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ABSTRACT

Peptide sequences obtained from cyanogen bromide fragments of bovine lactoperoxidase (bLPO) were used
to design oligonucleotide probes for library screening. These probes were used to screen a cDNA library con-
structed from bovine mammary tissue. Three overlapping clones were obtained, the longest of which (T3)
contained a reading frame of 712 amino acid residues. The encoded amino acid sequence was homologous to
those recently reported for myelo-, thyro-, and eosinophil peroxidases. Two possible amino termini of the
mature enzyme were identified, and the predicted mature protein matched previous molecular weight esti-
mates of 78,500. Of eight bovine tissues tested, transcription of T3 sequences were detected in mammary tis-
sue only. Using the bLPO cDNA as a probe, a single hybridizing clone was found in a human mammary
gland cDNA library. This clone (Ml) encoded the carbo\>-terminal 324 residues of a peroxidase distinct
from the other three known human peroxidases, and was closely related to bLPO. This result confirms the
presence of at least one distinct lactoperoxidase in humans.

INTRODUCTION

Lactoperoxidase (LPO; EC 1.11.1.7) has been charac-
terized as a natural antimicrobial agent in bovine milk

(Gothefors and Marklund, 1975; Reiter, 1985; Sandholm
et ai, 1988), a medium otherwise rich in its ability to sup-
port bacterial growth. In addition, it has been suggested
that the presence of LPO may help protect the udder from
infection (Reiter, 1985; Marshall et ai, 1986; Sandholm et
ai, 1988). Of the two reaction substrates of LPO, one

(thiocyanate) is normally present in milk. The other sub-
strate, hydrogen peroxide, may be more limiting, perhaps
due to the presence of catalase and Superoxide dismutase
(Reiter, 1985). Milk LPO levels vary among species, rang-
ing from little or none in human beings to concentrations
as high as 54,000 milliunits/ml in guinea pigs (Shindler et
ai, 1976; Reiter, 1985). Human colostrum contains LPO
activity (Gothefors and Marklund, 1975; Langbakk and
Flatmark, 1984; Tenuovo, 1985; Langbakk and Flatmark,
1989), however the levels drop rapidly within 1 week post
partum. LPO has also been thought to play a role in the
promotion of growth in newborn calves (Reiter et ai,
1981; Reiter, 1985).
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The enzymatic properties of LPO have found usage in a

variety of applications. Its antimicrobial activity has been
used to preserve raw milk in warm climates, through the
addition of hydrogen peroxide and thiocyanate (Reiter,
1985; Aparicio et ai, 1986). Other studies have targeted
the cytotoxic effects of LPO to specific pathogenic cell
types by chemically linking it to monoclonal antibodies
(Ito et ai, 1989; Philpott et ai, 1973; Okuda et ai, 1980).
Also, LPO itself has been used as an iodinating reagent
and is considered to be less disruptive to protein structure
than chloramine T (Okuda et ai, 1980; Redman and
Tustanoff, 1984).

The biochemistry and enzymology of bovine LPO has
been studied by several groups. First purified in 1943
(Theorell and Akeson, 1943), the purification method was
refined in subsequent studies which analyzed the amino
terminus, along with amino acid and carbohydrate compo-
sition (Rombauts et ai, 1967; Carlstrom, 1969a,b,c; Sie-
vers, 1981; Paul and Ohlsonn, 1985). Some of these studies
(Rombauts et ai, 1967; Carlstrom, 1969a,b) suggested the
enzyme consisted of multiple forms, probably reflecting
heterogeneity in glycosylation, and examined the composi-
tion of the various forms. The most recent characteriza-
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tions of LPO suggest that it is a single polypeptide of ap- et ai, 1987). Another recent study suggested LPO contains
proximately 78,000 daltons and may contain leucine at its at least two domains differing in thermostability (Pfeil and
amino-terminus (Sievers, 1981; Paul and Ohlsson, 1985). Ohlsson, 1986). In addition, a peroxidase with very similar
The covalently bound heme group (protoheme IX) has biochemical and immunological properties, which could
been characterized in several studies (Sievers, 1979; Nichol originate from the same gene as LPO, has been found in

Table 1. CNBr Fragments of Bovine Lactoperoxidase and bLPO Oligonucleotide Probes

B.

Fragment Sequence Position

1 (unintelligible)
2 DLYKTPDNIDIWIGENAEP 599

-

617

3 DLYKTPDNIDIWIGENAEP 599
-

617
4 VTSELRNKLFQPTHK 530

-

544
5 VTSELRNKLFQPTHK 530

-

544

6 (unintelligible)
7 ?EYQDPDNPDQD??G (not found)
8 (unintelligible)
9 PGYNSWRGF?GLSQPKT??G 564

-

583
10 PGYNSWRGF?GLSQPKT??G 564 - 583

11 QKWIP?YQGY?NSVDPRISN 439
-

458

12 PGYNSWRGF?GLSQPKT??G 564 - 583

13 PGYNSWRGF?GLSQPKT??G 564 - 583

CNBr Fragment 10:

Amino Acids Pro Gly Tyr Asn Ser Trp Arg Gly Phe(Cys)Gly Leu Ser Gin PromRNA 5-CCN GGN UAY AAY AGY UGG AGR GGN UUY UGY GGN UUR AGY CAR CCN-3'
UCN C N C N UCN

Probe lObg 3-GGT CCN ATR TTR AGG ACC TCC CCG AAG ACA CCG GAC AGG GTC GG-5 

Mismatches * * *
cDNA 5-CCT GGG TAC AAC TCC TGG AGG GGC TTC TGT GGC CTC TCA CAG CC-3  

CNBr Fragment 11:

Amino Acids (Pro)Tyr Gin Gly Tyr(Asn)Asn Ser Val Asp Pro Arg Ile Ser Asn
mRNA 5-CCN UAY CAR GGN UAY NNN AAY AGY GUN GAY CCN AGR AUH AGY AAY-3'

TCN CGN
Probe llbg 3-GGG ATG GTT CCG ATG TTA TTG AGT CAN CTR GGN GCG TAG AGG TTG-5'

Mismatches * * * * *
CDNA 5-CCC TAC CAA GGC TAT AAT AAC TCT GTG GAT CCC CGA ATT TCC AAT-3'
A. CNBr fragments of bovine lactoperoxidase. The sequences obtained from each of 13 separate HPLC peaks obtained from CNBr di-

gestion of bovine lactoperoxidase are shown, along with the corresponding amino acid residue numbers obtained from the sequence de-
duced from clone T3 (Fig. 2 below).

B. bLPO oligonucleotide probes. The sequences obtained for two CNBr fragments (11 and 12) of bLPO are shown, along with the de-
signed oligonucleotide probes and the corresponding DNA sequence from clone T3 (below). Mismatched bases relative to T3 are indi-
cated (*), and three amino acid residues were guesses made based upon homology to human MPO (parentheses). Degeneracy codes used
are: N = A, G, C, or T; R = A or G, Y = C or T; and H = A, C, or T.
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human saliva (Gothefors and Marklund 1975; Tenuovo,
1981; Mansson-Rahemtulla, 1988).

In the last few years, gene sequences encoding several
other peroxidases, including myeloperoxidase (MPO, Weil
et ai, 1987; Johnson et ai, 1987; Morishita et ai, 1987),
thyroperoxidase (TPO, Kimura et ai, 1987, 1989), and
eosinophil peroxidase (EPO, Sakamaki et ai, 1989; Ten et
ai, 1989) have been published. Although both MPO and
EPO contain two distinct polypeptide chains, their se-

quences show distinct homology with each other and with
TPO, suggesting that these enzymes are members of a fam-
ily of peroxidase enzymes with a possible common evolu-
tionary origin. However, much less is currently known
about the primary structure of LPO, which is distinguished
from the other enzymes by its inability to catalyze the oxi-
dation of chloride. We have now obtained sufficient inter-
nal amino acid sequence to permit the cloning of a cDNA
encoding full-length bovine LPO. Subsequently, a homol-
ogous clone was obtained which encoded the 3'-terminal
portion of human LPO. The homology of these LPO
clones to MPO, TPO, and EPO suggest they may all be-
long to the same peroxidase family.

MATERIALS AND METHODS
Bovine LPO amino acid determination

Ten milligrams of bovine LPO (Sigma Chemical Com-
pany, St. Louis, MO) was cleaved with cyanogen bromide
(CNBr) and the resulting fragments were separated by
HPLC on a Vydac C-4 column. Purified fragments were

sequenced by Edman degradation on an Applied Biosys-
tems 477A gas-phase protein sequencer.

Preparation of RNA

Total RNA was isolated from bovine mammary and sali-
vary gland tissue by extraction with guanidinium thiocya-
nate (Chirgwin et ai, 1979). Poly(A)*mRNA was selected

by oligo(dT)-cellulose chromatography (Aviv and Leder,
1972). Bovine brain, heart, spleen, kidney, liver, and lung
poly(A)*RNA was obtained from Clontech Laboratories,
Inc. (Palo Alto, CA).

Construction of bovine cDNA library
Double-stranded cDNA was synthesized and Eco RI

linkers were attached using a cDNA synthesis kit (Pharma-
cia Inc, Piscataway, NJ). The cDNA was cloned using the
Eco RI site of Lambda ZapII (Stratagene Inc., San Diego,
CA). Portions of the ligated mixtures were packaged and
transformed into Escherichia coli strain XL-1 Blue (Strata-
gene) and propagated on LB plates.

Library screening and clone isolation

Oligonucleotide probes corresponding to two of the
CNBr fragment sequences were synthesized (Pharmacia
Gene Assembler) in pools of 16 44-mers and 24 45-mers
and purified on OPC columns (Applied Biosystems, Foster
City, CA). The oligonucleotides were labelled to a specific
activity of > 108 cpm (Cerenkov)/^g using py-32P]ATP
(>7,000 Ci/mmole; ICN Biomedicals Inc., Costa Mesa,
CA) and polynucleotide kinase (New England Biolabs
Inc., Beverly, MA).

DNA fragments were generated by endonuclease diges-
tion, isolated by standard methods and labeled by random
priming using DNA polymerase Klenow fragment (Pro-
mega Corporation, Madison, WI) in a reaction containing
[a-32P]dATP and dCTP (Amersham, Arlington Heights,
IL). Specific activity was comparable to the oligonucleo-
tide probes. Bacteriophage plaques from plated libraries
were transferred in duplicate to Hybond-N nylon filters
(Amersham) using standard techniques and bound to the
filters by ultraviolet irradiation. The filters were prehybrid-
ized in a solution containing 20°7o formamide, 5 x Den-
hardt's solution, 6x SSC, 50 mM NaP04, and 10 mg/ml
sheared herring sperm DNA at 37CC. Hybridization was

A.
I 2 3

4.2-

-3.0

FIG. 1. Probe hybridization to bovine
and human DNA. A and B. The indicated
oligonucleotide probes were hybridized in
20% formamide mix at 37°C (see Materials
and Methods) directly to gels containing
Bgl Il-digested human DNA (lanes 1), Bgl
Il-digested bovine DNA (lanes 2), and Eco
Rl-digested bovine DNA (lanes 3). C.
Random-prime labeled cDNA insert DNA
from clone T3 (see below) was hybridized
to a Hybond-N blot of Eco Rl-digested bo-
vine (lane 1) and human (lane 2) DNA in
20% formamide mix at 42°C.

Probes: lObg llbg T3
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A
CAGAATCTTTCCTTCTGGGCTTTTCTCTGAGATTAACTCTTGATAGACGGTATAAAAGGCCGGCTCCTCCAAGCAGAGAAACTCCCTCT 8 9

GGCTGCCACAGGAGGCCAAGGCACTCAATAGCGATGTGGGTCTGTCTCCAACTTCCAGTCTTTTTGGCTTCCGTGACCTTATTCGAGGTT 179
MetTrpValCysLeuGlnLeuProValPheLeuAlaSerValThrLeuPheGluVal 19

GCAGCATCTGACACAATTGCACAGGCCGCCAGCACCACCACCATCTCTGATGCTGTGAGTAAGGTCAAGATCCAGGTCAACAAGGCCTTC 2 69
AlaAlaSerAspThrlleAlaGlnAlaAlaSerThrThrThrlleSerAspAlaValSerLysValLysIleGlnValAsnLysAlaPhe 4 9

.

'1 "2.
CTGGATTCCCGGACCAGGCTGAAGACGACCTTGAGCTCTGAGGCACCCACCACCCAACAGCTCTCAGAGTACTTCAAGCACGCAAAGGGC 3 59
LeuAspSerArgThrArgLeuLysThrThrLeuSerSerGluAlaProThrThrGlnGlnLeuSerGluTyrPheLysHisAlaLysGly 7 9

CGGACCCGCACGGCCATTCGCAACGGGCAGGTGTGGGAGGAGTCCTTAAAGAGGCTGAGGCGGGACACAACCCTGACCAACGTCACAGAC 4 4 9
ArgThrArgThrAlalleArgAsnGlyGlnValTrpGluGluSerLeuLysArgLeuArgArgAspThrThrLeuThrAsnValThrAsp 109

"B"
CCTAGCCTGGACTTGACTGCACTCTCCTGGGAGGTGGGCTGCGGTGCCCCGGTTCCTCTGGTGAAATGTGATGAAAACAGCCCTTACCGC 539
ProSerLeuAspLeuThrAlaLeuSerTrpGluValGlyCysGlyAlaProValProLeuValLysCysAspGluAsnSerProTyrArg 139

"A"
ACCATCACGGGAGACTGTAATAACAGGAGGAGCCCCGCACTGGGCGCCGCCAACAGGGCGCTGGCGCGCTGGCTGCCGGCGGAGTACGAG 62 9
ThrlleThrGlyAspCysAsnAsnArgArgSerProAlaLeuGlyAlaAlaAsnArgAlaLeuAlaArgTrpLeuProAlaGluTyrGlu 169

GACGGGCTCGCCCTGCCCTTCGGCTGGACGCAGAGGAAGACGCGCAACGGCTTCCGCGTCCCGCTGGCCCGGGAGGTATCCAACAAAATT 719
AspGlyLeuAlaLeuProPheGlyTrpThrGlnArgLysThrArgAsnGlyPheArgValProLeuAlaArgGluValSerAsnLysIle 199

GTAGGCTACCTGGACGAAGAGGGTGTTCTGGACCAAAACAGGTCCCTGCTCTTCATGCAGTGGGGTCAGATTGTGGACCACGACCTGGAC 8 09
ValGlyTyrLeuAspGluGluGlyVal LeuAspGlnAsnArgSerLeuLeuPheMetGlnTrpGlyGlnllevalAspHisAspLeuAsp 2 29

TTCGCCCCGGAAACGGAACTGGGGAGCAACGAGCACTCTAAAACCCAGTGTGAGGAGTACTGTATCCAGGGAGACAACTGCTTCCCCATC 8 99
PheAlaProGluThrGluLeuGlySerAsnGluHisSerLysThrGlnCysGluGluTyrCysIleGlnGlyAspAsnCysPheProIle 2 59

ATGTTCCCGAAAAATGATCCCAAGTTGAAGACTCAAGGGAAATGCATGCCTTTCTTCCGAGCCGGGTTTGTCTGCCCCACTCCACCTTAC 989
MetPheProLysAsnAspProLysLeuLysThrGlnGlyLysCysMetProPhePheArgAlaGlyPheValCysProThrProProTyr 289

CAGTCGTTGGCCCGAGAACAGATCAATGCTGTGACCTCCTTCCTGGACGCCAGCTTAGTGTACGGCTCTGAGCCCAGTCTGGCCAGCCGT 10 7 9
GlnSerLeuAlaArgGluGlnlleAsnAlaValThrSerPheLeuAspAlaSerLeuValTyrGlySerGluProSerLeuAlaSerArg 319

CTCCGGAACCTCAGCAGCCCGCTGGGCCTCATGGCTGTCAACCAAGAAGCCTGGGACCACGGGCTGGCCTACCTGCCCTTTAACAACAAG 1169
LeuArgAsnLeuSerSerProLeuGlyLeuMetAlaValAsnGlnGluAlaTrpAspHisGlyLeuAlaTyrLeuProPheAsnAsnLys 349

AAGCCGAGCCCCTGTGAGTTCATCAACACCACCGCCCGCGTGCCCTGTTTCCTGGCGGGAGATTTTCGAGCCTCAGAGCAGATTCTGCTG 12 59
LysProSerProCysGluPhelleÁsnThrThrAlaArgValProCysPheLeuAlaGlyAspPheArgAlaSerGluGlnlleLeuLeu 379

GCCACTGCCCACACCCTCCTTCTCCGGGAGCACAACCGGCTGGCCAGAGAACTAAAGAAACTCAACCCTCACTGGAATGGAGAGAAGCTC 13 4 9
AlaThrAlaHisThrLeuLeuLeuArgGluHisAsnArgLeuAlaArgGluLeuLysLysLeuAsnProHisTrpAsnGlyGluLysLeu 4 09

TACCAGGAAGCCCGGAAAATCCTGGGAGCCTTCATACAGATCATCACCTTTAGGGACTACCTACCCATTGTGCTAGGTAGTGAGATGCAG 14 3 9
TyrGlnGluAlaArgLysIleLeuGlyAlaPhelleGlnllelleThrPheArgAspTyrLeuProIleValLeuGlySerGluMetGln 4 39

AAGTGGATCCCGCCCTACCAAGGCTATAATAACTCTGTGGATCCCCGAATTTCCAATGTCTTCACCTTTGCCTTCCGCTTTGGCCACATG 15 2 9
LysTrpIleProProTyrGlnGlyTyrAsnAsnSerValAspProArglleSerAsnValPheThrPheAlaPheArgPheGlyHisMet 4 69

GAGGTTCCCTCCACTGTGTCCCGCCTGGATGAGAATTACCAGCCATGGGGTCCGGAAGCAGAGCTCCCCCTACACACCCTCTTCTTCAAC 1619
GluValProSerThrValSerArgLeuAspGluAsnTyrGlnProTrpGlyProGluAlaGluLeuProLeuHisThrLeuPhePheAsn 4 99

ACCTGGAGGATAATCAAAGACGGTGGAATTGACCCTCTGGTGCGGGGTCTGCTGGCCAAGAAGTCCAAACTGATGAATCAGGATAAAATG 17 09
ThrTrpArgllelleLysAspGlyGlylleAspProLeuValArgGlyLeuLeuAlaLysLysSerLysLeuMetAsnGlnAspLysMet 52 9

GTGACGAGTGAGCTGCGCAACAAGCTTTTCCAGCCCACTCACAAGATCCACGGCTTTGACCTGGCTGCTATCAACTTACAGCGTTGCCGA 17 99
ValThrSerGluLeuArgAsnLysLeuPheGlnProThrHisLysIleHisGlyPheAspLeuAlaAlalleAsnLeuGlnArgCysArg 559

GACCATGGGATGCCTGGGTACAACTCCTGGAGGGGCTTCTGTGGCCTCTCACAGCCCAAGACACTGAAGGGGCTGCAGACTGTGCTGAAG 18 8 9
AspHisGlyMetProGlyTyrAsnSerTrpArgGlyPheCysGlyLeuSerGlnProLysThrLeuLysGlyLeuGlnThrValLeuLys 589

AACAAGATACTGGCTAAGAAGTTAATGGATCTCTATAAGACCCCCGACAACATTGACATCTGGATTGGAGGCAACGCTGAGCCCATGGTA 197 9
AsnLysIleLeuAlaLysLysLeuMetAspLeuTyrLysThrProAspAsnlleAspIleTrpIleGlyGlyAsnAlaGluProMetVal 619

GAAAGGGGCCGGGTGGGGCCACTCCTGGCCTGCCTCCTAGGGAGGCAATTCCAGCAGATACGTGATGGGGACAGGTTCTGGTGGGAGAAC 2 069
GluArgGlyArgValGlyProLeuLeuAlaCysLeuLeuGlyArgGlnPheGlnGlnlleArgAspGlyAspArgPheTrpTrpGluAsn 649

CCTGGGGTCTTCACTGAGAAGCAGCGGGACTCTCTACAGAAAGTGTCCTTCTCACGCCTCATCTGTGACAACACCCACATCACGAAGGTC 2159
ProGlyValPheThrGluLysGlnArgAspSerLeuGlnLysValSerPheSerArgLeuIleCysAspAsnThrHisIleThrLysVal 679

CCGCTGCATGCCTTCCAGGCCAACAACTACCCACATGACTTTGTGGATTGCTCAACCGTTGATAAGCTGGATCTCTCACCCTGGGCCTCC 2 2 4 9
ProLeuHisAlaPheGlnAlaAsnAsnTyrProHisAspPheValAspCysSerThrValAspLysLeuAspLeuSerProTrpAlaSer 7 09

AGGGAGAATTAGGGGCCCGGACTCCACAGCCTCCCACACTGTGCAGTAGAGCTCCCCTTGGCCACGATGCCATTTCAAGTAGACTCAGTG 2 3 3 9
ArgGluAsn 712

ACCTGGCCCCTTCGGGCTCCCTACCCCGCCCCAGGCCTTCTGTCCAGCCGAGTCTCTCTGCACGCCCCCCAAGCACACCTAGCTCAAGCC 2 4 2 9

CAAGGCAGCCGCCTTGCCGCTCCAGCTCTTCCCATTGAATCCCACATCCTCTCCGTCTTCGGAAACCCTCCTTCTGTCAAGACTTACACC 2 519

CTCCAAAATGCCTTCTGATCTTGCTTGCCAGATGTCACCCATCCTTTCCCCAAAAAAAGTCTTGGCTGAGGCTGTGGCCTTGACACCTGT 2 609

ATCTCTCCTCCCCTTGAACTAGATTGTAAACTTCTTGAGCTTGGCCTTCAACCTGCTTCCAAGTGTGCCCTGGGGCCCCCAGCGTAGTCC 2 699

TTGGCACACAG 2710

FIG. 2. (See top of next page for rest offigure and legend.)
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B
Clone T3 (bo) I.Okb 2.0kb 2 71kb

Clone Tl (bo) (586) (2696)

Clone T2(bo)(571) (2236)

FIG. 3. Blot of RNA from various bovine tissues.
Poly(A)*RNA from bovine heart (lane 1), brain (lane 2),
salivary gland (lane 3), kidney (lane 4), mammary gland
(lane 5), liver (lane 6), spleen (lane 7), lung (lane 8), and
human HL60 (lane 9) were electrophoresed on a 1.0% aga-
rose gel containing 5% formaldehyde, following denatura-
tion at 65°C. The RNAs were blotted onto a Hybond-N
filter and hybridized with a T4-polynucleotide kinase-la-
beled 51-base oligonucleotide probe (probe 81), comprising
the inverse complement of bases 1,857-1,907 of the clone
T3 sequence.

FIG. 2. Bovine LPO cDNA sequence. Above, the se-

quence of clone T3 is shown, along with deduced amino
acids. Two potential signal peptidase cleavage sites (1 and
2), and two possible starting sites of the mature enzyme
coding region (A and B), are indicated within the se-

quence. At left, the extents of the three hybridizing clones
discussed in the text, and the sequencing strategy em-

ployed, are illustrated.

performed for 12-16 h in the same solution plus 106 cpm
32P-labeled oligonucleotide probe per filter. Following hy-
bridization, filters were washed briefly at room tempera-
ture in a solution containing lx SSC and 0.1%
NaDodS04 followed by two 30-min washes in the same so-

lution at 60°C. Filters were used to expose X-ray film for
6-48 h at -70°C with intensifying screens.

Recombinant bacteriophage were isolated from plaques
corresponding to hybridization signals and were converted
to plasmid Bluescript SK (Stratagene) by autoexcision.
Bacteriophage DNA was purified from plate lysates using
Lambda-trap (Clontech). Bam HI restriction fragments
were cloned into plasmid Bluescript SK for further analy-
sis. A human mammary gland cDNA library (Clontech)
was screened essentially as above in 50% formamide at
42°C with a random-primed DNA probe.

Direct gel hybridization
Typically, 5.0 fig of restriction endonuclease-digested ge-

nomic DNA per lane was electrophoresed on 1.0% agarose
gels. After electrophoresis, the DNA was denatured by
soaking the gel in 0.5 M NaOH plus 0.15 M NaCl for 1 hr
with several changes of solution, followed by neutraliza-
tion in 0.5 MTris-HCl pH 7.5 plus 0.15 M NaCl, also for
1 hr with changes. The gels were then dried onto filter
paper (Whatman 3MM) at 60°C under vacuum. The dried
gels were hybridized with oligonucleotide probes in the
same mammer as were the nylon filters described above.
Washes were at 50 or 55°C in 0.2 or 0.5 x SSC plus 0.1%
NaDodS04. Alternately, digested DNAs in agarose gels
were blotted onto Hybond-N filters and hybridized in a

similar fashion.

DNA sequencing
All DNA sequences were determined using the dideoxy

chain-termination method with Sequenase (United States
Biochemicals kit; Sanger et ai, 1977; Messing, 1983), and
were confirmed from multiple readings of both DNA
strands. Sequencing primers of 20-25 nucleotides were syn-
thesized on an Applied Biosystem 380B DNA synthesizer
and purified on OPC columns. Sequences were analyzed
using the DNAsis/PROsis programs of LKB/Pharmacia.
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GGAGCATAACCGGCTGGCCAGAGAACTAAAGAGACTCAACCCTCAGTGGGATGGAGAGAAGCTCTACCAGGAAGCCCGGAAAATCCTG 88
GluHisAsnArgLeuAlaArgGluLeuLysArgLeuAsnProGlnTrpAspGlyGluLysLeuTyrGlnGluAlaArgLysIleLeu 2 9

GGAGCCTTCATGCAGATTATCACCTTTAGGGACTACCTACCCATTTTGCTAGGTGACCACATGCAGAAGTGGATACCCCCATATCAAGGC 17 8
GlyAlaPheMetGlnllelleThrPheArgAspTyrLeuProIleLeuLeuGlyAspHisMetGlnLysTrpIleProProTyrGlnGly 59

TACAGTGAATCTGTGGATCCCAGAATTTCCAATGTCTTCACCTTCGCCTTCCGCTTTGGCCACTTGGAGGTCCCCTCTAGTATGTTCCGC 2 68
TyrSerGluSerValAspProArglleSerAsnValPheThrPheAlaPheArgPheGlyHisLeuGluValProSerSerMetPheArg 89

CTGGATGAGAATTATCAGCCATGGGGGCCAGAACCAGAACTCCCCCTCCACACCCTCTTCTTCAACACTTGGAGGATGGTCAAAGATGGT 3 58
LeuAspGluAsnTyrGlnProTrpGlyProGluProGluLeuProLeuHisThrLeuPhePheAsnThrTrpArgMetValLysAspGly 119

GGAATTGATCCTCTGGTGCGGGGCCTGCTGGCCAAGAAATCCAAGCTGATGAAACAGAATAAAATGATGACTGGAGAGCTGCGCAACAAG 4 48
GlylleAspProLeuValArgGlyLeuLeuAlaLysLysSerLysLeuMetLysGlnAsnLysMetMetThrGlyGluLeuArgAsnLys 149

CTTTTCCAGCCAACTCACAGGATCCATGGCTTTGACCTGGCTGCCATCAACACACAGCGTTGCCGGGACCATGGGCAACCTGGGTACAAT 538
LeuPheGlnProThrHisArglleHisGlyPheAspLeuAlaAlalleAsnThrGlnArgCysArgAspHisGlyGlnProGlyTyrAsn 17 9

TCCTGGAGAGCCTTCTGTGACCTCTCACAGCCGCAGACACTAGAGGAGTTGAACACAGTGCTGAAGAGCAAGATGCTGGCCAAGAAGTTA 62 8
SerTrpArgAlaPheCysAspLeuSerGlnProGlnThrLeuGluGluLeuAsnThrValLeuLysSerLysMetLeuAlaLysLysLeu 2 09

CTGGGTCTCTACGGGACCCCTGACAACATCGACATCTGGATAGGGGCCATTGCTGAGCCGCTGGTGGAAAGGGGTCGGGTGGGGCCTCTC 718
LeuGlyLeuTyrGlyThrProAspAsnlleAspIleTrpIleGlyAlalleAlaGluProLeuValGluArgGlyArgValGlyProLeu 239

CTGGCCTGCCTCTTGGGCAAGCAGTTCCAGCAGATCCGTGATGGAGACAGGTTCTGGTGGGAAAACCCTGGGGTCTTCACGAACGAGCAG 8 08
LeuAlaCysLeuLeuGlyLysGlnPheGlnGlnlleArgAspGlyAspArgPheTrpTrpGluAsnProGlyValPheThrAsnGluGln 2 69

AAGGACTCTCTACAGAAAATGTCCTTCTCACGCCTTGTCTGTGACAACACCCGCATCACCAAGGTCCCACGGGACCCATTCTGGGCCAAC 898
LysAspSerLeuGlnLysMetSerPheSerArgLeuValCysAspAsnThrArglleThrLysValProArgAspProPheTrpAlaAsn 299

AGCTACCCCTATGACTTCGTGGATTGCTCAGCCATCGACAAGCTGGACCTGTCACCCTGGGCCTCAGTGAAGAATTAGGGGCCCGCGCTG 988
SerTyrProTyrAspPheValAspCysSerAlalleAspLysLeuAspLeuSerProTrpAlaSerValLysAsn 3 24

CACAGGAAAGTTCCCTTTGGTCCACAGGGCCATTTCAAGCAAGTTCAATGACCTGGTCCCTTAGAGCTCCATATCCCAGTCCCAGCCCTT 107 8

CTTTGCAGCTGGGCCTCTCTATACCCCTGGATGAACAGCTTGCTCAGGCCCCAGGGTGGCTGCCTCGGCCCTCCCAGCTCTTACACTCAG 1168

CTCCAGTGGCTTCTCCTTTCTGTCAAGACTTAGCCCCGCTGAGATGCCCTTCTGCTCCAGCTTGCTGGATGTTACCTGTCCTCTTCCCTC 12 58

CACAAGTCTTGGCCCTTAACCTTTATCTTTCTTCCTGTCCTCTCACCTAGATTGTAAGCTCCCTGGGCCAGGACTTCAGCCTGCCTCCGA 13 48

GGGTCCCCTGTGGCACCTAGCATGGTGCACAGCACATTAGAAGTGCTCAAA 1399

Clone MI (hu) 399
-I FIG. 4. Human LPO cDNA sequence. The sequence of

clone Ml is shown, along with deduced amino acids. At left,
the strategy for sequencing the plasmid insert is illustrated.

RESULTS

Commercial preparations of LPO from bovine milk
were sufficiently pure to allow amino acid sequencing
without further purification. However, such attempts with
the native protein yielded little or no significant signals by
Edman degradation, consistent with a blocked amino ter-
minus. Upon digestion with CNBr, 13 distinct peaks were

resolved by preparative HPLC, which were then sequenced
separately. The resulting peptide sequences are listed in
Table 1A. In all, five unique sequences were obtained, and
three peaks yielded either multiple or otherwise nonread-
able sequences. Two of the resulting sequences, shown in
Table IB, were of sufficient resolution, length, and degen-
eracy to permit the design of oligonucleotide probes to be
used for library screening. The synthesized oligonucleotide
pools were 44 (probe lObg) and 45 (probe llbg) bases in
length, and were designed utilizing codons of mammalian
usage preference (Lathe, 1985). In three cases where the se-

quences were ambiguous (see Table 1), reasonable predic-
tions of amino acids were made based upon homology to
human MPO.

To evaluate the relative abilities of the two probes to
bind LPO sequences, each was hybridized to dried agarose
gels containing digested bovine DNA at varying stringen-
cies. As seen in Fig. 1, both probes lObg and llbg exhib-
ited clear hybridization signals when washed at moderate
stringency (0.2 x SSC, 55°C). Probe lObg hybridized to a

3.0-kb Eco RI fragment (Fig. 1A), and probe llbg bound
to 5.5- and 8.0-kb Eco RI fragments (Fig. IB). These two

probes were used to screen the bovine milk gland cDNA li-
brary we constructed as described in Methods. The library
of 375,000 individual members contained three clones (Tl,
T2, and T3) which hybridized to both probes when washed
at 60°C in 1 x SSC. Each clone was purified, converted to
plasmid form via autoexcision, and analyzed by DNA se-

quencing of the plasmid DNA. The three clones contained
overlapping sequences, the longest of which contained a
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FIG. 5. Peroxidase sequence conservation. The amino acid sequences of porcine TPO (Magnusson et ai, 1987), human
TPO (Kimura et ai, 1987, 1989), human EPO (Sakamaki et ai, 1989; Ten et ai, 1989), human MPO (Johnson et ai,
1987; Morishita et ai, 1987; Weil et ai, 1987), bovine LPO, and human LPO are shown mutually aligned. Gaps have
been introduced so as to allow maximum homology, and residues common to all or all but one of the sequences have
been boxed. The reported starts of light- (L) and heavy- (H) chain portions of EPO and MPO are indicated by horizontal
arrows, and two possible cleavage positions for mature bLPO are noted (A and B).

2.7-kb insert. This clone, T3, contained a reading frame
encoding 712 amino acids as shown in Fig. 2. Hybridiza-
tion of isolated T3 insert DNA to blots of Eco Rl-digested
bovine DNA (Fig. 1C) yielded, among other bands, 3.0-
and 5.5-kb bands of similar mobility as were obtained
using the oligonucleotide probes (Fig. 1A and B, respec-

tively). The corresponding sequences of four of the five
peptides isolated from cyanogen bromide cleaved material
were present within the deduced amino acid sequence of
T3, as seen in Table 1A. The sequence of one of the pep-
tides, fragment 7, could not be located and was assumed to
be either erroneous or of contaminant origin.
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Hybridization of an oligonucleotide probe matching a

51-base region of T3, to a panel of RNAs from eight dif-
ferent bovine tissues, detected hybridization only in the
mammary gland lane (Fig. 3). A single band of 2.8 kb was

detected, corresponding exactly to the size of the T3 insert
plus 1-200 bases of poly(A) tail. Hybridization to an iden-
tical panel using the insert DNA from T3 as a probe
yielded identical results.

Both oligonucleotide probes lObg and llbg, as well as

T3, also yielded clear signals when hybridized to human
DNA (Fig. 1, lanes Al, Bl, and C2). To obtain a cDNA
clone encoding the putative human homolog of T3, the in-
sert from T3 was used to screen a cDNA library from a

lactation-competent human mammary gland. A single
clone was obtained (Ml), and the sequence as determined
is shown in Fig. 4. The deduced amino acid sequence ap-
peared to code for the carboxy-terminal 324 residues (or
45%) of a peroxidase enzyme very closely related to
bLPO. Homology was 86.5% at the DNA level and 84%
at the amino acid level. Re-screening of the same library
yielded no additional clones, suggesting that a full-length
clone was not contained in the library.

The deduced amino acid sequences from both T3 and
Ml are compared with other recently published peroxidase
sequences in Fig. 5. Alignment of the sequences was unam-

biguous over most of the molecule; however, gaps were in-
troduced in some positions to maximize alignment. Two
regions (residues 123-129 and 284-293 of bLPO) consti-
tuted hypervariable regions, for which alignment was am-

biguous.

DISCUSSION

Three lines of evidence confirm that clone T3 encodes
bLPO. First, the sequences of four of five CNBr frag-
ments of bLPO were present in the deduced sequence. Sec-
ond, assuming the amino terminus of mature LPO lies as
indicated below, the deduced amino acid composition very
closely matches the empirically determined composition
(Theorell and Akeson, 1943; Carlstrom, 1969a). Finally,
the deduced sequence exhibits obvious homology with
other peroxidase sequences, as seen in Fig. 5.

The deduced sequence of T3 clearly contains both signal
and propeptides, however there is currently some ambi-
guity in the location of the start of the mature LPO se-

quence. Amino-terminal analysis of purified LPO yielded
leucine in one study (Carlstrom, 1969c), and partially
blocked leucine in an earlier study (Theorell and Akeson,
1943). An examination of the alignment in Fig. 5 shows
that the starts of the light chains of both MPO and EPO
coincide exactly. It follows that Leu-129 of bLPO, occur-

ring two residues upstream from the homologous position
("A" in Fig. 2), constitutes a likely bLPO amino terminus.
Indeed, the encoded peptide sequence starting at Leu-129
reasonably matches the reported amino acid composition
and molecular weight of 78,500, including carbohydrate
residues (Theorell and Akeson, 1943; Carlstrom, 1969a).
However, in recent work (Mailliart, 1989), an amino-ter-

minal sequence of "DTTLTNVTDPSL..." was obtained,
suggesting that Asp-101 constituted the amino terminus.
Several groups have reported heterogeneity in bLPO mo-

lecular weight. In particular, two major forms have been
described: A and B, consisting of 76.5 and 78.5 kDa, re-

spectively (Rombauts et ai, 1967; Carlstrom, 1969a,b; Sie-
vers, 1979). Possibly the two forms have distinct amino
termini, such as the two residues implicated above.

The amino-terminal region of the coding region contains
a hydrophobic core resembling a signal sequence. Two po-
tential signal peptidase cleavage sites of equal likelihood,
as determined by similarity to consensus (Von Heine,
1983), are indicated in Fig. 2. Assuming one of these two
sites is used, either a 26- or 28-residue signal peptide is
present, suggesting that LPO is secreted by typical mem-

brane translocation (Davis and Tai, 1980).
As seen in Fig. 5, throughout the enzyme coding region,

bLPO shows 46%, 50%, and 52% homology at the amino
acid level to human TPO, MPO, and EPO. The homolo-
gous residues are generally common to all of the sequences
and clustered in regions. Several relatively long stretches
(such as represented by residues 373-384, 457-468, and
640-654 of bLPO) are nearly 100% conserved in all of the
forms. These regions probably constitute structurally or

enzymatically important regions of the enzyme. There are

five conserved His residues which lie in regions of strong
conservation. One or more of these residues may consti-
tute the binding site of the heme group, as has been dem-
onstrated in the structurally and enzymatically related lig-
nin peroxidases (Tien and Tu, 1987). With few exceptions,
the pattern of Cys residues also is very strongly conserved.
These exceptions include two extra Cys residues in EPO
(residues 39 and 455), and single extra Cys residues in
MPO (residue 290) and LPO (residue 557). In the case of
LPO, this extra Cys residue may be available to form a di-
sulfide bond with the heme group, as has been suggested to
explain the unusually strong binding of the prosthetic
group (Nichol et ai, 1987). The otherwise perfect conser-
vation of the remaining 14 Cys residues suggests the four
peroxidases may share a common overall structure.

From the segment of the coding sequence contained in
Ml, it is clear that the human form of the enzyme is quite
homologous to its bovine counterpart. These carboxy-ter-
minal 324 amino acids showed 84% conservation relative
to bLPO. In spite of this similarity in structure, its physio-
logical role appears to be different in humans since it is es-

sentially absent from breast milk.
Human salivary peroxidase (SPO) and LPO are similar

immunologically, enzymologically, in molecular weight,
and in amino acid composition (Morrison et ai, 1965;
Gothefors and Marklund, 1975; Tenuovo, 1981; Pfeil and
Ohlsson, 1986). They appear to differ, however, in glycos-
ylation as well as in sensitivity to azide inhibition and ac-

tivity with certain substrates (Tenuovo, 1981). One possi-
bility is that the two enzymes represent the same primary
gene product and that the differences in enzymatic proper-
ties reflect differences in post-translational modifications
such as glycosylation. If this is the case, it is surprising that
we were unable to detect transcription of bLPO sequences
in salivary gland RNA. Amino acid sequencing of human
SPO should ultimately resolve this question.
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