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Intranuclear Targeting of DNA Replication Factors

Heinrich Leonhardt, Hans-Peter Rahn, and M. Cristina Cardoso*
Max Delbrueck Center for Molecular Medicine, 13122 Berlin, Germany

Abstract Mammalian nuclei are highly organized into functional compartments. Major nuclear processes like
DNA replication and RNA processing take place in distinct foci. These microscopically visible foci are formed by the
assembly of, for example, DNA replication factors and associated proteins into megadalton complexes often referred to
as protein machines or factories. Thus far, two proteins, DNA ligase | and DNA methyltransferase (DNA MTase), have
been analyzed in greater detail. In both cases, the assembly process appears to be controlled by distinct targeting
sequences that were attached to the catalytic protein core in the course of evolution and mediate the association with
replication factories in mammalian cells. The dynamics of these nuclear structures throughout the cell cycle are
analyzed using green fluorescent protein (GFP). Further studies are needed to elucidate the architecture, regulation, and
role of these subnuclear structures. J. Cell. Biochem. Suppls. 30/31:243-249, 1998.  © 1998 Wiley-Liss, Inc.
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The most prominent feature of mammalian
cells is the nucleus, which can even be spotted
with a simple light microscope. Over the last
decades, considerable work has been geared
toward a better understanding of the controlled
transport in and out of the nucleus and its
biological consequences. According to tradi-
tional views and wisdom, that can still be found
in many textbooks, nuclear proteins are sub-
jected to random diffusion and chance encoun-
ters with their respective substrates (Fig. 1,
left). These views were challenged by several
lines of evidence discussed earlier in detail [Le-
onhardt and Cardoso, 1995]. In this paper, we
focus on the organization of DNA replication in
mammalian cells. The first example of a replica-
tion protein that did not always show a disperse
distribution in the nucleus, and therefore did
not fit into the random and free diffusion model,
was proliferating cell nuclear antigen (PCNA).
During S phase, PCNA redistributes to distinct
nuclear foci that actively incorporate BrdU,
referred to as replication foci. Subsequently, a
number of other proteins were found to be con-
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centrated in these replication foci, including
DNA MTase [Leonhardtet al., 1992], DNA poly-
merase a [Hozak et al., 1993], DNA ligase |
[Cardoso et al., 1997], replication protein A,
cyclin A, and cdk?2 [Cardoso et al., 1993]. This is
often referred to as functional organization of
the nucleus, as proteins are localized at sub-
nuclear sites, where their respective process,
e.g., DNA replication, takes place (Fig. 1, cen-
ter). In this model, the various proteins are
drawn as a loose grouping, which immediately
raises the question as to what keeps them to-
gether. From biochemical analyses it becomes
clear that replication proteins assemble into
replication complexes, which themselves have
auxiliary and regulatory proteins attached and
form altogether megadalton complexes [Nogu-
shi et al., 1983; Malkas et al., 1990] termed
replication machines or even factories (Fig. 1,
right). These replication factories are obviously
bound to the DNA that they are replicating, but
they are also tethered to the nuclear matrix,
which renders them insoluble and resistant to
extraction [Hozak et al., 1993]. There is good
evidence that this higher level of organization
into protein machines and factories exists in
mammalian cells. It is easy to imagine that
these higher-order structures can greatly en-
hance the efficiency of DNA replication and
methylation in vivo, but the actual role and
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Fig. 1. Functional organization of the nucleus. Alternative, but
not mutually exclusive, models of nuclear organization are
outlined. The nucleus is schematically represented as an open
square and nuclear proteins are represented by geometric forms.

regulation of these structures remain to be elu-
cidated.

PROTEIN TARGETING TO NUCLEAR
REPLICATION FOCI

The view of the nucleus as a highly organized
subcellular compartment in which distinct bio-
chemical processes are temporally and spa-
tially arranged in discrete subnuclear domains
(Fig. 1) raised the question of how that organi-
zation is achieved. Since there are no intra-
nuclear membranes separating the different
subnuclear compartments, the factors involved
in the different processes must bind to some
underlying framework. The existence of a
nuclear skeleton or matrix that could provide
the structural basis for the organization of the
chromatin and its associated metabolic pro-
cesses, although for some time controversial, is
now increasingly accepted [see Cardoso and
Leonhardt, 1998, and references therein]. Two
different mechanisms could, in principle, ex-
plain the nonrandom distribution of some
nuclear factors. Enzymes that participate in a
particular process could be concentrated in dis-
crete subnuclear domains due to a high local
substrate concentration; alternatively, protein
domains other than the catalytic part of these
enzymes could target these factors to their re-
spective functional sites within the nucleus.

In the case of the subnuclear DNA replication
foci, this hypothesis has been investigated for
two essential mammalian enzymes, DNA meth-
yltransferase (DNA MTase) and DNA ligase I.
Both enzymes were shown to redistributed to
sites of active DNA replication during S phase.
DNA MTase acts postreplicatively and is respon-
sible for the exact duplication of the DNA meth-

Same colors, proteins, indicate participation in the same bio-
chemical process like, e.g., DNA replication or RNA processing.
The models are discussed in the text. Color plate on page
327.

ylation patterns in every cell cycle [reviewed in
Leonhardt and Bestor, 1993]. DNA ligase | is
involved in the ligation of Okasaki fragments
generated during lagging strand DNA synthe-
sis [reviewed in Lindahl, 1992]. Both enzymes
have a catalytic and a regulatory domain. If
their subnuclear localization is controlled by
substrate concentration one would expect the
catalytic domain to be required for association
with replication foci. Otherwise, one would ex-
pect a distinct region in the regulatory domain
controlling their localization. To test these two
possibilities, various parts of these enzymes
were fused to unrelated proteins and assayed
for their subnuclear localization. With these
experiments, targeting sequences were identi-
fied and mapped in the regulatory domain of
DNA MTase and DNA ligase | that fulfill the
following criteria: (1) by itself, this domain is
necessary, and (2) sufficient for subcellular local-
ization; (3) it works position independently; (4)
it is separated from the catalytic domain; and
(5) it targets heterologous proteins to the respec-
tive subcellular compartment [Leonhardt et al.,
1992; Cardoso et al., 1997].

Recent studies have identified additional
parts of the DNA MTase as additional replica-
tion factory targeting sequences [Chuang et al.,
1997; Liu et al., 1998]. Figure 2 summarizes the
location of these targeting sequences in differ-
ent colors. Alignment of these enzymes with
bacterial or yeast homologues shows that these
targeting sequences are evolutionary “add-ons”
that are not conserved in lower eukaryotes and
prokaryotes (Fig. 2). A short amino acid motif
present in both DNA MTase and DNA ligase |
and several other replication and repair en-
zymes was recently proposed to function as a
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general replication foci targeting sequence
[Monteccuco et al., 1998]. This general target-
ing sequence motif has been shown to bind to
the DNA polymerase processivity factor PCNA
(see the following section). Two alternative but
not mutually exclusive hypotheses can be postu-
lated for the existence of multiple targeting
sequences to the same subnuclear compart-
ment and a general targeting motif. Separate
domains of one enzyme could interact with dif-
ferent factors at the replication foci; thus, differ-
ent sequences could independently target to
these subnuclear structures. Alternatively, or
in addition, targeting could involve sequential
binding to a first site in the replication factory
functioning as a “waiting room” and, at the
precise time of action, to a second binding plat-
form (perhaps, the PCNA clamp, see below)
bringing the respective enzyme in closer prox-
imity to its substrate.

In all these circumstances, targeting se-
quences constitute regulatory protein domains
which ensure that the numerous factors are
present at the right time at the right place in
the nucleus. They represent the molecular code
for the assembly of the replication/methylation
machinery, as well as other protein machines.

DNA Ligase |

DNA Methyltransferase

i

This higher-order structure can explain how
complex processes like replicating the genome
with about 50,000 origins occurs in a timely
coordinated fashion once, and only once, per
cell cycle and is coupled with precise duplica-
tion of epigenetic features such as DNA methyl-
ation.

IS PCNA AN ASSEMBLY PLATFORM
FOR THE REPLICATION MACHINERY?

The classical and first example of a protein
associated with replication foci during S phase
is PCNA [Bravo and Macdonald-Bravo, 1987].
PCNA has been shown to be essential in vivo
since expression of antisense oligonucleotides
to PCNA inhibited proliferation in mouse fibro-
blasts [Jaskulski et al., 1988] and deletion of
the PCNA gene in budding and fission yeast
was lethal [Bauer and Burgers, 1990; Waseem
et al., 1992]. PCNA is a small ubiquitous pro-
tein that is highly conserved from yeast to
humans with no known enzymatic activity but
nevertheless required for DNA repair, recombi-
nation, and replication [reviewed by Kelman,
1997]. PCNA was first identified as the proces-
sivity factor of DNA polymerase 8 in 1987 [Bravo
et al., 1987; Prelich et al., 1987] which indi-
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Fig. 2. Replication targeting sequences in mammalian en-
zymes. The structure of two different components of the replica-
tion and methylation factory is schematically shown and com-
pared with their respective counterparts from yeast and bacteria.
Both DNA ligase | and DNA MTase are highly conserved within
their respective catalytic domain across species. They differ,
however, in their regulatory domain. The mouse and human

catalytic domain

enzymes have an extended regulatory domain containing target-
ing sequences (in color) that are both necessary and sufficient
for targeting to replication foci and are not present in the
respective yeast or bacterial enzyme. The relative position of the
catalytic center (lysine and cysteine residues) is indicated with a
black arrow tip. Color plate on page 327.
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cated its functional homology to the prokaryotic
processivity factors 3-subunit of DNA polymer-
ase Il and gene 45 product of bacteriophage
T4. A series of elegant biochemical studies in
the prokaryotic and in the eukaryotic DNA
replication systems demonstrated that PCNA
forms a homotrimeric ring loaded onto duplex
DNA with the assistance of the ATPase activity
of replication factor C (RFC). The hole in the
PCNAring is large enough to allow the DNA to
be threaded through and thus serves as a clamp-
ing platform for DNA polymerases, as well as
other enzymes, ensuring high processivity. The
crystal structure of yeast [Krishna et al., 1994]
and human PCNA [Gulbis et al., 1996] have
confirmed the topological predictions showing
the characteristic sixfold symmetry of the PCNA
ring with a highly negative charge at the sur-
face and a central channel with a positive poten-
tial facing the negatively charged DNA phos-
phate backbone. The most assymetric element
of this structure is the long interdomain connec-
tor loop running along the outer surface and
linking the N- and C-terminal domains of each
monomer. A large number of proteins have been
shown to interact with PCNA. The list includes
DNA metabolic enzymes and cell cycle regula-
tors [reviewed in Kelman, 1997; Kelman and
Hurwitz, 1998]. Figure 3A illustrates the PCNA
trimer encircling the DNA molecule and, in a
schematic manner, the different proteins bind-
ing to PCNA and their respective binding sites.
These mapping experiments have relied mostly
on biochemical approaches as well as mutation
analyses and di-hybrid screens in yeast. From
the diagram in Figure 3A, it becomes obvious
that most of these factors are supposed to bind
to the same domains and their binding is, neces-
sarily, mutually exclusive. An important note
at this point is that due to its highly charged
surface PCNA is frequently isolated in di-
hybrid screens as an interacting protein. This
“problem” is so common that PCNA entered the
list of di-hybrid screen artifacts (http://www.
fcce.edu/research/labs/golemis/main_false.html)!
The same electrostatic properties can equally
affect the results of biochemical binding assays,
which can select unspecific electric attractions
between a few often partially purified compo-
nents. In particular, DNA ligase I and DNA
MTase were recently shown in biochemical as-
says to bind PCNA [Levin et al., 1997; Chuang
et al., 1997]. This binding depends on the se-
quences that target these proteins to sub-

nuclear replication foci. It should be noted that
the additional targeting sequence of DNA MTase
(Fig. 2, orange box) that binds PCNA [Chuang
et al., 1997] has a net positive charge. A simi-
larly positively charged motif has recently been
identified in DNA ligase | as binding to PCNA
[Montecucco et al., 1998]. Electrostatic comple-
mentarity, though in some cases representing
true interactions, can also easily lead to errone-
ous conclusions and should be controlled for.

Focusing again on the PCNA side, many of
these targeting sequences seem to compete with
p21 for binding to PCNA. In addition to DNA
MTase and DNA ligase 1, also the endonuclease
Fen 1 and DNA polymerase 8, both involved in
DNA replication, have been shown to bind to
the same region of PCNA (Fig. 3A). Other re-
gions of PCNA are also preferred binding sites
for several different factors. One could envisage
a situation where different partners bind to
different monomers in the same PCNA clamp
simultaneously, for example one PCNA mol-
ecule binding to one polymerase, another to
DNA MTase and another to DNA ligase I. Even
if each of the three PCNA monomers binds
different factors, that would still not accommo-
date all reported binding proteins. Altogether,
there would be a molecular “overcrowding” at
the PCNA ring. This becomes more evident
when one compares the sizes of these different
PCNA interacting proteins to the PCNA mol-
ecule itself, as it is shown in Figure 3B. Clearly,
steric hinderance should be a major consider-
ation in the discussion of these interactions.

At this point there are several open ques-
tions. How then, if all these interactions occur
in vivo, do all these molecules assemble via
PCNA at the replication machinery? Can PCNA
be the only platform responsible for the specific
localization of these proteins at the replication
sites? Is there an intermediate platform from
which they are recruited at the exact time of
their action during the replication process to
PCNA, and therefore brought into closer prox-
imity to their target? Can the different targeting
sequences mapped in the same protein be a reflex-
ion of this two platform recruitment or are these
differences caused by unspecific artifacts?

Further experiments are needed to study the
architecture of the replication machinery and
at the next higher organization level the replica-
tion and methylation factories using classical
biochemical methods such as cross-linking stud-
ies, that were successfully employed to eluci-
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Fig. 3. PCNA is a central component of the DNA replication
machinery. A: Schematic representation of the trimeric PCNA
ring with a positively charged central channel encircling the
negatively charged DNA phosphate backbone. Proteins re-
ported to interact with PCNA are listed and grouped according
to their published binding sites, indicated by arrows in the

PCNA molecule. B: lllustration of possible steric hindrance
problems in the replication machinery. The size of proteins
reported to interact with PCNA is shown in comparison with
PCNA itself. Circles are drawn to scale according to the relative
size of the individual proteins and are arranged around the
PCNA monomer. Colors as in A. Color plate on page 328.
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date the structure of ribosomes, which are the
first and best-studied example of a cellular ma-
chinery. These biochemical analyses should be
combined with live cell studies on the temporal
order of assembly of these proteins at sub-
nuclear compartments and with fluorescence
resonance energy transfer (FRET) studies of
protein—protein interactions in vivo, as de-
scribed below.

GFP AS A TOOL TO MONITOR PROTEIN
TARGETING IN LIVING CELLS

The structure and composition of replication
factories are known to change during the cell
cycle. They are gradually assembled probably
starting as early as in mitosis and disas-
sembled after finishing DNA replication. For
lack of alternative, this process has long been
studied with populations of synchronized cells
trying to piece together a dynamic cycle out of
isolated “snapshots” and biochemical time
points. Apart from the fact that snapshots do
not make good movies and might also get the
order of events wrong, the synchronization pro-
cedure also is far from being perfect and repre-
sents in itself a severe interference with cellu-
lar processes. Such problems are somewhat
reminiscent of Heisenberg's Uncertainty Prin-
ciple from quantum physics; that, if applied to
cell biology, would mean that the closer you
examine a process, the less it is what it used to
be, meaning that the process of close examina-
tion changes the examined process. Almost 4
years ago, a green fluorescent protein (GFP)
was described [Prasher et al., 1992; Chalfie et
al., 1994] that appears to be an ingenious by-
pass of what we shall call the Uncertainty Prin-
ciple of Cell Biology. GFP can be expressed in
cells just like any other protein, and its fluoro-
phor is formed in an autocatalytic process in
the presence of oxygen [Heim et al., 1994].
Thus, GFP has been used in transcriptional
fusions to monitor gene expression in living
cells or entire organisms and in translational
fusions to monitor protein localization.

The latter approach has already been used to
visualize the localization and targeting of DNA
ligase I in living cells [Cardoso et al., 1997]. Fusion
of either the entire DNA ligase | gene or only its
targeting sequence with GFP showed a cell
cycle-dependent redistribution as observed also in
snapshots of fixed and immunostained cells. DNA
ligase I-GFP fusions showed a dispersed distribu-
tion during G1, G2, and M phase and were tar-

geted to replication foci during S phase. Therefore,
these results directly confirm the existence of
subnuclear structures in living cells.

This approach can now be used to study pro-
tein targeting to replication foci, meaning the
assembly and disassembly of replication facto-
ries, during the cell cycle as well as in response
to external stimuli causing, e.g., DNA damage.
This strategy has also been used to study the
dynamics of a pre-mRNA splicing factor in liv-
ing cells [Misteli et al., 1997].

As powerful as these new GFP-based ap-
proaches may be, they also have several limita-
tions. To begin with, GFP has to be expressed in
the cell to be visualized, which is the first inter-
ference with the examined biological system.
Another problem is the fact that GFP has to be
fused to the protein under investigation, which
not only changes the properties of the protein
potentially causing artefactual localization but
may also generate a fusion protein with domi-
nant negative mutant properties. The most com-
mon artefact is the formation of inclusion body-
like structures upon overexpression of insoluble
GFP fusion protein. To avoid these problems
one has to know beforehand what to expect,
which means doing traditional immunofluores-
cence stainings.

Many GFP fusions are detrimental or even
toxic to cells in transient transfection experi-
ments and it may thus become the study of a
dying cell. A good control is therefore to estab-
lish stable cell lines. If the GFP fusion is stably
expressed over many cell division cycles, one
can assume that it is sort of “biocompatible.”
Finally, even if all these problems are success-
fully solved, GFP still has to be excited to emit
some detectable signal. Prolonged exposure to
light causes first cell cycle arrest and ulti-
mately cell death. Therefore, illumination has
to be minimized and ultraviolet (UV) compo-
nents of the light should be avoided.

Over the last years, much progress has been
made through the development of more sensi-
tive cameras, better adapted filters and media
with reduced autofluorescence. Most impor-
tantly, enhanced GFP mutants with improved
quantum yield are available now, which can be
detected at much lower protein expression lev-
els and/or shorter exposure times, which to-
gether help minimize the disturbance of cellu-
lar processes. Last but not least, there are now
GFP mutants with distinguishable spectral
properties, which can be imaged side by side in
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one and the same cell. It is therefore possible to
follow, for example, two components of the rep-
lication factories and thus establish the tempo-
ral order of their assembly during the cell cycle
as well as possible interactions with cell cycle
regulators. Moreover, also the interaction of
two proteins labeled with two different GFP
mutants can be monitored in living cells by
FRET [Miyawaki et al., 1997]. If the two GFP
mutants are in close vicinity, as is the case with
two interacting proteins, the emitted light of
one mutant can excite the second mutant.

In summary, GFP is clearly not the sole and
ultimate answer to the Uncertainty Principle of
Cell Biology but can, in combination with tradi-
tional cell biology and biochemical approaches,
help elucidate biological processes such as DNA
replication and will thus reduce the Uncertainty.
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