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ABSTRACT. We have cloned the cDNA of human bleomycin hydrolase (hBH), a protease which is thought
to be involved in the metabolic inactivation of the antineoplastic drug bleomycin. The open reading
frame consists of 1365 base pairs and is predicted to encode a 52 kDa protein. The protein shares 40%
identity with yeast bleomycin hydrolase and contains the conserved active site residues (Cys, His, Asn)
characteristic for cysteine proteases of the papain superfamily. Human bleomycin hydrolase has been
functionally expressed irfspodoptera frugiperda Sfcells using theAutographa californicanuclear
polyhedrosis virus. The 52 kDa recombinant protein forms a hexamer of 310 kDa and acts strictly as an
aminopeptidase with a broad substrate specificity. The lack of a leader sequence and its pH optimum at
7.2 suggest a cytosolic/nuclear localization. Human bleomycin hydrolase was detected at low to moderate
expression levels in most of the human organs tested. Significantly higher RNA levels have been observed
in a variety of tumor cell lines. The human enzyme effectively degrades both forms of bleomycin (A2
and B2)in vitro and could indeed be responsible for the resistance of various tumors to this widely used
anticancer drug.

Bleomycin is an antineoplastic glycopeptide antibiotic hydrolase induced resistance $&ccharomyces cefisiae
originally isolated fromStreptomyceserticillus (Lazo & (Enenkel & Wolf, 1993) and NIH3T3 cells (Pei et al., 1995)
Sebti, 1989). Major indications for therapy with bleomycin to the antibiotic effect of bleomycin.
are squamous cell carcinoma, lymphomas, and testicular and The relevance of these observations to the described
uterine carcinomas (Carter, 1985). In contrast to other resistance of various human tumors to bleomycin treatment
anticancer drugs, bleomycin lacks typical side effects such remains speculative as long as the human equivalent of
as immunosuppression and myelosuppression (Umezawableomycin hydrolase is unknown. In this paper we present
1971), but drug resistance in various human tumors andfor the first time the molecular cloning, sequencing, tissue
pulmonary toxicity limit its broader application (Young, distribution, heterologous expression, and enzymatic char-
1989). One possible mechanism of tumor resistance toacterization of human bleomycin hydrolase, the human
bleomycin is the enzymatic inactivation of the drug. Several homologue of yeast bleomcin hydrolase, and compare the
authors have demonstrated that a cysteine protease inhibitorf€Sults with those obtained with the recombinant yeast
sensitive activity is involved in the inactivation of bleomycin. €nzyme. We also demonstrate the ability of human bleo-
A major candidate is a thiol-dependent aminopeptidase, MYcin hydrolase to degrade bleomycin and discuss the
called bleomycin hydrolase, originally isolated from mice Suitability of this protease as a potential drug target to
and rabbits (Umezawa et al., 1974; Sebti et al., 1987, 1989; OVercome the bleomycin resistance of tumors.

Nishimurg etal, ;987). This protease belongs to the pa,pai”EXPERIMENTAL PROCEDURES

superfamily (Sebti et al., 1989; Enenkel & Wolf, 1993) which

is characterized by the conserved active site residues cysteine, Human Bleomycin Hydrolase cDNAthe complete cDNA
histidine, and asparagine. To date, complete nucleotide/of human bleomycin hydrolase (hBHyas cloned by PCR.
amino acid sequences of the aminopeptidase are only knowrAn initial 486 bp PCR fragment was obtained from a human
from yeast (Enenkel & Wolf, 1993) andactoccocus  fetal lung Quick Clone cDNA pool (Clontech, Palo Alto,-
(Chapot-Chartier et al., 1993). A partial sequence from the CA) using degenerate primers derived from the partial rabbit
rabbit enzyme was published by Sebti et al. (1989). Bleo- CPNA sequence (Sebiti et al., 1989)! BGY TGG ATH
mycin hydrolase is capable of inactivating bleomycin by a TTY TCN TG 3 and 3 TA YTC CCA NGT RAA NGT

desamidation reaction in tizaminoalanine moiety (Umeza-  Y1C 3. The 3 end of the full length clone was obtained

wa et al., 1974) and is inhibited by E-64, a general inhibitor
of cysteine proteases (Sebti et al., 1989; Enenkel & Wolf,
1993). In vivo inhibition of bleomycin degradation by E-64

potentiated the antitumor activity of bleomycin (Sebti et al.,
1991). In addition, overexpression of yeast bleomycin
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using the human lung RACE-Ready cDNA with an anchor
primer (Clontech, Palo Alto, CA) and hAPH specific primers
derived from the initial PCR product:’ 5 CA TAT CCC
ATT GGC CAC CAT CAT TTG GAG GG 3and 3GG
CTCCTT TCT CTG GGC TGT GTC'3 The latter primer,

1 Abbreviations: amu, atomic mass unit; hBH, human bleomycin
hydrolase; MCA, methyl coumarylamide; NMR, nuclear magnetic
resonance; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel
electrophoresis; Z, (benzyloxy)carbonyl; yBH, yeast bleomycin hydro-
lase.
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located upstream from the first primer, was used to amplify The blots were washed in2SSC/0.1% SDS for 20 min at
the PCR signal in a secondary PCR reaction, giving the room temperature and twice at 88 for 20 min each.
sequence of the initiation codon including 120 bp from the  Purification. The human and yeast homologues of bleo-
nontranslating 5end. The 3end was generated by PCR mycin hydrolase were expressed and purified under the same
from theAgtll human thymus'Stretch cDNA (Clontech,  conditions. Thesf9cells were harvested from the production
Palo Alto, CA) using the following primers:'%AC ACC media by centrifugation at 20g0were brought up to 60
AGA CCA ACT GGT AAT G 3 and 3GGT AGC GAC mL with 100 mM Tris-HCI, pH 7.6, containing 1 mM
CGG CGC TCA G 3as anchor primers located in thgt11 dithiothreitol and 1 mM NgEDTA and were lysed in a
vector and 5CCC AGG AGG GCA AGC CAA TCA CC Dounce homogenizer. The cell lysate containing active
3 and 83 CCA GAA GAG CTC AGG GCG ATG C 3in human bleomycin hydrolase was cleared by centrifugation
the coding sequence of hBH. The latter primers of both pairs (1600@), and the supernatant was adjusted to pH 4.0 by
were used to amplify the PCR signal. An additional hBH addition of 1 M acetic acid. The precipitate was removed
specific primer (5 GAC CCA CGC CAT GAC CTT CAC by centrifugation (1600§) and the supernatant was adjusted
TG 3) was used to amplify the completé 8oding end to 2.5 M ammonium sulfate in 50 mM Tris-HCI, pH 7.5,
including a 140 bp stretch of the nontranslated region. PCR containing 1 mM dithiothreitol and again cleared by cen-
products were subcloned into the pCR-Script $)(ector trifugation. The activities remaining in the supernatant were
(Stratagene, La Jolla, CA) and sequenced directly on a 373Athen loaded onto a butyl-Sepharose 4 Fast Flow column
DNA sequencer (Applied Biosystems, Foster City, CA). Full (Pharmacia, Uppsala, Sweden) which was washed with an
length clones of human bleomycin hydrolase cDNA were ammonium sulfate gradient (2.5 to 0 M) in 50 mM Tris-
obtained by PCR reaction using Quick Clone cDNA from HCI, pH 7.5, containing 1 mM dithiothreitol and 1 mM
human fetal lung, fetal brain, and leukocytes and the EDTA. The activity was eluted at 0.5 to 0 M ammonium
following oligonucleotide primers:5 GCC TAG ATC T GG sufate. The pooled and concentrated fractions were subse-
CGC CAT GAG CAG CTC GGG '3and 3AGT CTAGAT quently applied to an FPLC Mono Q column (Pharmacia,
CAC TCA GCC AAA GCT CCC ATG G 3 The primers Uppsala, Sweden) and eluted with a linear NaCl gradient
contain aBglll and a Xba site (in boldface) suitable for  (0—0.5 M) in 20 mM Tris-HCI, pH 7.5, containing 0.5 mM
cloning into the pCL139®aculairus expression vector. All  dithiothreitol. The activities emerged from the column at a
PCR reactions were carried out using the proof reaéfifuy salt concentration between 0.25 and 0.32 M NaCl. Ap-
polymerase (Stratagene, La Jolla, CA). proximately 90% electrophoretically pure enzyme was

Construction of Transfer Vector and Expressiorhe 1.5- obtained in a final sizing step using a Superdex 200 FPLC
kb fragment containing a'Bglll and a 3Xbd site was column (Pharmacia, Uppsala, Sweden) equilibrated in 50 mM
inserted into thé&glll and Xbd site of the pvL1392 transfer ~ Tris-HCI, pH 7.5, containing 150 mM NaCl and 0.5 mM
vector (PharMingen, San Diego, CA). Recombinant bacu- dithiothreitol.
lovirus was generated by homologous recombination fol- Molecular Mass Determination The molecular mass of
lowing cotransfection of the baculovirus transfer vector and the monomer was determined by SPBAGE in 4-20%
linearizedAcdNPV genomic DNA intoSB cells (PharMingen,  Tris/glycine gels (Novex, San Diego, CA) using the Multi-
San Diego, CA). Pure viruA\c(NPVhBH) was obtained by ~ mark protein mixture (Novex) as molecular weight standard.
plaque purification. Sf9 cells were grown in Sf900ll media The mass of the oligomer was determined by gel filtration
(Gibco BRL, Grand Island, NY) to a density of 2 10° on a Superdex 200 FPLC column (Pharmacia, Uppsala,
cells/mL and infected at a moi of 1. Total cell number and Sweden) using the following standard proteins (Pharma-
enzymatic activity of the recombinant human bleomycin cia): thyroglobulin (669 kDa), ferritin (450 kDa), catalase
hydrolase were monitored every 24 h. After 3.5 days the (240 kDa), aldolase (158 kDa), and blue dextran for the void
cells were harvested. volume.

Cloning, Construction of the Transfer Vector, and Expres-  Assays with Methyl Coumarylamide Substrates and Inhibi-
sion of Yeast Bleomycin HydrolaseYeast bleomycin tors. Amino acid methyl coumarylamides (MCA) were
hydrolase (YBH) was cloned by PCR using the forward purchased from Bachem Bioscience Inc. (King of Prussia,
primer 3-ATAGGATCCGTTACATGCTTCCTACTTCTG- PA). L-3-Carboxytrans-2,3-epoxypropionyl-leucylamido-

3 and the reverse primer-£GTCTAGATTA TTTGGC- (4-guanidino)butane (E-64) and iodoacetamide were obtained
CAAAGCACCCA-3, which contain the initiator methionine  from Sigma (St. Louis, MO).

and termination codons and tBanH| and Xbd restriction Initial rates of substrate hydrolysis (substrate concentration
sites, respectively, as indicated in bold. PCR was carried 25 uM) were monitored in 1 cm cuvettes at 2& in a

out using Ultima DNA polymerase (Perkin-Elmer). The Perkin-Elmer fluorimeter at excitation and emission wave-
1470 bp product was cloned into thganH| and Xba lengths of 380 and 450 nm, respectively. Recombinant
restriction sites of pBluescript (Stratagene) and completely human and yeast bleomycin hydrolases were assayed at a
sequenced in both directions. Recombinant baculovirus wasconstant enzyme concentration (ca. 20 nM) in 200 mM Tris-
generated as described above following cloning of YBH into HCI, pH 7.5, containing 1 mM dithiothreitol and 1 mM Ma

the Bglll and Xbd site of the pVL1392 transfer vector EDTA.

(PharMingen, San Diego, CA). Inhibition of both aminopeptidases was assayed at a

Northern Blot Hybridization.Multiple tissue and cell line  constant substrate (LM Cit-MCA) and enzyme concentra-
Northern blots (Clontech, Palo Alto, CA, calibrated against tion (approx. 20 nM, based on BSA protein calibration
actin) were hybridized for 20 h at 4Z in a hybridization standard curve) in the presence of different inhibitor con-
buffer (5x SSPE, 1& Denhardt’s solution, 50% formamide, centrations in the substrate assay buffer. Human and yeast
2% SDS, and 1Qug/mL denatured salmon sperm DNA) bleomycin hydrolase, respectively, were preincubated with
containing the ¢-32P] dCTP labeled 486 bp hBH fragment. irreversibly acting inhibitors for 5 min, or the reaction was
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started immediately for reversible inhibitors with substrate.
Residual activity was monitored, and percent inhibition was
calculated from the uninhibited rate.

The inactivation ratesk{,d in the presence of substrate
and for different inhibitor concentrations were determined

for the aminopeptidases according to Tian and Tsou (1981).

Bromme et al.

dithiothreitol and 1 mM NgEDTA at room temperature (23
°C). To examine the kinetics of hydrolysis, samples were
injected about every 83 min, starting 2 min after mixing the
reactants. Isocratic elution on a 21250 mm Vydac (The
Separations Group, Hesperia, CA) C18 column was at 7%
acetonitrile-0.1% trifluoroacetic acid (buffer B) for 5 min,

Progress curves for the inactivation of the proteases wereand then with an increasing gradient to 20% acetonitrile

monitored at room temperature (22). By fitting the rate

0.1% trifluoroacetic acid over 50 min. An alternative elution

constants obtained at different inhibitor concentrations to eq used for the kinetics was isocratic elution at 7% buffer B

1, the inactivation parameteks o, andkinact Were obtained.
TheKiapp Values were then corrected for competitive inhibi-
tion using eq 2.

kobs: kinact[l]/ Ki,app+ [I]
Ki = Ki,apyf(l + [S]/Km)

(1)
&)

pH Activity Profile. Initial rates of substrate hydrolysis

were monitored as described above. The pH activity profiles

of both aminopeptidases were obtained aulMArg-MCA
([S] < Km = 160 uM, where the initial ratey, is directly
proportional to thek../Kn, value). The following buffers
were used for the pH activity profile: 100 mM sodium citrate
(pH 2.8-5.6) and 100 mM sodium phosphate (pH-580).

All buffers contained 1 mM EDTA and 0.4 M NacCl to
minimize the variation in ionic strength. A three protonation

for 50 min. The reaction of cathepsin S (0.53 or 314)

with 34.5 nmol of bleomycin was followed as above for 11
hat pH 6.5 and 7.5. The reaction of cathepsin O2 (160 nM)
with bleomycin was followed at pH 7.5 for 13 h, and the
reaction at pH 5.5 for 15 h was followed at cathepsin O2
concentrations of 16 and 320 nM, respectively. Recombinant
human cathepsin S and O2 were expressed and purified as
described in Brmme and McGrath (1996) and Brone et

al. (1996).

Purification and Characterization of Bleomycins A2, B2,
and Their Products.Bleomycins A2 and B2 were separated
from 2.1 mg of bleomycin (Sigma, St. Louis, MO) by
isocratic elution at 7% buffer B on a 4:6 250 mm Vydac
C18 reversed phase column eluted at 1%/min. A similar
mixture was purified after reaction with bleomycin hydrolase
for 30 h under conditions defined above; several time points
were sampled to assure completion of the reaction. Samples

model (Khouri et al., 1991) was used for least-squares of pleomycin A2 and its degradation product were dissolved
regression analysis of the pH activity data. The data were j, D,O (99.9 atom %, Aldrich, Milwaukee, WI) and were

fitted to the equation:

(KeadKimobs = (Keaf K/ ([H 1Ky + 1+ KJ[H']) (3)

Tryptic Mapping and Sequence Determinatidieomycin
hydrolase (340 pmol in 20L) was dissolved in 10@L of
6 M guanidine hydrochloride, 0.1 M Tris, 1 mM BEDTA,
and 2 mM dithiothreitol (all from Sigma Chemical Co., St.
Louis, MO) at pH 8.4, heated in a capped glass microvial
(Hewlett-Packard, Palo Alto, CA) at 10€ for 5 min, and
carboxymethylated by 5 mM iodoacetate (Aldrich Chemical
Co., Milwaukee, WI) at 30°C for 30 min. The reaction
was stopped by the addition of dithiothreitol to 5 mM, and
the contents were flow-dialyzed against 0.05 M pH 8.0
ammonium bicarbonate (Sigma Chemical Co., St. Louis,
MO). The protein was then digested for 24 h by 1:50 w/w
trypsin (Worthington Biochemical Corp., Freehold, NJ), in
the presence of 10 mM Caflo prevent autolysis of the

examined by proton NMR on a Jeol Eclipse 270, and by
electrospray mass spectrometry at the College of Chemistry,
University of California, Berkeley, CA.

RESULTS

Human Bleomycin Hydrolase cDNA and Amino Acid
Sequence.A 490 bp PCR fragment was obtained from a
human fetal lung cDNA pool using degenerate primers
derived from a partial rabbit sequence of bleomycin hydro-
lase (Sebti et al., 1989). Thé énd of the complete human
bleomycin hydrolase sequence including 120 bp from the
nontranslating 5end was obtained using theRACE cloning
sytem and specific primers derived from the 490 bp fragment.
The 3 end was cloned by PCR using two different sets of
internal hBH specific oligonucleotides and anchor primers
derived from algtll human thymus'Stretch cDNA. With
the help of the first primer pair located in the initial 490 bp

trypsin. Peptides were isolated by reversed phase chromafragment, a variety of incomplete PCR fragmets were
tography on a Hewlett-Packard 1090m liquid chromatograph obtained. Most of the fragments stopped at base pair position

using a 2.1x 250 mm Vydac (The Separations Group,
Hesperia, CA) C18 column, and 0.3 mL/min elution at 40
°C, using a gradient from-840% acetonitrile-0.1% v/v
trifluoroacetic acid (Aldrich Chemical Co., Milwaukee WI)

1014, identical to the '3end obtained from the rabbit

fragment by Sebti et al. (1989), whereas a few clones gave
extended sequences still missing 30 nucleotides to the
putative stop codon. This may indicate that steric problems

in 50 min. The three largest peaks were sequenced by then the RNA sequence of human and rabbit bleomycin
Edman degradation at the Protein Structure Lab (University hydrolase result in the ligation of incomplete fragments into

of California, Davis, CA) by Dr. Jack Presley.
Degradation of Bleomycin by Human Bleomycin Hydro-
lase and Human Cathepsins S and OPhe hydrolysis of

the appropriate cDNA libraries. The completé énd
including 140 bp of the nontranslating region was obtained
with a second specific primer set derived from the sequence

the sulfate salt of bleomycins A2 and B2 (obtained as a Obtained from the first PCR" $roduct.

mixture from Sigma Chemical Co., St. Louis, MO) by

Full length clones of the hBH were generated by PCR

bleomycin hydrolase and cathepsins S and O2 was examinedrom cDNA pools from human fetal lung, fetal brain, and
by reversed phase chromatography. Purified bleomycin peripheral blood leukocytes using primers designed from the

hydrolase (87 ng) was mixed with 34.5 nmol of bleomycin
in 233 uL of 0.1 M Tris-HCI, pH 7.5, containing 2 mM

nontranslating 3and 5 ends. The cDNA of hBH encodes
a 455 amino acid protein (Figure 1). The open reading frame
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ttttccoggeg ctocgggtygc gagagacagy

40 60

tcgggecccce taggcagoga gecogeagege
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860 880 300

aaaaattatc agaaaattgg ccccataaca cccttggagt tttacaggga acatgtcaag

80 100 120 K N Y Q@ K I G P I T P L E F Y R E H V K 253
aatccecggeg ctegeccaayg gaccctggaa gctaccgtta ccccgecggg cagegtggge 920 940 960
140 160 180 ccactcttea atatggaaga taagatttgt ttagtgaatg accctaggeoe ccagcacaad
gccatgageca gctcgggact gaattcggag aaggtagctg ctctgataca gaaactgaat P L F N M E D K I ¢ L V N D P R P Q H K 279
M S § 8§ G L N S E K vV A A L I Q K L N 19 980 1000 1020
200 220 240 tacaacaaac tttacacagt ggaatactta agcaatatgg ttggagggag aaaaactcta
tecgaccecoe agttegtact tgcecagaat gtegggacca ccocacgacct getggacate Y N K L Yy T V E Y L s N M Vv ¢ @ R K T L 299
s PP QF VL AQN VGT THDTL L DI 39 1040 1060 1080
260 280 300 tacaacaacc agcccattga cttoctgaaa aagatggttg ctgectcecat caaagatgga
tgtctgaage gggecacggt geagegegeg cageatgtgt tocageacge cgtgecccag Y NN¥ o P I D FL K KMV AASTI KTDG 319
C L K R A T V Q R A Q H Vv F Q H A v P Q 59 1100 1120 1140
320 340 360 gaggctgtgt ggtttggetg tgatgttgga aaacacttea atagcaaget gggectcagt
gagggcaagc caatcaccaa ccagaagagce tcagggegat gcetggatcett ttettgtctg E AV W F G C D V. & K H F N 8§ K L ¢ L s 339
E G K P I T N Q K S8 S G R ¢ w I F s C L 79
1160 1180 1200
380 400 420 gacatgaatc tctatgacca tgagttagtg tttggtgtct ccttgaagaa catgaataaa
aatgttatga ggcttcecatt catgaaaaag ttaaatattg aagaatttga gtttagcecaa D M N L Y D H E L V F e v s L K N M N K 359
N V M R L P F M K K L N I E E F E F S Q 99 1220 1240 1260
440 460 480 gcggagaggce tgacttttgg tgagtcactt atgacccacg ccatgacctt cactgetgte
tcttacctgt ttttttggga caaggttgaa cgctgttatt tecttcettgag tgettttgtg A E R L T F G E S L M T H A M T F T AV 379
s Y L F F W D K V E R C Y F F L 8 A F V 119 1280 1300 1320
500 520 540 tcagagaagg atgatcagga tggtgctttc acaaaatgga gagtggagaa ttcatggggt
gacacagccc agagaaagga gcctgaggat gggaggctgg tgcagttttt gettatgaac s E K D D QD G A F T K W R V. E N S W g 399
D T A Q R K E P E D G R L vV Q F L L M N 139 1340 1360 1380
560 580 600
gaagaccatg gccacaaagg ttacctgtge atgacagatyg agtggttcte tgagtatgte
cctgcaaatg atggtggeca atgggatatg cttgttaata ttgttgaaaa atatggtgtt E D H E K G Yy L ¢ M T D E W F § E Y Vv 419
P A N D G G Q W D M L V N I vV E K Y G Vv 159 1400 1420 1440
620 640 660 tacgaagtgg tggtggacag gaagcatgtce cctgaagagg tgctagetgt gttagageag
atccctaaga aatgcttccce tgaatcttat acaacagagg caaccagaag gatgaatgat Y E V vV V. D R K H V P E E vV L A V L E Q 439
I P K K C F P E S Y T T E A T R R M N D 179 a 1460 1480 1500
680 700 720 gaacccattyg tectgecage atgggaccoe atgggagett tggetgagtg agtgatactg
attctgaatc acaagatgag agaattctgt atacgactge ggaacctggt acacagtgga E P T vV L P A W D P M G A L A E * 455
I L N H K M R E F C I R L R N L V H 8§ G 199 I
740 760 780 1520 1540 1560
gcaacgaaag gagaaatcte ggccacacag gacgtcatga tggaggagat attccgagtg cectccaget ctttectect tccatggaac ctgacgtage tgcaaaggac agatccaggg
A T K G E I S A T Q D V M M E E T F R V 219 1580 1600 1620
800 820 840 actgaagcca aagttatgca agggactgtg tgttgccaca ggacacagtce agatttccag
gtgtgcatcet gtttgggtaa tcocaccagag acattcacct gggaatatcg agacaaagat
v C I ¢ L G N P P E T F T W E Y R D K D 239

tectecaccag cco

Ficure 1: Nucleotide and protein sequence of the human bleomycin hydrolase. The active site residues cysteine, histidine, and asparagine
are indicated in boldface. Sequences confirmed by N-terminal sequencing are underlined.

starts after a typical translation initiation sequence (Kozak, The absence of a signal sequence suggests that human
1986) at nucleotide 123 with an ATG codon and ends at bleomycin hydrolase has a cytosolic/nuclear localization.

nucleotide 1491 with a TGA stop codon. No polyadenylation  The amino acid sequence of human bleomycin hydrolase
site was detected within the first 140 nucleotidé®Bthe  exhibits highly conserved residues typical for the active site
stop codon. The deduced amino acid sequence contains n@egions of cysteine proteases of the papain superfamily (Berti
potential glycosylation sites. & Storer, 1995). These residues are the active site cysteine,
Sequences obtained from three different human organshistidine, asparagine, as well as a glutamine residue forming
were identical with the exception of amino acid residue 443. the putative oxyanion hole (residues in boldface in Figure
Either a valine or an isoleucine was found in this position 1). In contrast to papain-like cathepsins (+3%5 amino
attributed to an A/G mutation in nucleotide position 1450 acid residues), bleomycin hydrolase has a substantially longer
(Figure 1). Four out of six sequences obtained from the stretch of amino acids (297 residues) between its active site
leukocyte cDNA (generated from a male/female pool) as well Cysteine and histidine residue. According to a recently
as from fetal |ung cDNA (ma|e/fema|e poo|) contained a solved X-ray structure (Joshua-Tor et al., 1995), most of these
valine residue in position 443. In addition, all six sequences residues form two pairs of antiparallethelices extending
derived from fetal human brain (single female) contained from the catalytic domain which seem to be involved in the
also a valine residue. Since both isoforms seem to be presen@ligomerization of the protease.
in human individuals, a pathological consequence of this Tissue Distribution of Human Bleomycin Hydrolase
conservative mutation seems to be unlikely. Expression of human bleomycin hydrolase, detected by
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Ficure 2: Northern blot analysis of human bleomycin hydrolase in human tissues and tumor cell lines. Nitrocellulose blots were hybridized
with 32P-labeled probe of human bleomycin hydrolase. The lower panel shows the actin probing of the blots as a control.

Northern blot analysis, was at low to moderate levels in most Table 1: Purification of Human Bleomycin Hydrolase from the
organs tested (spleen, thymus, prostate, ovary, small intestineBaculairus Expression Systefn

heart, brain, placenta, lung). Elevated expression levels were total sp act. o
observed in testis, skeletal muscle, and pancreas, and very protein  totalact.  [umol/  purifn yield
. L . assay (mg) («mol/min) (mg-min)] factor (%)
low expression levels were seen in liver, kidney, colon, and pr—— S04 10332 29 T 100
H H ‘o Cruade extrac .
peripheral blood leukocytes (Figure 2). Northern analysis 5, -= = o1 7740 85 57 785

of a variety of tumor cell lines revealed a high level of hBH sulfate fractionation

expression in chronic myelogenous leukemia K-562 cells, b (Sl"\g h ) 998 - 8
moderate levels in promyelocytic leukemia HL-60, Hela S3, Muotﬁ(;er arose 4 o7 som 206 0> s
lymphoblastic leukemia MOLT-4, Burkitt's lymphoma Raji, s200 57 4644 815 55 45
colorectal adenocarcinoma SW480, and melanoma G361
cells, and a low expression level in lung carcinoma A549
cells. The approximate size of bleomycin hydrolase mRNA

aFor details see Experimental Procedures.

on Northern blots is 2.5 kb, which is in accordance to the ? t.) (.: (1’

size described for the rabbit mMRNA (Sebti et al., 1989). 148-
Expression and Enzyme Purificatiotuman bleomycin

hydrolase has been expressedsid cells using theBacu- 60—

lovirus expression system. The expression level of the s = -

aminopeptidase was monitored as an Arg-MCA hydrolyzing

activity inhibitable by 0.5 mM iodoacetic acid. The cells 30-

were harvested 3 days post-infection. A 55-fold purification f%: 5

with a yield of 45% was achieved after 3 chromatography
steps (butyl-Sepharose 4; MonoQ; Superdex 200) resultingricure 3: SDS-PAGE of purified recombinant human bleomycin

in a protein of approximately 90% purity (Table 1, Figure hydrolase (Coomassie staining). Lane a, crude SF9 fraction; lane
3). Recombinant human bleomycin hydrolase displays aﬁ;rgfjte;] Pﬁzsr‘%gg tgr?gggbl;tf){ér':aztsgéovg tlﬁPoeuChagﬁr g%sesxa%% 0
molecular mass o.f 310 kDa by gel flltra.tlon ‘f.jmd 52 kDa b.y Molegular mass ’standards are ir?dicategd in the ?eft Iar?e. .
SDS—polyacryamide gel electrophoresis (Figure 4). This

indicates that the active enzyme forms a hexamer as recently Yeast bleomycin hydrolase was expressed and purified
described for the yeast enzyme analog (Joshua-Tor et al.under analogous conditions. Yields of expression and
1995). The N-terminus of the 52 kDa subunit is blocked, purification were comparable to those of the human protease.
but 3 internal sequences obtained from a tryptic digest Enzymatic Characterization of Human Bleomycin Hydro-
confirmed the protein sequence deduced from the cDNA lase. Human bleomycin hydrolase has a pH optimum of
(sequences 256267, 318-330, 394-405; underlined in pH 7.2 and is characterized by a narrow bell-shaped- pH
Figure 1). activity profile (Figure 5). The neutral pH optimum of the
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Ficure 4: Measurement of molecular weight of human bleomycin hydrolase on {&0%Tris/glycine SDSPAGE and (B) Superdex
200. (A) The mobilities of dye and proteins were indicatedRragnd R,, respectively. (B) The void volume is indicated g and the
elution volumes aré&/e.

120 T . T T T pH range. Using a three protonation model which results
in a better fitting of the experimental data poirdasthird K
value can be described. ThikKpbetween 4 and 5, resembles
the K corresponding to the active site cysteine residue in
papain-like cysteine proteases. The low activity of the
enzyme at acidic pH does not allow a greater accuracy in
the determination of this K value. However, it is also
possible that the observe palues represent functionalities
of the substrate as well as of a substrate binding group within
the enzyme. Thelfy value could be assigned to aramino
group of the aminopeptidase substrate whereaskKhequld
represent a negatively charged group interacting with the
a-amino group of the substrate. Interestingly, the crystal
structure of the yeast bleomycin hydrolase reveals an
interaction between the carboxylate group of the C-terminus
of the protease with the.-amino group of the substrate.
However, any assignments dfwalues to particular residues
within the protease or substrate remain speculative. Site-

FIGURE 5: pH activit_y profile for recombinant human bleomycin directed mutagenesis experiments may he|p to C|arify these
hydrolase. The relative rate of hydrolysis was calculated fikggh questions

Km values obtained by measuring the initial rates of Arg-MCA o )
hydrolysis and by dividing by enzyme and substrate concentration. The substrate specificity of human bleomycin hydrolase

was determined with a broad range of methyl coumaryla-
Table 2: (K Values of pH Activity Profiles of Recombinant Human ~ mides and compared with the relative activities of yeast

100 |~

80 |-

60

relative activity (%)

20 -

(hBH) and Yeast Bleomycin Hydrolase (yBH) bleomycin hydrolase. Both the human and the yeast pro-

protease K1 pKy pK> pH optimum teases exhibit no activity with N-protected peptide substrates
hBH 524+ 0.25 6.79 0.03 7.55+ 0.01 7.2 such as Z-Phe-Arg—MCA, Z-Arg-Arg—MCA, or Z-Val-Val-
yBH  41+0.9 6.894+ 0.03  7.74+0.02 7.3 Arg-MCA, revealing that both enzymes do not have a

substantial endopeptidase activity. In contrast, amino acid
protease is in accordance with its assumed cytosolic/nuclearmethyl coumarylamides are very effective substrates for both
localization which is derived from the absence of a signal enzymes. Citrulline-MCA is the most efficiently hydrolyzed
peptide sequence in its gene structure. The pH activity substrate by both enzymes. On the other hand, both species
profile of bleomycin hydrolase is very different from that variants share very low rates of hydrolysis f&branched

of cysteine proteases such as papain or cathepsins S and O2mino acids such as valine and proline andf@mino acid
Whereas the observedKpvalue of 7.55 (7.74 for the yeast substrate derivatives (Figure 6). Furthermore, both enzymes
analog; Table 2) is in the range oKpvalues described for  are characterized by their inability to hydrolyze Asp-MCA
cathepsins (Bnmme et al., 1993, 1996) and may reflect to but by the acceptance of Glu-MCA as a substrate. The
some extent the active site histidine residue, the \mlues cleavage of a glutamyl amino acid substrate was already
for the human and yeast enzyme (6.79 and 6.89) are verydemonstrated by Enenkel and Wolf (1992) for the yeast
distinct from appropriate values determined for cathepsins protease. Despite the observed similarities, both enzymes
(about 4-4.5). It remains unclear which amino residue(s) display some differences in their specificity. Human bleo-
is/are responsible for thekpvalue observed in the neutral mycin hydrolase hydrolyzes methionine and leucine substrate
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FIGURE 6: Relative activities for the hydrolysis of NFAA-MCA | 85
substrates by human (black columns) and yeast bleomycin hydrolase| | )
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relative activity (%)
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E

citrulline; R, arginine; H, histidine; D, aspartate; E, glutamate; P, bleamycin A2 bleomycin B2
proline; dA,p-alanine; A, alanine; V, valine; L, leucine; Y, tyrosine; p = p pa i
M, methionine; N, asparagine.
elution time, min.
Table 3: Inhibitor Profile of Human and Yeast Bleomycin FiGure 7: Time course of the degradation of bleomycins A2 and
Hydrolase B2 by human bleomycin hydrolase as observed by reversed phase
— chromatography. The enzyme and substrate at pH 7.5C2®ere
% inhibition mixed at time 0, and aliquots from the reaction were injected onto
inhibitor  [inhibitor] hBH YBH t_he narrow bore_ HPLC column every 83 min; the (eac_tion time is
- : OMSE  1mM O 0 listed at the right. Each 206 nm elution profile is stacked
Se?r?f?ibpi{grgase befablock 0 anmM 0 0 immediately above that from the previous injection. Isocratic elution
: was at 7% acetonitrite0.1% trifluoroacetic acid. The degradation
serine/cysteine  leupeptin 1004 0 0 products of each bleomycin elute (at 0.25 mL/min) slightly in front
protease inhibitors chymostatin 4 0 0 of the unmodified species. Bleomycin B2 is degraded more rapidly
aspartate protease pepstatin  0.kM 0 0 than bleomycin A2. The insert _shows the putative hydrolysis in
inhibitor the s-alanine moiety of bleomycin by hBH.
metalloprotease EDTA 10mM 0 0 slowly hydrolyzed to a product which elutes slightly before
inhibitors bestatin 02mM 0 0 th : : ;
_ _ e reactant, with loss of about a third of bleomycin A2 by
cysteine protease iodoacefatemM 100 100 767 min. Bleomycin B2 is degraded more rapidly, with
inhibitors 20 Mls1b520 Mls1b | | . d Iuti light!
E-64 50uM 47 100 almost complete converS|on_to a proc uct_e uting slightly
60 M 15101100 Mlg1b before the reactant by 600 min. A similar time course was
NEM? 500uM 84 100 observed at 249 and 292 nm, two other wavelengths with
a Preincubation of enzyme and inhibitor for 5 miSecond-order  Significant absorption by bleomycin (data not shown). The
rate constants of inactivation. reaction was completely inhibited by preincubation of

bleomycin hydrolase with 1 mM iodoacetamide for 10 min

derivatives more efficiently than the yeast enzyme, whereasbefore the start of the reaction. The catalytic efficiengyy/(
the latter protease shows a higher preference toward arginineKy,) for the degradation of bleomycin A2 and B2, based on
and tyrosine substrates (Figure 6). the appearance of the product, at 280 was 5000 M* st

Inhibitor Profile. Both the human and the yeast recom- and 11 600 M?! s™%, respectively.
binant bleomycin hydrolases are characterized by an inhibitor A plot of the reciprocal of the initial velocity of the
profile typical for cysteine proteases. Significant inhibition reaction vs the reciprocal of the substrate concentration for
was obtained with cysteine protease inhibitors such as purified bleomycin A2 and B2 gave appardfy; values of
iodoacetic acid, E-64, and NEM (Table 3). Similar to 140 and 37Q:M, respectively. No evidence was obtained
differences observed in their substrate specificity, both for degradation of bleomycin A2 or B2 by either cathepsin
enzymes exhibit differences in their rates of inactivation by S or cathepsin O2 under several different conditions.
inhibitors. In general, the yeast enzyme is more efficiently = The purified products from the reaction were examined
inhibited by most of the tested inhibitors than the human by electrospray mass spectrometry. Bleomycin A2 (expected
enzyme. N-Terminal protected peptide based cysteine pro-averagewz = 1415.57, observed 1414.2 and 1436.0) was
tease inhibitors of the aldehyde as well as diazomethane classlegraded by bleomycin hydrolase to give peaks at 1415.2,
did not exhibit any inhibitory potency (data not shown). No 1437.0, and 1459.0. These differ by 21.8 and 22.0 amu,
inhibition was observed with general serine, aspartate, andrespectively, and could represent the binding of two sodium
metalloprotease inhibitors. ions with the loss of a proton at each step. The nonadduct

Degradation of BleomycinThe hydrolysis of a mixture  product thus appears to be one mass unit more than
of bleomycins A2 and B2 by bleomycin hydrolase was bleomycin A2 and may bind one more sodium ion.
examined by reversed phase chromatography at 206 nm Bleomycin B2 (expected averag#z = 1425.53, observed
(Figure 7). The time course shows that bleomycin A2 is = 1425.0 and 1447.2) appears (like bleomycin A2) to bind
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a single sodium ion combined with the loss of a proton. Its 57
product gave peaks atz1426.2, 1448.2, and 1470.0, which  ne#  usssGLNSEKVAALTOKLNSDPOFVLAONVGTTHDLLDICLKRATVORAQHVFQHAY
could represent the binding of two sodium ions with the 10SS rzu DPQFVLAQNVGTHHDLLDICLRRATVQGAQHVFQHVY

of a proton at each step. The molecular masses of NONad~z:  usss1DTSKINSNKEFQSDLTHOLATTVLKNYNADDAL LNKTRLOKQDNRVENTYY
ducted reactant and product appear to differ by a single MasS.cne wsss. . .s..o.'ovveeeii e
unit, and the product appears capable of binding an additional .

sodium ion relative to the reactant. The expected mechanism__,
of inactivation of bleomycin by the protease is the deami-
dation of thes-aminoalanine residue (Figure 7) which is
consistent with the gain of 1 mass unit by the products, an
with the creation of an additional sodium ion binding site.

The bleomycin A2 degradation product was also compared

'[0 b|eomyCin A2 by prOton nuclear magnetic resonance. The hBH LSAFVDTAQRKEPEDGRLVQFLLMNPA-NDGGOWDMLVNIVEKYGVIPKKCFPESY -
270 MHZ proton spectra of both were nearly |dent|ca|, the rBH LNAFVDTAQKKEPEDGRLVQYLLMNPTQEDGGOWDMLVNIIEKYGVVPKKCFPESH-
main difference being the loss or shift of a trip|et Or quartet vBH LDQIVSSADQDI--DSRLVQYLLAAPT-EDGGQYSMFLNLVKKYGLIPKDLYGDLPY

114

PQEGKPITNQKSSGRCWIF SCLNVMRLPFMKKLNIEEFEFSQSYLFFWDKVERCYFF
rBH PQEGKPVTNQKSSGRCWIFSCLNVMRLPFMKKLNIEEFES-QSYVFFWDKVERCYFF

d yBH STDSTPVTNQKSSGRCWLFAATNQLRLNVLSELNLKEFELSQAYLFFYDKLEKANYF
cons ..., P.TNQKSSGRCW.F...N..RL..... LN..EFE....Y.FF.DK.E....F

169

(ca, 1.6 protons) at 2.88 ppm upon exposure to bleomycin cons L...V..A......D.RLVQ.LL...... DGGQ. .M. .N...KYG..PK........
hydrolase. We have not definitively assigned these protons, 225
which do not match those assigned by Xu et al. (1994), bUt nex - rrEATRRMNDTLNHRMREFCT RLRNLVHSGATRGET SATQDV ~MMEET FRVVCICL
thelr Shlft appears CloseSt to tha’t Of W}amlnoalanln$ or rBH -TTEASRRMNDILNHKMREFCIRLRNMVHSGATKAEISATQDT-MMEEIFRVVCICL

ﬁ' prOtonS or the pyrldlnylproplonamlde’ prOton One . YBH STT-ASRKWNSLLTTKLREFAETLRTALKERSADDSIIVTLREQMOREIFRLMSLFM
would expect a shift in each of these protons upon deami- _

dation of the nearby terminal amide group.

ons .TT.ASR..N..L..K.REF...LR.............. T....M..EIFR......
277
D I SC U SS I O N hBH GNPP----ETFTWEYRDKDKNYQKIGPITPLEFYREHVKPL-FNMEDKICLVNDPRPQ
rBH GNPP----ETFTWEYRDKDKNYNKIGPITPLEFYRQHVKPLLFNMEDKICFVNDPRPQ
We have cloned a complete cDNA encoding human ,sy prepvosNEQFTWEYVDKDRKTHTTES-TPLEFASKYAKLDPSTS - ~VSLINDER- -
bleomycin hydrolase. The open reading frame encodes a,
455 amino acid protein which contains the highly conserved
active site residues typical for cysteine proteases of the papain 334
family (Figure 1)_ Sequence alignment with yeast bleomycin hBH HKYNKLYTVEYLSNMVGGRKTLYNNQPIDFLKKMVAASTKDGEAVWFGCDVGKHFNS
hydrolase and with a fragment of the rabbit homologue rB HKYNRLYTVDYLSNMVGGRK
reveals a 40% and 89.5% identity, respectively (Figure 8). y5H HPYGKLIKIDRLGNVLGGDAVIYLNVDNETLSKLVVKRLQNNKAVFFGSHTPKFMDK
This clearly indicates that the cloned human gene representScons n.v..L.....L.N..G6....Y.N.....L...V........ AV..G....K....
the human version of bleomycin hydrolase. * 391

The recombinant human protease has been expressed AaBeH  KLGLSDMNLYDHELVFGVSLKNMNKAERLTFGESLMTHAMTFTAVSEKDDQDGAFTK
an active enzyme in thdaculwirus system and acts yBH KTGVMDIELWNYPAIGYNLPQOKASRIRYH--ESLMTHAMLITGCHV-DETSKLPLR
exclusively as an aminopeptidase- No aCtiVity againSt cons K.G..D..L...ovuuuniinnnnn.. R....ESLMTHAM. .T..... Divevnnnn
N-terminal blocked synthetic substrates has been observed. .
The substrate specificity toward amino acid methyl cou-
marylamides is relatively broad. The enzyme efficiently
hydrolyzes substrates with citrulline, methionine, leucine,
alanine, arginine, and glutamate, but it is only weakly active
against valine. Substrates with proline, aspartate, and
p-alanine in the Pposition are not hydrolyzed. The substrate "B AWDPMGALAE
specificity of the human enzyme is very similar to that of vB# IWwDPMeALAX
porcine and chicken aminopeptidase H, which are speciescens .wpeucara.
variants of bleomycin hydrolase (Nishimura et al., 1991; Ficure 8: Multiple amino acid alignment of human bleomycin
Rhyu et al.,, 1992; Nishimura et al., 1994). It has been Eygro:ase Vzith yeast and a %ar“a' ﬁ‘bbié Seq,ue”ﬁe of E'eomy‘?i“
demonstrated that the aminopeptidase activity of the chicken, Y2085 5 gscittli\éi 3??h£ef$s?§1i%in palientbd 'Qaf:he”gg_ t margin
(Rhyu et al., 1992) and yeast homologue (Kamborius et al.,

1992) increases with the length of the peptide substrate butdisplay relatively higher expression levels than seen in
is limited to small peptides. However, the enzymes do not regular human organs. Especially high levels were observed
hydrolyze protein substrates (Rhyu et al., 1992). The in leukemia cell lines. Leukemic cancer is known not to
aminopeptidase activity may be explained by the presencerespond to bleomycin treatment. Specific inhibitiors of the
of the carboxyl-terminal arm of the protease in the active enzyme in tumors may (i) widen the application of bleomycin
site cleft, limiting the access to the active site for only one to tumors which are resistant to a bleomycin treatment and
residue. In addition, the carboxyl group of the C-terminal (i) allow a lower dose in order to diminish observed side
arm may form a salt bridge to the protonatedmino group  effects, especially pulmonary toxicity. The present study
of the substrate (Joshua-Tor et al., 1995). demonstrates for the first time tf vitro ability of human

Tumor resistance to the anticancer drug bleomycin hasbleomycin hydrolase to degrade bleomycin. The human
been associated with the metabolic degradation of the drugenzyme attacks bleomycin B2 approximately 2 times more
by bleomycin hydrolase (Umezawa et al., 1974; Sebti et al., rapidly than A2. Our results are consistent with catabolism
1989). lItis of interest that most of the tumor cell lines tested of both bleomycins A2 and B2, resulting in a shift in mass

cons ..PP....E.FTWEY.DKDK....I...TPLEF..... Kovooviiinonns NDPR. .

I 445
hBH WRVENSWGEDHGHKGYLCMTDEWFSEYVYEVVVDRKHVPEEVLAVL---EQEPIVLP

H YRVENSWGKDSGKDGLYVMTQKYFEEYCFQIVVDINELPKELASKFTSGKEEPIVLP
cons .RVENSWG.D.G..G...MT...F.E..... VVD....P.E....oivn EPIVLP

455
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of 1 amu and slightly earlier elution from a reversed phase located at the outer rim of the channel of the yeast structure
column. This could be due to deamidation of a terminal and which is described as essential for the binding of single-
amide group, which is consistent with the proton NMR data. stranded DNA is replaced by a tyrosine in hBH. Thus
These observations are also consistent with those of Umezabinding to DNA by the yeast bleomycin hydrolase might be
wa et al. (1972) that bleomycin hydrolase deamidates the a specific feature of this species variant.
carboxamide group of thg-aminoalanine moiety.
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