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ABSTRACT cDNA and genomic cloning has been used to
determine the mRNA and amino acid sequence of human
plasma lecithin—cholesterol acyltransferase (LCATase; EC
2.3.1.43). The mature protein was found to contain 416 amino
acid residues with a hydrophobic leader sequence of 24 amino
acids. An unusual feature of the message is that the poly(A)
signal AATAAA overlaps the COOH-terminal glutamic acid
and stop codons, and the 3’ untranslated region is only 23
bases. The protein itself is distinguished by a number of
extended sequences of hydrophebic amino acids, one of which
contains a hexapeptide identical with the interfacial binding
segment of the active site of pancreatic lipase and is similar to
the same site of lingual lipase. The cloned cDNA allows the
expression of active LCATase by transfected tissue culture

cells.

Cholesterol of peripheral origin is transported through the
plasma for catabolism in the liver. The sequence of reactions
involved in this pathway (reverse cholesterol transport) is
believed to be important in peripheral cholesterol homeosta-
sis (1). A key component in the process of transport and
metabolism of cholesterol in plasma is its esterification by
lecithin—cholesterol acyltransferase (LCATase; EC 2.3.1.43).
This enzyme, a glycoprotein of apparent M, =63,000 (2, 3), is
secreted from the liver into the plasma compartment (4, 5).
Under physiological conditions, LCATase catalyzes the trans-
fer of acyl groups from the sn2 position of lecithin to the 3-OH
of free cholesterol. Apolipoprotein A-I, the major protein of
plasma high density lipoprotein, is a potent activator of
LCATase activity (6). The conversion of diffusible cholesterol
to its insoluble ester form in plasma is important in maintaining
a concentration gradient between cell membranes and plasma.
When LCATase activity is inhibited in vitro or in vivo, or is
genetically defective, cholesterol is no longer transported to
plasma and accumulates in the tissues (7-9). Although the
LCATase protein has been purified to homogeneity by several
laboratories, little is known of its structure or mechanism of
action. Here we report the isolation and sequence analysis of
human LCATase cDNA clones, the translated amino acid
sequence of the mature LCATase protein and its leader
prepeptide, and the expression of enzymatically active
LCATase from recombinant DNA plasmids.

METHODS

Protein Purification and Sequence. LCATase was purified
from normal human plasma (500 ml) by a modification of
procedures reported earlier (10). The p 1.21-1.25 g/ml
fraction was isolated following preparative centrifugation of
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plasma in NaBr solution (1.24 g/ml). This was passed through
a column (2.5 X 20 cm) of phenyl-agarose (Pharmacia,
Uppsala) equilibrated with 3 M NaCl/1 mM EDTA, pH 7.4.
After washing with 500 ml of 3 M NaCl/10 mM Tris-HCl, pH
7.4, the phenyl-agarose support was further washed with 0.15
M NaCl/Tris buffer until the ODyg, of the eluate was <0.05.
Remaining adsorbed protein was eluted with distilled water
and passed onto a column of DEAE-cellulose (DE-52,
Whatman) equilibrated with 10 mM Tris-HCI at pH 7.4. The
column was eluted with a gradient of NaCl (0-0.3 M NaCl in
10 mM Tris-HCl, pH 7.4). The fraction containing LCATase
was added to a column (1.5 X 4 c¢cm) of hydroxylapatite
(Bio-Rad, hydroxylapatite HT) equilibrated with distilled
water and eluted with a gradient of 0-5 mM sodium phos-
phate (pH 6.8) in 0.15 M NaCl. The LCATase-containing
fraction was collected. Any remaining apolipoprotein D was
removed, if necessary, by passing these column fractions
through an immunoaffinity column containing specific poly-
clonal antibody to apolipoprotein D covalently linked to
agarose by the CNBr procedure. The final product was
judged to be pure by gradient gel electrophoresis as deter-
mined by silver staining.

NH,-terminal sequence analysis was performed on native
LCATase on a prototype gas/liquid-phase sequencer with
trimethylamine, phenylisothiocyanate, and trifluoroacetic
acid as reagents. Extracted anilinothiazolinone amino acid
derivatives were automatically converted to phenylthiohy-
dantoin amino acids with 25% aqueous trifluoroacetic acid
and were separated on a Beckman ultrasphere octyl column.
Tryptic peptides were sequenced by the gas/liquid-phase
sequencer or a modified Beckman model 890B sequencer.
Tryptic digestion of LCATase was performed in 0.1 M Tris
(pH 8.0) with 0.01% Tween 20 at 37°C for 18 hr with an
enzyme-to-substrate ratio of 1:20. The digest was
chromatographed on a Synchrom RP-4 column (4.6 mm X 10
cm). The elution solvents were 0.1% trifluoroacetic acid in
water (solvent 1) and 1l-propanol containing 0.07%
trifluoroacetic acid (solvent 2). Peptides were eluted with a
linear gradient of from 1% solvent 2 and 99% solvent 1 to 50%
solvent 2 and 50% solvent 1 at 25°C with a flow rate of 1.0
ml/min using a Spectra Physics model SP8000 HPLC.

c¢DNA and Genomic Cloning. Human adult liver cDNA
libraries in Agt10 were prepared and provided by Axel Ullrich
and Lisa Coussens of Genentech, Inc. (11, 12). Phage were
screened on filters with single oligonucleotide probes ranging
from 33 to 60 bases, as described in Results. DNA from
positive phage was isolated by standard procedures and
fragments were subcloned into M13 phage vectors for DNA
sequencing by dideoxy chain termination (13). All sequences
reported in this paper resulted from independent analysis of
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both DNA strands. A human genomic library in ACharon 30
(14) was screened with restriction fragments of cDNA clones
by standard procedures.

RNA Analysis. RNA transfer blot analysis followed elec-
trophoresis of human liver poly(A)* RNA in 1.5% agarose
gels containing 6% formaldehyde. After transfer, the nitro-
cellulose filter was hybridized with 3?P-labeled LCATase
cDNA clone pL12 in 0.75 M NaCl, 75 mM trisodium citrate,
50 mM sodium phosphate (pH 6.8), SX concentrated
Denhardt’s solution (15), 50% formamide, 10% dextran sulfate,
and 20 ug of boiled, sonicated salmon sperm DNA per ml at
42°C, washed in 15 mM NaCl/1.5 mM sodium citrate/0.1%
NaDodSO; at 65°C, and exposed to x-ray film.

Expression and Assay. An LCATase cDNA expression
plasmid was constructed by joining the 5’ portion of clone
pL12 and the 3’ portion of clone pL4 at the internal Pst I site.
The resulting 1.5-kilobase EcoRI fragment was ligated into
plasmid pgDtruncDHFR (16) after removing the EcoRI
fragment containing the herpes simplex virus gD coding
sequences. COS-7 (monkey kidney) cells at a density of 1.5
x 10° cells per 60-mm dish were rinsed in serum-free Eagle’s
minimal medium, transfected with plasmid pSVLCAT-1 (4
pg/ml) and DEAE (200 ug/ml) (17) in the same medium for
S hr at 37°C and 7% CO,, rinsed in serum-free growth
medium, and grown in 2.5 ml of serum-free growth medium
for 60 hr. (Serum-free growth medium is medium F-12
supplemented with 5 mg of insulin per ml and 10 mg of
transferrin per ml.) Supernatants were removed and assayed
immediately. Control cultures of COS-7 cells were subjected
to the same transfection and growth protocol, except that
pSVLCAT.1 DNA was not included. Culture supernatants
were assayed for LCATase activity as described (10). Ac-
tivity is expressed as picomoles of cholesteryl ester synthe-
sized per milliliter of culture medium per hour.

RESULTS

Partial Protein Sequence, Oligonucleotide Probes, and
c¢DNA Cloning. Amino acid sequence was determined for the
first 18 NH,-terminal residues of LCATase and for tryptic
digest peptides ranging from 11 to 20 residues. Utilizing
tables of codon usage of mammalian genes and seeking to
avoid purine-purine mismatches if no clear choice was
evident, we designed single oligonucleotide probes of 33-60
bases (see Fig. 1). About 2 million phage from an oligo(dT)-
primed human adult liver cDNA library in Agt10 were grown
on 40 15-cm Petri plates from which triplicate nitrocellulose
filters were lifted. The filters were hybridized with different
32p.end-labeled oligonucleotide probes in 0.75 M NaCl, 75
mM trisodium citrate, 50 mM sodium phosphate (pH 6.8), 5x
concentrated Denhardt’s solution, 20% formamide, 10%
dextran sulfate, and 20 ug of boiled, sonicated salmon sperm
DNA per ml at 42°C overnight and washed for 2 hrin 0.15 M
NaCl/15 mM trisodium citrate/0.1% NaDodSO, at 43°C.
Nineteen very strongly hybridizing duplicate positives were
observed with filters hybridized with the LCAT.4 probe and
with filters hybridized with both the LCAT.3 and LCAT.5
probes. Southern blots in these same hybridization solutions
revealed =10 discrete bands and RNA transfer blots revealed
a hybridizing RNA smaller than 18 S. Upon rescreening with
separated probes, 15 of 19 picked plaque regions rehybridized
with LCAT.4, 12 also with LCAT.3, and 4 with LCAT.1, the
probe based on NH,-terminal protein sequence. The four
phage that hybridized with the NH,-terminal probe were the
best candidates for full-length cDNA clones and were sub-
sequently plaque-purified and analyzed by DNA sequencing
(along with a fifth cDNA clone recovered subsequently).

c¢DNA Sequence. The extent of the five LCATase cDNA
clones that were sequenced and the deduced structure of
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NH, terminus of LCATase: LCAT.1

Peptide sequence Phe Trp Leu Leu Asn Val Leu Phe Pro Pro His Thr Thr Pro Lys
Oligonucleotide probe TTC TGG CTG CTG AAC GTG CTG TTC CCT CCT CAC ACC ACC CCT AAG
Corresponding LCATase TTC TG CTC CTC AAT 6T6 CTC TTC CCC CCG CAC ACC ACG CCC AAG

sequence
Tryptic peptide: LCAT.3

Leu Glu Pro Gly GIn GIn Glu Glu Tyr Tyr Arg
CTG GAA CCT GGC CAG CAG GAG GAG TAC TAC CGG
CTG GAG CCC GGC CAG CAG GAG GAG TAC TAC CGC

Tryptic peptide: LCAT.4

Ile Thr Thr Thr Ser Pro Trp Met Phe Pro Asp Arg

ATC ACC ACC ACC TCC CCT TGG ATG TTC CCT GAC CGG

ATA ACC ACC ACC TCC CCC TGG ATG TTT CCC(gCT)CGC
er

Tryptic peptide: LCAT.5

Gln Pro Gln Pro Val His Leu Leu Pro Ala His Gly Ile Gln His Leu Asn Met Val Phe

CAG CCT CAG CCT GTG CAC CTG CTG CCT GCT CAC GGC ATC CAG CAC CTG AAC ATG GTG TTC

CAG CCA CAG CCT GTG CAC CTG CTG CCC CTG)CAC GGG ATA CAG CAT CTC AAC ATG GTC TTC
(Leu

Fic.1. Peptide sequence and oligonucleotides probes. In each of
four cases, the direct peptide sequence analysis (top line) led to the
synthesis of the unique ‘‘long’’ oligonucleotide probes shown. (The
actual probes were the reverse complement of these sequences so
that they could be used for hybridization to RNA as well as to DNA.)
The corresponding LCATase cDNA sequences are shown on the
bottom line. In two cases, an amino acid coded by the cDNA differed
from that predicted from peptide sequencing (as indicated by
parentheses).

LCATase mRNA are shown in Fig. 2. Fig. 3 displays the
DNA sequence and translated sequence of the LCATase
cDNA. The DNA sequences of all five LCATase cDNA
clones were similar, differing only in the extent of LCATase
mRNA represented and in the length of poly(A) tails. The two
longest clones, pL4 and pL12, were sequenced to comple-
tion, whereas cytosine reactions only were performed for
pL2, pL10, and pL19. Clones pL2, pL4, pL10, and pL19
contained poly(A) tails of different lengths (50-90 bases) at
the same location, whereas pL12 did not extend back to the
poly(A) tail. Clones pL4 and pL12 extended farthest at the 5’
end. They both contained the entire coding sequence for the
LCATase protein but contained only short regions of 5’
untranslated sequence. The DNA sequence of the indepen-
dent clones pL4 and pLL12 were identical throughout the
=1400 base pairs (bp) for which they correspond, serving to
confirm the veracity of the cloning and sequencing proce-
dures.

The 5’ end of the cDNA contains an initiator methionine
codon followed by a continuous open reading frame that
codes for a 440 amino acid polypeptide. The first 24 residues
contain a core of hydrophobic amino acids and are likely to
represent an NH,-terminal secretion signal peptide. There-
after follows the sequence (beginning Phe-Trp-Leu) of the
NH; terminus of the LCATase protein as it is purified from
plasma. The mature protein contains 416 amino acids with a
calculated M, of 47,090. LCATase is known to be a glyco-
protein that migrates on NaDodSQ,/polyacrylamide gel at
M; =63,000. Previous authors estimated a carbohydrate
content of 25% and a deduced polypeptide weight of about M,
45,000 (2). The translated DNA sequence predicts four
possible N-linked glycosylation sites (Asn-Xaa-Ser; Asn-
Xaa-Thr). Glycosylation at one of these sites (residue 272)
was detected during the course of peptide sequencing. Other
potential sites of glycosylation remain unconfirmed.

The methionine codon at nucleotides 12-14 (Fig. 3a) is
presumed to initiate transcription of the preprotein. This
ATG is followed by guanosine and preceded by guanosine at
-3 nucleotides, in reasonable agreement with consensus
sequences near the translation start of eukaryotic mRNA
(19). None of the cDNA clones we characterized contains the
entire 5’ untranslated region of the message. RNA transfer
blot hybridization of human liver poly(A)* RNA probed with
LCATase cDNA clone 12 (Fig. 2a) reveals a single hybrid-
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FiG. 2. Human LCATase mRNA. (a) RNA transfer blot hybridization. Five micrograms of poly(A)* RNA from human liver was
electrophoresed in a 1.5% agarose/6% formaldehyde-containing gel, transferred to nitrocellulose, and probed with 32P-labeled LCATase cDNA
clone pL12. The single hybridizing band measures 1550 + 50 nucleotides. E. coli, yeast, and bovine rRNAs and Hae I1I-digested X DNA served
as size standards. (b) Human LCATase mRNA, as deduced from cDNA clones, is depicted below a size scale in nucleotides. Direction of
transcription is from left to right. Features of the message are 5’ untranslated region (estimated size; dotted line), leader peptide coding region
(hatched box), mature coding region (open box), and 3’ untranslated region ending in poly(A) site (line with bar). All of the sites for the restriction
enzymes S (Sst I), T (Taq I), K (Kpn I), Sc (Sca I), and P (Pst I) are shown. Below this line, the five horizontal bars indicate the extent of
characterized cDNA clones. Both strands of clones pL4 and pL12 were sequenced to completion, whereas the extents of clones pL2, pL10,
and pL19 were subject to cytosine reactions only. Hatched bars on the bottom line depict regions of genomic clones that were sequenced to

elucidate the terminal regions of the gene.

izing band of 1550 = 50 bases. This implies that LCATase
mRNA contains =100 bases of 5’ untranslated sequence.

The 3’ end of the cDNA clone sequences reveals an
unusually short 3’ untranslated region of 23 nucleotides.
Indeed, the common poly(A) signal AATAAA that precedes
eukaryotic poly(A) sites by 20-30 nucleotides (20) is partially
contained in the codon for the COOH-terminal glutamine
(GAA) and in the translation stop codon TAA. The four
independent poly(A)-containing clones we analyzed all had
poly(A) tails at the same site. RNA transfer blot analysis did
not indicate the abundant presence of longer RNA species,
suggesting that the proposed location is the major site of
polyadenylylation.

Genomic Clones. Due to the incomplete 5’ ends and the
unusual features of the 3’ ends of LCATase cDNA clones, we
isolated and analyzed the corresponding regions of genomic
DNA. A Sau3Al partial-digest library of human genomic
DNA in phage ACharon 30 (14) was screened with 3’ and 5’
terminal Sst I fragments from pL12. Five hybridizing clones
were recovered and all appeared to contain the entire cDNA
coding sequence, as determined from restriction mapping and
hybridization experiments. Phage DNA from one of these
genomic clones, AL1, was cut with several restriction en-
zymes recognizing five or fewer bases, transferred to nitro-
cellulose by the method of Southern, and hybridized with the
terminal probes. Both probes hybridized to Alu I fragments
=400 bp in length. Alu I-digested AL1 DNA in this size range
was isolated by gel electrophoresis and cloned into bacterio-
phage M13. Plaques hybridizing to terminal Sst I probes were
isolated and subjected to dideoxy sequencing, resulting in the
sequence of genomic fragments overlapping the 5’ and 3'
ends of LCATase cDNA (Fig. 3b).

The genomic sequence extends 267 bp 5’ of the methionine
codon presumed to initiate translation of the preprotein. No
ATG triplets are found in this region, whereas stop codons
occur in all three reading frames. The 3’ genomic sequence
extends 154 bp beyond the stop codon and agrees with the
sequence of the short 3’ untranslated region and the poly(A)
site inferred from the cDNA clones. No other AATAAA
sequences, nor recognized variants of this poly(A) signal,
occur in this region of the genome, which extends 134 bp
beyond the poly(A) site in the cDNA clones.

Expression of the Cloned LCATase Gene. The full-length
LCATase cDNA was assembled from the clones pL4 and
pL12 and inserted into an expression plasmid containing the
SV40 origin of replication and early promoter to effect
expression of LCATase coding sequences. The plasmid is
designated pSVLCAT.1. COS-7 monkey kidney cells were
transfected with this DNA and the culture supernatants were

assayed for LCATase activity after 60 hr. Background
activities in serum-free growth medium and in medium from
mock-transfected COS-7 cells were also determined. Based
on three separate experiments, LCATase activity in the
medium of transfected cells was 4 * 1.9 pmol'ml~“hr~!,
whereas activity in the medium of control cells cultured
under the same conditions was 0.5 + 0.4 pmol'ml~Vhr™1,
There was no detectable activity in the medium when 1.5 mM
5,5'-dithiobis(2-nitrobenzoic acid), a known LCATase inhib-
itor (21), was included in the assay medium or when apo-
lipoprotein A-I was not present. These data indicate that the
appearance of LCATase in the culture medium is induced
after transfection with plasmid pSVLCAT-1 and that this
activity has the properties of the plasma enzyme in terms of
its cofactor dependence and inhibition by sulfhydryl re-
agents. These results are derived from a transient expression
system and serve to verify that the cloned cDNA codes for
LCATase, which can be expressed in heterologous cells as a
recombinant DNA-derived product. Eventual large-scale
production of LCATase will clearly depend on expression in
microorganisms or tissue culture systems from stably incor-
porated recombinant DNA.

DISCUSSION

Full-length or near full-length LCATase cDNA clones were
efficiently recovered from a AgtlQ library utilizing unique
sequence oligonucleotide probes representing one codon
choice for each of four different stretches of amino acid
sequence. As demonstrated previously (14, 22, 23), the use of
unique sequence ‘‘long probes’’ has several advantages over
the use of pools of 14- to 17-nucleotide probes synthesized to
represent all possible codon choices. The number of false
positive clones can be reduced, and single long probes are
less sensitive to errors in protein sequencing. Two of the
probes used here were successful, even though one amino
acid prediction in each failed to match the cloned cDNA
sequences. The use of several independent probes increases
the proportion of desired clones among hybridization posi-
tives, and ‘‘previewing’’ the probes with genomic DNA
Southern blots and RNA transfer blots aids in the evaluation
of the probe and in determining optimal hybridization con-
ditions. In the current case, the inclusion of a probe based on
NH,-terminal sequence allowed the rapid identification of
full-length clones in the initial screen. This approach has the
added advantage of streamlining the efforts in protein se-
quencing. An efficient strategy is to obtain NH,-terminal
sequence on intact protein as well as sequence from several
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21 -1 -1
Met Gly Pro Pro Gly Ser Pro Trp 6ln Trp Val Thr Leu Leu Leu Gly Leu Leu Leu Pro Pro Ala Ala Pro
CCAGGGCTGGA ATG GGG CC6 CCC G6C TCC CCA T66 CAG T6G GTG ACG CT6 CT6 CT6 666 CT6 CT6 CTC CCT CCT GCC 6CC CCC

1 1 2
Phe Trp Leu Leu Asn Val Leu Phe Pro Pro His Thr Thr Pro Lys Ala Glu Leu Ser Asn His Thr Arg Pro Val Ile Leu
T1C TGG CTC CTC AAT GTG CTC TTC CCC CCG6 CAC ACC ACG CCC AAG 6CT GAG CTC AGT AAC CAC ACA CGG CCC GTC ATC CTC

—
31 41 51

Val Pro Gly Cys Leu Gly Asn Gin Leu Glu Ala Lys Leu Asp Lys Pro Asp Val Val Asn Trp Met Cys Tyr Arg Lys Thr

GT6 CCC 66C TGC CTG GGG Ml’ CAG CTA GAA GCC AAG CTG GAC AAA CCA GAT GTG GT6 AAC T66 ATG T6C TAC CGC AAG ACA

61 7 81
Glu Asp Phe Phe Thr Ile Trp Leu Asp Leu Asn Met Phe Leu Pro Leu Gly Val Asp Cys Trp Ile Asp Asn Thr Arg Val
GAG GAC TTC TTC ACC ATC TGG CTG GAT CTC AAC ATG TTC CTA CCC CTT GGG GTA GAC TGC TGG ATC GAT AAC ACC AGG GTT

[— 101
Val Tyr Asn Arg Ser Ser Gly Leu Val Ser Asn Ala Pro Gly Val 6ln Ile Arg Val Pro 6ly Phe Gly Lys Thr Tyr Ser
GTC TAC AAC C6G AGC TCT GG6 CTC GTG TCC AAC GCC CCT GGT GTC CAG ATC C6C GTC CCT 66C TTT GGC AAG ACC TAC TCT

121
Val Glu Tyr Leu Asp Ser Ser Lys Leu Ala Gly Tyr Leu His Thr Leu Val Gin Asn Leu Val Asn Asn Gly Tyr Val Arg
GTG GAG TAC CT6 GAC AGC AGC AAG CTG GCA GGG TAC CTG CAC ACA CTG GTG CAG AAC CTG GTC AAC AAT 66C TAC 6T6 C66

141 161
Asp Glu Thr Val Arg Ala Ala Pro Tyr Asp Trp Arg Leu Glu Pro Gly GIn 6In 6lu Glu Tyr Tyr Arg Lys Leu Ala 61y
GAC GAG ACT GTG CGC GCC 6CC CCC TAT GAC TG6 CGG CTG GAG CCC GGC CAG CAG GAG GAG TAC TAC CGC AAG CTC GCA G66
r r 1

171 8
Leu Val Glu Glu Met His Ala Ala Tyr Gly Lys Pro Val Phe l.eu Cys Leu His Leu Leu Tyr
CTG GTG GAG GAG ATG CAC GCT GCC TAT GGG AAG CCT GTC TTC CTC{ATT GGC CAC AGC CTC 6GCITGT CTA CAC TT6 CTC TAT
191 201

11
Phe Leu Leu Arg GIn Pro Gin Ala Trp Lys Asp Arg Phe Ile Asp Gly Phe Ile Ser Leu Gly Ala Pro Trp Gly Gly Ser
TTC CTG CTG CGC CAG CCC CAG GCC TGG AAG GAC CGC TTT ATT GAT GGC TTC ATC TCT CTT G66 GCT CCC T66 66T GGC TCC

231 241
Ile Lys Pro Met Leu Val Leu Ala Ser Gly Asp Asn GIn Gly Ile Pro Ile Met Ser Ser Ile Lys Leu Lys 6lu Glu Gln
ATC AAG CCC ATG CTG GTC TTG 6CC TCA GGT GAC AAC CAG GGC ATC CCC ATC ATG TCC AGC ATC AAG CTG AAA GAG GAG CAG

26
Arg Ile Thr Thr Thr Ser Pro Trp Met Phe Pro Ser Arg Met Ala Trp Pro Glu Asp His Val Phe Ile Ser Thr Pro Ser
0GC ATA ACC ACC ACC TCC CCC TGG ATG TTT CCC TCT CGC ATG GCG TG6 CCT GAG GAC CAC 6TG TTC ATT TCC ACA CCC AGC
r - )
2n 281
Phe Asn Tyr Thr Gly Arg Asp Phe Gin Arg Phe Phe Ala Asp Leu His Phe Glu Glu Gly Trp Tyr Met Trp Leu GIn Ser
TTC AAC TAC ACA GGC CGT GAC TTC CAA C6C TTC TTT GCA GAC CTG CAC TTT GAG GAA GGC TGG TAC ATG TGG CT6 CAG TCA

301 311 321
Arg Asp Leu Leu Ala Gly Leu Pro Ala Pro Gly Val Glu Val Tyr Cys Leu Tyr Gly Val Gly Leu Pro Thr Pro Arg
CGT GAC CTC CTG GCA GGA CTC CCA GCA CCT GGT GTG GAA GTA TAC TGT CTT TAC 66C GT6 GGC CT6 CCC ACG CCC CGC ACC

331 341 351
Tyr 1le Tyr Asp His Gly Phe Pro Tyr Thr Asp Pro Val Gly Val Leu Tyr Glu Asp Gly Asp Asp Thr Val Ala Thr Arg
TAC ATC TAC GAC CAC 66C TTC CCC TAC ACG GAC CCT 6TG GGT GTG CTC TAT GAG GAT GGT GAT GAC ACG 6T6 GCG ACC CGC

1
371

Ser Thr Glu Leu Cys Gly Leu Trp GIn Gly Arg Glin Pro GIn Pro Val His Leu Leu Pro Leu His Gly Ile GIn His Leu

AGC ACC 6AG CTC TGT 66C CTG TGG CAG GGC CGC CAG CCA CAG CCT 6TG CAC CTG CTG CCC CTG CAC 666 ATA CAG CAT CTC

381 391
Asn Met Val Phe Ser Asn Leu Thr Leu Glu His Ile Asn Ala Ile Leu Leu Gly Ala Tyr Arg Gin Gly Pro Pro Ala Ser

AAC ATG GTC TTC AGC AAC CTG ACC CTG GAG CAC ATC AAT GCC ATC CTG CTG GGT GCC TAC CGC CAG 6GT CCC CCT GCA TCC
D |

411
Pro Thr Ala Ser Pro Glu Pro Pro Pro Pro Glu End
CC6 ACT GCC AGC CCA GAG CCC CCG CCT CCT GAA TAAAGACCTTCCTTTGCTACCGTA,

5' flanking and untranslated

1 TGAGGCCTGA CTTTTTCAAT AAAACATTGT GTAGTTCTGE GCCTCCTGCT GCCCCGECTC TETTTCCCCT GGCGCCAAGA GAAGAAGGCE GAACTGAACC

101 CAGGCCCAGA GCCGGCTCCC TGAGGCTGTE CCCCTTTCCE GCAATCTCTG GCCACAACCC CCACTGBCCA 66CCETCCCT CCCACTGECC CTAGGGCCCC

201 TCCCACTCCC ACACCAGATA AGGACAGCCC AGTGCCGCTT TCTCTGGCAG TAGGCACCAG GGCTGGA

=21
Met Gly Pro Pro Gly Ser Pro Trp
ATG GGG CC6 CCC 6GC TCC CCA TG6

3* flanking and untranslated

1302

1394

411
Thr Ala Ser Pro Glu Pro Pro Pro Pro Glu End
ACT GCC AGC CCA GAG CCC CCG CCT CCT GAA TAA  AGACCTTC CTTTGCTACC GTAAGCCCTG ATGGCTATGT TTCAGGTTGA AGGGAGGCAC

TAGAGTCCCA CACTAGGTTT CACTCCTCAC CAGCCACAGG CTCAGTGCTG TGTGCAGTGA GGCAAGATGE GCTCTGCTGA GGCCTGGGAC TGAGCT
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Fic. 3. DNA sequence analysis. (a)
Human LCATase cDNA. Nucleotides (left
of each row) are numbered from the 5’
terminus of cDNA clone pL12. The com-
plete predicted amino acid sequence of
LCATase is shown above the DNA se-
quence. Negative amino acid numbers
(above residues) refer to the presumed
leader prepeptide; positive numbers refer
to the mature protein. Eighteen NH,-term-
inal residues sequenced here, in agreement
with eight reported by Doi and Nishida
(18), serve to position the mature NH,
terminus. The four predicted N-linked
glycosylation sites are overlined, and the
six-residue stretch (surrounded by hydro-
philic regions), which is identical to the
interfacial binding site of porcine pancre-
atic lipase, is boxed in. Peptide sequence
determined directly from the NH, terminus
or from tryptic fragments is underlined;
some residues in these regions were am-
biguous. Double underlines indicate the
conserved poly(A) signal hexanucleotide.
Poly(A) tails of varying length occur at the
same location in four cDNA clones. Com-
plete DNA sequencing was performed on
both strands of two independent clones by
dideoxy chain-termination procedures. (b)
Genomic sequences obtained from bacteri-
ophage \ clones are shown that overlap the
5’ and 3’ ends of the cDNA, respectively.
5’ Flanking nucleotides are arbitrarily
numbered from the 5’ end of available
sequence. NH,-terminal LCATase protein
sequence is numbered as in a. Stop codons
in all three reading frames are underlined.
The first in-frame upstream stop codon is
the TGA of nucleotides 121-124. 3’ Flank-
ing nucleotides and COOH-terminal pep-
tides are numbered as in a. The poly(A)
signal hexanucleotide has double under-
lines and the site of poly(A) tail addition
has single underlines.

tryptic peptides and to use all of these as the basis of unique
sequence long probes. There is no demand for the often
laborious search for sequences of low codon redundancy.

The human LCATase mRNA is =1550 nucleotides, as
revealed by RNA transfer blot hybridization. Together with
the analysis of cDNA and genomic clones, this implies that
the 1320-base open reading frame is flanked by ~100 bases of
5’ untranslated sequence. The longest cDNA clone extends
only 11 bp of 5’ of the ATG believed to initiate translation.
However, the sequence from genomic clones (Fig. 3b) reveals
no other ATG triplets in the 267 bp 5’ to the ATG start codon,
whereas stop codons occur in all possible reading frames within
147 bases of this ATG. We have not yet mapped the true 5’
terminus of the LCATase mRNA nor determined whether
introns are located in the 5’ untransiated region.

The 3’ untranslated region of the LCATase gene is unusu-

ally short. Only 23 nucleotides separate the final glutamine
codon from the poly(A) tail. Indeed, the ubiquitous poly(A)
signal AATAAA is partially contained within the glutamine
and stop codons. To our knowledge, such parsimony of RNA
sequence has been reported in only two other eukaryotic
nuclear genes (31, 32). The site identified appears to be the
principal site of polyadenylylation of the LCATase message
in human liver for several reasons. (i) All of the four
independent cDNA clones that we sequenced contained
poly(A) tails at the same location. (i) DNA sequence of the
genomic LCAT clone revealed no other AATAAA (or closely
related) poly(A) signal sequences within the 134 further 3’
nucleotides analyzed (Fig. 3b). (iii) The genomic sequence
contains the octanucleotide TATGTTTC beyond the poly(A)
site that conforms to a consensus sequence located down-
stream from 67% of mammalian mRNA termini examined
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(24). (iv) Blot hybridization (Fig. 2a) revealed a single
hybridizing RNA species of =1550 bases without other
noticeable discrete larger forms. Poly(A) tails of ~100 nu-
cleotides at this location and a 5’ untranslated region of ~100
bases are consistent with this mRNA size determination and
an open reading frame of 1320 bases.

Translation of the cloned cDNA sequence provides the
complete amino acid sequence of LCATase. The mature
protein of 416 residues is preceded by a hydrophobic leader
sequence of 24 amino acids. The calculated M; of this
polypeptide agrees with previous size estimates for a glyco-
protein of M, =60,000-67,000, which is believed to contain
=~25% carbohydrate by mass. The amino acid composition
predicted from the cDNA sequences falls within the range of
values from five independent determinations, except that we
predict six cysteines, rather than the four reported by amino
acid analysis by Chong et al. (25). If the first 24 amino acids
of the open reading frame do indeed represent a cleaved
signal sequence, then the mature protein begins with the
sequence Phe-Trp-Leu-Leu, etc., in agreement with NH,-
terminal sequence of the plasma-derived protein determined
here as well as the eight NH,-terminal residues reported by
Doi and Nishida (18). These agreements with previous
reports, as well as the expression of LCATase activity from
the plasmid pSVLCAT.1 and the sequence homology dis-
cussed below, support the conclusion that the cDNA clone
described here codes for LCATase.

Although no other cholesterol acyltransferase has been
sequenced, the human LCATase sequence shares some
features with sequences of other catalytic factors that interact
with lipids. Several enzymes and transfer proteins have been
found to bind lipids at ‘‘interfacial’’ active sites consisting of
extended linear sequences of hydrophobic amino acids
(26-28). The amino acid sequence of LCATase conforms to
this pattern. In addition to the overall hydrophobic character
of the protein, several linear sequences of five or more
hydrophobic residues can be identified. Of special interest
are the sequences -Val-Phe-Leu-Ile-Gly- and -Leu-Gly-Cys-
Leu-His-Leu-Leu-Tyr-Phe-Leu-Leu-, which surround the
hexapeptide -Ile-Gly-His-Ser-Leu-Gly- (residues 178-183).
This sequence is identical to residues 149-154 of porcine
pancreatic lipase. Furthermore, the serine in this hexapeptide
has been identified as part of the interfacial active site of that
lipase (29). Rat lingual triglyceride lipase has been found to
contain a similar active site sequence (-Val-Gly-His-Ser-Gln-
Gly-) (30). These data are suggestive of a common hydro-
phobic attachment site in several different enzymes of lipid
metabolism. There is no other substantial homology between
them, however, and whether the similarity observed is the
result of convergence or acommon origin cannot presently be
determined.

To our knowledge, aside from LCATase, no other enzymes
of plasma lipid metabolism have been sequenced. In their
reactions with plasma lipids in lipoprotein form, these en-
zymes often show complex requirements of cofactor depen-
dence and reactivity strongly dependent upon the composi-
tion of the lipoprotein surface. The availability of the se-
quence of LCATase may represent a first step in determining
the molecular basis of the specificity and mode of action of

this enzyme.
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