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ABSTRACT: The structure and some functional sites of human milk bile salt activated lipase (BAL) were
studied by cDNA cloning and chemical analysis of the enzyme. Eighteen cDNA clones of human BAL
were identified from lactating human breast cDNA libraries in Agt11 and Agt10 with antibody and synthetic
oligonucleotides as probes. The sequence of four clones was sufficient to construct a 3018-bp BAL ¢cDNA
structure. This sequence codes for an open reading frame of 742 amino acid residues. There is a putative
signal sequence of 20 residues which is followed by the amino-terminal sequence of BAL, and the mature
BAL contains 722 amino acid residues. The cDNA sequence also contains a 678-base 5’-untranslated
sequence, a 97-base 3’-untranslated region, and a 14-base poly(A) tail. The sequence of a 1.8-kbp insert
of clone G10-4A differs from that of the other cDNA in that it contains a deletion of 198 bases (1966-2163)
corresponding to 66 amino acid residues. By use of BAL ¢cDNA as probe, it was found that the major
molecular species of BAL mRNA in human mammary gland HBL-100 cells had a size of 2.9 kb and two
minor species had sizes of 3.8 and 5.1 kb by Northern blot analyses. The deduced BAL protein structure
contains in the carboxyl-terminal region 16 repeating units of 11 amino acids each. The repeating units
have the basic structure Pro-Val-Pro-Pro-Thr-Gly-Asp-Ser-Gly-Ala-Pro with only minor substitutions. The
amino acid sequence of human BAL is related to that of pancreatic lysophospholipase, cholesterol esterase,
cholinesterase, acetylcholinesterase, and thyroglobulin. Ten of the 14 cyanogen bromide fragments of
diisopropy! fluorophosphate inhibited human milk BAL were isolated, determined for N-terminal sequences,
analyzed for amino sugars, and tested for some functional properties. These chemical studies established
that the active site of human milk BAL is located at serine-194, the N-glycosylation site is present at
asparagine-187, the O-glycosylation region is in the 16 repeating units near the C-terminus, and the heparin
binding domain is in the N-terminal region. We have also determined the location of disulfide bridges as
Cys64-Cys80 and Cys246—Cys257. The cyanogen bromide cleavage and the partial sequencing of CNBr
peptides also confirmed the location of methionines in the polypeptide chain as well as the deduced cDNA

sequence of BAL.

Human milk contains a bile salt activated lipase (BAL)!
at a very high level of 0.5-1% of the milk protein (Wang, 1986;
Olivecrona & Bengtsson, 1984). The physiological function
of this lipase is the digestion of milk fat ingested by infants.
Not only is this enzyme stable to acidity in the pH range of
infant stomachs (Hernell, 1975; Fredrikzon et al., 1978), its
contribution to fat digestion is further supported by the results
of the nutritional experiments in human infants (Williamson
ct al., 1978; Alemi et al., 1981) and in an animal model (Wang
ct al.,, 1989). Human BAL has been purified to homogeneity
(Wang & Johnson, 1983), and its specificity and kinetic
properties are well established (Wang, 1981; Wang & Lee,
1985; Wang et al., 1983, 1988). For the specific hydrolysis
of physiological substrates, the binding of bile salts to BAL
is essential because it participates in the substrate binding as
part of the catalytic mechanism (Hernell, 1975; Wang, 1981;
Wang & Lee, 1985; Wang et al., 1983, 1988). In addition,
BAL binds heparin with yet unclear physiological and enzymic
reasons. These properties suggest that BAL comes from a
distinct class of lipase that differs from lipoprotein lipase and
other pancreatic lipase. Thus, BAL is an interesting model
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for the understanding of the structure and function relation-
ships of lipases. For this reason, we embarked on a study of
structure and function relationships of this enzyme with a
combination of cDNA cloning and chemical studies. In this
paper, we report the complete structure of human milk BAL,
its functional domains, and its relationship with rat pancreatic
lysophospholipase (RPLL) (Han et al., 1987), cholesterol
esterase (Kissel et al., 1989), bovine pancreatic cholesterol
esterase/lysophospholipase (Kyger et al., 1989), acetyl-
cholinesterase (Schumacher et al., 1986), cholinesterase
(Lockridge et al., 1987) and thyroglobulin (Mercken et al.,
1985).

EXPERIMENTAL PROCEDURES

Materials

Human milk BAL was purified as described previously
(Wang & Johnson, 1983). Rabbit antiserum against human
BAL was prepared as reported (Wang, 1981). cDNA libraries
from lactating human breast tissue in Agtll and Agt10 were
purchased from Clontech. Iodogen was purchased from Pierce
Chemical Co. The radioisotopes iodine-125, [y-32P]ATP,
[-*2P]dATP, and [«-**S]dATP and nylon filters (Hybond-N)
were purchased from Amersham. The enzymes used in re-
combinant DNA manipulations and the nick translation kit

! Abbreviations: BAL, bile salt activated lipase; RPLL, rat pancreatic
lysophospholipase.
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FIGURE 1: Fractionation of [*H]DFP-labeled CNBr-BAL by cation
exchange HPLC. Major fractions are characterized by amino acid
sequencing analyses as shown in Table II. The peak containing the
radioactivity with labeled with an asterisk.

were obtained from Bethesda Research Laboratory. The DNA
sequencing kits and reagents were obtained from U.S. Bio-
chemical and Boehringer. The oligo(dT)—cellulose spin-column
kit was obtained from 5 Prime — 3 Prime, Inc. The NY-
TRAN nylon membranes were purchased from Schleicher &
Schuell. Other reagents were the highest grade commercially
available and used without further purification. Human
HBL-100 cells were obtained from ATCC. Total RNA from
human HeLa cells and KG-1 cells were a gift from Dr. J. M.,
Gimble, Immunobiology and Cancer Research Program,
Oklahoma Medical Research Foundation. Both of these cell
lines can be obtained from ATCC.

Methods

N-Terminal Amino Acid Sequence Analysis. Automated
Edman degradations were performed according to Hewick et
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al. (1981) in a Model 470A gas-phase protein sequencer
cquipped with a Model 120A on-line phenylthiohydantoin
amino acid analyzer (Applied Biosystems, Inc.).

Isolation of Heparin-Binding CNBr Fragment of Human
Milk BAL. Cyanogen bromide cleavage of BAL (70 mg) was
carried out under the conditions described by Steers et al.
(1965). The heparin-binding CNBr peptide was purified by
affinity chromatography on a heparin-Sepharose column
(Wang & Johnson, 1983). In this procedure, the CNBr
fragments were applied onto the heparin-Sepharose column
(2 X 10 cm) preequilibrated with 50 mM NH,OH-HCI
buffer, pH 8.5. The unretained fraction was eluted with 200
mL of the same buffer. The heparin-binding peptide, which
was monitored by absorbance at 280 nm, was then eluted with
the same buffer containing 0.3 M NaCl. The fractions con-
taining the heparin-binding peptide were pooled, lyophilized,
redissolved with 1 mL of distilled water, and desalted on a
Sephadex G-50 column (2 X 25 cm). The final yield of lyo-
philized heparin-binding peptide was about 4 mg.

Polyacrylamide Gel Electrophoresis. Urea—sodium dodecyl
sulfate—polyacrylamide gel electrophoresis was carried out in
10% acrylamide gel in the presence of 0.1% sodium dodecyl
sulfate and 8 M urea, and the gel was stained with Coomassie
brilliant blue as previously described (Wang, 1981).

Screening of cDNA Libraries. About 5 X 10° plaques from
a Agtll cDNA library of lactating human breast tissue were
screened at 22 °C with rabbit antibodies against human BAL.
Rabbit antiserum against BAL was purified on an affinity
column of immobilized human milk BAL on Sepharose 4B
(Wang et al., 1989). The recovered antibodies were iodinated
with iodine-125 and Iodogen (Maxwell & Fox, 1978). For
the screening of AgtlQ library, about 105 plaques were
transferred to Hybond-N membranes and probed with syn-
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FIGURE 2: Schematic presentation of the cDNA structure of human milk bile salt activated lipase clones from lactating mammary gland. (Panel
A) BAL cDNA structure is established from four clones: G11-1, G10-2, G10-3, and G10-4A, as shown by horizontal lines. The bar on the
top represcnts the entire cDNA with different regions marked: 5’-untranslated region (5'UT), initiation codon, leader sequence, the repeating
region (16 repeats), termination codon, 3’-untranslated region (3'UT), poly(A) tail (A’s), and a GAP region which is a deletion in clone G10-4A.
The relationships of G10-4A to other clones are indicated by dashed lines. The nucleotide numbers and the restriction sites are shown on the
sccond line. Restriction sites: T, Tagql; 3, Sau3Al; F, Hinfl; N, Narl; R, Rsal; H, Hhal; P, Pstl; S, Smal. (Panel B) Schematic presentation
of sequence data. Horizontal arrows represent the directions and the covering regions of the sequencing data.
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CTCAATTGGAGGATCAAAGTTGAGAAAAGTAATATTCGACATTTTTCGATTCAACGGAGT 60
GGCCACCAAGACGATGTCATAGAAGTCTGAACGAGTCTCAGTTCCAATTTGGTAGACCAC 120
TTCATACATCTITGTIGGATTTCCTGTGTACT TGGTCT T TGTTTTCTCCTCGATGTACAT 180
TACTGAGCCAGATATAAGATTGCTTTTGGATGCCTGCAGAAGCCCTGAGCAAACAAGTTT 240
ATTGCCACCTTCTACTGCCCAAAGGCCAGAATCAGAACAGGACAGTGACACCGCCCCCAC 300
AAAGGCATTGATGTCCGTGCTTTGGCCATAATTGACCCTCATAACAGGAGCAATCATTTC 360
ATTGAGGAACTTCTCAGAAAAGCCGGCCTTTTGCAAGGTTTCAAGAAGTGTTCGATTAAG 420
CATTCCAAGGAAGTCATCTCCTCCTAGAGCATGAAGTAATTTTTCGACACTACTGAAGGC 480
ATAGTCATGAGACTGGTAGCGGTAGATCCTCATGAACTTGTCTAACACGTCCTCTACCCA 540
CATGTGCATACGGAGGGATTGAAATCCATAGCGCCAAACTAATTTAATCACGTTAATTAT 600
GAACCAGTTGCTCTCCTCAAATACCAGAGTCTCTCCATTATATATCCCCAGTAGGCCACC 660

MetGlyArgLeuGlnLeuValValLeuGlyLeuThrCysCys
CAGAGGCTGATGCTCACCATGGGGCGCCTGCAACTGGTTGTGTTGGGCCTCACCTGCTGC 720
1 10
TrpAlavValAlaSerAlaAlaLysLeuGlyAlavalTyrThrGluGlyGlyPhevValGlu
TGGGCAGTGGCGAGTGCCGCGAAGCTGGGCGCCGTGTACACAGAAGGTGGGTTCGTGGAA 780
20 30
GlyvValAsnLysLysLeuGlyLeuLeuGlyAspServValAspllePheLysGlyIlePro
GGCGTCAATAAGAAGCTCGGCCTCCTGGGTGACTCTGTGGACATCTTCAAGGGCATCCCC 840
40 50
PheAlaAlaProThrLysAlaLeuGluAsnProGlnProHisProGlyTrpGlnGlyThr
TTCGCAGCTCCCACCAAGGCCCTGGAAAATCCTCAGCCACATCCTGGCTGGCAAGGGACC 900
60 70
LeuLysAlaLysAsnPheLysLysArgCysLeuGlnAlaThrIleThrGlnAspSerThr
CTGAAGGCCAAGAACTTCAAGAAGAGATGCCTGCAGGCCACCATCACCCAGGACAGCACC 960
80 90
TyrGlyAspGluAspCysLeuTyrLeuAsnIleTrpValProGlnGlyArgLysGlinval
TACGGGGATGAAGACTGCCTGTACCTCAACATTTGGGTGCCCCAGGGCAGGAAGCAAGTC 1020
100 110
SerArgAspLeuProvValMetIleTrplleTyrGlyGlyAlaPheLeuMetGlySerGly
TCCCGGGACCTGCCCGTTATGATCTGGATCTATGGAGGCGCCTTCCTCATGGGGTCCGGC 1080
120 130
HisGlyAlaAsnPheLeuAsnAsnTyrLeuTyrAspGlyGluGlulleAlaThrArgGly
CATGGGGCCAACTTCCTCAACAACTACCTGTATGACGGCGAGGAGATCGCCACACGCGGA 1140
140 150
AsnvValllevalvalThrPheAsnTyrArgvValGlyProLeuGlyPheLeuSerThrGly
AACGTCATCGTGGTCACCTTCAACTACCGTGTCGGCCCCCTTGGGTTCCTCAGCACTGGG 1200
160 170
AspAlaAsnLeuProGlyAsnTyrGlyLeuArgAspGlnHisMetAlalleAlaTrpval
GACGCCAATCTGCCAGGTAACTATGGTCTTCGGGATCAGCACATGGCCATTGCTTGGGTG 1260
180 190
LysArgAsnIleAlaAlaPheGlyGlyAspProAsnAsnlleThrLeuPheGlyGlusdr
AAGAGGAATATCGCGGCCTTCGGGGGGGACCCCAACAACATCACGCTCTTCGGGGAGTCT 1320
200 210
AlaGlyGlyAlaSerValSerLeuGlnThrLeuSerProTyrAsnLysGlyLeulleArg
GCTGGAGGTGC CCCTCTCCCCCTACAACAAGGGCCTCATCCGG 1380
220 230
ArgAlaIleSerGlnSerGlyValAlalLeuSerProTrpvallleGlnLysAsnProLeu
CGAGCCATCAGCCAGAGCGGCGTGGCCCTGAGTCCCTGGGTCATCCAGAAAAACCCACTC 1440
240 250
PheTrpAlaLysLysValAlaGluLysValGlyCysProvValGlyAspAlaAlaArgMet
TTCTGGGCCAAAAAGGTGGCTGAGAAGGTGGATTGCCCTGTGGGTGATGCCGCCAGGATG 1500
260 - 270
AlaGlnCysLeuLysValThrAspProArgAlaleuThrLeuAlaTyrLysValProLeu
GCCCAGTGTCTGAAGGTTACTGATCCCCGAGCCCTGACGCTGGCCTATAAGGTGCCGCTG 1560
280 290
AlaGlyLeuGluTyrProMetLeuHisTyrvalGlyPhevValProvVallleAspGlyAsp
GCAGGCCTGGAGTACCCCATGCTGCACTATGTGGGCTTCGTCCCTGTCATTGATGGAGAC 1620
300 310
PhelleProAlaAspProlleAsnLeuTyrAlaAsnAlaAlaAsplleAspTyrlleAla
TTCATCCCCGCTGACCCGATCAACCTGTACGCCAACGCCGCCGACATCGACTATATAGCA 1680

320 330
GlyThrAsnAsnMetAspGlyHisIlePheAlaSerIleAspMetProAlalleAsnLys
GGCACCAACAACATGGACGGCCACATCTTCGCCAGCATCGACATGCCTGCCATCAACAAG 1740
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340 350
GlyAsnLysLysValThrGluGluAspPheTyrLysLeuValSerGluPheThrlleThr
GGCAACAAGAAAGTCACGGAGGAGGACTTCTACAAGCTGGTCAGTGAGTTCACAATCACC

360
LysGlyLeuArgGlyAlaLysThrThrPheAspValTyrThrGluSerTrpAlaGlnAsp
AAGGGGCTCAGAGGCGCCAAGACGACCTTTGATGTCTACACCGAGTCCTGGGCCCAGGAC

380
ProSerGlnGluAsnLysLysLysThrvValvValAspPheGluThrAspValLeuPheLeu
CCATCCCAGGAGAATAAGAAGAAGACTGTGGTGGACTTTGAGACCGATGTCCTCTTCCTG

400
ValProThrGlulleAlaLeuAlaGlnHisArgAlaAsnAlaLysSerAlaLysThrTyr
GTGCCCACCGAGATTGCCCTAGCCCAGCACAGAGCCAATGCCAAGAGTGCCAAGACCTAC

420
AlaTyrLeuPheSerHisProSerArgMetProvValTyrProLysTrpValGlyAlaAsp
GCCTACCTGTTTTCCCATCCCTCTCGGATGCCCGTCTACCCCAAATGGGTGGGGGCCGAC

440
HisAlaAspAspIleGlnTyrValPheGlyLysProPheAlaThrProThrGlyTyrArg
CATGCAGATGACATTCAGTACGTTITCGGGAAGCCCTTCGCCACCCCCACGGGCTACCGG

460
ProGlnAspArgThrValSerLysAlaMetIleAlaTyrTrpThrAsnPheAlaLysThr
CCCCAAGACAGGACAGTCTCTAAGGCCATGATCGCCTACTGGACCAACTTTGCCAAAACA

480
GlyAspProAsnMetGlyAspSerAlavalProThrHisTrpGluProTyrThrThrGlu
GGGGACCCCAACATGGGCGACTCGGCTGTGCCCACACACTGGGAACCCTACACTACGGAA

500
AsnSerGlyTyrLeuGlulleThrLysLysMetGlySerSerSerMetLysArgSerLeu
AACAGCGGCTACCTGGAGATCACCAAGAAGATGGGCAGCAGCTCCATGAAGCGGAGCCTG

520
ArgThrasnPheLeuArgTyrTrpThrLeuThrTyrLeuAlaleuProThrValThraAsp
AGAACCAACTTCCTGCGCTACTGGACCCTCACCTATCTGGCGCTGCCCACAGTGACCGAC

540
GlnGluAlaThrProValProProThrGlyAspSerGluAlaThrProvValProProThr

CAGGAGGCCACCCCTGTGCCCCCCACAGGGGACTCCGAGGCCACTCCCGTGCCCCCCACG
560
GlyAspSerGluThrAlaProvalProProThrGlyAspSerGlyAlaProProvalPro
GGTGACTCCGAGACCGCCCCCGTGCCGCCCACGGGTGACTCCGGGGCCCCCCCCGTGCCG
580
ProThrGlyAspSerGlyAlaProProValProProThrGlyAspSerGlyAlaProPro
CCCACGGGTGACTCCGGGGCCCCCCCCGTGCCGCCCACGGGTGACTCCGGGGCCCCCCCC
600
ValProProThrGlyAspSerGlyAlaProProvalProProThrGlyAspSerGlyAla
GTGCCGCCCACGGGTGACTCCGGGGCCCCCCCCGTGCCGCCCACGGGTGACTCCGGGGCC
620
ProProvalProProThrGlyAspSerGlyAlaProProvValProProThrGlyAspSer
CCCCCCGTGCCGCCCACGGGTGACTCCGGGGCCCCCCCCGTGCCGCCCACGGGTGACTCC
640
GlyAlaProProValProProThrGlyAspAlaGlyProProProvalProProThrGly
GGCGCCCCCCCCGTGCCGCCCACGGGTGACGCCGGGCCCCCCCCCGTGCCGCCCACGGGT
660
AspSerGlyAlaProProvValProProThrGlyAspSerGlyAlaProProvValThrPro
GACTCCGGCGCCCCCCCCGTGCCGCCCACGGGTGACTCCGGGGCCCCCCCCGTGACCCCC
680 690
ThrGlyAspSerGluThrAlaProvValProProThrGlyAspSerGlyAlaProProval
ACGGGTGACTCCGAGACCGCCCCCGTGCCGCCCACGGGTGACTCCGGGGCCCCCCCTGTG
700
ProProThrGlyAspSerGluAlaAlaProvalProProThrAspAspSerLysGluAla
CCCCCCACGGGTGACTCTGAGGCTGCCCCTGTGCCCCCCACAGATGACTCCAAGGAAGCT
720
GlnMetProAlavVallleArgPheEnd
CAGATGCCTGCAGTCATTAGGTTTTAGCGTCCCATGAGCCTTGGTATCAAGAGGCCACAA

GAGTGGGACCCCAGGGGCTCCCCTCCCATCTTGAGCTCTTCCTGAATAAAGCCTCATACC
CCTGAAAAAAAAAAAAAA

. 30, No. 2, 1991
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FIGURE 3: ¢cDNA and amino acid sequences of human milk bile salt activated lipase. Nucleotide sequence is derived from clones G10-2 and
G10-3 (Figure 2). The nucleotide numbers are from the 5’ end and shown on the right margin of each line. The predicted amino acid sequence
is numbered from the known amino terminus position of matured enzyme. A single potential N-linked glycosylation site is marked by an asterisk.
The active site serine is marked by a diamond. The region of 198 nucleotides (1966-2163) deleted in clone G10-4A (GAP region in Figure

2) and the polyadenylation signal are underlined.

thetic oligonucleotides by use of plaque hybridization (Huynh
ct al,, 1985). Probe RP had the repeating unit sequence from
clone G11-1 of the Agt11 library. Several other probes were
designed and synthesized on the basis of the 61-residue amino
acid sequence of the amino-terminal CNBr fragment (see

previous section). The oligonucleotides which produced pos-
itive results were probe RP, 5-CCCCGGGCCTCAG-
TGGCACCCGCGT-3’, and probe NTI1, 5’
CTGCAGCAAATGGGATGCCCTTG/AAAG/AATG/
ATCC/GAC-3’ (based on amino-terminal sequence of resi-
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dues 30-37). A second screening of 6 X 10* plaques of the
Agt10 library was carried out with a Sau3Al fragment of clone
G10-4A.

Subcloning and DNA Sequence Determination. Phage
DNA from positive clones obtained from screening was pre-
pared by the plate lysate method (Maniatis et al., 1982a)
followed by the procedure of Bensen and Taylor (1984).
¢DNA inserts and their restriction fragments from the positive
clones were subcloned (Maniatis et al., 1982b) into pUCI18,
pUCI19, M13mpl8, and M13mp!19 vectors. DNA sequencing
using single- or double-strand templates was carried out with
the dideoxynucleotide chain-termination method (Sanger et
al., 1977).

RNA Purification and Northern (RN A) Blot Analysis. The
total RNA was purified by a modification of the method of
Chomezynski and Sacchi (1987). The guanidium isothio-
cyanate cell suspension or tissue homogenates were acidified
with sodium acetate, extracted with phenol-chloroform, and
twice precipitated with 2-propanol. The further isolation of
poly(A+) RNA was performed with an oligo(dT)—cellulose
spin-column kit. Total RNA or poly(A+) RNA were sus-
pended in 100 uL of diethyl pyrocarbonate treated water.
Twenty-microliter volumes containing approximately 5 ug of
poly(A+) RNA or 20 ug of total RNA were mixed with 10
uL of 5.5% formaldehyde—50% formamide, heated at 65 °C
for 5 min, and loaded onto a 1% agarose—0.55% formaldehyde
gel (Thomas, 1980). The gel was electrophoresed at 40 V for
a period of 6-7 h and transferred by capillary action to a
NYTRAN nylon membrane, and the RNA was cross-linked
by UV irradiation (Church & Gilbert, 1984). Prior to hy-
bridization, the blots were washed for 1 h at 65 °C in 0.1%
sodium dodecyl sulfate (SDS)-1X sodium chloride-sodium
citrate buffer (SSC; 150 mM NaCl plus 15 mM sodium ci-
trate, pH 7.0).

Nick Translation and Hybridization. For Northern blot
analyses, G10-3 was used as probe. The probes were radio-
labeled with [a-32-P]dATP, 3000 Ci/mmol, to a specific ac-
tivity of >10% cpm/ug by Nick translation. Northern blots
were prehybridized for 4 h at 42 °C in 10 mL containing 50%
formamide, SX SSC, 5X Denhardt solution, 0.1% SDS, 5 mM
EDTA, 50 mM sodium phosphate, pH 6.8, 10 ug of poly-
(adenylic acid)/mL, 100 ug of yeast RNA/mL, and 100 ug
of sheared salmon sperm DNA/mL. The radiolabeled probes
were heated at 100 °C for 5 min and suspended in 5 mL of
40% formamide, 10% dextran sulfate, 5X SSC, 1 X Denhardt
solution, 20 mM sodium phosphate, pH 6.8, 0.2% SDS, 5 mM
EDTA, 10 ug of poly(adenylic acid)/mL, 100 ug of yeast
RNA/mL, and 100 ug of salmon sperm DNA/mL. The
prehybridization solution was drained from the blot and re-
placed with the radiolabeled probe in hybridization solution,
and the blot was incubated at 42 °C for 14 h. The blot was
then washed at low stringency (2X SSC-0.1% SDS, 50 °C,
30 min) and high stringency (0.1X SSC-0.1% SDS, 50 °C,
30 min), wrapped in cellophane while wet, and exposed with
an intensifier screen for 3-6 days at —70 °C.

Amino Acid and Hexosamine Analysis. Samples for amino
acid analysis were hydrolyzed with constant-boiling HCl in
sealed evacuated tubes at 108 °C for 20-24 h. Samples for
hexosamine analysis were hydrolyzed similarly, except the time
and temperature were 10 h and 100 °C, respectively. Amino
acid and hexosamine data were correlated by the addition of
B-thienylalanine to the original samples as an internal standard.
After hydrolysis, HCl was removed by Speed-Vac concen-
tration. All analyses were performed on a fully automated
System Gold amino acid analyzer (Beckman Instruments, Inc.,
San Ramon, CA) by cation exchange chromatography and
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postcolumn detection by reaction with ninhydrin. Amino acids
were separated by utilization of a two-buffer elution system
(sodium citrate, pH 3.28 and pH 7.4) as described by the
manufacturer. Under these conditions, the hexosamines
coelute with Met, Ile, Leu, 8-thienylalanine, Tyr, and Phe and
thus interfere with their quantitation. To resolve the hexos-
amines from these amino acids, the first buffer was changed
to 0.2 N sodium citrate, pH 4.25. Under these conditions,
some other amino acids were not resolved, but Met, Ile, Leu,
B-thienylalanine, Tyr, and Phe eluted well ahead of glucos-
amine and galactosamine. All samples hydrolyzed for amino
acid analysis were run with both procedures, and the data were
correlated by normalizing the arginine values. Samples hy-
drolyzed for hexosamine analysis were run with the pH 4.25
starting buffer.

Labeling of BAL with Diisopropyl Fluorophosphate (DFP).
The labeling of BAL with DFP was performed in a total
volume of 5 mL with 4 mg/mL BAL, 1 mM [*H]DFP with
a specific activity of 10 uCi/umol, and 2 mM taurocholate
in Tris buffer, pH 7.5, and incubated at room temperature for
1 h. At the end of the incubation period there was an almost
quantitative (98%) inactivation of BAL by assay of the esterase
activity of BAL with p-nitrophenyl acetate as substrate (Wang
& Johnson, 1983).

Carboxymethylation. Reduction and alkylation of di-
sulfide-linked peptides were performed according to the me-
thod of Anfinsen and Harber (1961).

Separation and Sequencing of CNBr Peptides. [*H]DFP-
labeled human milk BAL were subjected to cyanogen bromide
cleavage (Steers et al., 1965). The resulted peptides were
dissolved in the initial equilibration solution and separated by
cation exchange HPLC on a 9.4 mm X 200 mm (sulfo-
ethyl)aspartamide column (PolyLC, Columbia, MD). The
column was equilibrated with 5 mM KH,PO, in 35/65
CH;CN/H,0, pH 3.0 (solvent A). Elution was performed
with a linear gradient of 0.5 M KCl in the equilibration so-
lution (solvent B) at a flow rate of 2 mL/min. When nec-
essary, the CNBr peptides were further purified by reverse-
phase HPLC on a Synchropak RP-P C18 column (4.6 mm
X 250 mm, Synchrom, Inc., Lafayette, IN). The column was
equilibrated with 0.1% trifluoroacetic acid/H,O (solvent A).
Elution was effected by a linear gradient of 0.08% trifluoro-
acetic acid/CH;CN (solvent B) at a flow rate of 1.0 mL/min.
The eluents from cation exchange HPLC and reverse phase
were both monitored for absorbance at 215 nm and also for
3H radioactivity. The numbering of the CNBr peptides, CB1
to CB14, is sequential from the N-terminal end. The elution
position of CNBr peptides with the cation exchange HPLC
of the DFP-labeled BAL is shown in Figure 1. The materials
from these peaks were subjected to characterization by au-
tomated Edman degradation. The peaks containing fragments
CB2, CBI10, and CB11 were judged to be heterogeneous and
were further purified to purity by reverse-phase HPLC and
eluted at 29%, 22% and 19% of solvent B, respectively. Di-
sulfide-linked CB4 and CBS5 was also further purified by re-
verse-phase HPLC and eluted at 37% of solvent B. After
reduction of disulfide bond and carboxymethylation (Anfinsen
& Haber, 1961), CB4 was eluted at 39% while CB5 was eluted
at 33% of solvent B. Purified peptides were subjected to
analyses of N-terminal sequences, amino acid compositions,
and amino sugars.

RESULTS

Isolation and N-Terminal Sequence Determination of
Heparin-Binding CNBr Fragment of Human Milk BAL. In
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FIGURE 4: Structure organization and some functional sites of human milk BAL. The upper panel shows the N- and O-glycosylation sites,
heparin-binding motif, active site serine, and the location of repeating units. The lower panel shows the locations of methionine residues in
the BAL sequence and the corresponding cyanogen bromide (CB) peptides.

Table I: Sequencing Analyses of CNBr Peptides Isolated from
Cation HPLC?

fractions sequence
CB2 IWIYG-
CB6 + CB12? LHYVG- (CB6)

GSS- (CB12)

CB10 IAYXTN-
CBIl1 GDSAVPTH-
CBI13 KRSLRTNF-
CB9 PVYPK-
CB4 + CBS¢ AIAWV- (CB4)

AQCLK- (CBS)
CB! AKLGAVYTEG-

4The separation pattern of CNBr-BAL is shown in Figure 1. 4CB6
represents the major and CB12 represents the minor component of this
fraction. “The N-terminal sequences of the two peaks for CB4 + CBS
in Figure 1 are the same except that the early peak contained the DFP
radioactivity. The DFP-labeled fraction was further carboxy-
methylated and separated by reverse-phase HPLC, and CB4 and CBS
scquences were determined. Only CB4 contained the DFP radioactiv-
ity.

order to construct the cDNA probe for the screening of the
¢DNA library from the human mammary gland cDNA Ii-
brary, we decided in the early phase of the study to isolate the
heparin-binding peptide from the CNBr-degraded BAL be-
cause of the ease of purifying the peptide for the deduction
of amino acid sequence and for the subsequent probe design.
The heparin-binding peptide as isolated from the heparin-
Sepharose column was judged to be pure by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, with an apparent
molecular weight of 12000. From the automated amino acid
sequence analyses we obtained information on the 61 N-ter-
minal amino acid residues of the fragment. The sequence is
identical with that derived from the cDNA sequence analyses
(see below). The first 23 residues of this sequence (Wang &
Johnson, 1983) are identical with the reported N-terminal
sequence for BAL except that the 11th residue is glycine
instead of the lysine found in the current study. The above
results also indicated that the heparin-binding peptide sequence
is located in the amino-terminal region of BAL.

BAL ¢cDNA Structure. A total of 18 positive clones were
identified from three different screenings. Five positive clones
were obtained from human mammary gland cDNA library
in Agtl1 with BAL antibody as probe. From the Agt10 library,
probes RP and NT1 produced three and two positive clones,
respectively. Eight positive clones were obtained from the same
Agt10 library with as probe a 402 base pair Sau3Al fragment
(nucleotides 1638-2237, without the “GAP” region; see below)
of a partial BAL ¢cDNA obtained above (clone G10-4A).
Restriction mapping combined with Southern blots of these

clones suggested that all five Agtl1 clones were related. The
longest clone among these five, Gll-1, was about 0.8 kbp. From
the two screenings of the Agt10 library, the longest clones from
cach probe were G10-2 (1.9 kbp, positive with probe NT1),
G10-4 (4 kbp, positive with probe RP), and G10-3 (1.1 kbp,
positive with Sau3Al fragment of G10-4A). All four clones
overlapped with each other as judged by the mapping and
Southern blot results. These clones and various fragments
from them were subcloned and determined for nucleotide
sequences, as summarized in Figure 2. Clones G10-2 and
G10-3 and the 5 side of an EcoRI fragment of G10-4
(G10-4A, 1.8 kbp) were completely sequenced (Figure 2). The
3’ EcoRI fragment of G10-4 (G10-4B, 2.2 kbp) was down-
stream from the poly(A) sequence of BAL and is connected
to G10-4A by an EcoRI linker sequence. Since the G10-4B
sequence is totally unrelated to that of BAL, it was obvious
that G10-4A and G10-4B were inserted together into clone
G10-4 during the ligation step of the library construction. For
this reason, we did not study further the sequence of G10-4B.
The partial sequence of G11-1 was identical with the 3’-region
sequence of G10-3. Since the latter was completely sequenced,
the sequencing of clone G11-1 did not continue.

Sequence data indicated that the human BAL cDNA se-
quence is contained in the combined sequence of clones G10-2
and G10-3 (Figures 2 and 3). This sequence (Figure 3)
contains an open reading frame which codes for 742 amino
acid residues between the initiation codon (nucleotides
679-681) and the stop codon (nucleotides 2905-2907). The
reason that this particular Met codon is chosen as the initiation
site, over another potential site upstream, is based on the
presence of an optimal initiation flanking sequence, AC-
CATGG (nucleotides 676—682) (Kozak, 1986). Also, there
are 20 predominantly hydrophobic residues between this Met
sitc and the amino-terminal position of the matured BAL
(residue | in Figure 3). The length of this 20-residue region
is appropriate for the signal sequence of BAL. The amino-
terminal 61 residues determined by Edman degradation are
in complete agreement with the deduced amino acid sequence
(Figure 3, residues 1-61). There are 97 bases in the 3’-un-
translated region between the termination codon and the 14-
base poly(A) tail. The BAL cDNA sequence contains a region
of 16 highly similar, internally repeating sequences near the
carboxyl terminus (between nucleotides 2343 and 2880). The
deduced protein structure of this region forms 16 highly similar
repeating units of 11 residues each (Figures 3 and 4). About
one-third of the amino acids in this region are prolines. This
accounts for the high proline content of BAL (Wang, 1981).
The high aspartic acid and glutamic acid content of this region
(12.5%) could contribute to the low p/ (3.7) of BAL. Human
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8
HUMAN MILK BILE SALT-ACTIVATED LIPASE (BAL)

Repeat #

1 PYPPTGDSEAT
2 PYPPTGDSETA
3 PYPPTGDSGAP
4 PYPPTGDSGAP
5 PYPPTGDSGAP
6 PYPPTGDSGAP
7 PYPPTGDSGAP
8 PYPPTGDSGAP
9 PYPPTGDSGAP
10 PYPPTGDAGPP
o PYPPTGDSGAP
12 PVPPTGDSGAP
13 PYTPTGDSETA
14 PYPPTGDSGAP
15 PVPPTGDSEAA
16 PYPPTDDSKEA

RAT PANCREATIC LYSOPHOSPHOLIPASE (RPLL)

Repeat #
1
2 PVPPTDDSQ66
3 PYPPTDDSQTT
4 PYPPTDNSQAG

FIGURE 5: (Panel A) Alignment of amino acid se-
quences of human milk bile salt activated lipase
(BAL), rat pancreatic lysophospholipase (RPLL),
and cholinesterase (CE). Residues identical with
those of BAL are marked with dots on RPLL and
CE sequences, and aligned spaces are represented
by dahses. (Panel B) Alignment of 14 internal re-
peating scquences of human milk BAL with the
corresponding four internal repeats in RPLL. (Panel
C) Comparison of primary and secondary structures
of human bile salt activated lipase (BAL, residues
1-571) and a region of rat thyroglobulin (TG, res-
iducs 396-967). The alignment of the two sequences
was done with a computer program (Devereux et al.,
1984) bascd on creating maximum relationships.
Four levels of relatedness between the corresponding
residues in two sequences are shown between the
sequences: identical residues, vertical lines; strongly
similar, two dots; weakly similar, one dot; not related,
unmarked. The computer-generated secondary
prediction based on Chou and Fasman (1978) is
shown above the BAL sequence and below the TG
sequence. Secondary structures: a-helix, squiggle;
B-structure, solid line; turn, inverted v; random cail,
dot. Boxed areas represent regions of the two se-
guences with strong secondary structure similarities.
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BAL is known to be a glycoprotein (Wang, 1981); a single
potential N-glycosylation site is observed at residue 187. The
molecular weight of mature BAL calculated from the deduced
amino acid sequence is 76 282,

The nucleotide sequence of clone G10-4A is identical with
the corresponding region of the combined sequence from clones
G10-2 and G10-3, as shown in Figure 2, except that a section
of 198 bases (nucleotides 1966-2163) is absent (Figures 2 and
3). This represents a deletion of 66 amino acids (residues
410-475). Several possible origins of this shorter cDNA have
been considered. Since the nucleotide sequences of long and
short cDNAs are otherwise identical, it suggests that they are
the products of the same gene. A search of mRNA secondary
structure near the “GAP” junctions did not provide any reason
to suspect an erroneous copying by reverse transcriptase during
the construction of cDNA (results not shown). Also, the
introduction of the GAP in the shorter cDNA did not change
the reading phase. These facts seem to argue against the
possibility that the shorter cDNA is a cloning artifact. The
two versions of cDNAs are probably derived from a difference
in the splicing of BAL mRNA precursor. Although the gene
structure of human BAL is not known, the sequence AAG
(nucleotides 1963—-1965) just before the GAP and the G’s at
both sides of the junction at the end of the GAP (nucleotides
2163 and 2164) are the most favorable nucleotides for oc-
currence at intron/exon junctions (Padgett et al., 1986). These
structures are supportive for the alternative splicing expla-
nation. However, definitive conclusion must wait for future
verification.

Chemical Studies of BAL Structure. Chemical studies of
human milk BAL structure were carried out with the purpose
to confirm the amino acid sequence deduced from the cDNA
structure, to generate additional structural information such
as active site position and disulfide bridges, and to locate other
functional regions of the enzyme. Since there are 13 me-
thionines reasonably well situated in the BAL sequence (Figure
3), the strategy for the chemical studies was to isolate most
of the cyanogen bromide fragments from the DFP-reacted
enzyme and to use these fragments to assess structure and
locations of the functional sites. The isolation of CNBr
fragments is described under Methods. The N-terminal se-
quences of purified CNBr fragments (Table I) established their
origin in the BAL structure (Figure 4) as deduced from the
cDNA sequence. Additional information on BAL structure
has also been obtained from analyses of the CNBr fragments.

(1) Active Site Location. Amino acid sequence deduced
from cDNA structure of BAL contains a putative active site
motif, GXSXG at residues 192196, which is conserved among
several lipases and esterases (Yang et al., 1989). This suggests
that serine-194 may be the active site residue which is the site
of reaction with DFP. In the CNBr fragments generated from
BAL reacted with radiolabeled DFP, only fragment CB4
contained radioactivity. This result is consistent with the
assignment of serine-194 as the active site residue.

(2) Identification of Disulfide Bridges. Fragment CB4 and
CBS were linked by a disulfide bridge (see Methods) which
could be separated only after reduction and carboxy-
methylation. The single half-cystine in each fragment
(Cys-246 and Cys-257) must be disulfide linked in native
enzyme. There are four Cys residues (Figure 3) and no free
-SH group in the BAL molecule (Abouakil et al., 1989); the
remaining two half-cystines, Cys64 and Cys80. must also be
disulfide linked to each other.,

(3) Glycosylation Sites. Two CNBr fragments were found
to contain amino sugars. Fragment CB13 contains 8 mol of
galactosamine and 19 mol of glucosamine per mole of the
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peptide. Fragment CB4 contains 2 mol of glucosamine. These
results indicate that these two fragments contain glycosylation
sites.

(4) Presence of GAP Peptide in CNBr Fragments of BAL.
Fragments CB9 and CB10 are derived from a BAL structure
without a GAP region (see cDNA structure above). A com-
parison of PTH-amino acid yields in the N-terminal amino
acid analyses of CB1 and CB9 showed that the two fragments
were in approximate equimolar yield. This result suggests that
if the shorter version of BAL exists, it must be presented in
human milk at a very low concentration.

Northern Blots. In order to assess the possible structural
relationships of human milk BAL and various liver lipases (see
Discussion), Northern blot analyses were performed for RNA
of rat and mouse liver with human BAL cDNA as probe.
Poly(A+) RNA for human mammary gland epithelial cells
HBL-100, which was used as positive control, produced a single
predominant band of about 2.9 kb and two minor bands of
3.8 and 5.1 kb. mRNAs from HeLa and KB-1 cells, as ex-
pected, produced negative blots and served as negative contraols.
Mouse and rat liver RNAs produced negative results in
Northern blots (results not shown).

DiSCuUssION

A schematic presentation of structure domains of human
milk BAL based on the deduced cDNA structure and the
results from the studies of the CNBr peptides is shown in
Figure 4. The structure of BAL cDNA was established from
the sequence determination of nearly whole lengths of both
strands. Ten of the predicted 14 CNBr fragments were iso-
lated and identified by N-terminal sequence analyses. The
structural results from these two studies are in complete
agrecement. This information confirms that the chemical
structure of human milk BAL is a single polypeptide chain
of 722 amino acid residues. The enzyme has two intrachain
disulfide bridges and two separate glycosylation regions. Direct
evidence is provided in this study to show the linkage between
Cys-246 and Cys-257 while the other disulfide bond between
Cys-64 and Cys-80 is inferred because there are a total of four
half-cystines and no free sulfhydryl on the enzyme. BAL most
probably contains both N- and O-glycosylation sites. Frag-
ment CB4, which has 2 mol of glucosamine (but no galacto-
samine), contains the only potential N-glycosylation site of
the enzyme molecule in a sequence of Asn-lIle-Thr (residues
187-189). Therefore, we suggest that Asn-187 is N-
glycosylated. The other glycosylation region is located in
fragment CB13, which is derived primarily from the region
containing the 16 repeating sequences. There are many po-
tential O-glycosylation sites in this region since it contains 26
threonines and 16 serines but is without an N-glycosylation
signal. There are 8 galactosamines and 19 glucosamines in
this fragment, indicating that only part of the potential sites
are glycosylated.

The structure of the repeating region is in fact most in-
teresting. It consists of repeating 16 units of 11 residues each
of proline-rich sequences near the carboxyl terminus of the
enzymes (Figure 5B). The repeat numbers 3-9, 11, 12, and
14 contained the basic sequence PYPPTGDSGAP. Others
were found to contain minor substitutions. The presence of
aspartic acid in every repeating unit, and glutamic acid in
some, renders this structure region highly acidic and con-
tributes to the low isoelectric point (p/ = 3.7) for BAL. The
secondary structure prediction of this region revealed a strong
tendency to open random coils (results not shown). Although
the function of this structural region is not known, the asso-
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ciation of this unique structure with the unique function of
bile salt activation of BAL seems to be a reasonable hypothesis.

The conclusion that serine-194 represents the active site
serine of human milk BAL is supported by the presence in
fragment CB4 of a single G-X-S-X-G motif which is a com-
mon sequence for serine-type esterases (Yang et al., 1989).
The fact that CB4 contains radiolabeled DFP (Figure 1) from
DFP-inactivated enzyme further supports the conclusion.

Evidence has also been provided in this work that the am-
ino-terminal CNBr fragment (CB-1, residues 1~101) retains
the heparin-binding property of BAL (see Methods). Some
of the heparin-binding sequences of apolipoproteins and lipases
are known to be BBBXXB and BBXB (B = basic residues;
X = uncharged residues) (Martin et al., 1988). These motifs
are not found in fragment CB1. However, a highly basic
region with the pattern of BXBXXBBB is located between
residues 56 and 63 which may be the heparin-binding site of
BAL.

In this work, we have provided structural evidence for the
presence of two variants of human BAL ¢cDNA. The only
differences between the two cDNAs is that the shorter version
contains a deletion, GAP, of 198 bp. Most probably these
c¢DNAGs are derived from alternative splicings of human milk
BAL mRNA precursor which produce two different lengths
of mMRNA. We have so far established that the 3’ side of the
GAP represents an intron/exon junction of human BAL gene
(unpublished observation). This result further supports the
alternate splicing explanation. The existence of two different
mRNAs would predict the presence of two sizes of BAL
proteins in human milk. This possibility was examined in the
composition of CNBr fragments because BALs with and
without GAP would produce different CNBr fragments. The
fact that fragments derived from the GAP region would found
in high yields indicated that the longer version of mRNA is
predominantly expressed. In the present work, we did not
examined all peptide fragments of minor yields. Thus, the
presence of small amounts of fragments derived from the
shorter version of BAL would not have been detected. The
Northern blot analyses with poly(A+) RNA of a human
mammary gland derived HLB-100 cell line indicated that the
cells did contain BAL mRNA. Since there is only one major
2.9-kb species of BAL mRNA in this cell line, it probably
represents the long version without the deletion.

The amino acid sequence of human milk BAL is related to
several proteins of known sequences. Among them, the
strongest relation is between BAL and rat pancreatic lyso-
phospholipase (Han et al., 1987), RPLL (or rat pancreatic
cholesterol esterase; Kissel et al.,, 1989), which has 65%
identical residues in the alignment of the two sequences (Figure
5A). Recently, Kyger et al. (1989) have demonstrated that
bovine pancreatic cholesterol esterase/lysophospholipase is also
similar in structure to RPLL. The major difference of human
milk BAL and RPLL is in the length of the repeating region.
The closeness in structural homology of the two enzymes would
suggest that RPLL is the bile salt activated lipase because such
an activity is known to be present in the pancreas (Wang, 1986,
1988; Abouakil et al., 1988). The difference in the numbers
of the repeating units may explain the differences in molecular
weights of bile salt activated lipases from different sources
(Abouakil et al., 1988). This apparent molecular weight
difference may also be amplified by the presence of O-
glycosylation sites in the repeating units. The human milk
BAL sequence appears unrelated to several other lipases in-
cluding lipoprotein lipase (Wion et al., 1987; Yang et al.,
1989), hepatic triglyceride lipase (Datta et al., 1988; Martin
ct al,, 1988), and pancreatic lipase (DeCaro et al., 1981). The
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negative Northern blot results of rat and mouse liver RNA,
using human milk BAL ¢cDNA as probe, tend to confirm the
lack of structural relationships between the milk BAL and liver
lipases.

The amino acid sequence of BAL is also related to that of
acetylcholinesterase (Schumacher et al., 1986) and cholin-
esterase (Lockridge et al., 1987). The alignment of choline
esterase against BAL produces 26% identical residues (Figure
5A). Alignment of BAL with acetylcholinesterase produced
similar results (data not shown) since these esterases are highly
related to each other. The strongest homology in these se-
quence comparisons occurs in the region near the active site
of the esterases (Figure 5A). In fact, the sequence around the
active site serine (MacPhee-Quigley et al., 1985), FGESAG,
in acetylcholinesterase is completely conserved in BAL and
RPLL. These observations suggest that serine-194 in the two
lipases is the active site and the hydrolytic mechanism of the
lipases may be similar to that of acetylcholinesterase and
cholinesterase. Despite the sequence homology between BAL
and acetylcholinesterase, we could not detect any acetyl-
cholinesterase activity with BAL, The alignment of BAL
against a region of rat thyroglobulin between residues 396 and
967 (DiLauro et al., 1985) produced clear homology in several
short stretches (Figure 5C). However, comparison of the
predicted secondary structures of the two proteins produced
a close relationship throughout the entire length of BAL
(Figure 5C). These observations imply that this region of
thyroglobulin is related to BAL in tertiary structure and it is
also an independently folded domain. The five proteins dis-
cussed above are likely diverged from a common ancestral
protein in evolution.
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