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ABSTRACT: Over the last decades it became clear that mammalian nuclei are highly organized. Nuclear
processes like DNA replication and RNA metabolism take place in distinct subnuclear foci, which are enriched
for enzymes involved in the corresponding biochemical reactions. This colocalization of functions with their
respective factors is often referred to as functional organization of the nucleus. This organization is achieved by
assembly of different enzymes and regulatory factors into high-molecular-weight complexes that are tethered to
insoluble nuclear structures. Recently, several links between nuclear structure, gene expression, DNA replication,
and methylation have been described that illustrate the interrelation of higher-order structures and nuclear
functions. New insights into the functional organization of the nucleus and how it could explain the high precision
and overall coordination of nuclear processes are discussed.
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. ORGANIZATION AND EFFICIENCY

Recent decades have taken our understanding
of biological processes to the molecular level.
Soon all players will be known, but the sum of all
their individual properties clearly does not ex-
plain complex biological phenomena like DNA
replication, cell cycle, and development, not to
mention the life and death of an entire organism.
We will try to develop this argument, taking DNA
replication as an example.

By now, most of the basic, essential DNA
replication factors and their enzymatic activities
are known and can be combined in vitro to repli-
cate small viral genomes like SV40 DNA. The
known factors and the sum of their properties can
explain the basics, but not the efficiency, accu-
racy, and genome-wide coordination of DNA rep-
lication observed in mammalian cells. In concrete
terms, it remains to be explained: (1) how about
3.000.000.000 base pairs of DNA are replicated
once and only once, meaning no base pair more
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and no base pair less; (2) how the activity of about
50.000 origins are coordinated in time and space;
(3) how origins either duplicated or deleted by
chromosomal rearrangements can be accommo-
dated and do not cause affected regions to be
replicated either twice or not at all; (4) how the
same origin can be active in some cell types early
during S-phase and in some late during S-phase;
(5) how origins active at a given time during S-
phase are not randomly distributed throughout the
nucleus but concentrated in subnuclear foci; (6)
how DNA damage leads to a halt of DNA repli-
cation until the damage is repaired; (7) how three
billion base pairs can be replicated, with all
Okazaki fragments ligated and methyl groups
added on the newly synthesized strand within a
few hours and with very high precision; (8) how
the complex higher-order chromatin structure can
be restored after DNA replication during which
the DNA is stripped of attached proteins; (9) how
DNA replication and DNA methylation are coot-
dinated; (10) how DNA replication is coordinated
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with cell cycle progression. All these aspects can
be illustrated with some bits of data but not yet
really explained and even less reproduced in vitro.

Undoubtedly, in vitro replication assays were
the key to a basic understanding of DNA replica-
tion, but they also have systematic limitations.
Their shortcomings can be best demonstrated with
cellular extracts or homogenates that contain the
same mix of molecules as living cells, but cannot
carry out a precise duplication of the genome. The
major difference between test tube assays and
living cells is the presence of organization and
highez-order structures. Interestin gly, Xenopusegg
extracts that are used frequently for eukaryotic In
vitro replication assays are known to at least par-
tially rebuild nuclear structures after addition of
DNA (reviewed in Laskey, 1986). Also, the only
replication assay until now that can at least par-
tially reproduce the complex regulation of mam-
malian DNA replication uses isolated nuclei, which
obviously brings along most of the required struc-
tures (Engel et al., 1999; Krude et al., 1997; Stoeber
et al., 1998).

These observations raise the question, what
structure and organization can do to help DNA
replication and other cellular processes. As cellular
components are not evenly distributed throughout
the cell, they may either be colocalized with poten-
tial binding partners and substrates in the same
subcellular compartment or not. Thus, their subcel-
lular localization decides whether certain interac-
tions and reactions can occur or not. A good example
for this type of regulation is the nuclear uptake of
transcription factors, which can be controlled by,
for example, phosphorylation or interacting factors
sequestering the nuclear localization signal (re-
viewed in Schmitz et al., 1991). Thus, the regula-
tion of subcellular localization is a very efficient
mechanism to control gene expression but also to
control the activity of the gene product itself. An
example of the latter is DNA methyltransferase
(Dnmt]) that is required for the replication of epi-
genetic information, that is, for the maintenance of
DNA methylation pattern. During early develop-
ment, when the genome of preimplantation em-
bryos undergoes global demethylation, Dnmt] is
separated from its DNA substrate and is retained in
the cytoplasm (Cardoso and Leonhardt, 1999;
Carlson et al., 1992).
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The subcellular organization, however, goes
beyond sorting of proteins into different compart-
ments, thereby controlling their access to substrates
and binding partner. The enrichment of enzymes
in, for example, the nucleus or even in subnuclear
foci represents an increase in the effective local
enzyme concentration, as outlined in Figure 1. This
organization decreases the entropy of the system
and increases the efficiency and precision of diffu-
sion-based biochemical reactions, because the prob-
ability of successful collisions of enzymes and
substrates increases with their concentration. With
these successful collisions also the rate of enzyme-
substrate complex formation and their turnover to
products increases. Because DNA replication pro-
teins as well as their auxiliary factors aré concen-
trated in subnuclear replication foci during S-phase,
they would aiso benefit from this effect. However,
the organization of mammalian DNA replication
goes beyond this simple concentration effect and
involves the formation of higher-order structures,
which can further increase the efficiency and fidel-
ity of this process.

Il. HIGHER-ORDER STRUCTURES
AND THE ORGANIZATION OF
DNA REPLICATION

By now, several factors either directly or in-
directly involved in DNA replication have been
identified that are evenly distributed in the nucleus
during interphase with the exception of 5 phase
when they redistribute to replication foci (Figures
2A and 2B). These replication foci are sites of
ongoing DNA replication and can be labeled with
thymidine analogs such as bromodeoxyuridine.
The first protein identified at these foci was PCNA
(Bravo and Macdonald-Bravo, 1987), which forms
a trimeric ring around the DNA strand clamping
other replication factors to the DNA and thus
enhances processivity. Subsequently, further rep-
lication proteins were found to be concentrated at
these replication foci including DNA polymerase
alpha (Hozak et al., 1993), replication protein A
(Cardoso et al., 1993), and DNA ligase I (Cardoso
et al., 1997; Montecucco et al., 1995). However,
also several indirectly involved factors were iden-
tified at these sites, including the cell cycle pro-



entropy

FIGURE 1. The functional organization of living cells accelerates biochemical reac-
tions. Cells and nuclei or subnuclear compartments are schematically outlined as
cubes. The enrichment of some enzymes (spheres) and substrates {shades of grey)
in subcellular compartments (e.g., nucleus or replication foci) increases their effective
local concentration. This reduces the entropy of the cellular system and accelerates the
formation of enzyme-substrate complexes and products. The fact that other enzymes
(ovals) are excluded further increases the specificity. In principle, this scheme should
apply to all diffusion-based reactions in living cells.

teins cyclin A and cdk2 (Cardoso et al., 1993;
Sobczak-Thepot et al., 1993), Dnmt] (Leonhardt
et al., 1992), and chromatin assembly factor 1
(CAF-1) (Krude, 1995). Using a fusion of the
green fluorescent protein (GFP) with DNA ligase
I, recently it was shown that this redistribution to
replication foci during S-phase really occurs in
living cells (Cardoso et al., 1997).

The localization of all these factors at replica-
tion foci raises the question how do they become
concentrated at these sites and what prevents their
random diffusion in the nucleus. This question
was first addressed with Dnmt1, which after DNA
replication adds methyl groups to the newly syn-
thesized strand. Various parts of Dnmt1 were fused
with an unrelated protein (B-galactosidase from
Escherichia coli), expressed in mammalian cells
and screened for localization at replication foci.
With this strategy a targeting sequence could be
mapped that is necessary and sufficient for local-
ization at replication foci (Chuang et al., 1997,
Leonhardt et al., 1992; Liu et al., 1998). Similar
experiments with DNA ligase I led to the map-
ping of a replication foci targeting sequence also
in this enzyme (Cardoso et al., 1997; Montecucco

etal., 1998). Both sequences are functionally simi-
lar, as they can both direct unrelated proteins to
replication foci, but they show no apparent simi-
larities in their amino acid sequence. In both cases
the targeting sequence was located in the N-ter-
minal, regulatory domain of the protein and tar-
geting was independent of the catalytic domain.
The comparison of DNA ligase genes from dif-
ferent origins showed that the catalytic domain is
highly conserved, but the targeting sequence seems
to be absent in, for example, the yeast homolog,
suggesting that the targeting sequence was added
to a conserved enzymatic core some time during
evolution probably to cope with the growing com-
plexity in mammalian nuclei (discussed in Cardoso
and Leonhardt, 1998).

The mapping of a so-called targeting se-
quence does not yet explain the localization of
these proteins at replication foci. Biochemical frac-
tionation experiments suggest that the various pro-
teins involved in the replication of the genome
assemble into large multienzyme complexes
(Noguchi et al., 1983; Tom et al., 1996). These
replication complexes are obviously bound to the
DNA they are replicating and are, in addition,
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tethered to some immobile nuclear structures,
which then renders them insoluble and resistant
to extraction (reviewed in Berezney et al., 1995;
Cook, 1999). Therefore, it seems likely that pro-
teins become localized at replication foci simply
by binding to these insolubilized multienzyme
complexes. In fact, an ever-increasing number of
proteins is reported to bind to PCNA, which if
true in vivo would raise serious problems of steric
hinderance (discussed in Leonhardt et al., 1998).
In any case, replication factories seem to be as-
sembled by a network of protein—protein interac-

tions. Several proteins, like, for example, PCNA,
do mot seem to have additional and dedicated
domains for these interactions. In that sense, the
targeting sequences of Dnmtl and DNA ligase I
are different as they seem to be recent evolution-
ary add-ons, which by themselves are necessary
and sufficient for localization at replication foci,
are independent of the catalytic core of the en-
zyme and function with unrelated proteins.

It is likely, but not yet shown, that Dnmt! and
DNA ligase I are randomly diffusing in the nucleus
and in S phase specific binding or docking sites

FIGURE 2. Targeting of enzymes to functional domains and molecular assembly lines. The nuclear
distribution of a replication factor (PCNA) at two different stages of the cell cycle is shown. During the
G1 and G2 phases PCNA is evenly distributed throughout the nucleus and is excluded from nucleoli
(A). In S phase PCNA redistributes to subnuclear replication foci (B). A number of other replication
factors have been found to be associated with these subnuclear foci of active DNA replication. A model
for the functional organization of the nucleus is outlined below (C, D). Enzymes (E1, E2) and

substrates (S) are subjected to random diffusion

(C). However, at specific times they are targeted to

a multie_qzyme cpmp!ex (D). This process is mediated by specific targeting sequences (t1, 12) that bind
to specific docklng sites (D1, D2) at these complexes or assembly platforms. This targeting process
ensures that the right enzyme is at the right time at the right place and thus enhances the efficiency

and precision of complex, multistep reactions.
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(see Figures 2C and 2D) are exposed that bind
with high affinity the corresponding targeting
sequences. In other words, the targeting sequences
seem to dock their attached enzymes to multien-
zyme complexes like the replication factories, and
thereby ensure that the right enzyme is at the right
time at the right place. Moreover, enzymes may
be fixed in a steric position that is optimal for
direct substrate binding (see Figure 2D). This
organization into “molecular assembly lines” could
explain the efficiency and precision of processive,
multistep reactions like DNA replication in mam-
malian cells.

Il. FROM DNA REPLICATION AND
METHYLATION TO CHROMATIN
STRUCTURE AND GENE EXPRESSION

Correlations between chromatin structure, gene
expression, DNA replication and methylation (see
Figure 3) are known for quite some time. On one
hand, DNA sequences that replicate early in S
phase tend to be hypomethylated, folded in an
accessible chromatin structure and actively tran-
scribed. On the other hand, DNA sequences that
replicate late in S phase tend to be hypermethylated,
tightly folded in an inaccessible chromatin struc-
ture and not transcribed. These complex correla-

Nuclear & Chromatin
Structure
DNA Replication DNA Methylation

Gene Expression
Transcription

FIGURE 3. Links between structure, gene expres-
sion, DNA replication, and methylation. Recently, sev-
eral functional links between nuclear structure, gene
expression, DNA replication, and methylation have been
identified. Among the key factors linking these nuclear
processes are CAF-1, histone deacetylase, and MeCP2,
See text for a detailed discussion.

tions raise the question how these processes are
connected and coordinated. Part of the answer has
already been outlined in the previous section. The
organization of DNA replication into complex fac-
tories represents a platform for the association of
other proteins and thus provides the possibility to
integrate different cellular processes in the frame-
work of these higher-order structures.

One of the first links discovered was the tar-
geting of Dnmt1 to replication foci. This associa-
tion of Dnmtl with replication factories can
explain the efficient coupling of DNA replication
and methylation, which seems to ensure the pre-
cise maintenance of epigenetic information after
DNA replication (Leonhardt et al., 1992). Like-
wise, targeting of DNA ligase I couples lagging
strand synthesis and the ligation of Okazaki frag-
ments and thus seems to ensure the integrity of the
genome after DNA replication (Cardoso et al.,
1997). Furthermore, the identification of cyclin A
and cdk?2 at replication foci may represent a link
between cell cycle regulation and the control of
DNA replication and might transmit the start sig-
nal to the replication foci (Cardoso et al., 1993).
Finally, the localization of CAF-1 at replication
foci suggests that also a direct link between chro-
matin assembly and DNA replication exists (Krude,
1995; Shibahara and Stillman, 1999). Direct func-
tional links also exist between DNA methylation
and gene expression. In some cases, DNA methy-
lation was shown to directly prevent transcription
factor binding (Becker et al., 1987). In most cases,
however, the effect of DNA methylation on gene
expression is mediated by the methyl cytosine bind-
ing protein (MeCP2) that was found to be present
in a complex containing histone deacetylase (Jones
etal., 1998; Nan et al., 1998). Thus, MeCP2 binds
methylated DNA and recruits histone deacetylase,
which then removes acetyl groups from histones
causing chromatin modification and gene repres-
sion. This inactivation may be reversed by either
recruiting histone acetylases or by active and pas-
sive demethylation. Passive demethylation may
be caused by transcription factors binding to pro-
moter sequences directly after DNA replication,
which would then prevent DNA methyl-trans-
ferases from accessing and methylating this DNA
sequence and would finally lead to histone acety-
lation and gene reactivation (reviewed in Ng and
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Bird, 1999). Again, this sequence of events con-
nects DNA replication and methylation with chro-
matin structure and gene expression.

After the discovery of these functional links
many interesting questions remain, but these first
results clearly show that the various cellular
processes are linked through countless protein-
protein interactions that form a framework of
higher-order structures, which may explain the
high efficiency, precision, and overall coordi-
nation observed in living cells.

[V. CHALLENGES AND PERSPECTIVES
FOR THE NEXT MILLENIUM

The next millenium will undoubtedly bring
an unprecedented flood of data. The challenge
will be to manage this flood and to make some
sense out of it. Pretty soon we will know the
entire sequence of the human genome and may
compare it with data from our favourite model
system be it mouse or yeast Or else. That leaves
us—give and take a few—with about 100.000
genes/proteins to play with and to assign a place
in life. For each of these genes one should have
some basic information: (1) transcription, alterna-
tive splicing, translation, modification, and deg-
radation in the different cells of an organism at
different stages during development, (2) three-
dimensional structure; (3) abundance, subcellular
localization, and modifications during the cell
cycle; (4) interactions with the other 99.999 pro-
teins during development and cell cycle; (3) as-
sembly into higher-order structures, (6) malignant
changes of all of the above during disease.

Depending on the gene, this short and cer-
tainly incomplete checklist has already been
worked on with different intensity though. A lit-
erature search for a famous protein like p53 shows
that more than 10.000 papers have been directly
or indirectly concerned with the analysis of this
one protein, but we are still far from a complete
understanding. It is clear that this flood of data
will bypass the capacity of even the brightest of
human minds and will require sophisticated
bioinformatics tools to sieve through and to make
some sense out of it. After a vastly successful
century of analyses subdividing complex ques-
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tions into more detailed and manageable ones,
dissecting organisms down to organs, tissues, cells,
organelles, complexes, proteins, nucleic acids,
ions, and functional groups, the challenge for the
next century is to piece these bits of information
again together. Eventually a better understanding
of life should emerge with new and more precise
possibilities to interfere with it for either the bet-
ter or the worse.

The situation in molecular biology at the turn
of this century is somewhat reminiscent of a story
on the severity of science told by the Argentinean
writer Jorge Luis Borges. In some ancient empire
the science of cartography was developed to per-
fection to describe the empire with an ever-
increasing accuracy. Eventually, the cartographers
generated a perfect map that did match the empire
point by point and had the size of the empire
itself. Later generations less dedicated to the sci-
ence of cartography left the map to the reign of
sun and winter. Nowadays only a few ruins inhab-
ited by beggars are left of that perfect map. The
future will show whether our molecular maps of
living organisms will share a better fate.
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