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ABSTRACT Lipoprotein lipase (LPL; triacylglycero-pro-
tein acylhydrolase, EC 3.1.1.34) was purified from bovine
milk. Synthetic oligonucleotides were prepared, based on the
amino acid sequences of three peptides obtained from partial
digestion of purified LPL, and were used as probes to isolate
¢DNA clones for LPL mRNA from a bovine mammary gland.
One of the clones, pLPL-49R2, contains an insert cDNA (49R2)
of about 3.2 kilobases (kb) that hybridizes to all three probes
and encodes a polypeptide that includes the NH,-terminal
sequence of bovine LPL reported recently [Ben-Avram, C. M.,
Ben-Zeev, O., Lee, T. D., Hagga, K., Shively, J. E., Goers, J.,
Pedersen, M. E., Reeve, J. R. & Schotz, M. C. (1986) Proc.
Natl. Acad. Sci. USA 83, 4185-4189]. Complete nucleotide
sequence analysis revealed that cDNA insert 49R2 contains the
entire coding region for LPL as well as a 3’ untranslated region
of about 1.6 kb. The predicted amino acid sequence indicates
that bovine LPL is a hydrophilic protein consisting of 450
amino acids (M, 50,548) in its unglycosylated form. Blot
hybridization analysis of poly(A)* mRNA from bovine mam-
mary gland demonstrated that there are at least three sizes of
LPL mRNAs—3.2, 2.5, and 1.7 kb—with the 2.5-kb mRNA
being the most abundant. Restriction endonuclease mapping of
other cDNA clones suggested that the variation in mRNA size
results from differential utilization of polyadenylylation signals
during mRNA processing.

Lipoprotein lipase (LPL; triacylglycero-protein acylhydro-
lase, EC 3.1.1.34) is a lipolytic enzyme involved in the
metabolism of triacylglycerol-rich lipoprotein particles (1). It
hydrolyzes the triacylglycerol cores of chyromicrons and low
density lipoproteins, generating free fatty acids available for
extrahepatic tissues. LPL is a glycosylated protein of appar-
ent M, 55,000 that is synthesized and secreted from paren-
chymal cells of adipose tissue, heart, skeletal muscle, and
mammary gland and is anchored on the luminal surface of the
capillary endothelium by membrane-bound heparan sulfate
(2, 3). The activity of LPL is markedly enhanced by apo-
lipoprotein C-II present on the surface of triacylglycerol-rich
lipoproteins (4). Recent findings (5) indicate that LPL is
inhibited by tumor necrosis factor (cachectin). Detailed
genetic analyses of several mutant mouse strains suggest that
LPL is involved in the cause of atherosclerosis (6). LPL is
also present in milk, but the reason for its presence is
unknown (1).

Since the first description of canine LPL in 1943 (7), a
sustained effort has been made to characterize its enzymatic
activity and functions (for review, see refs. 1, 2, and 6).
However, relatively little is known about the structure of
LPL or the gene encoding LPL, or about the factors that
govern its expression, despite clinical evidence that familial
hypertriglyceridemia is a genetic disorder (8). Recently,
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Ben-Avram et al. (9) described the NH,-terminal and partial
amino acid sequence of bovine LPL and its homology to
pancreatic lipase (10). We report here the isolation and
characterization of a cDNA clone that contains the entire
coding region of mature bovine LPL.

MATERIALS AND METHODS

Characterization of Bovine Milk LPL. Purification. LPL
was purified from low-fat bovine skim milk according to the
method described by Bengtsson and Olivecrona (11), with
modifications. In brief, a 5000-fold purification of LPL was
obtained by heparin-agarose column chromatography fol-
lowed by phenyl-agarose column chromatography. The assay
for LPL enzyme activity was carried out as described (12).
Polyacrylamide gel electrophoresis according to Laemmli
(13) was carried out in a slab gel, and the gels were stained
with Coomassie brilliant blue R-250.

Digestion of LPL with trypsin and cyanogen bromide, and
separation of peptides by reverse-phase HPLC. Purified LPL
(50 ug) was treated with trypsin (0.5 ug) in 20 mM Tris/HCl
buffer (pH 7) for 14 hr at 37°C. For chemical digestion,
S-carboxymethylated LPL (50 ug) was incubated with cyan-
ogen bromide (=50 mg) in 50 ul of 70% formic acid 24 hr
at room temperature. The digests were fractionated on a
reverse-phase column (8.0 mm X 75 mm, Chemcosorbs
ODS-H, Chemco Scientific, Osaka, Japan), using a 40-min
linear gradient of 0-60% acetonitrile in 0.1% trifluoroacetic
acid at a flow rate of 1 ml/min. The fractionated peptides
were recovered by evaporation of the solvent.

Microsequence analysis. A gas-phase peptide/protein mi-
crosequencer [Applied Biosystems (Foster City, CA), model
470A] was used for automated Edman chemical degrada-
tions. The phenylthiohydantoin amino acid derivatives were
identified by reverse-phase HPLC on an Aquasil SEQ-4K
column (4.6 mm X 30 cm; Senshu, Tokyo) and were quan-
titated by an integration program on a Spectra Physics (San
Jose, Ca) 4270 spectrophotometer.

Molecular Cloning of cDNA Encoding LPL. cDNA library.
A cDNA library was prepared from poly(A)* mRNA ob-
tained from lactating bovine mammary gland, using the
Okayama-Berg procedure (14). Double-stranded cDNAs
were ligated to plasmid pCD-X (15) and used to transform
Escherichia coli MC1061 cells.

Oligonucleotide probes. Based on the amino acid sequence
data, several oligodeoxyribonucleotide probes (21- to 23-
mers) were synthesized using an Applied Biosystems 381A
DNA synthesizer. These probe DNAs were 5'-*2P-labeled
(=10% cpm/ug) by polynucleotide kinase and were used in
colony hybridization (16) to screen for bacterial clones that
contain LPL-specific sequences. Hybridization was carried
out overnight at 50°C in 6x SSC containing 5X Denhardt’s
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Table 1. Purification of bovine milk LPL
Specific activity,
Volume, Protein, Activity, pmol/hr per mg
Step ml mg pmol/hr of protein
Skim milk 1800 25,090 52,200 2.1
Heparin-agarose column
chromatography 275 358 36,300 10,139.7
Phenyl-agarose column
chromatography 19 0.49 5,472 11,167.3

LPL activity was assayed by the method of Baginsky and Brown (12) and expressed as umol of fatty

acid released during a 60-min incubation at 37°C.

solution, 0.5% NaDodSO,, and 20 ug of salmon sperm DNA
per ml. (SSC is standard saline citrate; 1xX SSC is 0.15 M
NaCl/0.015 M sodium citrate, pH 7.0. Denhardt’s solution
(1x) is 0.02% Ficoll/0.02% polyvinylpyrrolidone/0.02% bo-
vine serum albumin.) Filters were washed in 6x SSC at 50°C
for 2 hr with three changes of washing buffer.

DNA and RNA blot analyses. To verify that cDNA clones
contained LPL-specific sequences, transblotting analysis by
the Southern proceduré (17) was carried out for individual
plasmid DNAs, using 5'-32P-labeled synthetic DNA probes.
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Fic. 1. Reverse-phase HPLC maps of peptides obtained by
digestion of purified LPL (50 ug) with trypsin (A) or with cyanogen
bromide. Peak fractions I, II, and III weére further characterized by
aihino acid sequencing. Peak N contained the NH,-terminal peptide
of LPL. The amino acid sequences of these peaks are given in the
text. (Inset) Gel electrophoresis of purified bovine milk LPL.
Purified enzyme was électrophoresed in a 12% polyacrylamide gel in
the presence of 0.1% NaDodSO, and 0.1% 2-mercaptoethanol. The
gel was stained with Coomassie brilliant blue. Lane a: molecular
weight markers (M, x 1073 at left). Lane b: =10 ug of LPL.

Similarly, RNA blot analysis (18) was performed for poly(A)™*
mRNA prepared from bovine mammary gland (19) to detect
LPL-specific nRNA species. For this, the Pst I fragment [541
base gairs (bp)] from 49R2 cDNA (bases 313-853 in Fig. 3)
was 32P-labeled by nick-translation and used as the probe.
Nucleotide sequencing. Sequencing of the cloned LPL
c¢DNA was carried out by the M13 procedure of Sanger (20).

RESULTS

Amino Acid Sequence Analysis of LPL. LPL was purified to
homogeneity from bovine skim milk (Table 1; Fig. 1 A Inset).
The purified LPL was then subjected to amino acid and
peptide analyses as described in Materials and Methods. Our
amino acid composition data were consisterit with the data
reported by Ben-Avram et al. (9). Also, our NH,-terminal
sequence data (a stretch of 22 amino acid residues: Asp-Arg-
Ile-Thr-Gly-Gly-Lys-Asp-Phe-Arg-Asp-Ile-Glu-Ser-Lys-
Phe-Ala-Leu-Arg-Thr-Pro-Glu) agreed with the 19 residues
determined by Ben-Avram et al. and, as discussed in a later
section, are also consistent with the sequence predicted from
the nucleotide sequence of the cloned LPL ¢cDNA. These
results not only identify the purified polypeptide as LPL but
also confirm that the NH, terminus of bovine milk LPL is not
modified, for example, by N-acetylation. )

To obtain more information about the amino acid se-
quence, we digested the purified protein with pancreatic
trypsin or cyanogen bromide, and the resulting peptides
obtained as discrete peaks by HPLC were sequenced.

A B
1 2 3 4
kbp kb
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@ -3.0
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FiG. 2. Transfer blot analyses of cloned cDNA (A) and poly(A)*
RNA (B) from bovine mammary gland. (A) tDNA clones pLPL-49R2
(lane 4), pLPL-49R3 (lane 2), and pLPL-54R1 (lane 3) were digested
with restriction endonuclease BamHI, eléctrophoresed in a 1%
agarose gel, and hybridized with 5'-32P-labeled probe A after
transblotting to nitrocellulose paper (18). Lane 1 shows undigested
pLPL-49R2. (B) Poly(A)* RNA was electrophoresed in a 1%
agarose/6% formaldehyde gel and blotted onto a-Hybond N filter
(Amersham). The RNA was fixed on the filter by exposure to UV
(300-nm) light for 5 min and hybridized with a **P-labeled Pst | DNA
fragment (541-bp fragment from 5’-proximal region).
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Peptides in peaks I, II, and III (Fig. 1) contained the
sequences Ile-Thr-Gly-Leu-Asp-Pro-Ala-Gly-Pro-Asn-Phe-
-Glu-Tyr-Ala-Glu-, (Met)-Gly-Tyr-Glu-lIle-Asn-Lys-Val-Arg-
-Ala-Lys-Arg-Ser-Ser-Lys-Met-, and (Met)-Ala-Asp-Glu-Phe-
-Asn-Tyr-Pro-Leu-, respectively. Mixed oligodeoxyribonu-
cleotide probes potentially coding for these peptides were
prepared, based on codon degeneracy and frequency of
eukaryotic codon usage (21): probe B (a 20-mer correspond-
ing to a peptide in peak I) was a 48-fold-degenerate mixture
of the sequence 5-ATCACRGGSCTSGAYCCVGC-3';
probe C (a 21-mer corresponding to a peptide in peak II) was
a 16-fold-degenerate mixture of the sequence 5'-ATGGGY-
TAYGARATYAACAAG-3'; and probe A (a 23-mer corre-
sponding to a peptide in peak III) was a 128-fold-degenerate
mixture of the sequence 5'-ATGGCNGAYGARTTYAART-
AYCC-3'. (YisCorT;RisAorG;SisCorG; Vis A, C,
orG;and Nis A,C,G,orT.)

Isolation and Characterization of ¢cDNA Clones. About
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600,000 transformants, derived from a cDNA library con-
structed from lactating bovine mammary gland poly(A)*
RNA in Okayama-Berg vectors, were screened by using
labeled oligonucleotides as hybridization probes. 3?P-labeled
probe A was used as the primary probe to screen all
transformants, and probes B and C were used as second and
third sorting probes to select LPL-specific cDNA clones.
Three cDNA clones were identified that reacted with probes
A, B, and C, and one clone that reacted only with probes B
and C. The cDNA inserts of these plasmids were excised by
digestion with endonuclease BamHI. Their sizes ranged from
1.7 to 3.2 kilobases (kb). The plasmid with the longest insert
(3.2 kb) was designated pLPL-49R2; the two with medium-
sized inserts (2.5 kb) were called pLPL-49R3 and pLPL-
54R1. Upon Southern blot analysis, labeled probe A reacted
with all inserts examined (Fig. 2A). In anticipation that cDNA
insert 49R2 might contain the entire coding region for LPL,
we analyzed this clone by restriction enzyme mapping and
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TTTGTGAAATGL( ATGACAAGTLC(‘TGAATAGI\AI\GTCTGGCTGAAACTGGGCAAAGCTA
XK ¢C n b XK s L N R X S :

CGGAAGAAAG AACAGCATAT GAATTCTATG AAGAA'IUAAG TAACTTTTAC AAAAGATGCC
CAGTGCTTTA GATGGTGAAA TGTGGATTTT CCGGAGTATT AACCCCAGCT CTAGCCTTAT
TAGTTATTTA GGAGACAGTC TCAAATACTA AAACTAATTC AATTTGAGGT GTATAGTGGC
CAAATAGCAC ATCTTCCAAC ATTAAAAAAA TAACAGATAT GAAAAGCACT GCATTCTGTC
TTTTGAAAAA ATATGAGTTA TTTAAAATGA TAAAATAATC AGATCTCTTC ATGTAGTAAG
TTTAGCCATA GCGTAAAATT GATTAAAATC TCATTTTTAA TTGGGATTCT GCGTTTTCTA
GACTGATAAC CTTCTCAGAG TTTTCTCCGA GTCTAAATAT AGGAAGTAAG TTTTTTIiGCA
GCGTGAGTAG GACCCGTTTA CCTATCAATC AAAATCCCTA CTTTCTTGGA ATTACTCTCC
TCTTGCCATT GGAATGTAGT CCAAGAATGA ACCAGGAACT AGTGACTTGG AGATAGAAAT
GAAGAATAGA GTTGATAAAG CACTGAACCT TTAAACCCCC TCTACGGTTG GTTGCATCAT
AACTAAGTTA CCAATTAAAG GAGATATATA AAGTTGAGAT CAATTAAATC TTAATAAACT
TAACAGTTTA TGGTTTAGTA TTTCCCCTTC CTTTTCCTGC TTTGTCTCAA GATTATATTT
TAATAGTTTT (TCCCTAGATA GGCTTTTCAA CTGAGCCTGT TATCATCAGC TGATACAGAA
TTTTAACTAC AGAGGAAAAA AAATGATACT GTAATTTTAT TATCAGACTT TCACAATTAC
ATTCATTGAA GTCCTTTAAT GTGATAGTTA CTGTTCATTT TAGGCTTATT TCAGCCATGC
TTCAGTCAGA CTTTGAGCAT GTCTCTTTCT CCCTAACTTT GATAGAAACA CGTATTCACG
AQTACTTTGC ATCATGCAAA GTCCTACAAA TTTTAGACAA AGATTGTTTT TACTAAGTAA
AGAAACAGAA AAGTTACAGT CAGTCATATA GTCACTGGCA GTGCTTAAAA CCGTTGTGGA
CAATGAAAAG GATCAATTGC TATATCCACG TGAATTGTCA TGAAAGTTGT TTTTAACAAC
TAGTCAAGAG TGAGTGAACA TTTATTTATA AACTAGATCT CATATTTTCA GAATGCTTTT
CTATATATTA TTATCAAATG ATAGAGAAGT CAAATATTIC AGAGGCTATT ACTGAAAATC
CAAACTGTGA ATGTGTGTGG GTGTCTGAAC ACATATTCAC GTATGAAGCC CCACATACAC
GATTATTGCT CAGCATGGCT CGGAAGGTAA ATGATTAAGA GGTACATTAG AACACACTGA
GTAGAAAATG GTTCCAGTGG TGCCGGAACA CTCCTTCATC TGAGAGATAC GGTTGTGCCT
GTACAAAGTA GAATGAATGC TGTGATTGAC ATCAGCCAGT TTGGAATGAA TTCTCTCTAA
AAATARAATG TTGTGTGACT TUT29°3 poly (A)

F1G. 3. Restriction endonuclease maps of the cDNA inserts 49R2, 49R3, and 54R1 are shown at the top of the left-hand column: P, S, Bgll,
N, B, and E indicate Pst I, Sma I, Bgl 11, Nco 1, BamHI, and EcoRI restriction sites, respectively; the bold line in 49R2 indicates the region
encoding the LPL amino acid sequence. The remainder of the figure shows the complete nucleotide sequence of the 49R2 cDNA and the predicted
amino acid sequence of the bovine LPL (standard one-letter amino acid symbols, given below the nucleotide sequence). The sequence of the
NH,-terminal peptide (see Fig. 1B, peak N) is underlined. Also underlined are the regions corresponding to the peptides (I, II, and III) on which
the synthetic hybridization probes A (23-mer), B (21-mer), and C (20-mer) were based. Broken underlining shows the two potential
N-glycosylation sites. The two potential cleavage/polyadenylylation signals (AATAAA) at bases 2033-2038 and 2882-2887 are underlined. The
nucleotide sequence was determined by reading both strands except for the region (bases 2111-2342) in parentheses.
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Fic. 4. Hydraophobic and hydrophilic regions of bovine milk
LPL. The predicted primary amino acid sequence of LPL was
computer-scanned for hydrophobicity, using the program of Kyte
and Doolittle (23). The search length was nine amino acids. Hydro-
phobicity (hydropathy) increases with distance above the abscissa.

nucleotide sequencing. Restriction mapping of the other two
inserts (49R3 and 54R1) showed that they lacked the 3'-
terminal regions of 49R2 (Fig. 3).

Nucleotide Sequence of Cloned ¢cDNA. The major emphasis
in sequence analysis was to locate the coding region for the
NH,-terminal and three internal peptides of LPL whose
amino acid sequence had been established by microsequenc-
ing. As shown in Fig. 3, the complete nucleotide sequence of
49R2 (2903 bases) was determined. The region coding for the
NH,-terminal peptide Asp-Arg-Ile-Thr-Gly-Gly-Lys-Asp-
Phe-Arg-Asp-Ile-Glu-Ser-Lys-Phe-Ala-Leu-Arg-Thr-Pro-
Glu was found at the 5’ end of the cDNA insert (bases 13-78).
The upstream region that should code for the signal peptide
was absent in this clone, except for the sequence TCGC-
CGCA that encodes three amino acids (Xaa-Ala-Ala, where
Xaa is Phe, Leu, Ile, or Val) absent from the mature LPL.
Regions that code for peptides I, II, and III (Fig. 1) were
found at bases 472-516, 874-921, and 361-387 (Fig. 3),
respectively. All four peptides were in the same open reading
frame, which was interrupted by a terminator TGA at bases
1363-1365. There were many stop codons thereafter. This
reading frame encompasses 1350 bases capable of encoding
a polypeptide consisting of 450 amino acid residues. These
sequence data predict that the mature bovine LPL has a
molecular weight of 50,548, in its unglycosylated form.

The Bgl II-BamHI fragment located at the 3’ end of 49R2
cDNA contains a poly(A) sequence and an AATAAA se-
quence 15 bases upstream of the poly(A), characteristics of
eukaryotic mRNA. There is another AATAAA sequence in
the middle of the 3’ noncoding region (residues 2033-2038),
which is preceded by several AATAAA analogue sequences
and followed by a ““‘G/T cluster,” indicative of a strong
mRNA cleavage/polyadenylylation site (22).

mRNA Analysis by Blot Hybridization. To determine the
original size of LPL mRNA, total poly(A)* RNA extracted
from lactating bovine mammary glands was analyzed by blot
hybridization (Fig. 2B) using as probe a 3?P-labeled Pst I-Pst
I fragment (541 base pairs) present in all cloned cDNAs. The
major hybridizable RNA band migrated at a position corre-
sponding to 2.5 kb. Two other minor, but distinct, RNA
bands of 3.2 and 1.7 kb were also detected (Fig. 2B).

Judging from their size and restriction maps, cDNA 49R2,
and the two medium-sized cDNAs, 49R3 and 54R1, probably
derive from the 3.2-kb and 2.5-kb mRNAs, respectively.
While these three cDNAs share the same coding region (from
restriction maps) and all contain poly(A) at the 3’ ends (data
not shown), both 49R3 and 59R1 cDNA have a shorter 3’
noncoding region.

Structural Features of Boving LPL. LPL is known to be a
glycosylated protein associated with the luminal surface of
capillary endothelium via membrane-bound heparan sulfate

Proc. Natl. Acad. Sci. USA 84 (1987)

(1-3). The predicted amino acid sequence of bovine LPL
contains two potential sites [Asn-Xaa-(Thr/Ser)] for N-
linked glycosylation at amino acid residues 45-47 and
361-363. Hydropathicity plots (Fig. 4), constructed accord-
ing to Kyte and Doolittle (23), indicate that bovine LPL is
very hydrophilic, with the two potential glycosylation sites
occurring at B-turns in hydrophilic domains. There are two
regions rich in basic amino acids in the COOH-terminal
region of LPL (amino acid residues 262-308 and 405-439)
that could associate with the acidic domain of heparan
sulfate. Both of these regions have an a-helix configuration
[based on analysis as described by Chou and Fasman (24)].

DISCUSSION

In this paper we describe the cloning of mRNAs that encode
bovine LPL. One of the cloned cDNAs (49R2) apparently
contains the complete nucleotide sequence coding for mature
LPL, although it lacks the 5’ region encoding the signal
peptide required for translocation into the lumen of the rough
endoplasmic reticulum. Curiously, the 49R2 cDNA was
found to contain a very long 3’ untranslated region. Two
other cDNA clones were apparently identical to 49R2 with
respect to the LPL coding region but contained shorter 3’
untranslated regions that include terminal poly(A). These
results imply that there are multiple species of LPL mRNA
in bovine mammary gland. In fact, blot analysis of poly(A)*
RNA from bovine mammary gland showed that there are at
least three sizes of LPL mRNAs. Judging from the intensity
of the hybridized bands (Fig. 2B), the medium-sized mRNA
is the most abundant species in bovine mammary gland,
whereas cDNA insert 49R2 seems to correspond to the
longest (3.2-kb) mRNA species.

The biological significance and biogenesis of these three
mRNA species remain to be elucidated. However, these
mRNAs most likely derive from differential transcription
termination, as shown in the adenovirus major late transcrip-
tion unit (25), since the cDNA clones obtained in this study
appear to be different only in the 3’ noncoding region. Partial
sequence analysis (data not shown) of the medium-size
cDNA, 49R3, shows that the upstream AATAAA (at bases
2033-2038) apparently has been used for the cleavage/poly-
adenylylation of the template mRNA. A similar observation
concerning various sizes of mRNA from bovine mammary
gland was reported (26) for mRNAs encoding N-acetylglu-
cosamine (B1-4)galactosyltransferase.

Recently, Reddy et al. (27) reported the amino acid
sequence of a peptide that contains a serine residue reactive
to diisopropylphosphorofluoridate, a potential active site of
bovine LPL. However, we did not locate the corresponding
peptide in our predicted LPL sequence. In fact, no such
sequence could be found even in the other two reading frames
of the cloned LPL cDNA 49R2. Further analyses of genomic
clones and assignment of individual cDNA clones to LPL
polypeptides should open the way to understanding of
regulation of LPL gene expression and clinical application for
either diagnostics or as a remedy for genetic disorders.
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