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We isolated and characterized almost the entire cDNA encoding BLM hydrolase from rat
spleen cDNA libraries. The cDNA encoded a polypeptide composed of 454 ami no acids, that
had a slightly larger molecular mass than that was previously estimated by SDS-PAGE for
purified BLM hydrolase subunit. Ami no acid sequence alignments showed that rat BLM
hydrolase is homologous to that of rabbit (94% identity of partial ami no acid sequence),
yeast cysteine protease (39% identity), and the pepC gene products of three bacteria (34-
40% identity). In addition, it contained the three regions that are conserved in other cysteine
proteases and thought to constitute the catalytic center. These results indicated that rat
BLM hydrolase is a member of the papain superfamily of cysteine proteases. Sequencing
revealed several putative sites phosphorylated by different types of protein kinases, but no
signal sequence, transmembrane domain, iV-linked glycosylation site or DNA-binding
motif. The yeast homolog is a DNA-binding cysteine protease [Xu et al. (1994) J. Biol.
Chem. 269, 21177-21183]. We demonstrated that rat BLM hydrolase also binds the single-
stranded form of the Gal4 DNA-binding site oligonucleotide with high affinity compared
with that of the double-stranded form. Northern blots revealed that the level of BLM
hydrolase mRNA expression was very low in the rat skin, lung, and skeletal muscle.
Furthermore, BLM hydrolase mRNA was ubiquitously expressed in the human cell lines,
HeLa, SKG-IIIa, FL, KB, HEp-2, U373 GM, P3HR-1, Raji, THP-1, Jurkat, and Molt-4. These
results suggested that BLM hydrolase plays important physiological roles, including the
metabolism of antibiotics.

Key words: ami no acid sequence, BLM hydrolase, cDNA cloning, cysteine protease, DNA-
binding protein.

Bleomycin (BLM) and its derivatives are antitumor glyco- characterized the enzyme from rat skin {20). The enzyme
peptide antibiotics that are used extensively to several has a native molecular mass of 280 kDa and it consists of six
types of human cancers (1, 2). They bind to single- and identical subunits of 48 kDa. It exhibited peptidase activ-
double-stranded DNA and mediate the oxidative cleavage ities with broad substrate specificity that are strongly
of DNA, leading to cell death (3, 4). However, the use of inhibited by cysteine protease inhibitor E-64 but not by
BLMs is limited by the development of resistance in some cystatins. However, there is no information about the
tumor cells (5, 6), and by pulmonary (7, 8) or skin toxicity complete amino acid and cDNA sequences of mammalian
(9). The susceptibility of both normal and malignant enzyme and the relationship between the enzyme and other
tissues to BLM-induced toxicity depends on the level of cysteine proteases, although a partial cDNA of BLM
BLM hydrolase that inactivates BLM by hydrolyzing the hydrolase has been isolated from the rabbit (11). Here, we
carboxyamide bond of the y9-aminoalanine moiety (6). cloned and sequenced a cDNA encoding BLM hydrolase
BLM hydrolase is ubiquitous in mammals, birds, and from rat spleen cDNA libraries and also examined the
reptiles in all tissues tested {10, 11) and it is classified into expression of BLM hydrolase mRNA in rat tissues as well
the papain superfamily of cysteine proteases (22). Homo- as various human cell lines. We discuss some properties of
logs of the enzyme have been identified in yeast (13-15) the predicted amino acid sequence and possible biological
and bacteria (16-18), in which the crystal structure of the functions of the enzyme,
yeast enzyme revealed a hexamer with a prominent central
channel, whithin which the papain-like active sites are MATERIALS AND METHODS
situated (19). Recently, we purified to homogeneity and
77=—r j r—TTT—J3 , „, ,—, Q1 ._ ,,„, Materials—Restriction and modifying enzymes were
' To whom correspondence should be addressed. Tel: +81-45-971- , , . _ . ._,, „-,, / % , V,.. T,r.T
1151 Fax- +81-45-973-1019 purchased from Takara Shuzo (Ohtsu) and Gibco BRL
Abbreviations: BLM, bleomycin; bp, base pair(s); kbp, kilobase (USA). [a-32P]dCTP (3,000 Ci/mmol) and [y-"P]ATP
pair(s); PCR, polymeraae chain reaction; RT, reverse transcription. were obtained from New England Nuclear (USA) and
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Amersham (UK), respectively. The random prime-labeling
reagents were from Amersham (UK). Various human cells
(HeLa, SKG-IHa, FL, KB, HEp-2, U373 GM, P3HR-1,
Raji, THP-1, Jurkat, and Molt-4) were seeded into 75 cm2

flasks for RNA preparation. All cell lines were supplied
from Japanese Cancer Research Resources Bank (JCRB) or
American Type Culture Collection. Total RNAs were
extracted from various tissues of 8-week-old Wistar male
rats and cultured cells with guanidine thiocyanate (21) and
by means of ISOGEN (Nippongene), respectively. BLM
hydrolase was purified from the skin of 2-day-old Sprague-
Dawley newborn rats (Japan Clea) as described (20). Other
reagents were of analytical grade.

cDNA Cloning and Sequencing—'Routine molecular
cloning techniques were used (22). Oligonucleotide primers
designed based on a partial cDN A of rabbit BLM hydrolase
(11) were as follows. Primer 1 (forward), 5'-ATGCTTCCC-
TGAATCACATAC-3'; Primer 2 (reverse), 5--CATATTG-
CTTAGGTAGTCTAC-3'. The directions and locations in
rat BLM hydrolase cDNA corresponding to both primers
are shown in Fig. 1. Total RNA from rat spleen was
reverse-transcribed using random hexanucleotide primers
and Moloney Murine Leukemia Virus reverse transcriptase
(Promega, USA). The reverse transcription (RT) product
was amplified by the polymerase chain reaction (PCR)
using a pair of primers for 40 cycles of 1 min at 94'C, 1 min
at 62°C, and 2 min at 72"C. After electrophoresis, the
predicted PCR product was cut out from the 1.8% agarose
gel and purified with MERmaid™ kit (BIO 101, USA). The
fragment was subcloned into the pUC18 vector and was
sequenced by dideoxynucleotide chain termination (23)
using a BcaBEST™ kit (Takara).

Double-stranded cDNA was synthesized with poly (A)+-
RNA isolated from the rat spleen and ligated into AgtlO to
construct of a cDNA libraries using a commercially avail-
able system (Amersham). About 1.5X 10s recombinant
phage plaques were screened with the 32P-labeled frag-
ment. Following double rounds of plaque purification and
screening, seven independent positive clones with a rela-
tively high intensity were plaque-purified. All clones with
2.2 kbp DNA insert were amplified by PCR using AgtlO
forward and reverse primers. The DNA inserts were
subcloned into the pUC118 vector and a series of deletions
were produced from the 5'- and 3'-ends using a kilo-se-
quencing deletion kit (Takara). The nucleotide sequences
were determined as above. The nucleotides and predicted
amino acid sequences were analyzed by means of a com-
puter search of GenBank and EMBL databases.

Northern Blots of BLM Hydrolase mRNA of Rat
Tissues—Twenty micrograms of total RNA was resolved
by electrophoresis on a 1% agarose gel containing 1%
formaldehyde. The RNA species were then transferred to
nylon membranes in 20X SSC and UV cross-linked. Blots
were hybridized with 32P-labeled fragment overnight at
45'C in 50% formamide containing 6 X SSC, 5 X Denhardt's
solution, and denatured salmon sperm DNA (50/ig/ml).
The membranes were then washed twice in 2 X SSC and 1%
SDS and for another 15 min in 1 X SSC and 1% SDS at 60'C.
Washed membranes were exposed at — 80'C overnight to
X-ray film RXO-G (Fuji Photo Film, Tokyo).

RT-PCR of BLM Hydrolase mRNA of Human Cell
Lines—RT-PCR proceeded as described above using 5 fig
of total RNA from various human cells. The sequences of

the forward (5'-ATGCTTCCCTGAATCGCATAC-3') and
reverse (5'-TTACCCAAACATATGCACAC-3') primers
were based on the rat BLM hydrolase cDNA sequence. The
predicted 189 bp amplification product composed nucleo-
tides 489 to 677 of rat BLM hydrolase cDNA. PCR products
were resolved by electrophoresis on a 1.8% agarose gel
containing ethidium bromide and visualized by UV-induced
fluorescence.

DNA Binding—A gel shift assay was performed accord-
ing to Xu and Johnston (24) with slight modification.
Briefly, the binding reaction proceeded using 0.9 or 1.8 MS
of rat epidermal BLM hydrolase and 0.5 ng of a single-
stranded Gal4 DNA-binding site oligonucleotide (5'-AGC-
TTAGCGGAAATTTGTGGTCCGAGC-3') or its comple-
mentary sequence (5'-TCGAGCTCGGACCACAAATTTC-
CGCTA-3') as well as double-stranded oligonucleotide
prepared from them. The reaction solution consisted of a
16-fold excess of rat enzyme and a 1,000-fold excess of
oligonucleotide compared with the published ratio (24),
that corresponded to a molar excess of the latter against the
former. The protein-DNA complexes were resolved in 4%
polyacrylamide gels in 0.5XTBE (45 mM Tris-borate, 1
mM EDTA, pH8.0). The gels were dried and autoradio-
graphed on Fuji Photo film RXO-G. Both native and dena-
tured DNA-cellulose columns (0.7x5 cm) (Pharmacia, Swe-
den) were washed with 10 volumes of binding buffer (12
mM HEPES pH 7.8, 60 mM KC1, 12% glycerol, 0.12 mM
EDTA, 5 mM MgCl2) 5 mM DTT) at 4'C. The purified
enzyme was dialyzed against 100 volumes of binding buffer,
then applied to the columns at a flow rate of 30 ml/h at 4'C.
The flow-through fraction, which did not bind to the col-
umns, was collected. The DNA affinity protein fraction was
then eluted with binding buffer containing 1 M KC1 (25).

Amino Acid Sequence Analysis of Tryptic Peptides—
Dipyridylated BLM hydrolase was digested with trypsin as
described (20). The digested peptides were separated by
reversed phase HPLC on ODS-120T (TOSOH, Tokyo),
using a linear gradient elution with 0 to 60% acetonitrile in
0.1% trifluoroacetic acid for 60 min at a flow rate of 5 ml/
min. Peak fractions detected by measuring the absorbance
215 run were collected manually in test tubes and lyophi-
lized. The amino acid sequence was determined using an
Applied Biosystem Protein Sequencer linked with an
Applied Biosystem model 120A PTH analyzer.

RESULTS

Cloning and Analysis of cDNA Coding for Rat BLM
Hydrolase—The cDNA from rat spleen RNA was amplified
by means of PCR using primers corresponding to the partial
sequence of rabbit cDNA (11). The amplified product of
388 bp comprised nucleotides 489 to 876 of the rat BLM
hydrolase sequence (thin underline in Fig. 1). The nucleo-
tide sequence had 89% identity with that of the partial
rabbit cDNA. The 32P-labeled fragment hybridized to a 2.5
kb mRNA from various rat tissues (see below). This
fragment was used as a probe for screening rat spleen
cDNA libraries. We isolated at least seven individual
clones with a DNA insert of about 2.1 kbp. Analysis of the
insert revealed that the 2,149 bp sequence contained an
open reading frame with a start (ATG) and a stop codon
(nucleotides 1363-1365) (Fig. 1). The DNA insert was
slightly shorter than the mRNA detected by Northern
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Rat BLM Hydrolase cDNA 355

-78 AGCGCGTTGTAGTATAAC -61
-60 CCCGGAGCTCACCTGAGGACCCTGAAAACTAACGTTTTCCCACCAGGCAGTTTGGGCACC -1

1 ATGAACAACGCAGGACTAAATTCGGAGAAGGTAGCTGCTTTGATCCAGAAACTAAATTCT 60
1 M H K A G L K | T | E t V A A L 1 Q I L N S 2 0

61 GACCCTCAGTTCGTACTTCCCCAGAATCTCGGGACCACCCACGATCTGCTGGACATTTGT 120
2 1 D P Q F T L A Q N » G [ T ] T H D L L D 1 C 40

121 CTGAAOAGGGCCACAGTCCAOCGTGCTCAGCATGTGTTCCAGCACGTTGTGCCTCAGGAA 180

41 L I B A T T O . G A Q H Y F Q B T T P Q E 60

T-2

181 GGCAAGCCAGTCACCAACCAGAAGAGCTCTGGACGATGCTGGATCTTTTCTTGTTTGAAT 240

61 G _ l P Y T N Q t s ( T | G B C I I F S C L K 80

241 GTTATGAGACTTCCATTCATGAAAAAATTTAACATTGAAGAATTTGAGTTTAGTCAGTCT 300

81 V M B L P F M I [ F N I E E F E F S Q S 100

301 TACCTGTTTTTrTGGGACAAGCTCGAACCCTGnACTTCTTCnGAATGCnTTGTGGAC 360

l O l Y L F F f D I Y E B C Y F F L N A F Y D 120

361 ACAGCCCAGAAAAAAGAGCCTGAAGATGCAAGACTGGTGCAGTATTTGCTTATGAACCCT 420

1 2 1 T A Q I I E P E D G B L Y Q Y L L M N P 140

421 ACAAATGATGGTGGACAGTGGGATATGCTTGTCAATATTGTTGAAAAATATGGTGTTGTC (80
H I T N D G G Q I D X L Y N I Y E I Y G Y V 160

481 CCTAAGAAATGCTTCCCTGAATCCCATACGACAGAGCCCACCAGAAGAATGAACCATATT 540

161 p i i C F P E S B T T E A I T I B B M N D i ISO
T - l

541 CTGAATCACAAGATGAGAGAATTCTGTATACGGCTTCGGAACCTGCTACACAGTGGAGCA 600
181 L M B I U B E F C I E L B N L V U S C A 200

601 ACCAAAGGAGACATCTCATCTACACAAGATGCCATGATGGAGGAGATATTCAGAGTAGTG 660
201 [ T p l G E I S IS I T Q D A U H E E I F B Y Y 220

J61 TGCATATGTTTGGGTAACCCACCAGAGACCnCACCTGGGAGTATCGACACAAAGATAAA 720
221 C I C L G N P P E T F T I E r B D K D I 240

721 AACj^CCACAAGCTCGGCCCCATAACACCCTTGCAGTTTTACAAOGAACACGTOAAGCCA 780
241 H | T | B I Y G P I T ? L Q F Y I F̂  B » I P̂  260

781 CTCTTCAACATGGAAGATAAGAnTGTnTGTGAATGACCCACGGCCCCAGCACAAGTAC 8 ( 0
261 L F N M E D I ! C F V N D P B P Q H I Y 280

Fig. 1. Nucleotide and predicted amino acid sequences of rat
BLM hydrolase. The nucleotide sequence is numbered starting at the
initiation codon ATG. The predicted amino acid sequence is numbered
from the NH,-terminal amino acid residue of the enzyme. Arrows
indicate the directions and locations in rat enzyme cDNA correspond-
ing to PCR primers designed from the partial cDNA of rabbit enzyme.

841 AATAAATTGTACACAGJ^ACTACTTGAGCAAJATGCTTGGAGGGAGAAAAACCCTGTAT S00
281 N I L T T V D Y L S M M T G G g I T L Y J00

T - 3
801 AACAACCAGCCCATTGACTTCTTGAAAAAOATGCTTGCTGCCTCCATCAGAGATGGAGAG S80
101 K K O P I D F L I I « V A A [ T ] | B D G E 120

961 CCTGTGTGGmGGCTGTGATCnGGGAAGCACnCAATGGCAAGCTGGGCCTCAGTGAC 1020
321 A Y f F G C D ? G I B F K G l l G L S D 1*0

1021 ATGAATGTCTATGATCACGAGTTAGTCTTCGGTGTCTCCTTGAAGAACATGAACAAAGCT 1080
341 H J Y Y D H E L ? F G Y | T ] L I « M H t A 160

1081 GAGAGGTTGGCTTTTGGTGAGTCACTCATGACCCACGDCATGACCTTCACTGCTGTCTCA 1140
361 E B L A P G E S L ¥ T B A I I T F T A V [ s ] 180

1141 GAGAAGGATGACCAGGAAGGTGCATTTGTGAAATGCAGAGTAGAGAATTCATGGGGTGAA 1200
381 E t D D Q E G A F T I - l f i Y E N [ s ] l C E 400

1201 GACCACGGCCACAAAGGTTACCTGTGCATGACCGATGACTGGTTCTCTGAGTATGTCTAC 1260
401 D B G B I C T L C H T D E I F S E Y V Y ( 2 0

1261 GAGGTGGTGGTGGACAAGAAGCATGTCCCAGAAGAGGTGCTGGCTGTGTTAGAGCAGGAG 1320
421 E Y Y Y D I K B T P E E Y L A V L E Q E 440

1321 CCTATTGTCCTGCCGGCATGGCACCCCATGGGGGCTTTGGCTTGAATGAGGTGAGTGGAC 1380
441 P I Y L P A I D P H G A L A t t t (54

1381 CGCCTCCAGCTCCTTCCTCTTCCCATGGATCGGATGTAGCTGCCAAGGACAGATCCAGGG 1440
1(41 ACTGAAACCAAAGTTACATGGGTGGCTGTTCCCACAGGATACAGTCAGACTGTTGGGTTT 1S00
1501 CCAGTaCTTCCAGGAACCTCTTTGAGAAAAATGCTTTCTGCTGAAACAAAATATTCATA 1S60
1561 AAGGAAAAAAATAAAGGGGAAGGATTGGGGCATCCTGTCTGCTCTCCTCATCTCTGACGG 1620
1621 CTCAGGAWTCATAGCATTTTAATTGGATGTAGTTGTCCACGGTCATGGTCTTTGTGTTT 1680
1681 CTGGTAAGACAGTAAGATGAGCGGCTOAGGTGTGTGCAGAACAAACAGTCCTGGGCTCCT 1740
1741 TGTTCCTACAGTAGAnAGGGAGGGTTAGCTAGGATTTGAACTCTCAACGCTGCATGCTG 1800
1801 CCGCACAGOTCACTGTCCTTCCTACCTGGCAGTCGCTGAATTCAACTTCCACAACGTTGT I 8 6 0
1861 CTCATGTGACTAATAGCTCGAGAAGGGAAGGCTGATCGGCTCTGACATGATTCCTTCCTG 1920
1921 nCTGAACTGTGGGGCTCACCTGGGCCAGGTTAAACCTCGTCAGGGGCTCAACTGTCATC 1980
1981 ACTAGOGCACCCCATTGAATGCTTTAACGTCTGTCTCTGCGTTGGGGGTTGGGTGGGGAG 2040
2041 AAAAAGTGATGCTCAnCTTTCTGATAACTC 2071

The nucleotide sequence of the PCR product used as a probe for
screening cDNA libraries is indicated by a thin line. The stop codon is
indicated by asterisks. Arrow heads and squares indicate cysteine
protease catalytic triad residues and putative phosphorylation sites,
respectively. Bold underlines indicate the amino acid sequences
determined with trypsin-digested peptides (T-N, T-l, T-2, and T-3).

blotting. Thus, a consensus polyadenylated signal and a
poly(A) tail was not found in these clones. When the first
in-frame ATG was assigned to the initiation codon, the
predicted NH2-terminal amino acid sequence (MNNAGL-
NSEK) was consistent with that determined by directly
sequencing the purified epidermal enzyme (20). This Met
may be an authentic translation initiation site.

Analysis of the Predicted Amino Acid Sequence of Rat
BLM Hydrolase—The predicted amino acid sequence of
rat BLM hydrolase contains 454 amino acid residues.
Amino acid sequences of the three tryptic peptides (T1-T3)
from rat epidermal BLM hydrolase were determined as
shown in Fig. 1 (bold underlines) and perfectly matched the
predicted amino acid sequences. The calculated molecular
mass from the predicted amino acid sequence was 52.3
kDa, being slightly larger than that of the enzyme subunit
estimated by SDS-PAGE (20). A hydropathy analysis of
the predicted amino acid sequence indicated that there was
no long stretch of hydrophobic residues that could serve as
a putative signal sequence for protein secretion or a trans-
membrane domain. Furthermore, the sequence lacked an
N-linked glycosylation site and DNA binding motifs, but
there were putative sites of phosphorylation by various

protein kinases at residues 8, 32, 70, 174, 201, 207, 242,
315, 353, 380, and 397 (squares in;Fig. 1).

Comparison of Rat BLM Hydrolase Amino Acid Se-
quence with That of Other Cysteine' Proteases—The com-
plete amino acid sequence of rat BLM hydrolase was
aligned with the published sequences of a BLM hydrolase
group in the papain superfamily of cysteine proteases (Fig.
2A). The rat enzyme is most homologous to that of rabbit.
Within 277 amino acid residues of rabbit BLM hydrolase
(11), rat and rabbit enzymes were identical with respect to
261 amino acids (94%) and gaps were not necessary for
optimal alignment. The rat BLM hydrolase is less homol-
ogous with the yeast enzyme (13-15) with 174/441
matches (39%) requiring 9 gaps, as well as with pepC gene
products (cysteine aminopeptidase) from Lactococcus
lactis subsp. cermoris AM2 (16), Streptococcus thermo-
philus (17), and Lactobacillus helveticus CNRZ32 (18)
with 171/423 (40%), 171/429 (40%), and 148/429 matches
(34%) requiring 3 gaps, respectively. A comparison of the
predicted amino acid sequence of rat BLM hydrolase with
that of other cysteine proteases in the databases showed
that the catalytic triad residues (Cys73, His372, and Asn"";
arrow heads in Figs. 1 and 2) of these enzymes were well
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Ye»it CP
PepC(J. • ttenopiilas)
PepCU. lactis)
PepCU. ielrelicss)

MLPTSVSBSLYHTFBSHLLBAPQIYLIBMSS

M-TS-LSTDFTEI
M-T—VTSDFTQS
M-AIE ISTDTIAI

• * * tt

Rit BLMh lMNNACLHSEI?MllQI^B51"t"™"™VPl«niiniirtlBHH™»MJM55
Bibblt BLMh |nni«i»iHBBmiDnallll!BHlIBIKMminil
Vent CP SIDISimsmEFQSDfflTHQLATTVUBrilADDAlDlITRLQI-—QDNBiflHT
PepCIJ. tienophilas) tADYEAKAIYOAIEBtvUHNGlIlSIETSo—SEVEHDflVF
PepCU. laclis) dYENFAENTILBAVEBAViXNGlBSLEVflG—SBAAHLPEF
PepCU. he I retires) PEHD(D4Biv3NVDsBAAQE)IG 1VKASOHLO—TI1DLDP1F

• «• * , * t « « t t
Bit BLMb 56M8WIHMlWHMtir¥llPyHWI!]IDtU!HMIIIIIimaillHlHHHli io
Bibblt BLHh . MinmniHiHiJ».vnimnM«wii»nnHii»IHIimmMvmnnMit

Yeait CP JBSTDST^EiaMIUimLiAATflOLllHVLSELS.l|lllLfflhlHnrgBLB:
PopC(.T tienopbllos)
PepCU. laclis)
?epC(l.be/rei/ctis) s I F IDTCI PA

! ! ! ^ ! f f 5 3 ! ! ? ! ! ! S ! ? ^ ! ! ! ! ! ^ ! ! ! . .
Babbit BLMh !«MiiinmiiiranailllPH«lllMinuiiiMm»ntni«»rtliamimiin»iii
Yeast CP AHYilDQlBSSfcQ—DliStlIliaiHAllEMBgYS&Lft.fcia.ll>)LY
PepC(J. thenophilas) SNTfflEOI IAIB)Q"EIGSlrfttFlftTllQO^^ffivlSLFlDXBnBJSVr
PepCU. laclis) SNflfcEQI l--GDV--AHlMil.IFllloTilOOinMMfflWilAjlFI)IIffl|IWnUvv
PepCU. te/reticas) SNi»EN»IAlBlB— D

• *

Bat BLMh
Babbit BLMh
Yeast CP

. thertophilas) Bl-BVASSNSlELBlYlHlLLflQDAQllIlD-lllAHI&OAAVQAnEEFLQlDN
PepCU. lactis) ID-BMSSSSiELBQYtBlLLlQDAElIlY-TIEQDGD—YQAViEELLQlMfo
PepCU. helrelicas) D-TANATNSSALBTBTVLbDGLEllB-IDtlAlllSEDivgABIEEELNDVl]

Bat BLHh
Babbit BLtti
Yeait CP
PepC(J.
PepC(/. lactis)
PepCti. ie/reticas)
Bat c i t h e p t l n B
Bat c i l h o p i l n H
Rit catbepi ln L
Bat cathepi ln S
Babbit cathepi ln I
Papaln
Oryzain r
Babbit calpaln

Bat BLMh

Babbit BLMh
Yeast CP
PepC(J. Thenophilas)
PepCU. lactis)
?epC(l-ielrelicns)
Bat cathepsln B
Rat cathepi ln B
Bat catbepsin L

Bat catheptln S
Babbit cathepsin I

Papaln
Oryzaln 7
Babbit calpain

QQiBRGACtsDrBn
D I U G Q C I S D A I B A S

TDICEGALCDISLLAAI

387 T

in i l l l l lCn-Fl lA— 15 la -

IPHIIHW lHi-- Mi l -- '

liaiilBMWI.AG— U l l

D V M G G D I B I L G — 9

P D I V N D B V L A V G — 1 1 1
SIDLDffl3VLYVG-- 15a
T E K E N § ; ? L Y V G — i i a
S D K V N B S Y L A V G — l l a a —

GNIVDSEYAAVG— 7I
PMDYKJBVLAVG— 111
ILYlGffiYSVD— 16aa —1

408

BiPflBQ-YEfTlAI

Bat BLMh
Babbit BLMh JMlBBHai
Vcatt CP I.MSI.FMDlilVQPHlloaigliVininilBh-IIS-nillKHASIYAa— I.BPSTPVS
PepC(J. thenophilas) YLAMTuB.H KQl|)FAQIu9D3bSEICllDlA0FEiri;—LKLSfflYVS
PepC(/. laclis) FLAVTBB.B1 QHfcFAFBnfflWEfllflFVG-QllElBTlBrBS— 1DLNNTVS
PepC(/. ie/reticas) BLADSTCVQ IlBVFlIBEDlHBSIlDIDlIDlElPDtrifc—MDLANUDs

Bat BLMh

Babbit BLMh

Veast CP

PepC(X. tkeriopbilas) VllAfrADIPlfctgSraMJiGfrSBAPSVEfllftJxIBFllELAlffcMIAlIlsBBI

?eeC<.l./>e/reticas) TlHABTSDIPFBjVFSfcBlGBVEBHfcVBELHUVftMflDLI HQLISfflvgBl

• • • •
325flcffla]HFft;BLOsQBIISIkLVFBvsJllKfiiSEllAF

ISBTPBFMDtBTtVMlilELfWYPA-lflYHllP-QQMsilBY

FllA0379

lBCC

Bat BLMh
Babbit BLMh
Yeait CP
PepC(J. tienopii/as)
PepC(/. lactis)
PepCil.ie/relicos)

* • T •
Bat BLMh 3«0SEHllOKBAFVIMWillriBHnHlhHini riliniHI<J)nWFvintHrflVflil|Yl^i
Babbit BLMh
Yeast CP BVDETS[LP-LeYflliEifltfc&frB.YVnk[YjFJflCFQIJHllNELBrtlLA
PepC(J. t/ieriopti/as) D L D A l f c l - P - I f f l I ^ E E B H B l i B B f l B
PepC(/ lactis) D L D A J t G H B a i l f e H l
PepCd.ie/reticcs) D-SGfcl-P-TlHr IIKUBtlItPGF(SBlFTis(SsjIlDSFfilQA9l Nfi) ILIDDLI

Bat BLMh iisPn.B—
Babbit BLMh
Veast CP SIFT5GIE(EinEllIlIHBHE-I
PepC(J. thenophilas) EATltPPt—
PepC(/. lactis) BAY&UPl!—
PepC(i. ielreliras) IATDEGID—KPIHVCB-BlQTVL

Fig. 2. Alignment of amino acid sequences of rat
BLM hydrolase and related cysteine proteases. A: The
sequence of rat BLM hydrolase was compared with those of
related cysteine proteases using gaps to achieve maximal
alignment. Numbers refer to the sequences of rat BLM
hydrolase. Residues that are identical with those in rat BLM
hydrolase are indicated by black boxes, and gaps are
represented by dashes. Arrow heads indicates cysteine
protease catalytic triad residues. Asterisks indicate basic
amino acid residues showing identity or similarity between
the rat and yeast enzymes. Rat BLMh, rat bleomycin
hydrolase; rabbit BLMh, rabbit bleomycin hydrolase; yeast
CP, yeast cysteine protease; pepC(S. thermophilus), pepC
gene product from S. thermophilus; pepC(L. lactis), pepC
gene product from L. lactis subsp. cermoris AM2; pepC(L.
helueticus), pepC gene product from L. helveticus. B:
Alignment of rat BLM hydrolase with other cysteine
proteases in the regions containing the putative active site
Cys, His, and Asn (indicated by arrow heads). Amino acids
identical to rat BLM hydrolase are indicated by black boxes.
Sequences were taken from Refs. 11, 14, 16-18, 37-44.
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T (a)

1 2 3 4 5 6 7

Fig. 3. DNA-bindlng properties of rat BLM hydrolase. The
binding reaction, analysis of the complex and preparation of double -
stranded DNA with the Gal4 DNA-binding oligonucleotide and its
complementary sequence proceeded as described in "MATERIALS
AND METHODS." Concentrations of rat BLM hy drolase: 0/i gin lane
1, 0.9 //gin lanes 2, 4, and 6, and 1.8//g in lanes 3, 5, and 7. DNA:
single-stranded DNA of Gal4 DNA-binding site oligonucleotide in
lanes 1, 2, and 3; single-stranded DNA of the complimentary
oligonucleotide in lanes 4 and 5; double-stranded DNA in lanes 6 and
7. Large and small arrows indicate the positions of the complex and
free DNA, respectively.

conserved and sequence homology was detected only in the
active site subset (Fig. 2B).

Characterization of DNA Binding Ability of Rat BLM
Hydrolase—We analyzed the DNA-binding ability of rat
epidermal BLM hydrolase by means of a gel shift assay and
by chromatography on DNA-cellulose columns. The com-
plex migrated as an intense band after binding rat epider-
mal enzyme with.the single-stranded form of the Gal4
DNA-binding site nucleotide, but as a faint band with the
double-stranded form in gel shift assays (Fig. 3). These
results indicated that the binding affinity to single-stranded
form was significantly higher than that to the double-
stranded nucleotide, which was consistent with that of
yeast enzyme (24). No complex was detected using 0.5 ng
of both single- and double-stranded oligonucleotides after
binding with rat epidermal enzyme (data not shown),
indicating that the DNA binding affinity of rat enzyme is
lower than that of the yeast. To verify the sequence
specificity of the DNA for the enzyme-DNA binding, we
performed DNA-cellulose column chromatography. The
purified rat epidermal BLM hydrolase did not bind to either
native or denatured DNA-cellulose columns.

Expression of BLM Hydrolase mRNA in Rat Tissues
and Human Cells—We examined the expression of BLM
hydrolase mKNA in rat tissues and human cells by North-
ern blotting and RT-PCR, respectively. BLM hydrolase
mRNA was expressed in all rat tissues tested, at relatively
higher levels in the stomach with esophagus, spleen,
thymus, and testis, and at much lower levels in the skin,
lungs, and skeletal muscle (Fig. 4A). These findings were
consistent with those of immunoblotting (20). Further-
more, the BLM hydrolase transcript was found in all
samples from of cell lines tested by RT-PCR using primers
based on rat BLM hydrolase cDNA (Fig. 4B).

DISCUSSION

In this study we isolated almost the entire cDNA clone for
rat BLM hydrolase and determined its sequence. We also
examined the expression of BLM hydrolase mRNA in
various rat tissues and human cell lines. An open reading

'28S

1 2 3 4 5 6 7 8 9 1011 12 13

B

1 2 3 4 5 6 7 8 9 1011 12
Fig. 4. Expression of BLM hydrolase mRNA in rat tissues (A)
and human cell lines (B). A: Northern blots, (a) Total RNA (20 ng)
isolated from rat tissues hybridized with 3rP-labeled fragment.
Lanes: 1, skin; 2, brain; 3, heart; 4, Ever; 5, stomach with the
esophagus; 6, small intestine; 7, lung; 8, kidney; 9, spleen; 10,
adrenal gland; 11, skeletal muscle; 12, thymus; 13, testis. 28S and
18S indicate the positions of eukaryotic ribosomal RNA markers, (b)
Photograph of the ethidium bromide stained gel before transfer to
display about 20 ng of RNA isolated in each lane. B: RT-PCR. Total
RNA (5 fxg) from various human cell lines were reverse-transcribed
and the cDNAs were amplified by PCR as described in "MATERIALS
AND METHODS." Lanes: 1, HeLa; 2, SKG-IEa; 3, FL; 4, KB; 5,
HEp-2; 6, U373 GM; 7, P3HR-1; 8, Raji; 9, THP-1; 10, Jurkat; 11,
Molt-4; 12, markers (^X174 RF DNA/HaeHI fragment). The
numbers on the right and left indicate base pair(s).

frame contained the identical amino acid sequences with
NH2-terminus (T-N) and tryptic peptides (T1-T3) of rat
epidermal BLM hydrolase. The amino acid composition
deduced from the sequence was similar to that of rat
epidermal BLM hydrolase (20). The slight discrepancy in
the amounts of Asx, Thr, Cys, and Met might have been
caused by the conditions under which samples were hydro-
lyzed and analyzed. An oligonucleotide probe amplified by
RT-PCR hybridized to a single mRNA species of 2.5 kb
from various rat tissues. These data indicated that the
cDNA clone corresponds to the subunit of rat BLM hydro-
lase. The molecular mass calculated from the predicted
amino acid sequence was larger than that of the rat
epidermal BLM hydrolase subunit estimated by SDS-
PAGE (20). This may be because rat BLM hydrolase is
post-translationally modified. An NH2 -terminus acetyl-
methionine was identified in the epidermal enzyme (20). In
addition, the predicted amino acid sequence contained
putative phosphorylation sites. The modified enzyme has
increased mobility towards the anode on SDS-PAGE, so
that its apparent molecular mass would become slightly
smaller than that predicted. However, further studies are
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necessary to resolve this issue.
Rat BLM hydrolase did not contain any DNA binding

motifs such as a basic helix-turn-helix, a Zn-finger, or a
leucine zipper (26). In addition it did not have the features
typical of a basic protein, having a large amount of basic
amino acid residues, a glycine-rich region and a proline
cluster. Although many DNA-binding proteins have similar
features, those without major DNA binding motifs have
been described (27). The yeast homolog, Gal4, is a DNA-
binding cysteine protease (24). Its crystal structure has
revealed that a putative region of DNA binding is situated
within a central channel that is lined with basic amino acid
residues derived from six subunits (19). The sequence
alignment of rat BLM hydrolase revealed significant iden-
tity or similarity of basic amino acid residues at the central
channel or others predicted as the DNA binding site in the
yeast enzyme (asterisks in' Fig. 2). The rat epidermal
enzyme also bound to single-stranded form of the Gal4
binding site nucleotide. However, it could not bind to
DNA-cellulose, suggesting that some modification is neces-
sary for binding to DNA (28, 29). Another possibility is
that BLM hydrolase binds to DNA with a specific conforma-
tion such as /9-hairpin loop structure (30, 31). Although
there is no direct evidence that BLM hydrolase binds to
DNA in the cell nucleus, the DNA binding of both BLM and
its hydrolase may be physiologically relevant.

The sequence homology was remarkable at the carboxyl
termini in the sequences of the BLM hydrolase group of the
papain family. The carboxyl terminus of the yeast enzyme
projected into the active site (19) and its structure resem-
bled those of inhibitors complexed with papain (32-35).
This structure may explain why the activity of BLM
hydrolase has been limited to small peptides such as the
aminoacyl-/?-naphthylamide of various amino acids.
Furthermore, E-64 was the most potent inhibitor of BLM
hydrolase from different species (11, 14, 17, 20, 24). It
might displace the carboxyl-terminal arm in the active site
cleft. We inferred that rat BLM hydrolase also has charac-
teristics similar to those of the yeast enzyme as well as
other homologs at the structural and functional levels, and
its activity could be regulated by interaction with other
molecules.

The expression levels of BLM hydrolase may closely
correlate with the toxic side effects of BLM (7, 8). Pei et al.
(36) have reported that NIH3T3 cells transfected with the
yeast homolog gene ycpl of mammalian BLM hydrolase
become more resistant to BLM than control cells. We
demonstrated that the tissues susceptible to BLM-induced
cell toxicity such as those of the lung and skin expressed low
levels of enzyme mRNA. However, the ubiquitous expres-
sion of BLM hydrolase mRNA in various rat tissues and
human cell lines suggests that the enzyme plays important
physiological roles, including that of antibiotic metabolism
during cancer chemotherapy. Although more detailed
studies are required, the results presented here will
provide useful information for further characterization of
BLM hydrolase.
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