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Abstract Introduction

Wehave identified the molecular defect in two siblings present-
ing with classical clinical and biochemical features of Fish Eye
disease (FED), including corneal opacities, HDL cholesterol
< 10 mg/dl, normal plasma cholesteryl esters, and elevated
triglycerides. In contrast to previously reported patients with
FED who are unable to esterify HDL-associated cholesterol,
our patients' plasma lecithin-cholesterol acetyltransferase (a-
LCAT)-specific activities assayed using an HDL-like proteo-
liposome substrate were 12.7-25.7 nmol/hg (19.5±1.8 in con-
trols). In addition, significant residual cholesterol esterifica-
tion was present in VLDL/LDL-depleted plasma, confirming
the presence of HDL-associated a-LCAT activity. DNAse-
quence analysis of the proband's LCATgene identified deletion
of the triplet coding for leu3", which resulted in the loss of a
restriction site for MlnI. Digestion of PCR-amplified DNAus-
ing MlnI established that both siblings are homozygous for this
defect. Expression of LCAT3WI4"L in human embryonic kidney-
293 cells revealed normal mRNAand intracellular LCATcon-
centrations. However, reduced amounts of LCAT30"4'., which
had a normal specific a-LCAT activity, were present in the
media.

In summary, we report the first case of FEDassociated with
a mutant enzyme that has a normal a-LCAT-specific activity.
The functional significance of this LCATgene defect has been
established in an in vitro expression system, which demon-
strates that very small amounts of this functional LCAT mu-
tant enzyme accumulate in the media. Characterization of
LCAT3V4""- established that selective a-LCAT deficiency is
not a prerequisite for the development of FED. Onthe basis of
our combined results, we propose that the residual amounts of
total plasma LCATactivity and not its distribution on lipopro-
teins primarily determines the heterogeneity in phenotypic ex-
pression observed in familial LCATdeficiency syndromes. (J.
Clin. Invest. 1993.92:479-485.) Key words: Fish Eye disease .
hypoalphalipoproteinemia * DNAsequence analysis * LCAT.
restriction fragment length polymorphism
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Lecithin-cholesterol acyltransferase (LCAT)' is a key enzyme
necessary for extracellular cholesterol metabolism. In plasma,
LCAT esterifies cholesterol after association with alpha- (a-
LCAT) and, to a lesser extent, with beta- (,3-LCAT) lipopro-
tein particles. The cholesteryl esters become part of the lipopro-
tein core or are transferred by cholesteryl ester transfer protein
to other lipoproteins. The preferred substrate for LCAT are
small HDL particles that contain apo A-I, the most potent
activator of the enzyme ( 1-3). LCATmay facilitate the uptake
of cholesterol from peripheral tissues into HDL particles by
maintaining a concentration gradient for the efflux of free cho-
lesterol (4) and may play a major role in reverse cholesterol
transport.

Two phenotypically distinct syndromes of LCAT defi-
ciency have been reported in the literature: classic LCATdefi-
ciency and Fish Eye disease (FED). Patients with FED, a dis-
order reported to have a selective defect in HDL- or a-asso-
ciated LCAT activity, present with pronounced corneal
opacification and a marked reduction in HDLcholesterol. De-
spite HDLcholesterol levels < 10 mg/dl, these patients do not
develop coronary artery disease ( 1, 5-7). In contrast to FED,
patients with classic LCATdeficiency have significant glomeru-
losclerosis and normochromic anemia (8). Classically, these
two clinical entities have been differentiated biochemically by
analysis of total plasma LCAT activity (plasma cholesterol es-
terification rate; pCER) and HDL-associated a-LCAT activity
(1). Thus, in most patients with FED, the CERis normal, but
a-LCAT activity is significantly reduced to < 2% that of con-
trols, indicating that LCAT activity in these individuals is pri-
marily associated with apo B-containing lipoproteins (9).
Normally, only 5% of LCAT mass and activity reside on apo
B-containing particles (10). In classic LCAT deficiency, the
LCAT activities on both HDLand apo B-containing lipopro-
teins are virtually absent, resulting in a drastically reduced
pCER. These findings have led to the concept that a selective
deficiency of HDL-associated a-LCAT activity is pathogno-
monic for FED.

Several molecular defects in the LCAT gene of patients
with FED have been recently identified by DNAsequencing
( 1 1-13). Analysis of the location of these mutations within the
LCAT gene indicates that they involve all regions of the en-
zyme and result in the synthesis of a functionally defective
enzyme with a-LCAT-specific activity < 2%of control (6, 1 1,

1. Abbreviations used in this paper: CER, cholesterol esterification rate;
FED, Fish Eye disease; LCAT, lecithin-cholesterol acyltransferase;
pCER, plasma CER.
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13). Characterization of the mutations identified in patients
with FED and a comparison with defects present in patients
with classic LCATdeficiency have provided no further insights
into the underlying molecular basis for the different clinical
manifestations observed in FED versus classic LCAT defi-
ciency.

In this manuscript we describe a unique mutation in the
LCAT gene of a patient presenting with classic clinical and
biochemical features of FED. The functional significance of
this mutation was established by site-directed mutagenesis and
in vitro expression of the mutant LCAT. Our studies indicate
that a-LCAT deficiency is not necessary for the expression of
FED and provide new insights into the underlying molecular
basis for the clinical heterogeneity observed in patients with
primary LCAT defects.

Methods

Proband. The 55-yr-old proband was noted to have corneal clouding
before the age of 20 and deteriorating vision after the age of 40. Exten-
sive evaluation revealed no evidence of glomerulosclerosis or anemia,
typical clinical features of classic LCAT deficiency. The family record
revealed a history of consanguinity, with his parents being first cousins.
An extensive clinical and biochemical description of the French pro-
band of Mediterranean origin has been recently published ( 14).

Blood samples. Fasting venous blood was drawn into EDTAtubes.
The plasma was separated by low-speed centrifugation (1,500 g, 15
min) and kept at 40C. Plasma for LCAT assays was frozen on dry ice
and kept at -70'C until assayed. The cell pellet was kept at -20'C
until DNAextraction was performed.

Lipoprotein and apolipoprotein analysis. Plasma concentrations of
cholesterol, triglycerides, and HDLcholesterol were quantitated by an
autoanalyzer (model VP Supersystem; Abbott Laboratories, Irving,
TX) using the commercially available test kits (Abbott Laboratories).
HDLwas precipitated from plasma by dextran sulfate using a commer-
cial reagent system (Ciba-Coming Diagnostics, Oberlin, OH). The to-
tal free plasma cholesterol esters were assayed by an enzymic colorimet-
ric method (Wako Pure Chemical Industries, Osaka, Japan). Plasma
levels of apo A-I and apo A-II were determined by a commercially
available turbidometric assay (Boehringer Mannheim GmBH,Mann-
heim, Germany).

CERand a-LCATactivity. The CERwas quantitated by determin-
ing the rate of esterification of ['4C]cholesterol using autologous
plasma as a substrate as described (15, 16). Briefly, 200 ,u1 of autolo-
gous plasma was labeled by overnight incubation at 40C with
[14C]cholesterol. The labeled plasma was incubated for 60 min at
37°C, and samples were taken before and after the incubation and were
extracted with ethanol. Protein precipitates were removed by centrifu-
gation (5,000 g, 10 min) and the supernatant was evaporated. Free and
esterified cholesterol were separated by thin-layer chromatography (sil-
ica gel) and radioactivity of the spots was quantitated in a liquid-scintil-
lation counter (model LS 6000 Ta; Beckman Instruments, Inc., Fuller-
ton, CA). The molar esterification rates were calculated by multiplying
fractional esterification rates by the concentrations of free plasma cho-
lesterol. The CERin the culture media of transfection experiments was
quantitated using 200 Ml of ['4C] cholesterol-labeled heat-inactivated
control plasma as a substrate. Samples for quantitation of the radioac-
tivity were taken before and after 6 h of incubation at 37°C.

The HDL-associated a-LCAT activity in plasma and transfection
media was determined using an artificial HDL-like proteoliposome
substrate as previously described ( 17). Stable proteoliposomes were
synthesized by 30 min of incubation of apo A-I, [ '4C]cholesterol, and
egg phosphatidylcholine at a molar ratio of 0.8:12.5:250 at 37°C and
the a-LCAT activity determined from the rate of formation of
I 4C]cholesteryl ester. The molar rate of a-LCAT esterification was

calculated by multiplying the percentage of cholesterol esters formed

per hour by the concentration of total cholesterol in the proteolipo-
somes. The cholesterol esterification rate and a-LCAT activity were
determined in both native plasma and plasma depleted of apo B-
containing lipoprotein by phosphotungstic acid as previously re-
ported ( 13).

LCAT mass. LCAT mass was quantitated by radioimmunoassay
using a polyclonal antibody and [ '25I human LCAT as previously de-
scribed in detail ( 18 ).

DNAisolation. Genomic DNAwas isolated from white blood cells
using an automated nucleic acid extractor (model 340A; Applied Bio-
systems, Inc., Foster City, CA) and kept at 4VC.

Oligonucleotides and DNAamplification by PCR. Oligonucleotide
primers containing restriction sites for EcoRI and HindIII for subclon-
ing were synthesized on a DNA synthesizer (model 380B; Applied
Biosystems, Inc.) as previously reported ( 13). The coding regions of
the proband genomic DNAwere amplified by PCRas described ( 19-
21 ) using an automated DNAthermal cycler and Taq DNApolymer-
ase (Perkin-Elmer Cetus Instruments, Norwalk, CT) in a reaction mix-
ture of 50 mMKCl; 10 mMTris-HCl, pH 8.3; 1.5 mMMgCl2, and 200
AMeach dATP, dCTP, dGTP, and dTTP. 30 cycles were performed,
each consisting of 45 s denaturation at 95°C, 1 min annealing at 55°C,
and 1 min polymerization at 72°C.

Subeloning of PCRproducts and DNAsequence analysis. After di-
gestion with EcoRI and HindIII (Bethesda Research Laboratories,
Gaithersburg, MD) and electrophoretic separation on a 1.5% low melt-
ing point agarose gel (Bethesda Research Laboratories), PCRproducts
were phenol extracted and ligated into the M13 vectors mpl8 and
mpl9 (Bethesda Research Laboratories) and subcloned as described
(22). Single-stranded DNAof the coding regions, 150 bp of the pro-
moter region, and the intron/exon splice sites were sequenced using
the dideoxynucleotide chain termination method (23) and T7 DNA
polymerase (Sequenase; United States Biochemical Corp., Cleve-
land, OH).

Analysis of PCR-amplified genomic DNAby digestion with MlnI.
Oligonucleotide primers A and B (Fig. 1) were used to amplify a 153-
bp DNAfragment by PCRcontaining the mutant gene region in exon 6
of the proband, six family members, and a control. PCRproducts were
gel purified and subjected to digestion with the restriction enzyme MlnI
as recommended by the manufacturer (New England Biolabs, Beverly,
MA). Digestion fragments were separated on a 2%agarose (FMC Bio
Products, Rockland, ME) gel supplemented with 1%low melting point
agarose and DNAwas stained with ethidium bromide.

LCATcDNA expression vector. Restriction sites for XbaI (5'-T/
CTAG-3') and HpaI (5'-GTT/AAC-3') were introduced into the hu-
man LCATcDNAby PCRamplification from a pUC19 clone, carry-
ing the entire coding region of the human LCATgene (kindly provided
by Dr. John W. McLean, Department of Cell Biology, Genentech Inc.,
San Francisco, CA), using oligonucleotides C and D (Fig. 1). The
1.35-kb PCRproduct was digested by XbaI and HpaI as recommended
by the supplier (Bethesda Research Laboratories). After purification
on a 1% low melting point agarose gel (Bethesda Research Laborato-
ries), the DNAwas ligated into the XbaI and HpaI sites of a pUCl 8
vector (24) containing the cytomegalovirus immediate early promoter
and the SV40 polyadenylation site. The vector was subcloned using
competent DH-5a cells (Bethesda Research Laboratories). Clones
carrying the LCATcDNAwere grown overnight at 37°C in LB-Broth
(Biofluids, Rockville, MD) and DNAwas isolated by one-tube mini-
preparation (25). Double-stranded sequencing of the LCAT cDNA
insert was performed using the oligonucleotide primers E-K (Fig. 1)
and the dideoxynucleotide chain termination method (23) as de-
scribed (25). The vector was then large-scale amplified and purified by
the cesium chloride double-banding method (26).

Site-directed mutagenesis of the LCATcDNA. The mutant LCAT
cDNA was generated by the PCRoverlap technique (27) from the
pUC19 cDNA clone using primers E and M, and L and K (Fig. 1)
containing the CTCdeletion at codon 300. Double-stranded sequenc-
ing of the mutant and the wild-type LCAT cDNA from miniprepara-
tions of the expression vectors confirmed the normal LCAT cDNA

480 Klein, Santamarina-Fojo, Duverger, Clerc, Dumon, Albers, Marcovina, and Brewer



LCAT cDNA

I ATA I I 7Q I I Qg I I 11 1 RR4 ILuv I ' I I uu I Io 11 Lu- el I

if J
154 1 157 161696 /4-2511-7

~~1
AW- .E

.-E D

,.A HIE-
L E
4- M

Oligonucleotide Primers

A: 5' - CTG CAC TTT GAGGAAGGCTGG TAC
B: 5' - CGT GTAGGGGAA TTC GTGGTC GTA

GGCTCT AGAGCT GGA
AGGGCT TAC GTT AAC
TCG CCT GGAGACGCC
GAC CAGGTT CTG CAC
TAC CTG GACAGCAGC
CAGGAGGTC ACGTGA
TTT GCAGAC CTG CAC
ATT TGGATG CTA TTG

- 3'
- 3'

ATG GGGCCG - 3'
AAAGGAAGG -3'
ATC CAC GCT GTT - 3'
CAGTGT GTG - 3'
AAG CTGGCA - 3'
CTG GAGCCA - 3'
TTT GAGGAA - 3'
CTT TAT TTG TAA CC - 3'

L: 5' - CAGTCA CGT GAC CTGGCAGGACTC - 3'
M: 5' - GAGTCC TGC CAGGTC ACG TGA CTG - 3'

Figure 1. Structure of the hu-
] K man LCATcDNAand loca-

tion and sequence of oligo-
nucleotide primers used for
restriction analysis, site-di-
rected mutagenesis, and
LCAT cDNA sequencing.
The black bars represent the
six exons present in the
LCAT gene. Their sizes, in
bp, are indicated. The brack-
ets and numbers indicate the
location and size of the in-
trons. The recognition sites
for the restriction enzymes
XbaI and HpaI in primers C
and D are underlined.
Primers E(*) and K(**) are
located within the 3' se-
quence of the cytomegalo-
virus early promoter and the
5' sequence of the SV40
polyadenylation signal.

sequence of the control plasmid (normal LCAT) and the deletion of
leu3" in the mutant vector (LCAT'300-del).

In vitro transient expression of the LCAT cDNA in human embry-
onic kidney-293 cells. 40 Aig of the control, the wild-type LCAT (nor-
mal LCAT), and the mutant LCAT expression vectors (LCAT3"0'-)
was used for transient transfections of subconfluent monolayers of kid-
ney-293 cells by the calcium phosphate coprecipitation method (28).
All transfections were carried out in triplicate. The cell culture media
(DME; Gibco Laboratories, Gaithersburg, MD) were changed after 16
h and were harvested after another 48 h. The intracellular proteins were

extracted from collected cells by centrifugation, resuspension of the cell
pellet in 0.22 MTris-HCl pH 8.5 (supplemented with 0.2% sodiumde-
soxycholate, 0.008% Nonidet P-40, 0.005% Heparin, 1%BSA, and 0.25
Msucrose) and were sonicated as described (29). Aliquots of the me-

dia and the intracellular extracts were kept at -70°C until LCATassays

were performed.
Isolation of mRNAand Northern blot analysis. Extraction of

mRNAfrom cells transfected with the control, the wild-type LCAT
(normal LCAT), and the mutant LCAT expression vector
(LCAT3004"e-) was performed using the guanidinium thiocyanate
method (30). Northern blot hybridization was performed by separa-

tion of RNAon a 6% formaldehyde-agarose gel followed by transfer to

Nytran (Schleicher & Schuell Inc., Keene, NH) and hybridization with
a full-length human LCATcDNAprobe. Northern blots were scanned
and analyzed on a Betascope 603 (Betagen, Waltham, MA).

Results

Lipoprotein and apolipoprotein data. Table I summarizes the
lipoprotein and apolipoprotein values of the proband and six of

his relatives as well as those of previously reported FED pa-

tients and healthy controls. The plasma lipid profile of the pro-
band and his homozygous sister exhibited the characteristic
anomalies present in classic FEDwith normal plasma levels of
cholesteryl esters, elevated triglycerides, and HDLcholesterol
< 10 mg/dl. The HDLcholesterol of the heterozygous family
members was in the low-normal range. Total plasma triglycer-
ides were markedly increased not only in the two homozygotes,
but also in three of the four analyzed heterozygotes. Plasma
levels of apo A-I and particularly apo A-II were significantly
reduced in the homozygotes.

pCER, a-LCA T activity, and LCAT mass. Unlike other
FED patients who exhibit normal or only slightly reduced
pCER, our proband's pCERwas reduced to 25 nmol/ml per h
(59±11 nmol/ml per h in controls, Table II). Plasma choles-
teryl esterification was still detectable (7 vs. 5 1±4 nmol/ml per

h in controls, Table II) after precipitation of apo B-containing
lipoproteins with phosphotungstic acid, indicating significant
residual HDL-associated LCAT activity. Using an artificial
HDL-like proteoliposome substrate, the proband's a-LCAT ac-

tivity was 14% that of normal controls, a value significantly
higher than the residual a-LCAT activity in other FED pa-

tients. The calculated specific a-LCAT activities of the pro-

band and his affected sibling using proteoliposomes or VLDL/
LDL-depleted plasma as a substrate ranged from 65 to 112%
that of control (Table II).

Sequence analysis of genomic DNA. Single-stranded DNA
sequence analysis of the coding, promoter, and splicing regions
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Table I. Lipoprotein and Apolipoprotein Data of a French Kindred with Partial LCAT Deficiency (Fish Eye disease)

a-LCAT Controls
Proband a Offspring b Offspring c Offspring d Sister e Mother f Uncle g def. (n = 6)* (n = 7)

Chol. (mg/dl) 129 197 145 196 207 266 196 219±17 163±24
CE (%) 46 68 71 73 60 74 71 59±2 69±2
TG(mg/dl) 399 310 118 62 165 266 79 276±132 65±18
HDL-C (mg/dl) 9 40 35 47 10 34 43 0-7 65±17
apo A-I (mg/dl) 40 132 104 130 50 106 122 33±11 145±24
apo A-II (mg/dl) 10 36 28 40 10 29 32 7±4 41±5

Values for the homozygote family members are highlighted in bold. Values for other FEDpatients (a-LCAT def.) represent the mean of six in-
dividuals. Chol., cholesterol; CE, cholesterol esters; TG, triglycerides; HDL-C, HDL-cholesterol. * References 6, 11, and 13.

of the LCATgene from the patient and a control identified the
deletion of an entire codon (CTC) in exon 6, resulting in the
loss of leu I (Fig. 2). This mutation was the only defect identi-
fied in six of six independent clones. Computer analysis of the
proband's mutant LCATDNAsequence (PC/GENE; Intelli-
Genetics, Mountain View, CA) revealed the loss of a restriction
site for the enzyme MlnI (5'-CCTC/-3') at residue 300.

Analysis ofPCR-amplified genomic DNAby digestion with
MlnI. Digestion of a PCR-amplified 1 53-bp LCAT gene frag-
ment containing the mutant codon in a control, the proband,
and six of his relatives with MlnI established that the proband
and one of his sisters are homozygous for the leu' deletion
(Fig. 3 A). His three children and his mother are heterozygous
for this defect, whereas his paternal uncle is not affected. A
pedigree of the kindred is shown in Fig. 3 B, illustrating con-
sanguinity in the third generation.

CER, a-LCAT activity, and LCAT mass of in vitro ex-
pressed LCAT. To establish the functional significance of the
leul deletion, the mutant enzyme was expressed in human
embryonic kidney-293 cells. Analysis of culture media and in-
tracellular extracts 48 h after transfection with the normal
LCATplasmid revealed that 95% of total a-LCAT activity and
LCAT mass was present in the culture media, indicating that
most of the normal protein was secreted (Table III). In con-
trast, the total LCAT activity and mass present in the culture
media of cells expressing LCAT0''L was very low, whereas
intracellular activity and mass were comparable to those trans-
fected with the normal LCAT plasmid. Like the plasma
LCAT304e'L, the specific a-LCAT activity of the expressed mu-
tant enzyme was similar to normal (43 vs. 46 nmol/hg).
Northern blot hybridization of normal and patient RNAre-

vealed normal levels of a normal size 1.6-kb LCAT mRNA
(data not shown).

Comparison of mammalian LCAT cDNA sequences. The
human LCATgene structure ( 31 ) is highly homologous to the
mouse (32) and the rat (33) (- 85% identity). The mutant
codon 300 is conserved in all three species.

Primary and secondary structure prediction. Primary and
secondary structure prediction models of the normal and the
mutant LCATenzyme were developed using the computer pro-
gram PC/GENE(IntelliGenetics). The deletion of codon 300
does not alter the average hydrophilicity of the enzyme (34). A
minimal reduction in chain flexibility at residue 300 is pre-
dicted (35). A stretch of extended conformation from residues
299 to 303 is changed to turn and coil in the mutant protein
(36). In an additional model (37), the mutant protein is pre-
dicted to have an extended stretch of coil conformation from
codons 297 to 308 and a disrupted stretch of helix extending
from residues 289 to 301 in the normal protein.

Discussion

The phenotypic heterogeneity of patients presenting with hy-
poalphalipoproteinemia has been puzzling to the clinician.
Among these patients, two major clinical syndromes, classic
LCATdeficiency and FED, characterized by low plasma HDL
and a primary defect in the LCATgene have been reported (5,
10). Both syndromes are characterized by corneal opacities,
hypoalphalipoproteinemia, and the lack of coronary artery dis-
ease; however, subjects with classic LCATdeficiency are addi-
tionally affected by various degrees of glomerulosclerosis and
anemia ( 1).

Table II. pCER, a-LCATActivity, LCATMass, and Specific a-LCATActivity in a French Kindred with Partial LCATDeficiency
(Fish Eye disease)

a-LCAT Controls
Proband a Offspring b Offspring c Offspring d Sister e Mother f Uncle g def. (n = 5)* (n = 7)

pCER(nmol/ml per h) 25 [71 78 [27] 52 [14] 54 [25] 16 [51 71 [36] 60 [36] 60 ± 14 59±11
[<1] [51±4]

a-LCAT activity (nmol/ml per h) 14 66 67 90 18 85 89 0.9±0.3 99±5
LCAT mass (jig/ml) 1.1 3.3 3.2 3.8 0.7 3.0 4.0 2.9±0.8 5.2±0.7
Specific a-activity (nmol/,g) 12.7 20.0 20.9 23.7 25.7 28.3 22.3 0.3±0.2 19.5±1.8

Values for the homozygote family members are highlighted in bold. The values for other patients with FED(a-LCAT def.) represent the mean of
five individuals. Numbers in brackets represent measurements in VLDL/LDL-precipitated plasma. * References 6, 11, and 13.
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Figure 2. Autoradiogram of DNAsequencing gels of the proband's
LCATallele (left) and control (right). The deleted residue leu ' is
boxed.

The first insight into the molecular basis of the phenotypic
heterogeneity of LCAT disorders was made by Carlson and
co-workers (5-7, 38, 39), who reported that FEDwas due to
selective a-LCAT deficiency. Classic LCATdeficiency, on the
other hand, was associated with a complete absence of LCAT
enzymic activity (8). Thus, the major biochemical difference
between the two clinical syndromes was postulated to be the
presence of residual LCAT activity on apo B-containing lipo-
proteins in patients with FED. It remained, however, to be
established whether a selective deficiency of LCAT activity in
HDLwas indeed a requirement for the expression of FED. In
this manuscript, we characterize a unique defect in the LCAT
gene of a patient presenting with FED, which provides new
insights into the underlying molecular basis for the clinical het-
erogeneity observed in patients with LCAT deficiency.

Our proband presented with the typical clinical and bio-
chemical features of FEDas initially reported in the three index
cases of a-LCAT deficiency from Sweden (5, 6) and in other
patients with this disorder (1 1, 13). The proband developed
corneal opacities at age 20 and visual impairment by age 40 but
had no evidence of glomerulosclerosis and anemia by age 55.
Biochemically, the proband's plasma cholesteryl ester and
HDL levels were similar to levels observed in other patients
with FED. In addition, significant CER was detected in
plasma. However, unlike other patients with FED, determina-
tion of LCAT activity after precipitation of apo B-containing
lipoproteins with phosphotungstate revealed significant resid-
ual a-LCAT activity present in the proband and his affected
sister. Determination of the specific HDL-associated a-LCAT
activities using proteoliposomes or LDL/VLDL-depleted
plasma as substrates demonstrated that although total a-LCAT
activity in plasma was reduced in both homozygotes to - 14
and 18% that of normal, the specific a-LCAT activity of the
mutant enzyme was similar to that of normal plasma LCAT.
pCERin the proband and his sister was reduced to 15 and 27%
that of normal individuals, respectively. Thus, in this kindred,
the clinical phenotype of FED is associated with an overall
reduction in both a- and /3- LCAT enzymic activity with nor-
mal a-LCAT-specific activity rather than the selective defi-
ciency of a-LCAT activity observed in the other FEDpatients
described previously (5-7, 11, 13).

DNAsequence analysis of the proband's LCATgene iden-
tified a mutation in codon 300 that resulted in deletion of
leu'. Analysis of the altered DNArestriction pattern using
MlnI demonstrated that the proband and his sister were homo-
zygous for the defect. The functional significance of
LCAT0'' was established by expression of the normal and

A
M a b c d e f g

200-
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-153
-98
-55

B~~~~~~~~

t

b C d
Figure 3. Screening of family members for the leu3" deletion by re-
striction analysis with the enzyme MlnI (A). A 153-bp portion of the
LCATgene from the proband, family members, and a control, span-
ning the region of the mutation, was amplified from genomic DNA
by PCR. The amplified fragments were digested with MlnI, separated
on a 3% agarose gel, and visualized by staining with ethidium bro-
mide. Because of the lost restriction site for MlnI, the proband's (a)
and his homozygous sister's (e) DNAwas not cleaved. The proband's
offspring (b-d) and his mother (f) are heterozygous for this defect
as demonstrated by the incomplete MlnI restriction, whereas the un-
cle (g) had the same restriction pattern as the control (not shown)
demonstrated by complete cleavage of the 1 53-bp fragment into a 98-
and a 55-bp fragment. M, molecular size standard; o, female; o, male
family members (filled symbols, homozygotes; half-filled symbols,
heterozygotes; diagonal bars, family members not available for anal-
ysis); t, deceased.

the mutant enzyme in human embryonic kidney-293 cells. The
specific a-LCAT activity of the expressed mutant LCAT en-
zyme was similar to that of normal LCAT, which confirmed
the normal a-LCAT-specific activity determined with the
plasma enzyme; however, in contrast to the control, where
> 90% of the LCAT mass and activity was secreted into the
culture media, only a small fraction of mass and activity of
LCAT0'' was detected extracellularly, suggesting either a
defect in LCAT secretion or enhanced degradation. Although
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Table III. CER, a-LCATActivity, LCATMass, and Specific a-LCATActivity in the Culture Media and Intracellular Extracts of In Vitro
Expressed Normal and Mutant LCAT

Cell culture media Intracellular extracts

Normal LCAT LCAT3' Normal LCAT LCAT30'

Total CER(nmol/h) 40±1 3.1±0.6
Total a-LCAT activity (nmol/h) 394±26 20±10 28±1 15±2
Total LCAT mass (ug) 9.0±2.2 0.4±0.2 0.5±0.1 0.3±0.1
Specific a-activity (nmol/ttg) 46±14 43±13 54±14 43±6

Total amount of cholesteryl esters formed per hour in the cell culture media (4.5 ml) and in intracellular extracts (0.4 ml) using plasma (CER) or
proteoliposomes (a-activity) as substrates, as well as LCAT mass and calculated specific a-LCAT activity are indicated. Values represent
means±SD of triplicate measurements. The background values for cultured cells only and cells transfected with the vector without insert, which
was 2%of control for CERand a-LCAT activity and 0 for LCAT mass, have been subtracted.

the intracellular concentration of the mutant enzyme was simi-
lar to that of normal, the LCAT3''' levels detected in the cell
culture media were significantly reduced, a finding consistent
with the 80% reduction of LCATmass present in the proband's
plasma. The mechanism by which the deletion of leu I alters
the plasma levels of LCAT30'L is unclear. Transcription of
the mutant gene does not appear to be affected, since mRNA
levels are normal; however, the deletion of leu ' may disrupt
posttranslational processing, leading to either abnormal trans-
location or defective secretion of the protein. Surprisingly, the
loss of leu3 does not affect the functional properties of
LCAT3 ''l, indicating that this residue is not essential for
enzymic activity and ruling out major structural changes in
the mutant LCAT enzyme. The defect does not affect any of
the four potential N-glycosylation sites of the LCAT polypep-
tide (40).

The data presented in this study suggest a novel functional
explanation for the expression of FEDthat does not involve a
selective loss of HDL-associated a-LCAT activity. Thus, dele-
tion of leu ' results in the synthesis of an enzyme that has
normal specific activity but has decreased plasma levels. De-
spite the reduced quantity of LCAT present in the patient's
plasma, the distribution of the mutant enzyme on a- and il-
lipoproteins, as demonstrated by the analysis of native and
LDL/VLDL-depleted plasma, is similar to that of normal
plasma LCAT, establishing that in this patient cholesterol es-
terification by the mutant LCAT is not restricted to apo B-con-
taining lipoproteins. In fact, significant levels of LCATactivity
were detected in the patient's HDL fraction.

On the basis of these results we propose that the phenotypic
heterogeneity of primary LCAT deficiency syndromes is pri-
marily dependent on the residual levels of activity of the mu-
tant LCATenzyme rather than on its location on the lipopro-
tein particles. Classic LCATdeficiency and FEDmayrepresent
two ends of a clinical spectrum in which the amount of residual
LCAT activity determines the clinical manifestations. Thus,
previous studies have indicated that a profound deficiency of
total plasma cholesterol esterification is required for the ex-
pression of classic LCAT deficiency (41), whereas patients
with the FEDphenotype had normal rates of plasma choles-
terol esterification (6, 11, 13). In the two homozygotes re-
ported here, 27-42% of normal plasma cholesterol esterifica-
tion and 14-18% of normal a-LCAT activity are sufficient to
protect from renal disease and anemia but not to prevent hy-
poalphalipoproteinemia and corneal opacification. Thus, the

residual LCAT activity that protects against renal disease and
hemolytic anemia may reside either on the apo B-containing
lipoproteins, as originally described by Carlson and Holmquist
(7, 9), or on both a- and j#-containing lipoproteins, as reported
here, or potentially only on the a-containing lipoproteins.
Thus, it is not the location on the lipoprotein particles but the
presence of residual enzymic activity that protects against renal
disease and hemolytic anemia.

In summary, we describe a unique defect in the LCATgene
of a patient presenting with FED. In vitro transfection of
LCAT 'eL results in reduced expression of a mutant enzyme
with normal specific a-LCAT activity, thus establishing the
functional significance of this defect. Characterization of
LCAT31e' establishes that a combined partial deficiency of
both a- and f3-LCAT activity can lead to FED. Thus, selective
deficiency of a-LCAT activity is not essential for the develop-
ment of this syndrome. On the basis of the present study we
propose that classic LCAT deficiency and FEDrepresent dif-
ferent clinical manifestations of the same genetic disorder in
which the heterogeneity of phenotypic expression is dictated
primarily by the residual levels of total LCAT activity in the
patient's plasma.
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