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The DNase I from canine pancreas was purified 260-fold to electrophoretic homoge-
neity with a 35% yield using three-step column chromatography. The activity of the
purified enzyme was completely inhibited by 20 mM EDTA, an antibody specific to the
purified enzyme and G-actin. A 1,373-bp ¢cDNA encoding canine DNase I was con-
structed from the total canine pancreatic RNA using a rapid amplification of cDNA
ends method, followed by sequencing. The mature canine DNase I protein was found
to consist of 262 amino acids. A survey of DNase I in 13 different canine tissues
revealed the highest levels of both DNase I enzyme activity and gene expression in
the pancreas; therefore, the canine DNase I is of the pancreatic type. Phylogenetic
and sequence identity analyses, studies of immunological properties and the tissue-
distribution patterns of DNase I indicated that the canine enzyme is more closely
related to the human DNase I than to other mammalian DNases I. Therefore, canine

DNase I is found to be one of the best substitutes in studies of human DNase 1.

Key words: DNase I, dog, molecular cloning, pancreas, purification.

Abbreviations: RACE, rapid amplification of cDNA ends; RT, reverse transcriptase; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; SRED, single radial enzyme diffusion.

Deoxyribonuclease I (DNase I, EC 3.1.21.1) is an enzyme
that preferentially attacks double-stranded DNA by
Ca?- and Mg?*-dependent endonucleolytic cleavage to
produce oligonucleotides with 5-phospho- and 3'-
hydroxy-termini (1). It is generally considered to be a
digestive enzyme, since, in mammals, it is secreted
mainly from the pancreas, parotid glands or both (2).
Recently, a report by Napirei et al. that a lack of, or
decrease in, DNase I activity might be a critical factor in
the initiation of human systemic lupus erythematosus
has focused attention on the potential physiological
role(s) of this enzyme (3). Yasutomo et al. described two
patients with a heterozygous nonsense mutation in exon
2 of DNASE1, decreased DNase I activity and an
extremely high titer of immunoglobulin G against nucle-
osomal antigens (4). We have previously demonstrated
that human DNase I exhibits genetic polymorphism that
is controlled by at least six alleles on chromosome
16p13.3 (5-9). DNase I polymorphism has been reported
to be associated with diseases of the digestive system (10)
and with gastric and colorectal carcinoma (11, 12).

Dogs are commonly used as a nonrodent laboratory
animal for medical and drug-safety experiments since
they are similar to humans in many respects (13). In this
context, information on canine DNase I may allow us to
elucidate the potential physiological and etiological
role(s) of the enzyme in humans. However, the biochemi-
cal, enzymatic and molecular-genetic properties of canine

"To whom correspondence should be addressed. Fax: +81-27-220-
8035, E-mail: kkoichi@med.gunma-u.ac.jp

Vol. 134, No. 5, 2003

DNase I remain unknown. In this paper, we describe a
novel purification procedure for canine DNase I and
describe its biochemical and immunological similarities
to human DNase I, as well as its cDNA structure and
gene expression.

MATERIALS AND METHODS

Materials and Biological Samples—Phenyl Sepharose
CL-4B and Superdex 75 were purchased from Amersham
Biosciences (Tokyo). Concanavalin A (Con A)-agarose
was obtained from Seikagaku Kogyo (Tokyo), and rabbit
muscle G-actin from Sigma (St. Louis, MO, USA). Super-
script IT RNase H- reverse transcriptase (RT) and 5'-and
3'-RACE kits were obtained from Life Technologies
(Rockville, MD, USA). DNase I was purified from human
(14) and mouse (15) urine samples, from porcine (16) and
Xenopus laevis (17) pancreas, and from carp (18) hepato-
pancreas according to previously described methods. All
other chemicals used were of reagent grade and were
available commercially. Male purebred Beagle dogs
(Canis familiaris, 12—15 months old, weight 10-12 kg)
and rabbits (weight 5 kg) were obtained from SEASCO,
Saitama. Dogs and rabbits were acquired, maintained
and used in accordance with the Guidelines for the Care
and Use of Laboratory Animals (NIH, USA; revised
1985).

Analytical Methods—DNase I activity was determined
by either a test tube method (14) or the single radial
enzyme diffusion (SRED) method (19, 20), except that
0.1 M MES buffer, pH 6.75, containing 20 mM MgCl, and
2 mM CaCl, was substituted for the reaction buffer
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described in the previous reports. Briefly, in the former
method, salmon testis DNA is digested with DNase I and
soluble DNA fragments are then measured at 260 nm
after precipitation with ethanol. The latter method is
based on the radial diffusion of DNase I in a thin agarose
gel plate containing salmon testis DNA; ethidium bro-
mide forms a circular dark zone under UV light in pro-
portion to the amount of DNase I added. Protein concen-
trations were measured using a protein assay kit (Bio-
Rad, Hercules, CA, USA) with bovine serum albumin as
the standard. The enzymatic and chemical properties of,
inhibitory effects of G-actin on, and tissue distributions
of the canine DNase I enzyme were examined as
described previously (21). The purified enzyme was ana-
lyzed by 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (22). The electro-
phoresed proteins were stained with silver or anti-canine
DNase I antibody, according to previously described
methods (14). Activity staining for DNase I was per-
formed using a DNA cast-PAGE method (23). DNase I,
when electrophoresed in PAG containing salmon testis
DNA and then incubated in an appropriate buffer con-
taining ethidium bromide, forms a dark band under UV
light. For localization analysis, samples of 13 different
tissues were obtained from four dogs as soon as possible
after slaughter under ether anesthesia.

Purification of DNase I from Canine Pancreas—A 1-g
sample of canine pancreas was minced and homogenized
in 10ml of 25 mM Tris-HCI buffer, pH 7.5, containing 1
mM phenylmethylsulfonyl fluoride. After centrifugation
(15,000 xg, 20 min), the supernatant (crude extract) was
fractionated with ammonium sulfate. The precipitate
formed at ammonium sulfate concentrations between 1.5
and 4.3 M was collected and dissolved in a small volume
of 25 mM Tris-HC1 buffer, pH 7.5, containing 1.5 M
ammonium sulfate. This fraction was applied to a phenyl
Sepharose CL-4B column (1.0 x 3 cm) pre-equilibrated
with the same buffer, and the adsorbed materials were
eluted with a linear reverse gradient of 1.5 to 0 M ammo-
nium sulfate in the same buffer. The active fractions were
collected and passed through a Con A-agarose column
(1.6 x 7 cm) pre-equilibrated with 25 mM Tris-HCI buffer,
pH 7.5, containing 10 mM MgCl,, 1 mM CaCl, and 150
mM NaCl. The column was washed with the same buffer
and the DNase I was eluted with 300 mM methyl-o-man-
nopyranoside in the same buffer. The active fractions
were collected, concentrated and subjected to gel filtra-
tion through a Superdex 75 column (1.6 x 60 cm) pre-
equilibrated with 25 mM Tris-HCI buffer, pH 7.5, con-
taining 150 mM NaCl. The resulting active fractions
were collected, pooled and used as the purified enzyme
for the subsequent experiments.

Preparation of Antisera—A specific antiserum against
canine DNase I was prepared by emulsifying the purified
enzyme with an equal volume of Freund’s complete adju-
vant (Difco, Detroit, MI, USA) and injecting the emul-
sion, containing about 50 pg purified enzyme, subcutane-
ously into a rabbit on five occasions at 2-week intervals.
The immunoglobulin fraction was purified from the
antiserum using DEAE Affigel Blue (Bio-Rad) and used
as the canine DNase I-specific antibody. Antisera against
DNases I from the other species investigated were also
produced in rabbits as described previously (14, 16-18).
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Construction of a Canine Full-Length DNase I cDNA
and Analysis of the Nucleotide Sequence—Total RNA
was isolated from a piece of canine pancreas using ISO-
GEN (Nippon Gene, Tokyo). A full-length ¢cDNA for the
canine DNase I was constructed by the 3'- and 5'-RACE
methods using 3'- and 5-RACE kits, respectively, under
the same conditions as those used previously (24). The 3'-
and 5-RACE products were separately subcloned into
the TA cloning vector pCR II (Invitrogen, San Diego, CA,
USA) and sequenced. The nucleotide sequences were
determined by the dideoxy chain termination method
using a sequencing kit (Dye Terminator Cycle, Applied
Biosystems, Foster City, CA, USA). The sequencing run
was performed on a Genetic Analyzer (model 310,
Applied Biosystems). All DNA sequences were confirmed
by reading both DNA strands.

Expression of Canine DNase I cDNA in COS-7 Cells—
A DNA fragment containing the entire coding sequence
of the canine DNase I ¢cDNA was prepared from total
RNA derived from the pancreas by reverse transcriptase-
polymerase chain reaction (RT-PCR) amplification using
an Expanded High Fidelity PCR system (Roche Diagnos-
tics, Tokyo) with a set of two primers (primer 1, 5'-
GGATCCACCTTCAGGATGAGGGGCGCC-3'; primer 2,
5-CTCGAGAATTCCCCTCAGGCCCTCTT-3'). The frag-
ment was ligated into the pcDNA 3.1(+) vector (Invitro-
gen) to construct an expression vector. The construct was
confirmed by sequencing, and then purified for transfec-
tion using the CONCERT High Purity Plasmid Midiprep
System (Life Technologies). COS-7 cells were maintained
under the conditions described previously (17) and tran-
siently transfected by the lipofection method using Lipo-
fectaminPlus reagent (Life Technologies) (25). A mixture
containing 2 pg of the DNase I ¢cDNA construct and 0.6 pg
of pSV-B-galactosidase vector (Promega, Tokyo; for esti-
mation of transfection efficiency) was transfected into the
cells. Two days after transfection, the medium was recov-
ered for analysis and the cells were harvested for assay of
their B-galactosidase activity. Transfection was per-
formed in triplicate, with at least two different plasmid
preparations. The presence of DNase I-specific mRNA
was verified by RT-PCR of total RNA extracted from
seven different canine tissues using a set of two primers,
1 and 2 (24, 26).

Phylogenetic Analysis—The amino acid sequences of
the DNases I from humans, mice, rats (27), sheep (28),
rabbits, pigs, cattle (29), fish (carp), hens, frogs (Xenopus
laevis), newts (Cynopus pyrrhogaster) (17), and snakes
(Elaphe quadrivirgata) (30) were obtained from the fol-
lowing databases with the following accession numbers:
EMBL M55983, EMBL U00478, EMBL X56060, Swiss-
Prot drn 1 sheep, EMBL D83038, EMBL AB048832,
EMBL AB075779, EMBL AJ001538, EMBL AB013751,
EMBL AB030958, EMBL AB041732, and EMBL
AB046545. A phylogenetic tree was constructed, with the
sequences aligned by the neighbor-joining algorithm of
the CLUSTAL W program (31, 32).

RESULTS AND DISCUSSION

Purification and Characterization of Canine Pancre-
atic DNase I—In this paper, we describe a three-step
chromatographic procedure for the purification of canine
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Table 1. Summary of the purification of DNase I from canine pancreas.?
Step Protein (mg) Total activity (U) Specific activity (U/mg) Purification (-fold)  Yield (%)
Crude extract 290 60 0.21 1 100
Ammonium sulfate (1.5-4.3 M) 170 58 0.34 2 97
Phenyl Sepharose CL-4B 74 47 0.64 3 78
Con A-Agarose 6.5 32 4.9 23 53
Superdex 75 0.39 21 54 260 35

aEnzyme activity was measured in 0.1 M MES, pH 6.75, containing 20 mM MgCl, and 2 mM CaCl, as described in the text.
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Fig. 1. SDS-PAGE (A and B) and DNA-cast PAGE (C) patterns
of the purified canine DNase I and recombinant proteins
expressed in COS-7 cells. Canine DNase I was detected by pro-
tein staining (A), immunostaining with an anti-canine DNase I
antibody (B) and activity staining (C). The arrow indicates the band
derived from canine DNase I. Lanes: 1, molecular mass markers; 2,
3 and 6, purified canine enzyme; 4 and 7, recombinant protein
expressed in COS-7 cells; 5 and 8, medium from mock-transfected
cells.

DNase I to apparent homogeneity. A typical canine pan-
creatic DNase I purification procedure is summarized in
Table 1; this resulted in a 260-fold purification with a
35% yield. When the purified canine DNase I was sub-
jected to SDS-PAGE followed by protein staining (Fig.
1A), immunostaining (Fig. 1B) and activity staining (Fig.
1C), only a single band was detected (Fig. 1, lanes 2, 3,
and 6). The anti-canine DNase I antibody labeled a sin-

gle, completely fused line of purified DNase I and canine
pancreatic extract on a double immunodiffusion plate
(data not shown). The purified DNase I had a molecular
mass of approximately 41 kDa, as determined by both
SDS-PAGE (Fig. 1A, lane 2) and gel filtration on a Super-
dex 75 column. The pH activity profile of the enzyme was
bell-shaped and exhibited an optimal pH of 6.5 (data not
shown). The addition of 20 mM EDTA or 5 mM EGTA to
the reaction mixture completely abolished the activity of
the enzyme. DNase I activity appeared in the presence of
Mn?2+, Mg?, and Ca?*, but was not detected in the absence
of divalent cations when examined at pH 6.5 using 10
mM of each cation in the chloride form. Although G-actin
potently inhibited the activities of the canine, rabbit (24),
mouse (21) and human (14) DNases I, the activities of the
porcine (16), Xenopus laevis (17), hen (33), and rat (27)
enzymes were not inhibited by G-actin. These biochemi-
cal characteristics are very similar to those of mamma-
lian DNases I, including those of humans (14), cattle (29),
and mice (21).

Distribution of DNase I Activity and the DNase I Gene
Transcript in Canine Tissues—The highest DNase 1
activity was observed in the pancreas. Low activity was
also detected in kidney, liver, and small and large intes-
tines (Table 2). Several tissues, including cerebrum, cere-
bellum, heart, lung, spleen and parotid gland exhibited
no DNase I activity under our assay conditions. Mamma-
lian DNases I are classified into three types (pancreatic,
parotid and mixed types) based on differences in their tis-
sue distribution patterns (2), therefore, these data show
that, like the human and porcine DNases I, the canine
DNase I is of the pancreatic type. The activity of the

Table 2. Distribution of DNase I activities in canine tissues.

Tissue DNase I activity (U)? Gene transcript
per g wet weight (x1072) per mg protein (x10-5)
Cerebrum ND ND NT»
Cerebellum ND ND NT
Heart ND ND NT
Lung ND ND NT
Stomach 5.1+45 12+9.9 NT
Liver 12+9.3 10+2.3 +b
Pancreas 49,000 + 36,000 55,000 + 9,400 +
Kidney 120 £ 100 110 + 68 +
Spleen ND ND b
Small intestine 7.8+2.0 26+1.4 +
Large intestine 30+18 74 +£27 +
Parotid gland ND ND
Sublingual gland 5.8+4.2 8.7+34 NT

aValues are the means + SD of duplicate tests on each extract from four dogs. DNase I activity in each tissue extract
was measured by the SRED assay method and completely blocked by the addition of 20 mM EDTA and antibody
specific to canine DNase I. ND, not detected under the assay conditions. P+, amplification of a 872 bp fragment spe-
cific to canine DNase I by RT-PCR using primers 1 and 2.; —, not amplified; N'T, not tested.
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CTGTGC TGGGACTCAG CTGCCGCTCT GCGTGGGTCT CTCACGCTCT 46 Fig. 2. Nucleotide and deduced
GCGGGTCTCT CACTACGTTA ACTCCCTTCC CTTTGTGGAT TATTTTTTCT CAAAGCAGCA 106 amino acid sequences of the cDNA
AAAGGCTAGT GTTGTTACTG ATCAGAGGAT AGCAGTTCCC GATTCTCATC CCAATCCCTG 166 encoding canine DNase I. The nucle-
TCCTCGGAGA AGCTGACCTT CAGGATGAGG GGCGCCAGGC TGATGGGGGC ACTGCTCGCC 226 otides are numbered in the 5'- to 3'-direc-
MetArg GlyAlaArgl, euMetGlyAl aleuleuAla -11 tion and the deduced amino acid residues
are shown under the corresponding
CTGGCCGGCC TCCTGCAGGG GGCCCTGGCC CTGAGAATGG CGGCCTTCAA CATCCGGACC 286 nucleotide sequence. Amino acid position
LeuAlaGlyL euLeuGlnGl yAlaLeuAla LeuArgMetA laAlaPheAs nIleArgThr 10 1 was assigned after comparison with the
chemically determined N-terminal amino
TTTGGGGAGA CCAAGATGTC CAATGCCACT CTCTCCAAGT ACATCGTGCA GATCCTGAGT 346 acid sequence of the purified enzyme
PheGlyGluT hrLysMetSe rAsnAlaThr LeuSerLysT yrIleValGl nIleLeuSer 30 The initiation and termination codoné
and the putative polyadenylation signal
CGCTACGACG TTGCTGTAGT CCAGGAGGTC AGAGACAGCC ACCTGACAGC TGTAGGGAAG 406 are single-underlined. the amino acid
ArgTyrAspV alAlavalva 1GlnGluVal ArgAspSerH isLeuThrAl avalGlyLys 50 Sequenci of the putati\;e signal peptide is
CTGCTGGACA CACTCAATCA GGACGACCCC AATGCCTACC ATTATGTGGT CAGTGAGCCG 466 ulniizhgi‘ilovglt:iltz i:ttggié?:’u?lriﬁﬁig
LeuLeuAspT hrLeuAsnGl nAspAspPro AsnAlaTyrH isTyrValVa lSerGluPro 70 ’%‘}}179 nl}lrcleotide sequence of canine DNasé
CTGGGCCGCA GCAGCTACAA GGAACGCTAC CTCTTTCTGT TTAGACCTGA CCGCGTGTCC 526 éﬁgﬁ‘é‘as k{;en;ubmittet‘.iffo t(}lleth) BJ/
LeuGlyArgS erSerTyrly sGluArgTyr LeuPhelLeuP heArgProAs pArgValSer 90 di enel 213 ntuc eoty (,é ata als)es
and i1s available at accession number
GTGCTGGACA GCTACCAGTA CGACGACGGC TGCGAGCCCT GCGGGAATGA CACCTTCAGC 586 AB113380.
ValLeuAspS erTyrGlnTy rAspAspGly CysGluProC ysGlyAsnAs pThrPheSer 110
CGCGAGCCTG CCATCGTCAG GTTCCACTCC CCGCTCACGG AGGTCAAGGA GTTCGCTGTC 646
ArgGluProA lallevValAr gPheHisSer ProLeuThrG luvalLysGl uPheAlaval 130
GTGCCCCTGC ATGCAGCCCC GCTGGACGCG GTGGCGGAGA TAGACGCGCT CTATGACGTC 706
ValProLeuH isAlaAlaPr oLeulAspAla ValAlaGlul leAspAlale uTyrAspval 150
TACCTGGATG TCCAGCACAA GTGGGACCTG GAGGACATCG TGCTCATGGG CGACTTCAAC 766
TyrLeuAspV alGlnHisLy sTrpAsplLeu GluAspIleV alLeuMetGl yAspPheAsn 170
GCCGGCTGCA GCTACGTGGC TGCCTCCCAG TGGTCCTCTA TCCGCCTGCG CACAAACCCG 826
AlaGlyCysS erTyrValAl aAlaSerGln TrpSerSerI leArgLeuAr gThrAsnPro 190
GCCTTCCAGT GGCTGATTCC CGACACCGCG GACACCACGT CCACATCCAC GCACTGTGCC 886
21aPheGlnT rpleullePr oAspThrAla AspThrThrS erThrSerTh rHisCysAla 210
TATGACAGGA TCGTGGTGGC AGGAAGTCAG CTGCAGCACG CCGTTGTGCC TGAATCAGCC 946
TyrAspArgl levValvValAl aGlySerGln LeuGlnHisA lavalvalPr oGluSerAla 230
GCCCCCTTCA ACTTCCAGGT GGCCTACGGC CTCAGCAGCC AGCTGGCCCA GGCCATCAGT 1006
AlaProPheA snPheGlnVa 1AlaTyrGly LeuSerSerG lnLeuAlaGl nAlalIleSer 250
GACCACTACC CCGTGGAGGT GACGCTCAAG AGGGCCTGAG GGGAATTGGG GCTGGCGCCC 1066
AspHisTyrP rovValGluva 1ThrLeuLys ArgAlaTerm 262
CCCTAGAGCC TTTCCCTGTC TGCACAGTCA AGCATTGTGG ATGAGGTTTT CCTGAGCACC 1126
CTCTCCCCGT GGTCCCCTGA AATGTCACCA CAACTCAACT CAGCAACTCA ACTCAACTCG 1186
AGTTTGTGGA AGGAGGGATG GAGACTGGTC ACCTCCACTT CCAGTGGAAC ACGGGGTGGG 1246
GGTGTGGCAA GGGCACGCCC TCCGTACCTT CTCGGGCCAG ACAAAAGTTT AACATGGAGA 1306
TTGACAAATG CCTTTAATTT AAGTAAATAA AGCTCAAAGG GGTGAGTTGT CAAAAAAAAA 1366
AAAAAAA 1373

canine enzyme detected in various tissues was inhibited
by 20 mM EDTA, 5 mM EGTA and the anti-canine
DNase I antibody. Therefore, the enzyme activity was
confirmed to be that of DNase I. The presence of a DNase
I-specific mRNA was verified by RT-PCR of total RNA
extracted from canine tissues. Using primers 1 and 2,
which are specific to the canine DNase I cDNA, an 872-bp
fragment containing a region encoding the mature
enzyme was amplified from the total RNA from canine
pancreas, liver, kidney, small and large intestines; no
amplified product was obtained from the total RNA from
other tissues (Table 2). It is reasonable, therefore, to
assume that the enzyme activity reflects DNase I gene
expression in these tissues.

Molecular Cloning of a cDNA Encoding Canine DNase
I and Expression in COS-7 Cells—Total RNA extracted
from canine pancreas was separately amplified by the 3'-

and 5-RACE methods to construct a ¢cDNA encoding
canine DNase I. Using a set of specific primers based on
the N-terminal amino acid sequence of the human
enzyme, plus the nucleotide sequence obtained in our
previous study (6), we succeeded in amplifying two over-
lapping RACE products. Sequencing analysis of these
RACE products revealed that the full-length 1373-bp
cDNA contains a 190-bp 5-untranslated region, an 855-
bp coding region and a 328-bp 3’-untranslated region
(Fig. 2). The open reading frame starts at position 191
with an ATG start codon and ends with a TGA stop codon
at position 1045. The putative upstream signal peptide is
22 amino acids long. The 3’-untranslated region is fol-
lowed by a short poly(A) tail, and a putative polyadenyla-
tion signal (AATAAA) is located 21 bp upstream of the
poly(A) tail. The 3’-untranslated region of the canine
DNase I ¢cDNA is considerably longer than those (about
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Dog -22
Human — -22
Pig -22
Bovine -22
Rabbit -21
Mouse  -22
Rat =22
Hen -21
Elaphe -20
Xenopus -19
Carp -19
Dog 1
Human 1
Pig 1
Bovine 1
Rabbit 1
Mouse 1
Rat 1
Hen 1
Elaphe 1
Xenopus 1
Carp 1
Dog 81
Human 81
Pig 81
Bovine 81
Rabbit 81
Mouse 81
Rat 81
Hen 81
Elaphe 81
Xenopus 81
Carp 82
Dog 161
Human 161
Pig 161
Bovine 161
Rabbit 161
Mouse 161
Rat 161
Hen 161
Elaphe 161
Xenopus 161
Carp 162
Dog 241
Human 241
Pig 241
Bovine 241
Rabbit 241
Mouse 241
Rat 241
Hen 241
Elaphe 241
Xenopus 242
Carp 4

Xenopus 321

150 bp) of the other cloned mammalian DNase I cDNAs.
The fragment carrying the coding region of the canine
DNase I ¢cDNA was cloned into a mammalian expression
vector and transiently expressed in COS-7 cells, and
DNase I enzymatic activity was detected in the condi-

MR GARLMGALLA LAGLLQGALA

CWKLee A---VS
A ............... L . S
M RSEMLT---T --V.-- V-GS
TG T T WL
VTG 1T WL

M ARLVLEL-A- ALL--
MKT-LL---G V-S--LT-$
M: FLVLVAM T: CF - AGF:

MKIIT- 1GL - LVSVHLGHS

K ...... Q ........... VS .......... |L ................. N ..... A DT ........... N ......
| ................. AN R |L| ............... NE — NH T
Kl ................. ASRVRlel ........ V ....... Y ,,,,,,,, T ........... N ,,,,,,
K| ...... S AAAAAAAAAA TSRQ|L| ................ KEK’AA DTRFA AAAAAAA T .....
1§ e - DS~ Q- VAGF S IV Q- ITL-- - AD-8S- K- - VSQ- - SA-SS YP-SFLS- I+ - N---- @
16 A--DK-L G I'SS-R-TT-LVLID-- - AD-S K -MOLVSGA-S- DPFG-LI-K- --HN---Q
FKI- S QR - SM-- VDDPV VLELLIR- -~ -- GIIAIE-- MNADN-- 11S - VKE- SLA-TK LN-NVLI-DH -+~ -- TR K-
LIG - KS +-DS- A+ -LDI-TKWH -~ IVLI--- - Do TN- - MOSV- GGSS YE-Q 1--++ oo Toooo

LFLFRPDRVS VLDSYQYDDG CEPCGNDTFS REPAIVRFHS PLTEVKEFAV VPLHAAPLDA VAEIDALYDV YLDVQHKWDL

VYQ AVY ............. N ........ F RFR| ....... G ................. EG
VNQ ....... L ............. NSVKS F0| ....... S ANS NRQ
...... NK T SS VKS HSK'ASS NS QH

wQ S T Vo8 S KRl S B e K -6

VYQ | ......................... KF YQ| ....... TE S ............ WOG

VY- S0 CH KF Yo Rl & TE S oo RO 6
VY-S I EoYo 8 Tl o FoK S TOD VI EAC P-N-T- T IN-ET
SN PVEY G o F KAV AAELVL e EA- TS -Q-KDR GV
AYVYIEEI-K PTEW-HF--- --N--T-S | - FVA- T LT-V--D--L ISI-TS-DY- 1MV~ A WV- AKORLKM
CIY-RPA - AN ST N oo FV-M S NTAVGQK L - Q- TS'EV- T+~ H-- V-~ TRQRLNT

EDIVLMGDFN AGCSYVAASQ WSSIRLRTNP AFQWLIPDTA DTTS-TSTHCA YDRIVVAGSQ LQHAVVPESA APFNFQVAYG

WS T S AP e ML

-RG----D- Lo A

AN §8G- DA

A_N DN ........ A

V- AN VD AE
MF ,,,,,,,,,,, TS .......... S | ....... S A ............... ALASVDAER

NN-FF-- - -D----T-E P SLS SCE----+§ -~ V=D -----AG--A -RQ -EYG - TVD---ETLH
T-ALL- -D-N-QED R SSK Do oo |5 A R AV--K - RESIL-AT- KVD- - - KTLK
NLIL Y- A -G SRH Pl - -HVE ELV-- -G KE - VS-N-N-- -~ M-AG-EE - -RGI--DT- KA -YH---D
NNM Lo oo SND K DO SYT - § o N NP e ATSDM MKG—- SAG- - QV-D- MQ- H
LSSQLAGAIS DHYPVEVTLK RA
D .............. M

OETL ...............

NEM Lo e T
N ................ A
N ................ AKI

TNME - ooeeenns R KT

TNME AAAAAAAAAAAA RAR

KDLV e ST

CTYEM K VY - E-Y DDVFYSGQCF EPSASTGISF GLSLNGPCTC EGWDFSSCRG RCGASGKTYP CNCNASCTN-

SQSWEL- V- - F A QL

CCVDYTSSCK L

Vol. 134, No. 5, 2003

715

Fig. 3. Comparison of the amino acid
sequences of canine (this study) and
other vertebrate DNase I enzymes. The
amino acid sequences of 11 vertebrate
enzymes were obtained as described in the
text. The amino acids are numbered starting
at the N-terminus of each mature protein. The
dots indicate that the residues are the same as
those in canine DNase I, and the horizontal
bars indicate deleted amino acid residues. The
amino acid sequences of the putative signal
peptides are underlined with wave lines.

tioned medium of these cells. The mean (SEM., n = 6)
activity of the enzyme secreted into the medium was 2.4 +
0.45 U/ml. In contrast, the human, frog and carp DNase I
vectors yield activities of 2.2 + 0.24, 0.35 + 0.10, and 1.3 +
0.07 U/ml, respectively (17, 18). Thus, the level of canine
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Fig. 4. Comparison of the acid sensitivities of three mamma-
lian DNases 1. Purified DNases I from the dog (open circles),
human (solid circles) and rat (open squares) were incubated at 37°C
for 10 min in 50 mM glycine-HCI at pH 2.0-3.0 or in 50 mM sodium
acetate at pH 3.0-6.0, and the remaining DNase I activity was
determined by the SRED method.

enzyme expressed in COS-7 cells is very similar to that of
the human enzyme. The canine enzymatic activity was
completely abolished by the anti-canine DNase I anti-
body and 20 mM EDTA. The expressed canine DNase I
showed the same electrophoretic mobility as the canine
pancreatic enzyme (Fig. 1, lanes 3, 4, 6, and 7), and the
N-terminal amino acid sequence up to the 10th residue
(determined chemically) of the purified enzyme exactly
matched that deduced from the ¢cDNA data (data not
shown). These findings led us to conclude that the cDNA
we isolated encodes the canine DNase 1.

The coding region of the canine DNase I ¢cDNA was
translated into the corresponding amino acid sequence,
which was compared with the other 10 available verte-
brate DNase I sequences (6, 16—18, 24, 27-30, 33) (Fig.
3). All four residues (Glu78, His134, Asp212, and His252)
postulated to be involved in the active site (34, 35), two
residues (Cys173 and Cys209) that form the disulfide
bond responsible for enzyme stability (8), and two other
residues (Arg41 and Tyr76) that mediate DNase I-DNA
contact (8) in other mammalian DNases I were also found
in the canine enzyme. G-actin has been identified as a
potent DNase I inhibitor and four amino acid residues
(Glu13, Tyr65, Val67, and Alall4) are thought to be
responsible for the binding of actin to human and bovine
DNases I (35—-37). All four of these residues are conserved
in canine DNase I. Two potential N-linked glycosylation
sites in the canine enzyme, Asnl8 (Asn-Ala-Thr) and
Asn106 (Asn-Asp-Thr), are both well conserved in other
mammalian enzymes (6, 16, 24, 29, 38). However, the
canine enzyme does not contain the Ser59 insertion
found in the carp enzyme (18), or the additional cysteine-
rich C-terminal region found in the amphibian enzymes
(17). A sequence motif search on GenomeNet revealed
that two motifs identified as “DNase I signature
sequences,” (L/I/A/M)y(A/P)LH(S/T/A),PX;E(L/I/VG/M)(D/
MXLX(D/E)V and GDFNAXC(S/A), in which arbitrary
residues are indicated by X, have been identified at posi-
tions 130-150 and 167-174 in all vertebrate DNase 1
sequences determined so far (8). Both of these sequences
are well conserved in the canine enzyme, although the Ile
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Fig. 5. Mutual inhibitory effects of species-specific antibod-
ies on the activities of vertebrate DNases I. Each DNase I (0.4
unit) was incubated with an antibody specific to the canine (A),
human (B), porcine (C), mouse (D), frog (Xenopus laevis) (E), or carp
(F) DNases I, and the activities remaining were measured by the
SRED method. The effects of each antibody on the activities of the
purified canine (open circles), human (solid circles), porcine (solid
triangles), mouse (open triangles), frog (open squares), and carp
(solid squares) DNases I are shown.

at position 130 in the other mammalian enzymes is sub-
stituted by Val in the canine enzyme. These findings indi-
cate that, with respect to their structures, the canine
enzyme is distantly related to the fish and amphibian
enzymes, but closely related to other mammalian
enzymes. Furthermore, the amino acid sequence of the
canine DNase I exhibits the highest homology (82.7%) to
that of the human enzyme among all mammalian
enzymes determined so far (range 82.7-78.2%).

Acid Sensitivity of Canine DNase —We examined acid
sensitivity by incubating the purified canine, human and
rat enzymes at 37°C for 10 min at various pH. As shown
in Fig. 4, the activities of the human and canine enzymes
(both pancreatic type enzymes) were reduced to about
35% of the initial level after incubation at pH 4, whereas
the activity of the rat enzyme (parotid type) was reduced
to about 85% under the same conditions. These results
indicate that the human and canine enzymes are more
sensitive to acidic conditions than the rat enzyme. This
may reflect the fact that the canine and human DNases I
are secreted into the intestine and work at neutral pH,
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Fig. 6. Phylogenetic analysis of the DNase I family. The amino
acid sequences of the mature DNase I proteins of various species
were subjected to phylogenetic analysis. An unrooted phylogenetic
tree was constructed using the neighbor-joining method. References
and accession numbers for the DNase I sequences are described in
the text.

whereas rat DNase I is secreted into the oral cavity and
must pass through the acidic pH of the stomach intact. It
is plausible that these different characteristics were
acquired during the course of evolution. It has been
shown that the acid-sensitive form of mammalian DNase
I (pancreatic type: human and porcine) is transformed
into the acid-resistant form (parotid type: rat or mixed
type: bovine) by substitution of Ser for Asn at position
110, and vice versa (2, 16). However, canine DNase I is
acid-sensitive but has a Ser residue at position 110 (Fig.
3). These findings suggest the influence of another mech-
anism in the acquisition of acid sensitivity by mamma-
lian DNases I. Research into a possible mechanism is
now in progress in our laboratory.

Immunological Comparison of Vertebrate DNases I—
Six different antibodies specific to canine, human (14),
porcine (16), mouse (21), frog (Xenopus laevis) (17) and
carp (I8) DNases I were tested for mutual cross-inhibi-
tion of purified canine, human, porcine, mouse, frog and
carp DNases I. The anti-canine DNase I antibody com-
pletely blocked the activity of the canine enzyme, and
weakly inhibited those of the human, porcine and mouse
enzymes, but was totally ineffective against the frog and
carp enzymes (Fig. 5A). The anti-human DNase I anti-
body completely blocked the activity of human DNase I
and weakly blocked those of the canine, porcine and
mouse enzymes (Fig. 5B), while the anti-porcine DNase I
antibody completely blocked the activity of porcine
DNase I and weakly blocked those of the canine, human
and mouse enzymes (Fig. 5C). Both of these antibodies
were ineffective against the frog and carp enzymes. Con-
versely, the anti-frog DNase I and anti-carp DNase I anti-
bodies completely blocked the activities of the frog and
carp enzymes, respectively, but were completely ineffec-
tive against the other five enzymes (Figs. 5, E and F).
These findings show that, from an immunological stand-
point, canine DNase I resembles other mammalian
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(human, porcine and mouse) enzymes, but bears little or
no resemblance to the frog and carp enzymes.

Phylogenetic Analysis of Vertebrate DNase I—The amino
acid sequences of 13 different mature DNase I enzymes
were aligned in order to construct a phylogenetic tree for
the DNase I family (Fig. 6). The mammalian enzymes
from dogs, humans, pigs, rabbits, mice, rats, sheep and
cattle formed a relatively tight cluster, whereas the hen,
snake, fish and amphibian enzymes were situated inde-
pendently, far from the mammalian enzyme cluster.
Within the mammalian enzyme cluster, the canine and
human enzymes formed a tight group. The degree of
intra-class similarity for the mammalian DNase I group
(average 80% in this study) was higher than those for the
amphibian and picine DNase I groups (65% and 70%,
respectively) (17, 18), suggesting that the former group
exhibits greater similarity than the latter two groups
from the standpoint of molecular evolution. The results of
our phylogenetic analysis of canine DNase I are consist-
ent with those of our immunological analysis. This is a
characteristic common to all DNases tested and
described previously (14, 16-18, 20, 24, 30).

In conclusion, this study clarifies that, compared with
the vertebrate DNases I tested and reported to date,
canine DNase I exhibits the greatest similarity to the
human enzyme with regard to organ distribution, protein
structure, enzymatic and immunological properties, and
phylogenetic situation. Based on the analytical data for
canine and human DNases I, these findings suggest that
dogs are the most suitable laboratory animals for use in
the elucidation of the physiological and etiological role(s)
of DNase I in humans.

This work was supported by Grants-in-Aid from the Japan
Society for the Promotion of Science (12307011 and 14657111
to KK, and 12357003 and 15209023 to TY) and a grant from
the Japan Foundation of Cardiovascular Research to KM. The
nucleotide sequence data reported will appear in the DDBJ/
EMBL/GenBank Nucleotide Sequence Databases under
accession number AB113380.
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