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Abstract We investigated the genetic defects in two pa- 
tients with familial 1ecithin:cholesterol acyltransferase 
(LCAT) deficiency. Their clinical manifestations including 
corneal opacities, anemia, proteinuria, and hypoalphalipo- 
proteinemia were identical for familial LCAT deficiency. 
Their LCAT activities and the cholesterol esterification rate 
(CER) were nearly zero, and their LCAT masses were below 
10% of normal control values. Sequence analysis of the am- 
plified DNA of case 1 revealed one base deletion of G at base 
873 (first position of Val2M) in exon 6, leading to a premature 
termination by frameshift. Sequence analysis of amplified 
DNA of case 2 revealed a single G to A converting Gly (GGT) 
to Ser (ACT) substitution at residue 344. When COSl cells 
were transfected with these mutants, LCAT activity in the 
medium was nearly zero, and the LCAT mass was undetect- 
able (< 0.01 pg/ml). In contrast, LCAT activity in the medium 
of COSl cells, transfected with wild-type LCAT, was 1.7 
nmol/h per ml and the LCAT mass was 0.09 pg/ml. The 
LCAT mass in the cell lysates of the mutants was less than 
12% of control for case 1 and 18% of control for case 2. 
Northem blot analysis of the mRNA of COS-1 cells trans- 
fected with the mutants showed the same amounts of LCAT 
mRNA as compared with wild-type LCAT. Biosynthesis of 
mutant LCATs was analyzed by pulsechase and immunocyto- 
chemistry in transfected baby hamster kidney cells. SDS- 
PAGE/fluorography demonstrated that wild-type LCAT was 
synthesized as a high-mannose type of 56 kDa, which was very 
slowly converted to a mature form of 67 kDa and was se- 
creted into the media. In contrast to the wild-type LCAT, the 
mutant precursors were not processed into the mature form 
but slowly degraded along with chase times. On steady and 
continuous labeling in the case of wild-type LCAT, the ma- 
ture 67 kDa form was observed in both the cell lysate and 
media, whereas no mature form was detected in the cell 

lysates and media which were transfected mutant LCATS.M 
These data suggest that the mutant LCATs are actually syn- 
thesized in an amount comparable to that of wild-type, but 
they are slowly degraded without being processed into the 
mature form. The immunocytochemistry revealed that mu- 
tant LCATs were mainly retained in the endoplasmic reticu- 
lum. These data suggest that these two mutations may disrupt 
the mutant LCATs’ transport from the endoplasmic reticu- 
lum into Golgi apparatus, resulting in LCAT defi- 
ciency.-Moriyama, K., J. Sasaki, F. Arakawa, N. Takami, E. 
Ma&, A. Matsunaga, Y. Takada, K. Midorikawa, T. Yanase, 
G. Yoshino, S. M. Marcovina, J. J. Albers, and K. Arakawa. 
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Lecithin:cholesterol acyltransferase (LCAT E.C.2.3.1.43) 
catalyzes the transfer of fatty acid from the C-2 position 
of lecithin to the 3-hydroxy group of cholesterol, pro- 
moting its esterification (1). This enzyme is synthesized 
in the liver and is secreted in the plasma where it is 
present in association with high density lipoproteins 
(HDL) (2). Cholesteryl esters formed by LCAT are 
incorporated primarily into HDL particles and are trans- 
ported in plasma in association with HDL or transferred 
to VLDL or LDL by the cholesteryl ester transfer protein 

The first case of familial LCAT deficiency was de- 
scribed by Norum and Gjone in 1967 (4). Additional 
patients have since been identified (5-12). Familial 
LCAT deficiency is associated with one or more of the 
following abnormalities: corneal opacities, mild 
hemolytic anemia, renal involvement including prote- 
inuria and uremia, and premature atherosclerosis (13, 
14). This deficiency is characterized by a decrease in the 
plasma level of esterified cholesterol and an increase in 
the plasma level of unesterified cholesterol, which is 
caused by the low or absent LCAT activity in circulating 
plasma (4). 

The human LCAT gene is divided into six exons. It 
codes 416 amino acid residues, with a hydrophobic 
leader sequence of 24 amino acids (15, 16). The LCAT 
sequence includes four potential N-glycosylation sites 
(Asn-X-Ser/Thr) at positions 20,84,272, and 384 of the 
416-residue protein moiety. The mature LCAT protein 
is a single glycoprotein with a relative molecular mass of 
63000-69000 (1 7) containing 24% carbohydrate of 
which up to 7% is sialic acid (18). The initial transfer of 
dolichol-linked, glucosecapped high-mannose assem- 
blies to polypeptide asparagine residues, and finally the 
modification of these units into the oligosaccharide 
sequences of mature protein, occurs first in the en- 
doplasmic reticulum (ER) and subsequently within the 
Golgi apparatus (19, 20). Within the ER, sequential 
glucosidase activities generate uncapped high-mannose 
chains. Subsequent metabolic steps involve mannose 
trimming by specific glycosidases in the ER and Golgi, 
followed by the addition of hexose, hexosamine, and 
sialic acid residues in the Golgi compartment. The 
structure and function of the carbohydrate moiety of 
LCAT were determined by using several glycosidases in 
reaction with the isolated plasma protein or by using 
specific inhibitors of glycoprotein assembly with cul- 
tured cells secreting LCAT activity (21). However, little 
is known about the biosynthesis of LCAT. A number of 
molecular defects associated with LCAT deficiency have 
recently been identified (22-27). These include mis- 
sense mutations (22-25), a single nucleotide insertion 
(27), an in-frame GGC insertion (23), nonsense muta- 
tion in codon 83 (26), and two compound heterozygotes 

(3). 

(25, 26), all found in patients with familial LCAT defi- 
ciency. Taramelli et al. (22) reported molecular analysis 
of Arg147 + Trp mutant involving expression study and 
Northern blot analysis. Klein et al. (25) reported the in 
vitro expression of Try147 + Asn mutant. However, the 
mechanism of how these mutations may influence their 
LCAT masses and activities by expression study has not 
been investigated. 

In this report, we investigated the structure, function, 
and biosynthesis of LCAT in two Japanese patients with 
novel familial LCAT deficiency. 

METHODS 

Informed consent for blood sample analysis was ob- 
tained from the patients. 

Case 1 

Case 1 was a 33-year-old Japanese man with a low level 
of HDL cholesterol, corneal opacities, proteinuria, and 
anemia. He had corneal opacities since childhood. 

In 1989, at the age of 28, he was hospitalized for 
treatment of proteinuria (2-2.5 g/day) and hematuria. 
Hypoalphalipoproteinemia was detected at that time. 
He showed no signs of cardiac failure or coronary heart 
disease. Although the plasma level of creatinine and 
creatinine clearance were normal at the time of that 
admission, a renal biopsy showed moderate mesangial 
proliferative glomerulonephritis with segmental sclero- 
sis. He was treated with dipyridamole for the next 5 
years. His level of plasma total protein decreased from 
7.3 g/dl to 4.6 g/dl over that period. At the time of the 
second admission, 5 years after the first, the patient was 
found to be anemic and nephrotic syndrome was diag- 
nosed (total protein: 4.4-4.8 g/dl, proteinuria: 4-5 
g/day). His plasma creatinine level was 1.1 mg/dl. A 
renal biopsy showed advanced membranous glomeru- 
lonephritis with extensive foam cell accumulation in 
glomeruli. A blood smear showed target cells. The pedi- 
gree of case 1's family appears in Fig. 1(A). His sister 
(11-4) also had corneal opacities. 

Case 2 
Case 2 was a 45-year-old Japanese man with low level 

of HDL and total cholesterol, corneal opacities, chronic 
renal failure, and anemia. He had corneal opacities since 
childhood. Some of his family members also had corneal 
opacities (11-6, 11-7) (Fig. l(B)). He had no symptoms 
until the age of 34 years when he experienced fatigabil- 
ity. He was admitted to the hospital because of prote- 
inuria and leg edema at age of 35 years. On admission, 
the patient was anemic and proteinuria and hematuria 
were detected. His renal function was slightly decreased 
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Fig. 1. (A) Pedigree of case 1 and his family: ., LCAT deficiency 
homozygote; 0 0, LCAT deficiency heterozygote; 0 0, not studied. 
Arrow indicates the proband. (E) Pedigree of case 2 and his family. 
The open squares indicates a normal man; the open circle indicates a 
normal woman; ., LCAT deficiency homozygote; 0 0, not studied. 
Arrow indicates the proband. These data are taken from reference 28 
with some modifications. 

at this time (creatinine: 1.2 mg/dl, creatinine clearance: 
63 ml/min). A blood smear showed target cells. His 
clinical features were described by Midorikawa et al. 
(28). 

Blood samples were collected in tubes containing Na2 
EDTA after a 12-h fast. Lipoproteins were isolated by 
sequential ultracentrifugation. The following density 
fractions were obtained: VLDL (d < 1.006 g/ml), IDL 
(1.006-1.019 g/ml), LDL (1.019-1.063 g/ml), HDL:! 
(1.063-1.125 g/ml). and HDL3 (1.125-1.21 g/ml). 
Plasma cholesterol and triglyceride values were deter- 
mined by enzymatic methods (29). HDL cholesterol was 
quantified by the heparin-manganese precipitation 
method (29). Apolipoproteins were measured by the 
single radial immunodiffusion method (30). 

Determination of LCAT activity and cholesterol 
esterification rate (CER) 

The enzyme activities of serum and wild-type and 
mutant LCAT gene products were determined by using 
a proteoliposome as a substrate. Egg yolk phosphatidyl- 
choline-cholesterol liposome was prepared by ethanol 
injection. Each assay contained 2.25 nmol 7c~[~H]cho- 
lesterol (22 Ci/mmol) and 4.5 pg apoA-I. The molar 
ratio of cholesterol to phosphatidylcholine was 1:6. 
Esterification rates were measured over a 4-h period at 
37°C using 0.039 ml plasma or culture medium contain- 
ing recombinant LCAT added to a mixture 0.7 mM 
EDTA, 4 mM Pmercaptoethanol, and 1% bovine serum 
albumin (essentially fatty acid-free) to a final volume of 
0.0625 ml. The reaction was stopped by adding 0.625 ml 
chloroform-methanol 2: 1 to the assay, and incubating 
the preparation for 2 h at room temperature to extract 
lipids. Labeled cholesteryl esters were separated by thin- 
layer chromatography on silica gel layers (E. Merck, 
Germany). The silica gel was extracted with petroleum 
ether-diethyl ether-acetic acid 20:0.6:0.2 and the 
amount of radioactivity was determined by liquid scin- 
tillation spectrometry. 

79 9583 
1884 

rr 
J J  

PCR Primers 

5' 3 5' 3 
A: GTGTAG'ITCTAGACCTCCTGCT B: CTAAGGGACAAGCITITG 
C: CACGGGGGGAAGCITGAGTCCAGA D GACAAGCITCTGCACCAGTGTGC 
E: GTACCTGGACAGCAGCAAGCITGC F CCCGAATTCCTCAGGCCAGGGT 
G: GTGTCTAGATTGGGCAGGGACCAAG H: TGTGGTACCCTAGTGCCTCCCITC 

Fq. 2. Location and sequence of the oligonucleotide primers used for PCR. Upper panel: genomic structure 
of the human LCAT gene. Six exons represented by black boxes are interrupted by five introns, designated by 
lines. The arrows indicate the location of the primers and the direction of the PCR. The numbers indicate the 
length of the PCR-generated products in base pairs and the length of introns and exons of the LCAT gene. 
Lower panel: primer sequences. Incorporated restriction sites for the restriction enzymes are underlined. 
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TABLE 1. Biochemical characteristics of the homozygous and heterozygous individuals from families with LCAT deficiency 

Total Free Cholesterok HDL Cholesterol LCAT LCAT 

Family Cholesterol Total Cholesterol Triglyceride Cholesterol Apo.4-1 Esterification Rate Activity Mass 

nmol/hr/ml W m l  m d d l  mg/dl m d d l  m d d l  nmol/hr/ml 

Case 1 244 0.95 833 17.0 29.7 2.27 0 0.43 

Father 173 0.35 77 31.0 120.0 ND 367.6 2.55 

Mother 224 0.33 139 40.2 151.8 ND 420.1 3.30 

Case 2 177 0.94 178 6.9 35.2 0.59 0 0.51 

Control 187 f 30 (14) 0.27 f 0.01 (14) 127 f 71 (14) 49 f 13 (14) 149 f 22 (14) 51.2 f 5.3 (3) 722.8 f 25.8 (9) 5.7 f 1.0 (19). 

Control values represent mean f SD (number of subjects); ND, not determined. 
"Data from reference 23. 

Radiolabeled plasma was equilibrated with 7a- 
[SH]cholesterol at 4°C and then added to a precooled 
24-well plate containing 7a-[3H]cholesterol. The mix- 
ture was incubated at 4°C for 18 h. Radiolabeled plasma 
was then incubated at 37°C for 6 h and the incubation 
was terminated by adding 0.45 ml chloroform-metha- 
no1 2:l (v/v). Labeled cholesterol and cholesteryl ester 
were separated by thin-layer chromatography as de- 
scribed above. The radioactivity associated with choles- 
terol and cholesteryl ester was determined by liquid 
scintillation counting. 

LCAT mass 
The LCAT mass was measured by a radioimmunoas- 

say using a polyclonal antibody and 1251-labeled LCAT 
as previously described (31). 

DNA preparation 
Genomic DNA was isolated from 100 p1 of peripheral 

blood as described previously (32). Peripheral blood 
(100 p1) was incubated at 60°C with 400 p1 of a cell lysis 
buffer (0.32 M sucrose, 10 mM Tris-HC1, pH 7.5, 5 mM 
MgC12, 1% Triton X-loo), 5 pl of proteinase K (10 
mg/ml), and 25 pl of 10% SDS. The supernatant was 
extracted with phenol-chloroform 1: 1 saturated with 
TE buffer (10 mM Tris-HC1, 1 mM EDTA, pH 8.0) and 
chloroform. The supernatant (20 p1) was used as the 
polymerase chain reaction (PCR) template. 

Oligonucleotides 
Synthetic oligonucleotide primers based on the pub- 

lished manual were made on a DNA synthesizer (Model 
380B, Applied Biosystems, Inc., Foster City, CA) using 
the phosphoramide method. 

DNA amplification by the PCR 
PCR was performed using a modified protocol ob- 

tained from Perkin-Elmer Cetus Instruments (Norwalk, 
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CT). Twenty pmol of each primer was mixed in 100 pl 
of a reaction mixture consisting of 10 mM Tris-HC1 (pH 
8.3), 50 mM KCl, 1.5 mM MgC12,0.001% (W/V) gelatin, 
and 20 mM each of dATP, dCTP, dGTP, and dTTP. The 
mixture was then incubated at 96°C for 10 min and 

Normal Case 2 
Fig. 3. Nucleotide sequences of a part of a sense strand from exon 
6 from a normal subject and case 1 (A) and 2 (B). In A, the deletion 
of a G at base 873 is indicated by the arrow (right lanes). The position 
of the base C in the normal sequence is indicated by the arrow (left 
lanes). In B, the normal LCAT allele (left lanes) contains the sequence 
GGT coding for amino acid 344, glycine, of the mature protein. In the 
LCAT deficiency allele (right lanes) the sequence ACT is indicated by 
the asterisk. This codon represents serine. 
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Exon No.1 2 3 4 5  6 
I 

263 264 265--. 383 384 385 
His Val phe Ser A s n  Leu m i n o  acid position 

5' CAC GTG TTC-AGC AAC CTG 3' 
3' GTG CAC AAG TCG TTG GAC 5' N o r m a l  - 

pml 1 site 
263 264 265--383 384 385 
His C y s  Ser A l a  T h r  Stop 

3' GTG ACA AGT CGT TGG ACT 5' 
5' CAC TGT TCA-GCA ACC TGA 3' Case 1 

Fig. 4. Nucleotide and amino acid sequences of a section of exon 6 from a normal subject and case 1. Amplified 
DNA with one base deletion, which led to a premature termination in exon 6 by frameshift. Nucleotide sequences 
and amino acid numbers are based on the human LCAT cDNA sequence (15). 

centrifuged briefly. One unit of Ampli Taq DNA polym- 
erase (Perkin-Elmer Cetus) was added to the mixture, 
which was then sealed in 100 pl of mineral oil. Primer 
pairs (Fig. 2) were subjected to 35 PCR cycles with a 
Model PJ 1000 Thermalcycler (Perkin-Elmer Cetus) as 
follows: denaturation at 96°C for 30 sec, annealing at 
65°C for 30 sec, and polymerization at 72°C for 1 min. 

DNA sequence analysis 

PCR-amplified DNA was purified with Geneclean 
(Bio 101. LaJolla, CA). A 1-p1 sample of the first reaction 
mixture was re-amplified using an unequal ratio (1 00/ 1) 
of the same primers (33). Single-stranded DNA from the 
second PCR was sequenced by the dideoxynucleotide 
chain termination method (34) using Sequenase 
(United States Biochemical Co., Cleveland, OH). Re- 
gions with strong secondary structures were sequenced 
after being subcloned into the vectors pUC118 and 
pUC119. All sequences were determined on both 
strands, and the region across a mutation was sequenced 
on separately amplified DNAs in duplicate. 

Pmll and HphI digestion study 

Because both mutations of case 1 and case 2 lost 
restriction sites for PmlI and HphI, respectively, we 
performed restriction fragment length polymorphism. 
To identify the one base deletion in the LCAT gene in 
case 1, we amplified the 271 bp segment of the LCAT 
gene comprising the deletion at base 873 in exon 6. The 
upstream primer was 5' TGGCGTGGCCTGAGGAC- 
CAC 3', which was matched to bases 1109 to 1128 in 
exon 6. The downstream primer was 5' GTGTCATCAC- 
CATCCTCATA 3', which is complementary to bases 

1360 to 1379 in exon 6. Nucleotide numbering is based 
on the published sequence for LCAT cDNA (15). PCR 
products were purified by Geneclean (Bio 101, La Jolla, 
CA) and digested with the restriction enzyme PmlI 
according to the manufacturer's instructions (Takara 
Shuzo, Kyoto, Japan) and then electrophoresed on an 
8% polyacrylamide gel. To confirm the point mutation, 
DNA from case 2 was amplified by PCR using a primer 
pair consisting of 5' GACCTGCACTITGAG- 
GAAGGCT 3' [bases 1189-12101 and 5' C T G M -  
CATAGCCATCAGGGC 3' (complementary to bases 
1613-1633). PCR products (445 bp) were purified by 
Geneclean and diges'ted with restriction enzyme HphI 
(New England Biolabs, Inc., Beverly, MA) according to 
the manufacturer's instructions and then electrophore- 
sed on an 8% polyacrylamide gel. 

Cloning of LCAT cDNA 

Poly(A)' RNA fractions were prepared from healthy 
human liver and used for construction of a human liver 
cDNA library according to a previously described 
method (35). The resulting cDNA library was screened 
by the hybridization method (36). Poly(A)' RNA was 
reverse transcribed with oligo (dT) primers using a 
first-strand cDNA synthesis kit (Pharmacia LKB, 
Uppsala, Sweden) and then amplified by PCR using the 
primers 5' GCTGGAATGGGGCCGCCCGGC 3' [bases 
262-2821 and 5' CCTCCACCAGCCTGCGAGCn 3' 
(complementary to bases 814-835) as hybridization 
probe. Nucleotide numbering is based on the published 
sequence of LCAT cDNA (15). We screened 3 x lo5 
clones; 12 clones were subjected to a second screening. 
The two cDNA clones with the longest insert (1.5 kb) 
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(A) Normal (B) Normal 

F i 3 b p  T ; 4 8 b p 3  
EXON 6 

5’ 

PCR PCR 
primers primers 

G873deletion GlyW -Ser 

Pml I 
445bp 

3’ 5’ VL 5, ~123bp++148bp2 

PCR PCR 
primers primers 

Fig. 5. (A): PCR amplified DNA fragments digested with PmlI. Upper panel: normal control; lower panel: case 
1. PCR product of case 1 is missinga PmlI site (indicated by the asterisk) in exon 6 at base 873. (B): PCRamplified 
DNA fragments digested with HphI. Upper panel: normal control; lower panel: case 2. PCR product of case 2 
is missing a HphI site at base 344. 

obtained from the library were sequenced by the dide- 
oxynucleotide chain termination method using Se- 
quenase (United States Biochemical Co.). 

Construction of expression plasmid and 
site-directed mutagenesis mutant plasmids. 

cDNA inserts of wild-type LCAT were prepared by 
digestion of plasmid (pBluescript SK-) with EcoRI, elec- 
trophoretic purification, and then inserted into the 
EcoRI site of the pSG5 expression vector (37). The insert 
orientation was confirmed by restriction endonuclease 
mapping. This plasmid was modified by site-directed 
mutagenesis to encode LCAT molecules by substituting 
one base deletion of G (first position of Val29 at base 
873 and Gly (wild) for Ser (mutant) at position 344 in 

exon 6. Antisense strand of the plasmid was used as a 
template for site-directed mutagenesis; 1 %mer synthetic 
oligonucleotides, 5’-GACCACTGTTCATITCCA-3’ and 
5’-GAGGATAGTGATGACACG-3’, were used as a 
primer for in vitro synthesis of the second strand of the 

Transfection 
COS-1 cells (1 x 106) were seeded into a 100-mm tissue 

culture plate in Dulbecco’s modified Eagle’s medium 
(DMEM Gibco-BRL, Gaithersburg, MD) supplemented 
with 10% fetal calf serum (FCS) and were incubated at 
37°C in 5% CO2 incubator until the cells were 60% 
confluent. The following solutions were prepared in 12 
x 17 mm polystyrene sterile tubes before transfection: 

Fig. 6. Eight percent polyacrylamide gel electrophoresis of restriction fragments generated by Pmll (A) and 
Hphl (B) digestion of PCR amplified DNA. DNA bands were visualized by staining with ethidium bromide. (A): 
case 1. Lane 1, HincIIdigested 4x174; lane 2, normal control; lane 3, proband; lane 4, father; lane 5, mother. 
(B): case 2. Lane 1, Hincll-digested (1x174; lane 2, normal control; lane 3. proband. 
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solution A 4 pg of plasmid DNA diluted with 400 p1 of 
reduced serum-free medium (OPTI-MEM, Gibco-BRL) 
and solution B: 40 pl of Lipofectin reagent (Gibco-BRL) 
diluted with 400 pl of OFTI-MEM. Solutions A and B 
were mixed and incubated at room temperature for 15 
min. The medium in the culture plate was replaced with 
fresh medium and the plasmid DNA-Lipofectin reagent 
complex was layered over cells. After 5 h incubation at 
37°C in an atmosphere of 5% Cop, DNA-containing 
medium was replaced with DMEM/lO% FCS for 24 h. 
The medium was then replaced with fresh serum-free 
medium (S-clone: Sankojunyaku Co. Tokyo, Japan) and 
the preparation was incubated for 72 h. To obtain 
intracellular extracts, cells were collected by centrifuga- 
tion, and cell pellets were suspended in 0.22 M Tris-HCL 
(pH 8.5) containing 0.2% sodium deoxycholate, 0.008% 
Nonidet P-40, 0.005% heparin, 1% BSA, and 0.25 M 
sucrose and sonicated. Aliquots of the medium and the 
intracellular extracts were maintained at -20°C until 
used in LCAT assays. 

Northern blot analysis 
Total cellular RNA was extracted using ISOGEN (Nip- 

pon Gene Co., Tokyo, Japan) according to the manufac- 
turer’s instructions, with some modifications. Briefly, 1 
x 106 transfected COS-1 cells were homogenized in 1 ml 
of a detergent solution (ISOGEN). Homogenates were 
transferred to test tubes containing 200 pl chloroform. 
The aqueous phase was removed to another tube con- 
taining 500 p1 n-isopropanol and stored at -20°C for 2-3 
h. The RNA pellet was rinsed with 75% ethanol, dried, 
and then dissolved in a denaturing buffer containing 6% 
formaldehyde and 50% formamide. For Northern blot 
analysis, total RNA was denatured with 50% formamide 
and 6% formaldehyde. The samples were fractionated 
on a 1.5% agarose gel. RNA was transferred to a nylon 
membrane (Hybond-N, Amersham-Japan, Tokyo, Ja- 
pan). The blots were washed briefly in 2 x SSC, dried, 
and baked at 80°C for 2 h. 

Wild-type LCAT cDNA was labeled by random primer 
labeling and used as a hybridization probe. After prehy- 
bridization at 65°C for 1 h with a hybridization buffer (1 
mM EDTA, 0.5 M NaHP04,7% SDS), the membrane was 
hybridized at 65°C for 16-18 h with a hybridization 

buffer containing the 32P-labeled probe. Radiolabeling 
of cDNA probe with [32P]dCTP (3000 Ci/mmol, Amer- 
shamjapan) was carried out using a random primer 
DNA labeling kit (Amershamjapan). The blots were 
exposed to X-ray film (Kodak, XAR-5) with an intensify- 
ing screen at -80°C. The LCAT mRNA signal was then 
stripped by washing the filters in boiling water contain- 
ing 0.1% SDS. The filters were then rehybridized with a 
radiolabeled P-actin probe. 

Cell labeling and immunoprecipitation 
Each plasmid was transfected into 1 x lo6 baby hamster 

kidney (BHK) cells using Lipofectin as described above. 
After a 48-h culture, the cells were pulse-labeled with 
[35S]-methionine (100 pCi/dish) for 30 min in Eagle’s 
minimum essential medium lacking unlabeled methion- 
ine and then chased in the methioninecontaining me- 
dium. At the indicated times of chase, the cells were 
separated from the medium, washed, and lysed in phos- 
phate-buffered saline containing 1% Triton X-1 00,0.5% 
DOC. The cell lysates and medium were subjected to 
immunoprecipitation of LCAT. When indicated, tuni- 
camycin (5 pg/ml) (Sigma, St. Louis, MO) was added 30 
min before the start of labeling and was included through- 
out the experiment. The immunoprecipitates were sub- 
jected to SDS-PAGE (9% gels), followed by fluorography. 
Half of the immunoprecipitates prepared from 35S-la- 
beled cells were treated with endo-PN-acetylglucosamini- 
dase H (Endo H: Seikagaku kogyo, Tokyo). The other half 
was incubated without enzyme, as a control for proteoly- 
sis. Digestions were performed 16 h at 37”C, and the 
samples were analyzed by SDS-PAGE (9% gels), followed 
by fluorography. For steady label, transfected BHK cells 
were steady-labeled for 8 h with [35S]methionine (300 
pCi/dish). After 8 h label, cell lysates and media were 
prepared and subjected to immunoprecipitation of 
LCAT. Samples were analyzed by SDS-PAGE (9% gel), 
followed by fluorography. 

Immunocytochemistry 
Cells grown on coverslips were rinsed in phosphate- 

buffered saline and fixed with 2% paraformaldehyde in 
0.1 M phosphate buffer (pH 7.4) for 1 h at room tem- 
perature. After fixation, cells were permeabilized by 

TABLE 2. a-LCAT activity and LC.4T mass of in vitro expression of wild-type and mutant LCATs 

Cell Culture Medium Intracellular Extracts 

Wild-type GE7’ Deletion Cly344 -+ Ser Wild-type G873 Deletion ClyM4 + Ser 

Total a-LCAT activity (nmol/h/ml) 1.66 f 0.65 (6) 0 (6) 0 ( 5 )  

Specific a-LCAT activity (nmol/h/pg) 20.0 k 1.5 (5) 0 (6) 0 (5) 
Total LCAT mass (pg/ml) 0.09 k 0.01 (6) < 0.01 (6) < 0.01 (5) 0.17 f 0.02 (6) < 0.02 (5) 0.03 f 0.01 (6 )  

After transfected COS1 cells were incubated for 72 h in serum-free medium, the qululture medium and intracellular extract were analyzed 
for protein mass and activity of wild-type and mutant LCATs. Values represent the mean f SD (number of experiments). 
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1 2 3 4  
treatment with 0.05% saponin in phosphate-buffered ( A )  
saline for 15 min. The cells were incubated with rabbit 
anti-human LCAT serum in permeabilizing buffer for 1 
h at room temperature. Coverslips with cells were briefly 
washed with the same solution, and incubated with 
rhodamine-labeled goat anti-rabbit IgG (10 pg/ml) for 
1 h. After being washed with phosphate-buffered saline, 
the cells were incubated for 10 min at room temperature 
with a substrate medium containing diaminobenzidine 
(0.5 mg/ml) and 0.01% H202 in 0.05 M Tris-HC1 buffer 
(pH 7.0). In separate experiments, cells that had been 
fixed and permeabilized as above were also incubated 
with FITC-conjugated wheat germ agglutinin (WGA) 
(E-Y Laboratories Inc., San Mateo, CA) (50 pg/ml) in 
permeabilizing buffer for 1 h at room temperature. All 
coverslips with attached cells were then mounted on 
glass slides with glycerin. Specimens were examined 
with a Nikon light microscope. 

RESULTS 

Biochemical analyses 
Plasma levels of total cholesterol and triglyceride were 

elevated in case 1, but were normal in case 2. The ratios 
of free cholesterol to total cholesterol were markedly 
elevated and HDL cholesterol levels were markedly 
reduced in both case 1 and case 2 (Table 1). Plasma 
apoA-I, A-11, B, C-11, C-111, and E levels of case 1 proband 
were 33.0, 8.8, 68.0, 5.1, 9.2, and 10.8 mg/dl, respec- 
tively (normal values were 137.2 f 24.9, 31.8 f 5.9, 79.1 
f 20.1, 3.4 k 1.3, 7.5 f 3.0, and 4.1 f 1.2 mg/dl, 
respectively). Case 2 proband’s apoA-I, A-11, B, C-11, C-I11 
and E levels were 35.2,5.0,60.0,3.5,8.4, and 6.5 mg/dl, 
respectively. Lipid and lipoprotein levels were also ele- 
vated in case 1’s parents. Both cases 1 and 2 exhibited 
markedly reduced CER, no LCAT activity, and an LCAT 
mass that was about one tenth of the mean mass in 
normal subjects, indicating primary LCAT deficiencies 
(Table 1). The LCAT activity and LCAT mass in case 1’s 
parents were approximately 50% of the mean values in 
normal subjects. 

DNA sequence analysis 

In case 1, each single-stranded DNA from the second 
PCR was sequenced but clear nucleotide ladders across 
the mutation were not observed, probably due to the 
strong secondary structure. When amplified DNAs of 
exon 6 were cloned into vectors pUCll8 and pUCll9, 
12 independent clones were isolated and sequenced. All 
12 clones possessed one base deletion of G, which is the 
first position of GTG codon for valine at position 264 
in the normal allele, at nucleotide position 873 in exon 
6 (Fig. 3A). The one-base deletion generated a stop 

28s - 

18S- 

Fig. 7. Northern blot analysis of poly (A)’ RNA from COSl cells 
transfected wild-type and two mutants LC.4T cDNA. The blot was 
hybridized with S21’-labeled LCAT cDNA (A), and after the removal of 
the LCAT cDNA probe, the same membrane was rehybridized with 
32P-labeled human pactin (B). In A and B, all lanes contain poly (.%)’ 
RNA ( 5  pg) isolated from COSl cells. Lane 1. wild-type; lane 2, GS7> 
deletion mutant; lane 3. Gly”l+ Ser mutant; lane 4. expression vector 
that does not contain LCAT cDNA. 

codon (TGA) at position 385 by frameshift and resulted 
in the loss of a PmlI restriction enzyme site present in 
the normal LCAT gene (Fig. 4). No other substitution 
was found. In case 2, each single-stranded DNA from the 
second PCR was sequenced; a substitution for G was 
observed converting Gly (GGT) to Ser (ACT) at position 
344 (Fig. 3B). The amplified DNA of exon 6 was cloned 
into pUCll8 and pUCll9 and then sequenced to con- 
firm the mutation. The base substitution lost an HphI 
restriction enzyme site present in the normal LCAT 
gene. N o  other substitution was found. 

PmlI and HphI digestion studies 

DNA from case 1’s parents including proband was 
examined by PmlI digestion of the PCR-amplified DNA 
of the LCAT gene to confirm the carrier status of the 
G873 deletion allele which was characterized by the loss 
of a PmlI site in exon 6 (Fig. 5A). PCR-amplified DNA 
of the LCAT gene obtained from case 1 subjected to 
PmlI digestion showed 148 bp and 123 bp bands, indi- 
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Fig. 8. Pulse-chase analysis of LCATs expressed in the transfected cells. BHK cells were transfected with the 
wild-type (A), deletion mutant (B), and Gly9” + Ser mutant (C). The cells were labeled with [33S]methionine 
for 30 min and then chased. At the indicated times of chase. cell lysates were prepared and suhjected to 
immunoprecipitation with rabbit anti-human LCAT serum. The immunoprecipitates were analyzed by SDS- 
PAGE (9% gels)/fluorography. Lane M, molecular mass marker. 

catingloss of the PmlI site (Fig. 6A). DNA from a normal 
control showed 148 bp and 103 bp bands resulting from 

digestion of PmlI. Case 1’s parents exhibited 148 bp, 123 
bp, and 103 bp bands. The 148 bp band was produced 
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by all samples. These data indicated that case 1 was 
homozygous and his parents were heterozygous for the 
defect. 

PCR-amplified DNA of the LCAT gene obtained from 
case 2 was subjected to HphI digestion to confirm the 
missense mutation characterized by the loss of an HphI 
site in exon 6 (Fig. 5B). Case 2 exhibited a 445 bp band, 
resulting from the loss of 252 bp and 193 bp derived 
from digestion of HphI (Fig. 6B). 

LCAT activity and LCAT mass of in vitro expressed 
LCAT 

When COS-1 cells were transfected with these mu- 
tants and incubated for 72 h in serum-free medium, 
LCAT activity in the medium was nearly zero and the 
LCAT mass was undetectable (< 0.01 pg/ml) (Table 2). 
Mutant LCATs showed zero specific activity. In contrast, 
LCAT activity in the medium of COS-1 cells, transfected 
with wild-type LCAT, was 1.7 nmol/h per ml and the 
LCAT mass was 0.09 pg/ml. Specific activity of wild-type 
LCAT was 20.0 nmol/h per pg. The LCAT mass in the 
cell lysates of the mutants was less than 12% of control 
for case 1 and 18% of control for case 2. No detectable 
LCAT activity or mass was observed in the culture 
medium or intracellular extract from cells transfected 
with vector DNA alone. 

Northern blot analysis 
Northern blot analysis of poly (A)’ RNA isolated from 

COS-1 cells transfected with mutant LCATs was carried 
out with 32P-labeled LCAT cDNA. As shown in Fig. 7A, 
both mutants showed mRNA nearly equal to that of 
wild-type (lanes 1-3), while no detectable amount of 
LCAT mRNA was detected in the COS-1 cells trans- 
fected expression vector that did not contain LCAT 

cDNA (lane 4). As a control experiment, the same 
membrane was treated to remove the LCAT cDNA 
probe and was rehybridized with a 3”-labeled human 
p-actin cDNA probe. The wild-type (lane l), two mutants 
(lanes 2, 3) and expression vector that did not contain 
LCAT cDNA (lane 4) yielded almost equal amounts of 
p-actin mRNA (Fig. 7B). 

Biosynthesis and localization of mutant LCATs 
The plasmid pSG5, containing the normal and mu- 

tants cDNA insert, was transfected into BHK cells. First, 
we investigated the biosynthesis of wild-type LCAT by 
pulse-chase analysis in transfected COS-1 cell. No ma- 
ture form of LCAT was observed in cell lysates and 
media after prolonged chase times (over 5 h) (data not 
shown). Because Hill et al. (38) have established a BHK 
cell line that constitutively expresses significant quanti- 
ties of human recombinant LCAT, we chose BHK cells. 
After 2 days of culture, the cells were pulse-labeled with 
[35S]methionine and then chased, followed by immuno- 
precipitation with rabbit anti-human LCAT serum. SDS- 
PAGE/fluorography demonstrated that under these 
conditions wild-type LCAT was synthesized as a high- 
mannose type of 56 kDa, which was very slowly con- 
verted to a mature form to 67 kDa and was secreted into 
media (Fig. 8A). The conversion of the 56 kDa form to 
the 67 kDa form is due to the processing of its N-linked 
oligosaccharides, from the high-mannose type to the 
complex type, as demonstrated by treatment with tuni- 
camycin and Endo-H (Fig. 9). In fact, the entire se- 
quence of LCAT includes four potential N-glycosylation 
sites (Asn-X-Ser/Thr) (39). When LCAT was treated 
with tunicamycin, molecular weight doubles with an 
apparent molecular weight of about 47 kDa and 49 kDa 
were observed. The former was comparable to the mo- 

wild-type G873 deletion Gly344 - Ser 
kDa M 

69 

46 

y 

30 a --------_---- 
Fig. 9. EndeH sensitivity of wild-type and mutant LCATs. The same samples shown in Fig. 8 were treated at 
37°C with Endc-H (0.2 unit/ml) for 16 h and analyzed by SDS-PAGE (9% gels)/fluorography. Tm. samples 
obtained froni tunicamycin-treated cells. 
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lecular weight (46917) of the mature protein moiety 
(21). The reason for the presence of a molecular weight 
doublet under treatment with tunicamycin remains to 
be determined. In transfected cells with two mutants, a 
newly synthesized protein was also immunoprecipitated 
with rabbit anti-human LCAT serum and was shown to 
have a different molecular mass (43 kDa and 46 kDa in 
the presence and absence of tunicamycin) for the GR73 
deletion mutant and the same molecular mass (47 kDa 
and 56 kDa) for the Gly.744 + Ser mutant as the wild-type 
precursor (Fig. 8B, 8C). In contrast to the wild-type 
LCAT, however, the mutant precursors were not proc- 
essed into the mature form but slowly disappeared along 
with chase times. The finding that no radioactive form 
was detectable in the medium indicated that no mutant 
LCATs would be secreted into the medium. Treatment 
with Endo-H confirmed that the mutant molecules con- 
tain only the high-mannose-type oligosaccharides (Fig. 
9). We also performed the steady labeling experiments 
([“SSImethionine; 300 pCi/dish, labeled for 8 h). As 
shown in Fig. 10, in the case of wild-type LCAT, the 
mature 67 kDa form was observed in both the cell lysate 
and media, whereas no mature form was detected in the 
cell lysate and media which were transfected mutant 
LCATs. These results suggest that the mutant LCATs 
are actually synthesized in an amount comparable to 
that of the wild-type, but they are slowly degraded 
without being processed into the mature form. More- 
over, in contrast to the wild-type LCAT, no maturation 
of their oligosaccharides into the complex type occurs, 
suggesting that the mutant LCATs are not able to be 
transported to the Golgi apparatus and retained in the 
endoplasmic reticulum (ER). 

We then examined the intracellular localization of 
mutant LCATs expressed in the transfected cells. In 

1 2 3 4 
kDa 

97.4 

69 

46 

Fig. 10. Immunoprecipitation of wild-type and mutant LCATs on 
steady label experiments. Transfected BHK cells were labeled for 8 h 
with [YS]methionine (300 pCi/dish). After 8 h label, cell lysates and 
media were prepared and subjected to immunoprecipitation of LCAT 
and analyzed by SDS-l’;\GE (9% gels)/fluorography. 1, wild-type; 2, 
GH78 deletion mutant; 3, GIys“ + Ser mutant; lane 4, mock. C and M 
represent the cell lysates and medium, respectively. 

control BHK cells without transfection, no significant 
reaction with rhodamine-labeled goat anti-rabbit IgG 
was observed (Fig. 11A). In contrast, cells transfected 
with the wild-type and mutant LCAT cDNAs yield a 
reticular pattern of immunofluorescence throughout 
the cytoplasm (Fig. 11C, D, E). The staining profiles of 
these cells are different from those stained for WGA 
binding (Fig. 11B). The lectin WGA specifically binds to 
oligosaccharides of proteins concentrated in the Golgi 
complex (40,41). Thus, the immunocytological observa- 
tions suggest that expressed wild-type and mutant 
LCATs are localized mainly in ER rather than the Golgi 
complex. These observations support the biochemical 
data obtained in this study. 

DISCUSSION 

We identified two different mutations in the LCAT 
gene in patients with familial LCAT deficiency. Both 
cases had low levels of HDL cholesterol and apoA-I and 
high ratios of free cholesterol to total cholesterol. Clini- 
cal findings included corneal opacities, anemia, and 
glomerulosclerosis, which are characteristic of familial 
LCAT deficiency. Patients with familial LCAT defi- 
ciency show heterogeneity in their degree of renal in- 
volvement. Case 1 was diagnosed as early onset neph- 
rotic syndrome, and a renal biopsy showed progressive 
glomerulonephritis. Initially, his renal dysfunction was 
slightly decreased but proteinuria rapidly progressed. In 
case 2, the renal function was markedly reduced (creat- 
inine clearance: 6 ml/min) and more impaired than case 
1. Allelic mutations differed in our patients. The clinical 
phenotype appears to be determined by other factors in 
addition to the genetic defect of the LCAT gene, such 
as environmental factors and/or other genetic defects. 
The level of triglycerides was higher in case 1 than in 
case 2. Thus, the progression of renal involvement might 
be related to the plasma triglyceride level. 

In both cases, a small amount of LCAT protein was 
detected in their plasma. Thegene mutations described 
here offer a possible explanation of the biochemical 
profiles of the two patients. The one base deletion of G 
in the LCAT gene of case 1 resulted in the loss of 
N-glycosylation sites AsnZ7‘ and AsdX4 and the creation 
of N-glycosylation site The one base deletion also 
resulted in the loss of one disulfide bridge between 
Cys.?13 and Cys%6 (39). Loss of an N-glycosylation site 
reduces its enzyme activity (21). Loss of one disulfide 
bridge creates structural flexibility that may be disadvan- 
tageous in the maintenance of higher protein structures. 
Thus, the deletion of G may cause a significant alteration 
in the enzyme conformation that could destabilize the 
LCAT molecule. The glycine to serine change in case 2 is 
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a substitution between neutral amino acids. This muta- 
tion occurs in a possibly important amino acid that is 
conserved among species (15,42-44). 

Previously identified defects in the LCAT gene in 
patients with classic LCAT deficiency include missense 
mutations in codons 93,147,158,209,228,293, and 321 
(22,23,24,26),asinglenucleotideinsertioninexon l(27) 
and a frame GCC (Gly) insertion between codons 140 and 
141 (23), nonsense mutation in codon 83 (26), and two 
compound heterozygotes (25, 26). The mutations in 
codons 147,228, and 293 are associated with very little or 
noLCATactivityand40-60% ofnormal mass. 

In order to establish the molecular basis of these 
substitutions, the two mutant LCATs were expressed in 
the mammalian expression system. Analysis of in vitro 
expressed LCATs (G873 deletion, G1y344 4 Ser) revealed 
that LCAT activity in the medium was nearly zero and 
the LCAT mass was undetectable (< 0.01 pg/ml). In 
contrast, LCAT activity in the medium of COS-1 cells 
transfected with wild-type LCAT was 1.7 nmol/h per ml 
and the LCAT mass was 0.09 pg/ml. After concentrating 
the culture media about 10 times, wild-type LCAT mass 
increased up to 1.4 pg/ml but mutant LCAT masses 
were undetectable (< 0.02 pg/ml). One of the explana- 
tions for this is their instability in the culture media. 
LCAT mass in the cell lysates of the mutants was not 
detectable for the G*73 deletion mutant and 18% of 
control for the Cly344 + Ser mutant. These data sug- 
gested that these two mutations may influence the tran- 
scriptional, translational, and/or posttranslational level. 
Although it is important to know the physiological 
functions of these two mutants, no LCAT activities were 
detected in cell lysates for wild-type LCAT as well as the 
two mutants in our experiments. 

Takagi et al. (45) reported that one base deletion 
(GgIG) in exon 5 of lipoprotein lipase (LPL) gene caused 
no detectable LPL protein due to the absence of LPL 
mRNA transcript. Therefore it is necessary to investi- 
gate the LCAT mRNA transcript of these two mutants. 
Northern blot analysis of the mRNA of COS-1 cells 
transfected with the mutants showed no difference com- 
pared to wild-type mRNA. 

The biosynthesis of wild-type and two mutant LCATs 
that were expressed in transfected BHK cells was then 
analyzed by pulse-chase experiments. Although the pri- 
mary sequence of LCAT has characteristic features of a 
secretory protein (39), processing of the oligosaccha- 
rides is relatively inefficient (Fig. 8A). The same behav- 
ior of wild-type LCAT, which was expressed in trans- 
fected COS-1 cells, was observed (data not shown). 
Recently, it has been reported that immunoprecipita- 
tion of the cell lysate of transfected COS-1 cells reveals a 
specific protein band with a molecular mass lower than 
the mature LCAT (about 52 kDa). No mature form of 

Fig. 11. 1ntr;icellulai- localization of LCATs expressed in BHK cells. 
BHK cells before (panels A and B) or after transfection with the 
wild-type LCAT cDNA (panel C) or Gn73 deletion mutant cDNA (panel 
D) or Cly”44 + Ser mutant cDNA (panel E) were cultured for 2 days. 
The cells grown on coverslips were fixed in 2% paraformaldehyde, 
permeabilized, and subjected to immunochemical (rhodamine-cou- 
pled IgC) or cytochemical (FITCWGA) reactions as described in 
Materials and Methods. Panels A, C, D, and E, rabbit anti-human 
LCAT serum; panel B. WGA. 

LCAT was observed in cell lysate after a 4-h chase (46). 
These observations indicate that the inefficient process- 
ing of LCAT in BHK cells cannot be simply explained by 
differences in secretory pathways. However, a complex 
type of wild-type LCAT was observed in the media, after 
prolonged chase times (over 5 h) (Fig. 8A). Thus, these 
results indicate that LCAT transport out of the ER into 
the Golgi apparatus is very slow, but once LCAT reaches 
the Golgi apparatus, it is secreted into the media imme- 
diately. These observations were identical for the result 
of the immunocytochemistry which the wild-type LCAT 
expressed in BHK cells that are localized mainly in the 
ER. Inefficient secretion may be an intrinsic property of 
LCAT protein. Alternatively, overexpression might re- 
sult in the formation of insoluble aggregates or cause 
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some of the protein to fold inappropriately through 
failure of correct glycosylation. 

In contrast to the wild-type LCAT, the mutant precur- 
sors were not processed into the mature form but slowly 
disappeared during the chase experiments. Finally, no 
complex type of mutant LCATs were observed in the 
media after a 16-h chase (Fig. 8B, 8C). Treatment with 
Endo-H confirmed that the mutant molecules contained 
only the high-mannose-type oligosaccharides (Fig. 9). 
The intracellular amount of two mutants was considered 
to be comparable with that of wild-type LCAT on steady 
label experiments (Fig. 10). However, only immature 
forms of mutant LCATs were observed in cell lysate, 
whereas the mature form of wild-type LCAT was ob- 
served. In addition, no immunoprecipitable band was 
detected in the media for two mutants. These results 
suggest that the mutant LCATs are actually synthesized 
in an amount comparable to that of the wild-type, but 
they are gradually degraded without being processed 
into the mature form. No maturation of their oligosac- 
charides into the complex type also suggests that the 
degradation occurs within the ER and/or early Golgi 
compartment. The immunocytological observations are 
also favorable to our conclusion that the mutant LCATs 
are retained and degraded in the ER. 

Similar findings have been reported for mutant a2- 
plasminogen inhibitor (as-PI Okinawa) which causes 
a2-PI deficiency (47). Immunoprecipitation analysis and 
enzyme-linked immunosorbent assay revealed that the 
mutant a2-PI (deletion of GIU’~’) synthesized is mostly 
retained within the cells as an endo H-sensitive form, 
and only a small portion of it is secreted into the medium 
as a neuraminidase-sensitive form. However, how the 
cell is able to distinguish between properly folded and 
assembled proteins and incomplete proteins is only 
partially understood. Proper folding and oligomeriza- 
tion of secretory and membrane proteins take place in 
the ER prior to their transport to appropriate cellular 
sites (48). Misfolded polypeptides or incompletely as- 
sembled oligomeric proteins are often retained or de- 
graded in the ER (49, 50). It is thought that molecular 
chaperones, a class of functionally defined proteins, may 
facilitate folding and oligomerization of polypeptides 
that are transported across the ER membrane (51,52). 
BiP/GRP78, the HSP70 analogue in the ER lumen, 
binds to hydrophobic sequences exposed on the surface 
of partially folded or unassembled proteins (53-56), and 
calnexin (a membrane-bound chaperone also called p88 
and IP90) (57-59) binds to glycoproteins that have 
undergone partial trimming of glucose residues in their 
N-linked oligosaccharide side chains (60, 61). Both of 
these chaperones associate transiently with folding and 
assembly intermediates, and more permanently with 
misfolded proteins. Therefore, it is interesting to know 

the mechanism by which mutant LCATs are retained 
and degraded in the ER. 

In this paper we report two novel molecular defects of 
LCAT. In conclusion, our data suggest that these two 
mutations may disrupt the mutant LCATs transport 
from the ER into Golgi apparatus, resulting in LCAT 
deficiency. The characterization of the molecular defect 
in these two patients will provide a better understanding 
of the structure-biosynthesis relationships of LCAT and 
the clinical course of a patient with familial LCAT 
deficiency. 811 
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