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Abstract Structure of rabbit lecithin:cholesterol acyltrans-
ferase (LCAT) and molecular basis for the effects of choles-
terol feeding on LCAT expression were investigated by clon-
ing and sequencing LCAT ¢DNA from rabbit. The rabbit and
human sequences are 91% identical at the nucleotide level
and 93% identical at the amino acid level. The interfacial
substrate active site, asparagine-linked glycosylation sites, and
sites at which rare mutations cause human familial LCAT
deficiency are all highly conserved in the rabbit protein. The
apparent molecular mass of rabbit LCAT, as determined by
immunoblot analysis, was approximately equal to that of hu-
man LCAT. Rabbits showed 2.6- and 5.5-fold increases in
serum LCAT activity 3 and 6 weeks, respectively, after switch-
ing to a cholesterol-enriched diet. Northern blot analysis re-
vealed that the abundance of LCAT mRNA in liver increased
1.6- and 2.8-fold after 3 and 6 weeks, respectively, of choles-
terol feeding.ll The marked temporal relation between the
increase in serum LCAT activity and the liver LCAT mRNA
abundance suggest that the regulation of LCAT activity in
vivo may be primarily determined by changes in the amount
of LCAT mRNA.—Murata, Y., E. Maeda, G. Yoshino, and M.
Kasuga. Cloning of rabbit LCAT cDNA: increase in LCAT
mRNA abundance in the liver of cholesterol-fed rabbits. J.
Lipid Res. 1996. 37: 1616-1622.
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The plasma enzyme, lecithin:cholesterol acyltrans-
ferase (LCAT) plays an important role in the process of
reverse cholesterol transport in humans by promoting
cholesteryl ester formation (1). Cholesterol esterifica-
tion by LCAT contributes to the formation of the hydro-
phobic lipid core of high density lipoprotein (HDL)
particles and helps to maintain the gradient in choles-
terol concentration between cell membranes and
plasma that is important for cholesterol efflux from
peripheral tissues (2, 3). This efflux is the first step in
the transport of excess cholesterol from extrahepatic
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cells to the liver. Although LCAT is a key enzyme in this
process, serum LCAT level and activity do not always
reflect the suppression of atherosclerosis, and the fac-
tors that regulate plasma LCAT activity in vivo remain
unclear.

We attempted to investigate the lipoprotein metabo-
lism in an animal model with increased LCAT activity
and to shed light on the role of LCAT in reverse choles-
terol transport. Although the LCAT transgenic mouse
can be a good tool to examine the role of LCAT in
lipoprotein metabolism in vivo (4-6), rodents are
thought not to be suitable animal models for studying
cholesterol reverse transport because of their low
cholesteryl ester transfer protein (CETP) activity, an-
other important component of this system.

On the other hand, the rabbit seems to be a more
suitable animal because of its high CETP activity and
high sensitivity to cholesterol feeding. Structure and
properties of rabbit LCAT have not been fully de-
scribed. The nucleotide sequences of human, mouse,
rat, baboon, and chicken LCAT cDNA have already
been determined (7-11). In published reports, similari-
ties with human LCAT at both the nucleotide and amino
acid levels have been observed.

We now present the nucleotide and deduced amino
acid sequences of rabbit LCAT ¢DNA, and examine
excess cholesterol loading in the rabbit as a regulatory
factor of LCAT activity in vivo. Simultaneous determi-
nation of rabbit serum LCAT activity and liver LCAT
mRNA abundance after cholesterol feeding enabled us

Abbreviations: LCAT, lecithin:cholesterol acyltransferase; HDL,
high density lipoproteins; CETP, cholesteryl ester transfer protein;
apoA-1, apolipoprotein A-I; VLDL, very low density lipoproteins; LPL,
lipoprotein lipase; HTGL, hepatic triglyceride lipase.
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to further study the crucial role of LCAT in the reverse
cholesterol transport system.

MATERIAL AND METHODS

Cloning of LCAT cDNA

Screening of rabbit liver cDNA library in Agt10 with
a fulllength human LCAT cDNA (kindly provided by
Dr. J. Mclean) yielded three positive cDNA clones. DNA
from positive phage was isolated by standard proce-
dures (7, 12) and subcloned into the M13 phage vector
for DNA sequencing by dideoxy chain termination (13).
All regions were sequenced at least twice.

Analysis of tissue distribution of LCAT mRNA

The tissue distribution of rabbit LCAT mRNA was
investigated by Northern blot analysis. Total RNA was
extracted from liver, kidney, spleen, adrenal glands, and
testis of a Japanese white rabbit with the use of
guanidine thiocyanate and was further purified by CsCl
gradient ultracentrifugation (14). RNA (20 pg) was
transferred to a nitrocellulose filter and hybridized with
32P-labeled rabbit LCAT ¢cDNA. The filter was subjected
to a final wash at 55°C in 1x standard saline citrate
containing 0.1% SDS. Hybridization signals were de-
tected with an image analyzer (Fujix Bioimaging Ana-
lyser, BAS2000) for quantitation of specific mRNA
abundance. Differences in the amount of applied RNA
were corrected for by scanning the signals obtained with
a f-actin cDNA probe.

Preparation of antibodies to rabbit LCAT

Polyclonal antibodies to a synthetic COOH-terminal
peptide of rabbit LCAT were prepared in goats. A
peptide corresponding to the COOH-terminal 18 amino
acids of the mature LCAT with an added NHo-terminal
cysteine was coupled to keyhole limpet hemocyanin.
The conjugate was dissolved in phosphate-buffered sa-
line, emulsified with Freund’s complete adjuvant, and
injected into goats. The goats were administered
booster injections of the antigen emulsified in Freund’s
incomplete adjuvant at 2-week intervals.

Determination of rabbit LCAT activity

Rabbit LCAT activity was determined with a proteo-
liposome substrate composed of rabbit apolipoprotein
A-1 (apoA-]), phosphatidylcholine, and [*H]cholesterol
(unesterified). ApoA-I1 was prepared essentially as de-
scribed by Scanu, Lim, and Edelstein (15). Briefly, HDL
was separated by ultracentrifugation from fresh nor-
molipemic rabbit plasma, depleted of lipid, and fraction-
ated by gel filtration chromatography on a Superdex-
200 column (Pharmacia). The major peak (peak 3)

fraction was dialyzed and lyophilized, and its purity was
determined by SDS-polyacrylamide gel electrophoresis.
Single-bilayer phosphatidylcholine-cholesterol vesicles
were prepared according to the method of Batzri and
Korn (16). The rate of [3H]cholesterol esterification was
measured as described (17). LCAT activity was meas-
ured in a total volume of 125 ul during incubation for
90 min at 37°C, and data are expressed as nmols of free
cholesterol consumed per milliliter per hour.

Plasma LCAT level estimation

LCAT mass was estimated by Western blot analysis
using a purified polyclonal antibody prepared as de-
scribed above. Blot images were quantified by using
NIH image.

Analysis of LCAT mRNA abundance in liver, LCAT
activity, and LCAT mass in serum of cholesterol-fed
rabbits

Male Japanese white rabbits with body mass of 2.0-2.5
kg were fed regular rabbit chow before the study and
then were maintained on the same chow supplemented
with 0.5% cholesterol. Blood was collected from five
rabbits after a 24-h fast both before and 3 and 6 weeks
after the start of the experimental diet. The serum
concentration of total cholesterol was determined enzy-
matically and that of HDL-cholesterol by MgCly phos-
photungstate precipitation. Serum LCAT activity and
LCAT level were estimated as described above. Three
rabbits were killed under phenobarbital anesthesia at
each time point, total RNA was isolated from the liver,
and LCAT mRNA abundance was determined by North-
ern blot analysis as described above. Statistical analysis
data are presented as means + SD. The statistical signifi-
cance of differences between time points was deter-
mined by Student’s ¢ test or the Wilcoxon rank sum test.
A value of P < 0.05 was considered statistically signifi-
cant.

RESULTS

Isolation and sequence of rabbit LCAT cDNA

Three clones were recovered from a rabbit liver cDNA
library by screening with a fulllength human LCAT
cDNA probe and were partially sequenced. Homology
with the human LCAT ¢DNA sequence revealed that
one clone included a complete 1.5kb LCAT ¢DNA at
the internal EcoRI site. This clone contained an open
reading frame that encodes a 440-amino acid protein
(Fig. 1). The nucleotide sequence of rabbit LCAT cDNA
is 90.8% identical to that of human LCAT cDNA; the
amino acid sequences of the predicted proteins are 93%
identical. The sequence identity between human and
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Fig. 1. Rabbit LCAT cDNA nucleotide and pre-
dicted amino acid sequences aligned with the corre-
sponding human sequences. The amino acid se-
quence is numbered according to the mature
protein. The nucleotide substitutions in human
LCAT cDNA are aligned above the rabbit sequence,
and amino acid substitutions are shown below. The
putative interfacial substrate active site is boxed.
Four potential Asn-linked glycosylation sites are un-
derlined. The end of the signal peptide is marked by
a vertical line, and the polyadenylation site is over-
lined. The GenBank/EMBL/DDBJ accession
number for this rabbit LCAT cDNA sequence is
D13668.
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rabbit LCAT is higher than that between human and The hexapeptide, Ile-Gly-His-Ser'8!-Leu-Gly, which is
mouse LCAT, which is 84.5 and 86.4% at the nucleotide  thought to be the catalytic center of LCAT, is preserved
and amino acid levels, respectively (8). in the rabbit protein. Three of four potential Asn-linked
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Fig. 2. Immunoblot analysis of LCAT in rabbit and human serum
with antibodies prepared against a synthetic COOH-terminal peptide
of the rabbit protein. Rabbit (A) and human (B) serum was fraction-
ated in a 10% polyacrylamide gel containing 0.1% SDS. Arrowhead
indicates LCAT. The positions of molecular mass standards are shown
in kilodaltons.

glycosylation sites (Asn-X-Ser, Asn-X-Thr) (18) in rabbit
LCAT are identical to those in the human protein,
whereas the fourth site contains a substitution in the
middle residue. Met?>*, which we previously showed,
was converted to Ile in a Japanese patient with LCAT
deficiency (19) and is also conserved in the rabbit pro-
tein. Six cystein residues in positions 31, 50, 74, 184, 313,
356 were all conserved in rabbit protein.

Secondary structure and helical hydrophobic mo-
ment plots for rabbit LCAT, calculated according to
Chou and Fasmen (20) and Kyte and Doolittle (21),
respectively, were essentially matched to those of human
LCAT (18). The apparent molecular mass (kDa) of
rabbit plasma LCAT, as estimated by immunoblot analy-
sis with antibodies prepared against a COOH-terminal
peptide, was approximately 63 kDa, which is equal to
that of the human protein (Fig. 2A). These antibodies
can crossreact with human LCAT (Fig. 2B).

Tissue distribution of LCAT mRNA

Northern blot analysis of various rabbit tissues with a
rabbit LCAT cDNA probe revealed the presence of
LCAT mRNA only in the liver, not in adrenal, spleen,
kidney, or testis (Fig. 3).

Effects of cholesterol feeding

Rabbits fed a cholesterol-enriched diet showed a sig-
nificant increase in serum cholesterol concentration
both 3 and 6 weeks into the diet (Table 1). Serum

HDL-cholesterol tended to be increased at 3 weeks, but
was significantly decreased after 6 weeks on the diet.

Serum LCAT activity was significantly increased 2.6-
fold after 3 weeks, and 5.5-fold after 6 weeks of choles-
terol feeding (Table 1 and Fig. 4).

Cholesterol feeding resulted in an increase in the
amount of LCAT mRNA in the liver from 1.0 arbitrary
unit before to 1.6 * 0.4 after 3 weeks and 2.8 + 0.8 after
6 weeks (Fig. 5). The increase in LCAT mRNA in liver
paralleled that of LCAT activity in serum (Fig. 4).

DISCUSSION

The process of reverse cholesterol transport com-
prises several steps, including cholesterol efflux from
cell membranes and incorporation into HDL particles,
HDL maturation mediated by LCAT, cholesteryl ester
transport from HDL to very low density lipoprotein
(VLDL), and receptor-mediated uptake of both VLDL
and low density lipoprotein (LDL) particles by the liver
(2, 3). Although LCAT is an important component in
this process, its role on antiatherogenic effect is still
unclear (22). Increased LCAT activity seems to be an
antiatherogenic factor as overexpression of human
LCAT gene in transgenic mice has been reported to
show a reduction in atherogenic lipoproteins and an
increase in antiatherogenic lipoproteins (5). But an
increase in LCAT activity is not a synonym for the
regression of atherosclerosis, and a decrease does not
necessarily mean progression. Heterozygous individuals
with familial LCAT deficiency do not always show clini-
cal manifestations of atherosclerosis, including coro-
nary heart disease, though von Eckardstein et al. (23)

Mm@ 6
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Fig. 3. Tissue distribution of LCAT mRNA. Total RNA (20 pg) from
various rabbit tissues was subjected to Northern blot analysis with a
LCAT cDNA probe. Lanes: 1, adrenal; 2, spleen; 3, kidney; 4, liver; 5,
testis.
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TABLE 1. Levels of serum cholesterol, HDL-cholesterol, and LCAT activity

Cholesterol Feeding n Total Cholesterol HDL-Cholesterol LCAT Activity
weeks mg/dl nmol/ml/h
0 5 51.3 %35 20.2+2.0 37.8+2.6

3 5 321.6 £ 40.6° 37.3+21.6 99.7 £ 33.24

6 5 1138.3 + 233.7¢ 125+ 1.1 207.9 +73.3¢

Data are expressed as means + SD; n, number of samples.
“Significantly different from non-cholesterol feeding (P < 0.05).

reported that cholesterol efflux from fibroblast into
plasma was reduced in LCAT deficiency. In addition to
the role in reverse cholesterol transport, the mechanism
by which plasma LCAT is regulated is also unclear.
Although several conditions, such as obesity (24), neph-
rosis (25), liver disease (26), cold stress, a high-choles-
terol diet (27), copper, and cigarette smoking (28) affect
plasma LCAT activity, the basis for these effects requires
further elucidation. The present study was therefore
undertaken to investigate the molecular basis for the
effects of cholesterol feeding on LCAT regulation in the
rabbit, which is thought to be a suitable animal model
for such a study because of its high CETP activity and
high sensitivity to cholesterol feeding.

Prior to the examination of cholesterol feeding, we
had to indicate the molecular similarities between hu-
man and rabbit LCAT. We have now shown that LCAT

250 4
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£ £

150 5 &
g
3 4 3
: 100 - L3 [
R "T* -
= 4" - 2 3

50 1 -

- L 1
0 . r . 0

Before 3-weeks 6-weeks
Cholesterol feeding

Fig.4. Effects of cholesterol feeding on serum LCAT activity (@) and
liver LCAT mRNA abundance (O) in rabbits. *P < 0.05 vs. before
cholesterol feeding.
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is highly conserved between rabbit and human at both
the nucleotide and amino acid levels. The sequence
conservation encompasses the enzyme active site, glyco-
sylation sites, and sites at which mutations have been
shown to cause human familial LCAT deficiency (19, 29,
30).

Both human and rabbit LCAT cDNA encode 440
amino acid residues plus 24 amino acid signal peptides.
[Gly-X-Ser-X-Gly] is known to be identical to the amino
acid sequence at the interfacial active site of lipase family
(e.g., LPL, HTGL, and pancreatic lipase). The hexapep-
tide, Ile-Gly-His-Ser'8!-Leu-Gly, which is the catalytic
center of LCAT, is also conserved among five species:
human, mouse, rat, baboon, and rabbit.

Both human and rabbit LCAT contains six cysteins.
Cys®, Cys™, Cys®13, and Cys*5%, known to form disulfide
bridges in human enzyme (18), were conserved in rabbit
protein. The free cystein residues in positions 31 and
184, which are essentially required for cholesteryl ester
synthesis (18), are also conserved. Recently, the se-
quence of chicken LCAT cDNA, in which two free

m @

g

Fig. 5. Northern blot analysis of total RNA from rabbit liver with a
rabbit LCAT cDNA probe before (lane 1) and after 3 weeks (lane 2)
and 6 weeks (lane 3) of cholesterol feeding. Arrow indicates LCAT
mRNA.
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cysteins are not present, was reported by
Hengstschlagen-Ottnad et al. (11). They show the possi-
bility that these residues are not required for LCAT
activity (11).

Deduced secondary structure and hydrophobicity,
which are essential for activating this enzyme, are also
highly conserved between rabbit and human LCAT. The
catalytic region and several surrounding nucleotides
(residues 175-192) could form an amphipathic o-helix,
a structure implicated in lipid binding, in rabbit as well
as human. This region may interact with the lipid inter-
face containing the substrate of LCAT reaction.

The similarity in apparent molecular mass between
the rabbit and human proteins, which we showed in this
study, suggests that glycosidic linkages of rabbit LCAT
are essentially identical to those of human LCAT. Both
human and rabbit LCAT contains approx. 24% (w/w)
sugar chains, the correct processing of which is impor-
tant for the stability and activity of the enzyme, as
Francone, Evangelista, and Fielding (31) and Qu et al.
(32) have reported in the studies using site-directed
mutagenesis. Both human (33) and rabbit LCAT
mRNAs have been detected only in the liver, indicating
that this organ is the main source of plasma LCAT. In
contrast, rat LCAT mRNA is present in brain and testis
(8). These results again suggest that the rabbit is indeed
an appropriate animal model for investigating the re-
verse cholesterol transport system.

CETP activity and CETP mRNA abundance, as well
as LCAT activity, have previously been shown to be
increased in the rabbit by cholesterol feeding (27, 34,
35). We have now shown that the increase in plasma
LCAT activity induced by cholesterol feeding is accom-
panied by comparable changes in LCAT mRNA abun-
dance in liver. We used a proteoliposome containing
rabbit apolipoprotein A-I as substrate and the volume
of rabbit serum added to the reaction mixture was 0.5
pl or less, making it unlikely that our determination of
LCAT activity was affected by rabbit serum HDL and
free cholesterol. Thus, the measured activity likely re-
flects the mass of LCAT protein. Attempts to measure
changes in LCAT mass by immunoblot analysis were
unsuccessful.

The strong temporal relation between the increases
in LCAT activity and LCAT mRNA suggests that the
elevation of LCAT activity in vivo may be determined
primarily by the abundance of LCAT mRNA as well as
by CETP (34, 35). The change of LCAT activity is most
likely due to the transcriptional events rather than trans-
lational and post-translational events. Increase in LCAT
protein and LCAT activity after cholesterol feeding
might reflect a self-defense mechanism against athero-
genesis, and an increase in LCAT mRNA might also
reflect a self-defense mechanism in the long term. Acti-

vation of LCAT with concomitant change in HDL mass
and well-balanced CETP may be required for anti-
atherogenic action.

Our data on the effects of cholesterol feeding on
serum cholesterol concentration and LCAT activity are
similar to those of Tsopanakis et al. (27). However, their
study showed that serum HDL started to decrease from
the 3rd week of treatment, whereas we did not detect a
significant decrease in HDL-cholesterol after 3 weeks of
cholesterol feeding. One possible explanation for this
discrepancy is that CETP activity may vary among rab-
bits at the 3rd week. This conjecture warrants further
studies including determination of HDL subclasses after
cholesterol feedings.

In summary, we have shown that the amino acid
sequence of rabbit LCAT is highly homologous to that
of the human protein. Furthermore, there was a marked
relation between the increase in plasma LCAT activity
and the increase in LCAT mRNA abundance in the liver
of rabbits after cholesterol feeding, suggesting that the
change in LCAT activity is likely attributable to tran-
scriptional events. Our data should contribute to a
better understanding of the role of LCAT in reverse
cholesterol transport. B3
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