appear to share a common ancestor, and they show 
40%-70% similarity in their amino acids sequences to each other (Shafer 
and Schroer 1999). Compared to actin, the surface regions of Arp 
molecules show little conservation; however, Arps are supposed to be 
highly similar in their 3D structure in the core region including the ATP-
binding pocket (Fig. 1) (Harata et al. 1994; Boyer and Peterson 2000). 
Therefore, the difference in the molecular surface, particularly the 
presence of specific insertions, most probably contributes to their unique 
functions, whereas properties based on the similarity in the ATP-binding 
pocket would be shared. Since the identification of the first Arp, various 
Arps have been found in a wide range of eukaryotic organisms with the 
progress of genome-sequencing projects. These comparative studies show 
that this protein family is much more divergent than previously thought. 
While analyzed Arps possess important and distinct functions from actin, 
the function of many of the Arps has not yet been addressed. 

Budding yeast, whose entire genome sequence has been deter
mined, is a particularly appropriate organism to classify and analyze the 
functions of Arps. The ten ARP genes of budding yeast have been classi
fied according to their similarity to actin and are designated ARPI to 
ARPIO, where Arpl is the most similar and ArplO is the least similar to 
actin (Poch and Winsor 1997). 

Various Arps have been identified not only in yeast but also in 
higher eukaryotes. For example, about ten members of the Arp family have 
been reported so far in humans. The number of the Arps identified so far in 
humans seems to be small compared to the difference in genome size be
tween yeast and humans. On the other hand, when we searched the human 
genome sequence with the amino acids sequence of actin or Arps, we iden
tified more than 30 candidate sequences for human genes encoding Arps. 
While it is unknown whether all these sequences code for and express 
Arps, it is certain that many Arps still remain to be identified in higher or
ganisms including humans. 

10-2.3 Arps Localized in the Nucieus 

In 1994, we reported the discovery of a third member of the Arp family in 
budding yeast, which we named Act3 (Harata et al. 1994). According to 
the current classification described above, Act3 is called Arp4. At the time, 
Arps were expected to be predominantly localized in the cytoplasm as 
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actin Arp(hArp6) 

Fig. 1. The deduced three-dimensional (3D) structures of actin and Arp. The 3D 
structures of hArp6 (right) were deduced with the SWISS-Model program, visual
ized with a Swiss-PdbViewer (Peitsch 1995, 1996; Guex and Peitsch 1997), and 
compared with that of rabbit skeletal muscle actin (left). The adenosine triphos
phate (ATP) molecule in the ATP-binding pocket of actin is indicated as a stick 
model 

actin is. We found, however, that Arp4 was localized in the nucleus (We
ber et al. 1995). This report was the first to show the presence of an Arp in 
the nucleus, and the possible involvement of Arps in the function of the 
chromatin and nucleus. 

When the subcellular localizations of the other yeast Arps were in
vestigated, unexpectedly more than half of them, including Arp5, Arp6, 
Arp7, Arp8, and Arp9, were predominantly localized in the nucleus 
(Harata et al. 2000), and Arpl, Arp2, Arp3, and Arp 10 were observed in 
the cytoplasm. This suggests that the roles of Arps in the nucleus are not 
less significant than those in the cytoplasm. 

We have also discovered Arps localized in the nucleus in mam
mals. In mammals, we identified two isoforms of an Arp that are putative 
orthologues of yeast Arp4, and designated them ArpNa (accession no. 
AB015906) and ArpNp (accession no. AB015907), respectively (Harata et 
al. 1999a). ArpNp is also called BAF53 as a 53-kDa component of mam
malian SWI/SNF (BAF) complex (see the following sections) (Zhao et al. 
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1998). ArpNa and ArpNp/BAF53 are extremely similar (97%) except for 
short amino acid stretches, called the a- and P-specific regions, respec
tively. Interestingly, while ArpNp/BAF53 is expressed in all tissues tested 
and cultured cells, ArpNa was observed only in brain tissues; in addition, 
the expression of ArpNa was shown to occur during the neural differentia
tion of embryonic carcinoma (EC) cells (Harata et al. 1999a; Kuroda et al. 
2002). In addition to ArpNa and ArpNp/BAF53, recently we showed that 
human and chicken orthologues of budding yeast Arp6 (hArp6 and gArp6, 
respectively) are localized in the nucleus (Kato et al. 2000; Ohfiichi et 
al.2006). 

10-2.4 Involvement of Arps In Nuclear and Chromatin 
Dynamics 

Nuclear Dynamics and Protein Families 

Nuclear dynamics are realized by collaboration of various protein families, 
including the histone and lamin families as well-known examples. ATP-
dependent chromatin remodeling enzymes, which belong to the helicase 
family, are suggested to contribute to nuclear compartmentalization though 
chromatin modulation (Isogai and Tjian 2003). The finding of an Arp lo
calized in the nucleus shows that the actin family is an attractive candidate 
for the protein families involved in nuclear dynamics. Recent biochemical 
approaches reveal that the nuclear Arps are components of complexes in
volved in chromatin modulation in both yeasts and vertebrates. In addition, 
in mammals, some Arps are suggested to be included in the nuclear archi
tecture. 

Chromatin Modification Complexes Containing Arps 

Advances in chromatin research, especially using the budding yeast sys
tem, have revealed that at least two classes of protein complexes in the nu
cleus govern the modulation of chromatin structure: one class is the ATP-
dependent chromatin remodeling complexes, the other is the histone modi
fication complexes. These complexes consist of a catalytic subunit and 
various specific components. The catalytic subunits, the ATPases of the 
remodeling complexes and the HATs of the modifying complexes, are re
sponsible for the enzymatic reactions. While many of the other compo-
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nents that are required for the regulation of the function of these complex
es are diverse, actin-related proteins (Arps) were consistently found in 
multiple chromatin remodeling and HAT complexes from yeast to mam
mals. 

In budding yeast, NuA4 HAT complex contains Arp4 together 
with actin (Galameau et al. 2000). In chromatin remodeling complexes, 
Ino80 complex contains Arp4, Arp5, and Arp8 together with actin (Shen et 
al. 2000), and both SWI/SNF and the RSC complexes contain Arp7 and 
Arp9 (Cairns et al. 1998; Peterson et al. 1998). Swrl complex, which re
places histone H2A with the variant H2AZ, was shown to contain Arp4 
and Arp6 together with actin (Mizuguchi et al. 2004). Importantly, in most 
cases examined, Arps are required for the activity of these complexes 
(Galameau et al. 2000; Shen et al. 2003; Gorzer et al. 2003). 

In mammals, ArpNp/BAF53 is a component of various chromatin 
remodeling and related complexes, including SWI/SNF (BAF) (Zhao et al. 
1998), SWI/SNF-B (PBAF) (Nie et al. 2000), p400 (Fuchs et al. 2001), 
cMyc-associated (Park et al. 2002), and WIN AC complexes (Kitagawa et 
al. 2003). TIP60 HAT complex also contains ArpNp/BAF53 (Ikura et al. 
2000). Because of its brain-specific expression (Harata et al. 1999a), 
ArpNa was not present in these isolated complexes; however, exogenously 
expressed ArpNa was co-immunoprecipitated with BRM, an enzymatic 
component of mammalian SWI/SNF (BAF) complex, as well as with 
ArpNp/BAF53 (Kuroda et al. 2002). Recently, a SWI/SNF-like neuron-
specific chromatin remodeling complex (bBAF) was identified, and its 
neuron-specific component was identical to ArpNa (Olave et al. 2002). 
These results, taken together with their extremely similar amino acid se
quences, suggest that both ArpNa and ArpNp/BAF53 are mutually selec
tive components of various complexes involved in chromatin modulation. 

Arps and Nuclear Architecture 

Their association with the fimctions of the actin family in cytoplasm impli
es that nuclear Arps are involved not only in chromatin modulation but al
so in nuclear architecture. Human nuclear Arps, hArpNp/BAF53 and 
hArp6, were shown to be contained in the nuclear matrix, which is expect
ed to represent a nuclear architecture (Sung et al. 2001). Proteomic analy
sis revealed that human hArp2 and hArp3 are components organizing the 
nucleolus (Andersen et al. 2002). However, information concerning the re
lationship between nuclear architecture and Arps is still limited, probably 
because of the difficulties in analyzing proteins organizing nuclear archi-
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tecture. It is expected that progress in the proteomic research of nuclear ar
chitecture will provide important information. 

10-2.5 Molecular Mechanisms by Which Arps Contribute 
to Nuclear and Chromatin Dynamics 

The molecular mechanisms of the nuclear Arps are still largely unknown. 
However, interesting reported characters of Arps suggest their possible 
molecular mechanisms in nuclear and chromatin dynamics. 

Intermolecuiar Interactions 

Actin is known to interact with many kinds of proteins including various 
actin-binding proteins, and Arps are also thought to share this property. 
However, the nuclear Arps possess specific insertions in the molecular sur
face, and they are thought to show distinct intermolecuiar interactions from 
actin. 

Insertion II, one of the specific insertions of the budding yeast 
Arp4, interacts with core histones (Harata et al. 1999b), and this property 
is supposed to contribute to the recruitment of the complexes containing 
Arp4 (for example, NuA4 HAT and Ino80 chromatin remodeling com
plexes) onto chromatin (Galameau et al. 2000; Harata et al. 2002). Re
cently, the budding yeast Arp8 was also shown to interact with core his
tones (Shen et al. 2003). It seems likely the histone-binding ability is 
conserved in multiple Arps localized in the nucleus. 

In mammals, nuclear Arps were shown to interact with a transcrip
tional coregulator. We showed that the a-specific region of ArpNa inter
acted with the transcriptional corepressor CtBP (C-terminal binding pro
tein) (Oma et al. 2003). On the other hand, the p-specific region of 
ArpNp/BAF53, the isoform of ArpNa, coprecipitated with HAT activity 
(Park et al. 2002). Taken together with the brain specific expression of 
ArpNa, such a difference in the intermolecuiar interactions of Arp-
isoforms would contribute to the function and/or development of the brain 
in mammals. 

Role of the ATP-Blnding Pocket In Arps 

As described above, actin and Arp share the conserved ATP-binding 
pocket. While ATP binding ability and its regulatory role in the functions 
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of the respective cytoplasmic complexes have been shown for cytoplasmic 
Arps, ATP binding activity of nuclear Arps has been controversial. Re
cently we demonstrated that the budding yeast Arp4 is able to bind ATP. 
In addition, we showed that the ATP binding dissociated Arp4 from the 
other components of the nuclear complexes and, on the other hand, that the 
inhibition of ATP binding increased the amount of Arp4 that is incorporat
ed into the complexes (Sunada et al. 2005). Since the presence of Arp4 is 
essential for the activities of the complex, the association/dissociation of 
Arp4 caused by the ATP-binding pocket is expected to be connected with 
the regulation of the complex function. Taken together with the observa
tion that the assembly/disassembly of actin filaments is regulated by the 
exchange of bound adenine nucleotide to actin, it is likely that the ATP-
binding pocket of the nuclear Arps performs a similar function in the or
ganization and functional regulation of nuclear complexes. This property 
might explain the presence of Arps in many complexes involved in chro
matin modulation, whose activity and organization are dynamically regu
lated by intracellular signal transduction and cell cycle progression. In ad
dition, Arps are possible components of the nuclear architecture (see 
above), and therefore, the nuclear Arps might contribute to the regulation 
of nuclear dynamics through assembly/disassembly of the nuclear architec
ture. 

10-2.6 Perspectives 

Recent analyses of nuclear Arps suggest their involvement in chromatin 
and nuclear dynamics as components of chromatin modulation complexes 
and the nuclear architecture. Although nuclear dynamics are realized by 
the collaboration of many molecules, further analyses of nuclear Arps will 
disclose novel molecular mechanisms in the maintenance and regulation of 
nuclear dynamics. 
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10-3.1 Introduction 

Normal human cells in culture enter senescence upon passages or treat
ment with various agents. Among the treatments, 5-bromodeoxyuridine 
(BrdU) is unique in that it most clearly induces a senescence-like phe
nomenon in every type of mammalian cells (Michishita et al. 1999). This 
system ensures genetic and biochemical approaches to study cellular se
nescence. In contrast, normal cells stop proliferation by stochastic accumu
lation of senescent cells over a long period of culture. 5-
Bromodeoxyuridine is well known as a modulator of cellular differentia
tion. Therefore, studies of the molecular basis for BrdU facilitate under
standing of chromatin-mediated cellular differentiation and cellular senes
cence. 

We have extensively characterized BrdU-responsive genes using a 
polymerase chain reaction (PCR)-based subtractive hybridization (Suzuki 
et al. 2001) and DNA microarrays (Minagawa et al. 2005) in HeLa and 
SUSM-1. As expected, expression of the genes behaved similarly in nor
mal senescent cells although far less pronounced than in BrdU-treated 
cells. These analyses give a whole picture of time-dependent expression of 
senescence-associated genes. Since molecular genetic analysis is possible 
with the BrdU-inducible system, it will provide a clue to solve the new and 
old question why BrdU modulates expression of particular genes. 

10-3.2 Distamycin A Potentiates the Actions of BrdU 

Distamycin A, which specifically binds to the narrow minor grooves of 
AT-tracts, dramatically potentiates the effects of BrdU. Distamycin A 
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alone has only a marginal effect on cellular senescence. Netropsin, 
Hoechst 33258, and DAPI show similar effects whereas chromomycin A3, 
which binds to GC-rich sequences, has no effect. The high-mobility group 
protein HMGI/Y binds to the minor groove of AT-tracts through a con
served DNA-binding peptide motif called AT hook (Reeves 2001), and 
AT-hook domains potentiate the effects of BrdU (Satou et al. 2004). 
HMGI/Y induces structural changes in chromatin and formation of stereo-
specific complexes called enhanceosomes, but C-terminal or linker do
mains involved in assembly of enhanceosome or protein-protein interac
tion are not required for the above effect. 

10-3.3 5-Bromouracil Substitutions Change Topology of 
IMAR/SAR DNA 

We hypothesize that BrdU targets a certain type of AT-rich sequences, 
such as matrix/scaffold attached regions (MAR/SARs). MAR/SARs are 
very AT-rich sequences of several hundred base pairs, preferentially locat
ed on G-bands and heterochromatin, and specifically associated with the 
nuclear matrix (NM). MAR/SAR sequences bend along the axis of their 
double-stranded DNA helices and present specific binding sites for AT-
minor groove binding ligands. They strongly affect expression of genes 
and chromosome dynamics with DNA-binding proteins such as histone HI 
and HMG-I/Y. 

We examined some properties of MAR/SAR DNA of rat satellite 
DNA origin (Nakamura et al. 1991) upon substitution of thymine with 5-
bromouracil by PCR with bromodeoxyuridine triphosphate (BrdUTP). 
DNase I footprinting analysis revealed two classes of binding sites to dis-
tamycin A. One class contained members with high affinity to distamycin 
A, and their binding capacity to distamycin A was not affected by 5-
bromouracil substitutions. The other class contained ones with low affinity 
to distamycin A, and their binding capacity to distamycin A was weakened 
by 5-bromouracil substitutions. 

The MAR/SAR DNA was subjected to conventional poly aery la-
mide gel electrophoresis (Fig. 1). When run at 4''C, the MAR/SAR DNA 
migrated slower depending on the extent of 5-bromouracil substitutions. 
At 52°C, no difference was observed. When incubated with distamycin A 
before electrophoresis, the thymine-containing DNA migrated faster as its 
concentrations increased. In contrast, the 5-bromouracil-containing DNA 
was less affected by distamycin A. In agreement with the results of DNase 
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Fig. 1. Effects of 5-bromouracil substitutions on the topology of matrix/scaffold 
attached region (MAR/SAR) DNA. Polyacrylamide gel electrophoresis of 
MAR/SAR DNA. Rat MAR/SAR DNA (Nakamura et al. 1991) was amplified by 
polymerase chain reaction (PCR) with deoxythymidine triphosphate (dTTP) or 
bromodeoxyuridine triphosphate (BrdUTP) for the cycles indicated, and run on 
polyacrylamide gel at 4°C. Size marker, Hinfl digest of (t)X174 DNA. Polyacry
lamide gel electrophoresis of MAR/SAR DNA after incubation with distamycin 
A. The same DNA was amplified by five cycles of PCR with dTTP (7) or 
BrdUTP (B), incubated with increasing concentrations of distamycin A (DM), and 
run on polyacrylamide gel at 4°C 

I footprinting analysis, the 5-bromouracil-containing DNA behaved differ
ently from its thymine-containing counterpart. 

10-3.4 Interaction of MAR/SAR DNA with the HM 

The NM plays an important role in higher-order organization of chromatin 
structure to tether actively transcribed genes via MAR/SARs. Any altera
tion in the interaction between MAR/SAR s and the NM will lead to al
tered expression of linked genes. 

We examined interaction between nuclear halos (NM) of HeLa 
cells and an intronic MAR/SAR sequence of the IgH gene enhancer (Ogi-
no et al. 2000). The end-labeled MAR/SAR DNA was mixed with the ha
los, incubated with an excess amount of carrier DNA, and then centrifuged 
to yield pellet and supernatant fractions. DNA was purified and electro-
phoresed on a polyacrylamide gel. Upon substitution of thymine with 5-
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Fig. 2. Binding of MAR/SAR DNA to nuclear halos. Duplex oligonucleotide (5'-
TCTTTAATTTCTAATATATTTAGAA-3') derived from an intronic MAR/SAR 
of the IgH gene enhancer was ligated to heptamer, and cloned into plasmid to 
serve as a template. DNA was amplified by PCR with dTTP or BrdUTP using T3 
and T7 primers. Equal amounts of radiolabeled DNA (/) were incubated with nu
clear halos (7x10^ cell equivalents) prepared from HeLa cells, and centrifuged to 
yield pellet (P) and supernatant (5) fractions. Equal counts (1000 cpm) of purified 
DNA were run on 5% poly aery lam ide gel, and an autoradiogram was prepared 

bromouracil, the proportion of the MAR/SAR DNA in the pellet fractions 
markedly increased (Fig. 2). Control DNA did not bind to the nuclear ha
los under any conditions. 

Then, we examined affinity of the end-labeled rat MAR/SAR 
DNA to nuclear scaffold proteins by filter binding assay (Suzuki et al. 
2003). When Escherichia coli DNA was used as a competitor, the 
thymine- and 5-bromouracil-containing DNA bound to the proteins simi
larly (Fig. 3). In contrast, when thymine- or 5-bromouracil-containing 
HeLa DNA was used as a competitor, the 5-bromouracil-containing 
MAR/SAR DNA bound more strongly to the proteins than the thymine-
containing counterpart. Distamycin A inhibited the binding dose-
dependently when E. coli DNA was used as a competitor. However, when 
HeLa DNA was used as a competitor, distamycin A did not affect the 
binding of the 5-bromouracil-containing MAR/SAR DNA whereas high 
concentrations of distamycin A inhibited the binding of the thymine-
containing counterpart. When 5-bromouracil-containing HeLa DNA was 
used as a competitor, distamycin A did not inhibit the binding of the 5-
bromouracil-containing MAR/SAR DNA, but did significantly the 
thymine-containing counterpart. Escherichia coli and HeLa DNA differ 
greatly in GC contents and/or distribution of AT-tracts. These results sug
gest that 5-bormouracil substitutions change the binding properties of 
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Fig. 3A,B' Binding properties of MAR/SAR DNA to nuclear scaffold proteins. A 
Effects of 5-bromouracil substitutions on the binding of rat MAR/SAR DNA to 
nuclear scaffold proteins. The rat MAR/SAR DNA containing thymine or 5-
bromouracil as in Fig. IB was end-labeled with ^̂ P and incubated with increasing 
amounts of scaffold proteins in the presence of competitor DNA. HeLa DNA con
taining 5-bromouracil {HeLa+BrU) was prepared by culturing the cells with 50 
|j,M BrdU for 1 week. Radioactivity bound to nuclear scaffold proteins was de
termined by an imaging analyzer. The values are averages of triplicate assays. B 
Effects of distamycin A on the binding of rat MAR/SAR DNA to nuclear scaffold 
proteins. The DNA was incubated with a fixed amount of scaffold proteins and 
competitor DNA in the presence of increasing concentrations of distamycin A, 
and processed as in A 

MAR/SAR DNA to the NM both in the presence and absence of distamy
cin A. 

10-3.5 Discussion 

AT-binding ligands induce chromosome decondensation and position ef
fect variegation, and inhibit DNA bending, nucleosome assembly, and 
binding of MAR/SAR DNA to the NM. 5-Bromodeoxyuridine shares the 
above phenomena with AT-binding ligands except that the DNA binding 
to the NM is strengthened. This increased and persistent interaction be
tween MAR/SAR DNA and the NM under the conditions favoring chro
mosome decondensation may account for the synergism by BrdU and AT-
binding ligands. 
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The presence of a bromine atom at the 5' position of uracil in dou
ble-stranded DNA may provide an altered environment for DNA binding 
proteins. Because bromine is more electronegative than a methyl group, 
enforced coulombic attraction might generally stabilize interaction be
tween DNA and proteins. Alternatively, bromine substitution might induce 
a change in DNA topology due to increase in neighboring base-base inter
action or stacking of base pairs. Recently, DNA topology is shown to in
volve nucleosome assembly and positioning. 
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10-4.1 Nuclear Architecture/Genomic DNA 

Various types of proteins are required for nuclear organization, which con
fers a variety of nuclear functions in eukaryotic cells. A set of proteins 
forms the chromosomal backbone (Paulson and Laemmli 1977) and differ
ent sets of proteins including chromatin-remodeling factors regulate the 
utilization of genetic code in chromosomal DNA (Boulikas 1995; Moazed 
2001; Muchardt and Yaniv 2001). Eukaryotic chromosomes are topologi-
cally attached to the nuclear matrix (NM) or scaffold, a network of protein 
fibers referred to as the skeletal framework of the nucleus. The NM or 
scaffold is operationally defined as the residual structures that remain in
soluble after extraction of nuclei with a high concentration of either salt or 
detergent. Several members of the group of proteins classified as compo
nents of the NM can directly bind to particular segments of chromosomal 
DNA. A DNA segment to which matrix and scaffold proteins can bind is 
termed a matrix or scaffold attachment region (MAR/SAR) (Cockerill and 
Garrard 1986; Gasser and Laemmli 1986; Cockerill et al. 1987; Jarman 
and Higgs 1988). One significant role of MAR/SARs that was revealed by 
structural analyses of the nucleus and chromosomes is the matrix- or scaf
fold-mediated stabilization of chromosomal structure. Chromosomal loops 
with an approximate length of-60 kilobases yield compact configurations 



256 Y. Hibino et al 

of chromosomes. In the interphase cell nucleus, chromatin is arranged in 
spatially separate, chromosome-specific territories, which are maintained 
intact on the NM as a three-dimensional (3D) organization of chromo
somes (Zink et al. 1998; Ma et al. 1999). The organized structure of chro
mosomes is likely modulated in association with transcription, replication, 
and R N A splicing, although mechanisms of the preferential alteration of 
chromosomal structure are largely unknown at present. 

Properties of Highly Repetitive DNA and IMAR/SAR 

Highly repetitive DNA components have been shown to be located prefer
entially in the heterochromatic region of the interphase nucleus and are lo
calized at the centromere or telomere of metaphase chromosomes (Singer 
1982). Such repetitive components have been shown to have some proper
ties characteristic of bent DNA (Martinez-Balbas, et al. 1990; Hibino et al. 
1993) and are known to be nuclear MAR/SAR. In fact, these components 
are enriched in the NM or nuclear scaffold (Razin et al. 1979; Small, et al. 
1982). Several investigators have demonstrated that A runs or AT tracts in 
DNA are capable of bending the helix axis (Hagerman 1990). Radic et al. 
(1987) showed that mouse satellite DNA (Avail repeat) consisting of 
many A runs is located throughout the centromeric region of the meta
phase chromosome and contains a stable curvature, which can be alleviat
ed by distamycin A specific for AT-rich DNA. Accordingly, the bend in 
the repetitive component is recognized by a non-histone nuclear protein, 
which may be directly involved in centromeric heterochromatin condensa
tion. In addition, Shrader and Crothers (1990) have suggested that the se
quence-directed bending of the DNA helix axis plays a role in nucleosome 
formation. 

DNA IViethylation 

In the animal genome, cytosine residues in the sequence 5'CpG are often 
post-synthetically methylated. Cytosine methylation is the most common 
modification of DNA found in nature and has been implicated in DNA re
pair, chromatin organization, transcription, X-chromosome inactivation, 
transposition, recombination, mutagenesis, replication, and genomic im
printing. Differential methylation of Alu repeats has been associated with 
genomic imprinting in germ line cells or reflect differences in Alu tran
scriptional activity. In vitro, sperm Alu-binding protein has been shown to 
be sufficiently specific to selectively protect Alu CpGs from methylation 
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and to be responsible for the unmethylated state of Alu sequences in the 
male germ line (Chesnokov and Schmid 1995). Moreover, it has been re
ported that the methyl-CpG-binding proteins interact specifically with 
methylated DNA and mediate transcriptional repression (Boyes and Bird 
1991; Nan etal. 1997). 

10-4.2 Properties of MAR/SAR-Binding Protein, 
P130/IWIAT3 

It has generally been accepted that nuclear MARs/SARs partition the 
chromatin structure into fiinctional loop domains and that some non
histone proteins are nuclear elements, essential for organizing the loops. 
Such MAR/SAR-binding proteins have already been found in several eu-
karyotic cells. Romig et al. (1992) showed that a nuclear scaffold protein 
from HeLa cells, SAF-A (scaffold attachment factor A), which has an ap
parent molecular weight of 120 kDa, binds to AT-rich sites in several 
SARs from vertebrate cells and that this protein is capable of forming large 
aggregates which mediate construction of looped DNA. It has also been 
shown that SAF-A is identical to a component of hnRNP particles 
(hnRNP-U), and the suggestion made that hnRNP-U/SAF-A fiinctions in 
higher-order chromatin organization and hnRNA metabolism (Fackelmay-
eretal. 1994). 

Hibino et al. (1993) purified PI30 from P fraction, which is a 
residual fi*action prepared from rat liver nuclei by the removal of proteins 
extractable with digitonin and lithium salicylate, and of DNA readily hy-
drolyzable with DNase, according to specific binding of PI 30 to a highly 
repetitive DNA component, the Xmnl fragment, which is also cloned from 
DNA included in the rat liver nuclear scaffold (Ikeda et al. 1990). We 
found that PI30 is homologous to matrin 3 which is abundant in the nu
clear scaffold fraction and has two zinc finger motifs and two RNA-
binding domains (Hibino et al. 1998a). These results indicated that 
P130/matrin 3 (P130/MAT3) might be involved in the transcription and/or 
RNA process. Hibino et al. (2000) also suggested by Southwestern analy
sis that in addition to binding to the Xmnl fragment, P130/MAT3 bound to 
various types of MAR/SAR segments by recognizing an AT AT AT se
quence, defined as a base-unpairing region (Dickinson et al. 1992), as a 
binding site. P130/MAT3 is a different phosphorylated form of P123 with 
an apparent size of 123 kDa, and is more readily bound to the Xmnl frag
ment than PI23 (Hibino et al. 1998b). The Xmnl fragment can be methy
lated both in vivo and in vitro on cytosine of the unique Hindlll site. In a 



258 Y. Hibino et al 

Southwestern analysis, the methylated Xmnl fragment did not bind to 
P130/MAT3, and instead bound to an 83-kDa polypeptide. Therefore, the 
interaction of the Xmnl segments in the genome with a nuclear scaffold 
appeared to be regulated in two distinct fashions: the phosphorylation state 
of P130/MAT3, and the methylation and demethylation of the Hindlll site 
of the Xmnl segments as MAR/SARs. On the other hand, animal and plant 
genomes carry MAR/SARs, which also interact with NM. A MAR/SAR 
positioned in the vicinity of a promoter can reportedly augment transcrip
tion of a reported gene, when the recombinant construct is integrated into 
the genome of the host animal, suggesting that the MAR/SAR plays a role 
in modulating transcription of nuclear genes (Xu et al. 1989; Forrester et 
al. 1994; Jenuwein et al. 1997). In addition, methylation and demethylation 
of MAR/SARs appeared to regulate chromatin remodeling in transcription 
regulation of nuclear genes (Poljak et al. 1994). Therefore, we examined 
whether, like the MAR/SAR, the native and methylated Xmnl fragment 
can modulate the activity of transcription through interaction with proteins. 
Hibino et al. (2000) demonstrated that the Xmnl fragment augmented the 
SV40 promoter-mediated luciferase gene transcription determined by tran
siently expressed luciferase activity in various types of cells. Moreover, 
the Xmnl fragment with the methylated Hindlll site did not augment this 
transcription. As the binding of the Xmnl fragment and P130/MAT3 in vi
tro is inhibited by methylation of the cytosine base at this Hindlll site, the 
suppression of the transcription augmentation by methylation indicates the 
requirement of P130/MAT3 for processes of transcription augmentation. 
Further, as the Xmnl fragment bound to P130/MAT3 in Southwestern 
analysis, various types of MAR/SAR fragments bound to two nuclear scaf
fold proteins with sizes similar to those of P130/MAT3 and its isoform, 
PI23. MAR/SAR segments in recombinant plasmids, therefore, can inter
act with P130/MAT3, and the interaction of MAR/SAR with P130/MAT3 
appeared to be required for augmentation of luciferase gene transcription. 
Thus, this study for the first time demonstrated the similarity of a highly 
repetitive DNA component to a MAR/SAR in interaction with a scaffold 
protein, P130/MAT3, by which an appropriately positioned promoter is ac
tivated. Of the NM proteins, SATBl (special AT-rich sequence binding 
protein 1) and SAF-B, both of which can bind to a MAR/SAR, suppressed 
transcription activity, when bound to elements stably integrated together 
with a reporter construct into the genome (Kohwi-Shigematsu et al. 1997; 
Li et al. 1996; Nayler et al. 1998). An AT-rich sequence has been assigned 
to a base-unpairing region necessary for the interaction of a MAR/SAR 
fragment with SATBl, in the thymus and testis (Dickinson et al. 1992). 
Due to, at least in part, this property, SATBl orchestrates the temporal and 
spatial expression of genes during T-cell development as a global regulator 
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of cell function in specific cell lineages (Alvarez et al. 2000; Cai et al. 
2003). P130/MAT3, present in all tissues examined including the thymus, 
bound to DNA having the synthetic AT AT AT sequence, but not to variant 
DNA, indicating that P130/MAT3, distinct from SATBl, likewise requires 
base unpairing to recognize its binding site in genomic DNA. The binding 
of P130/MAT3 to the Xmnl and MAR/SAR fragments might result in cir
cumstances under which proteins required to form the structural and func
tional basis of chromatins are more efficiently assembled. If this is the 
case, then the transcription augmentation observed is considered to reflect 
the binding efficacy of P130/MAT3 and the highly repetitive DNA com
ponent or MAR/SAR on assembly of transcription machinery. 

Methylation of the Hindlll site in the Xmnl fragment appears like
ly to regulate, with the aid of demethylation, the reversible appearance and 
disappearance of the binding sites of P130/MAT3 on chromosomal DNA. 
Therefore, methylation of the Hindlll site of highly repetitive DNA com
ponents might be one of the underlying mechanisms of chromatin remod
eling in which P130/MAT3 can play a role, presumably together with the 
methyl-CpG-binding protein (MeCP2) with a size of 83 kDa. Three global 
mechanisms of gene regulation, DNA methylation, histone deacetylation 
and histone methylation, are postulated to be linked by MeCP2 (Nan et al. 
1998; Fuks et al. 2003). It has already been demonstrated that chicken 
erythrocyte histone deacetylase forms a complex with proteins that are 
components of the NM (Li et al. 1996). Weitzel et al. (1997) reported that 
ARBP, an abundant NM protein with a high affinity for the MAR/SAR, is 
homologous to the rat protein MeCP2. ARBP and MeCP2 are localized in 
a repetitive sequence of pericentromeric heterochromatin in mouse chro
mosomes. These results indicate that the MAR/SAR and its binding pro
teins may function in methylation/demethylation of DNA and region-
specific histone modification processes and play an important role in the 
regulation of gene expression by binding to sites for the specific organiza
tion of DNA sequences under different conditions. 

Detailed characterization of the structure, function, and subcellular 
localization of P130/MAT3 and of the precise distribution of highly repeti
tive DNA components over the chromosomal DNA is required to clarify 
the interesting functions of the nuclear scaffold protein P130/MAT3. 
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10-5-1 Preface 

"Preformation" and "epigenesis" were the two antithetical concepts theo
retical biologists of the early 18th century advocated to explain ontogene
sis. Apparently their repercussions still remain and keep vibrating, at least 
in a subject of the current biological study; i.e. how the usage of "genetic" 
information, an ultimate "preformed" material, is controlled by the "epige-
netics," a derivative of "epigenesis," and conversely, how such "epige-
netic" regulations are restricted by the c/5-acting "genetic" elements. The 
genetic elements described in the latter issue are experimentally defined as 
"boundary elements" or "insulators," and have been studied extensively 
for decades (Gerasimova and Corces 2001). Here I am going to summarize 
some of the recent advances to unravel the mechanics of boundary ele
ments that hinder spread of epigenetic heterochromatin. They appear to be 
classified functionally into two groups, the antagonistic chromosomal ef
fect and the structural tethering in the nucleus. 

10-5.2 Dynamic Functions That Estabiish 
lieterochromatin Boundaries 

Heterochromatin and euchromatin represent the discrete domains inter
spersed throughout the eukaryotic chromosomes in which gene expression 
is either repressed or facilitated. They can be identified by the distinct con
densation level and typical epigenetic hallmarks. For instance, inactive 
heterochromatin in many organisms were shown to be associated with hy-
poacetylated and methylated histones, which would call in a series of 
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specific structural proteins, whereas active euchromatin often consists of 
hyperacetylated histones, exhibiting increased enzyme accessibility (re
viewed in Felsenfeld and Groudine 2003). 

Recent analyses with the yeast Saccharomyces cerevisiae revealed 
the involvement of histone acetyl-transferases (HATs) in delimiting the 
transcriptionally silent heterochromatin domains; propagation of silencing 
at yeast HM loci and subtelomeric region was blocked by the chromatin 
tethering of several HATs with various specificity, that is, GNAT-type 
HAT GcnSp or MYST-type HATs Sas2p and Esalp (Donze and 
Kamakaka 2001; Chiu et al. 2003; Ishii and Laemmli 2003). This inci
dence was initially detected as a restoration of reporter gene expression in 
each context, but it was then carefiilly proven to be different from direct 
gene activation (Chiu et al. 2003; Ishii and Laemmli 2003). Chiu et al. 
(2003) further demonstrated that targeted GcnSp or Esalp creates a >2 kb 
segment of hyperacetylated chromatin within the heterochromatic region. 
Thus histone hyperacetylation seems to counteract the nature of repressive 
heterochromatin enzymatically, which leads to stop its propagation. It is 
noteworthy, however, that the actual boundary does not correspond to the 
HAT-targeted site, but at some adjacent point where the changeover from 
hypoacetylation to hyperacetylation occurs, and therefore is not necessarily 
position-fixed nor confers a sharp transition (Ishii and Laemmli 2003). 

Such competition between the opposing effects upon histone ace-
tylation was found to control the natural boundary of yeast telomeric het
erochromatin. The MYST-HAT Sas2p was shown to compete the acetyla-
tion of histone H4 lysine 16 with Sir2p, a deacetylase required for the 
hypoacetylation state of yeast heterochromatin, whereby heterochromatin 
readily spread inward from the telomere ends and repressed adjacent sub
telomeric genes in the absence of Sas2p (Kimura et al. 2002; Suka et al. 
2002). A similar phenomenon was also observed in cells lacking two 
GNAT-HATs GcnSp and Elp3p simultaneously, supporting the idea that 
heterochromatin blockade can be directed by different acetylation reactions 
(Kristjuhan et al. 2003). Further support for histone acetylation was 
brought up by Ladumer et al. (2003), who showed that Bdflp, a chromo
somal protein that binds to acetylated histone H4 through its bromodo-
main, served for maintaining Sas2p-influencing euchromatin and protect
ing regions adjacent to telomeres and HM loci from deacetylation by 
Sir2p. 

In addition to histone modification, the euchromatic feature is of
ten marked by the histone variants, and Meneghini et al. (2003) also de
monstrated that spread of heterochromatin at HM \oc\ and subtelomeric re
gion is normally suppressed by the effort of euchromatin-associating 
Htzlp, a histone H2A variant in yeast. Interestingly, mutations in SWR-C, 
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a chromatin remodeling complex copurified with Htzlp as well as Bdflp, 
also resulted in the gain of heterochromatin regions (Krogan et al. 2003); 
thus all three major epigenetic chromatin determinants, histone modifica
tion, chromatin remodeling, and histone variants, are likely to participate 
together in delimiting heterochromatin. 

Finally, not only such epigenetic factors but also many transcrip
tion regulators, most of which bind to specific DNA sequences, were de
monstrated to harbor potentials to block heterochromatin in yeast (Fourel 
et al. 2002; Ishii and Laemmli 2003; Yu et al. 2003). Their blocking prop
erty was not in good accordance with the gene activation but reminiscent 
of that of HATs, implying the shared mechanism between them (Ishii and 
Laemmli 2003). Consistently, suppression of chromosomal silencing by a 
transcriptional activator was also demonstrated in mammalian cells, but 
the requirement of the activator was found to be only transient, suggesting 
the involvement of epigenetic modifications that persist in the absence of 
activator (Sutter et al. 2003). Taken together, any dynamic activities that 
confer a euchromatic effect can be recruited to a position defined by DNA-
binding transcription factor and fulfill the barrier function toward nearby 
heterochromatin, possibly as an ensuring mechanism of transcriptional ac
tivation. 

10-5.3 Structural Functions That Demarcate the 
Chromatin Domains 

Although the above studies stress more on the dynamic, enzymatic aspect 
of the boundary elements, another independent lines of evidence suggest 
their mode of action as a physical constraint. Such a structural conse
quence might be achieved through clustering the elements to form discrete 
loop domains and/or tethering the elements to the nuclear architecture. 

In contrast to the progressive changeover the dynamic functions 
created in between the heterochromatin and euchromatin, a sharp and dis
tinct boundary element was detected in yeast chromatin by tethering Dro-
sophila BEAF protein (Ishii et al. 2002; Ishii and Laemmli 2003). BEAF 
was originally isolated as an associating factor of a classical fly boundary 
element, scs\ and the yeast analysis revealed its C-terminal oligomeriza-
tion domain to be sufficient to establish the evolutionarily conserved 
boundary element. A genetic screen was thus performed to identify yeast 
proteins that possess similar activity as BEAF, which resulted in the isola
tion of a variety of proteins involved in the macromolecule transport be
tween nucleus and cytoplasm. Their transport function turned out to be 
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dispensable, however, and subsequent analyses led to the conclusion that 
such transporters essentially tethered the chromatin loci physically to the 
nuclear pore complex (NPC) to establish boundary elements (Ishii et al. 
2002). Although a direct connection between the NPC and native boundary 
elements remains elusive and BEAF has been suggested to work inde
pendently of NPC, of significance was that the involvement of nuclear ar
chitecture was highlighted in the functional context of boundary elements 
after a nonbiased screen. 

Other Drosophila boundary proteins Su(Hw) and Mod(mdg4), 
both of which associate to the gypsy retrotransposon and many other ge
nomic sites, were previously shown to form large foci at the periphery of 
the nucleus and to organize the subnuclear localization of chromatin fiber 
through their homotypic interaction (Gerasimova et al. 2000). Then Byrd 
and Corces (2003) demonstrated that they were actually present in the nu
clear matrix (NM) fraction and that the chromatin fiber bracketed by the 
two binding sites was emanating fi-om the matrix to form a loop. Similarly, 
CTCF protein, which associates universally to mammalian insulators that 
block the enhancer action, was also incorporated into the NM fraction, and 
was anchored to another subnuclear structure, the nucleolus, together with 
its target chromatin (Dunn et al. 2003; Yusufzai et al. 2004). Moreover, an 
oligomer form of CTCF could be detected analogous to 
Su(Hw)/Mod(mdg4) and BEAF, implying that CTCF might tie multiple 
target sites together, just like the proposed model for gypsy and scs' (Gera
simova et al. 2000; Blanton et al. 2003; Yusufzai et al. 2004). 

10-5.4 Interplay Between Dynamic and Structural 
Functions 

Apparently the two functions mentioned above are totally segregated 
mechanisms. Substantial evidence indicates, however, that they might ac
tually be different sides of the same coin. 

BEAF associates to scs \ which was postulated to delimit the puff-
forming heat shock locus 87A7, But scs'dX^o corresponds to the promoter 
of two divergent transcripts, and Kuhn et al. (2004) recently argued that it 
rather resided within the puff, playing a direct role in regulating gene ex
pression at least in the context of polytene chromosome. Interestingly, a 
central domain of BEAF exhibited a weak transactivation potential in yeast 
assay and blocked heterochromatin by itself in a similar manner to HATs, 
although such features were hindered in the full-length construct (Ishii and 
Laemmli 2003). Considering that ^c^' was originally marked by its nucle-
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ase hypersensitivity, the enigmatic link between the structural and dynamic 
activities of BEAF-mediated boundary element might be the reflection of 
its complete physiology in interphase nuclei and essential for function. 

Not only the middle domain of BEAF but also CTCF exhibited a 
HAT-type heterochromatin blocking potential in yeast assay (Ishii and 
Laemmli 2003). This is in line with the recent finding that CTCF contrib
uted to the transcriptional activation at mouse Igf2/H19 imprinted locus in 
addition to blocking enhancer (Schoenherr et al. 2003). To our surprise, 
however, CTCF was demonstrated in its native circumstance to be dis
pensable for protecting transgene from heterochromatin-mediated silenc
ing (Recillas-Targa et al. 2002). Yet histone hyperacetylation was shown 
to be the hallmark of CTCF-associating genuine boundary elements, even 
though its extent correlated rather with the heterochromatin-blocking po
tential than the amount of CTCF (Litt et al. 2001; Recillas-Targa et al. 
2002). The fully potent boundary element for both active and silent chro
matin might be achieved through the coalition of a structural contribution 
exerted by CTCF, which seems inert in yeast, and a dynamic effect created 
by some protein and/or CTCF itself, presumably in context-dependent 
manner. 

10-5.5 Postface 

It is possible that various different functions define the chromatin 
boundaries according to each local situation. As a unity of "preformed" 
genetic information, however, chromatin may well confine those "epige-
netic" regulations in an autonomous and universal way. Indeed, current 
variation in the notion of boundary elements can simply be because it is so 
complex that each study has managed to dissect only a limited aspect of it. 
Further careful examination should elucidate the nature of the boundary 
elements. 
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During the latest decade, the studies that have attempted to understand the 
regulatory mechanism of the structure and function of chromatin have had 
a great research impact with respect to the research in the field related to 
nuclear functions, including transcription and replication. The analysis of 
the molecular mechanism of replication and transcription began with the 
dissection and reconstitution of cell-free systems that mimicked the accu
rate enzymatic processes in test tubes. The cell-free replication system 
of the adenovirus genome DNA replication—^the first cell-free eukaryotic 
DNA replication system—was reconstituted with purified viral proteins 
and host cell factors. Using this system, NF-I was identified as one of the 
host factors, and it was shown to be a sequence-specific DNA binding pro
tein—one of the first cases of such paradigm proteins. The reconstituted 
cell-free SV40 DNA replication system has provided us with an important 
basis for understanding cellular genome replication. The cell-free tran
scription system that used nuclear extracts and a DNA fi-agment corre
sponding to the adenovirus major late promoter region built a basic sculp
ture/landscape of the molecular mechanism of transcription. The 
identification and characterization of TF-IID was followed by identifica
tion of TATA-box binding protein followed by the discovery of co-
activators followed by the identification of the proteins involved in chro
matin regulation. Yes, chromatin became on stage. The tremendous ef
forts that had been made to clarify transcription-related physiological 
events, such as epigenetic regulation, encountered a particular limitation 
when using the cell-free systems described above. One of the obvious rea
sons for this limitation is due to the fact that the system utilizes naked 
DNA as a template. The actual template within the cell comprises DNA 
and chromosomal proteins, which together form chromatin. Thus, the age 
to study the nuclear function at the level of chromatin came. This brings 
us to a brief discussion on chromatin. 
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Again, biochemical approaches as well as forward and reverse ge
netics have been revealing the regulatory mechanism of chromatin. A 
variety of factors that are involved in the structural, and thereby, the func
tional changes of chromatin are now known to us. Allow me to elaborate 
in brief, three major mechanisms (Fig. 1) execute the change that is associ
ated with activation and/or activated states, namely, the ATP-dependent 
mechanism brought about by chromatin remodeling factors containing 
ATP-hydrolyzing enzymes, histone modifications, and histone chaperone-
mediated reactions. DNA methylation and histone modification together 
are responsible for gene silencing and heterochromatinization. Noncoding 
RNAs and siRNA were also found to be important for chromatin regula
tion. The progresses that were made in research were able to provide an
swers pertaining to the fundamental mechanisms of chromatin regulation 
and some parts of epigenetic regulation; however, they did not provide an
swers to all the questions concerning these processes. For instance, the 
mechanism that operates events between loci on the same chromosome, 
such as allelic exclusion, locus control, and insulator-mediated regulation, 
or the mechanism that is involved in specific chromosomal translocation 
between chromosomes can be correctly understood only in the context of 
the nucleus structure. We should know and would like to know the struc
ture and function of the genome in its original site within a particular cell, 
designated the in situ genome, based on the accumulating information that 
is being derived from studies with naked DNA and chromatin and on a 
novel study aspect for the nucleus. 

The nucleus is the site of operation of the genome function. It is a 
noteworthy fact that the nucleus is a compartment that is surrounded by the 
nuclear envelope; thus, the nuclear import and export of biomolecules 
should be considered with regard to nuclear function. More importantly, 
the regulated localization of the genome should play key roles in the regu
lation of the genome and nuclear function. At this point, certain facts re
main unclear. These include the manner in which the interphase chromatin 
occupies the limited space in every chromosome; the reason for the loca
tion of heterochromatin along the nuclear periphery; the manner in which 
and the location where replication foci, transcription foci, and spli-
ceosomes are formed; the manner in which the looped domain structure of 
the genome is formed; the manner in which genes in the domain are coor-
dinately regulated; and so on. The nucleolus is, for example, considered to 
be a transcription focus that assembles the ribosomal DNAs that are spread 
in several chromosomes. However, the detailed mechanism of the assem
bly and disassembly of the nucleolar organizing region (which comprises 
ribosomal DNA) and nucleolar factors (nucleolar proteins and RNAs) has 
not yet been elucidated. Interestingly, some tRNA genes as well as 5S 
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Fig. 1. A model of the formation and change of chromatin. The structural change 
in euchromatin for transcription begins with binding of transcription factors to 
their cognate sites followed by histone modification and chromatin remodeling 
around the transcription start site. In this figure, the histone chaperone is hypothe
sized to have a function as histone acceptor during the structural and functional 
change of chromatin. These processes could also be responsible for the mainte
nance of euchromatin. The formation of heterochromatin implicates DNA methy-
lation by DNMT (DNA methyltransferase), histone modification such as histone 
deacetylation by HDAC (histone deacetylase) and histone methylation by histone 
MTase (histone methyltransferase), and binding of heterochromatin-associated 
proteins 

RNA genes are assembled in the nucleolus. This fact raises a question re
garding the mechanism by which RNA polymerase Il-dependent genes that 
neighbor the aforementioned RNA genes escape from accumulation into 
the nucleolus and are organized as domains independent of these genes. In 
addition, various subnuclear structures such as the PML body and Cajal 
body exist, and their exact fiinctions have not been adequately clarified. 
The findings of the studies on the structure and function of the nucleus 
shall now be discussed. 

Instead of summarizing the content of this book, I have attempted 
to emphasize the content of a recent workshop on nuclear dynamics in or-
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der to gain insight into the present status of research in the field of the nu
clear structure and function. The EMBO/FEBS Conference on Nuclear 
Structure and Dynamics held during September 24-28, 2005 in La Grande 
Motte, near Montpellier in France was possibly one of the first compre
hensive meetings in Europe concerning this subject. This meeting wit
nessed a gathering of individuals who have an interest in this field of re
search and discussions pertaining to recent progresses in the same. 

The Montpellier meeting comprised 13 sessions, each of which re
flected the trends in this research field. Session 1 entitled "Nuclear com-
partmentalization, nuclear bodies, and genome fiinction," session 4 entitled 
"The nuclear periphery," and session 11 entitled "Regulation of interphase 
chromosome architecture and positioning" described the struc
ture/organization of the nucleus and the roles of each nuclear structure in 
gene regulation. The authentic dynamics of the nuclear structure was dis
cussed at the level of 3 dimensions (D) and 3D + the forth D, that is, the 
time scale in session 2 entitled "Dynamic 3D chromatin structure" and ses
sion 5 entitled "The dynamic nucleus during the cell cycle". The visuali
zation of molecular behavior, molecular interaction, and the structural 
change of the nuclear structures as well as their real-time measurement 
was obviously advantageous for detailed studies on the nuclear dynamics. 
On these lines, session 3 entitled "Emerging technologies" focused on the 
recently developed methods. With regard to the nuclear dynamics, of in
terest were the reports discussing the possibility that the movement of nu
clear components and the regulation of the gene activity seem to be under 
positive contraction between loci and/or chromosomes. Topics concerning 
chromatin regulation in transcription were discussed in session 7 entitled 
"Chromatin and epigenetics." The regulation of genome function with re
gard to the chromatin level was also discussed in session 8 entitled "DNA 
repair in situ and chromatin," session 9 entitled "DNA replication and ge
nome function," and session 10 entitled "Chromosome segregation and in
heritance." The fact that there were three sessions pertaining to functional 
RNAs and RNA behavior is noteworthy (session 6 entitled "Noncoding 
RNA and gene silencing," session 12 entitled "Small nuclear RNAs," and 
session 13 entitled "RNA processing in situ and RNA transport"). 

A majority of the authors who have contributed to this book were 
participants in the International Workshop on the Nuclear Dynamics: Ap
proaches from Biochemistry, Molecular Biology and Visual Biology that 
was held at Yokohama on December 5, 2002. The authors who did not 
participate in the Yokohama meeting but participated in the Montpellier 
meeting as chairpersons/organizers and as coauthors of presenters also lent 
their efforts to the preparation of this book. The Yokohama meeting was 
held three years ago and aimed at discussing the leading edge at that time. 
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Presently, all the authors have summarized their current achievements; 
therefore, the recent progress made in this research field can be traced. 

The development of novel technology has facilitated the develop
ment of an understanding of the functions of previously identified mole
cules. Questions have been raised with respect to the manner in which the 
unsolved mechanism that governs the establishment and regulation of the 
nuclear structure and function can be approached. To this end, we require 
a system(s) to clarify the molecules/molecular functions involved in the 
nuclear event of interest. We have been learning the utility of the genetic 
and biochemical approaches from the studies on the molecular mechanism 
at the level of naked DNA and chromatin. Once a molecule(s) is identi
fied, it would be possible to reveal its function(s), even in an individual. 
For instance, with regard to the identification of the molecules involved in 
nuclear import and export, biochemical assays of cellular extracts that 
were performed using permeable cells and isolated nuclei proved to be 
quite useful. Thus, one of the more interesting methods with greater po
tential for use is the system of reconstitution of nuclei in a test tube that 
leads to the reproduction of a given nuclear event(s) along with the nuclear 
timetable. Newport and colleague developed a system of reconstitution of 
nuclei by using Xenopus egg extracts and naked DNA. The reconstituted 
nuclei are capable of replicating DNA. This system still possesses poten
tial in research; for example, it is able to reveal the principle based on 
which the nuclear architecture is constructed, the manner in which nuclear 
territory is determined, etc. In addition to reconstitution of nuclei, at
tempts have been made to alter the property of isolated nuclei and nuclei in 
permeable cells. Laskey and colleague reported that Gl nuclei initiate 
cdk/cyclin-dependent DNA replication in the presence of S phase nuclei or 
S phase nuclear extracts. Trials that are attempting to alter the gene ex
pression pattern of a given nucleus have begun; these trials use a similar 
experimental procedure in which the nuclei prepared from one cell type are 
incubated with cellular extracts prepared from another cell type. A trial 
that attempted to initialize and reprogram the transcription pattern, i.e., to 
erase the original gene expression pattern of a somatic cell and direct it to 
that of a different cell type is of great significance. Transplantation of nu
clei to another cell type and cell fusion between the different cell types are 
also used for the reprogramming. However, nuclear reconstitution is of 
greater advantage to the other methods because it is relatively easier to 
achieve fractionation of donor extracts and complementation of acceptor 
nuclei in the reconstitution system. Further, the combination of this sys
tem with other cell/individual-based systems shows great promise. 
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Finally, I wish to thank all the authors and contributors who have 
jointly published this book. I would particularly like to thank Dr. Tae 
Shimoyama, who played an important role by painstakingly editing the 
book with great tenacity, and Dr. Shige H. Yoshimura, who performed the 
tedious task of being in communication with the authors who have con
tributed to this book. Special thanks are due to Ms. Haruka Iwano for be
ing a source of constant encouragement and motivation. I reiterate, this 
book could not have taken form without the help and cooperation of these 
people. 
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