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The acid lipase gene family: three enzymes,
one highly conserved gene structure
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Abstract Human gastric lipase (HGL; triacylglycerol lipase;
EC 3.1.1.3) plays an important role in the digestion of dietary
triglycerides in the gastrointestinal tract, especially in patients
suffering from pancreatic lipase deficiencies. The enzyme is
secreted by the fundic mucosa of the stomach and hydrolyzes
the ester bonds of triglycerides under acidic pH conditions,
while cholesteryl esters are not attacked. The 379-amino acid
protein is highly homologous to two other acidic lipases, rat
lingual lipase (RLL; triacylglycerol lipase; EC 3.1.1.3) and hu-
man lysosomal acid lipase (HLAL; cholesteryl esterase; EC
3.1.1.13). To determine whether this remarkable similarity is
also present at the genomic level, we have elucidated the re-
spective gene structures by screening three bacteriophage
lambda libraries and by polymerase chain reaction-based in-
tron amplification. The genes encoding HGL, RLL, and
HILAL are composed of 10 exons interrupted by nine introns
and span about 14 kb, 18.7 kb, and 38.8 kb of genomic DNA,
respectively. The HGL and RLL gene organizations are identi-
cal, suggesting that RLL is the rat gastric lipase expressed in
the serous von Ebner glands of the tongue. The positions of
the HLAL intervening sequences are also absolutely con-
served, except for the location of intron 1.H Our results sup-
port the concept that HLAL and HGL/RLL are members of
a gene family of lipases that most likely have evolved by dupli-
cation of an ancestral gene and subsequently assumed distinct
roles in neutral lipid metabolism due to sequence divergence
and different expression patterns.—Lohse, P., P. Lohse, S.
Chahrokh-Zadeh, and D. Seidel. The acid lipase gene family:
three enzymes,one highly conserved gene structure. J. Lipid
Res. 1997. 38: 880-891.

Supplementary key words lipid metabolism ¢ human lysosomal acid
lipase ® human gastric lipase ® rat lingual lipase ® structure-function
relationships ® lipase evolution

Human gastric lipase (HGL) is an acid-stable lipolytic
enzyme involved in the digestion and absorption of di-
etary triglycerides in the stomach, duodenum, and jeju-
num (for review see refs. 1-3). The enzyme is synthe-
sized primarily by the chief cells of the fundic mucosa
(4, 5) and secreted into the gastric lumen where it initi-
ates the hydrolysis of about 10 to 20% of the triglycer-
ides ingested, with diacylglycerol and fatty acids being
the main end products (4, 6). The limited lipolysis in
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the stomach appears to be critical for the subsequent
hydrolysis by colipase-dependent pancreatic lipase and
bile salt-stimulated lipase (1, 7, 8). This enzyme system
is obviously geared to the complete absorption of di-
etary lipids and their rapid delivery to peripheral tissues
and to the liver. The key metabolic role of HGL is accen-
tuated in certain pathological states that lead to exo-
crine pancreatic insufficiency such as pancreatitis, cystic
fibrosis, or alcohol abuse (9-12).

Gastric lipases have been purified from human (13),
rabbit (14), and canine (15) stomach. In addition, a
¢DNA clone for HGL has been isolated and the pro-
tein’s complete amino acid sequence has been pre-
dicted (16). HGL consists of 379 residues plus a signal
peptide of 19 amino acids, with a molecular weight of
43.16 kDa. The deduced sequence is highly homolo-
gous to that of two other lipases with acidic pH opti-
mum, rat lingual lipase (RLL; 377 amino acids; about
76% identity; 17) and human lysosomal acid lipase/
cholesteryl ester hydrolase (HLAL; 378 amino acids; ap-
prox. 58% identity; 18).

RLL has the same physiological function as HGL, i.e.,
to initiate triglyceride digestion in the stomach. The en-
zyme is secreted by the serous glands of von Ebner in
the back of the tongue (19) and hydrolyzes medium-
and long-chain triglycerides in the gastrointestinal tract
at a broad pH range of 2.2-6.0 (for review see refs. 2, 3,
20, 21). HLAL, in contrast, catalyzes the intralysosomal
breakdown of cholesteryl esters and triglycerides at acid
pH in virtually all cells except erythrocytes, thereby en-
suring intracellular lipid homeostasis (for review see
refs. 22 and 23).

As a prerequisite for structural studies and in order
to obtain insights into the regulation of their expres-

Abbreviations: HGL, human gastric lipase; HLAL, human lyso-
somal acid lipase; PCR, polymerase chain reaction; RLL, rat lingual
lipase.
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Fig. 1. Exon/intron organization and restriction enzyme cleavage map of the human lysosomal acid lipase /cholesteryl ester hydrolase gene
derived from nine overlapping bacteriophage lambda clones obtained from two human genomic libraries. Open, solid, and hatched boxes
represent 5-nontranslated, coding, and 3"-nontranslated sequences, respectively. Introns are indicated by lines. The numbers above the gene
structure refer to the size (in bp) of the exons and introns. The restriction map for BamH I (B), EcoR I (E), Hind III (H), and Sac I (S) is
illustrated below. The regions spanned by six representative bacteriophage lambda clones used to characterize the gene are also shown.

sion, we have determined the organizations of the HGL,
RLL, and HLAL genes and the sequences of the 5™
flanking and 5"-nontranslated regions.

MATERIALS AND METHODS

Isolation of HGL and RLL cDNAs

First strand cDNA synthesis of 10 pg of total RNA
from human stomach and rat tongue (strain Sprague-
Dawley) tissue, respectively, was performed with Super-
script Plus reverse transcriptase (Bethesda Research
Laboratories) utilizing an oligo (dT);s primer that con-
tained, in addition, restriction sites for Sma I, BamH I,
and Hpa I. The newly generated HGL and RLL ¢cDNAs
were further amplified by the PCR technique using a
sense primer in exon 1 and an anti-sense oligonucleo-
tide which was either located in the 3™-nontranslated re-
gion or identical to the restriction sites incorporated
into the oligo (dT)s primer.

Isolation of HLAL cDNA

Total cellular RNA was isolated from human leuko-
cytes and first strand cDNA synthesis was performed
with an antisense primer located at the 3™-end of the 3'-
untranslated region of the published HLAL c¢DNA se-
quence (18).

Genomic clone isolation

In the case of the HLAL gene which has been previ-
ously mapped to human chromosome 10 (24, 25), two

bacteriophage lambda libraries, a genomic hamster
(CHO) /human lymphocyte 762-8A hybrid library spe-
cific for human chromosome 10 (complete Hind III-
digest; American Type Culture Collection; 26) and a hu-
man genomic placenta DNA library in Lambda Fix II
(Stratagene) were screened by the filter hybridization
technique (27) using as randomly primed, *¥P-labeled
probes the human full-length HLAL ¢DNA and frag-
ments thereof as well as DNA fragments of the human
HLAL gene. Positive clones were plaque-purified and
characterized by restriction endonuclease mapping and
DNA sequencing. To determine the 5-flanking and 5'-
nontranslated sequences of the HGL and RLL genes
whose chromosomal locations have not been reported,
genomic fragments containing the 3™-end of exon 1 and
the 5-end of intron 1 were used as probes to screen the
human placenta DNA library and a rat genomic library
(strain Sprague-Dawley; Stratagene), respectively.

Intron amplification by PCR

Oligonucleotide primers identical and complemen-
tary to HLAL, HGL, and RLL cDNA sequences were
synthesized by the phosphoramidite method on a DNA
synthesizer (Applied Biosystems, Inc., Foster City, CA,
model 381A) and desalted on NAP-5 columns (Phar-
macia LKB Biotechnology Inc.). Each primer contained
a native or incorporated restriction enzyme site for Bam
HI, Eco RI, or Hind III for subsequent cloning pur-
poses. The primers were used without further purifica-
tion to amplify human and rat genomic DNA isolated
from white blood cells by the polymerase chain reaction
(28) using an automated DNA Thermal Cycler (Hybaid
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TABLE 1.

Exon and intron sizes and sequences at exon/intron boundaries of the HLAL gene

3 Splice 5" Splice Exon Length, Amino Acids Intron Codon
Exon Acceptor Donor Base Pairs Encoded Length Phase
39
1 CTGAAC CTCCAGgtgaga 139 0 ~4.00 kb

40 151

2 atacagAATGAA AATGTGgraagt 112 37 ~1.55 kb 0
152 269

3 ctacagAGTGAA ACAAAGgtatgg 118 40 ~17.7 kb I
270 468

4 tttcagGTCCCA TTTCAGgtatat 199 66 ~1.40 kb 11
469 578

5 ttacagTTATGA CTATAGgtatgt 110 37 ~1.50 kb I
579 715

6 tcacagGTTTTA ATTAAGgtactt 137 45 ~1.30 kb 0
716 862

7 ttgtagGACTTA AATATGgtatge 147 49 ~1.10 kb 0
863 934

8 ttgcag TCTAGA AGCCAGgtagge 72 24 ~6.80 kb 0
935 1006

9 ttttagGCTGTT AACCAGgtaaag 72 24 ~0.85 kb 0
1007 2493

10 ttgtagAGTTAT AGGCCC 1487 77

Exon and intron sequences are shown in uppercase and lowercase letters, respectively. The locations of
the splice sites with respect to the published cDNA sequence (18) are indicated by the numbers above. Intron
phases I, I1, and O refer to introns that interrupt the coding sequence after the first, second, or third nucleotide

of a codon, respectively.

Limited, UK, model OmniGene). A typical reaction
contained 1 pg each of two oligonucleotides in a mix-
ture of 50 mM KCIl, 10 mm Tris-sHCI, pH 9, 1.5 mm
MgCly, 0.1% Triton X-100, and 200 um each dATP,
dCTP, dGTP, and dTTP. The cycle profile used was de-
naturation at 95°C for 1 min, annealing at 50° or 55°C
for 1 min, and extension at 74°C for 1-5 min for 35—
40 cycles.

Subcloning and sequencing

DNA inserts of recombinant clones and amplified
PCR products containing HLAL, HGL, and RLL se-

quences were digested with the restriction enzymes
BamH I, EcoR I, Hind III, Sac I, and Xho I (Bethesda
Research Laboratories and New England Biolabs, Bev-
erly, MA) according to the recommendations of the
manufacturers. Restriction fragments were isolated by
low melting point agarose (Bethesda Research Labora-
tories) gel electrophoresis and ligated into the Blue-
script II KS phagemid (Stratagene). Nucleotide se-
quences of the exons, the exon/intron junctions, and
the 5-flanking regions were determined by the dideoxy
chain termination method (29) with T7 DNA polymer-
ase (Sequenase; United States Biochemical Corp.,

TABLE 2. Comparison of the HLAL intronic sequences published by Anderson et al. (31)
and Aslanidis et al. (82) with our sequence data

Intron Nucleotide(s) Anderson et al. Aslanidis et al. Lohse et al.
Intron 1 5-end +11 C C missing C

Intron 1 5™-end +23 to +24 C missing C C

Intron 1 5-end +35 G not reported G/ A polymorphism
Intron 1 3"end —65 G not reported T

Intron 1 3"-end —54 G not reported C missing
Intron 2 5%-end +12to +18 AAAGTTA TTAAAAG AAAGTTA
Intron 2 3"-end =12 t0 —17 1 add. nucleotide 1 add. nucleotide
Intron 4 3"-end —11to =35 partial sequence 5 add. nucleotides
Intron 5 3"-end -5 C C C/T polymorphism
Intron 6 3"-end —42 G not reported G/ A polymorphism
Intron 7 5™-end +13 to +49 partial sequence 15 add. nucleotides
Intron 8 5™-end +54 N not reported T

Intron 8 5™-end +68 A not reported A missing
Intron 9 3"end —81t0 —9 add. T add. T
Intron 9 3"-end —21 o —22 add. T add. T

The numbers indicate nucleotide positions relative to the intron/exon (—) and exon/intron (+) borders

according to Anderson et al. (31).
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Fig. 2. Exon/intron organization and restriction enzyme cleavage map of the human gastric lipase gene derived from PCR-amplified genomic
DNA fragments and a bacteriophage lambda clone. 5-Nontranslated, coding, and 3’-nontranslated sequences are represented by open, solid,
and hatched boxes, respectively, while introns are indicated by lines, and their respective sizes (in bp) are given above the gene structure.
Recognition sites for the restriction enzymes Hind III (H) and EcoR I (E) are shown below.

Cleveland, OH) using T3 and T7 primers as well as oli-
gonucleotides corresponding to known sequences
within the HLAL, HGL, and RLL genes.

Determination of the 5-end of the HGL and RLL
mRNA

An aliquot of the first strand cDNA was dG-tailed with
terminal deoxynucleotidyl transferase (Bethesda Re-
search Laboratories) by a modified 5-RACE technique
(30). It was then PCR-amplified using an oligo (dC),s
primer containing additional restriction sites for Hind

39 113 118 199 110 137
3450 138 =1000 ~1025 ~1700
1 23 4 5

III and BamH I and a HGL specific oligonucleotide
complementary to bases 222 to 245 (16) and a RLL spe-
cific primer complementary to nucleotides 224 to 247
(17), respectively. One tenth of the reaction was used
for a second round of amplification with the oligo
(dC),2 primer and an internal oligonucleotide comple-
mentary to the region 61 to 84 of the HGL cDNA (16)
and to bases 71 to 94 of the RLL ¢cDNA (17), respec-
tively. The resulting fragments were purified by low
melting point agarose gel electrophoresis, subcloned,
and sequenced.
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Fig. 3. Exon/intron organization and restriction enzyme cleavage map of the rat lingual lipase gene derived from PCR-amplified genomic
DNA fragments and a bacteriophage lambda clone. Exons are indicated by solid boxes, 5”-noncoding parts are left open, and the 3™-noncoding
region is hatched. Introns are shown as lines. The respective sizes of the RLL exons and introns are illustrated above the gene structure, while
a restriction map for the enzymes Hind III (H), EcoR I (E), and Xho I (X) is depicted below.

Lohse et al. The acid lipase gene family 883

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3.

Exon and intron sizes and sequences at exon/intron boundaries of the HGL gene

3’ Splice 5 Splice Exon Length, Amino Acids Intron Codon
Exon Acceptor Donor Base Pairs Encoded Length Phase
33
1 AAAATA GAAACTgtaagt 51 0 ~2.70 kb

34 149

2 tttcagGCAGGT AACATTgtaagt L6 35 166 bp 0
150 267

3 cctcagAGTCAG ATACAGgtatat 118 40 ~850 bp I
268 466

4 ccttagGCCAGA TTTCAGgtaaac 199 66 ~600 bp 11
467 576

5 tttcagCTTTGA CCATTGgtaagt 110 37 ~1.85 kb I
577 713

6 tttcagGTTTTA TTCAAGgtatge 137 45 ~1.60 kb 0
714 860

7 titcagTTTATA AACACGgttagt 147 49 ~1.90 kb 0
861 932

8 ttctagAGTCGC ACCCAGgtattc 72 24 ~600 bp 0
933 1004

9 tgttagGCTGTT GATCAGgtaagce 72 24 ~2.10 kb 0
1005 1371

10 ttctag TCCCAA ATCAAC 367 78

Exon and intron sequences are given in uppercase and lowercase letters, respectively. The positions of
the splice sites with respect to the ¢cDNA sequence (16) are indicated by the numbers above. Intron phases I,
I, and O refer to introns that interrupt the coding sequence after the first, second, or third nucleotide of a

codon, respectively.

RESULTS AND DISCUSSION

The high degree of similarity of the nucleotide and
amino acid sequences of HGL, HLAL, and RLL led to
the conclusion that these enzymes are members of an
acid lipase family (16, 18). To investigate whether the
respective genes have evolved from a common ancestor
via duplication or triplication, we first elucidated the
HILAL gene organization using two different methods.
HLAL introns smaller than 2 kb were identified by poly-
merase chain reaction-based intron amplification of hu-
man genomic DNA. The larger introns of the HLAL
gene were isolated by conventional plaque hybridiza-
tion of two bacteriophage lambda libraries.

The HLAL gene consists of 10 exons spread over
more than 38.8 kb on human chromosome 10 and is
interrupted by 9 introns (Fig. 1). The first exon con-
tains the 5-nontranslated region, while exon 2 encodes
the last nucleotide of the 5’-nontranslated region, the
entire signal peptide, and the first 16 residues of the
mature protein (Table 1). Exons 3 through 9, with
lengths ranging from 72 bp to 199 bp, code for amino
acids 17-301. Exon 10 is in comparison unusually large
and contains the coding sequence for residues 302-
378, the translation stop codon, and the long 3™-untrans-
lated region, encompassing 1253 nucleotides. The in-
tron lengths vary considerably, the smallest intron 9 be-
ing approximately 850 bp long, while intron 3 spans
about 17.7 kb and intron 8 about 6.8 kb of DNA.

The exon sequences exactly matched with the pub-
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lished HLAL c¢DNA sequence (18). Within the signal
peptide, however, we observed a common DNA poly-
morphism due to the substitution of an A for a C, re-
sulting in the replacement of proline (CCC), residue
16, by threonine (ACC) and in the loss of a cleavage
site for the restriction enzyme Hae III (5"-GG/CC-3").
Asecond polymorphic site, also located in exon 2, leads
to the substitution of amino acid 2 of the mature
enzyme, glycine (GGA), with arginine (AGA), thereby
creating a new restriction enzyme cleavage site for
Xba I (5-T/CTAGA-3"). This conversion adds one
positive charge unit to the HLAL-1 isoenzyme (pI 6.27),
thus creating the more basic HLAL-2 isoenzyme (pl
6.4).

The intron sequences were also found to be polymor-
phic (Table 2). Sequence analyses of Wolman and
cholesteryl ester storage disease (CESD) patients re-
vealed a G/A polymorphism at the 5-end of intron 1
(position +36 relative to the exon/intron border), a
C/T substitution at the 3™-end of intron 5 (position —5
relative to the intron/exon border), an A/C replace-
ment at the 5-end of intron 6 (position +62), and an
A/G polymorphism at the 3-end of intron 6 (position
—42). Together with the Pro/Thr and Gly/Asp amino
acid exchanges, these sites have been successfully used
for haplotype analysis in affected families (P. Lohse, un-
published results).

Overall, our data are in agreement with the HLAL
genomic structures published by Anderson et al. (31)
and Aslanidis et al. (32). In our study, however, the gene
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-865 gtggattggt gcagcaaacc accatggcgce atgtatacta tgcagcaaac ctgcacattc
C/EBP
-805 cgcacatgta tcccacgagce dacagatgct catgatggtt gtaaaggatlc ___ aactdtattt
E2R e Myb
=745 taaaacataa tttaatatat acttttaata aacacattca tattgttcaa actataaccc
-685 atagattttt ttgtttcctt ftttttaact tttattttaa gtttaggggt acaagtgcag
-625 gtttgttaca taggtaaacc tgtgtcctgg agatttgttg tacagattgt ttcatcgtcce
-565 aggtattaag cctagattte ttagdaggaa __ gaagacacca aaaatatgtt cttadaggtc
............................... PEA3 PPAR
-505 Eagggctggg ttttgtctagacc attatctgta ggatttgaga ccctggtcaa
-445 agaccataat aaaatattaa tctttgctg'éi acacattcac ttatctaacc atctagtcaa
-385 aatagcttat gcgetgeatt tttaaagaat dacaggtdgc cttttgtcat tttatgcctc
E2A
-325 tctatctgag ccaaactata taatcatttg cattatacct ttggctcaaa aacgtttata
-265 tgtttaggct atcaaggatt atttttaatg gttcctaaat cattttaatc ctcagaacta
-205 ctttggccaa tatttgtctt tgttaaaagt taaaggtgag cactcagtat tatgtgaaaa
-145 tgaatgcaat atttaatttt tagttttgte ctgttaacat tagatgatgc cdagatadta
e GRTA
-85 agtctttttg gtaatgtaat cagtggatga ggaatctgac cattgttgaa ggttttgtat
-25 ataagaagtc aatacaacat tgaccAAAAT ACTAACCAGC CAGAGAAACA GAATCCTAAC
TBP
36 TATTTCTGAG GAAACT

Fig. 4. 5-Flanking and 5-nontranslated sequences of the HGL gene and potential regulatory elements of the HGL promoter. The sequences
of the first exon and of the nontranscribed 5-flanking region, determined on both strands, are shown in upper- and lowercase letters, respec-
tively. The arrow identifies the major transcription initiation site. The numbers refer to nucleotide positions relative to the start site of transcrip-
tion. Putative binding sequences for TATA box-binding factor (TBP) and the transcription factors C/EBP, E2A, GATA, Myb, PEA3, and PPAR
(43) are boxed. Direct repeats are overdotted and indirect repeats are underlined.

locus was determined to be slightly larger than the size
reported by Anderson et al. (38.8 kb versus 36 kb). Ho-
mology analysis of the intron sequences (Table 2) dem-
onstrated a rather high degree of divergence consider-
ing the fact that the same bacteriophage lambda library
was screened by all three groups. These differences can
only partially be explained as a result of DNA polymor-
phisms.

The structures of the HGL and RLL genes were deter-
mined solely by intron amplification using cDNA prim-
ers designed to flank the putative exon/intron borders,
based on the expected homology with the previously
characterized HLAL gene organization. This method
appears to be especially suited for the structural analysis
of closely related genes. The only limitation is the size
of the introns, as we were unable to amplify intervening
sequences in excess of 5.5 kb. Shortening the length of
the PCR denaturation step and the use of high concen-
trations of an exonuclease-free, aminoterminal deletion

mutant of Taq DNA polymerase (Klentaq I) in combina-
tion with a DNA polymerase with 3-exonuclease proof-
reading activity in very low concentrations (33) may
help to circumvent this problem.

Subsequent restriction site mapping and DNA se-
quence analysis established the linear order of the PCR-
amplified HGL- and RLL-specific genomic fragments
(Fig. 2 and Fig. 3). The predicted structures of exons
1-4 and their intervening sequences were confirmed
by results obtained from bacteriophage lambda clones
isolated for the sequence analysis of the HGL and RLL
5"-nontranslated and 5"flanking regions.

The HGL gene spans approximately 14 kb of geno-
mic DNA and includes ten exons and nine introns (Fig.
2) that are bounded by sequences matching the splice
site GT/AG consensus sequences (34; Table 3). The
major transcriptional start site of HGL mRNA was deter-
mined by a modified 5-RACE technique (30) as an A
62 bp upstream of the translation initiation codon ATG
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TABLE 4. Exon and intron sizes and sequences at exon/inwon boundaries of the RLL gene

% Splice 5 Splice Exon Length, Amino Acids Intron Codon
Exon Acceptor Donor Base Pairs Encoded Length Phase
37
1 AGGCAA GGCACTgtaagt 39 0 ~3.45 kb

38 150

2 tttcagAGCAGT AATATTgtgagt 113 34 138 bp 0
151 268

3 cctcagAGTCAG ATATAGgtacaa 118 40 ~1.00 kb I
269 467

4 cectagGCAAGA TTTCAGgtaagg 199 66 ~1.03 kb I
468 577

5 ttacagCTTTGA CTATTGgtaagt 110 37 ~1.70 kb I
578 714

6 tttcagGTTTCA TTCAAGgtatgt 137 45 ~4.80 kb 0
715 861

7 titcagCTTATG AATGTGgggt 147 49 ~1.90 kb 0
862 933

8 ttctagAGTCGT GCACAGgtatca 72 24 ~450 bp 0
934 1005

9 tattagCTTGTT AACCAGgtatgt 72 24 ~2.90 kb 0
1006 1355

10 titcagAAAACG ATCAGC 350 76

Exon and intron sequences are presented in uppercase and lowercase letters, respectively. The intron
positions with respect to the RLL. cDNA sequence (17) are indicated by the numbers above. Intron phases I,
II, and 0 refer to introns that interrupt the coding sequence after the first, second, or third nucleotide of a

codon, respectively.

(Fig. 4). Exon 1 consists of 51 bp of the 5" -nontranslated
region, while exon 2 codes for the remaining 11 bp of
the 5-nontranslated sequence, the 19 residues of the
signal peptide, and the first 16 amino acids of the ma-
ture protein. The largest exon in the HGL gene, exon
10, encodes the carboxyl-terminal residues 302-379,
the translation stop codon TAG, and the complete 3'-
nontranslated region of 130 bp. Our sequence data
agreed with the published HGL cDNA sequence except
for six additional nucleotides (ATCAAC) at the 3"-end
of exon 10.

The RLL gene is spread over approximately 18.7 kb
and also contains 10 exons interrupted by nine introns
(Fig. 3). Each intron was found to begin with the dinu-
cleotide GT and to end with the dinucleotide AG (34;
Table 4). Reverse transcription of the cap structure (30)
identified the mRNA 5-end as an A 50 bp upstream of
the ATG start codon (Fig. 5). The genomic sequences
agreed with the published RLL ¢DNA sequence (17)
with the exception of six differences in exon 1. These
include a C instead of a G at position 4 of the RLL
c¢DNA, a missing T at 14, a T in between nucleotides 21
and 23, a G instead of an A at 29, a C instead of an A at
34, and an A instead of a C at 35 (nucleotide numbering
according to ref. 17; Fig. 5). In each case, these differ-
ences may be due to DNA polymorphism or possible
sequencing errors. The source of the mRNA used for
cDNA synthesis and of the genomic DNA used for in-
tron amplification as well as genomic DNA library con-
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struction, however, was the same Sprague-Dawley rat
strain.

Comparison with the HGL gene organization re-
vealed that both genes are identical in structure. The
only differences were a shorter 5 -nontranslated region
of 39 instead of 51 base pairs contained in RLL exon
1, the deletion of one amino acid triplet, corresponding
to residue 7 of the HGL signal peptide, in RLL exon 2,
and the smaller size of the 3-nontranslated region
coded for by RLL exon 10, encompassing 119 instead
of 130 nucleotides.

The HGL/RLL gene structure is also identical with
that of the HLAL gene, except for the position of HLAL
intron 1. Exons 3-9 have the same length and code for
the same number of amino acids. The second exon of
the RLL and HGL genes is 1 bp and 4 bp longer, respec-
tively, but encodes only 34 and 35 instead of 37 amino
acids, respectively, because of the shorter signal pep-
tides of RLL (18 instead of 21 residues in HLAL) and
HGL (19 amino acids). Exon 10 of the HLAL gene
(1487 bp), in contrast, is much larger in size than the
corresponding exons of the HGL gene (367 bp) and
the RLL gene (350 bp) due to the presence of a long
and A/T rich 3-nontranslated region encompassing
1253 bp, and codes for 77 instead of 78 and 76 amino
acids in HGL and RLL, respectively.

All introns interrupt the coding sequences of the
HGL, RLL, and HLAL genes in identical codon phases
(Fig. 6). The intron lengths, in contrast, show much

Ll
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-898 gaattcgaat aaccttataa cagtaagtag aaaactaaag attttcettt ctaacttgtt
-838 Efu'ﬁ'fétaatg aaataacttc tttgccttta caaatttagt ggctgtcaat gacaaccaag
=778 acacaatgga agtgacacct tagcttgtat gaatatataa acacacttag tattftgatag)
B GATA
-718 ttceccaatgt tgtcttat[at attcaatgta cttctagtta gttgtgttgg ggagctttgg
GHF
-658 aaagcattag cctatggatg aacttttttt ccccaataat gattacttct tcactatttc
-598 tgctatagat ttaagtgctg tcatgaaaat gtaatttacg ctgtttaaac tgtaaccaag
-538 aaatttcata aagactacat agcatggctc atttgttctt tacaatcagg ggccaagttt
-478 catatattag ttgcagggca aaagacaatg accaaagaca taataaatct tcaacttggc
-418 acagaaaaaa ttggcttatt taacatccga tcagagtagc  caatggcagg ctttttttaa
CCAAT
-358 ataacaaatg atcaagtctt ttactaccat gagccattta ttctaagccce aactacaaaa
~298 tcatttgcat tgtatgtcat gctcaatggc ttttatatgt tatcagttat catttttctt
-238 gtttcctgaa ttacttttaa tcagcaatce tttgggeadt  gtttgdtttt gttaaaggtt
HNF-5

-178 aaagttcagc caattccatg tgcagccatc tgaaatattt ggttttaagg tttgtgettt
-118 aatattgaat gatgtccaga tatgaaggac ctt ttaataagag aatgaataat
GATA —

-58 catttctggce cattgttaag attttdtata tadggagcaa ctgtccatta gctaaagtAG

TBP Myb
3 GCAACCAGAG AAGCAGAATC TTGTTTCTGA GGGCACT

Fig. 5. 5-Flanking and 5-nontranslated sequences of the RLL gene and potential regulatory elements of the RLL promoter. The RLL exon
1 sequence is depicted in uppercase letters, while the 5-flanking sequences of the promoter region are shown in lowercase letters, based on
the sequence analysis of the complementary DNA strands. The transcription initiation site is indicated by an arrow. Potential binding sites for
transcription factors GATA, GHF, HNF-5, Myb, and TBP (43) as well as the putative CCAAT-element are boxed. A direct repeat is overdotted

and an indirect repeat is underlined.

greater variability. HGL and RLL introns 1, 2, 3, 4, and
8 are in part considerably smaller and HGL and RLL
introns 5, 7, and 10 are slightly larger than the corre-
sponding introns of the HLAL gene, resulting in much
smaller HGL and RLL genes. Intron 6 is the largest in-
tron of the RLL gene, containing about 4.8 kb com-
pared to approximately 1.6 kb and 1.3 kb in the HGL
and HLAL genes, respectively, and mainly accounts for
the overall size difference of the RLL and HGL gene
loci.

The precise conservation of the exon/intron struc-
tures and the similarity of the coding sequences indi-
cate that HGL/RLL and HLAL are most likely products
of a gene duplication event and have subsequently
evolved in parallel, assuming distinct roles in lipid me-
tabolism due to sequence divergence.

With regard to exon sizes and codon phases, the
structural identity of the HGL, RLL, and HLAL genes
is even more pronounced than that of the human lipo-

protein lipase (35, 36) and human hepatic lipase (37,
38) genes (Fig. 6) which, together with the gene for
human pancreatic lipase (39), form another branch of
the mammalian lipase gene family without structural
homology to the acidic lipases except for the G-X-S-
X~G lipase consensus sequence. This suggests either
that the gene-duplication event leading to HGL/RLL
and HLAL occurred later in evolution than the duplica-
tion producing the lipoprotein lipase and hepatic lipase
genes or that the evolutionary pressure applied to main-
tain the integrity of the HLAL and HGL/RLL gene or-
ganizations is higher. The results also indicate that the
ability of HLAL to hydrolyze cholesteryl esters, in addi-
tion to triglycerides, is due to amino acid substitutions
within the conserved exon structure. Alternatively, HGL
and RLL may have lost this property as a consequence
of mutations affecting a site necessary for interaction
with cholesteryl esters. The latter assumption would be
in agreement with our hypothesis that the ancestral acid
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78 81
LPL 5 6
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7
HL 2 3 4 5 6 7 8 %
|
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Fig. 6. Comparison of the HGL, RLL, HLAL, human lipoprotein lipase (LPL), and human hepatic lipase (HL) gene organizations. Signal
peptide, mature protein, and nontranslated sequences are indicated by stippled, open, and hatched boxes, respectively. Introns (not drawn
to scale) are represented by lines. The numbers above the gene structures refer to the amino acids encoded by an exon. Numerals I, II, and
0 below indicate whether an intron interrupts the coding sequence after the first, second or third nucleotide of a codon, respectively. Note

that exon 10 of the lipoprotein lipase gene is not drawn to scale.

lipase gene has evolved as a consequence of exon shuf-
fling that combined lipase-like and cholesteryl esterase-
like domains, as has been suggested previously for the
evolution of the bilesalt stimulated lipase/cholesteryl
esterase gene (40).

Our studies may also help to solve the question of
whether or not there is a gastric lipase, typical of omni-
vores, in addition to lingual lipase in rodents and to
pregastric lipase in ruminants (21). Faced with the
choice of one enzyme produced at two different ana-
tomic sites or two different enzymes with similar charac-
teristics, our results demonstrating the complete iden-
tity of the HGL and RLL gene organizations strongly
suggest that RLL is the gastric lipase of rats produced
in the lingual serous glands.

In this context, it is interesting to note that the 5-
regulatory sequences for the three genes differ mark-
edly, in accordance with the very different pattern of
tissue-specific expression. Screening of the 5-nontrans-
lated region and of 750 bp of the 5'-flanking sequence
of the HLAL gene (Fig. 7) for eukaryotic promoter ele-
ments by computer scan (PC/GENE; IntelliGenetics,

888  Journal of Lipid Research Volume 38, 1997

Mountain View, CA; 41, 42) demonstrated structural
features typical of a housekeeping gene constitutively
expressed in all cells, consistent with the enzyme’s role
in maintaining intracellular lipid homeostasis. First, the
sequence lacks a TATA-box structure, but does contain
putative regulatory protein-binding sites commonly ob-
served in promoters of housekeeping genes, including
four transcription control elements recognized by the
ubiquitous transcription factor Spl (43). Second, the
promoter region was found to have a high GC content
within the 350 bp sequence immediately upstream of
the cap site; it averaged 67.5% compared with approxi-
mately 41% for the entire human genome.

The HLAL exon 1 and 5'flanking sequences re-
ported here are completely homologous to those deter-
mined by Aslanidis et al. (32) with two exceptions at
positions —106 to —111 and —488 relative to the tran-
scription initiation site (numbering according to ref. 32
with nucleotide —100 corresponding to +1; Table 5).
In addition, there are two polymorphic sites in the
HILAL promoter region immediately upstream of the
cap site. A C/A substitution at nucleotide —59 can be
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-750

-690

-630

-570

-510

-450

-390

-330

-270

-210

-150

-90

-30

31
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caccaagttg gccaggctgg
tcccaaactg ctgggattac
tgttgttgtt tgtttgtttt
gttattcatg atgtgtctct
gttggtttct atacctccac
atctttgttt tagaaaatga
ttaacaaatc tttaataata
caatgataag cgctttaaat
ctctgtcagg cgcagaaggt
cctaaaacag cctttgctaa
tgccagcectg cgaggcggag
tatggggtca actggggggc
cacttcccgg tggctggcetg
CGCceIceea ACAAGGCAGA
Spl
GAGAGCTGGC ACTGCGACTC

gtaaiSegec_Jrocteager

Spl

tcctgaactce ctgtcctcag
aggcgtgagce cactgtgccce agcceettgt
tgttgttatt tatagcactt accacctcat
tcccatcaga atatatacaa gagaacagga
tgtcttacta atgcctggca tttagtaggt
ttaataaa{; atatgtacat attgaatatt
ataaaaaatt taaagcagca agattgcttt
ggagcccatg attcactttc atttatagag
gccagccectg caggagcttc gggggcgdag
Spl
gagagcatgc gtaggcgacg cgctggtaga
gacgggctcce atctcttaga aacgcctacg
tggcaagcgg ccgegcetggt ctdgggcgga
—» Spl
ctctgattgg CTGAACAAAT AGTCCGAGGG
NE-1
CCAGGCCCCe TGCAGGTCCC CTATCCGCAC
GAGACAGCGG CCCGGCAGGA CAGCTCCAG

tgtttgttgt
gtattatata
accttgtttg
gctcaatazaa
gtttectett

gcatcaggca

cccacatgcet

cagaaggccg

gctgtggacc

gcgecatgctce

gtctcecgagg
TGGTGGCATC

CCCGGCCCCT

Fig. 7. 5-Flanking and 5"-nontranslated sequences of the HLAL gene and potential regulatory elements of the HLAL promoter. The sequences
of each DNA strand were determined by the Sanger dideoxy chain termination method (29). Transcribed regions of exon 1 are shown in
uppercase letters and flanking sequences are given in lowercase letters. The arrow indicates the major start site of transcription (31). The
numbers refer to nucleotide positions relative to the transcription initiation site. Consensus sequences recognized by transcription factors Spl

and CTF/NF-1 (43) are boxed. A palindromic sequence is overlined, a direct repeat is overdotted, and inverted repeats are underlined.

detected by the presence (C) or absence (A) of a restric-
tion enzyme cleavage site for Hae IIT (5-GG/CC-3').

The second G/A polymorphism at position —48 de-
stroys (G) or creates (A) a site for the restriction endo-

nuclease Mae 1 (5-C/TAG-3"). The 5'-flanking se-
quence determined by us differs from the 5’-region

TABLE 5. Comparison of the HLAL 5'flanking region and exon 1 sequences presented in this paper

(Fig. 7) with those reported by Anderson et al. (31) and Aslanidis et al. (32)

Nucleotide(s) Anderson et al. Aslanidis et al. Lohse et al.
5"-Flanking region —488 not reported T T missing
~111 to —106 AACG TACACA AAACGC
—59 A A A/ C polymorphism
—48 G G G/ A polymorphism
Exon 1 +24 C T T
+25 T G G
+27 A C C
+28 G A A
+119 A G G
+120 A G G

The nucleotides of the 5-flanking sequence are numbered according to ref. 32, position —100 correspond-
ing to the putative transcription initiation site +1 (31).

Lohse et al.

The acid lipase gene family

published by Anderson et al. (31) in 28 nucleotides and
the HLAL exon 1 sequences are at variance at positions
+24, +25, +27, +28, +119, and +120 (Table 5).

In contrast to the HLAL promoter, the 5-flanking se-
quence of the HGL gene is AT-rich (66.7%), has a po-
tential TATA box element 21 bp upstream of the cap
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site, and contains multiple putative binding sites for se-
quence-specific DNA-binding proteins such as C/EBP,
E2A, GATA, Myb, and PEA3 (43; Fig. 4). The RLL 5-
flanking region of 898 nucleotides upstream of the
mapped transcriptional start site also has a high A/T
content of 67.8% and contains a TATA box sequence
25 bp 5’ of the cap site (Fig. 5). In addition, a CCAAT
element is present 342 bp upstream of the TATA-box,
outside of the region of preferential occurrence of this
motif in vertebrate promoter sequences (—212 to —57;
42). Comparison with consensus sequences for tran-
scription factor binding sites (43) provided matches for
two GATA sequences, one GHF sequence, one HNF-5
sequence, and one Myb sequence.

The characterization of the HLAL, HGL, and RLL
promoter regions may provide the information neces-
sary to define the regulatory elements that control de-
velopmental and tissue-specific expression of the re-
spective genes.

In summary, we have elucidated the HLAL, HGL, and
RLL gene structures and determined the sequences of
exon 1 and of 750, 865, and 898 bp of the b-flanking
regions, respectively. The three genes are organized
into ten exons separated by nine introns and span ap-
proximately 38.8 kb (HLAL), 14 kb (HGL), and 18.7
kb (RLL) of the human and rat genome. The size differ-
ences are mainly due to variations in intron length.
With regard to exon sizes and intron phase class, the
HGL and RLL gene structures are identical, while the
HLAL gene differs in the location of intron 1. These
results strongly suggest that the HGL/RLL and HLAL
genes arose by gene duplication and assumed different
roles in neutral lipid metabolism due to protein se-
quence divergence as well as tissue-specific expres-
sion. Al
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