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Abstract. The cytoskeleton undergoes dramatic changes during apoptosis and many
cytoskeletal proteins are known to be degraded during this process. The number of
proteases found to be involved in apoptosis is growing but the role of the
proteolysis they cause remains poorly understood. This report describes for the first
time that myosin heavy chain is cleaved in aortic endothelial cell apoptosis induced
either by tumour necrosis factor-a or okadaic acid. The cleavage was specific since
a well-defined major 97 kDa fragment of myosin heavy chain was produced. The
intermediate filament component vimentin was also cleaved into well-defined
fragments (31, 28 and 23 kDa). Kinetic studies showed that proteolysis occurred
concomitantly with the morphological changes associated with apoptosis, i.e.
cellular condensation and fragmentation in apoptotic bodies. These data suggest
that the degradation of myosin and vimentin could be involved in the execution of
the morphological alterations observed during apoptotic cell death.

INTRODUCTION

Apoptosis is an active physiological cell death which plays an essential role in the physiology
of pluricellular eukaryotes. It mediates the renewal of tissues in adults, the maturation and
the homeostasis of the immune system, and takes place during the normal terminal
differentiation of cells such as keratinocytes (for review see Raff 1996). A loss or impairment
of the apoptotic programme contributes to pathological situations such as cancer
development and abnormal growth, whilst inappropriate activation of apoptosis also
provokes diseases as is the case in acquired immune deficiency syndrome (AIDS) or in
neurodegenerative diseases (Williams 1991, Orrenius 1995).

Apoptosis was originally defined by morphological criteria (Kerr, Wyllie & Currie 1972).
Classically, the cells undergoing apoptosis present cytoplasmic and chromatin condensation
and undergo fragmentation in membrane-bound vesicles or blebs: the apoptotic bodies.
Concomitant to these morphological characteristics, specific biochemical events develop
during apoptosis. These include internucleosomal DNA degradation, specific ribosomal 28S
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RNA cleavage and proteolysis of specific proteins (Wyllie 1980, Houge er al. 1995, Patel,
Gores & Kaufmann 1996). All these effects are currently believed to be mediated directly or
indirectly by activation of members of the caspase family of proteases (for review see
Thornberry & Lazebnik 1998).

A prior study reported that the tumour necrosis factor (TNF)-« induces, in bovine aortic
endothelial (BAE) cells, the morphological modifications and internucleosomal DNA
degradation characteristic of apoptosis (Robaye er al. 1991). The protein synthesis inhibitor,
cycloheximide (CHX), acts synergistically with TNF-o to induce apoptosis in these cells
(Polunovsky et al. 1994, Robaye et al. 1994). This indicates that, in these cells, the apoptotic
machinery is constitutively present and that apoptosis development depends on the
modification of existing proteins.

The present work was aimed at characterizing these modifications, using the two-
dimensional electrophoresis of proteins on polyacrylamide gel (2D-PAGE). The most striking
differences were observed in cytoskeletal proteins, i.e. that myosin heavy chain and vimentin
undergo proteolysis. The cytoskeleton is known to be a target in apoptosis, and degradation
of vimentin by apoptotic caspases has already be described (van England et al. 1997,
Hashimoto et al. 1998). The study presented here indicates that the myosin heavy chain
appears to be a novel target of proteolysis during the apoptotic cell death.

MATERIALS AND METHODS

Materials

Recombinant human TNF-a was a generous gift from Boehringer Ingelheim (Ingelheim,
Germany). Culture medium, fetal calf serum (FCS) and agarose (electrophoresis grade) were
from Gibco BRL Life Technologies (Paisley, UK). Trypsin was from Flow Laboratories
(Bioggio, Switzerland). Reagent-grade chemicals and biochemicals were purchased from
Merck (Overijse, Belgium) and UCB (Brussels, Belgium). Pefabloc® was from Pentapharm
(Basel, Switzerland). Collagenase (type I), cycloheximide, okadaic acid, TEMED and Brillant
blue R250 were purchased from Sigma—Aldrich (St Louis, MO, USA). The sequencing grade
modified trypsin was from Promega (Leiden, The Netherlands). Anti-myosin antibodies (65—
791) were from ICN Biomedicals, Inc. (Costa Mesa, CA, USA). Glycine was a National
Diagnostics (UK) product, and acetonitrile (HPLC far UV) was from LAB SCAN (Dublin,
Ireland). CHAPS, dithiothrietol (DTT), servalytes, acrylamide and bis-acrylamide were from
SERVA (Poly lab, Antwerpen, Belgium). Triton X-100 was from Boehringer Mannheim
(Manheim, Germany). Ampholytes and agarose IEF were purchased from Pharmacia LKB
(Uppsala, Sweden). Biolytes and ammonium persulphate were from Bio-Rad (Hercules, CA,
USA). [**S]Methionine, [*H]thymidine, [**Plorthophosphate, molecular weight markers-['*C]-
methylated protein, anti-vimentin antibodies (RPN 1102) and Hyperfilm MP were purchased
from Amersham (Little Chalfont, UK). En*Hance was a NEN (Boston, MA, USA) product.
Z-Val-Ala-Asp(Ome)-CH,F was from Calbiochem® (Euro Biochem, Bierges Belgium).

Bovine aortic endothelial (BAE) cells culture

Endothelial cells were obtained from aortas of freshly slaughtered cows and cultivated as
previously described (Van Colvorden & Boeynaems 1984). Briefly, cells harvested after a
collagenase (250 U/ml) treatment were cultured in 9 cm Petri dishes for 3 days in minimum
essential medium (MEM)-p-valine supplemented with FCS (10%, v/v), 100 units/ml penicillin,
100 ug/ml streptomycin and 2.5 pg/ml amphotericin B. This MEM-D-valine prevents growth
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of smooth muscle cells (Marcum et al. 1986). The culture is pursued in Dulbecco’s modified
Eagle medium (DMEM) supplemented with FCS (10%, v/v), Ham’s F-12 (20%, v/v) and
antibiotics as described above (= complete culture medium). When cells were confluent, they
were submitted to a classical trypsin treatment.

Quantification of DNA degradation

Cells (1.5-2.5 x 10°) were seeded in 35 mm Petri dishes in complete culture medium. After
24 h, the cellular DNA was labelled by a 24-h incubation of the cells with [*H]thymidine
(37 kBq/ml, 1.48-2.22 TBq/mmol). After two washes with DMEM, the cells were incubated
with or without tested agents. At the end of incubation, the culture medium was collected
and the cells were scraped and lysed in 1.3 ml Tris-HCI 5 mM pH 8.0, EDTA 20 mM and
Triton X-100 0.5%. In order to separate DNA fragments from intact chromatin, the lysates
were submitted to a 15 000 g centrifugation at 4°C. The radioactivity contained in the culture
medium (med), the 15 000 g pellet and supernatant (sup) was counted by liquid scintillation.
The percentage of DNA degradation was calculated as follows:

DNA degradation (%) = (dpm med + dpm 15 000 g sup)/total dpm
where

total dpm (degradation per minute) = dpm med + dpm 15 000 g sup + dpm 15 000 g pellet

Electron microscopic study

BAE cells were seeded in 10 cm Petri dishes (10° cells/dish). Forty-eight hours later, cells were
incubated in the presence or absence of apoptosis-inducing agents. At the end of the incubation,
they were harvested by gentle centrifugation after trypsinization. They were then fixed and
processed as previously reported (Mosselmans et al. 1988). Ultrathin sections stained with
uranyl acetate and lead citrate were examined in a Philips 301 electron microscope.

Study of proteins pattern by two-dimensional gel electrophoresis

Cells (1.5-2.5 x 10°) were seeded in 3.5 cm Petri dishes as described above. The cellular proteins
were labelled 24 h with [>*SJmethionine (5.55 MBq/ml, > 37 TBq/mmol) prior to apoptotic
stimulation. Cells were then washed twice with DMEM and incubated with or without the
studied agents in complete culture medium. At the end of incubation, the cells were scraped and
lysed in 200 ul 2D-PAGE buffer (9.5 M urea, 2% (w/v) CHAPS, 1.6% (v/v) ampholines pH 5—
7, 0.4% (v/v) servalytes pH 2-11, 5% (v/v) f-mercaptoethanol). In some experiments,
ampholines were replaced by Bio-Lytes 5-7 or by servalytes 5-7 at the same concentrations. The
proteins were then submitted to 2D-PAGE separation as previously described (Lecocq, Lamy &
Dumont 1990). Briefly, isoelectric focusing was performed in 2.5 mm x 14 cm tubes. After pre-
focusing, the proteins were submitted to electrophoresis for 16 h at 500 V, followed by 1 h at
1000 V. The gels were then equilibrated for 30 min in 0.06 M Tris—=HCI, pH 6.8, 2% SDS,
100 mM DTT (or 5% (v/v) f-mercaptoethanol), 10% glycerol. The first-dimensional gels were
then set on 6-16% polyacrylamide gradient gels (I mm x 20 cm x 16 cm). The second
dimensional gels were run at 4°C and started at 200 V. During the electrophoresis, the voltage
was raised to 360 V. After classical fixation, En*Hance treatment and drying, the gels were
submitted to autoradiography on preflashed Hyper films MP.

Polypeptides purification by two-dimensional electrophoresis
Approximately 5 x 10® endothelial cells were cultured on 22 x 22 cm Petri dishes in
complete culture medium. The day before confluence, cells were incubated in presence of
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TNF-« (30 ng/ml) and CHX (2 ug/ml) for 6 h. After incubation, cells were scraped and lysed
in 2D-PAGE buffer. Proteins (250 ug that applied on the first dimension gel) were
submitted to 2D-PAGE separation as described above. About 50 bi-dimensional gels were
run. Spots of interest were cut out from Coomassie blue stained gels.

Partial amino acid sequence determination

After equilibration (in 12 mM Tris—HCI pH 6.8, 1% (w/v) SDS, 10% (v/v) glycerol, 0.1%
(w/v) bromophenol blue, 1% (v/v) f-mercaptoethanol), the gel pieces were concentrated.
Two methods were used. Polypeptides 1 and 4" were concentrated on agarose gels (1.5% (w/
v) agarose, 365 mM Tris—=HCI pH 8.7, 1% (w/v) (SDS) (Rider et al. 1995). At the end of
the electrophoresis, the piece of agarose containing the concentrated polypeptides was cut
out after staining with 0.1% (w/v) amido black, 1% (v/v) acetic acid, 40% (v/v) methanol.
After three water washes, digestion buffer was added (100 mM Tris—HCl pH 8.5, 2 mM
CaCl,, 5% acetonitrile, 2% octylglucoside) and the sample was boiled until the gel was
completely dissolved. The tryptic digestion was then started at 37°C by adding 1 ug trypsin.
After 8 h of incubation, 1 ug fresh trypsin was added again, and the digestion was pursued
for 16 h. Finally, the sample was frozen at —80°C for at least 1 h, then centrifuged at
15 000 g 10 min. Supernatants were collected and the resulting peptides were separated by
reverse-phase high-performance liquid chromatography (HPLC) (C;g column).

Polypeptides 5 and 6 were concentrated on a 10% polyacrylamide gel and proteins were
electroblotted onto PVDF membranes using 50 mM Tris base, with 50 mM boric acid as
transfer buffer (Rasmussen er al. 1991). After blotting, the membranes were soaked in
methanol for 5 min and washed four times with distilled water: proteins were then visualized
by staining with 0.1% amido black in 45% methanol, 9% acetic acid. The protein bands were
cut out and submitted to a tryptic proteolysis. The digestion was carried out in the presence
of 1 ug porcine trypsin during 4 h at 37°C. Supernatants were collected and the resulting
peptides were separated by reverse-phase HPLC (C;g column).

Peptides were eluted by an acetonitrile gradient, and peaks were collected manually. For
polypeptides 1 and 4, peptides obtained after tryptic digestion were separated twice: first in
the presence of heptafluorobutyric acid (0.1%), and, in a second step, the major peaks
collected were separated in the presence of trifluoroacetic acid (0.1%). The major peaks were
taken for sequence analysis by Edman degradation which was carried out on a protein
sequencer 477 A (PE Biosystems, Zaventem, Belgium).

Western blot analysis of proteins

After 2D-PAGE, proteins were transferred overnight at 60 V and 4°C onto a nitrocellulose
membrane using 20 mM Tris, 154 mM glycine, 20% (v/v) methanol as transfer buffer. The
immunodetection was realized by the ECL Western blotting analysis system (Amersham)
using a biotinylated-secondary mouse antibody (1/5000). The monoclonal primary antibody
anti-vimentin (Amersham) was used at 1/10.

Immunoprecipitation of myosin heavy chain proteins

Cells were seeded as described above (5 x 10°cells/dish) and incubated 6 h in the presence of
[**PJorthophosphate (9.25 MBq/ml) with or without TNF-¢ (30 ng/ml) + CHX (2 pg/ml). At
the end of the incubation, cells were rinsed twice with NaCl 0.9% and scraped in the lysis
buffer (1.5 mM MgCl,, 5 mM KCl, 10 mM Hepes pH 7.5, 0.5% (v/v) NP40, 2.5 mM EDTA,
50 mg/l Pefabloc® and 50 ug/l leupeptine). After 30 min under gentle agitation at 4°C, the
lysates were centrifuged at 8000 g at 4°C. The pellet was solubilized in 100 ul Bravo buffer
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(50 mM Tris—-HCI, pH 7.5, 0.5% (w/v) sodium dodecyl sulphate (SDS) and 70 mM DTT),
boiled 10 min and then 400 ul RIPA buffer (50 mM Tris—HCI pH 7.5, 150 mM NacCl, 1% (v/
v) NP40 and 0.5% (w/v) deoxycholate) were added. The samples were incubated 2 h at 4°C in
the presence of 1/100 normal rabbit serum, followed by a 1% h incubation with Sepharose-
conjugated protein A (10%, w/v). The lysates were centrifuged 30 s at 15000 g, and the
supernatants were treated with anti-myosin antibodies (1/50) for 2 h at 4°C. This incubation
was followed by a precipitation with Sepharose-conjugated protein A and the recovered pellets
were then rinsed twice with RIPA buffer, once with 10 mM Tris—HCI pH 7.5, and finally
solubilized in Laemmli buffer, boiled 3 min and submitted to a SDS-PAGE. The
polyacrylamide gels were then submitted to autoradiography on Hyper film MP after drying.

RESULTS

Apoptosis in BAE cells

When treated with TNF-o (30 ng/ml) in the presence of CHX (2 pug/ml), some BAE cells
showed morphological characteristics of apoptotic cell death after only 1.5-2.5 h. These
included loss of flat morphology by condensation and retraction (Figure 1a,b), condensation
of heterochromatin at the periphery of the nucleus, and fragmentation of the cell into
multiple protrusions (or blebs) which later dissociated to form apoptotic bodies (Figure 1b,d).
Once started, these morphological alterations fully developed within minutes. There was a
time-dependent increase in the number of cells exhibiting such morphological changes. The
DNA of TNF-o + CHX-treated cells presented the classical apoptotic internucleosomal
degradation (data not shown). As previously reported, the kinetics of TNF-¢ + CHX-
induced DNA fragmentation and morphological changes in BAE cells were not dissociable
(Robaye et al. 1991). Therefore, in further studies, DNA fragmentation was used as general
marker of apoptotic cell death.

The incubation of BAE cells with the protein phosphatase inhibitor okadaic acid (250 nM)
also led to apoptosis, but the process developed more slowly, the first sign of DNA
fragmentation only detected after 5-6 h of treatment, i.e. 2-3 h later than with the TNF-
o + CHX-treatment (see Figure 3a for comparison of time-courses). At that time, classical
morphological manifestations of apoptotic cell death became observable (Figure le). Cell
fragmentation into apoptotic bodies was also observed, but still with a lower rate than was
seem in the cells exposed to TNF-o + CHX (Figure 1c).

Study of two-dimensional pattern of proteins in apoptotic BAE cells

The two-dimensional electrophoretic pattern of proteins from BAE cells prelabelled with
[**SImethionine was modified when the cells were submitted to the TNF-a + CHX apoptotic
treatment (Figure 2). Some spots (open arrowhead on control autoradiography, Figure 2a)
present in control conditions were less intense or undetectable in extracts from treated cells,
whereas other spots (closed arrowhead on TNF-o + CHX autoradiography, Figure 2b)
detectable in extracts of TNF-« + CHX-treated BAE cells, were not present or exhibited
much lower intensity in the controls.

In order to see how these modifications at the level of proteins relate to the progression of
the apoptotic cell death, the kinetics of appearance of these modifications were compared
with apoptotic DNA fragmentation. In the 2D-PAGE pattern of TNF-o + CHX-treated
BAE cells, five spots (marked 1, 4, 4, 5 and 6 in Figure 2) dramatically increased in intensity
when DNA fragmentation became detectable (Figure 3a). Their intensity then further

©2000 Blackwell Science Ltd, Cell Proliferation, 33, 101-114.



106 N. Suarez-Huerta et al.

Figure 1. Morphology of TNF-a + CHX-and okadaic acid-treated BAE cells. BAE cells were treated or
not with specified agents for determined periods, and examined directly under phase contrast microscopy
(a,b,c) or processed for examination by electron microscopy (d,e) as described. (a) Control BAE cells;
(b) 3 h TNF-« (30 ng/ml) + CHX (2 ug/ml)-treated BAE cells; and (c) 24 h okadaic acid (250 nM)-
treated BAE cells: arrow, non-affected cells; open arrow, rounded cell; closed arrow, apoptotic cell; open
arrowhead, condensing cell; closed arrowhead, fragmented apoptotic cell. (d) 6 h TNF-a (30 ng/
ml) + CHX (2 pug/ml)-treated BAE cells and (e) 8 h okadaic acid (250 nM)-treated BAE cells: open
arrowhead, condensed chromatin; closed arrowhead, apoptotic bodies.
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Figure 2. Two-dimensional pattern of [*>S]methionine-prelabelled proteins extracted from BAE cells.
BAE cells were seeded and 24 h later, their proteins were prelabelled with [**S]methionine (3.7 MBq/ml).
They were incubated without (a) or with TNF-o (30 ng/ml) in the presence of CHX (2 pug/ml) (b) for
6 h. The cells were then lysed and their proteins were submitted to 2D-PAGE as described in Materials
and methods. V, vimentin; v, high MW degradation products of vimentin (‘staircase’); A, actin; open
arrowhead, spots of reduced intensity in treated cells; closed arrowhead, spots observed in treated cells
but not in control cells. Spots observed on one pattern gel but not on the other one were localized on
the latter by an open circle to facilitate the analysis of the patterns.

increased in parallel with DNA fragmentation (Figure 3a,b). Other spots marked in Figure 2
exhibited changes in intensity, but these, except for spots 2 and 3, occurred well after the first
manifestations of DNA fragmentation, i.e. after 3 h (data not shown).

When apoptosis was triggered by okadaic acid, the kinetics of DNA fragmentation was
delayed compared to when apoptosis was induced with TNF-o + CHX. The first signs of
DNA degradation were detectable after 5 h of okadaic acid-treatment, i.e. 3 h later than was
observed with TNF-o. + CHX-treatment. In this case, the appearance of spots 1, 4, 4, 5 and
6 was also delayed, compared to TNF-a + CHX-treatment, but still corresponded to that of
DNA fragmentation (Figure 3c). The intensity of these spots also further increased with the
time of treatment, as did DNA fragmentation (Figure 3a).

Identification of the 97 kDa polypeptide (spot 1)

As they were sufficiently abundant, proteins corresponding to spots 1, 4, 5 and 6 were purified
directly by 2D-PAGE and microsequenced by Edman degradation. ‘Spot number 1’
corresponded to a triad of products with a molecular weight (MW) of approximately 97 kDa
(Figures 2 and 3), of which the two more acidic ones were phosphorylated (data not shown).
All three showing parallel time-course modification in intensity during apoptosis, it was
assumed that they correspond to the native and differentially phosphorylated forms of a single
protein. The four microsequences obtained from this 97 kDa purified protein are detailed in
Table 1. A search through the non-redundant GenBank CDS databank revealed that they all
showed 100% identity with internal amino acid sequences of the human non-muscle type A
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Table 1 Partial amino acid sequences of four spots purified by 2D-PAGE

Spot MW Experimental Homology Residues in the
(kDa) microsequence search native proteins
1 97 LQVELDNVTGLLSQ MHC* 1278-1291
DFSALESQLQDTQ MHC* 1302-1314
TQLEELEDELQATE MHC* 1540-1553
GDLPFVVPR MHC* 1925-33
4 31 EMEENFSVEAANYQDTIGR Vimentinf 345-363
5 28 YESVAAK Vimentinf 275-281
6 23 LDLEXK Vimentin 217-222
QVDQLTMDK Vimentint 159-167

*Human non-muscular myosin heavy chain type I, 1961 amino acids.
tHuman vimentin, 465 amino acids.

myosin heavy chain (MHC). All were located in the carboxyterminal domain of the protein
(Table 1). As the MW of the native form of this phosphorylable actin-binding protein is about
215 kDa, the possibility that the 97 kDa polypeptide might be a carboxyterminal product of its
partial proteolysis was considered. In order to test this assumption and to determine whether
phosphorylation of the protein plays a role in the degradation of the native MHC,
phosphorylated MHC found in BAE cells after (TNF-o + CHX) incubation was quantified by
immunoprecipitation. A single **P-labelled band appeared in immunoprecipitates from control
cells (Figure 4), corresponding to a MW slightly higher than 200 kDa, thus fitting with that of
the myosin heavy chain. This band was absent in extracts from TNF-o« + CHX-treated BAE
cells, collected when they were apoptotic (Figure 4, lane 2). Antibodies used in this experiment
did not recognize the 97 kDa-bovine MHC degradation product.

Inhibition of myosin heavy chain proteolysis by caspase inhibitor

The effect of the caspase inhibitor Z-Val-Ala-Asp(Ome)-CH,F (Z-VAD-fmk) was studied on
the MHC proteolysis induced by TNF-a + CHX. As shown in Figure 5, this caspase
inhibitor completely prevented the appearence of the 97 kDa-MHC degradation product,
which indicates that MHC seems to be a new substrate for one of the different caspases
activated during apoptosis. Concomitantly with this inhibition, it was observed that the
apoptotic cell death induced in BAE cells by the TNF-¢ + CHX-incubation is also present in
the presence of Z-VAD-fmk (data not shown)

Figure 3. Kinetics of DNA fragmentation and protein modifications in BAE cells. (a) Kinetics of DNA
fragmentation. BAE cells were seeded and 24 h later their DNA was prelabelled for 24 h with
[*H]thymidine (37 kBq/ml). After washing, they were incubated with specified agents for indicated times.
At the end of incubation, cells were lysed and the percentage of DNA fragmentation was estimated as
reported in Materials and methods. The data are mean of triplicate measurements +sp of one
representative experiment out of two. (b) and (c) Kinetics of protein modifications observed on 2D-
PAGE. The cells were seeded and 24 h later, their proteins were prelabelled with [>>SJmethionine (3.7
MBq/ml). After washing, they were incubated or not with (b) TNF-o (30 ng/ml) + CHX (2 ug/ml) or (c)
okadaic acid (250 nM) for specified times. They were then lysed and their proteins were submitted to
2D-PAGE as described in Materials and methods. The 2D-PAGE patterns of controls were obtained
from extracts of cells directly harvested after the labelling period. The intensity of spots studied here did
not significantly vary during the periods investigated in control conditions (data not shown).The figure
reproduces limited regions of the 2D-PAGE pattern. MW, molecular weight. Data shown are
representative of two experiments.
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Figure 4. Immunoprecipitation of phosphorylated myosin heavy chain. BAE cells were incubated in
the presence of [*’Plorthophosphate (9.25 MBq/ml) in the presence or not of TNF-o (30 ng/
ml) + CHX (2 ug/ml) for 6 h. At the end of the incubation, cells were lysed and proteins were
submitted to immunoprecipitation with the anti-myosin antibodies (1/50) as described in Materials and
methods. Immunoprecipited proteins were submitted to electrophoresis on polyacrylamide gel in the
presence of SDS. After drying, the gel was submitted to autoradiography. Lane 1, control BAE cells;
lane 2, TNF-o + CHX-treated cells; MW: molecular weight.

Identification of polypeptides corresponding to spots 4, 5 and 6

Microsequencing of polypeptides corresponding to spots 4', 5 and 6 purified directly by 2D-
PAGE revealed that the three polypeptides showed 100% identity with amino acid sequences
of human vimentin. The different experimental microsequences covered different regions of
the sequence of this intermediary filament-associated protein (Table 1). This suggested that
they were the product of an apoptosis-associated proteolysis of vimentin. By Western blot
immunodetection, the native vimentin and the ‘staircase’ associated degradation products
were identified on the 2D-PAGE pattern of protein extracted from control BAE cells (marked
V and v in Figure 2a and Figure 6). Compared with cells treated 24 h with TNF-a + CHX,
which exhibited 74.4 + 2.6% of DNA degradation, it was observed that the spots
corresponding to intact and partially degraded vimentin completely disappeared (Figure 6).
The degradation products identified by microsequencing were not recognized by the
monoclonal anti-vimentin antibody used.

DISCUSSION

The data show that, whether induced by okadaic acid or by TNF-o + CHX, apoptosis of BAE
cells displayed the same qualitative characteristics, i.e. internucleosomal DNA fragmentation,
condensation and marginalization of chromatin, cell condensation, and formation of apoptotic
bodies. However, the kinetics of the process differed with the two stimuli, TNF-¢ + CHX-
treated BAE cells becoming apoptotic within +2 h, okadaic acid-treated cells within +6 h;
these times could vary depending on the primary culture conditions.
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Figure 5. Effect of Z-VAD-fmk on the myosin heavy chain proteolysis induced by TNF-a + CHX. The
cells were seeded and 24 h later, their proteins were prelabelled with [*>SJmethionine (37 MBq/ml). After
washing, they were incubated with TNF-o (30 ng/ml) + CHX (2 pg/ml) in the absence (a) or presence
(b) of Z-VAD-fmk (20 uM) for 4 h. They were then lysed and their proteins were submitted to 2D-
PAGE as described in Materials and methods.

Analysis of the 2D-PAGE pattern of proteins extracted from BAE cells revealed
modifications when cells were triggered to undergo apoptosis. Attention was focused on five
modifications among all those scored as they took place concomitantly with DNA and cell
fragmentation and followed a similar time-course evolution relative to that of DNA
fragmentation with the two kinetically different treatments, TNF-a + CHX and okadaic acid.
These particularities suggest that these protein modifications could be involved in the control
or execution phase of the apoptotic pathway.

As they were sufficiently abundant, the purification of these polypeptides could be directly
performed by 2D-PAGE of proteins extracted from apoptotic BAE cells. Microsequencing by
Edman degradation demonstrated that four of these polypeptides were degradation products
of known proteins with higher molecular weight. Indeed, spot 1 of 97 kDa is a proteolytical
fragment of the non-muscular myosin heavy chain type A, a cytoskeletal protein of about
220 kDa. Spots 4, 5 and 6, respectively, 31, 28 and 23 kDa are three degradation products of
an intermediate filaments (IFs) protein, vimentin, which has an MW of 58 kDa. These results
were confirmed by immunodetection experiments that showed that the amount of native
vimentin and MHC decreased when cells became apoptotic, and that the respective network
completely disappeared in these cells. It was also shown that MHC is a new substrate for a
caspase-like activity.

To our knowledge, the present report is the first to demonstrate the limited degradation of
MHC proteins in relation to apoptosis. This observation seems in contradiction with recent
data suggesting that myosin contractile activity is stimulated through an increased
phosphorylation of myosin light chain in apoptotic blebbing cells (Mills er al. 1998). Indeed,
the degradation described here led to the dissociation of the carboxy-terminal rod end of
myosin involved in thick filament formation, and the amino-terminal head that interacts with
actin filaments. It is more than possible that this dissociation inactivates the myosin
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Figure 6. Immunodetection of vimentin on western blot. BAE cells were untreated (a) or treated (b)
with TNF-o (30 ng/ml) + CHX (2 ug/ml) for 24 h. At the end of incubation, the cells were scraped,
lysed and submitted to a 2D-PAGE as described in Materials and methods. Western blotting was carried
out using a monoclonal anti-vimentin antibody. V, vimentin; v, high MW degradation products of
vimentin (‘staircase’).

contractile activity, as both parts of the protein seem to be required to generate a motion
between thick and actin filament. However, it still possible that intact and active myosin
could be required at an earlier stage of the morphological alterations and is subsequently
degraded like other cytoskeletal proteins.

Vimentin has already been described as a proteolytical substrate during apoptosis (van
England et al. 1997, Hashimoto et al. 1998). van England and co-workers reported that
vimentin is cleaved into two degradation products of 50 and 43 kDa that do not correspond
to the 31, 28 and 23 fragments described here. However, the kinetics of proteolysis reported
by these authors seems to correspond to the kinetics of vimentin degradation observed in
endothelial cells. This suggests that what is important is the dissolution of the vimentin
network, and not the degradation products generated by this dissolution. In the same way,
Hashimoto ez al. (1998) described during apoptosis of human skin fibroblasts, the appearance
of three major large fragments of vimentin (46, 48 and 52 kDa) and several minor bands, i.e.
a fragment of 29 kDa.

Various other cytoskeletal proteins are also degraded during the apoptotic process,
amongst these the keratin 18, which is a major component of the Ifs, as is vimentin, and is
cleaved by a caspase-like activity, which leads to a reorganization of the IFs (Caulin,
Salvesen & Oshima 1997). Fodrin and the nuclear lamins are two other cytoskeletal
substrates for the various proteases induced during apoptosis (Lazebnik et al. 1995, Cryns
et al. 1996). Other than the fact that these degradations leads to the dissolution of the
cytoskeletal network, no particular role has been found at present. This is not true for
gelsolin, a caspase-3 substrate, for which the expression of the cleavage product in multiple
cell types caused the cells to round up, detach from the plate, and undergo nuclear
fragmentation (Kothakota et al. 1997). Regardless, the proteolysis of vimentin and MHC
and subsequent dissolution of the cytoskeletal network may be involved in the retraction
and condensation observed in cells which become apoptotic. Indeed, it has been shown that
the expression of the non-muscle myosin in BAE cells is associated with the acquisition of a
flattened morphology (Wong, Pollard & Herman 1982, Franke et al. 1984, Borrione et al.
1990). On the other hand, in conjunction with microtubules and microfilaments, IFs seem
responsible for anchorage of the nucleus in the cell and for the maintenance of cell shape by
binding the lamina network around nuclear pores and the membrane skeleton (Geiger
1987).

In conclusion, the present study has shown that concomitant with the occurrence of
apoptotic morphological modifications, the cytoskeleton is dramatically affected. This is
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associated with the proteolysis of an increased number of cytoskeletal proteins including
myosin heavy chain and vimentin.
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