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ABSTRACT: We describe here the characterization of the so far identified human DNase I family DNases,
DNase I, DNase X, DNaseγ, and DNAS1L2. The DNase I family genes are found to be expressed with
different tissue specificities and suggested to play unique physiological roles. All the recombinant DNases
are shown to be Ca2+/Mg2+-dependent endonucleases and catalyze DNA hydrolysis to produce 3′-OH/
5′-P ends. High activities for DNase I, DNase X, and DNaseγ are observed under neutral conditions,
whereas DNAS1L2 shows its maximum activity at acidic pH. These enzymes have also some other
peculiarities: different sensitivities to G-actin, aurintricarboxylic acid, and metal ions are observed. Using
a transient expression system in HeLa S3 cells, the possible involvement of the DNases in apoptosis was
examined. The ectopic expression of each DNase has no toxic effect on the host cells; however, extensive
DNA fragmentation is observed only in DNaseγ-transfected cells after the induction of apoptosis.
Furthermore, DNaseγ is revealed to be located at the perinuclear region in living cells, and to translocate
into the nucleus during apoptosis. Our results demonstrate that DNase I, DNase X, DNaseγ, and DNAS1L2
have similar but unique endonuclease activities, and that among DNase I family DNases, DNaseγ is
capable of producing apoptotic DNA fragmentation in mammalian cells.

DNase I is one of the most characterized mammalian
endonucleases. It was originally identified as a pancreatic
enzyme that catalyzes DNA hydrolysis in the presence of
appropriate divalent cations (1). DNase I has been purified
from various mammalian tissues and body fluids, and its
characterization has revealed that DNase I is an endonuclease
that exerts its full activity in the presence of both Ca2+ and
Mg2+ under neutral pH conditions (1-3). Most of the neutral
divalent cation-dependent DNase activities so far detected
in various tissues or cells have been recognized as DNase I.
However, the existence of several DNase I-like human genes/
proteins has recently been reported, namely, DNase X/Xib
(5, 6), DNaseγ/DNAS1L3/LS-DNase (7-9), and DNAS1L2
(8).

Among DNase I family DNases, the physical and enzy-
matic properties of DNase I and DNaseγ have been
extensively characterized (1-3, 10-12). Although some
differences are found in their properties, these two DNases
share many common features: (i) high activities are observed
under neutral pH, (ii) Ca2+ and Mg2+ activate both in a
synergistic manner, and (iii) they cleave DNA endonucleo-
litically to produce 3′-OH/5′-P ends. Although the enzymatic

properties of DNase X and DNAS1L2 are at present unclear,
they are suggested to have DNase I or DNaseγ-like DNase
activities on the basis of their well-conserved primary
structures. Two groups have succeeded in generating re-
combinant DNase X protein using bacterial expression
systems and have examined its DNase activity independently.
However, their results are quite different: one group identi-
fied DNase X as a Ca2+/Mg2+-dependent endonuclease (5),
whereas the other reported it to show a divalent cation-
independent acid endonuclease activity (13). On the other
hand, no reports on physical or enzymatic properties of the
DNAS1L2 protein have been published.

Although the physiological significance of DNase I family
DNases is yet to be fully understood, DNase I and DNaseγ
have been suggested to be involved in apoptosis (14-20).
Apoptosis is a form of cell death by which unwanted or
potentially harmful cells are eliminated under a wide variety
of physiological and pathological situations (21, 22). After
the induction of apoptosis, dying cells are quickly engulfed
and degraded by neighboring cells or macrophages in vivo
(21). In a nematodeCaenorhabditis elegans, it has been
known that the DNA of engulfed cells is degraded by a
DNase controlled bynuc-1 gene (23). Very recently, the
nuc-1 gene has been shown to encode a homologue of
mammalian acidic endonuclease, DNase II, and to mediate
the conversion of TUNEL-reactive DNA into TUNEL-
unreactive DNA in dying cells (24). In accordance with this
finding, a role for DNase II in the degradation of DNA of
engulfed cells has also been suggested in mammalian
apoptotic systems (25, 26).

† This work was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education.

* To whom correspondence should be addressed at the Department
of Biochemistry, Faculty of Pharmaceutical Sciences, Science Univer-
sity of Tokyo, 12 Funagawara-machi, Ichigaya, Shinjuku-ku, Tokyo
162-0826, Japan. Telephone:+81-3-3260-6725; Fax:+81-3-3268-
3045; E-mail: tanuma@ps.kagu.sut.ac.jp.

‡ Department of Biochemistry, Science University of Tokyo.
§ Research Institute for Bioscience, Science University of Tokyo.

143Biochemistry2001,40, 143-152

10.1021/bi001041a CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/09/2000



Besides the DNA degradation by phagocytes, apoptotic
cells cleave their own genomic DNA into oligonucleosomal
fragments. The process, known as apoptotic DNA fragmen-
tation, has been recognized as one of the outstanding features
of mammalian apoptosis (27, 28). Many efforts have been
made to identify the DNase(s) responsible for this process
and, at present, several DNases, including DNase I, DNase
γ, DNase II, L-DNase II, and CAD/DFF40/CPAN, are
considered to be candidates (14-20, 29-35). Among these,
the regulatory mechanism of the CAD activity has been well-
established (32), and its involvement in Fas-induced apop-
tosis in Jurkat cells and dexamethasone-induced thymic
apoptosis has been demonstrated (36, 37). However, evidence
supporting the involvement of other candidates, including
DNase I and DNaseγ, is also accumulating (14-20, 29-
31). Thus, the DNase(s) involved in apoptotic DNA frag-
mentation is considered to differ in cell types, differentiation
status, and/or apoptotic stimuli, and the identification of the
responsible DNase(s) in each apoptotic case remains con-
troversial.

DNases have recently attracted attention with regard to
their clinical application as therapy for cystic fibrosis (CF),1

a lethal disease common in Caucasian populations (38, 39).
Human recombinant DNase I has recently been approved as
a therapy to improve the lung function of CF patients,
because the viscoelastic nature of CF sputum is contributed
to by the high concentration of DNA released by dead
leukocytes (38, 39). Thus, the physiological and clinical
importance of the DNase I family DNases is now being
recognized and is becoming a focus of research.

The aim of this study is to examine and compare the
physical and enzymatic properties of the four DNase I family
DNases and to assess their possible involvement in DNA
fragmentation during apoptosis.

MATERIALS AND METHODS

Construction of Expression Vectors.Human cDNA frag-
ments containing open reading frames (without stop codons)
of DNase I, DNase X, DNaseγ, and DNAS1L2 were
generated by PCR from liver, HeLa S3 cells, spleen, and
fetal brain cDNA libraries, respectively, and subcloned into
pBluescript KS+. The primers used were DNase I, 5′-CTC-
GAGCCACCATGAGGGGCATGAAGCTGCTG-3′ (sense)
and 5′-CTCGAGACTTCAGCATCACCTCCACTG-3′ (an-
tisense); DNase X, 5′-CTCGAGCCACCATGCACTAC-
CCAACTGCAC-3′ (sense) and 5′-CTCGAGAGGCAGCAG-
GGCACAGCTGA-3′ (antisense); DNaseγ, 5′-CTCGAG -
CCACCATGTCACGGGAGCTGGCCCCA-3′ (sense) and
5′-CTCGAGGGAGCGTTTGCTCTTTGTTTTC-3′ (anti-
sense); DNAS1L2, 5′-CTCGAGCCACCATGGGCGGGC-
CCCGGGCT-3′ (sense) and 5′-CTCGAGATCGGTGGAA-
CTTGAGGGTCAC-3′ (antisense).XhoI sites flanking the
coding sequences are shown in bold face. After confirming
the sequences, the inserts were excised byXhoI digestion

and recloned into theXhoI site of pcDNA3-Myc-His C
(Invitrogen) to generate expression vectors for C-terminal
Myc and His tagged forms of DNase I (phDNase I-Myc-
His), DNase X (phDNase X-Myc-His), DNaseγ (phDNase
γ-Myc-His), and DNAS1L2 (phDNAS1L2-Myc-His). In the
construction of DNaseγ-GFP and DNAS1L2-GFP chimeric
protein expression vectors (phDNaseγ-GFP and phDNAS1L2-
GFP, respectively),XhoI cDNA fragments for each DNase
were recloned into theXhoI site of pEGFP-N3 (Clontech).

Transfection and Purification of Recombinant Human
DNases.Human embryonic kidney 293 cells (5× 106),
grown in DMEM supplemented with 10% fetal calf serum,
were transfected with 25µg of each expression vector using
a FuGene 6 transfection reagent (Boehringer). The cells were
harvested 48 h after transfection and homogenized in 2 mL
of ice-cold buffer A [10 mM Tris-HCl (pH 7.8), 3 mM
MgCl2, 1 mM 2-mercaptoethanol, 0.3 mM PMSF] containing
0.1% Nonidet P-40 and 0.3 M NaCl by10 strokes of a Teflon-
glass homogenizer. The homogenate was centrifuged at
10000g for 10 min, and the supernatant was collected as the
cell extract. His-tagged recombinant protein was purified
from the cell extract with Ni-NTA magnetic beads (Qiagen)
according to the manufacturer’s protocol. Purified recom-
binant DNases, eluted in 100µL of elution buffer [50 mM
sodium phosphate (pH 8.0) containing 250 mM imidazole
and 300 mM NaCl], were dialyzed against 20 mM Mes-
NaOH (pH 5.6) containing 1 mM 2-mercaptoethanol, and
BSA was added to a final concentration of 0.1 mg/mL. These
enzyme preparations were used to characterize DNase
activities.

RNA Dot Blot Analysis.The expression of DNases in adult
and fetal human tissues was examined using Human RNA
Master Blot (Clontech) according to the manufacturer’s
protocol. cDNA fragments encoding each DNase were
excised from their expression vectors byXhoI digestion,
labeled with32P, and used as probes. After hybridization,
the blots were washed, the autoradiograms were visualized,
and the intensity of each dot was quantified using a BAS
1500 imaging system (Fuji Film). The expression level of
each gene was normalized to 100% for DNase I expression
level in pancreas and described as follows:+++, over 60%;
++, between 30% and 60%;+, less than 30%;-, not
detected. Signals detected in human genomic DNA were used
for interblot normalization.

RT-PCR Analysis.RT-PCR analysis was performed using
total RNA extracted from HeLa S3 cells as described
previously (17). PCR amplification was carried out by 30
cycles; each cycle consisted of denaturation at 94°C for 30
s, annealing at 62°C for 30 s, and extension at 72°C for 1
min. The primers used were DNase II (349 bp), (sense) 5′-
GCTTCTGGCTGGTCCACAGTG-3′ and (antisense) 5′-
CCGGAGTACAGGTCATCTCCA-3′; DFF40/CAD (542
bp), (sense) 5′-GCCTGTACGAGGATGGCACGG-3′ and
(antisense) 5′-CTGGCAGGAGAACCAGCCTTC-3′; DFF45/
ICAD (772 bp), (sense) 5′-GGCCATTGATAAGTCCCT-
GAC-3′ and (antisense) 5′-CCGGAGAGAATGCAAGCTCT-
G-3′; DNase I (322 bp), (sense) 5′-GACGGAACAGCTAT-
AAGGAGC-3′ and (antisense) 5′-GAGGGTCTCACAT-
AGCTGCAG-3′; DNase X (313 bp), (sense) 5′-CGATGT-
GTTTCTGGAGGTCTC-3′ and (antisense) 5′-GTAGTG-
GTCACTGATGTTGAGG-3′; DNaseγ (360 bp), (sense) 5′-
CTATGTGATTAGCTCTCGGCTTGGAAG-3′ and (anti-

1 Abbreviations: Act D, actinomycin D; ATA, aurintricarboxylic
acid; BFP, blue fluorescent protein; CF, cystic fibrosis; ER, endoplasmic
reticulum; EST, expressed sequence tag; GFP, green fluorescent protein;
NLS, nuclear localization signal; ORF, open reading frame; PI,
propidium iodide; RT-PCR, PCR-mediated amplification of reverse
transcribed mRNA; TUNEL, terminal deoxynucleotidyl transferase-
mediated nick end-labeling.
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sense) 5′-CGGATGTTCTTCCAGGCCTTCTTGGGG-3′;
DNAS1LS (393 bp), (sense) 5′-GATGTACCTGTTCGTG-
TACAGG-3′ and (antisense) 5′-CACTTGAAGACCTCACT-
GCTC-3′; GAPDH (452 bp), (sense) 5′-ACCACAGTCCAT-
GCCATCAC-3′ and (antisense) 5′-TCCACCACCCTGTT-
GCTGTA-3′.

Western Blot Analysis.293 cells (2× 105) were transfected
individually with 1µg of each expression vector as described
above. The cells were cultured in 2 mL of DMEM supple-
mented with 10% fetal calf serum for 48 h, and the culture
medium and cells were collected separately. Aliquots of the
medium (100µL) or cells (2× 105) were subjected to 12%
SDS-PAGE and transferred onto nitrocellulose membranes.
Blots were probed with anti-Myc antibody (Novagen) as
described previously (40).

Assay of DNase ActiVity. A total of 20 µL of reaction
mixture [50 mM Mes-NaOH or Mops-NaOH, 0.3-3 mM
CaCl2 (see below), 3 mM MgCl2, 1 mM 2-mercaptoethanol,
1 unit of enzyme, and 500 ng Eco RI-digested linear
pBluescript II KS+] was prepared on ice and incubated at
37 °C for 20 min. In the standard assays of each DNase, the
following buffers (CaCl2 concentration) were used: DNase
I, Mops-NaOH, pH 6.8 (0.3 mM); DNase X, Mops-NaOH,
pH 6.8 (1 mM); DNaseγ, Mops-NaOH, pH 7.2 (3 mM);
DNAS1L2, Mes-NaOH, pH 5.6 (3 mM). In this study, one
unit of DNase activity is defined as the amount required to
cause a decrease in band intensity corresponding to 200 ng
of intact substrate in each standard assay. DNase activities
were quantified by the reduction of the band intensities of
intact substrate as described previously (40). Alternatively,
DNase activities were assayed using supercoiled plasmid to
show their endonuclease activities (Figure 3). In these cases,
2 units of enzymes was used in the reactions to obtain clear
results.

End-Labeling of DNA.The cleaved ends of the DNA
digested by each DNase were analyzed by 3′- and 5′- end-
labeling as described previously (40). In brief, the 3′-ends
of the DNA fragments were labeled by [R-32P]dCTP with
terminal deoxynucleotidyl transferase (Toyobo), and the 5′-
ends were labeled by [γ-32P]ATP with polynucleotide kinase
(Toyobo). The phosphoryl groups at the ends of the DNA
chains were removed by pretreatment with calf intestine
alkaline phosphatase (Takara). The resulting labeled DNAs
were subjected to 1% agarose gel electrophoresis, transferred
to a nylon membrane, and analyzed with a BAS 1500 image
analyzer (Fuji Film).

Induction and Detection of Apoptosis.Human cervix
adenocarcinoma HeLa S3 cells (2× 105) were cotransfected
with pEBFP-C1 (0.5µg) and expression vectors for each
DNase (0.5µg) as described above. At 48 h post-transfection,
the culture medium was replaced with fresh medium, and
apoptosis was induced with TNF-R (1 ng/mL) in the presence
of Act D (0.3 µg/mL). Cells were harvested after 12 h
incubation, and the frequencies of apoptotic cells were
determined on BFP-positive cells by fluorescence microscopy
using Annexin V-FITC Apoptosis Detection kit (MBL)
according to the manufacturer’s protocol. Values are the
averages of three independent experiments, and at least 400
cells were counted in each sample. Annexin V interacts with
the externalized phosphatidylserine, an early marker for
apoptosis, and PI staining detects loss of membrane integrity,
a feature for the late stage of apoptosis. DNA fragmentation

was analyzed by 2% agarose gel electrophoresis as described
previously (41).

Subcellular Localization of DNaseγ-GFP Protein.2 ×
105 HeLa S3 cells, grown on a coverslip, were transfected
with 1 µg of phDNaseγ-GFP or phDNAS1L2-GFP as
described above. Cells were cultured for 48 h, and apoptosis
was induced with TNF-R/Act D as described above. After
12 h incubation, cells were fixed with 1% glutaraldehyde at
room temperature for 10 min, washed with PBS(-), and
counterstained with 1 mM Hoechst 33258. The GFP and
DNA images were observed by fluorescence microscopy
(Olympus).

RESULTS

Sequence Comparison of Human DNase I Family Proteins.
To date, four distinct human DNase I-like genes have been
identified; the deduced amino acid sequences of their coding
proteins, DNase I, DNase X, DNaseγ, and DNAS1L2, are
summarized in Figure 1. As a common structural feature,
all the DNase I family proteins contain hydrophobic signal/
precursor peptides in their N-termini, suggesting their

FIGURE 1: Comparison of the amino acid sequences of human
DNase I family DNases. Sequence alignment of human DNase I,
DNase X, DNaseγ, and DNAS1L2 proteins were performed using
the Clustal V program. Identical and conserved residues are
indicated by asterisks and dots, respectively. Dashes indicate gaps
introduced for better alignment. Putative signal sequences/precursor
peptides, predicted by PSORT II program, are shaded. Two
conserved His residues (possible active sites) are shown by bold
letters. Potential Asn-linked glycosylation sites are outlined. Possible
nuclear localization signals of DNaseγ, bipartite type (N-terminal
half) and basic domain (C-terminal), are underlined. Amino acid
numbers are shown at the left. Amino acid numbering begins at
the N-terminal postulated for the mature enzymes with negative
numbers for the precursor peptides (shaded). The GenBank acces-
sion numbers of human DNase I, DNase X, DNaseγ, and
DNAS1L2 are M55983, X90392, U75744, and U62647, respec-
tively.
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localization outside of the cell, including the inner space of
organella such as ER, Golgi, and the nuclear envelope. In
DNase I and DNaseγ, these domains have been shown to
be precursor peptides removed in the mature proteins (4, 17).
Furthermore, the peptide of DNase I works as a signal
sequence for the extracellular secretion of the protein (4).
Consistent with its extracellular secretion, DNase I has two
potentialN-linked glycosylation motifs (Figure 1, outlined),
and Asn 18 has been shown to be glycosylated in bovine
DNase I (42). Among the other members, DNase X contains
one potentialN-linked glycosylation site at Asn 243 (Figure
1, outlined). No Asn-X-Thr/Ser motif is found in DNaseγ
or DNAS1L2.

DNase X and DNaseγ have unique extra-stretches in their
C-termini. The hydrophobic stretch of DNase X and the basic
domain of DNaseγ have been predicted to be a membrane-
anchoring peptide and a nuclear localization signal (NLS)
(Figure 1, underlined), respectively (17, 43). In addition to
the C-terminal NLS, DNaseγ contains potential bipartite
type NLS in its N-terminal half (Figure 1, underlined).

Expression of the DNase I Family Genes.We performed
poly A(+) RNA dot blot hybridization to determine the
expression of the DNase I-like genes in 50 adult and fetal
human tissues. The resulting autoradiograms were analyzed
by densitometry, and the results are summarized in Table 1.

DNase I family genes are found to be expressed in a wide
variety of human tissues; however, high levels of expression
of each gene are found to be limited to specific tissues:
DNase I in pancreas, kidney, and small intestine; DNase X
in heart and skeletal muscle; and DNaseγ in pituitary gland,
adrenal grand, liver, spleen, and bone marrow (Table 1). The
level of expression of the DNAS1L2 gene is extremely low;
however, its transcript is detected in several tissues including
colon, lung, and placenta. During our search using the
Expressed Sequence Tag (EST) database, several EST clones
for DNAS1L2 were found in skin-derided cDNA libraries
(data not shown), suggesting that the DNAS1L2 gene may
be highly expressed in skin.

Expression of Recombinant DNase I Family Proteins in
Cultured Human Cells. We expressed DNase I family
proteins as C-terminal Myc-His-tagged forms in 293 cells
and detected them by Western blot probed with anti-Myc
antibody. Because their conserved potential signal sequences
predict the extracellular secretion of the proteins, we
performed Western analysis also on the culture medium.
Among the DNase I-like proteins, DNase I and DNAS1L2
were detected in the culture medium, and in comparison,
DNase I was found to be secreted more efficiently than
DNAS1L2 (Figure 2). The 37-kDa DNase I band was
detected in both the cellular and the extracellular fractions.
The apparentMr of DNase I is higher than its calculatedMr

of 32 498. In this section, the calculatedMr of each DNase
includes the values for C-terminal Myc and His tags but not
each precursor peptide. This is likely to be due to multiple
glycosylation of the DNase I when it is expressed in
mammalian cells (44). Like DNase I, the DNAS1L2 was
detected in both the cellular and the extracellular fractions;
however, two bands could be seen in the cellular fraction.
The apparentMr of the upper band (35 kDa) is in agreement
with the calculatedMr (34347); however, theMr of the lower
band (32 kDa) was estimated to be lower than the calculated
Mr. The apparentMr of the extracellular band was the same

as this lower band. At present, the reason why the short form
of DNAS1L2 is produced in this system is unknown.

Table 1: Expression levels of DNase I Family Genes

a Expression levels of each gene is given relative to DNase I gene
expression in adult pancreace as 100%:+++, over 60%;++, between
30 and 60%;+, less than 30%;-, not detected.

FIGURE 2: Western blot analyses of recombinant DNase I family
DNases. 293 cells were transfected with each expression vector
for DNase I family DNases as described under Materials and
Methods. After the cells were cultured for 48 h, the culture medium
and cells were collected separately and subjected to Western blot.
Myc-His-tagged forms of DNase I family DNases, secreted into
culture medium (left panel) or retained within the cells (right panel),
were detected by Western blotting using anti-Myc antibody as
described under Materials and Methods.
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On the other hand, DNase X and DNaseγ are detected
only in the cellular fractions. DNase X was detected as two
bands (39 and 35 kDa), and the apparentMr of the lower
band agrees well with the calculatedMr of 35 211. The upper
band may include anN-linked sugar chain, because a
potential glycosylation site is located at Asn 243 as indicated
in Figure 1. DNaseγ was detected as a single band with an
apparentMr of 36 kDa. This closely matches its calculated
Mr of 36 618.

Characterization of the DNase ActiVities of DNase I
Family Proteins.As shown in Figure 1, two His residues
are found to be conserved among DNase I family proteins.
Importantly, these His residues are shown to be essential
for DNase I activity (45). Although the enzymatic activities
of DNase X and DNAS1L2 have yet to be identified, the
striking conservation of the active His residues suggests their
DNase I-like divalent cation-dependent DNase activities. In
addition, although the DNase I and DNaseγ activities have
been studied extensively, their properties were determined
using different enzyme sources, purities, and assay systems.
Thus, we cannot conclude that their enzymatic properties
are really different. To resolve these problems, we examined
the DNase activities by the same assay system using affinity-
purified recombinant DNase I family proteins.

First, we analyzed the optimum pH for each DNase activity
in the presence of Ca2+ and Mg2+. To examine their
endonuclease activities, we used supercoiled plasmid DNA
as a substrate. As shown in Figure 3, DNase I, DNase X,
and DNaseγ activities were observed at neutral pH range
with maxima at pH 6.8, 6.8, and 7.2, respectively, in Mops-
NaOH buffer. Unexpectedly, a high DNAS1L2 activity was
observed at acidic pH with a maximum at pH 5.6 under the
same assay conditions (Figure 3, panel D). These four
DNases were inactive in the absence of Ca2+ and Mg2+

regardless of the pH conditions (data not shown). Thus, all
of the DNase I family proteins are shown to be divalent
cation-dependent endonucleases. Furthermore, it is of note
that DNAS1L2 is an acidic endonuclease, while DNase I,
DNase X, and DNaseγ are neutral endonucleases.

To obtain more information about the properties of the
DNase I family DNases, we next examined their divalent
cation requirements for DNase activities. DNase I and DNase
X are activated by Ca2+ or Mg2+ alone (Figure 4, panels A
and C), whereas, DNaseγ and DNAS1L2 activities are
scarcely observed in the presence of Ca2+ or Mg2+ (Figure
4, panels E and G). To examine the synergistic effect of Ca2+

and Mg2+, assays were performed at various concentrations
of Ca2+ in the presence of 3 mM Mg2+. As shown in Figure
4, panels A, C, E, and G, all of the DNase I family DNases
are synergisticaly activated by Ca2+ and Mg2+. On the basis
of these results, they are shown to be Ca2+/Mg2+-dependent
endonucleases. In this study, we defined each DNase activity
as that observed at the optimum pH in the presence of the
optimum concentrations of Ca2+ and Mg2+ as 100%, and
the activities observed under various other conditions are
expressed as relative percentages.

In previous reports, DNase I and DNaseγ were shown to
be activated by a single divalent cation other than Ca2+ or
Mg2+ (1-3, 10-12). Therefore, we examined the effects of
some other divalent cations on DNase I family DNases.
Among the divalent cations tested, Mn2+ and Co2+ were
found to activate all of the DNases. Although at most 50 to

60% activities were observed at optimum concentrations for
DNase I, DNase X, and DNaseγ (Figure 4, panels B, D,
and F), DNAS1L2 exerted more than 200% activity in the
presence of 10 mM Co2+ and 80% activity in the presence
of 10 mM Mn2+ (Figure 4, panel H). In contrast to Mn2+

and Co2+, no DNase activity was detected in the presence
of up to 10 mM Ni2+ or Zn2+ (data not shown).

We next examined the effects of known DNase inhibitors
on the DNase activities. G-actin, a specific inhibitor of DNase
I (46), strongly inhibited DNase I (Figure 5A). Unexpectedly,
DNase X was inhibited by G-actin at high concentrations
(Figure 5, panel A). This is not nonspecific inhibition,
because no effects were observed on DNaseγ or DNAS1L2
activities at any dose of G-actin tested. The IC50 of G-actin
for DNase I and DNase X activities are estimated to be 2
and 50µg/mL, respectively. The inhibition efficiency of
aurintricarboxylic acid (ATA), a general inhibitor of nu-
cleases (47), on each DNase was found to be quite different.
DNaseγ and DNAS1L2 were strongly inhibited by ATA,
whereas DNase I and DNase X were relatively resistant
(Figure 5, panel B). The ATA concentrations to give IC50

for DNase I, DNase X, DNaseγ, and DNAS1L2 are 50, 38,
0.35, and 0.4µM, respectively. In previous reports, DNase
I and DNaseγ activities were shown to be suppressed by

FIGURE 3: Effects of pH on DNase I family DNase activities. The
activities of DNase I (A), DNase X (B), DNaseγ (C), and
DNAS1L2 (D) were assayed using supercoiled plasmid as described
under Materials and Methods, except that the following buffers were
used: acetate-NaOH (pH 4.0, 4.4, 4.8, and 5.2), Mes-NaOH (pH
5.2, 5.6, 6.0, and 6.4), Mops-NaOH (pH 6.4, 6.8, 7.2, and 7.6),
and Tris-HCl (pH 7.4, 7.8, 8.2, and 8.6). The forms of plasmid
DNA are indicated to the right of the panels; open coil (a), linear
(b), supercoil (c), and degraded fragments (d).
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divalent-metal ions (10-12, 14). Therefore, we tested the
effects of Ni2+ and Zn2+ on the DNase I family DNases.
Although Ni2+ inhibited DNase I, DNase X, and DNaseγ
with IC50 of 3, 3, and 1.4 mM, respectively, no effect was
observed on DNAS1L2 activity (Figure 5, panel C). In
contrast to Ni2+, Zn2+ inhibited all the DNases with almost
the same efficiency (Figure 5, panel D). The IC50 of Zn2+

for DNase I, DNase X, DNaseγ, and DNAS1L2 activities
are estimated to be 80, 60, 50, and 60µM, respectively.

Mode of DNA Hydrolysis.DNases can be divided into two
classes on the basis of their mode of DNA hydrolysis: one
includes DNases producing 3′-OH/5′-P cleaving ends and
the other includes those that produce 3′-P/5′-OH ends.
Although DNase I and DNaseγ have been shown to belong
to the former class (1, 10), the mode of DNA hydrolysis of
DNase X and DNAS1L2 are unknown. Since elucidation of
the mode of DNA hydrolysis of DNase I family DNases is
important for understanding their physiological importance,

we performed 3′- and 5′- end-labeling of the DNA cleaved
by each DNase. As shown in Figure 6, panels B and C, the
3′-ends of the DNA fragments produced by DNase X or
DNAS1L2 were labeled regardless of alkaline phosphatase
pretreatment. In contrast, the 5′-ends could be labeled only
after the removal of the phosphoryl groups. These labeling
patterns are the same as those by DNase I or DNaseγ (Figure
6, panels A and C). These observations clearly show that all
of the DNase I family DNases catalyze DNA hydrolysis to
produce 3′-OH/5′-P ends.

InVolVement of DNase I Family DNases in Apoptosis.In
recent studies, one physiological role of DNase I and DNase
γ has been predicted to be the catalysis of DNA fragmenta-
tion during apoptotic cell death (14-20). Furthermore,
DNaseγ has been shown to be activated by apoptotic stimuli
and produce oligonucleosomal DNA ladder in its transfected
cells (17, 19). Because the cleavage ends of DNA fragments
(3′-OH/5′-P) produced during apoptosis in vivo (10) are the

FIGURE 4: Effects of divalent cations on DNase I family DNases.
The activities of DNase I (A and B), DNase X (C and D), DNase
γ (E and F), and DNAS1L2 (G and H) were measured using linear
plasmid DNA as described under Materials and Methods in the
presence of CaCl2 (0), MgCl2 (b), CaCl2 (in combination of 3 mM
MgCl2) (O), MnCl2 (2), or CoCl2 (9). Values are the averages of
the results obtained from three independent experiments.

FIGURE 5: Effects of DNase inhibitors on DNase I family DNases.
The activities of DNase I (b), DNase X (9), DNaseγ (O), and
DNAS1L2 (0) were measured using linear plasmid DNA as
described under Materials and Methods in the presence of the
indicated concentrations of (A) G-actin, (B) ATA, (C) NiCl2, or
(D) ZnCl2. Data represent averages of the results obtained from
three independent experiments.

FIGURE 6: End-labelings of DNA fragments generated by DNase
I family DNases. Supercoiled plasmid DNAs digested by DNase I
(A), DNase X (B), DNaseγ (C), and DNAS1L2 (D) were subjected
to 3′- (lanes 1 and 2) or 5′- (lanes 3 and 4) end-labeling with (lanes
1 and 3) or without (lanes 2 and 4) pretreatment with alkaline
phosphatase as described under Materials and Methods. DNA was
separated by 1.0% agarose gel electrophoresis, transferred to nylon
membranes, and analyzed by autoradiography. The forms of plasmid
DNA are indicated to the right of the panels: open coil (a), linear
(b), and degraded fragments (c).
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same as those digested by the DNase I family DNases in
vitro (Figure 6), we examined whether all of the DNase I
family DNases can be activated and catalyze nucleosomal
DNA fragmentation during apoptosis. In this study, we used
HeLa S3 cells as a transfection host because (i) although a
slight expression of DNase X mRNA is detected, little
endogenous expression of the other DNase I family genes
are observed (Figure 7A) and (ii) they die by apoptosis
without extensive oligonucleosomal DNA fragmentation in
response to various apoptotic stimuli (Figure 7, panel C) (17,
19, 30, 33). Therefore, HeLa S3 cells are considered to be a
suitable host for functional analysis of the DNase I family
DNases. The existence of DNase II and CAD mRNAs could
be detected by RT-PCR (Figure 8, panel A). However,
Northern blot analyses has shown that their expression levels
are quite low in HeLa S3 cells (30, 33), and this is thought
to be a cause for the absence of extensive apoptotic DNA
fragmentation in HeLa S3 cells (30, 33). In the following
experiments, the same intracellular protein levels for each
ectopic DNase were confirmed by Western blot analysis with
anti-Myc antibody (data not shown). The transfection of
HeLa S3 cells with expression vectors for each DNase causes
no loss of viability or spontaneous DNA fragmentation
(Figure 7, panel C), indicating that the transient expression
of the DNases themselves has no toxic or apoptosis inducing
effect on the cells. This is supported by the observation that
reactivities to annexin V and propidium iodide (PI) in each
transfectant are the same as those of control cells (Figure 7,
panel B). We next examined the effects of each DNase on
TNF-R-induced apoptosis. After 12 h continuous treatment
with TNF-R/Act D, about 70% of the cells turned to be
reactive to annexin V and 20% to PI staining (Figure 7, panel
B). Importantly, apoptosis indexes of each DNase expressing
cells are almost the same as those of control cells, indicating
that the ectopic expression of DNase I family DNases has
essentially no effect on cell death. As shown in Figure 7,
panel D, nucleosomal DNA fragmentation was scarcely
observed in DNase I, DNase X, or DNAS1L2 transfected
cells. Although slight smearing was observed in DNase I
cells, the extents of DNA degradation in these three
transfectants were almost the same as that observed in control
cells. In contrast to DNase I, DNase X, and DNAS1L2, clear
DNA fragmentation into oligonucleosomal ladder was ob-
served in DNaseγ transfected cells (Figure 7, panel D). The
same results were obtained when camptothecin, adriamycin,
and C2-ceramide were used as apoptosis inducers (data not
shown). On the basis of these results, among DNase I family
DNases, DNaseγ is the sole DNase that is activated by
apoptotic stimuli and catalyzes internucleosomal DNA
fragmentation in mammalian cells.

Nuclear Translocation of DNaseγ during Apoptosis.To
understand the activation mechanism of DNaseγ during
apoptosis, we expressed DNaseγ as a GFP fusion protein
and determined the subcellular distribution. We fused GFP
to the C-terminus of DNaseγ, because DNase I family
DNases contain precursor peptides in their N-termini (Figure
1), and GFP fused to their N-termini would interfere with
the collect processing and distribution of the DNases. As
shown in Figure 8, panel A, fluorescence microscopic
analysis revealed that DNaseγ was located around the
perinuclear region in living (nonapoptotic) cells. Importantly,
DNaseγ was translocated into the nucleus when apoptosis

FIGURE 7: Effects of ectopic expression of DNase I family DNases
on TNF-R-induced apoptosis in HeLa S3 cells. (A) Endogenous
expression levels of DNase I family genes in HeLa S3 cells. Total
RNA was prepared from HeLa S3 cells and PT-PCR was performed
as described under Materials and Methods. The identities of the
PCR products are indicated at the top of each lane. Results for
DNase II, DFF40/CAD, DFF45/ICAD, and GAPDH were shown
for comparison. (B) TNF-R-induced apoptosis in HeLa S3 cells
transfected with DNase I family DNase expression vectors. Apo-
ptosis was induced by TNF-R (1 ng/mL)/Act D (0.3 µg/mL)
treatment for 12 h. Percentages of apoptotic cells in nontreated
(lanes 1 and 2) and TNF-R/Act-D-treated (lanes 3 and 4) samples
were analyzed by annexin V binding assay (lanes 1 and 3, striped
bars) and PI staining (lanes 2 and 4, closed bars), respectively, as
described under Materials and Methods. Values are the averages
of three independent experiments and are shown with standard
deviation. The identities of DNase expressed in the cells are
indicated at the bottom. Cells transfected with empty vector were
used as control. (C and D) Apoptotic DNA fragmentation in HeLa
S3 cells transfected with DNase I family DNase expression vectors.
Apoptosis was induced by TNF-R (1 ng/mL)/Act D (0.3µg/mL)
treatment in each expression vector transfected cells. After 12 h of
incubation, nontreated (C) and TNF-R/Act-D-treated (D) cells were
harvested and DNA fragmentation was observed as described under
Materials ans Methods. The identities of DNase expressed in the
cells are indicated at the top of each lane. Cells transfected with
empty vector were used as control.
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was induced by TNF-R/Act D treatment (Figure 8, panel C).
We performed the same experiments using DNAS1L2, which
has no ability to produce DNA fragmentation during apop-
tosis (Figure 7, panel D). In living cells, DNAS1L2 was
found predominantly in the cytoplasm with a punctate pattern
of distribution, suggesting the likely cellular compartments
of DNAS1L2 to be ER and Golgi complex. This prediction
is supported by the observation that DNAS1L2 is secreted
into the culture medium when expressed in 293 cells (Figure
2). In contrast to DNaseγ, nuclear translocation of DNAS1L2
could not be observed during apoptosis (Figure 8, panel G).
These observations suggest that the nuclear translocation of
DNaseγ is not a nonspecific result occurring as a conse-
quence of apoptotic nuclear condensation but is a specific
feature of DNaseγ.

DISCUSSION

In this study, we purified and characterized human DNase
I family DNases, DNase I, DNase X, DNaseγ, and
DNAS1L2, generated as Myc-His tagged recombinant pro-
teins through the same procedures. This is the only compara-
tive characterization of mammalian DNase I-type endonu-

cleases. On the basis of poly A(+) RNA dot blot analysis,
DNase I family genes are shown to be expressed with
different tissue specificities and are suggested to play unique
physiological roles. Western blot analysis of the DNase I
family proteins revealed that their extra- and intracellular
distributions are quite different (Figure 2). This clearly
indicates that the conserved hydrophobic precursor peptides
do not always direct them to the secreting pathways. The
possible domains responsible for the intracellular retention
of DNaseγ and DNase X are thought to be their C-terminal
stretches, which are not found in DNase I or DNAS1L2,
because a DNaseγ mutant deleted in the C-terminal basic
domain is effectively secreted in the same manner as DNase
I (our unpublished observation). Although the elucidation
of the precise cellular distributions and the traffic mecha-
nisms must await further studies, our results suggest that the
DNase I family proteins evolved originally as secretory
proteins, and through the acquisition of C-terminal extrado-
mains, DNaseγ and DNase X came to be retained within
cells and to play specific roles distinct from those of DNase
I or DNAS1L2.

We next examined the enzymatic properties of the DNase
I family proteins using affinity-purified recombinants and
revealed their divalent cation-dependent endonuclease activi-
ties. To generate recombinant DNases, we chose a mam-
malian expression system because several lines of evidence
suggest that some eukaryotic posttranslational modifications
are essential for their biosynthesis: (i) removal of the
precursor peptide is essential for the activity of DNaseγ
protein (17) and (ii) DNase I has twoN-linked glycosylation
sites and bovine pancreatic DNase I is shown to contain a
single oligosaccharide at Asn18 (42).

The enzymatic properties of DNase X were found to be
similar to those of DNase I. Both DNases are activated by
Ca2+ or Mg2+ alone, inhibited by G-actin, and are relatively
insensitive to ATA. The inhibition of DNase X by G-actin
is an unexpected result (Figure 5), because the actin binding
sites determined in DNase I are not well-conserved in DNase
X. In the previous studies, actin binding sites, E13, H44,
D53, Y65, V67, and E69 were determined in bovine DNase
I (48), and by comparison, the corresponding residues in
DNase X are predicted to be L13, S44, R53, T66, S68, and
P69, respectively. Although we can give no clear explanation
for the inhibition mechanism of DNase X by G-actin, some
of the substituted amino acids are considered to be partially
compatible with actin binding, and this may account for the
different IC50 values between DNase I and DNase X.

DNAS1L2 is revealed to have a Ca2+/Mg2+-dependent
acidic endonuclease activity (Figure 3). It is of note that this
is the first report of a mammalian divalent cation-dependent
acidic DNase. Besides its optimum pH, DNAS1L2 has a
unique divalent cation requirement, namely, its activation
by Mn2+ and Co2+ (Figure 4). These divalent cations exert
about half the activation efficiencies of Ca2+/Mg2+ on other
DNase I family members, whereas Mn2+ activates DNAS1L2
to almost the same extent as Ca2+/Mg2+. Furthermore, a more
than 2-fold activation of DNAS1L2 is observed by Co2+.
Interestingly, a biphasic activation of DNAS1L2 by Co2+

was observed: the first peak is observed at 1 mM, is lower
at 3 mM, and high again at 10 mM. The molecular basis of
this phenomenon is at present unknown; however, we
confirmed that the observation is reproducible by performing

FIGURE 8: Subcellular localization of DNaseγ expressed in HeLa
S3 cells. Apoptosis was induced in the cells transfected with
phDNaseγ-GFP (A, B, E, and F) or phDNAS1L2-GFP (C, D, G,
and H) by addition of TNF-R (1 ng/mL) and Act D (0.3µg/mL).
After the cells were cultured for 12 h, nontreated (A, B, C, and D)
and TNF-R/Act-D-treated (E, F, G, and H) cells were fixed, stained
with Hoechst 33258, and the fluorescence of GFP (A, C, E, and
G) and Hoechst (B, D, F, and H) was monitored by fluorescence
microscopy as described under Materials and Methods.
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more precise dose effects between 1 and 10 mM Co2+ (data
not shown).

ATA has long been used as a general nuclease inhibitor.
We clearly showed that the sensitivities of the DNase I family
DNases for ATA are quite different (Figure 5, panel B).
Although the reason for these differences remains unknown,
the sugar chains in DNase molecules may produce different
sensitivities to ATA. In contrast to ATA, the inhibitory
effects of Zn2+, which has been believed to inhibit specific
DNases, were shown to be almost the same for all DNase I
family DNases (Figure 5, panel C).

Among the DNase I family DNases, DNaseγ has been
examined with regard to apoptotic DNA fragmentation in
mammalian cells: the ectopic expression of DNaseγ itself
has no effect on the viability of transfected cells; however,
DNase γ is activated by various apoptotic stimuli and
catalyzes nucleosomal DNA fragmentation during apoptosis
(17, 19). In the present study, we examined the involvement
of DNase I family DNases in apoptotic DNA fragmentation
in HeLa S3 cells, and, as a result, DNaseγ is shown to be
the sole DNase capable of producing DNA ladder during
apoptosis in this expression system (Figure 7). Importantly,
these observations also indicate that the apoptotic activation
of DNaseγ is not an artifact caused by the ectopic expression
of active DNase in cells.

At present, the well-known apoptotic DNase is CAD/DFF-
40/CPAN (32-35). CAD has been shown to be inactivated
by complexing with its inhibitor ICAD/DFF-45 in living
cells, and during apoptosis, CAD is activated by the caspase-
mediated cleavage of ICAD and catalyzes apoptotic DNA
fragmentation (32-34). Although the activation mechanism
of DNase γ has yet to be elucidated, our present study
provides an important clue to understand its activation
mechanism during apoptosis. Fluorescence microscopic
analysis revealed that DNaseγ-GFP was translocated from
the perinuclear region into the nucleus during apoptosis
(Figure 8), suggesting that the nature of the apoptotic
activation of DNaseγ is its nuclear translocation. This is
consistent with our previous observation that DNaseγ
activity was accumulated in the nuclear fraction during
apoptosis in HeLa S3/DNaseγ stable transfectant (17). The
nuclear translocation of DNaseγ is likely to occur depending
on its NLS (Figure 1) and considered to be an important
step for the function of DNaseγ in apoptosis. As mentioned
in Results, existence of NLS is a unique feature of DNase
γ, and this may give an account for the observation that
DNaseγ is the solo DNase that can produce apoptotic DNA
fragmentation among DNase I family DNases (Figure 7,
panel D).

On the basis of the molecular structure of DNaseγ, one
possible pathway for its biosynthesis and apoptotic activation
mechanism is as follows. During de novo synthesis, the
nascent chain of DNaseγ protein is translocated into the
endoplasmic reticulum (ER) depending on its hydrophobic
precursor peptide. After removal of the peptide by some
signal peptidase, the mature DNaseγ is transported to the
nuclear envelope and stored in its inner space until the onset
of apoptosis. When cells are exposed to some apoptotic
stimuli, DNaseγ is released from the nuclear envelope, is
translocated to the nucleus depending on its NLS, and cleaves
genomic DNA into oligonucleosomal fragments.

Recent studies have revealed that many apoptosis-promot-
ing factors are stored or located in some subcellular compart-
ments and released to the cytoplasm when apoptosis is
triggered (49-51). Release of cytochromec from the
mitochondria is regulated by the Bcl-2 family proteins, and
one of their molecular targets has recently been identified
as voltage-dependent anion channel (VDAC): Bcl-x closes
the VDAC, whereas Bax and Bak promote opening of the
channel so that cytochromec is released to the cytoplasm
(50, 52). Release of DNaseγ from the nuclear envelope may
be controlled by some mechanisms similar to those for
cytochromec release. Furthermore, this may give an answer
for the question of why Bcl-2 family proteins are located in
the nuclear envelope (51).

In this study, we demonstrated that only DNaseγ is
activated by apoptotic stimuli and capable of producing DNA
fragmentation among the four DNase I family DNases.
However, we cannot exclude the possible participation of
other members under some apoptotic conditions. For in-
stance, it may be interesting to examine the involvement of
DNAS1L2 in apoptosis when intracellular acidification
occurs. Under such conditions, pH-sensitive endonucleases
have been considered candidates for the DNase responsible
for apoptotic DNA fragmentation (53, 54). On the basis of
its properties, DNAS1L2 is thought to be the most likely
candidate, because it prefers acidic pH for its activity, and
both of the DNA fragments produced by DNAS1L2 in vitro
and during apoptosis in vivo have the same 3′-OH/5′-P ends
(10). Furthermore, the participation of DNase I has been
reported during apoptosis in spermatocytes and prostate
epithelial cells (15, 16). Thus, it is possible that multiple
DNases, including DNase II, L-DNase II, and CAD, are
involved in apoptosis and that their activations differ with
the cell type, status (growing, undifferentiating, and dif-
ferentiating), and/or apoptotic stimuli.

In summary, we have described the tissue-specific gene
expression and physical and enzymatic properties of the four
human DNase I family DNases. In addition, we examined
their possible involvement in apoptosis and found that only
DNase γ is activated by apoptotic stimuli and produce
nucleosomal DNA fragmentation in mammalian cells. Our
results provide some important clues for understanding the
physiological and pathological importance of DNase I family
endonucleases.
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