
Abstract. During early apoptosis the 33 amino acid C-terminal
cytokeratin 18 (CK18) fragment is released by caspase-9
cleavage at the 393DALD/S site. This basic peptide relocates
from the cytoskeleton to the nucleoplasm as shown by
confocal laser scanning. It is shown that the C-terminal
peptide modulates topoisomerase activity as measured by
relaxation of plasmid DNA. In an in vitro assay recombinant
caspase-induced chromatin condensation is inhibited by the
peptide and at the electron microscopical level a clear inhibition
of nucleolar breakdown was observed in its presence. We
hypothesize that the C-terminal CK18 fragment exerts an
effect in the nucleolus by stimulating rRNA transcription and
processing via modulation of enzymatic activity of topoiso-
merase I. This leads to preservation of general transcriptional
activity required to exert active steps during early stages of
programmed cell death.

Introduction

Characteristic for apoptosis is the cessation of many cellular
processes, the breakdown of intracellular organelles including
the cytoskeleton and the collapse of the nucleus. The orches-
trated cellular breakdown is mediated by caspases, which
target crucial proteins within the cell (1). Among the different
caspase substrates are the intermediate filaments (2-7),
including the cytokeratins and the nuclear lamins (8,9).
Limited proteolysis of these targets results in a rapid collapse
of the cytoskeleton and loss of cell-cell or cell-matrix
interactions.

Cleavage of a target results not only in impairment of its
function, but simultaneously leads to the production of
cleavage fragments, which may have a specific function. For
instance, cleavage of c-IAP results in the liberation of a
proapoptotic C-terminal fragment (10).

Cytokeratin 18 (CK18) contains a caspase consensus site
in the conserved L1-2 linker region of the central ·-helical
rod domain, which is targeted by caspase-6. A second
caspase cleavage site was identified in the C-terminal (tail)
domain of CK18, which is targeted in vitro by caspase-3, -7
and -9 (6). This C-terminal caspase cleavage of CK18 is an
early event during apoptosis and precedes DNA fragmentation
and loss of membrane phospholipid asymmetry. It occurs
immediately after the mitochondria loose their membrane
potential and release cytochrome c into the cytoplasm.
Cleavage of CK18 at the C-terminus does not affect the
cytokeratin cytoskeleton organization to a great extent, since
cells still show a normal filamentous structure and remain
attached to their substrate (3). The second cleavage event at
the L1-2 linker region results in the collapse of the cytokeratin
network. 

The fact that the caspase-9 C-terminal cleavage fragment
of CK18 has basic properties and that basic cleavage
products of the intermediate filament protein vimentin can
affect nuclear organization (11), led us to examine the
potential role of the liberated C-terminal CK18 peptide in
chromatin organization during early apoptosis. Here we show
that the C-terminal caspase cleavage product of cytokeratin 18
is able to interfere with topoisomerase I-mediated chromatin
condensation during apoptosis.

Materials and methods

Cell cultures. The human non-small cell lung cancer cell line
MR65 was cultured as a monolayer in Eagle's modified
minimal essential medium (EMEM) (Gibco, Invitrogen,
Breda, The Netherlands) supplemented with 10 mM Hepes
(Gibco), 1% (v/v) non-essential amino acids (Gibco), 2 mM
L-glutamine (Serva, Heidelberg, Germany), 50 μg/ml
gentamycin (AUV, Cuijk, The Netherlands) and 10% (v/v)
heat-inactivated newborn calf serum (Gibco). Cells were
maintained in a humidified incubator at 37˚C and 5% CO2
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and harvested by trypsinization. HeLa cells were cultured in
EMEM supplemented with 10 mM Hepes, 1% (v/v) non-
essential amino acids, 2 mM L-glutamine, 50 μg/ml
gentamycin and 10% (v/v) heat-inactivated fetal calf serum.

Jurkat cells (T-cell lymphoma), which grow in suspension,
were cultured in RPMI-1640 medium without L-glutamine,
supplemented with 0.1% gentamycin, 1% L-glutamine and
10% heat-inactivated newborn calf serum.

Induction of apoptosis. Apoptosis was induced by incubation
of cell cultures with the cyclin-dependent kinase (CDK)
inhibitor roscovitine, a kind gift of Dr L. Meijer (Station
Biologique, CNRS, Roscoff, France), Stock solutions were
prepared in dimethylsulfoxide (DMSO). Roscovitine was
added to the cultures in a final concentration of 50 μM for
the indicated time periods. 

Materials
Recombinant caspases. Recombinant caspase-3 was a kind gift
from Dr G. Salvesen (Burnham Institute, San Diego, USA).
Recombinant caspase-9 was purchased from BioVision Inc.,
Mountain View, CA. Recombinant caspases were stored in
working buffer (20 mM Hepes, 100 mM NaCl, 0.1% CHAPS,
10 mM dithiothreitol (DTT), 1 mM EDTA and pH 7.4) at
-70˚C. For in vitro studies recombinant caspases were used
in a final concentration of 0.8 μg/ml for caspase-3, -6, -7 and
-8; for caspase-9 1 unit was used.

Caspase inhibitor. Caspase-6 inhibitor (z-VEID-fmk) was
obtained from Alexis (Kordia, Leiden, The Netherlands). The
caspase inhibitor was dissolved in DMSO and used in a final
concentration of 100 μM.

C-terminal CK18 peptide. The 33-mer C-terminal CK18
fragment SSNS MQTIQKTTTR RIVDGKVVSE TNDTK
VLRH (10 mg) was synthesized by Pepscan Systems B.V.
(Lelystad, The Netherlands). The peptide was dissolved in
H2O and stored as a stock of 5 mg/ml at -20˚C.

Antibodies. Polyclonal rabbit antiserum CA1, raised against
the C-terminal peptide of CK18 was kindly provided by
E.B. Lane (3). As secondary antibody fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rabbit IgG [Southern
Biotechnology Associates (SBA), Birmingham USA; diluted
1:80] was used.

Immunocytochemistry and confocal scannning light
microscopy was performed as described previously (3). The
primary antibody M30 (diluted 1:40) was obtained from
Peviva AB (Bromma, Sweden).

Electrophoretic mobility shift assay (EMSA). EMSA was
performed according to Li et al (12). Portions of 0.2 μg of
negatively supercoiled plasmid pDesB25 (mouse Á-satellite
centromeric repeat, Genbank acc. no. AJ403322) were
incubated for 60 min at 37˚C in 20 μl of binding buffer
[30 mM triethanolamine (TEA), pH 7.0 and 5% glycerol]
supplemented with increasing quantities of C-terminal CK18
peptide (0-125 ng). The reaction mixtures were supplemented
with 0.2 vol of gel-loading buffer (5 x: 40 mM Tris-HCl,
pH 6.8, 10% glycerol and 0.025% bromophenol blue) and
subjected to electrophoresis on 1% Seakem GTG agarose gel
(Biozym, Hess. Oldendorf, Germany) in 0.5X TBE buffer in

an electric field of 5 V/cm for ~4 h at room temperature. The
gels were treated with ethidium bromide and the DNA was
visualized under UV light.

Calf thymus topoisomerase I relaxation assay. Topoisomerase I
relaxation assay was perfomed according to Li et al (12).
Quantities of 0.2 μg of negatively supercoiled pDesB25 DNA
were incubated with 2 units of calf thymus topoisomerase I
(MBI Fermentas, St. Leon-Rot, Germany) in 50 μl of reaction
buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM
MgCl2, 5 mM DTT, 1 mM EDTA and 2 mM spermidine) in
the presence of increasing amounts of C-terminal CK18
peptide (0-5 μg) for 1.5 h at 37˚C. The reactions were
terminated by the addition of an equal volume of stop buffer
(0.2 mg/ml of proteinase K in 2% SDS and 50 mM EDTA),
followed by incubation at 37˚C for 2 h. The DNA samples
were purified by phenol/chloroform extraction, concentrated
by ethanol precipitation, and subjected to electrophoresis on
1% SeaKem GTG agarose gels in 0.5X TBE buffer in an
electric field of 5 V/cm for ~4 h at room temperature. The
gels were treated with ethidium bromide and the DNA was
visualized under UV light.

Preparation of nuclei. Nuclei were prepared according to a
modification of the method described by Ruchaud et al (9).
Briefly, Jurkat cells (four 75 cm2 culture flasks) were rinsed
in ice-cold PBS and centrifuged at 200 x g. The pellet was
resuspended in a 15 ml conical centrifuge tube with 10 ml of
hypotonic extraction buffer (HEB) containing 50 mM PIPES,
pH 7.4, 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM
dithiothreitol (DTT) and 0.1 mM phenylmethylsulfonyl
fluoride (PMSF). The cells were centrifuged at 1000 x g to
form a tight pellet, and the volume of the cell pellet was
approximated. The supernatant was aspirated and HEB was
added to a volume between 0.5 and 1 x the pellet volume.
The cells were transferred to a 2 ml Dounce homogenizer
and allowed to swell for 20-30 min on ice. Cells were lysed
with 10 gentle strokes of a B-type teflon pestle (600 rpm).
The desired extent of cell lysis (>90%) was monitored under
the microscope by propidium iodide (PI, Calbiochem)
staining.

Caspase treatment of nuclei. The effect of C-terminal CK18
peptide on caspase-induced nuclear changes was studied by
adding 1 μl caspase-3 (final concentration 0.8 μg/ml) to 20 μl
cell nuclei in the presence or absence of the peptide. Four
microlitres C-terminal CK18 peptide (5 mg/ml) was added to
20 μl of the nuclear suspension. The final concentration
of the recombinant caspases was 0.2 μg/ml for caspase-3 or
0.25 units/assay in the case of caspase-9. Reaction mixtures
were incubated for 60 min at 37˚C. 

Electron microscopy. The suspended nuclei were fixed in 3%
glutaraldehyde in 90 mM KH2PO4 buffer at pH 7.4 for several
hours. After a brief rinse in KH2PO4 buffer containing 7.5%
sucrose, the nuclei were pelleted (1200 rpm), mixed with
20% BSA in distilled water, again pelleted and fixed overnight
in the same glutaraldehyde fixative to solidify the nuclei/
BSA mixture. The solidified samples were briefly rinsed in
KH2PO4 buffer containing 7.5% sucrose and placed for 1 h in
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0.1 M Na-maleate buffer (pH 7.4). Postfixation was performed
in 2% OsO4 in the same buffer for 1 h, shortly rinsed with
0.1 M Na-maleate buffer at pH 5.2 and impregnated with 1%
uranium acetate in Na-maleate buffer (pH 5.2) for 15 min.
The samples were subsequently rinsed in the same buffer
(5 min) followed by 3x5 min rinses in distilled water, routinely
dehydratated in graded series of ethanol, and embedded in
Epon epoxy resin. For electron microscopy ultrathin sections
were counterstained with uranium acetate and lead citrate.
The sections were examined with a Philips CM100 electron
microscope. 

Results

Subcellular localization of C-terminal CK18 peptide in (early)
apoptotic cells. In order to study the localization of the CK18
C-terminal peptide more closely, apoptosis was induced
using roscovitine in the presence of caspase-6-inhibitor. In
this way, C-terminal cleavage of CK18 is allowed and further
processing of the CK18 molecule is inhibited. Fig. 1 shows
that under these conditions the C-terminal peptide accumulates
in the nucleoplasm in cells showing the typical DNA conden-
sation characteristics of early apoptosis, whereas the N-terminal
part remained exclusively outside the nucleus.

DNA binding properties of C-terminal CK18 fragment. Since
the C-terminal peptide was localised in the nucleoplasm and
has basic properties (a theoretical pI of 10.25), we investigated
the DNA binding properties by means of the electrophoretic
mobility shift assay. The C-terminal CK18 peptide was tested

for binding to the negatively supercoiled pDesB25 DNA,
which contained a mouse Á-satellite centromeric repeat. As a
consequence of the non-B-DNA conformation which Á-satellite
insert adopts under superhelical tension, this plasmid is
propagated in the bacterial host in the form of supercoiled
monomers and dimers (12). The electrophoretic profiles in
Fig. 2A demonstrate that increasing concentrations of peptide
in the binding reaction lead to decrease of both the monomeric
and dimeric supercoiled (sc) DNA. High molecular weight
complexes of peptide and scDNA tend to stick to surface of
wells and are not entering into the agarose gel. We observed
a slight reduction of the electrophoretic mobility of both
forms of scDNA, that was not surprising due to low molecular
weight of the C-terminal CK18 peptide. To validate the
functional significance of this interaction, we tested the
influence of C-terminal CK18 peptide on relaxation activity
of calf thymus topoisomerase I. As depicted in Fig. 2B, the
catalytic activity of topoisomerase I was increased in the
presence of increasing amounts of the C-terminal CK18
peptide (0-5 μg). A considerable relaxation of both the
monomeric and dimeric supercoiled pDesB25 DNA with the
production of a ladder of topoisomers up to totally relaxed
molecules was observed in the DNA gel.

Effect of C-terminal CK18 fragment on DNA condensation
and fragmentation. The band-shift and supercoiled DNA
relaxation assay suggests that the 33mer C-terminal fragment
due to its affinity for naked DNA stimulates topoisomerase
activity. Since it is known that topoisomerase activity con-
tributes directly to chromatin remodeling during apoptosis
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Figure 1. Nuclear morphology (a, b and c) and localization of CK18 C-terminus (d and e) and N-terminus (f) in early apoptotic MR65 (left panel) and Hela
cells (middle and right panels). MR65 and Hela cells were treated with roscovitine in the presence of the caspase-6 inhibitor. After fixation cells were stained
with either a polyclonal rabbit antiserum CA1 (d and e), raised against the C-terminal peptide of CK18 or the monoclonal antibody M30 directed against the
caspase-cleaved CK18 N-terminal fragment (f). Upper left panel, and top view, right and bottom panels, side view of a stack of confocal images. Cross hairs
determine the site of cross sectioning for side viewing. Note that in these early apoptotic cells the CK18 C-terminus localizes preferably in the nucleoplasm
surrounding the condensed chromatin in contrast to the non-apoptotic cell (asterisk). 
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(13), we investigated whether the peptide is able to interfere
with this process. To this end, nuclear preparations of Jurkat
cells were treated with recombinant caspases in the presence
or absence of the peptide. At the electron microscopical level

it is shown that the C-terminal CK18 peptide prevents
degeneration of nucleolar structures. When nuclei were
incubated in absence of the 33mer fragment a significant
higher number of nuclei with highly condensed nucleolar
structures was observed at the expense of nuclei showing a
close to normal and loosely packed nucleolar structure (Fig. 3,
Table I). When the same nuclei were treated with recombinant
caspase-3 or -9 the degeneration of nucleolar structures was
more prominent, and the protective effect of co-incubation
with the C-terminal CK18 peptide was less obvious. We
ware unable to detect any DNA fragmentation after treatment
of isolated nuclei with recombinant caspases either in the
presence or absence of the C-terminal CK18 peptide (data
not shown). 

Discussion

The cytoskeleton is amongst the main targets of caspase
proteolysis during apoptosis (7). Especially the intermediate
filaments are efficiently dismantled at later stages of the
process (4,5). We have shown that CK18 is targeted during
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Figure 2. DNA-binding properties and stimulatory effect of CK18 C-terminal peptide on the topoisomerase I-catalysed relaxation of negatively supercoiled
plasmid DNA (scDNA). (A) Increasing quantities of C-terminal CK18 peptide (0-125 ng) were incubated with 0.2 μg pDesB25 DNA and the resulting
complexes were subjected to agarose gel electrophoresis. Increasing quantities of peptide in the binding reaction decrease both forms of scDNA, as detected
by ethidium bromide staining. The position of high molecular weight complexes of peptide and scDNA that can not migrate from the application wells is
indicated by an asterisk. (B) pDesB25 DNA (0.2 μg) was treated with 2 units of calf thymus topoisomerase I in the presence and absence of CK18 C-terminal
peptide. The duplicate experiment is shown. Control lane represents plasmid DNA incubated in reaction buffer lacking topoisomerase I.

Figure 3. Nucleolar breakdown in caspase-3-treated nuclei. Electron
microscopical images of isolated nuclei of Jurkat cells showing examples of
increasing degeneration of the nucleolar structures ranging from a close to
normal, (A) relative loosely packed (B), gradually more densely packed to a
highly condensed nucleolar structure (C). The categories (A) to (C) are used
to quantify the effects of the C-terminal CK18 peptide on nucleolar
morphology (asterisk) during caspase treatment of isolated nuclei
(summarized in Table I).

Table I. Nucleolar morphology of isolated Jurkat cells treated with caspases in the presence or absence of the CK18 peptide as
analyzed by electron microscopy.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Normal (%) Loosely packed (%) Densely packed (%) Total (%)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control 9 (16.0) 24 (42.9) 22 (41.1) 55 (100) P<0.001
+ peptide 6 (11.1) 42 (77.8) 6 (11.2) 54 (100)

Caspase-3-treated 4   (7.1) 18 (32.1) 34 (60.7) 56 (100) ns
+ peptide 6   (9.0) 32 (47.8) 29 (43.2) 67 (100)

Caspase-9-treated 5   (6.8) 8 (11.0) 60 (82.2) 73 (100) ns
+ peptide 3   (4.8) 10 (15.9) 50 (79.3) 63 (100)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aStatistically significant differences were calculated using the Chi-square test and expressed as p-values. ns, no statistically significant
difference.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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early apoptosis resulting in the liberation of a small 33mer
C-terminal fragment, without affecting filament organization
to a great extent (3,6). In this study, we investigated whether
the C-terminal CK18 fragment has a functional role during
the process of apoptosis. 

In previous studies it was shown that intermediate filament
proteins exhibit considerable in vitro affinity for nucleic
acids (12,14,15). Furthermore, it was shown that the liberation
of the N-terminal peptide domains of vimentin by HIV-1
protease not only perturbs intermediate filament organization,
but when introduced into living cells, these peptides are
capable of altering chromatin distribution (11). 

Since the C-terminal CK18 peptide possesses 7 amino acid
residues (3 arginines, 3 lysines and 1 histidine) potentially
involved in the interaction with nucleic acids, we tested its
DNA-binding properties. We demonstrated that at low-ionic
strength peptide binds to supercoiled DNA, leading to slight
retardation in the electrophoretic mobility and formation of
high molecular weight complexes not able to enter into the
agarose gel. The fact that the C-terminal CK18 fragment
shows affinity for DNA does not come as a surprise since
in vivo experiments have shown that the cytokeratins of
Novikoff ascites hepatoma cells can be chemically cross-
linked to DNA (16). In other studies, CK8, CK18 and CK19
were not only found to be bound to nuclear DNA in human
breast cancer cells in vivo, but were also observed to bind
nuclear DNA in an estrogen-dependent manner, and to
participate in the organization of nuclear chromatin (17).
These authors suggest that the cytokeratins are authentic
nuclear matrix attachment region (MAR)-binding proteins
and participate in the organization and regulation of function
of nuclear DNA (18).

Here we show that in the presence of the C-terminal
CK18 peptide superhelical DNA is effectively relaxed by
calf thymus topoisomerase I. The effect of CK18 C-terminal
peptide is similar to spermidine (19,20) and a related
compound, radioprotector WR-33278 (21), which strongly
bind to DNA and facilitate relaxation of supercoiled DNA by
topoisomerase I. However, electrostatic interactions alone
between positively charged amino groups and DNA are not
enough to stimulate activity of topoisomerase I, because
poly-L-arginine even at high weight ratio to DNA has no
effect (19). It seems that the spacing between amino groups
as well as conformation of DNA interacting molecule are
more important for stimulation of topoisomerase I reactivity.
Both spermidine and WR-33278 compound are linear,
symmetrical molecules bearing amino groups on their ends.
The 33mer C-terminal fragment contains two nearly perfect
symmetrical motifs KTTTRR and KVLRH containing 6 out
of 7 positively charged at neutral pH residues potentially
involved in binding to DNA. This structural similarity
prompted us to speculate that the mechanism of topoiso-
merase I activation by CK18 C-terminal peptide and
polyamines is related. Eukaryotic topoisomerases bind
preferentially and specifically to helix-helix juxtapositions on
negatively supercoiled DNA molecules (22). As the two
interacting DNA segments in the points of DNA crossovers
are repelling, it is tentative to speculate that electrostatic
shielding of phosphates by bivalent, symmetrical molecules
minimize the repulsion, stabilize the juxtapositions,

facilitating the binding of topoisomerases and enhancing in
this way their supercoil-relaxing activity. The competition
for binding to the same DNA structure can be a limiting
factor, however, such interference can be excluded because
topoisomerase I (23) and II (24) bind to the minor groove of
DNA, whereas spermidine (25) prefers the major groove. In
this respect, it is worthwhile to mention that stimulatory
effect of vimentin and GFAP on activity of topoisomerases is
highly likely mediated via binding of these oligomeric
proteins to the points of DNA crossovers (26). 

Physiological role of nuclear localization of the C-terminal
CK18 peptide during apoptosis. We have demonstrated that
the C-terminal CK18 peptide can participate in the protection
of nucleolar organization during the early stages of apoptosis.
The liberated peptide has basic properties and it has been
shown previously that basic proteins can affect chromatin
condensation directly (27,28). However, relatively high
levels of peptide are needed in comparison to full-length
basic nuclear proteins (29). 

In this respect, it is more likely that the C-terminal CK18
fragment plays a specific role during apoptosis in modulating
topoisomerase I activity by cooperative binding to supercoiled
DNA and changing its conformation or by physical interaction
with the enzyme. Topoisomerase I is an abundant nuclear
protein (30) that diffuses between nucleoplasm and nucleolus
and accumulates in the fibrillar centers of the nucleolus (31)
where it assists in rDNA transcription (32). Topoisomerase I
is also involved in apoptosis (33) and although it is a substrate
of caspases, the cleavage fragments remain in proximity of
the chromatin and retain the ability to bind to and cleave
DNA (34). 

The toxic effect of the inhibitors of cyclin-dependent
kinases (CDKs) is thought to be mediated via fragmentation
and condensation of nucleolus and inhibition of proper
maturation of rRNA (35). The later process is not only
strongly sensitive to roscovitine treatment (36), but also
depends on topoisomerase I and its nucleolar interaction
partner p14ARF (37). At the EM level the presence of the
peptide seemed to ameliorate the degenerative effects of
incubation at 37˚C on the structure of the nucleolus, as
deduced from a shift in nucleolar morphology towards a
more normal appearance. This finding supports an inhibitory
role of the C-terminal peptide in nucleolar breakdown and
fragmentation possibly via modulation of topoisomerase I
activity.

Based on our observations, we speculate that translocated
C-terminal CK18 peptide assists topoisomerase I in the
adequate performance of nucleolar processes during the initial
phase of apoptosis and indirectly supports protein biosynthesis
via regulation of rDNA transcription and rRNA processing.
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