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ABSTRACT

In this report, we describe the molecular cloning and
characterization of DLAD, a novel mammalian deoxy-
ribonuclease homologous to DNase Il. The full length
cDNA for mouse DLAD has been cloned by
polymerase chain reaction. The cDNA contains a
1065 bp open reading frame (ORF) encoding a 354
amino acid protein with a calculated molecular mass

of 40 767. The predicted protein for DLAD shares 34.4%
identity with DNase Il. DLAD is also homologous to
three predicted proteins, C07B5.5, F09G8.2 and
KO4H4.6, from the nematode Caenorhabditis
elegans . Furthermore, the third ORF of the fowlpox
virus genome is found to encode a DLAD homologue
showing 37.1% identity at the amino acid level.
Northern blot analysis reveals that expression of the
DLAD mRNA is highly restricted to the liver. DLAD
mainly exists as a cytoplasmic protein with divalent
cation-independent endonuclease activity and
cleaves DNA to produce 3 '-phosphoryl/5 '-hydroxyl
ends. It is active under a wide range of pH with
maximum activity at pH 5.2. Among known DNase
inhibitors tested, aurintricarboxylic acid and Zn 2 are
found to be effective inhibitors of the DLAD activity.

INTRODUCTION

Acid DNase is one of the best characterized enzymes that cataly
DNA hydrolysis in the absence of divalent cations at acidic p

DDBJ/EMBL/GenBank accession no. Al128888

divalent cation-dependent endonucleases, including DNase I,
Nuc-18, DNasey and CAD, have been identified as apoptotic
DNases responsible for the DNA fragmentation (10-14).
DNase Il has also been proposed to be involved in some
specific cases of apoptosis (4,5,15-17). Thus, the physio-
logical importance of DNase Il is now being recognized again
and has become a research focus.

The enzymatic properties of DNase Il isolated from different
organs are very similar (1), however, their physical properties
and molecular structures are quite different. For instance,
porcine DNase Il is a complex of non-identical subunits
derived from its precursor protein, whereas DNase Il from
other species are largely recognized to be single polypeptides
(18-21). Furthermore, the apparent molecular masses of
DNase Il vary from 26.5 to 45 kDa (20-23). The diversity of
DNase Il is also recognized in their subcellular localizations;
DNase Il is localyzed intracellulaly in lysosomes (23,24),
however, acid DNase activities are also found in nuclear
fractions (4,25).

Although the reason for the molecular diversity of DNase Il
remains unclear, these observations imply the existence of
another acid DNase(s) related to but distinct from DNase II.
Nuclear acid endonucleases, DNasesand (3, have been
identified and partially purified from rat thymocytes (26,27).
Furthermore, a ubiquitous serine protease inhibitor has
recently been shown to have an acid DNase activity (28). In
this study, we attempted to identify a novel acid DNase. As a
result, we isolated a cDNA for DLAD, a protein with sequence
homology to DNase Il. On the basis of its enzymatic properties,

DLAD appears to be a novel mammalian endonuclease that

)_égtalyzes DNA degradation at acidic pH in the absence of

ivalent cations.

(2). Its activities are found in a wide variety of animal tissues
(2,3), and, to date, DNase Il has been recognized as the sole
enzyme responsible for these acid DNase activities. On th®IATERIALS AND METHODS

basis of its ub|qU|tous distribution, the physiological importance
of DNase Il in some fundamental biological phenomena suc

flolecular cloning of the cDNA for DLAD

as DNA catabolism and apoptosis has been suggested (1,4,57he Expressed Sequence Tags (EST) subdivision of the NCBI
Apoptosis is a form of cell death that plays important rolesGenBank database was searched with the deduced amino acid
under a variety of physiological circumstances in multicellularsequence of human DNase Il (GenBank AF060222) using the
organisms (6,7). Cleavage of chromosomal DNA into nucleotblastn program. As a result, we identified a mouse EST clone
somal fragments is one of the most outstanding biochemicglzenBank Al048641) coding for DLAD. Two oligonucleotide
characteristics of apoptotic cell death (8,9). At present, severglrimers, sense (GSP2/mD;:AATGAATATGGTGAAGCTG-
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TGGACTGG-3) and antisense (GSP1/mD:6CATCGTTG-  after transfection and homogenized in 2 ml of ice-cold buffer A
TATATTAGATAGGCTGTG-3), were generated from the [10 mM Tris—HCI (pH 7.8), 3 mM MgCJ, 1 mM 2-mercapto-
sequence and used to clone the full length cDNA by rapicgthanol, 0.3 mM PMSF] containing 0.1% Nonidet P-40 by10
amplification of cDNA ends (RACE) reactions as describedstrokes of a Teflon-glass homogenizer. The homogenate was
previously (19). In brief, adaptor-ligated cDNA was generateccentrifuged at 10 00@ for 10 min and the supernatant was
from C57black/6 mouse liver polyA(+) RNA using a Marathon collected as the cell extract. His-tagged recombinant protein
cDNA amplification kit (Clontech). 5and 3 RACE reactions was purified from the cell extract with a Ni-NTA spin column
were performed with the gene-specific primers GSP1/mD an¢Qiagen) according to the manufacturer’s protocol. Purified
GSP2/mD, respectively, and a linker primer (APT(3CATC-  DLAD (or DNase 1), eluted in 30@ul of elution buffer [50 mM
CTAATACGACTCACTATAGGGC-3). The resulting PCR sodium phosphate (pH 8.0) containing 250 mM imidazole and
products were subcloned into pBluescript KS+ (Stratagene300 mM NacCl], was dialyzed against 20 mM Mes—NaOH
and the nucleotide sequences were determined on both strar{@$l 5.6) containing 1 mM 2-mercaptoethanol and used in the
by cycle sequencing using a 7-deaza Thermo Sequenase &haracterization of enzymatic properties.

(Amersham) and DSQ1000L DNA sequencer (Shimadzu). )
Western blot analysis

HeLa S3 cells (X 10F) were transfected individually with1g
Total RNAs (15ug) were subjected to 1% agarose—formamideof pDLAD, pll/DLAD, or pDNase Il as described above. The
gel electrophoresis and blotted onto a Biodyne-A membraneells were cultured for 48 h and the culture medium and the

(Paul). The blot was hybridized with &P-labeled probe, cells were collected separately. The affinity-purified Myc-His-
generated by random priming oféhd fragment of pDLAD-  tagged proteins were subjected to 10% SDS—PAGE and trans-

Northern blot analysis

Myc-His (see below), as described previously (13). ferred onto Immobilon-P membranes (Millipore). Blots were
) , blocked in TBST [20 mM Tris—HCI (pH 8.0), 400 mM Nacl,
Construction of expression vectors 0.05% (w/v) Triton X-100] containing 2.5% BSA for 1 h and

A cDNA fragment containing the DLAD open reading frame probed with anti-Myc antibody (Novagen). After washing with
(without a stop codon) was generated by PCR and subclonedBST, the antibody retained on the membrane was detected
into pBluescript KS+. The primers used wereGTCGAG-  using alkaline phosphatase-conjugated anti-mouse 19G
CCACCATGACAGCAAAGCCTCTAAGAACA-3 (sense) (Promega) and a Proto Blot western detection kit (Promega).
and 5-CTCGAGACTTACAGAACCCATAACGGAGAT-3  Animage of the blot was scanned with a CCD camera (Atto)
(antisense).Xhd sites flanking the coding sequences areand the optical densities of the bands recognized by the anti-Myc
shown in bold face. After confirming the sequence, the inser@ntibody were quantified by densitometry (NIH image 1.60).
was excised byhd digestion and recloned into théhd sites : : . . .

of pcDNA3-Myc-His C (Invitrogen) and pEGFP-N3 (Clontech) Microscopic analysis of the DLAD-GFP fusion protein

to generate expression vectors for DLAD with C-terminal MycHeLa S3 cells (% 10°), grown on a coverslip, were transfected
and His tags (pDLAD-Myc-His) and DLAD with a C-terminal with 1 ug of pDLAD-GFP as described above. Cells were
GFP fusion protein (b DLAD-GFP), respectively. An expressioncultured for 48 h and fixed with 1% glutaraldehyde in PBS
vector for Myc-His tagged DNase I, pDNase II-Myc-His, was without C&/Mg?*, PBS(-), at room temperature for 10 min.
generated by the same procedure. The primers used to amplifjne coverslip was washed with PBS(-), and the cells were
a cDNA fragment of human DNase Il weré-6TCGAG-  stained with 1 mM Hoechst 33258 in PBS(-). The GFP and
CCACCATGATCCCGCTGCTGCTGGCA gsense)and8T-  DNA images were observed by fluorescence microscopy
CGAGAGACGGTTTCCAGTCTTTCACC-3 (antisense). In  (Olympus).

the construction of the DNase II-DLAD chimeric protein o

expression vector (pll/DLAD), cDNA fragments for the ASsay of DNase activity

DNase Il signal peptide and DLAD without a signal peptide Twenty microliters of reaction mixture [50 mM MES—NaOH

were generated by PCR using the primer$C5C-  (pH 5.2), 1 mM 2-mercaptoethanol, 1 U enzyme and 500 ng
GAGCCACCATGATCCCGCTGCTGCTGGCA3sense) and  EccRI-digested linear pBluescript Il KS+] was prepared on ice

5-GCAGGTCAGGGCGCGGC-3 (antisense), andAGC-  and incubated at 48 for 20 min. The enzyme reaction was
TAGGCGCCCTCTCATGCAGAAATGAA-3 (sense) andET-  terminated by phenol/CHGéxtraction and %l aliquots of the
CGAGACTTACAGAACCCATAACGGAGAT-3  (antisense), mixtures were analyzed by 1% agarose gel electrophoresis.
respectively.Haell sites flanking the coding sequences areThe gels were stained with ethidium bromide and scanned with
underlined. The resulting fragments were ligated aeell a3 CCD camera (Atto) under UV transillumination, the optical
digestion and subcloned into pBluescript KS+. Afterdensities of the intact substrate (2961 bp) were quantified by
confirming the sequence, the insert was recloned int@ensitometry (NIH image 1.60). DNase activities were deter-
pcDNA3-Myc-His C and pll/DLAD was generated as mined by reduction of the band intensities corresponding to the
described above. intact substrate. In this study, one unit of DLAD or DNase II
activity is defined as the amount required to decrease the band
intensity corresponding to 200 ng of intact substrate in the
HelLa S3 cells (5¢< 10°) grown in RPMI 1640 supplemented assay. Alternatively, DNase activities were assayed using
with 10% fetal calf serum, were transfected with @§ of  supercoiled plasmid as a substrate to show their endonuclease
pDLAD-Myc-His (or pDNase II-Myc-His) using a FuGene 6 activities (8; Fig. 6). In these cases, 2 U enzyme was used in the
transfection reagent (Boehringer). Cells were harvested 48 fieactions to obtain clear results.

Transfection and purification of recombinant DNases
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1 ctagtcgacaactgagcacaaaggctcccaga
33 gtcacactggaatgttgtgacagaacccatcagatgacatgggactcagectcttetgtt mDLAD M---TAKPLRTVLSLLFF----~--- ALSGVLGT------=---- PEISCR
93 tgtgcccaaacagtgaacagcaaaagtgaaccgacccgcaagggagccaacgeggectga mDNase II MATLRSLLLAALLWVP------—--o-——--o-o-ooooooooe AEALSCY
153 gaaagacctgacactctgactccacagtcccctgcatggaatgaaggccacagatiiaaa FP-CEL 1 MISPTAITLSVCICITYYIGNNIDISNISKILNSIGSNFNEYDKGKVNCV
213 atgacagcaaagcctctaagaacagttctttcetttgetettetttgecctototggggte * o o X
1 M T A KPLRTTUV L S LLFTFA ATLSG V
mDLAD NEYGEAVDWF I FYKLPKRTSKASEEAGLQYLYLDSTRQTWNKSLYLINST
273 ctggggacaccagaaatctcatgcagaaatgaatatggtgaagctgtggactggtttate mDNase II GDSGQPVDWFVVYKLPAHSGSRDTPKGLTYKYMDONSDGWQDGVGY INSS
21 LG T P E I Y G E AVDGWEF I FP-CEL 1 NEEGEVVDWYFVYKLPKLQKLGTK - -GNEYLY IDSNNPKWKRGKVP INSR
I YT ok % % *, ok
333 ttttataagttacccaaaaggactagcaaggcaagtgaagaggcggggctgcagtacctg
41 F Y K L R T K A S EE A G L Q Y L mDLAD RSALGRTLQHLYDTHNSTNDTAYLIYNDGVP~-GSVNY SRQYGHAKGLLV
mDNase II EGAVGRSLQPLYR--KNSSQLAFLLYNDQPPK SSSARDSTGHGHTKGVLL
393 tacctggactccacaagacaaacctggaacaagagectctacctgattaacagcaccagg FP-CEL 1 YSIIGKTLYPIYDLYDSKY-IEYIFYNDGIP--GSKNYSSKVGHTKGVMA
661 Y L D S TR QTWNZ K STULJYTZLTINST R LT coLREELR L LE ARk
* *
453 agtgctctggggaggaccttacagcatctgtatgacacacataattccacgaatgacaca mDLAD WNRTQ--GFWLIHSVPKFPP--VHG-YEYPTSGRRYGQTGICITFGY-SQ
81 S A L G R T L L YD THNS T NUD T mDNase II LDQEG ~~-GFWLVHSVPRFPPPASSGAYTWPPNAQTFGQTLLCVSLPF -TQ
* FP-CEL 1 WNSDSVTGFWLIHSVPRFPPSPVLG-YNYPYSGYVYGQSMLCINLDYKGG
513 gcctatctaatatacaacgatggtgtccctggatetgtgaattacagcagacagtatgga . RAAK hhkK Kk LA L S
101 A Y L 1 Y G V P G s V Q Y G
mDLAD FEEIDFQLLVLOPNIYSCFIPSTFHWKLIYMPRMCANSSSLKIPVRYLAE
573 catgccaaaggtctgetggtatggaacagaacgcaggggttetggctgatacactctgtt mDNase II FARIGKQLTYTYPLVYDHKLEGFFAQKLPDLETVIKNQHVLHEPWNSSVI
121 H A G L L V WN T F WLIUHSV FP-CEL 1 LTALDNTLPVNNPNVYNC SVTNK - - ~-NLNNLYHLCNDKNYTTLYKNVSRW
* % *
633 cccaagttteccccagttceatggetatgagtacccaaccteggggaggegatatggacaa
141 P K P P G E Y P T S G R R Y G mDLAD LHSAQGLNFVHFAKSSFYTDDIFTGWIAQKLKTHLLAQTWQOKKKQELPSN
mDNase II LTSQAGATFQSFAKFGKFGDDLY SGWLAEALGTNLOVQFWONSPGILPSN
693 accggcatctgcatcactttoggatacagccagtttgaggaaatagattttcagetetty FP-CEL 1 MESRKGEKFLTFAKSKYFRHDIMSAWIGPTLESDLLSETWQRRGESMITN
161 T 6 I € I T F G F EE I DF @ L L P T T o AL A o
753 gtcttacaaccaaacatctacagctgcttcattccaagcacctttcactggaaacttate mDLAD CSLPYHVYNIKSIGVTSKS--YFSSRQDHSKWCVSIKGSANRWTCIGDLN
181 V L Q@ P N I Y S ¢ F I P S T F H W K L 1 mDNase II CSGAYQVLDVTQTGF PGPSRLTF SATEDHSKWCV - - -APQGPWACVGDMN
FP-CEL 1 CSSKYHVHNIKSINVNGTS--FINYY-DHSKWIVSLYDKKG-WVCIGDIN
813 tacatgccccggatgtgtgcecaactccagttcecttaaagatecctgtecggtaccteget e oL x L, . . ol h ok kk R
201 R M C AN S S S L K I P V Y L A
* mDLAD RSLHQALRGGGF ICTKNHYIYQAFHKLYLRYGFC---K
873 gaactgcactcagcccagggtctaaacttegtccattttgcaaaatcaagtttttatact mDNase II RNKAETHRGGGTVCTQLPSFWKAFQSLVKDWKPCIEGS
221 E H 8 A Q0 G F VH F A K S s F Y T FP-CEL 1 RSPTQRHRGGGYACTRNGYLFKLLKETVIEYEGCVINM
* Tt *

933 gacgacatctttacaggatggatagctcaaaagttgaaqacacatttgttagcacaaacc
241 D DI F T GWTIAGO QT KTLTZEKTTH L A QT

993 tggcagaaaaagaaacaagagcttccttcaaactgttecctgecttaccatgtctacaac
W

261 Q K K K 0 E L P S8 N C . B H H
yesrrpyYHVYN Figure 2. Sequence comparison of DLAD-related proteins. Alignment of the
1oR1 RIreA rages st geapatettaet toagttatagocaagaccat tecasa mouse DLAD sequence with the sequences of mouse DNase Il and fowlpox
1113 tggtgtgtttccataaaggget teget Cocatt virus FP-CEL1. Identical and conserved residues are marked by asterisks and
ctccgcaaatcege acc H H H H H
01 W e S TR e R e gaarcteartagaghocaattaga dots, respectively. Dashes indicate gaps introduced for better alignment. The
* H 1
1173 agoctacaccaagecttasgaggtygaggatteatcttacanagastcactacatttac GenBank accession numbers of mouse DNase Il cI_DNA and fowlpox virus FP-CEL1
321 L R G G F CTKNUHYTI Y genome are AB013359 and AB013361, respectively.
1233 caggcatttcataaattatatctccgttatgggttetgtaagt¥sactcggtgaaaggee
341 Q A F H K L Y L R Y G F c K 7
1293 acaccctctgtcecttgaaaacactggecactggaacatctegecttggatctgttctecat
ig!lsg :a;ttcaaggcttctgagtgagcacaacgtagcgtcgcactgtgagcccaca
ttaccttcctatgttcaaatcaagagaaataggagtcatctgcatgtatggaattagaa H 1
1473 atcaaaatcatgatatgtaagtaatagoacoaggggacagaatacaatattttect coag (pH 9.0) and 1 mM MgCl Unincorporated nucleotides were
1533 tttaattaccttcagtggtctgtcttgtggattaagtttcatctctcacaaagcaacect .. .
1593 gactgtcctgtttgaagaaatasdugtoocctootecooottanaanaannaaaaaaana removed by ethanol precipitation and the labeled DNA was

subjected to 1% agarose gel electrophoresis, transferred to
nylon membrane, and analyzed with a BAS 1500 image

Figure 1. Nucleotide and the predicted amino acid sequences of mousanalyzer (Fuiji film).
DLAD. The complete sequences of mouse DLAD cDNA and its translation

product are illustrated. The predicted amino acid sequence is shown from the

first ATG codon in the open reading frame. In-frame stop codons are shadeRESULTS
Nucleotide and amino acid numbers are shown at the left. Putative polyadenylation

signals are outlined and the polyadenylation sites (1409 and 1634) are indicated|i§g|ation and characterization of a cDNA for DLAD
bold letters. PotentidN-linked glycosylation sites are marked by asterisks. A

putative signal sequence is underlined. The GenBank accession nufnber [ an attempt to identify a novel DNase llI-like mammalian

mouse DLAD is Al128888. DNase, we screened the GenBank expressed-sequence tag
(EST) database using the deduced protein sequence of human
DNase I1 (19) as a query. As aresult, an EST clone (Al048641)

End-labeling of DNA encoding part of a protein with homology to DNase Il was

. identified. On the basis of the nucleotide sequence, a full
The cleaved ends, of the DNA d|g¢sted by DLAD or DN_ase IIIength cDNA was isolated from mouse liver cDNA by a
were analyzed by'3and 5 end-labeling as described previously combination of 3and 5 RACE reactions (Fig. 1). During the
with some modifications (27). Supercoiled pBluescript Il KS+, 9. L)- 9

: ; / ; " /RACE reaction, we identified two cDNA fragments that
digested in the assay described above, was isolated by phengl ) . T . : .
chloroform extraction. The'&nds were labeled in 50 of a |%fer in their poly A sites (Fig. 1, bold faced). Consistent with

reaction mixture composed of 20 U of terminal deoxynucleo{NiS observation, two possible poly A signals, AATAAA, were
tidyl transferase (Toyobo), 0.83 mCi/ml o {2P]dCTP, found in the 3untranslated region at 14 and 18 nt upstream of
100 mM sodium cacodylate (pH 7.2), 0.2 mM DTT and 1 mmthe first (nt number 1409) and second (nt number 1634) poly A
CoCl, The 5 ends of the DNA fragments were labeled injB0 ~ Sites, respectively (Fig 1, boxed). Sequence analysis revealed
of reaction mixture composed of 20 U of polynucleotide kinase2n open reading frame of 1065 bp encoding 354 amino acids of
(Toyobo), 0.83 mCi/ml of {-*?P]JATP, 50 mM Tris—=HCI a novel DNase ll-like protein, sharing 37.1% amino acid
(pH 8.0), 10 mM MgC} and 10 mM 2-mercaptoethanol. The identity with DNase I, with a calculated molecular mass of
phosphoryl groups at the ends of the DNA chains wered0 767 (Fig. 2). On the basis of its enzymatic properties (see
removed by pretreatment with 20 U of calf intestine alkalinebelow), we designated this new enzyme as DLAIN&3e |l-Like
phosphatase (Takara) in the presence of 50 mM Tris—HCAcid DNase).
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Figure 4. Western blot analyses of recombinant DLAB) Cell extracts prepace
from pDLAD-Myc-His and empty vector transfected cells were subjected to
Figure 3. Tissue distribution of DLAD mRNA. DLAD mRNA expression in Ni-NTA column chromatography and the Myc-His.tagged DLAD protein was
adult mouse tissues was analyzed by northern blot. The identities of the RNAgetected with anti-Myc antibody as described in Materials and Methods. The
are indicated at the top of each lane. The position of the 1.9 kb DLAD mRNApand representing the DLAD protein is marked by an arrowhead (right lane).
is indicated by the arrowhead. For quantitation of lane loading, the ethidiunNo detectable band appeared in the control lane (left laB@)Q(antitation &
bromide stained gel is shown at the bottom for comparison. The 28S and 188tra- (closed bar) and extra- (open bar) cellular amounts of DLAD (left),
RNAs are indicated. DNase II/DLAD chimera (middle) and DNase Il (right) proteins. HeLa S3 cells
were individually transfected with pDLAD-Myc-His, pll/DLAD-Myc-His ro
pDNase II-Myc-His, and the Myc-His-tagged proteins in the extra- and intragellula
fractions were purified and detected by western blot as described in Materials
and Methods. Band intensities were analyzed by densitometry and the results
are summarized. Values are the averages of three independent experiments and
DLAD is a highly basic protein with a calculated pl of 9.67 are shown with standard deviation.

containing eight potentiaN-glycosylation sites (Asn-X-Thr/
Ser) and an N-terminal signal peptide. The possible stretch of
the signal sequence was predicted to be the first 22 amino acids
by von Heijne’s method (29). A homology search of the

GenBank database revealed that DLAD has apparent hom@ith previous reports (18,21), exogenously introduced DNase
logies with three predicted proteins encoded by putative ORF$ was secreted efficiently and ~80% of the DNase Il protein
in the nematodeCaenorhabditis elegangenome. DLAD was found in the extracellular fraction (Fig. 4B). In contrast,
shares 321, 25.1 and 19.4% amino acid identities with the7o% of DLAD was retained within the cells and the rest was
proteins CO7B5.5, FO9G8.2 and K04H4.6, respectively (datgeleased into the culture medium (Fig. 4B). This is not due to
not shown). Furthermore, the third ORF of the fowlpox virusthe rapid turnover of secreted DLAD, because DLAD is as
(FWPV) genome (30) is found to encode a protein sharing 37.8table as DNase Il in the conditioned medium of HeLa S3 cells
and 28.4% identity with DLAD and DNase I, respectively, at (data not shown). The inefficient secretion of DLAD was not
the amino acid level (Fig. 2). improved by replacing its signal sequence with that of DNase

. o Il (Fig. 4B, middle column), suggesting that this is not due to a
Tissue distribution of DLAD mRNA weak secretion signal in the peptide itself but to the existence
We performed northern blot analysis to assess the expressiof some targeting motif(s) for intracellular retention in the
of DLAD mRNA in various adult mouse tissues. The blots of mature DLAD protein.
total RNAs were hybridized with &P-labeled DLAD cDNA L )
fragment under high stringency conditions. As shown inoubcellular localization of the DLAD-GFP protein
Figure 3, the expression of a single transcript of a 1.9 kifo determine the subcellular distribution of DLAD, we
DLAD mRNA was detected only in the liver. This is quite constructed an expression vector for DLAD with a C-terminal
different from the ubiquitous distribution of the DNase |l GFP tag and introduced it into HeLa S3 cells. Fluorescence
mRNA (19), suggesting a distinct cellular function of DLAD microscopic analysis detected DLAD-GFP as a granular
from that of DNase II. pattern predominantly in the cytoplasm (Fig. 5A and C),
. . whereas GFP alone gave a diffuse image expanded in both the
Intra- and extra-distribution of the DLAD protein cytoplasmic and nuclear regions (Fig. 5B and D). These obser-
As described above, DLAD has a highly hydrophobic domairvations indicate the cytoplasmic localization of DLAD and
in the N-terminal region that satisfies the conditions of a signasuggest its association and/or targeting to some organelle such
sequence. That is, DLAD is suggested to be an extracellulaas lysosomes or peroxisomes.
protein. To assess this possibility, we expressed DLAD as
C-terminal Myc-His-tagged form in HelLa S3 cells and
compared the amounts retained within the cells and secret&dn the basis of sequence homology, DLAD is predicted to
into the extracellular medium. Myc-His-tagged DLAD was have an endonuclease activity as in the case of DNase II.
detected by an anti-Myc antibody as a single band of 58 kD& herefore, we examined the DNase activity of DLAD using
(Fig. 4A) and the relative amounts of cellular and extracellulaaffinity-purified recombinant DLAD protein. DLAD has an
DLAD were determined by densitometric analysis. In accordancendonuclease activity that catalyzes the DNA degradation of

Distribution (%)

&haracterization of DLAD activity
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Figure 5. Subcellular localization of DLAD expressed in HeLa S3 cells. Cells
were transfected with expression vectors encoding DLAD-G&xRr{dC) or

GFP alone B andD). At 48 h after transfection, the cells were fixed, stained Eigure 7. Effects of DNase inhibitors on DLAD. The activity of DLAD was

VIS’;”\:V;'SO (renc:nsii(c)jr)(le% g;(fjlltjgfeﬂsli%rﬁ ng (ra'r:]i(c:?oc;izgp'):yp (Aand B) and Hoechst (C anr(%ileasured using linear plasmid DNA as described under Materials and Methods in

the presence of the indicated concentrationsf9f MgSQ, (filled circle) or

MgCl, (open circle), B) ATA, (C) G-actin, O) CoCl, (filled square), NiCJ

(open triangle) or ZnGl(filled circle). Data represent averaggsstandard
deviations of results obtained from three independent experiments.

A Acetate Mes Mops (Buffar)
4.0 4.4[4.8 5256 6.0 64|64 68 7.2 7.6 | (pH)

in Figure 6A, DLAD activity was observed over a broad pH
range with a maximum at pH 5.2 in MES—NaOH buffer. Under
the same assay conditions, however, a high activity of DNase
Il was observed only at acidic pH below 5.6 (Fig. 6B). Thus,
DLAD is shown to be a divalent cation-independent acidic
endonuclease.

B ‘:‘ff':‘f‘a . 2"‘:5560 SRRt (Butier) To obtain more information about the properties of DLAD,

: R— T we next examined the effects of known DNase inhibitors on
DLAD activity. High concentrations of MgGlinhibit DLAD
activity with an IG, of 13 mM (Fig. 7A, open symbol).
MgSQ,, an inhibitor of DNase Il (31), inhibits DLAD more
efficiently than MgC}, (Fig. 7A, closed symbol). The I of
MgSQ, is estimated to be 7 mM. These results suggest that
SO,% is a more effective ion on DLAD activity than Mg
Aurintricarboxylic acid (ATA), a general inhibitor of nucleases
(32), strongly inhibits DLAD (Fig. 7B), whereas G-actin, an
inhibitor of DNase | (33) does not (Fig. 7C). The concentration
Figure 6. Effect of pH on DLAD activity. The activities of DLAD &) and of ATA required for 1G is 6 uM.

DNase Il B) were assayed using supercoiled plasmid as described under | h . dival . d d

Materials and Methods, except that the following buffers were used: acetate—NaOH n the previous reports, some divalent Cauonf ependent

(pH 4.0 and 4.4), MES-NaOH (pH 4.8, 5.2, 5.6, 6.0 and 6.4), MOPS—Naorendonucleases were shown to be suppressed by divalent-metal

(pH 6.4, 6.8, 7.2 and 7.6). The forms of plasmid DNA are indicated to the righjons such as Co, Ni2*, Cw2* and Zri#* (34). Therefore, we

of the panels; open coil (a), linear (b), supercoil (c) and degraded fragments (d'lested the effects of some metal ions on DLAD activity.
Among the metal ions tested, Zrwas found to be the most
effective inhibitor of DLAD, with an 1G, for ZnCl, of 0.2 mM

(Fig. 7D).
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supercoiled plasmid. The addition of RigCa* and Mr#*, or ~ Mode of DNA hydrolysis

divalent cation chelators, EDTA and EGTA, had no effect onDNases can be divided into two classes on the basis of their

DLAD activity (data not shown). mode of DNA hydrolysis: one includes DNases producing
We next analyzed the optimum pH for DLAD activity by 3'-OH/5-P cleaving ends and the other includes those that

performing the assays under various pH conditions. As showproduce 3P/5-OH ends. DNA chains with'8OH/5-P ends,
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sequence itself. This prediction, however, is disproved by the
observation that replacement of the signal sequence with that
of DNase Il fails to improve the secretion efficiency of DLAD.
These results suggest the existence of targeting motif(s) for
cytoplasmic compartments within the mature DLAD protein
and its physiological roles in some intracellular activities. A
motif search using the PSORT Il program revealed that DLAD
contains no targeting signals for mitochondria or nuclei. Thus,
1 2 3 4 1 2 3 4 likely targets for the cytoplasmic DLAD may be acidic

organella such as lysosomes or peroxisomes. At present, our

knowledge about targeting motifs for such acidic compartments is
Figure 8. End-labeling of DNA fragments generated by DLAD. Supercoiled qUIte. “m.lted' Therefore, e_Iu0|dat|0n of the preCISe. Sche!IUIar
plasmid DNA digested by DLADA) and DNase |l B) was subjected to'3 localization of DLAD and its corresponding targeting motif(s)
end- (lanes 1 and 2) of Bnd- (lanes 3 and 4) labeling with (lanes 1 and 3) or must await further studies.

without (lanes 2 and 4) pretreatment with alkaline phosphatase as described inOn, the basis of the molecular structure of the DLAD protein
Materials and Methods. Aliquots of the DNAs were separated by 1% agarose g&il '

electrophoresis, transferred to nylon membranes and analyzed by autoradiograp ye _eXIStence of ar_1 N't_ermmal S|gnal _peptlde and e'_ght
possibleN-glycosylation sites, one potential pathway for its

biosynthesis is as follows. Duringe novo synthesis, the
nascent chain of the DLAD protein is translocated into the
endoplasmic reticulum (ER) depending on the signal sequence.
After removal of the signal peptide, the mature DLAD is glyco-

but not 3-P/5-OH, can be appropriate substrates forenzymesSylated and secreted and/or transported to the appropriate

such as DNA Ilge}ses and DNA P°'¥mera$esv mvolveq n DNAcellular compartment via the golgi apparatus. This prediction is
replication, repair and recombination. Since determining th

; o : %upported by the following observations: (i) indicative of glyco-
mode of DNA hydrolysis of DLAD is important to assess its ; . . . :
physiological importance, we performetahd 5 end-labelings E_rort]elns, DLAD is d(Ttectled asa d|fkf1use?1 bandl n |SDS ?els atha
of the DNA cleaved by DLAD. As shown in Figure 8A, thé 5 igher apparent molecular mass than that calculated from the

ends of the DNA fragments were labeled regardless ofaIkaIin@minQ agid composition o_f Fhe mature D.LAD'MVC'HiS
phosphatase pretre%tment. In contrast, th%rﬁis could be Protein; (if) the DLAD protein is f_ound both in the cultu.re.
labeled only after the removal of the phosphoryl groups. Thigh€dium and cytoplasm, and the intracellular granular distri-
labeling pattern is the same as that by DNase Il which produc tion pattern of the DLA_D'GFP fusion protein supports the
3-P/3-OH ends of DNA (35). These observations C|ear|yco-locallzat|on of DLAD with some organella (Fig. 5).

show that DLAD catalyzes DNA hydrolysis to producers A homology search revealed that DNase II- or DLAD-related
5'-OH ends. proteins are widely conserved from invertebrates to mammals.

Furthermore, we found several non-mammalian EST clones,

including zebrafish (AlI330733)Drosophila melanogaster
DISCUSSION (Al402235) andSchistosoma mansothA999280), potentially
We report here the molecular cloning of a cDNA for DLAD, a codmg a DNase Il or related protein. The evolutionary conser-
novel DNase II-ike mammalian endonuclease, and the charactef@tion of DNase ll-like proteins provides further support for
ization of its physical and enzymatic properties. The enzymatié1€Il _importance in certain essential biological events
properties of DLAD are shown to be quite similar to those ofconserved beyond the species. A partial amino acid sequence,
DNase II; both DLAD and DNase Il require no cofactors for ATEDHSKW, was previously determined for porcine DNase
their catalytic activities, exert their maximum activities under!l, and the fifth, histidine (His), is predicted to be the active site
acidic conditions, and produce DNA fragments witiP#8-OH  of DNase Il catalysis (18). Importantly, this His has been found
termini. These similarities are consistent with their partlyto be conserved among DNase Il and DLAD-related proteins.
conserved primary structures, however, our data reveal sorfdthough their enzymatic activities have yet to be determined,
important differences between the two enzymes. First, DLADhe striking conservation of the active His residue suggests a
exerts its DNase activity under neutral to alkaline pH condition®Nase II-like DNase activity. It is of note that the viral DNase
where DNase Il is inactive (Fig. 6). Second, as compared witt-related protein FP-CEL1 has more amino acid homology to
Co?* and N?*, Zr?* inhibits DLAD activity strongly (Fig. 7), DLAD than DNase II. This indicates FP-CELL1 to be a viral
whereas little difference is observed among these divalerairthologue of mammalian DLAD. Although the reason why
cations in their inhibition efficiencies on DNase Il (36). How FWPV carries a DLAD homologue in its genome is unknown,
the difference in the primary structures affects their enzymatione possible explanation is that the expression of the viral
properties is at present unknown, however, these resulf3LAD ensures its successful proliferation by preventing the
provide important information to distinguish between theinvasion of another virus that will compete for the replication
activities of DLAD and DNase II. system of the host cells. This idea is supported by the observation

Although DLAD has a molecular structure closely related tothat FP-CEL1 is not essential for the replication or proliferation of

that of DNase Il, the extra/intracellular ratios of DLAD and FWPYV itself and its expression is observed during the late
DNase Il are quite different; DLAD prefers to stay within the phase of infection (30). The physiological significance of
cells as compared with DNase Il. One possible explanation foDALD is at present unknown, however, it is important to elucidate
the inefficient secretion of DLAD is a weakness of its signalthe role of DLAD in cellular defence against viral infections.




Recent interest in DNases has focused on the clinical appli-7-

cation of DNase molecules as therapy for cystic fibrosis (CF),

a lethal disease common in Caucasian populations (37,38). CF ig'
characterized by a defect in the CF transmembrane conductance
regulator, and the resulting pulmonary disease, the major cause.
of morbidity and mortality, by the accumulation of viscous L
purulent secretions in the airway (39). Human recomblnan 2. Shiokawa,D., Iwamatsu,A. and Tanuma,S. (199¢h. Biochem. Biophys.
DNase | has recently been approved as a therapy to improve
the lung function of CF patients, because the viscoelastigs.
nature of CF sputum is contributed to by the high concentration4.
of DNA released by leukocytes (37,38). In addition to its

action in DNA degradation, DNase | supports the depoly-15'
merization of F-actin, which is abundant in CF sputum. g
However, since the resulting monomeric G-actin inhibits

DNase I, the administered DNase | will soon be inactivated byl7.
the increasing concentration of G-actin. This problem could bé-8-
solved in two ways: (i) by generating actin-resistant DNase e
by protein engineering (40,41) or (ii) by applying other oq
DNases that are naturally insensitive to G-actin. For the lattep1.

possibility, DLAD may be a suitable candidate to substitute for

DNase |, because (i) DLAD is not inhibited by G-actin, 2
and

(i) DLAD requires no cofactors for its activity,
(iii) DLAD is active under a wide range of pH.

The present study provides important information not only
for the understanding of the physiological functions of DNase25
Il family endonucleases but also for the utilization of DLAD in
clinical applications such as the prevention of viral infection ;.

and as therapy for CF.
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