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Abstract Plasma lecithin :cholesterol acyltransferase (LCAT) 
plays an important role in early steps of reverse cholesterol 
transport, i.e., cholesterol efflux from peripheral tissues and 
cholesterol esterification in HDL. However, structural and 
functional relationships of LCAT have not been fully eluci- 
dated. We described a missense mutation of Gly 30-to-Ser in 
a patient with classical LCAT deficiency. The proband was ho- 
mozygous for the mutation and had a very low level of HDL 
cholesterol (2 mg/dl), with a half of normal LCAT mass (2.75 
pg/ml), but no  detectable or very low LCAT activity in endog- 
enous and exogenous substrate assays. Both his mother and 
sister were heterozygous for the mutation, and had slightly 
decreased levels of HDL cholesterol (34 and 36 mg/dl, re- 
spectively). Transient expression study using COS cells indi- 
cated that mutant cDNA produces similar amounts of media 
protein as compared to wild type, but no detectable LCAT 
activity.M The missense mutation may result in a near-native 
conformation without large effects on cellular secretion but 
a catalytically defective protein. Thus, the N-terminal domain 
appears crucial for enzymatic activity, in addition to the cata- 
lytically active consensus sequence of Gly 179 to Gly183 and 
a putative sterol binding domain of Glu154 to Lys173.-Yang, 
X-P., A. Inam, A. Honjo, I. K o i i ,  K. Kajinami, J. Koizumi, 
S. M. Marcovina, J. J. Albers, and H. Mabuchi. Catalytically 
inactive lecithin : cholesterol acyltransferase (LCAT) caused 
by a Gly 30 to Ser mutation in a family with LCAT deficiency. 
J. Lipid Res. 1997, 38: 585-591. 
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Mature LCAT is a glycoprotein of 416 amino acids 
that catalyzes the transfer of sn-2 fatty acids from phos- 
phatidylcholine to the %hydroxyl group of cholesterol, 
producing lysophosphatidylcholine and cholesteryl es- 
ter (1). LCAT is bound to lipoproteins, especially to 
smaller HDL (prepHDL) , and catalyzes the conversion 
of lipoprotein unesterified cholesterol to cholesteryl es- 
ters (2). In cooperation with cholesteryl ester transfer 

protein (CETP) (3), LCAT is thought to play an impor- 
tant role in reverse cholesterol transport (4, 5). 

Since the first report of a LCAT gene mutation caus- 
ing LCAT deficiency in 1990 (6), more than 30 varieties 
of LCAT gene mutation have been reported in the 
world (7-28). These mutations included 2'7 missense 
variants, 4 insertion variants and 2 deletion variants. 
They distribute over six exons, mainly exon 5 and exon 
6, with mutations in exon 2 less frequently reported. In 
this study, we describe a missense mutation in exon 2 
of LCAT gene causing complete LCAT deficiency in a 
Japanese family. 

MATERIALS AND METHODS 

Subjects 
Fig. 1 shows a pedigree with LCAT deficiency. The 

proband, a 37-year-old male, was found to have hyper- 
tension (160/90 mm Hg), low body mass index (18.4 
kg/m2), corneal opacity, anemia (13.3 g/dl), protein- 
uria (<1.0 g/day), and a very low level of HDL-C (2 
mg/dl) . Slit-lamp examination showed minute dots in 
all layers of corneal parenchyma, being prominent in 
the periphery. Electromicroscopy showed a small num- 
ber of target red blood cells. The creatinine clearance 

Abbreviations: LCAT, lecithin :cholesterol acyltransferase; HDL, 
high density lipoprotein; CER, cholesterol esterification rate; CE, 
cholesteryl ester; apo, apolipoprotein; PCR, polymerase chain reac- 
tion; RFLP, restriction fragment length polymorphism; DMEM, Dul- 
becco's modified Eagle's medium; FCS, fetal calf serum; CLD, classi- 
cal LCAT deficiency; FED, fish eye disease. 
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Fig. 1. The pedigree of familial LCAT deficiency. Arrow indicates proband who is identified as the homozygote. His mother and sister are 
identified as the heterozygotes. His parents have a first cousin marriage. 

was within normal range (93.3 ml/min). His parents 
had a first cousin marriage. His father died from carbon 
dioxide toxemia. His mother and sister had slightly low 
levels of HDL-C (34 mg/dl and 36 mg/dl, respectively), 
but had no evidence of corneal opacities and anemia. 
His mother had idiopathic thrombocythemia and arte- 
riosclerosis obliterans. 

Fasting venous blood samples were collected in the 
tubes containing Na2 EDTA. Plasma was separated from 
blood cells by clinical centrifuge (1200 gfor 15 min at 
4"C), and stored in 4°C for chemical assay. Plasma ali- 
quots for LCAT assay were kept at -80°C. Genomic 
DNA was extracted from white blood cells according to 
a modified method of Triton X-100 lysis (29). 

Lipoprotein and apolipoprotein analysii 
The following lipoprotein fractions were obtained by 

sequential ultracentrifugation: VLDL (d < 1.006 g/ 
ml), IDL (d 1.006-1.019 g/ml), LDL (d 1.019-1.063 g/ 
ml), and HDL (d 1.063-1.21 g/ml). Plasma cholesterol 
and triglyceride concentrations were measured by enzy- 
matic methods (30, 31). HDL cholesterol was deter- 
mined by a heparincalcium chloride precipitation 
method (32). Apolipoprotein levels were measured by 
an immunoturbidimetry method (33). 

Measurement of LCAT activity and endogenous 
cholesterol esterification rate (CER) 

LCAT activity of plasma and cell cultured media was 
measured by the method of Chen and Albers (34). The 

proteoliposome was prepared by ethanol injection. It 
contained 7.7 mg of egg yolk phosphatidylcholine 
(Sigma Chemical Co., St. Louis, MO), 116 pg of choles- 
terol, 0.2 ml of [3H]cholesterol (0.017 mg/ml, 22.5 Ci/ 
mmol) and 200 pg of apoA-I (Cosmo Bio Co., Tokyo, 
Japan) for 40 assays. Incubation was stopped by adding 
2 ml methanol-chloroform 2: 1 for each assay, and lipid 
was extracted and centrifuged at 4°C at 500 g. After dry- 
ing under a stream of nitrogen, the precipitate was dis- 
solved with 60 p1 of isopropanol (35). Labeled choles- 
teryl ester was separated by thin-layer chromatography 
using silica gel layers (E. Merck, Darmstadt, Germany) 
with hexane-diethyl ether-acetic acid-methanol 85 : 
20: 1 : 1, and detected with iodine vapor. The radioactiv- 
ity was determined by liquid scintillation counting. 

Endogenous cholesterol esterification rate was deter- 
mined as previously described (36). 

LCAT mass assay 
The samples of plasma and cell cultured media were 

collected, stored at -80°C and sent to University of 
Washington Northwest Lipid Research Laboratories, 
Seattle, WA. LCAT mass was measured using radioim- 
munoassay (37). 

Polymerase chain reaction (PCR) 
The LCAT gene is located on chromosome 16 q, and 

consists of 6 exons (38, 39). Seven pairs of primers, 
based upon published LCAT gene sequence, were used 
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TABLE 1. Levels of serum lipids, HDL-cholesterol, and LCAT mass and activity 

Total HDL LCAT LCAT 
Subject Cholesterol Triglyceride Phospholipid Cholesterol Mass Activity CER 

mg/dl mg/dl pg/ml %/40 min/3 p l  nmol/ml/h 
Proband 55 111 146 2 2.75 0 14 
Mother 181 92 180 34 5.50 6.2 ND 
Sister 228 225 228 36 ND ND ND 
Normal values 132-220 32-150 159-283 34-86 5.80 10.0 38-116 

ND. not determined. 

for PCR. The PCR products were confirmed by se- 
quence analysis. One pg genomic DNA from a patient 
and control subject was amplified by PCR. Thirty cycles 
of the reaction were carried out in a thermal cycler, with 
the following conditions: denaturation at 95°C for 45 
sec, annealing at 52-58°C for 1 min, and extension at 
72°C for 2 min. 

Sequence analysis 
Amplified DNA fragments were separated from 3% 

NuSieve agarose gel (FMC Bio Products, Rockland, 
ME) and purified with MicroconTM 30 (Amicon, Beverly, 
MA). The purified double strand DNA from the first 
PCR was directly sequenced with the dideoxynucleotide 
chain termination method (40), using a ATth polymer- 
ase and a non-radioisotopic DNA sequencing kit of Se- 
quencing high and Imaging highTM (Toyobo, Osaka, 
Japan). 

analysis 
Restriction fragment length polymorphism (RFLP) 

The mutation identified in exon 2 of LCAT gene cre- 
ates a novel Pvu I1 restriction site. Ten p1 of the ampli- 
fied product was digested with 5 unit PVU I1 for 10 h at 
37”C, then electrophoresed on 3% NuSieve agarose gel, 
and stained with ethidium bromide. 

In vitro mutagenesis and subcloning of LCAT cDNA 

LCAT cDNA pUC19 was kindly provided by Dr. John 
W. McLean (Genentech, Inc, San Francisco, CA). The 
mutation was introduced into LCAT cDNA using the 
PCR overlap technique (41,42) with the following pairs 
of primers: 5’ATCCTCGTGCCCAGCTGCCTG contains 
a mismatched base; 5’CAGGAAAACAGCTATGAC and 
5’GTITTCCCAGTCACGAC are complementary to 
polylinker sequence of pUCl9; 5’CAGGTCCACTATA- 
GATGAT has a mismatched nucleotide to destroy a 
Bam HI restriction site. After digestion with Eco Rl and 
Bam HI, the mutant and wild type LCAT cDNA were 
subcloned into expression vector pSG5 (Stratagene, La 
Jolla, CA) with a ligation kit (Amersham Life Science, 
Buckinghamshire, England) and transformed into E. 
coli AGI strain. The positive clones were screened by re- 
striction enzyme mapping and sequencing. The plas- 

mids were prepared in large quantities using an alkaline 
lysis method (43) and purified with QIAGEN-tip col- 
umn (QIAGEN, Catsworth, CA) , 

Transient expression of LCAT in COS cell 

Lipofection method (44) was used to transfect pSG5- 
LCAT cDNA into COS7 cells. COS7 cells (1 X lo6) were 
seeded into each of 60-mm tissue culture plates in Dul- 
becco’s modified Eagle’s medium (DMEM) with 10% 
heat-inactivated fetal calf serum (FCS), and were incu- 
bated at 37°C in 5% COP. When the cells were 60% con- 
fluent, the following solutions were prepared in polysty- 
rene sterile tubes: solution A, 3 pg of DNA diluted with 
200 p1 serum-free medium (Opti-MEM medium, Gibco- 
BRL, Gaithersburg, MD) and solution B, 15 pl Lipofec- 
tin Reagent (Gibco-BRL) diluted with 200 p1 Opti-MEM 
medium. Solutions A and B were combined and then 
incubated at room temperature for 15 min. The me- 
dium in the culture plate was replaced with 1.6 ml Opti- 
MEM medium, then plasmid DNA-lipofectin reagent 
complex was layered over cells. After 7 h incubation at 
37°C in a COz incubator, the DNA containing medium 
was replaced with DMEM containing 10% FCS. After 48 
h incubation, media were collected for LCAT activity 
and mass assay. 

RESULTS 

Biochemical analyses of patient’s plasma lipoproteins 

The levels of plasma lipid and lipoprotein are shown 
in Table 1. The free cholesterol level of the proband 
was 50 mg/dl (% CE 9%). His mother and sister had 
normal % CE levels (73 and 74, respectively). The per- 
cent CE in VLDL, IDL, LDL, and HDL in the proband 
was decreased to less than 15%. He had a very low level 
of HDL-C, and his HDL-CE was zero. His mother and 
sister had reduced HDLC. The plasma apolipoprotein 
levels are summarized in Table 2. The proband showed 
low level of apoA-I and apoA-I1 (37 mg/dl and 9 mg/ 
dl) as compared with normal subjects, and high level 
of apoE (10.4 mg/dl) as compared with controls. The 
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TABLE 2. Senim apolipoprotein concentrations 

Siihirc! ApoA-I ApoA-11 ApoR ApoGIl ApoCXlI ApoE 

mg/dl mg/dl mg/dl 
Proband 37 9 25 2.4 2.2 10.4 
Mother 76 27 88 2.1 2.3 3.5 
Sister 79 26 144 8.0 10.9 5.6 
Normal values 95- 1 70 20-45 45-125 0.7-3.0 2.0- 14.0 1.8-6.5 

apoA-I levels of his mother and sister decreased to 50% 
of normal vdlues. 

Plasma LCAT mass in proband and his mother was 
2.75 pg/ml and 5.5 pg/ml as compared to the normal 
level of LCAT mass of 5.8 pg/ml. The LCAT activity of 
proband was undetectable, and his mother had 60% of 
normal LCAT activity by exogenous substrate assay. 
LCAT activity by endogenous substrate assay was very 
low in the proband. 

Gene analysis 

Sequencing six exons with intronic primers, a G to A 
transition was identified at the position 1729 nucleotide 
of proband’s LCAT gene (Fig. 2). This mutation 
changes the glycine (Gly) at amino acid 30 to serine 
(Ser) in the mature protein. 

The G to A mutation of exon 2 creates a novel Pvu 
I1 restriction site. The PCR product of exon 2 was 253 
base pairs (bp) in length. After digestion with Pvu 11, 

Proband Control 3, 

G 
G A T C  G A T C  E 

C 
C 
G 
T 

C 
S e r  G 

L A  

C 

G 
C 

G I Gly 30 

Fig. 2. Illustration of direct sequence of the PCR products of LCAT 
gcne from prohand and normal control. A Gto-A transition was 
lound at the 1729th nucleotide in exon 2 of LCAT gene. Arrow indi- 
cates a base A. This substitution changes glycine (CCC) to serine 
(ACC) in 30th amino acid (Clv 30 Ser). 

the homozygote showed 211 bp fragment and the het- 
erozygote showed both the mutant 21 1 bp and normal 
253 bp fragments (Fig. 3). However, upon screening for 

I the mutation in 80 controls with Pvu I1 digestion, none 
was found. 

:Expression study 
The LCAT activity and mass in expression media are 

shown in Table 3. The wild type LCAT activity was 5.3 
nmol/ml per h, and the mutant type LCAT activity was 
undetectable. Nevertheless, wild type and mutant type 
had approximately the same amount of LCAT protein 
mass in conditioned media. 

DISCUSSION 

A complete loss of LCAT activity is classified as classi- 
cal LCAT deficiency (CLD) . Partial LCAT deficiency is 
classified as fish eye disease (FED), in which anemia and 
proteinuria are not found. In our case, the proband had 
a typical syndrome of corneal opacity, proteinuria, ane- 
mia, and a very low level of HDL-C. His plasma LCAT 
activity was undetectable by exogenous substrate assay, 
and very low by endogenous substrate assay. Bv gene 
analysis, the proband was identified as a homozygote of 
a G to A transition at 1729 nucleotide in exon 2 of LCAT 
gene, causing the Gly to Ser substitution in amino acid 
codon 30 (Gly 30-to-Ser). The proband’s mother and 
sister were identified as heterozygotes for the mutation. 
They had a slightly low level of HDL-C and a half nor- 
mal level of LCAT activity. RFLP analysis of 80 subjects 
of the general population excluded the possibility of 
Gly 30-to-Ser being a polymorphism. When mutant 
cDNA was expressed in COS cells, LCAT activity was not 
detected in the culture media. We confirm that the Gly 
30-to-Ser missense causes classical LCAT deficiency in 
this Japanese family. 

Gly SO-to-Ser mutation may involve the catalytic active 
region of a serine protease-type LCAT enzyme. Al- 
though the tertiary structure of LCAT is unknown, sev- 
eral functional regions of enzyme have been identified 
(5,45,46). These include the serine esterase consensus 
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Fig. 3. Illustration of the restriction enzyme analysis of exon 2 PCR products. Left graph: the bar indicates the size of  exon 2 PCR product; 
bp, base pairs;*, the position of  Cto-A transition; arrow, indicates Pni 11 restriction site. Right graph: 3% NuSieve aprose gel electrophoresis 
of fragments digested with Piv 11. The DNA hands were stained with ethidium bromide. Ho, homozygote; He, heterozgote: C, control; M, Hae 
Ill-digested I$ X 174 marker. 

sequence of Gly 179 to Gly 183, including the active site 
Ser 181; free thiol groups, Cys 31 and 184; two disulfide 
bonds between Cys 50 and 74 and between Cys 313 and 
356; a putative lipoprotein sterol binding domain, 
which is an a-helical segment extending from Glu 154 
to Lys 173; as well as the potential N-linked glycosylation 
sites at residues 20, 84, 272, and 384. Yang et al. (5) 
reported that two or more of the hydrophobic regions 
of LCAT are located around the free-SH groups at Cys 
31 and Cys 184; they are acljacent to the active site 
Serl81 and act as acyl receptor. However, recent studies 
suggest that an artificial Cys 31-to-Gly variant was unex- 
pectedly found to have near-normal catalytic activity 
when transiently expressed and that the free SH group 
of Cys 31 is not crucial for catalytic activity (47,48). Nev- 
ertheless, the Gly SO-to-Ser resulted in complete loss of 
the enzyme activity shown in vivo and in vitro in our 
report. As previously reported, two natural mutations 
in this region were Leu 32-to-Pro (20), a compound het- 
erozygosity Gly 33-to-Arg and 30 bp insertion (24). In- 
terestingly, these natural mutations obviously impaired 
the enzyme activity. Clearly, the changes in this region 
of LCAT are critical for the enzymatic activity. Very re- 
cently, the same Gly SO-to-Ser mutation was identified in 

TABLE 3. LCAT activity and mass of transfected COS cell media 

Transfcctanr 11 KAT Acri\iy [.CAT M a s  

nmol /ml /h  P d m l  

Mutant type 3 n 0.013 
Mock 3 n <0.010 

Wild type 5 5.3 0.0 14 

n,  sample numbcrs. 

a Indian family (49). The phenotype of the homozygote 
appears similar to our case. The patient had anemia and 
serious renal failure and corneal opacity leading to vi- 
sual failure. His plasma concentration of LCAT was a p  
proximately normal but the enzyme catalytic activity was 
completely defective, indicating that the protein is inac- 
tive in vivo. 

Missense mutations could result in two different phe- 
notypes. One is a transport defective phenotype from 
rough endoplasmic reticulum to Golgi, which produces 
no secretory protein caused by incorrect folding. The 
other is a wellsecreted but catalytically defective protein 
with a near-native conformation. The majority of homo- 
zygous missense mutations of LCAT have well-secreted 
protein mass. Preserved cellular secretion appears in N- 
or Gterminal mutants. Probably, the amino acid substi- 
tutions of N- or Gterminus have near-native conforma- 
tions. The CLD mutations locate evenly in all regions 
of LCAT, but the FED mutations only distribute in N- 
or Gterminal peptides as no mutations have yet to be 
found in the central portion of LCAT from amino acid 
150 to amino acid 290. As the central portion of the 
enzyme is the catalytically active region of LCAT, the 
mutations of this portion will induce complete loss of 
LCAT activity. The Gly 30-to-Ser mutation results in 
complete LCAT deficiency although it is located in N- 
terminus and is well-secreted. This further suggests that 
this point mutation involves unknown specific functions 
abolishing both a- and PLCAT activity. 

Comparing the homology of LCAT cDNA amino acid 
sequence among human, baboon, rabbit, and mouse, 
the sequence encoded by exon 2 of LCAT gene shows 
high conservation (50-52). The homologies of mouse 
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versus human,  rat versus human,  and baboon versus hu- 
man  are as high as 94.4%, 98.2%, a n d  loo%, respec- 
tively. Furthermore, Gly 30 and Cys 31 are conserved 
among  these species. This further supports the  concept 
that this N-terminal region of LCAT is a significant func- 
tional regi0n.l 

This study was supported by a Scientific Research Grant from 
the Ministry of Education, Science and Culture ofJapan (No. 
07457123 to H. Mabuchi and No. 06671013 to J. Koizumi) 
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Health, USA (HL30086 to J. J. Albers and S. M. Marcovina). 
Munuscnpt wrpived I I October I996 and an rpu7~ed jonn 12 llernnbrr 1996 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Glomset, J. A., and J. L. Wright. 1964. Some properties of 
a cholesterol esterifylng enzyme in human plasma. Bio- 
rhim. Biophys. Acta. 89: 266-276. 
Glomset, J. A., 1968. The plasma 1ecithin:cholesterol acyl- 
transferase reaction. J. Lipid. Res. 9: 155-167. 
Chajek, T., L. Aron, and C. J. Fielding. 1980. Interaction 
of lecithin : cholesterol acyltransferase and cholesteryl es- 
ter transfer protein in the transport of cholesteryl ester 
into sphingomyelin liposomes. Biochemistry. 19: 3673- 
3677. 
Fielding, C. J., and P. E. Fielding. 1995. Molecular physiol- 
ogy of reverse cholesterol transport.,f. Lipid. Res. 36: 21 1-  
228. 
Yang, C. Y., D. Manoogian, Q. Pao, F-S. Lee, R. D. Knapp, 
A. M. Gotto, Jr., and H. J. Pownall. 1987. Lecithin:choles- 
terol acyltransferase functional regions and a structural 
model of the enzyme. J. Biol. Chem. 262: 3086-3091. 
Taramelli, R., M. Pontoglio, G. Candiani, S. Ottolenghi, 
H. Dieplinger, A. Catapano, J. Albers, C. Vergani, and J. 
McLean. 1990. Lecithin : cholesterol acyltransferase defi- 
ciency: molecular analysis of mutated allele. Hum. Genet. 

Funke, H., A. von Eckardstein, P. H. Pritchard, J. J. Albers, 
J .  J. P. Kastelein, C. Droste, and G. Assmann. 1991. A mo- 
lecular defect causing fish eye disease: an amino acid ex- 
change in lecithin : cholesterol acyltransferase (LCAT) 
leads to the selective loss of LCAT activity. Proc. Natl. Acnd. 
Sci. USA. 8 8  4855-4859. 
Gotoda, T., N. Yamada, T. Murase, M. Sakuma, N. Mura- 
yama, H. Shimano, K. Kozaki, J. J. Albers, Y. Yazaki, and 
Y. Akanuma. 1991. Differential phenotypic expression by 
three mutant alleles in familial lecithin : cholesterol acyl- 
transferase deficiency. Lancet. 338: 778-781. 
Maeda, E., Y. Naka, T. Matozaki, M. Sakuma, Y. Akanuma, 
G. Yoshino and M. Kasuga. 1991. Lecithin:cholesterol 
acyltransferase (LCAT) deficiency with a missense muta- 
tion in exon 6 of the LCAT gene. Biochem. Biophys. Res. 
Commun. 178: 460-466. 
Bujo, H., J. Kusunoki, M. Ogasawara, T. Yamamoto, Y. 
Ohta, T. Shimada, Y. Saito, and S. Yoshita. 1991. Molecu- 
lar defect in familial lecithin : cholesterol acyltransferase 
(LCAT) deficiency: a single nucleotide insertion in LCAT 
gene cause a complete deficient type of the disease. Bie  
chrm. Biophys. Res. Commun. 181: 933-940. 

85: 195-199. 

11. Skretting, G., J. P. Blomhoff, J. Solheim, and H. Prydz. 
1992. The genetic defect of the original Norwegian leci- 
thin: cholesterol acyltransferase deficiency families. l-135 
Lett. 309: 307-310. 

12. Skretting, G., and H. Prydz. 1992. An amino acid ex- 
change in exon 1 of the human 1ecithin:cholesterol aryl- 
transferase (LCAT) gene is associated with fish eye dis- 
ease. Biochim. Biophys. Res. Commun. 182: 583-587. 

13. Klein, H-G., P. Lohse, P. H. Pritchard, D. Bojanovski, H. 
Schmidt, and H. B. Brewer, Jr. 1992. Two different alleic 
mutations in the lecithin: cholesterol acyltransferase gene 
associated with the fish eye syndrome. J. Clin. 1nuc.d. 89: 

14. Funke, H., A. von Eckardstein, P. H. Pritchard, A. E. 
Hornby, H. Wiebusch, C. Motti, M. R. Hayden, C. Ihchet, 
B. Jacotot, U. Gerdes, 0. Faergeman, J. J. Albers, N. Colle- 
oni, A. Catapano, J. Frohlich, and G. hsmann. 1993. (;e- 
netic and phenotypic heterogeneity in familial lecithin : 
cholesterol aclytransferase (LCAT) deficiency., J. (Xn. In- 

15. Klein, H-G., P. Lohse, N. Duverger, J. J .  Albers, I). J. 
Rader, I,. A. Zech, S. Santamarina-Fojo, and H. B. Brewer, 
J r .  1993. Two different allelic mutations in the lecithin: 
cholesterol acyltransferase (LCAT) gene resulting in clas- 
sic LCAT deficiency: LCAT (tyrH3 -+ stop) and LCAT 
(tyr"c -+ asn). ,/. I,ipid Res. 34: 49-58. 

16. Hill,]. S., K. 0, X. Wang, and P. H. Pritchard. 1593. Ixci- 
thin : cholesterol acyltransferase deficiency: identification 
of a causative gene mutation and a co-inherited protein 
polymorphism. Biochim. Biophys. Acta. 118: 321-323. 

17. 0, K., J. S. Hill, X. Wang, and P. H. Pritchard. 1993. Re- 
combinant lecithin: cholesterol acyltransferase con- 
taining a Thr,B -+ 1Ie mutation esterifies cholesterol in 
low density lipoprotein but not in high density lipopro- 
tein. J. Lipid &,Y. 34: 81-88. 

18. Dowal, I., P. Jezequel, C. Dubourg, B. Chauvel, 1'. L. Po- 
gamp, andJ-Y. L,. Gall. 1994. Identification of the honiozy- 
gous missense mutation in the lecithin : cholesterol acyl- 
transferase (LCAT) gene, causing LCAT familial 
deficiency in two French patients. AthProsckrr,.cis. 105: 251- 
252. 

19. Glomset, J. A., G. Assmann, E. Gjone, and K. R. Norum. 
Lecithin :cholesterol acyltransferase deficiency and 

fish eve disease. In The Metabolic and Molecular Bases of 
Inherited Disease. C. R. Scriver, A. I,. Beaudet, W. S. Sly, 
and D. Valle, editors. McGraw-Hill, New York. 1933-1951. 

20. Qu, SJ., H-Z. Fan, F. Blanco-Vaca, and H. J. Pownall. 1995. 
In vitro expression of natural mutants of human lecithin : 
cholesterol acyltransferase. J.  Lipid &Y. 36: 967-974. 

21. Miettinen, H., H. Gylling, I .  Ulmanen, T. A. Miettinen, 
and K. Kontula. 1995. Two different allelic mutations in 
a Finnish family with lecithin : cholesterol acyltransferase 
deficiency. Artm'osck. Thromb. 15: 462-467. 

22. Miller, M., K. Zeller, P. C. Kwiterovich, J. J .  Albers, and 
G. Feulner. 1995. Lecithin :cholesterol acyltransferase de- 
ficiency: identification of two defective alleles in fibroblast 
cDNA. ,J. Lipid &s. 36: 931-938. 

23. Steyer, E., S. Haubenwaller, G. Hod, W. <;iessauf, G. M. 
Kostner and R. Zecher. 1995. A single G to A nucleotide 
transition in exon IV of the lecithin: cholesterol acyltrans- 
ferase (LCAT) gene results in an Argl40 to His substitu- 
tion arid causes LCAT-deficiency. Hum. Genet. 96: 105- 
109. 

499-506. 

vp.yt. 91: 677-683. 

590 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


24. Wiebusch, H., P. Cullen, J. S. Owen, D. Collins, P. S. 
Sharp, H. Funke, and G. Assmann. 1995. Deficiency of 
lecithin :cholesterol acyltransferase due to compound 
heterozygosity of two novel mutations (Gly 33 Arg and 30 
bp ins) in the LCAT gene. Hum. Mol. Genet. 4 143-145. 

25. Moriyama, K., J. Sasaki, F. Arakawa, N. Takami, E. Maeda, 
A. Matsunaga, Y. Takada, K. Midorikawa, T. Yanase, G. 
Yoshino, S. M. Marcovina, J. J. Albers, and K. Arakawa. 
1995. Two novel point mutations in the 1ecithin:choles- 
terol acyltransferase (LCAT) gene resulting in LCAT de- 
ficiency: LCAT (G873 deletion) and LCAT (Gly344 -+ 
Ser). J.  Lipid Res. 3 6  2329-2343. 

26. Kuivenhoven, J. A., E. J. G. M. van Voorst tot Voorst, H. 
Wiebusch, S. M. Marcovina, H. Funke, G. Assmann, P. H. 
Pritchard, and J. J. P. Kastelein. 1995. A unique genetic 
and biochemical presentation of fish-eye disease. J. Clin. 
Invest. 96: 2783-2791. 

27. Contacos, C., D. R. Sullivan, K-A. Rye, H. Funke, and G. 
Assmann. 1996. A new molecular defect in the lecithin: 
cholesterol acyltransferase (LCAT) gene associated with 
fish eye disease. J. Lipid Res. 37: 35-44. 

28. Kuivenhoven, J. A., A. F. H. Stalenhoef, J. S. Hill, P. N. M. 
Demacker, A. Errami, J. J. P. Kastelein, and P. H. Pritch- 
ard. 1996. Two novel molecular defects in the LCAT gene 
are associated with fish eye disease. Ateriosch. Thromb. 
Vasc. Biol. 1 6  294-303. 

29. Vandenpla, S., I. Wiid, and A. Grobler-Rabie. 1984. Blot 
hybridisation analysis of genomic DNA. J. Med. Genet. 21: 

30. Allah, C. C., L. S. Poon, C. S. Chan, W. Richmond, and 
P. C. Fu. 1974. Enzymatic determination of total serum 
cholesterol. Clin. Chem. 20: 470-475. 

31. Sugiura, M., T. Oikawa, K. Hirano, H.Yoshimura, M. Sugi- 
yama, and T. Kuratsu. 1977. A simple colorimetric method 
for determination of serum triglycerides with lipoprotein 
lipase and dehydrogenase. Clin. Chim. Acta. 81: 125-130. 

32. Noma, A., K. Nezu-Nakayama, M. Kita, and H. Okabe. 
1978. Simultaneous determination of serum cholesterol 
in high- and lowdensity lipoproteins with use of heparin, 
Ca'+, and an anion-exchange resin. Clin. C h .  24: 1504- 
1508. 

33. Noma, A., Y. Hata, and Y. Goto. 1991. Quantitation of se- 
rum apolipoproteins A-I, A-11, B, GII, GIII, E in healthy 
Japanese by turbidimetric immunoassay: reference values 
and age- and sex-related differences. Clin. Chim. Acta. 199: 
147-1 58. 

34. Chen, C. H., and J. J. Albers. 1982. Characterization of 
proteoliposomes containing apoprotein A-I: a new s u b  
strate for the measurement of lecithin :cholesterol acyl- 
transferase activity. J.  Lipid Res. 23: 680-691. 

35. Ohta, T., R. Nakamura, K. Takata, Y. Saito, S. Yamashita, 
S. Horiuchi, and I. Matsuda. 1995. Structural and func- 
tional differences of subspecies of apoA-I-containing lipo- 
protein in patients with plasma cholesteryl ester transfer 
protein deficiency. J. Lipid Res. 3 6  696-704. 

36. Nagasaki, T., and Y.  Akanuma. 1977. A new colorimetric 
method for the determination of plasma lecithin: choles- 
terol acyltransferase activity. Clin. Chim. Acta. 75: 371-375. 

37. Albers, J. J., J. L. Adolphson, and C. H. Chen. 1981. Radic- 
immunoassay of human plasma lecithin : cholesterol acyl- 
transferase. J.  Clin. Invest. 37: 141-148. 

164-1 72. 

38. McLean, J., K. Wion, D. Drayna, C. Fielding, and R. Lawn. 
1986. Human lecithin: cholesterol acyltransferase gene: 
complete gene sequence and site of expression. Nucleic 

39. McLean, J., C. Fielding, D. Drayna, H. Dieplinger, B. 
Baer, W. Kohr, W. Henzel, and R. Lawn. 1986. Cloning 
and expression of human lecithin :cholesterol acyl- 
transferase cDNA. Proc. Natl. Acad. Sci. USA. 83: 2335- 
2339. 

40. Sanger, F., S. Nicklen and A. R. Coulson. 1977. DNA se- 
quencing with chain terminating inhibitors. R o c .  Natl. 
Acad. Sci. USA. 7 4  5463-5467. 

41. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and 
L. R. Pease. 1989. Site-directed mutagenesis by overlap 
extension using the polymerase chain reaction. Gene. 

42. Ito, W., H. Ishiguro, and Y. Kurosawa. 1991. A general 
method for introducing a series of mutation into cloned 
DNA using the polymerase chain reaction. Gene. 102: 67- 
70. 

43. J. Sambrook, E. F. Fritsch, and T. Maniatis. 1989. Molecu- 
lar Cloning. 2nd ed. Cold Spring Harbor Laboratory 
Press, New York. 1.38-1.39. 

44. Felgner, P. L., T. R. Gadek, M. Holm, R. Roman, H. W. 
Chan, M. Wenz, J. P. Northrop, G. M. Ringold, and M. 
Danielsen. 1987. Lipofection: a highly efficient, lipid-me- 
diated DNA-transfection procedure. Proc. Natl. Acad. Sci. 
USA. 84: 7413-7417. 

45. Qu, SJ., H-Z. Fan, F. Blanco-Vaca, and H. J. Pownall. 1994. 
Effects of sitedirected mutagenesis on the serine residues 
of human lecithin: cholesterol acyltransferase. Lipids. 29: 

46. Klein, H-G., N. Duverger, J. J. Albers, S. Marcovina, H. B. 
Brewer, Jr., and S. Santamarina-Fojo. 1995. In vitro ex- 
pression of structural defects in the lecithin: cholesterol 
acyltransferase gene. J.  Biol. C h .  270 9443-9447. 

47. Francone, 0. L., and C. J. Fielding. 1991. Effects of site- 
directed mutagenesis at residues cysteine-31 and cystein- 
184 on lecithin : cholesterol acyltransferase activity. Proc. 
Natl. Acad. Sci. USA. 88: 1716-1720. 

48. Qu, SJ., H-Z. Fan, F. Blanco-Vaca, and H. J. Pownall. 1993. 
Roles of cysteins in human lecithin :cholesterol acyltrans- 
ferase. Biochemist?. 32: 3089-3094. 

49. Owen, J. S., H. Wiebusch, P. Cullen, G. F. Watts, V. L. M. 
Lima, H. Funke, and G. Assmann. 1996. Complete defi- 
ciency of plasma lecithin :cholesterol acyltransferase 
(LCAT) activity due to a novel homozygous mutation 
(Gly-30-Ser) in the LCAT gene. Hum. Mutat. 8: 79-82. 

50. Warden, C. H., C. A. Langner, J. I. Gordon, B. A. Taylor, 
J. W. McLean, and A. J. Lusis. 1989. Tissue-specific expres- 
sion, developmental regulation, and chromosomal m a p  
ping of the lecithin : cholesterol acyltransferase gene. J.  
Biol. Chem. 264 21573-21581. 

51. Hixson, J. E., D. M. Driscoll, S. Bimbaum, and M. L. Brit- 
ten. 1993. Baboon 1ecithin:cholesterol acyltransferase 
(LCAT) :cDNA sequences of two alleles, evolution, and 
gene expression. Gene. 128: 295-299. 

52. Murata, Y., E. Maeda, G. Yoshino, and M. Kasuga. 1996. 
Cloning of rabbit LCAT cDNA increase in LCAT mRNA 
abundance in the liver of cholesterol-fed rabbits. J. Lipid 

A ~ i d s  Res. 1 4  9397-9405. 

77: 51-59. 

803-809. 

h. 37: 1616-1622. 

Yang et al. Gly 30 to Ser mutation with LCAT deficiency 591 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

