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We have previously reported that calpastatin, an endogenous inhibitory protein of
calpain, is cleaved by a caspase-3-like protease during apoptosis in human Jurkat T
cells [Kato, M. et al. (2000) JJ. Biochem. 127, 297-305]. In this study, we found that non-
muscle myosin heavy chain-A (NMHC-A) is cleaved during apoptosis in Jurkat cells
by using a cleavage-site-directed antibody for calpastatin. The cleavage-site-directed
antibody was raised against the amino-terminal fragment of calpastatin, and this
antibody detected the in vitro cleaved calpastatin fragment. Although cleaved calp-
astatin was not detected, a 95-kDa polypeptide (p95) was detected in apoptotic cells
by this antibody. This p95 was identified as the carboxyl-terminal fragment of NMHC-
A based on the results of peptide mass spectrometry fingerprinting and amino-termi-
nal sequencing. Furthermore, two cleavage sites on NMHC-A, Asp-1153 and Asp-1948,
were determined, and three cleaved fragments of NMHC-A, one cleaved at Asp-1153
and the other two cleaved at Asp-1948, were detected by cleavage-site-directed anti-
bodies against each cleavage site. The results of confocal immunofluorescence micro-
scopic analysis show that the cleavage at Asp-1948 occurs faster than that at Asp-1153
during apoptosis. In addition, the Asp-1153 cleaved fragment was distributed dif-
fusely in the cytoplasm of apoptotic cells, whereas the Asp-1948 cleaved fragments
were detected as condensed dots. In conclusion, our findings can be summarized as
follows: (i) NMHC-A is cleaved at two sites during apoptosis, (ii) the timing of cleavage
is different between these two cleavage sites, and (iii) the distribution of cleaved frag-
ments is different in apoptotic cells.

Key words: apoptosis, caspase, cleavage-site-directed antibody, nonmuscle myosin
heavy chain-A, Jurkat T-cell.

Abbreviations: NMHC-A, nonmuscle myosin heavy chain-A; Ac-DEVD-CHO, acetyl-Asp-Glu-Val-Asp-aldehyde;
Ac-YVKD-CHO, acetyl-Tyr-Val-Lys-Asp-aldehyde; PARP, poly (ADP-ribose) polymerase; PVDEF, polyvinylidene
fluoride; Z-Asp-CH,-DCB, carbobenzoxy-Asp-[(2,6-dichlorobenzoyl) oxy] methane; Z-IEAL-CHO, carbobenzoxy-
Ile-Glu (OtBu)-Ala-Leu-aldehyde; Z-VAD-fmk, carbobenzoxy-Val-Ala-Asp-fluoromethylketone; Z-LLL-CHO, car-

bobenzoxy-Leu-Leu-Leu-aldehyde; Z-LL-CHO, carbobenzoxy-Leu-Leu-aldehyde.

Apoptosis is a major form of physiological cell death that
is critical to several biological processes and involves var-
ious intracellular proteolytic systems (I-6). Caspases
play important roles in apoptosis-executing processes,
since the inhibition of caspases results in the suppression
of apoptosis (7, 8). All known caspases are synthesized as
inactive proenzymes containing a prodomain, and their
activation results from cleavage (9). The active sites of
caspases have a well conserved pentapeptide, QACXG
(where X is Q, R, or G), and an absolute requirement for
an aspartic acid residue at the P; position (I).

Among caspases, caspase-3 has been proposed to be a
key enzymes for apoptosis, because apoptosis is pre-
vented when caspase-3 activation is inhibited by a spe-
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cific inhibitor (10). Caspase-3 preferentially recognizes
DXXD sequences that are found in poly (ADP-ribose)
polymerase (PARP) (11), DNA fragmentation factor 45
(ICAD) (12), and IxB-a (13). The cleavage of some sub-
strates is closely related to apoptotic phenomena; degra-
dation of ICAD results in the activation of DNase and the
fragmentation of chromosomal DNA (14, 15). Caspase-7
resembles caspase-3 in substrate specificity but displays
different profiles with regard to intracellular redistribu-
tion in apoptosis (16, 17).

Previously, we reported that calpastatin, an endog-
enous inhibitor protein of calpain, is cleaved by caspase-3
and/or caspase-7 during apoptosis in human Jurkat T
cells (18). Subsequently, to analyze the cleaved fragment,
we produced a cleavage-site—directed antibody (#1234)
designed to react with the amino-terminal fragment of
calpastatin. The cleavage-site—directed antibody is a very
useful tool to analyze cleaved fragments because this
type of antibody reacts with the new amino-terminal or
carboxyl-terminal sequence that appears as a result of
proteolysis (19-21). Unexpectedly, #1234 detected a 95-
kDa polypeptide (p95) in apoptotic cells, although the
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amino-terminal fragment of calpastatin was not detected.
This p95 was identified as the carboxyl-terminal frag-
ment of nonmuscle myosin heavy chain-A (NMHC-A).
Myosin is a major cytoskeletal protein in eukaryotic cells
and participates in various cellular processes including
cell locomotion (22—24). Conventional myosins found in
nonmuscle cells, referred to as nonmuscle myosin heavy
chain (NMHC), arise from at least two genes, for NMHC-
A and NMHC-B (25, 26). Both isoforms are hexameric
proteins comprising two heavy chains (approximately
200 kDa) and two pairs of light chains of 17 kDa and 20
kDa. NMHC includes a globular head domain and a rod-
like tail domain. The globular head domain at the amino
terminus associates with ATP, actin, and a pair of myosin
light chains; whereas the rod-like tail domain at the car-
boxyl-terminal forms an a-helical coiled-coil and is con-
cerned with the assembly of NMHC molecules into bipo-
lar filaments (27). Additionally, the carboxyl-terminus of
the rod-like tail has a short nonhelical tailpiece, which
regulates the assembly of NMHC (28, 29).

In this paper, we describe the cleavage of NMHC-A
during apoptosis. Suarez-Huerta et al. have also reported
that NMHC-A is cleaved during apoptosis (30). However,
they did not determine the cleavage site. We determined
two cleavage sites in NMHC-A. Furthermore, we con-
firmed the timing of cleavage at both these sites and the
distribution of the cleaved fragments.

MATERIALS AND METHODS

Reagents—The following reagents were obtained from
the following sources: carbobenzoxy-Val-Ala-Asp-fluor-
omethylketone (Z-VAD-fmk), Bachem (Switzerland);
carbobenzoxy-Asp-[(2,6-dichlorobenzoyl) oxy] methane (Z-
Asp-CH,-DCB), acetyl-Tyr-Val-Lys-Asp-aldehyde (Ac-YVKD-
CHO), acetyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO),
carbobenzoxy-Ile-Glu (OtBu)-Ala-Leu-aldehyde (Z-IEAL-
CHO), carbobenzoxy-Leu-Leu-Leu-aldehyde (Z-LLL-CHO),
and carbobenzoxy-Leu-Leu-aldehyde (Z-LL-CHO), Pep-
tide Institute Inc. (Osaka, Japan); anti-nonmuscle myosin
antibody, Biomedical Technologies Inc. (Stoughton, MA,
USA).

Cell Culture and Induction of Apoptosis—Human
T-lymphoblastoid Jurkat cells were maintained in
RPMI1640 medium supplemented with 10% (v/v) fetal
calf serum, 2 mM Gln, 100 U/ml penicillin G, and 200 pg/
ml streptomycin at 37°C under a humidified atmosphere
of 5% (v/v) CO,. For the induction of apoptosis, the cells
(108 cell/ml) were treated with 25 ng/ml anti-Fas mAb
(MBL, Nagoya) and 0.5 uM staurosporine (Sigma Chemi-
cals, St. Louis, MO, USA). For microscopic analysis, the
cells were cytospun and stained with Carrazi’s Hematox-
ylin, as described previously (31).

Immunoblotting—The following antibodies were raised
in rabbits using synthetic peptides as haptens conjugated
with a carrier protein and purified from antisera by affin-
ity chromatography on immobilized antigen peptides.
Anti-human cleaved calpastatin (#1234) was raised
against residues 222-233 (SSKPIGPDDAID). Anti-
NMHC-A cleaved the amino-terminal fragment (#1439)
was raised against residues 1144-1153 (LKTELEDTLD).
Anti-NMHC-A cleaved the carboxyl-terminal fragment
(#1522) was raised against residues 1934-1948 (MARK-
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GAGDGSDEEVD). Anti-human PARP has been described
previously (18).

The procedures used for immunoblotting have also
been described previously (18). Immunoabsorption using
synthetic peptides was performed as follows. The syn-
thetic peptide (2 nmol) was incubated with the #1234
antibody for 4 h at 4°C. The peptide-antibody mixture
was used as the first antibody for immunoblotting.

Purification of p95—Apoptotic Jurkat cells were har-
vested and suspended in lysis buffer [50 mM Tris-HCl
(pH 7.5) containing 5 mM EDTA]. The cells were lysed by
sonication, and the water-insoluble fraction was pre-
pared by centrifugation at 15,000 x g for 20 min in the
cold. The pellet was incubated in lysis buffer containing 2
M NacCl for 30 min at 37°C. After centrifugation, an equal
volume of 2 M (NH,),SO, was added to the supernatant,
the mixture was applied to a Butyl-Toyopearl column
(TOSOH, Tokyo), and eluted with a linear gradient of 1-0
M (NH,,SO,. Immunoblotting identified the p95-con-
taining fractions.

Identification of p95—Purified p95 was subjected to
7.5% (w/v) acrylamide SDS—polyacrylamide gel electro-
phoresis (PAGE) and the bands were transferred onto a
nitrocellulose membrane (Protran, Schleicher & Schuell).
The p95-containing regions were detected by reversible
staining and excised; the blotted proteins were then
cleaved by lysyl endopeptidase (Wako, Osaka). The
molecular weights of the peptide fragments were ana-
lyzed by matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) mass spectrometry (Voy-
ager-DE PRO, Applied Biosystems). The protein was
identified using the peptide mass fingerprinting analysis
software MS-Fit (http://prospector.ucsf.edu/ucsthtml4.0/
msfit.htm).

Amino-Terminal Sequencing—Purified p95 was sub-
jected to SDS-PAGE and transferred onto a PVDF mem-
brane. The proteins were stained with 0.1% (w/v)
Coomassie Brilliant Blue R250 in methanol, and the
bands were excised and analyzed on a Beckman LF3000
protein sequencer.

Confocal Immunofluorescence Microscopy—Non-apop-
totic or apoptotic Jurkat cells were harvested and washed
in phosphate-buffered saline (PBS). The cells were sus-
pended in PBS and placed on poly-L-lysine coated cover
glasses for 15 min, fixed in 4% (w/v) paraformaldehyde in
PBS for 10 min at room temperature, washed twice for 5
min each in PBS, and permeabilized with 0.2% (w/v) Tri-
ton X-100 for 10 min. After fixation and permeabiliza-
tion, nonspecific antibody binding was blocked by incuba-
tion in 3% (w/v) BSA in PBS for 30 min. The cells were
incubated with the first antibodies for 1 h at 37°C,
washed three times for 5 min each in Tris-buffered saline
(TBS) containing 0.05% (w/v) Tween 20, and incubated
with FITC-conjugated anti-rabbit secondary antibody for
1 h at room temperature. After incubation with the sec-
ond antibody, the cells were incubated with propidium
iodide (50 ng/ml) for 20 min at room temperature in order
to stain the nuclear DNA. After the final wash in PBS,
the cells were mounted in fluorescence mounting
medium (Vector Lab. Inc. Burlingame, CA) and viewed
using an MRC-1024 confocal laser microscope (Bio Rad).

Other Methods—The in vitro cleavage of calpastatin
was described previously (18).
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Fig. 1. In vitro cleavage of calpastatin. Recombinant calpastatin
was incubated with the cytosol of Jurkat cells undergoing apoptosis.
Unprocessed calpastatin (120 kDa) and its amino-terminal frag-
ment (35 kDa) were stained by #1234 (arrows in figure). 1, recom-
binant calpastatin; 2, apoptotic cytosol without calpastatin; 3, calp-
astatin incubated with apoptotic cytosol.
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Fig. 2. Immunoblotting using the #1234 antibody in non-
apoptotic and apoptotic Jurkat cells. Cells were treated with
anti-Fas mAb or staurosporine for 24 h. A: Rate of apoptotic cells.
Cells were mounted on a slide glass by cytocentrifugation and
stained with Carrazi’s Hematoxylin (Muto Pure Chemicals, Tokyo),
as described previously (27). Nuclei were condensed into fragments
and the cells were counted as apoptotic cells under a light micros-
copy. B: The immunoblot was stained with the #1234 antibody.
Arrows with dotted lines indicate calpastatin (120 kDa) and its
cleaved fragment (35 kDa), as shown in Fig. 1. 1, control cells with-
out reagents; 2, anti-Fas mAb; and 3, staurosporine.
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Fig. 3. Appearance of p95 and disappearance of p110 during
anti-Fas-mediated apoptosis. Cells were treated with anti-Fas
mAb and sampled for immunoblotting at the indicated times (0 to
24 h). A: Apoptotic cells were examined as described in the legend to
Fig. 2. B: pl10 and p95 were stained with the #1234 antibody
(arrows). C: PARP (116 kDa) and its caspase-catalyzed fragment (85
kDa) stained with a PARP antibody.

RESULTS

The 95-kDa Polypeptide Was Detected by a Cleavage-
Site-Directed Antibody in Apoptotic Jurkat Cells—Previ-
ously, we reported that calpastatin (120 kDa on SDS-
PAGE) is cleaved to 90 kDa by caspase-3 and/or caspase-
7 during apoptosis in Jurkat cell (18). The cleaved 90-
kDa fragment was detected by an anti-calpastatin anti-
body against the carboxyl-terminal region of human calp-
astatin. Subsequently, we produced a cleavage-site-
directed antibody (#1234) to analyze the cleaved amino-
terminal fragment of calpastatin with an expected molec-
ular mass of approximately 30 kDa. The #1234 antibody
detected both unprocessed calpastatin (120 kDa) and the
35-kDa fragment when calpastatin was mixed with apop-
totic cytosol (Fig. 1, lanes 1 and 3). The 35-kDa fragment
is the amino-terminal polypeptide of calpastatin pro-
duced by caspase-3 and/or caspase-7, because this frag-
ment was not observed in the apoptotic cytosol (Fig. 1,
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Fig. 4. Effect of inhibitors of proteasome and calpain on the
behavior of p110 and p95. After pretreatment with inhibitors for
2 h, the cells were treated with anti-Fas mAb for 24 h. Apoptotic
cells (A), the behavior of p110 and p95 (B), and the cleavage of
PARP (C) were examined as described in the legend to Fig. 2. 1, con-
trol cells without mAb. Inhibitors added were: 2, none; 3, 50 uM Z-
IEAL-CHO; 4, 100 pM Z-LLL-CHO; and 5, 100 uM Z-LL-CHO.

lane 2). Next, we attempted to detect the cleaved amino-
terminal calpastatin fragment in apoptotic Jurkat cells.
Calpastatin was not detected by the #1234 antibody in
non-apoptotic Jurkat cells; however, a protein with a
molecular mass of 110 kDa (p110) on SDS-PAGE was
observed (Fig. 2, lane 1). In anti-Fas mAb—induced apop-
totic cells, neither calpastatin nor the 35-kDa fragment
were detected (Fig. 2, lane 2). Although p110 had disap-
peared in the apoptotic cells, a 95-kDa polypeptide (p95),
which had a larger molecular mass than the cleaved 90-
kDa calpastatin fragment, was detected (Fig. 2, lane 2).
The same phenomenon was observed in staurosporine
induced apoptotic cells; staurosporine is an inhibitor of
protein kinase C (Fig. 2, lane 3). The p95 polypeptide
appeared after treatment with anti-Fas mAb for 6 h,
while the level of p110 decreased after 12 h, and was
hardly detected at 24 h (Fig. 3A). We also examined the
proteolysis of poly (ADP-ribose) polymerase (PARP), a
nuclear target for caspase-3 and/or caspase-7, which
cleave PARP at Asp-214. This cleavage results in the gen-
eration of a 30-kDa DNA-binding amino-terminal and an
85-kDa catalytic carboxyl-terminal fragment. As shown
in panels A and B in Fig. 3, the appearance of p95
occurred in parallel with the cleavage of PARP.
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Fig. 5. Effect of caspase inhibitors on the behavior of p110
and p95. Cells were pretreated with caspase inhibitors for 2 h and
further incubated with anti-Fas mAb for 24 h. Apoptotic cells (A),
the behavior of p110 and p95 (B), and the cleavage of PARP (C) were
examined as described in the legend to Fig. 2. 1, control cells with-
out mAb. Inhibitors (100 pM) added were: 2, none; 3, Z-Asp-CH,-
DCB; 4, Z-VAD-fmk; 5, Ac-YVKD-CHO; and 6, Ac-DEVD-CHO.

To determine whether the appearance of p95 and the
disappearance of p110 were mediated by proteolysis dur-
ing apoptosis, we examined the effects of various pro-
tease inhibitors. Inhibitors of proteasome, Z-IEAL-CHO
and Z-LLL-CHO, and the inhibitor of calpain, Z-LL-CHO,
did not inhibit the Fas-mediated apoptosis of Jurkat cells
(Fig. 4A). None of these inhibitors affected the behavior of
p95, pl110, or the proteolysis of PARP during apoptosis
(Fig. 4, B and C). Subsequently, we investigated the
effects of inhibitors of various caspases on apoptosis and
the behavior of p95 and p110 (Fig. 5). Z-Asp-CH,-DCB
and Z-VAD-fmk, caspase inhibitors with broad specifici-
ties, completely suppressed apoptosis, the appearance of
p95 and the disappearance of p110, and the proteolysis of
PARP. Ac-DEVD-CHO, which inhibits caspase-3 and cas-
pase-7, also suppressed apoptosis, the appearance of p95
and the disappearance of pl110, and the proteolysis of
PARP. However, Ac-YVKD-CHO, which prefers caspase-1
and is less effective in the Fas-mediated apoptosis of Jur-
kat cells, did not inhibit the appearance of p95 and the
disappearance of p110.

J. Biochem.

2102 ‘62 Jequeldes uo A1siealun Buied e /Bio'seulnolpioixo-qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

Cleavage of Nonmuscle Myosin during Apoptosis

A

161

100 2743.8222 _5.0E+4
_1738.1458
90
80
70 1128.8814
20493593
60 H
1664.2112
% 1441.0416 #
£ so
£ 1840.2178
;2 1360.9788
40
1602.0662 22455417 27148521
30 : 20914553
9728091 1316.0554 4
! : 1499.0715 i 2065
20] j } 2065.3439
12209098 4422 0286 i iy
27,7727 s6tas 057 s | 18543079
? 4133.8440 | 13420904 1650 2067,4437 2330.5501 2643.3497
10 ?35,57,': masasa ‘:g: ] 18553381 ,szﬁgm 2oo§asas z}'zz?sam ’ sazzogsy 26031507 2871.0295
P 4 1732 1946 326 21862460 L 26204135 28334558
JEE oo b o A o i o il L,

2195.4
Mass {miz)

MAQQAADKYLYVDKNFINNPLAQADWAAKKLVWVPSDKSGFEPASLKEEVGEEAT VELVENGKKVEVNKD
DIQEMNPPKFSKVEDMAELTCLNEASVLHNLKERYYSGLIYTYSGLFCVVINPYKNLPIYSEEIVEMYKG
KKRHEMPPHIYAITDTAYRSMMQDREDQSILCTGESGAGKTENTKKVIQYLAYVASSHKSKKDQGELERQ
LLQANPILEAFGNAKTVKNDNSSRFGKFIRINFDVNGYIVGANIETYLLEKSRAIRQAKEERTFHIFYYL
LSGAGEHLKTDLLLEPYNKYRFLSNGHVTIPGQQDKDMFQETMEAMR IMGI PEEEQMGLLRVISGVLQLG
NIVFKKERNTDQASMPDNTAAQKVSHLLGINVTDFTRGILTPRIKVGRDYVQKAQTKEQADFATIEALAKA
TYERMFRWLVLRINKALDKTKRQGASFIGILDIAGFEIFDLNSFEQLCINYTNEKLQQLFNHTMFILEQE
EYQREGIEWNFIDFGLDLQPCIDLIEKPAGPPGILALLDEECWFPKATDKSFVEKVMQEQGTHPKFQKPK
QLEDKADFCIIHYAGKVDYKADEWLMEKNMDPLNDNIATLLHQSSDKFVSELWKDVDRI IGLDQVAGMSET
ALPGAFKTRKGMFRTVGQLYKEQLAKLMATLRNTNPNFVRCIIPNHEKKAGKLDPHLVLDQLRCNGVLEG
IRICRQGFPNRVVFQEFRQRYEILTPNSIPKGFMDGKQACVLMIKALELDSNLYRIGQSKVFFRAGVLAH
LEEERDLKITDVIIGFQACCRGYLARKAFAKRQQOQLTAMKVLORNCAAY LKLRNWOWWRLFTKVKPLLOV
SROEEEMMAKEEELVKVREKQLAAENRLTEMETLOSQOLMAEKLQOLOEQLOAETELCAEAEELRARLTAKK
QELEEICHDLEARVEEEEERCQHLQAEKKKMQONIQELEEQLEEEESARQKLQLEKVTTEAKLKKLEEEQ
IILEDQNCKLAKEKKLLEDRIAEFTTNLTEEEEKSKSLAKLKNKHEAMITDLEERLRREEKQRQELEKTR
RELEGDSTDLSDQIAELQAQIAELKMOLAKKEEELQAALARVEEEARQKNMALKKIRELESQISELQEDL
ESERASRNKAEKQKRDLGEELEALKTELEDTLDS TAAQQELRSKREQEVN I LEKTLEEEAKTH IQEM
\EQLEQTKRVKANLEKAKOTLENERGELANEVKVLLQGKGDSEHKRKKVEAQLQELQVK
FNEGER1 VTKLQVELDNVTGLLSQSDSKSSKLTKDFSALESQLODTQELLOEEN thLSLSTK
LKQVEDEKNSFREQLE HNLEKQIATLHAQVADMKKKMEDSVGCLETAEEVKRKLQKDLEG 2
HLb/VAAYDKLEKTKTRLQQELDDLLVDLDHQRQSACNLEKKQKKFDQLLAEEKTISAKYAEERDRAEAE
AREKETKALSLARALEEAMEQKA SKDDVGKSVHELEKSKRALEQQVEEMKTQ
LEELEDELQATEDAKLRL ) B JSEEKKKQLVRQVREMEAELEDERKQRSMAVA
ARKKLEMDLKDLEAHIDSANKNRDEAIKQLRKLQAQMKDCMRELDDTRASREEILAQAKENEKKLKSMEA
EMIQLQEELAAAERAKR(D = KGALALEEKRRLEARIAQLEEELEEEQGNTELIND
RLKKANLQIDQINTDLNLERSHAQKNENARQQLERQNKELKVKLQEMEGTVKSKYKASITALEAKIAQLE
EQLDNETKERQAACKQVRRTEKKLKDVLLOV RNAEQYKDQADKASTRLKQLKRQLEEAEEEAQRAN
ASRREKLQRELEDATETADAMNREVSSLKNKLRRGDLPFVVPRRMARKGAGDGSDEEVDGKADGAEAKPAE

Identification of p95—p95 was detected by #1234 in
apoptotic cells but not in non-apoptotic cells. We believe
that p95 was produced by proteolysis during apoptosis
because 1234 is a cleavage-site—directed antibody that is
designed to react with the carboxyl-terminal region of a
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Fig. 6. Identification of p95 by pep-
tide mass spectrometry fingerprint-
ing. Purified p95 was digested with
lysyl endopeptidase as described in
“MATERIALS AND METHODS.” The molecu-
lar mass of the derived peptides was
measured by MALDI-TOF mass spec-
trometry. A, Mass fingerprinting of p95.
B, Amino acid sequence of nonmuscle
myosin heavy chain-A (NMHC-A). The
peptides on which fingerprinting was
performed are indicated by the red-
letters.

cleaved amino-terminal calpastatin fragment. Subse-
quently, we attempted to identify the p95 fragment. To
identify p95, we purified it from apoptotic Jurkat cells. It
was observed that p95 was localized in the water-insolu-
ble fraction of apoptotic cells. Additionally, p95 was not
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Table 1. Amino-terminal sequencing of p95.

Identification in NMHC-A
DTLD,;55*STAAQQELRS

Amino-terminal sequence

STAAQQELRS

recovered by ultracentrifugation (100,000 x g for 60 min
at 4°C) following treatment with 0.1% (w/v) Triton X-100
(data not shown). After several purification steps, as
described in “MATERIALS AND METHODS,” p95 was purified
to an extent to which it could be excised as a single band
on SDS-PAGE and subjected to lysyl endopeptidase
digestion. The resulting peptides were analyzed by
MALDI-TOF mass spectrometry (Fig. 6A), and a protein
database search revealed that p95 is identical to nonmus-
cle myosin heavy chain-A (NMHC-A) (NCBI accession
P35579). Figure 6B shows identical peptides located in
the carboxyl-terminal region of NMHC-A. Furthermore,
as shown in Table 1, the amino-terminal sequence of p95
is STAAQQELRS, indicating that NMHC-A is cleaved at
Asp-1153.

Determination of the Cleavage Site in the Carboxyl-Ter-
minal Region of NMHC-A—From the results of peptide
mass fingerprinting analysis and amino-terminal
sequencing, p95 was identified as the carboxyl-terminal
fragment of NMHC-A. We considered that p95 would be
cleaved in its carboxyl-terminal region, and that this
polypeptide would have an aspartic acid residue at the
end of the carboxyl-terminus, because #1234 was designed
to react with the carboxyl-terminal region of the cleaved
amino-terminal calpastatin fragment. We then investi-
gated the epitope of #1234 to determine the cleavage site
in the carboxyl-terminal of p95, because the epitope of
#1234 coincides with the cleavage site. To determine the
epitope of #1234, we performed immunoabsorption using
synthetic peptides from the carboxyl-terminal region of
NMHC-A, as described in “MATERIALS AND METHODS.” We
suspected that the carboxyl-terminal region of NMHC-A
was cleaved by caspase because p95 was detected in
apoptotic cells. First, we considered that the carboxyl-ter-
minal region of NMHC-A was cleaved by caspase-3 and/
or caspase-7. p95 contains three caspase-3/-7 consensus
motifs, DLKD,4; (peptide A in Fig. 7A), DQAD;g4 (pep-
tide B), and DGSD,y4 (peptide C); however, these pep-
tides did not inhibit the detection of p95 by #1234 (Fig.
7B, peptides A-C). Next, we synthesized six peptides
derived from the carboxyl-terminal region from Asp;gy, to
Aspqgs (peptides D-I in Fig. 7A). To assess the inhibition
of binding between #1234 and p95, one peptide compris-
ing residues 1939-1948 of NMHC-A inhibited the detec-
tion of p95 by #1234 (Fig. 7, A and B, peptide H).

Detection of Three Cleaved NMHC-A Fragments in
Apoptotic Cells—The results of amino-terminal sequenc-
ing and immunoabsorption analysis showed that during
apoptosis, NMHC-A was cleaved at two sites, Asp-1153,
and Asp-1948. To detect the cleaved NMHC-A fragments,
two cleavage-site—directed antibodies were raised against
the amino-terminal cleavage site (#1439) and the car-
boxyl-terminal cleavage site (#1522). A commercially
available anti-nonmuscle myosin antibody detected a
205-kDa protein, presumably related to unprocessed
NMHC-A in non-apoptotic cells, and also detected 204-
kDa and 95-kDa polypeptides in apoptotic cells (Fig. 8A).
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A
peptide: A 1161ARKKLEMDLKD1621

B  18s8AEQYKDQAD18s6

C  1934MARKGAGDGSD1944
D  1893RRKLQRELED1902

E 1899ELEDATETAD1908

F  1916SLKNKLRRGD1925

G  19322RRMARKGAGD1941

H  193sAGDGSDEEVD1948

| 1943SDEEVDGKAD1952
B
R4
R QQ)Q\\ .
& @Q peptide
oQ :\9
ES CDETFGH I]

Y1
m M—oﬂ W e-95 kDa

Fig. 7. Inmunoabsorption of #1234 using synthetic peptides
derived from NMHC-A. Synthetic peptides derived from the car-
boxyl-terminal region of NMHC-A were incubated with #1234 for 4
h at 4°C. A, Amino acid sequences of the synthetic peptides. Residue
numbers are aligned with NMHC-A. B, Immunoblotting was per-
formed using a peptide-antibody complex as the first antibody.

#1439 did not detect any proteins in non-apoptotic cells,
but detected a 125-kDa fragment (p125) in apoptotic cells
(Fig. 8B). Additionally, #1522 did not detect any proteins
in non-apoptotic cells, whereas it detected both 204-kDa
(p204) and 95-kDa (p95) fragments in apoptotic cells (Fig.
8C). The schematic representation of NMHC-A, including
the cleavage sites and antibody recognition regions, are
presented in Fig. 8D. Next, we examined the cleaved
NMHC-A fragments using confocal immunofluorescence
microscopy. We recognized four apoptotic phases depend-
ing on the staining pattern of the nuclear DNA by propid-
ium iodide as follows: (i) non-apoptotic phase (Fig. 9, pan-
els a, e, and i), (ii) early apoptotic phase (slight nuclear
DNA condensation) (panel b, f, and j), (iii) nuclear DNA
condensed phase (nuclear DNA completely condensed at
the perinuclear region) (panels ¢, g, and k), and (iv)
nuclear fragmented phase (panels d, h, and 1). NMHC-A,
detected by an anti-nonmuscle myosin antibody, was seen
to be distributed diffusely in the non-apoptotic phase
(Fig. 9, panel a); however, the distribution changed to
condensed dots in the nuclear fragmented phase (panel
d). The amino-terminal fragment of NMHC-A (p125),
detected by #1439, was not observed in the non-apoptotic
and early apoptotic phases (Fig. 9, panels e and f); how-
ever, it was detected diffusely in the cytoplasm in both
the nuclear DNA condensed and the nuclear fragmented
phases (panels g and h). Furthermore, the carboxyl-ter-
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minal cleaved fragments (p204 and p95) detected by
#1522 were not observed in the non-apoptotic phase (Fig.
9, panel i). However, these fragments were detected dif-
fusely in the early apoptotic and nuclear DNA condensed
phases (panels j and k), and detected as condensed dots
in the nuclear fragmented phase (panel 1). In the nuclear
fragmented phase, similar staining patterns were
observed when both the anti-nonmuscle myosin antibody
and #1522 were used.

DISCUSSION

Cells undergoing apoptosis show diagnostic morphologi-
cal features that include the condensation of chromatin,
membrane blebbing, cell shrinkage, and cellular frag-
mentation. It has been reported that various cytoskeletal
proteins, such as a-fodrin (32), gelsolin (33), B-catenin
(34), vimentin (30, 35), and actin (36), are cleaved by cas-
pases, and that the proteolysis of these proteins induces
the morphological changes that occur during apoptosis
(33, 35, 36). In this study, we found that nonmuscle
myosin heavy chain-A (NMHC-A), a cytoskeletal protein,
is cleaved during apoptosis in human Jurkat T cells.
Myosin is a hexametric protein that consists of two heavy
chain subunits, two alkaline light chain subunits, and
two regulatory light chain subunits (27). Cellular myosin
appears to play a role in cytokinesis, stress fiber pulling,
maintenance of the cortical actin layer, and secretion of
vesicles (37, 38).

We have already reported that calpastatin is cleaved
during apoptosis (18). This cleavage is mediated by cas-
pase-3 and/or caspase-7 and produces a 90-kDa fragment
that can be detected by an antibody raised against the
carboxyl-terminal region of calpastatin. In this study, we
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Fig. 8. Defining cleaved NMHC-A fragments by
using cleavage-site-directed antibodies. Cells
were treated with staurosporine for 12 h and sam-
pled for immunoblotting. Staining during immunob-
lotting was performed using an anti-nonmuscle
myosin antibody (panel A), #1439 raised against res-
idues 1143-1153 of NMHC-A (B), and #1522 raised
against residues 1934-1948 of NMHC-A (C). 1, con-
trol cells without staurosporine; 2, apoptotic cells.
Arrows show unprocessed NMHC-A (205 kDa in
panel A), the amino-terminal fragment (125 kDa in
B), and the carboxyl-terminal cleaved fragments (204
kDa and 95 kDa in A and C). D: Schematic structure

EE{?‘SiGKAD of NMHC-A. NMHC-A consists of globular head

domain (dark gray) , rod-like tail domain (light gray),
and nonhelical tailpiece (gray). Cleavage sites are
indicated and the lengths of the cleaved fragments
are shown in panels B and C are expressed as molec-
! ular mass on SDS-PAGE as well as residue number.
! The epitope regions of #1349 and #1522 are indicated
! by bold bars.
1
1
1
1

#1522

produced a cleavage-site—directed antibody (#1234)
designed to detect the cleaved amino-terminal fragment
of calpastatin with an expected molecular mass of
approximately 30 kDa. This antibody detected an in vitro
cleaved amino-terminal fragment of calpastatin (35 kDa),
but not in apoptotic Jurkat cells. It has been reported
previously that the amount of the 90-kDa calpastatin
fragment is lower than expected from the reduction in
molecular mass; this fragment probably undergoes fur-
ther degradation by some as yet unidentified proteases
(18). The amino-terminal fragment might also undergo
further degradation similar to the 90-kDa fragment.

In this study, we unexpectedly detected a 95-kDa
polypeptide (p95) using #1234 in apoptotic cells, and this
p95 was identified as the carboxyl-terminal fragment of
NMHC-A by peptide mass spectrometry analysis and
amino-terminal sequencing. In addition, we determined
the presence of two cleavage sites in NMHC-A. The first,
Asp-1153, was determined by amino-terminal sequenc-
ing, which showed that p95 is generated by cleavage after
the P, aspartic acid residue, DTLD, ;55/S. The other cleav-
age site is Asp-1948. Since the cleavage-site—directed
antibody is designed to react with either a newly appear-
ing amino-terminal region or a carboxyl-terminal region
(19), the epitope of this type of antibody coincides with
the cleavage site. Based on this theory, we determined
the cleavage site at Asp-1948 in NMHC-A by immunoab-
sorption using synthetic peptides, the results of which
showed that p95 is produced by cleavage after the P1
aspartic acid residue EEVD,o,4/G. Cleavage at both Asp-
1153 and at Asp-1948 must be mediated by caspase(s)
because pan-caspase inhibitors, but not other protease
inhibitors, prevented the appearance of p95 in vivo, and
all known caspases cleave after P, aspartic acid residues
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Fig. 9. Detection of cleaved NMHC-A fragments by confocal
immunofluorescence microscopy. Staurosporine treated cells
were fixed as described in “MATERIALS AND METHODS” and prepared
for confocal immunofluoresence microscopy using anti—nonmuscle
myosin antibody (panels a, b, ¢, and d), #1439 (e, f, g, and h), and
#1522 (i, j, k, and 1), respectively. Cells were double labeled with pro-

(I). Among caspases, caspase-3 and/or caspase-7 could
mediate the cleavage of NMHC-A, since the appearance
of p95 was inhibited by the caspase-3/-7 specific inhibitor,
Ac-DEVD-CHO. Between the two cleavage sites in
NMHC-A, DTLD,;55/S fits the caspase-3/-7 consensus
motif, DXXD, while EEVD,o,s/G does not. Crystal struc-
ture analyses of the caspase-3 complex with the tetrapep-
tide inhibitor Ac-DEVD-CHO or Ac-DVAD-fluoromethyl-
ketone show that the P, aspartic acid side chain is envel-
oped in a narrow pocket that can accommodate small
acidic or hydrophilic side chains (39, 40). On the basis of
these crystal structure analyses, caspase-3, and possibly
caspase-7, might recognize the glutamic acid residue in
the P, position instead of the aspartic acid residue. We
attempted to construct a recombinant NMHC-A to deter-
mine whether caspase-3/-7 cleaves NMHC-A at the two
identified cleavage sites; however, we were unable to
obtain the ¢cDNA of NMHC-A by RT-PCR from Jurkat
RNAs.

The results of immunoabsorption indicate that #1234
reacts with the carboxyl-terminal sequence, EEVD-
COOH, of p95. #1234 was raised against the carboxyl-ter-
minal region of the cleaved amino-terminal calpastatin
fragment. The carboxyl-terminal sequence of the antigen
peptide is DAID-COOH. Comparing these carboxyl-ter-
minal sequences, the P; aspartic acid residue can be iden-

pidium iodide, which binds to nuclear DNA. Antibody staining is
shown in green and nuclear DNA staining in red. The apoptotic
phase was classified into groups depending on the staining pattern of
nuclear DNA as follows: non-apoptptic phase (panels a, e, and i),
early apoptotic phase (b, f, and j), nuclear DNA condensed phase (c,
g, and k), and nuclear fragmented phase (d, h, and I).

tified. In addition, the P, residues, valine in p95 and iso-
leucine in the antigen, are classified into the hydrophobic
amino acid group, and the P, residues, glutamic acid in
p95 and aspartic acid in the antigen, are classified into
the acidic amino acid group. Although the P, residues are
classified into different amino acid groups, #1234 was able
to cross react with the carboxyl-terminal sequence in p95
because the P;, Py, and P, residues in p95 and the antigen
peptide are classified into the same amino acid groups.
As shown in Fig. 8, we detected three cleaved NMHC-A
fragments using two cleavage-site—directed antibodies,
#1439 and #1522, against each cleavage site; the amino-
terminal fragment of NMHC-A was detected as a 125
kDa fragment (p125) by #1439, whereas the carboxyl-ter-
minal cleaved fragments were detected as a 204 kDa
fragment (p204) and a 95 kDa fragment (p95) by #1522.
Furthermore, we also detected these cleaved NMHC-A
fragments by confocal immunofluorescence microscopy
using #1439 and #1522, respectively. The results of confo-
cal imaging indicate that the cleavage at Asp-1948
occurred faster than that at Asp-1153 because the amino-
terminal fragment was detected by #1439 in the nuclear
DNA condensed phase, while the carboxyl-terminal
cleaved fragments were detected by #1522 in the early
apoptotic phase. NMHC-A contains two domains, a glob-
ular head domain at the amino-terminus, and a rod-like
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tail domain in the carboxyl-terminal region. The globular
head domain associates with actin, ATP, and myosin
light chains, whereas the rod-like tail domain has no
binding motifs; however, this domain contains a 28-resi-
due repeat pattern composed of four heptapeptides,
which is a characteristic of o-helical coiled-coils (41).
Moreover, the rod-like tail domain has a short nonhelical
sequence, referred to as a nonhelical tailpiece, at the car-
boxyl-terminus, and this nonhelical tailpiece regulates
myosin assembly (28, 29). On the basis of these reports,
NMHC-A might disassemble and/or change from a dimer
conformation by cleavage at Asp-1948 because one cleav-
age site, Asp-1948, exists in the nonhelical tailpiece. Sub-
sequently, the other cleavage site, Asp-1153, would be
exposed on the molecular surface by the cleavage of the
nonhelical tailpiece; then, protease(s) such as caspase(s)
could cleave at Asp-1153. In addition, as shown in Fig. 9,
although the amino-terminal fragment was distributed
diffusely, the carboxyl-terminal cleaved fragments were
detected as condensed dots in the nuclear fragmented
phase. These results suggest that the distribution of
cleaved fragments is different in apoptotic cells. It has
previously been reported that the overexpression of an
amino-terminal region-deleted NMHC-A mutant induces
cell rounding with rearrangement of actin filaments in
HelLa cells (42). In rounding cells, the deleted mutant co-
localizes with native NMHC-A, and the condensed dots
appear similar to those observed in our results. p95 con-
sists of a rod-like tail domain that forms a-helical coiled-
coils, and this fragment could easily self-assemble under
physiological conditions (29). From these findings, we
conclude that the carboxyl-terminal cleaved fragments,
p204 and p95, could aggregate. As a result of this aggre-
gation, we observed condensed dots in the nuclear frag-
mented phase cell. On the other hand, the amino-termi-
nal fragment, p125, was distributed diffusely in the
cytoplasm. Since p125 contains a globular head domain,
unlike p95, this domain can not self-assemble. In this
case, p125 would distribute diffusely in apoptotic cells. In
addition, we obtained the same staining patterns using
an anti-nonmuscle myosin antibody and #1522 in the
nuclear fragmented phase. Although we do not know the
epitope of the anti-nonmuscle myosin antibody, it could
react with the rod-like tail domain in NMHC-A because it
detects p95 but not p125 in apoptotic cells, as shown in
Fig. 8. We obtained the same results with both an anti-
nonmuscle myosin antibody and #1522 when the anti-
nonmuscle myosin antibody reacted with the rod-like tail
domain.

Suarez-Huerta et al. also reported the cleavage of
NMHC-A in bovine aortic endothelial cells during apop-
tosis (30). They detected the cleaved NMHC-A fragment
(97 kDa) in 2D-PAGE and identified it by partial amino-
terminal sequencing. This 97-kDa fragment is similar to
the p95 found in this study, because the authors men-
tioned that all amino acid sequences obtained by partial
amino-terminal sequencing are located in the carboxyl-
terminal region of NMHC-A. Although Suarez-Huerta et
al. reported NMHC-A cleavage during apoptosis, they did
not observe the cleaved amino-terminal fragment. Fur-
thermore, they were unable to determine the cleavage
sites in NMHC-A. However, NMHC-A cleavage must be a
general phenomenon during apoptosis because the
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results of Suarez-Huerta et al. and those of this study are
similar with regard to NMHC-A cleavage in different
types of cells. We have presented new findings about
NMHC-A cleavage during apoptosis.

Figure 3 shows the 110-kDa protein (p110) detected by
#1234 in non-apoptotic Jurkat cells, and this protein was
not detected in apoptotic cells. Since the appearance of
p95 occurs in parallel with the disappearance of p110, we
first estimated that p110 could produce p95 by proteoly-
sis during apoptosis. However, p110 was identified as an
ATP and peptide-binding protein in germ cells-2 (Apg-2)
(43) (data not shown). The carboxyl-terminus of Apg-2 is
EMDID-COOH, whose sequence resembles that of the
#1234 antigen peptide; #1234 could then cross-react with
this protein. Apg-2 is a member of the heat shock protein
(Hsp) 110 family and is expressed in all tissues including
leukocytes (43). It has been reported that Hsp 70 is an
effective inhibitor of apoptosis and exerts its anti-apop-
totic function downstream of caspase-3 (44, 45). Further-
more, Hsp 27 also inhibits apoptosis to prevent cyto-
chrome c-dependent caspase-9 activation (46). Based on
these reports, Apg-2 is probably concerned with apopto-
sis. However, the mechanism of the disappearance of
Apg-2 during apoptosis is unknown.

Finally, we discuss the biological significance of
NMHC-A cleavage during apoptosis. As noted earlier, cel-
lular myosin has been implicated in various cellular proc-
esses. In apoptosis, myosin appears to be concerned with
membrane blebbing, because the inhibition of the myosin
motor activity prevents bleb formation (47). Further-
more, cell rounding with actin filament rearrangement is
induced by the overexpression of the carboxyl-terminal
region of NMHC-A (42). Various cytoskeletal proteins are
cleaved during apoptosis, and these cleavages will con-
tribute to the diagnostic morphological features of apop-
tosis. Based on these results, myosin is also implicated in
the apoptotic morphological changes, and the cleavage of
NMHC-A appears to be an important factor for morpho-
logical change during apoptosis.

We thank Nozomi Ichikawa for technical assistance in the
peptide synthesis.
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