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caspase-3 passes through the nuclear pores during

Apoptosis is a major form of cell death, character-

ized by a series of morphological changes induced by
cleaving cytoplasmic and nuclear proteins via active
caspases. The data presented here show, by fluores-
cence microscopic and immunoblotting analyses, that
a prodomain of caspase-7 inhibits its nuclear translo-
cation and apoptosis-inducing activity. This nuclear
localization is dependent on the presence of a basic
tetrapeptide that is conserved in mammalian and Xe-
nopus caspase-7 and that is located downstream of a
cleavage site between a prodomain and a catalytic
protease domain. Furthermore, an attachment of the
caspase-7 prodomain (31 amino acids) represses the
nuclear transport of a fusion protein of a heterologous
protein and the caspase-7 nuclear localization signal
(19 amino acids), suggesting that the inhibition of nu-
clear localization by the prodomain is mediated by
the interaction of these short peptides. © 2002 Elsevier

Science (USA)
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Apoptosis is mediated by the sequential and coordi-
nated activation of several caspases to cleave a variety
of intracellular polypeptides such as major structural
elements and functional molecules in the cytoplasm
and the nucleus (1), contributing to the stereotypic
morphological and biochemical changes that character-
ize apoptotic cell death. Many nuclear proteins are cut
by caspases to disassemble the nuclear structure (2)
and to degrade chromosomal DNA (3). Caspases-1 and
-2 are shown to be translocated to the nucleus in a
prodomain-dependent manner. A cell death stimulus
induces the translocation of pro-caspase-1 to the nu-
cleus, where release of its prodomain and proteolytic
activation occur (4). Pro-caspase-2 is localized to the
nucleus even in healthy cells (5). On the other hand,

1 Address correspondence and reprint requests to author. Fax:
81-824-24-0739. E-mail: yaoita@hiroshima-u.ac.jp.
79
apoptosis by diffusion, because activated caspase-9 in-
activates nuclear transport and increases the diffusion
limit of the nuclear pores (6).

In response to the apoptotic stimulus, caspase-7 is
activated and accumulated in the nucleus, where it
cleaves one of the nuclear proteins, poly(ADP-ribose)-
polymerase (7), but the molecular mechanism on the
nuclear transport of caspase-7 remains obscure. The
cloning of Xenopus caspase genes enabled to delineate
evolutionarily conserved regions by comparison with
mammalian caspase sequences (8), indicating the pres-
ence of a putative nuclear localization signal in cas-
pase-7. In this study, to examine whether this nuclear
localization signal is functional, various N-terminal
truncated caspase-7–GFP fusion constructs were gen-
erated and transfected into cultured cells. The data
presented here demonstrate that a prodomain of cas-
pase-7 inhibits both the apoptosis-inducing activity
and the nuclear localization.

MATERIALS AND METHODS

Mutagenesis and expression constructs. The active-site pentapep-
tide QACRG of Xenopus caspase-7 gene (8) was changed to QAARG
by site-directed mutagenesis using the mutagenic oligonucleotide
(59-CATTCAGGCCGCCAGAGGGCATGA) encoding the peptide IQA-
ARGHE and Sculptor in vitro mutagenesis system (Amersham, En-
gland) according to the manufacturer’s recommendation. This cata-
lytically inactive mutation was verified by DNA sequencing. The
caspase-7 coding region was amplified by polymerase chain reaction
using T7 primer (Stratagene) and C7-SalI primer (59-CCGTCGACA-
ACAGGATTTAAAGTAG) from pcDNA1/Amp plasmid (Invitrogen)
containing wild-type or mutant caspase-7 gene. GFP fusion con-
structs, C7-1W and C7-1M, were generated by digesting with EcoRI
and SalI the amplified DNA fragments from wild-type and mutant
caspase-7 genes, respectively, and inserting into the EcoRI and SalI
sites upstream of GFP coding region in pEGFP-N2 vector (Clontech).
Similarly, C7-22W and -22M, C7-32W and -32M, C7-47W and -47M,
and C7-51W and -51M were constructed by amplifying N-termi-
nal truncated coding regions with C7-SalI primer as a 39 primer
and 22-primer (59-CCGAATTCGCCATGGAGGAAGAGGAGGGT), 32-
primer (59-CCGAATTCGCCATGGCGAAACCTGACAGAA), 47-primer
(59-CCGAATTCGCCATGGCCAAGAAGAAAAAGG), and 51-primer
(59-CCGAATTCGCCATGGTAGAAGACAAGCCC) as a 59 primer
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from wild-type and mutant caspase-7 genes, respectively. Caspase-
7–GFP fusion constructs, C71-50 and C732-50, were generated by
amplifying amino terminal coding regions of caspase-7 (residues
1–50 and 32–50) using T7 primer and 32-primer as a 59 primer,
respectively and C7-50-SalI primer (59-CCGTCGACCCTTTTTCT-
TCTTGGTGCT) as a 39 primer and inserting into pEGFP-N2 vector
after the digestion with EcoRI and SalI. The nucleotide sequences of
these N-terminal truncated caspase-7 genes were confirmed by DNA
sequencing.

Transient transfection assay. The cell line XLT-15-11 (8) was
maintained in 67% L-15 medium supplemented with 10% thyroid
hormone-depleted fetal calf serum (9) at 20°C. Cells were allowed to
grow to 30–40% confluence in Primaria 6-cm dishes (Becton–
Dickinson), and transfected with 1 mg of pEGFP-N2 or one of
caspase-7–GFP fusion constructs using 3 ml of FuGENE 6 transfec-
tion reagent (Roche Molecular Biochemicals) according to the in-
structions of the manufacturer. The culture medium was exchanged
8 h posttransfection. Apoptotic cells were identified after transfec-
tion by visual inspection of GFP-positive cells with a Zeiss Axiovert
135 TV inverted fluorescence microscope as described (10).

Cellular subfractionation and immunoblotting. Cytoplasmic and
nuclear extracts from transfected cells were prepared 3 days after
transfection and examined by immunoblot analysis as described
previously (5).

RESULTS

Intracellular Distribution of N-Terminal Truncated
Wild-Type Caspase-7–GFP Fusion Proteins

The comparison of N-terminal 80 amino acid se-
quences between mammalian and Xenopus pro-
caspase-7 revealed two conserved regions, a region con-
taining the cleavage site between a prodomain and a
catalytic protease domain, and a basic tetrapeptide
downstream of the prodomain (Fig. 1). To investigate
whether this basic motif could act as a nuclear local-

FIG. 1. The comparison of the N-terminal sequences of pro-caspa
fusion proteins used in this study. The N-terminal amino acid sequen
No. AF072124-1), and golden hamster caspase-7 (21) are aligned w
caspase-7 sequence are shown by dots, basic tetrapeptides are box
indicate gaps. It is worth noting that acidic amino acids, aspartic
Xenopus caspase-7 (35–48%).
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ization signal, wild-type full-length and prodomain-
deleted caspase-7 coding regions were fused at their
C-termini in-frame with GFP gene in pEGFP-N2 to
construct C7-1W and -32W, respectively, which were
transfected into a myoblastic cell line derived from
tadpole tail of Xenopus laevis, XLT-15-11 (9). The sub-
cellular localization of GFP-tagged caspase-7 was ex-
amined using a fluorescence microscope. The GFP fu-
sion protein was distributed mainly in the cytoplasm of
cells introduced with C7-1W construct, whereas the
transfection of C7-32W construct showed a strong cy-
totoxic activity (Fig. 2) and the nuclear localization in
surviving cells (Fig. 3), suggesting that the basic tet-
rapeptide is functional as a nuclear localization signal
and the prodomain inhibits the nuclear localization of
caspase-7.

To confirm this idea, various truncated caspase-7–
GFP fusion constructs (C7-22W, -47W, and -51W) were
generated from wild-type caspase-7 gene (Fig. 1). C7-
47W fusion protein was localized relatively in nucleus,
whereas C7-51W protein was distributed diffusely in
transfected cells (Fig. 3). This observation supported
the idea that the basic tetrapeptide act as a nuclear
localization signal, because C7-47W protein contained
this tetrapeptide, but C7-51W protein did not. Diffuse
distribution or, in some cases, nuclear localization of
GFP fusion protein was observed in cells transfected
with C7-22W construct lacking the N-terminal two-
thirds of the prodomain (Fig. 3). This result showed
that deletion of the N-terminal 21 amino acid residues
was not enough to completely relieve the inhibition of
nuclear localization by the prodomain, and that the
residues 22–31 contributed to the inhibitory activity,

-7 in different species and the N-terminal truncated caspase-7–GFP
of human (11, 19), mouse (20), rat (DDBJ/EMBL/GenBank Accession

that of Xenopus caspase-7 (8). Amino acids identical to Xenopus
and Asp cleavage sites are indicated by a vertical arrow. Dashes
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site-directed mutagenesis. Inasmuch as high viability
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while this region (22–31) suppressed the cell death-
inducing activity.

The enforced expression of C7-32W, -47W, or -51W
fusion protein induced the cell death, whereas the
transfection of C7-1W or -22W construct displayed a
similar degree of cytotoxic activity compared with the
overexpression of GFP protein alone (Fig. 2). This ob-
servation is consistent with the report that the overex-
pression of full-length human caspase-7 fails to induce
apoptosis, but the expression of a truncated derivative
of caspase-7, which lacks N-terminal 53 amino acids
including a prodomain and a part of a large subunit (30
amino acids), caused cell death (11). These data to-
gether show that the prodomain of caspase-7 inhibits
not only its cell killing activity but also the function of
a nuclear localization signal in the large subunit.

Intracellular Distribution of N-Terminal Truncated
Inactive Caspase-7–GFP Fusion Proteins

The observation that cell death was induced by the
enforced expression of truncated wild-type caspase-7–
GFP fusion proteins (C7-32W, -47W, and -51W) sup-
ports the idea that GFP fusion at the C-terminus did
not affect enzyme activity of caspase-7. However, it
points out a possibility that the distribution of GFP
fusion proteins did not reflect the physiological cellular
localization, since surviving cells represented a minor
population. To eliminate the influence of cell death on
the distribution of GFP fusion proteins, N-terminal
truncated caspase-7–GFP fusion constructs were gen-
erated using a mutant caspase gene whose active site
pentapeptide was changed from QACRG to QAARG by

FIG. 2. The cell-death-inducing activity by the overexpression of
the N-terminal truncated caspase-7–GFP fusion protein in XLT-
15-11 cultured cells. XLT-15-11 cells were transfected with an ex-
pression construct encoding GFP, C7-1W, C7-22W, C7-32W, C7-
47W, C7-51W, C7-1M, C7-22M, C7-32M, C7-47M, or C7-51M fusion
protein, and 2 days later, the percentages of apoptotic round cells
were determined.
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was observed in transfected cells overexpressing trun-
cated mutant caspase-7–GFP fusion proteins (Fig. 2),
these proteases appeared to be inactive. C7-32M and
-47M fusion proteins containing the basic tetrapeptide
were localized mainly in the nucleus, whereas C7-51M
fusion protein lacking only the tetrapeptide in compar-
ison with C7-47M fusion protein was excluded from the
nucleus and distributed in the cytoplasm, suggesting
that the basic tetrapeptide is a functional nuclear lo-
calization signal. The full-length mutant caspase-7 fu-
sion protein (C7-1M) showed the diffused cellular lo-
calization (Fig. 3). C7-22M fusion protein lacking the
N-terminal two-thirds of the prodomain was localized
in the nucleus in some cells like C7-22W protein. The
obvious differences of the distribution between active
and inactive N-terminal truncated caspase-7–GFP fu-
sion proteins were the strong nuclear localization of
C7-47M protein and nuclear exclusion of C7-51M pro-
tein, maybe due to the high viability of the transfected
cells. The results of the transfection experiment using
mutant caspase-7–GFP fusion proteins unambiguously
corroborated that the prodomain of caspase-7 inhibited
the nuclear localization by the basic tetrapeptide in a
large subunit, and that even the C-terminal 10 amino
acid sequence in the prodomain (C7-22W and C7-22M)
has a partial activity to hinder caspase-7 from localiz-
ing in the nucleus.

Intracellular Distribution of Inactive Caspase-7–GFP
Fusion Proteins Shown by Immunoblotting Analysis

To ensure an inhibition of the nuclear localization by
the prodomain, N-terminal truncated mutant caspase-
7–GFP fusion proteins were analyzed by subcellular
fractionation and immunoblotting using an anti-GFP
antibody (Fig. 4). Unprocessed caspase-7–GFP fusion
protein was observed in both cytoplasmic and nuclear
fractions of cells transfected with C7-32M (61 kDa) or
-47M (60 kDa) expression construct, but localized
mainly in the cytoplasm of cells transfected with C7-
51M (59 kDa) construct. These results were consistent
with the fluorescence microscopic analysis (Fig. 3). A
band of 60 kDa present in the cytoplasmic fraction of
cells transfected with C7-M1 expression construct
might be a degradation product during the prepara-
tion. A small amount of GFP-tagged caspase-7 proteins
seemed to be cleaved to 40 and 41 kDa polypeptides
that might correspond to fusion proteins of a small
subunit and GFP. The existence of these processed
forms was unexpected, since mutant caspase-7 was
supposed to be inactive by a substitution of an active
site from QACRG to QAARG. However, the processed
fragments were also detected in COS cells transfected
with GFP-tagged mutant inactive caspase-2 expression
construct (5). The endogenous proteinase might be par-
tially activated by the overproduction of an artificial
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protein and cleave mutant caspase–GFP fusion pro-
teins, which was supported by an observation that the
enforced expression of GFP or mutant caspase–GFP

FIG. 3. A fluorescence microscopic study showing the localizatio
cells. XLT-15-11 cells were transfected with an expression construct,
C7-51W, or C7-51M, and 2 days later photographed. Apoptotic cells e
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fusion proteins led to 20% cell death (Fig. 2). Another
possibility is that the mutant caspase-7–GFP fusion
protein was degraded during subcellular fractionation.

f various GFP fusion proteins in transiently transfected XLT-15-11
-1W, C7-1M, C7-22W, C7-22M, C7-32W, C7-32M, C7-47W, C7-47M,
essing GFP fusion protein are indicated by arrowheads. Bar, 20 mm.
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fusion protein (C732-50), which indicates that an at-
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Effect of the Caspase-7 Prodomain on Nuclear
Translocation of GFP Induced by the Nuclear
Localization Signal of Caspase-7

To investigate whether the caspase-7 prodomain in-
hibits the nuclear transport which is conferred to a
heterologous protein by the nuclear localization signal
of caspase-7, DNA fragments encoding the first 50
amino acids (the prodomain and nuclear localization
signal) and the residues 32–50 (the nuclear localization
signal) of caspase-7 were inserted at the amino termi-
nus of GFP gene in-frame to generate expression con-
structs, C71-50 and C732-50, respectively. The C71-50
fusion protein showed diffused cellular localization
similar to that of GFP (Fig. 5). However, deletion of the
prodomain resulted in the nuclear transport of GFP

FIG. 4. An immunoblotting study showing the localization of
various GFP fusion proteins in transiently transfected XLT-15-11
cells. XLT-15-11 cells were transfected with an expression construct
encoding GFP, C7-1M, C7-22M, C7-32M, C7-47M, or C7-51M fusion
protein. Three days later, cytoplasmic (C) and nuclear (N) extracts
from transfected cells were prepared and analyzed by immunoblot-
ting using an anti-GFP antibody.

FIG. 5. A fluorescence microscopic study showing that caspase
containing the nuclear localization signal of caspase-7. XLT-15-11 ce
or C732-50, and 1 day later photographed. Bar, 20 mm.
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tachment of the prodomain (31 amino acid residues)
reduces the function of the nuclear localization signal
(19 amino acid residues) of caspase-7.

DISCUSSION

The data presented in this study demonstrate that
the prodomain of caspase-7 suppressed the nuclear
localization and the cytotoxic activity. However, the
nuclear transport of caspase-7 is unnecessary to the
death-inducing activity, because a high rate of cell
death was also observed in cells overexpressing C7-
51W fusion protein that lacked the basic tetrapeptide
and distributed diffusely. The different mechanisms
mediate the inhibition of the nuclear localization and the
repression of the cytotoxic activity by the prodomain.

During apoptosis, several proteins are reported to
translocate into the nucleus. Apoptosis-inducing factor
loses the mitochondrial localization sequence, when
imported into mitochondria in healthy cells, and trans-
locates to the cytosol and the nucleus after induction of
apoptosis (12). Granzyme B secreted by cytotoxic T
cells and natural killer cells is taken up by target cells
and is translocated into the nucleus in a perforin-
dependent manner (13). Pro-caspase-1 migrates to the
nucleus in a prodomain-dependent manner after death
stimuli and is processed to release the prodomain that
has a nuclear localization signal (4), while procas-
pase-2 is localized to the nucleus by its prodomain even
in nonapoptotic cells (5). In the case of caspase-7, the
removal of the prodomain induces both the nuclear
import of the catalytic protease and the cell killing

prodomain inhibits the nuclear transport of a GFP fusion protein
were transfected with an expression construct, pEGFP-N2, C71-50,
-7
lls



activity. It is interesting that different apoptosis-re- REFERENCES
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lated proteins accumulate in the nucleus through dif-
ferent molecular mechanisms.

The presented data clearly show that caspase-7
prodomain (31 amino acid residues) reduces the func-
tion of the nuclear localization signal (19 amino acid
residues) attached to a heterologous protein, indicating
that this 31 amino acid sequence is enough to inhibit
the nuclear transport. The prodomains of mammalian
and Xenopus caspase-7 contain many acidic amino ac-
ids (35–48%). It is tempting to speculate that negative
charges in the prodomain neutralize positive charges
in the nuclear localization signal, leading to the inhi-
bition of the nuclear transport.

Some proteins are known to move into the nucleus
following to the cleavage. Sterol regulatory element-
binding protein (14), Ire1 (15), and Notch (16) are
transmembrane proteins that reside on the nuclear
envelope, endoplasmic reticulum, or plasma mem-
brane, are proteolytically processed after a proper sig-
nal, and release a cytoplasmic domain into the nucleus
to regulate the gene expression. Interleukin-1a precur-
sor is cleaved by calpain into two components. The
C-terminal fragment is secreted and binds to the
plasma membrane-localized interleukin-1 receptor to
act as a classical cytokine, whereas the overexpressed
N-terminal propiece is concentrated within the nucleus
by its own nuclear localization signal to induce malig-
nant transformation (17). The molecular mechanism of
nuclear accumulation of processed caspase-7 is similar
to that of interleukin-1a. In both cases, the activity of
the nuclear localization signal is latent in the intact
precursor and proteolytic processing results in the de-
velopment of nuclear localizing activity.

A putative nuclear export signal (LXXXFXXLXF),
that contains four hydrophobic residues present at a
typical and characteristic spacing (18), is conserved
among human (11, 19), mouse (20), rat (DDBJ/EMBL/
GenBank Accession No. AF072124-1), golden hamster
(21) (residues 97–106), and Xenopus caspase-7 (8) (res-
idues 108–117). A similar sequence is also observed in
the corresponding regions of caspase-6 (22), -9 (23, 24),
and -10 (25) in human and Xenopus (8). This signal
might explain why C7-51M fusion protein that did not
have the basic tetrapeptide was excluded from the
nucleus and located in the cytoplasm. It is plausible
that pro-caspase-7, which contains both the nuclear
localization and nuclear export signals, distributes
mainly in the cytoplasm by masking the nuclear local-
ization sequence via the prodomain and excluding pro-
caspase-7 from the nucleus and that the removal of the
prodomain restores the function of the nuclear local-
ization signal to a maximal activity, leading to nuclear
accumulation of the processed caspase-7.
84
1. Earnshaw, W. C., Martins, L. M., and Kaufmann, S. H. (1999)
Annu. Rev. Biochem. 68, 383–424.

2. Takahashi, A., Alnemri, E. S., Lazebnik, Y. A., Fernandes Al-
nemri, T., Litwack, G., Moir, R. D., Goldman, R. D., Poirier,
G. G., Kaufmann, S. H., and Earnshaw, W. C. (1996) Proc. Natl.
Acad. Sci. USA 93, 8395–8400.

3. Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu,
A., and Nagata, S. (1998) Nature 391, 43–50.

4. Mao, P. L., Jiang, Y., Wee, B. Y., and Porter, A. G. (1998) J. Biol.
Chem. 273, 23621–23624.

5. Colussi, P. A., Harvey, N. L., and Kumar, S. (1998) J. Biol. Chem.
273, 24535–24542.

6. Faleiro, L., and Lazebnik, Y. (2000) J. Cell Biol. 151, 951–959.
7. Germain, M., Affar, E. B., D’Amours, D., Dixit, V. M., Salvesen,

G. S., and Poirier, G. G. (1999) J. Biol. Chem. 274, 28379–28384.
8. Nakajima, K., Takahashi, A., and Yaoita, Y. (2000) J. Biol.

Chem. 275, 10484–10491.
9. Yaoita, Y., and Nakajima, K. (1997) J. Biol. Chem. 272, 5122–5127.

10. Sánchez, I., Xu, C. J., Juo, P., Kakizaka, A., Blenis, J., and Yuan,
J. (1999) Neuron 22, 623–633.

11. Duan, H., Chinnaiyan, A. M., Hudson, P. L., Wing, J. P., He,
W. W., and Dixit, V. M. (1996) J. Biol. Chem. 271, 1621–1625.

12. Susin, S. A., Lorenzo, H. K., Zamzami, N., Marzo, I., Snow, B. E.,
Brothers, G. M., Mangion, J., Jacotot, E., Costantini, P., Loeffler,
M., Larochette, N., Goodlett, D. R., Aebersold, R., Siderovski, D. P.,
Penninger, J. M., and Kroemer, G. (1999) Nature 397, 441–446.

13. Jans, D. A., Jans, P., Briggs, L. J., Sutton, V., and Trapani, J. A.
(1996) J. Biol. Chem. 271, 30781–30789.

14. Wang, X., Sato, R., Brown, M. S., Hua, X., and Goldstein, J. L.
(1994) Cell 77, 53–62.

15. Niwa, M., Sidrauski, C., Kaufman, R. J., and Walter, P. (1999)
Cell 99, 691–702.

16. Kidd, S., Lieber, T., and Young, M. W. (1998) Genes Dev. 12,
3728–3740.

17. Stevenson, F. T., Turck, J., Locksley, R. M., and Lovett, D. H.
(1997) Proc. Natl. Acad. Sci. USA 94, 508–513.

18. Mattaj, I. W., and Englmeier, L. (1998) Annu. Rev. Biochem. 67,
265–306.

19. Fernandes Alnemri, T., Takahashi, A., Armstrong, R., Krebs, J.,
Fritz, L., Tomaselli, K. J., Wang, L., Yu, Z., Croce, C. M., Salve-
son, G., Earnshaw, W. C., Litwack, G., and Alnemri, E. S. (1995)
Cancer Res. 55, 6045–6052.

20. Van de Craen, M., Vandenabeele, P., Declercq, W., Van den
Brande, I., Van Loo, G., Molemans, F., Schotte, P., Van Criekinge,
W., Beyaert, R., and Fiers, W. (1997) FEBS Lett. 403, 61–69.

21. Pai, J. T., Brown, M. S., and Goldstein, J. L. (1996) Proc. Natl.
Acad. Sci. USA 93, 5437–5442.

22. Fernandes Alnemri, T., Litwack, G., and Alnemri, E. S. (1995)
Cancer Res. 55, 2737–2742.

23. Srinivasula, S. M., Fernandes Alnemri, T., Zangrilli, J., Robert-
son, N., Armstrong, R. C., Wang, L., Trapani, J. A., Tomaselli,
K. J., Litwack, G., and Alnemri, E. S. (1996) J. Biol. Chem. 271,
27099–27106.

24. Duan, H., Orth, K., Chinnaiyan, A. M., Poirier, G. G., Froelich,
C. J., He, W. W., and Dixit, V. M. (1996) J. Biol. Chem. 271,
16720–16724.

25. Fernandes Alnemri, T., Armstrong, R. C., Krebs, J., Srinivasula,
S. M., Wang, L., Bullrich, F., Fritz, L. C., Trapani, J. A., Toma-
selli, K. J., Litwack, G., and Alnemri, E. S. (1996) Proc. Natl.
Acad. Sci. USA 93, 7464–7469.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5

	REFERENCES

