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by acetylleucine chloromethyl ketone in U937 cells
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Abstract

We examined whether any changes were induced in cellular proteins by an inhibitor of acylpeptide hydrolase (ACPH) (EC 3.4.19.1),
acetylleucine chloromethyl ketone (ALCK), which was shown in our previous report to induce apoptosis of human U937 cells. Extract
prepared from U937 cells in 0.05% Triton X-100-PBS was incubated with ALCK at 37°, and then analyzed using SDS-PAGE. A 36 kDa
protein in the cell extract was decreased markedly during the incubation period. This protein was purified and identified as
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) by its specific enzyme activity, N-terminal amino acid sequence,
and Western blotting. Incubation of purified GAPDH with ALCK resulted in a decrease of GAPDH activity, but not in a decrease in the
amount of GAPDH. The ALCK-induced GAPDH decrease in the cell extract was abrogated by co-incubation with a serine protease
inhibitor, diisopropyl fluorophosphate, suggesting that GAPDH was first inactivated by ALCK, and subsequently degraded by a serine
protease(s). GAPDH degradation was also observed in U937 cell cultures in the presence of ALCK. The significance of GAPDH

inhibition in the apoptotic process is discussed. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

In our previous work, ALCK, an inhibitor of ACPH (EC
3.4.19.1), was shown to induce apoptosis in monoblastic
U937 cells [1]. The mechanism by which ALCK triggers
apoptosis has not been elucidated. ACPH, which catalyzes
the hydrolysis of an N-acylated peptide to an acylamino
acid and a residual peptide, is widely distributed in various
kinds of cells, although there are differences depending on
the species and tissue examined [2-5]. Recently, ACPH
was shown to have a novel function, that of hydrolyzing
oxidized proteins [6]. N-Acetylation is a ubiquitous struc-
tural modification of eukaryotic proteins, which has been
suggested to regulate the metabolism of cellular proteins
[7,8]. Therefore, we expected that protein profiles would be
changed in U937 cells by ALCK exposure.

“ Corresponding author. Tel.: +-81-42-721-1564; fax: +81-42-721-1563.

E-mail address: hojo@ac.shoyaku.ac.jp (H. Hojo).
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Using SDS-PAGE, we compared the protein bands of a
U937 cell extract after incubation with or without ALCK,
and found that a 36 kDa protein identified as GAPDH (EC
1.2.1.12) was decreased. Since the activity of purified
GAPDH was inhibited directly by ALCK, modification
of GAPDH by ALCK might target it for digestion by a
serine protease(s).

2. Materials and methods
2.1. Chemicals

ALCK was synthesized from r-leucine chloromethyl
ketone HCI (LCK, Sigma), as described previously [1].
Etoposide, human erythrocyte GAPDH, and glyceralde-
hyde-3-phosphate (GAP) were obtained from Sigma.
B-NAD was purchased from the Oriental Yeast Co.

2.2. Culture of U937 cells and preparation of extracts

A human leukemia cell line, U937, was a gift from the
Cell Resource Center for Biomedical Research, Institute of
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Fig. 1. Effect of ALCK on the protein profile of U937 cell extracts. U937 cell extracts were incubated with either ALCK, LCK, or etoposide at 37 or 4° for
3 hr. Triton X-100 soluble cellular proteins were separated on 10% SDS-PAGE and visualized by silver staining. Similar results were obtained in multiple

separate experiments.

Development, Aging and Cancer, Tohoku University.
U937 cells were cultured in RPMI 1640 medium (Nissui
Pharmaceutical Co.) supplemented with 10% (v/v) fetal
bovine serum and 2 mM L-glutamine at 37° in a 95% air
and 5% CO, atmosphere. U937 cells were seeded at a
concentration of 1 x 10%mL and cultured for 3 days. To
prepare the cell extracts, 5 x 10% U937 cells were col-

i Purified 36 kDa

lected, washed twice in 0.5 mL of ice-cold calcium- and
magnesium-free PBS, and treated at 37° for 1 min in PBS
containing 0.05% (v/v) Triton X-100. The cell lysates were
centrifuged at 10,000 g for 10 min at 4°, and the resultant
supernatants were used for analysis. Protein concentration
was determined by the method of Bradford [9], using BSA
as a reference standard.

GKVKVGVNGFGRIG

(A)  (kDa) 1 (B)
97 At < i
66 —— =
45 --mz
36 —= .
31 —
14
o
ALCK 0 100 0 (uM)
Cell extract + o+ -
Purified 36 kDa - -+

{ Human GAPDH

1 MGKVKVGVNGFGRIG

RLVTRAAFNSGKVDIV
16RLVTRAAFNSGKVDIV 34

AINDPFIDLNYMVY
31 AINDPFIDLNYMVYMFQY~ .

Fig. 2. Analysis by SDS-PAGE of purified 36 kDa protein and its N-terminal amino acid sequence. The 36 kDa protein was purified from a U937 cell extract
as described in Section 2 and applied to 10% (v/v) SDS-PAGE. (A) Protein bands visualized by silver staining. (B) Analysis of the N-terminal amino acid

sequence of the 36 kDa protein and alignment with that of human GAPDH.
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2.3. Electrophoresis and Western blotting of U937 cell
extracts treated with ALCK, LCK, or etoposide

U937 cell extracts (0.2 mg/mL) were incubated with
ALCK, LCK, or etoposide at 4 or 37° for 3 hr, and aliquots
of samples (0.75-1.00 pg protein) were subjected to analysis
by SDS-PAGE on duplicate 10% (w/v) gels. After electro-
phoresis, one gel was stained with silver, while the counter-
part gel was blotted on a polyvinylidene difluoride membrane
at 80 mA for 1 hr. The blotted membrane was blocked for
30 min in PBS containing 0.5% (w/v) non-fat dry milk, and
then probed for 1.5 hr with 1.0 ug/mL of a monoclonal
antibody against GAPDH (6GS5, Biogenesis). The bound
antibody was visualized with an Immunoblotting ABC-
POD Kit (Wako Pure Chemical) and diaminobenzidine.

2.4. Purification of a 36 kDa protein and
sequencing of its amino acids

A U937 cell extract prepared from 10® U937 cultured
cells was diluted in 100 mL of 20 mM phosphate buffer
(pH 7.4) and passed through a DEAE-5PW column
(21.5mm x 150 mm, Tosoh) equilibrated with 20 mM
phosphate buffer (pH 7.4). The unbound fractions were
collected and concentrated in an Amicon microconcen-
trator with a 10 kDa cut-off. The concentrate was applied
to a CM-5PW (7.5mm x 75 mm, Tosoh) column equili-
brated with 20 mM phosphate buffer (pH 7.4), and eluted
with a NaCl (0-0.5M) linear gradient. The fraction
containing the 36 kDa protein was eluted through Protein-
Pak 300 (7.8 mm x 300 mm, Nihon Waters). The 36 kDa
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Fig. 3. Concentration- and time-dependent decrease in GAPDH activity and GAPDH protein in a U937 cell extract following incubation with ALCK. A U937
cell extract was incubated with ALCK (20, 40, and 80 pM) and LCK (80 uM) at 37°. (A) Analysis by Western blotting of the amount of GAPDH, using an
anti-human GAPDH monoclonal antibody. (B) Analysis of immunoblots using NIH image software (@, control; A, 20 pM ALCK; W, 80 uM ALCK). In this
same panel, GAPDH activity is expressed as NADH production (O, control; A\, 20 pM ALCK; [, 80 pM ALCK). Values of NADH production are means for
three separate experiments performed in quadruplicate. Values of band density are means for, and immunoblots are representative of, these three experiments.
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protein-enriched fraction was analyzed by an N-terminal
amino acid sequencer, Procise491 (PE Biosystems).

2.5. Assay for GAPDH activity in U937 cell extracts
treated with ALCK

GAPDH activity was determined according to the pro-
cedure of Dimmeler et al. [10] with minor modifications.
The U937 cell extract (30 ng protein/assay) was treated
with 20 uM ALCK in 20 mM phosphate buffer (pH 7.4) in
a total volume of 100 pL at 37° for 3 hr. Then it was added
to 400 pL of pre-warmed 50 mM triethanolamine buffer
(pH 7.5) containing 50 pM arsenate, 2.4 mM glutathione,
0.4 mM NAD, and 150 ng/mL of GAP. GAPDH activity
was determined by NADH production measured at 340 nm
for 3 min at 37°.

3. Results

3.1. Decrease of the 36 kDa protein in U937 cell
extracts by incubation with ALCK

Freshly cultured U937 cells were extracted with PBS
containing 0.05% (v/v) Triton X-100 and centrifuged. The
supernatants were incubated with 100 uM ALCK at 37 or
4° for 3 hr, and proteins were separated by SDS—PAGE and
visualized by silver staining. The 36 kDa protein band was
shown to be selectively decreased by ALCK in a concen-
tration-dependent manner, at 37° but not at 4° (Fig. 1). The
reduction of the 36 kDa protein band was not caused by
LCK, a precursor in the synthesis of ALCK, which neither
inhibits ACPH activity nor induces apoptosis of U937 cells
[1], or by etoposide, which induces apoptosis of U937 cells
without inhibiting ACPH activity [1].

3.2. Sequence of the 36 kDa protein decreased by
incubation with ALCK

The 36 kDa protein was purified from a U937 cell
extract prepared from 10® cells, using conventional chro-
matographic techniques as described in Section 2, to one
band on SDS-PAGE (Fig. 2A). The N-terminal amino acid
sequence of the purified 36 kDa protein was analyzed using
BLAST (Protein Database Search Programs). The N-term-
inal amino acids (1-44) were shown to be identical to those
deduced from human liver GAPDH cDNA [11] (Fig. 2B).

3.3. Effect of ALCK on GAPDH activity and GAPDH
amount in a U937 cell extract and a purified GAPDH
preparation

The cell extract or a purified GAPDH preparation (seen as
one band on SDS-PAGE) was tested for GAPDH activity
and GAPDH amount after incubation with and without
ALCK. Both the activity and the amount of GAPDH in

the U937 cell extract were decreased by ALCK treatment in
a concentration- and time-dependent manner (Fig. 3). The
inhibition of GAPDH appeared to precede the decrease of
GAPDH protein. In contrast, in the case of the purified
GAPDH sample, GAPDH activity was inhibited (Fig. 4A),
but the amount of GAPDH was not decreased by ALCK
treatment (Fig. 4B). Neither GAPDH activity nor GAPDH
amount in U937 cell extracts was affected by LCK treatment
(Fig. 4A and B). The data suggest that GAPDH might be
modified directly by ALCK to lose its activity. As a result,
GAPDH may be digested by a proteolytic enzyme(s) con-
tained in the U937 cell extract.

3.4. Effects of various protease inhibitors on the decrease
of GAPDH in U937 cell extracts treated with ALCK

U937 cell extracts were incubated with ALCK in com-
bination with various protease inhibitors. Among the pro-
tease inhibitors used, diisopropyl fluorophosphate (DFP), a
serine protease inhibitor, completely prevented the
GAPDH decrease in the presence of ALCK, while chy-
mostatin only partially abrogated it. However, the other
types of serine protease inhibitors (leupeptin, antipain, and
elastatinal), metalloproteinase inhibitors (EDTA, EGTA,
and phosphoramidon), and an aspartic protease inhibitor
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Fig. 4. Change in the activity and amount of the purified GAPDH sample
by incubation with ALCK. GAPDH purified from U937 cells was
incubated with ALCK (20, 40, and 80 uM) and LCK (80 uM) at 37° for
3 hr. (A) GAPDH activity was expressed as NADH production. (B) The
amount of GAPDH was analyzed by Western blotting, using an anti-human
GAPDH monoclonal antibody, and immunoblots were analyzed using NIH
image software. NADH production is expressed as mean & SEM for three
separate experiments performed in quadruplicate. Band density values are
means for, and immunoblots are representative of, these three experiments.
Key: (*) significantly different from control, P < 0.001.
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Fig. 5. Effects of various protease inhibitors on the reduction of GAPDH protein in U937 cell extracts in the presence of ALCK. U937 cell extracts were
incubated with 100 pM ALCK in combination with various protease inhibitors at 37° for 3 hr. Each cell extract was analyzed by Western blotting using anti-
human GAPDH monoclonal antibody, and immunoblots were analyzed using NIH image software. Band density values are means for, and immunoblots are

representative of, three separate experiments.
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Fig. 6. Effect of ALCK on GAPDH in U937 cell culture. U937 cells were
cultured with ALCK or LCK (80 uM) at 37° for 9 and 12hr in a
humidified 5% CO, incubator. Extracts prepared from the cells were
analyzed by Western blotting, using an anti-human GAPDH monoclonal
antibody. Similar results were obtained in two separate experiments.

(pepstatin A) did not prevent the degradation of GAPDH
(Fig. 5). These data suggest that a serine protease(s) is
responsible for the digestion of ALCK-modified GAPDH
in the U937 cell extract.

3.5. Loss of GAPDH protein in U937 cells treated
with ALCK in culture

We tested whether ALCK induced a reduction of
GAPDH in the U937 cell culture system. U937 cells were
cultured in the presence of ALCK or LCK, and then were
extracted with 0.05% (v/v) Triton X-100-PBS and analyzed
by Western blotting. The amount of GAPDH was decreased
by culturing U937 cells with ALCK for 9 and 12 hr (Fig. 6).

4. Discussion
Incubation of U937 cell extracts in the presence of an

ACPH inhibitor, ALCK, resulted in a decrease of GAPDH
activity and GAPDH protein. The inhibition of GAPDH

activity occurred prior to the decrease of GAPDH protein
during the incubation period. When purified GAPDH was
incubated with ALCK, GAPDH activity was decreased,
but GAPDH protein was not. Reduction of GAPDH by
ALCK was also induced in cultured U937 cells. Therefore,
it is possible that ALCK directly modifies the GAPDH
molecule causing it to lose its activity and, simultaneously
targets it for subsequent degradation by a protease(s) by
altering its conformation. ALCK is known as a very
effective irreversible inhibitor of ACPH [12]. An active
site residue attacked by ALCK was identified as histidine-
707, and, furthermore, the modification of a cysteine
residue by ALCK was also suggested to be responsible
for the inhibition of ACPH [12]. Human GAPDH is known
to have these histidine and cysteine residues [13]. The
residues in GAPDH modified by ALCK should be ana-
lyzed in a subsequent study. It is unlikely that the GAPDH
degradation by ALCK occurs due to inhibition of ACPH,
because an inhibitor of ACPH, ebelactone A [12], did not
induce GAPDH degradation in the U937 cell extract (data
not shown). The proteolytic enzyme, which participates in
the degradation of GAPDH in the cell extract, may be a
member of the serine protease family, because the decrease
of GAPDH was abrogated by co-incubation with DFP, but
not with other specific serine protease inhibitors such as
leupeptin, antipain, or elastatinal.

Intracellular proteins in mammalian cells are degraded
through different pathways. The in vitro inactivation
mechanisms of GAPDH, an integral enzyme in the glyco-
lytic pathway, have been studied [14-16]. GAPDH is
degraded, at least in part, by a selective lysosomal pathway
[15,16], different from the classical non-specific macro-
autophagy. Chymostatin, which was reported to effectively
inhibit the intralysosomal proteolysis of GAPDH [16],
could partially prevent ALCK-induced GAPDH degrada-
tion (Fig. 5). It remains unclear what kinds of lysosomal or
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non-lysosomal serine proteases are involved in ALCK-
induced GAPDH degradation.

Recent evidence demonstrates that GAPDH has a num-
ber of diverse roles such as in membrane fusion, micro-
tubule bundling, phosphotransferase activity, nuclear
RNA export, DNA replication, and DNA repair [17], in
addition to the classical role in glycolysis for energy
production. With regard to apoptosis, there is contradic-
tory evidence. In normal cerebellar granule cells, GAPDH
is increased markedly during age-induced apoptosis, and
the antisense DNA for GAPDH suppressed age-induced
neuronal apoptosis, suggesting that overexpression of
GAPDH promotes programmed cell death [18,19]. In
contrast, a strong GAPDH inhibitor, koningic acid [20],
and antisense DNA for GAPDH [21] induce apoptosis in
neuroblastoma x glioma hybrid cells and cervical carci-
noma cell lines, respectively, suggesting that inhibition of
GAPDH activity induces apoptosis, at least in part. None-
theless, these data were interpreted to mean that over-
expression of, or deficiency in, GAPDH may lead to
apoptosis, depending on the cell type.

In our previous study [1], we reported that ALCK causes
apoptosis in U937 cells, suggesting that inhibition of
ACPH activity led to apoptosis. In the present study, it
was found that ALCK inhibits GAPDH activity and, as a
result, GAPDH is subject to being digested by intracellular
serine protease(s). Apoptosis may be triggered by loss of
GAPDH activity as well as loss of ACPH activity. It
remains unclear whether inhibition of both ACPH and
GAPDH, or of either one, is a prerequisite for the triggering
of apoptosis of U937 cells by ALCK.
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