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Abstract In order to test the hypothesis that fish-eye dis-
ease (FED) is due to a deficient activation of lecithin:choles-
terol acyltransferase (LCAT) by its co-factor apolipoprotein
(apo) A-I, we overexpressed the natural mutants T123I,
N131D, N391S, and other engineered mutants in Cos-1
cells. Esterase activity was measured on a monomeric phos-
pholipid enelogue, phospholipase A

 

2

 

 activity was measured
on reconstituted high density lipoprotein (HDL), and acyl-
transferase activity was measured both on rHDL and on low
density lipoprotein (LDL). The natural FED mutants have
decreased phospholipase A

 

2

 

 activity on rHDL, which ac-
counts for the decreased acyltransferase activity previously
reported. All mutants engineered at positions 131 and 391
had decreased esterase activity on a monomeric substrate
and decreased acyltransferase activity on LDL. In contrast,
mutations at position 123 preserved these activities and spe-
cifically decreased phospholipase A

 

2

 

 and acyltransferase ac-
tivites on rHDL. Mutations of hydrophilic residues in am-
phipathic helices 

 

a

 

 3–4 and 

 

a

 

 His to an alanine did not
affect the mutants’ activity on rHDL. Based upon the 3D
model built for human LCAT, we designed a new mutant
F382A, which had a biochemical phenotype similar to the
natural T123I FED mutant.  These data suggest that resi-
dues T123 and F382, located N-terminal of helices 

 

a 

 

3–4 and

 

a 

 

His, contribute specifically to the interaction of LCAT
with HDL and possibly with its co-factor apoA-I. Residues
N131 and N391 seem critical for the optimal orientation of
the two amphipathic helices necessary for the recognition
of a lipoprotein substrate by the enzyme.

 

—Vanloo, B., F.
Peelman, K. Deschuymere, J. Taveirne, A. Verhee, C. Gouy-
ette, C. Labeur, J. Vandekerckhove, J. Tavernier, and M. Ros-
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Lecithin:cholesterol acyltransferase (LCAT) is a glyco-
protein with an apparent molecular mass of 67 kDa that
consists of 416 residues (1) and 25% of the LCAT mass is
carbohydrate. The enzyme is expressed in the liver and se-
creted into the plasma compartment where it accounts for
the synthesis of most of the plasma cholesteryl esters, and
thereby contributes to lipid metabolism (2). This enzyme
has both a phospholipase A

 

2

 

 and an acyltransferase activ-
ity on lipoproteins, as it catalyzes the transacylation of the

 

sn

 

-2 fatty acid of lecithin to the free 3-

 

b

 

 hydroxyl group of
cholesterol whereby lysolecithin and cholesteryl esters are
formed (3). Moreover the enzyme has an esterase activity
on monomeric substrates.

Lecithin:cholesterol acyltransferase is active both on
low density (LDL) and high density (HDL) lipoproteins,
and is primarily associated with HDL particles containing
the major activator for LCAT, apolipoprotein A-I (apoA-I)
(3). Direct interaction between LCAT and the co-factor
apoA-I could not be demonstrated yet (3). Using struc-
tural homology calculations based upon threading meth-
ods, we proposed that LCAT, like lipases, belongs to the

 

a

 

/

 

b

 

 hydrolase fold family (4). We built a 3D model for
LCAT using human pancreatic and 

 

Candida antarctica

 

 li-
pases as templates. This model consists of a central 

 

b

 

-sheet
made of seven conserved 

 

b

 

-strands, connected by four 

 

a

 

-
helices and separated by loops. A long excursion at resi-
dues 211–332 separates the N- and C-terminal regions of
LCAT. Using site-directed mutagenesis, we showed that,
besides the S181 residue (5), the catalytic triad of LCAT

 

Abbreviations: CE, cholesteryl ester; DPPC, dipalmitoylphosphati-
dylcholine; FA, fatty acid; FED, fish-eye disease; FLD, familial LCAT de-
ficiency; HDL, high density lipoprotein; LCAT, lecithin:cholesterol
acyltransferase; LDL, low density lipoprotein; PLPC, 1-palmitoyl-2-lino-
leoylphosphatidylcholine; rHDL, reconstituted HDL particles; WT,
wild-type.
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includes D345 (4), H377 (4, 6), and the oxyanion hole
residues F103 and L182 (4). An interfacial recognition do-
main was proposed between Cys50–Cys74 of LCAT (7, 8)
and conserved salt bridges between lipases and LCAT
were found essential for enzymatic stability and optimal
activity (F. Peelman, B. Vanloo, J. L. Verschelde, C. Labeur,
J. Taveirne, A. Verhee, N. Duverger, J. Vanderckhove, J. Tav-
ernier, and M. Rosseneu, unpublished results.).

Several mutations in the LCAT gene lead to impaired
enzymatic activity, as recently reviewed by Kuivenhoven et
al (9). Mutations causing familial LCAT deficiency (FLD)
result in loss of activity on both lipoprotein substrates,
while mutations causing fish-eye disease (FED) are associ-
ated with partial loss of activity. Among the FED muta-
tions, Kuivenhoven et al., (9) further differentiated be-
tween the biochemical phenotype of class 3 mutants,
affecting primarily HDL activity and partially LDL activity,
and that of class 4 mutants with a selective loss of HDL ac-
tivity only. FED was first reported by Carlson (10) in two
families of Swedish origin. The HDL cholesteryl esters
were severely decreased in these patients, while the cho-
lesterol esterification rate was nearly normal. These data
suggested that the biochemical profile of FED patients is
due to impaired LCAT acyltransferase 

 

a

 

-activity on HDL,
and normal acyltransferase 

 

b

 

-activity on LDL (9, 11). The
esterase, phospholipase A

 

2

 

 and acyltransferase activities of
LCAT were characterized using different substrates; es-
terase activity was measured on monomeric substrates,
using phospholipid analogues (12), phospholipase A

 

2

 

 ac-
tivity was measured on vesicles (13, 14) and on reconsti-
tuted discoidal phospholipid–apoprotein complexes (14).
Acyltransferase activity was measured both on vesicles (13,
14), on discoidal and spherical HDL (14–18) and on LDL
(3, 7). There is, however, only limited information regard-
ing the relative phospholipase A

 

2

 

 and acyltransferase ac-
tivities of wild-type human LCAT and of the mutants caus-
ing fish-eye disease. FED mutations were characterized by
decreased acyltransferase activity of LCAT on reconsti-
tuted HDL compared to LDL (9); however, the phospholi-
pase A

 

2

 

 activity of the mutants on HDL has not been docu-
mented. It is unclear how the two enzymatic activities are
related and which residues, besides the catalytic triad, are
critical for either activity or for both. The conformation of
three of the natural FED mutants was examined in the 3D
structure proposed for LCAT (19), showing that residues
T123 and N131 belong to the amphipathic helix 

 

a

 

 3–4,
while N391 is part of the C-terminal helix 

 

a

 

 His. In the
3D model, the FED mutants T123I, N131D, N391S lie at
about 12 Å of each other on the outer surface of the pro-
tein, thus creating a putative interface for enzyme–co-fac-
tor interactions (19).

In order to further differentiate between the effect of
natural FED mutants, we measured their esterase, phos-
pholipase A

 

2

 

 and acyltransferase activity on several sub-
strates. We further designed and expressed other muta-
tions at the position of the natural FED mutants and at
neighbor residues on the hydrophilic side of the amphi-
pathic helices. Based upon the 3D model proposed for
human LCAT, we identified a new mutant with the bio-

chemical phenotype of a class 4 FED mutant. These results
provide evidence that both phospholipase A

 

2

 

 and acyl-
transferase activity on HDL are affected by the natural
FED mutations. Comparison of the effects of natural and
engineered mutants further delineates a region of LCAT
involved in a specific interaction with HDL.

MATERIALS AND METHODS.

 

Materials

 

Synthetic 1-palmitoyl-2-linoleoylphosphatidylcholine (PLPC),
dipalmitoylphosphatidylcholine (DPPC), 1-pyrenebutyric acid,
1-pyrenehexanoic acid, and cholesterol were obtained from
Sigma. Cholesteryl 1-pyrenebutyrate and cholesteryl 1-pyrene-
hexanoate were purchased from Molecular Probes. [

 

3

 

H]choles-
terol was purchased from Amersham whereas [

 

3

 

H]-DPPC was
obtained from NEN

 

TM

 

 Life Science Product. 1,2-Bis-(1-pyrene-
butanoyl)-

 

sn

 

-glycero-3-phosphocholine was synthesized from 

 

sn

 

-
glycero-3-phosphocholine and 1-pyrenebutyric acid (Sigma)
according to the method of Hendrickson and Rauk (20). The
compound was purified by chromatography on a Silica gel
Merck 7734 column, equilibrated in CH

 

2

 

Cl

 

2

 

, and eluted with
a gradient of methanol and water. The bis-pyrenebutanoyl-
phosphatidylcholine eluted at 30% methanol and 3% H

 

2

 

O. The
yield of the synthesis was 26% for the phosphatidylcholine and
13% for the 

 

sn

 

-1-pyrenebutanoyl-

 

sn

 

-2-lyso-PC, which was also ob-
tained during the synthesis. The purity of the product was
checked by mass spectrometry and by HPLC on a reverse-phase
C18 column, from which it eluted as a single peak.

 

Molecular modelling

 

The working model for human LCAT was built using the
HOMOLOGY software (Molecular Simulations, San Diego, CA).
The pancreatic lipase coordinates were found at the PDB data-
bank entry 1lpb.pdb (21). The distances between residues were
measured using the INSIGHT Biosym software.

 

Site-directed mutagenesis

 

Mutagenesis was carried out in the pXL 3105 plasmid vector
(22), using the Quick Change Site-Directed Mutagenesis method
(Stratagene, France). Mutations were built in by PCR using PfU
DNA polymerase. After DpnI digestion of the parental dam-
methylated template, the synthesized mutated DNA was trans-
formed into 

 

E. coli 

 

XL1-Blue supercompetent cells. Colonies
were screened by restriction analysis and mutants were se-
quenced on an ALF automated sequencer (Pharmacia Biotech).
Transient expression of the LCAT cDNA in Cos-1 cells was car-
ried out by lipofectamine (Gibco) transfection. After transfec-
tion, the cell culture media (Dulbecco’s modified Eagle’s me-
dium, Life Technologies, Inc) were changed to Optimem after
16 h and harvested after 48 h. Control experiments without the
LCAT plasmid were carried out for each transfection.

The mass of transfected wild-type (WT) and mutant LCAT was
assayed by solid-phase enzyme immunoassay using chicken anti-
bodies specific to LCAT, and purified recombinant human
LCAT as a standard (4).

 

Substrate preparation for activity measurements of LCAT

 

Substrates for esterase activity measurements.

 

A monomeric sub-
strate, consisting of 1,2-bis-(1-pyrenebutanoyl)-

 

sn

 

-glycero-3-phos-
phocholine (bis-pyrene-PC), was used for esterase activity mea-
surement by fluorescence and by HPLC. Bis-pyrene-PC was
dissolved in methanol (Biosolve LTD) and stored at 

 

2

 

20

 

8

 

C. The
concentration of the stock solution was determined by absor-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

754 Journal of Lipid Research

 

Volume 41, 2000

 

bance measurement at 342 nm, using a molar absorption coeffi-
cient of 75000 cm

 

2

 

1

 

M

 

2

 

1

 

.
Reconstituted HDL (rHDL) consisting of dipalmitoylphos-

phatidylcholine and apoA-I at a molar ratio of 100:1 were pre-
pared by the cholate dialysis method (23), and labeled with
[

 

3

 

H]DPPC. The lipid and apolipoprotein composition of the
complexes were obtained by an enzymatic colorimetric assay for
phospholipid (Biomerieux, France) and by protein quantifica-
tion of apoA-I by phenylalanine assay by HPLC (24).

 

Substrates for acyltransferase activity measurements.

 

For mea-
surement of the acyltransferase activity by HPLC, rHDL pre-
pared by cholate dialysis (23) consisted of 1-palmitoyl-2-lino-
leoyl-phosphatidylcholine–cholesterol–apoA-I at a molar ratio
of 100:10:1 (4). The homogeneity and yield of the reconstituted
HDL were tested by separation on a Superose 6PG column equil-
ibrated in a 10 m

 

m

 

 Tris-HCl buffer, pH 8.0, containing 150 m

 

m

 

NaCl.
For the measurement of the acyltransferase activity on LDL,

the lipoproteins were isolated from plasma by sequential ultra-
centrifugation at densities between 1.007 and 1.063 g/ml and
dialyzed against a 10 m

 

m

 

 Tris-HCl buffer, pH 8.0, 0.15 

 

m

 

 NaCl, 3
m

 

m

 

 EDTA, 1 m

 

m

 

 NaN

 

3

 

. LDL was heat inactivated at 56

 

8

 

C and
radiolabeled with [

 

3

 

H]cholesterol (7).

 

Measurement of the esterase and phospholipase
A

 

2

 

 activity of LCAT

 

Monomeric substrate.

 

The esterase activity of LCAT was mea-
sured on monomeric 1,2-bis-(1-pyrenebutanoyl)-

 

sn

 

-glycero-3-
phosphocholine (15) at a concentration of 0.23 

 

m

 

m

 

. The increase
in pyrene monomer fluorescence of the hydrolysis product
1-pyrenebutyric acid was monitored, during 5 min at 398 nm in
the cells thermostated at 37

 

8

 

C, by a computer-controlled Aminco
Bowman 2 spectrofluorometer. The excitation wavelength was
set at 332 nm and the excitation and emission slit widths were 2
and 5 nm, respectively. Data were recorded every 20 sec and the
linear portion of the curve between 0 and 2 min was used to cal-
culate the initial reaction velocity Vo.

For quantitative measurement of the esterase activity, the
amount of 1-pyrenebutyric acid was measured by HPLC (7). The
assay mixture contained 2–4 

 

m

 

m

 

 1,2-bis-(1-pyrenebutanoyl)-

 

sn

 

-
glycero-3-phosphocholine, 4 m

 

m

 

 beta-mercaptoethanol, 4 mg/
ml BSA, to which 350 

 

m

 

l cell culture medium and 10 m

 

m

 

 Tris-
HCL buffer, pH 8.0, 0.15 

 

m

 

 NaCl, 3 m

 

m

 

 EDTA, 1 m

 

m

 

 NaN

 

3

 

 were
added to a final volume of 0.5 ml. The mixture was incubated at
37

 

8

 

C for 10 min and the reaction was stopped by addition of 4 ml
chloroform–methanol 2:1 (v/v) containing 1-pyrenehexanoic
acid as internal standard. 1-Pyrenebutyric acid was quantified by
isocratic HPLC (Waters 600E) on a reverse-phase ODS C18 col-
umn (Merck Licrocart 2504), eluted with acetonitrile–water–
trifluoroacetic acid 70:30:0.1 (v/v/v). The detection limit of this
compound, determined by absorbance measurement on a Waters
486 UV detector set at 342 nm, was around 10 picomole (7). The
initial velocity of the enzymatic reaction was determined in the
linear portion of the curve, i.e., between 0–10% hydrolysis for
bis-pyrene PC.

 

Reconstituted HDL (rHDL).

 

Phospholipase A

 

2

 

 activity of LCAT
was measured on rHDL labeled with [

 

3

 

H]DPPC. Culture me-
dium (350 

 

m

 

l) was added to a mixture containing labeled rHDL
(160 

 

m

 

m

 

 DPPC), 4 m

 

m

 

 beta-mercaptoethanol, 4 mg/ml BSA,
0.15 

 

m

 

 NaCl, 3 m

 

m

 

 EDTA, 1 m

 

m

 

 NaN

 

3

 

 in 10 m

 

m

 

 Tris-HCL buffer,
pH 8.0, and incubated at 37

 

8

 

C for 40 min. The reaction was
stopped by addition of 1.9 ml chloroform–methanol 1:2 (v/v),
and the mixture was extracted according to Parks, Gebre, and
Furbee (25). Free fatty acids and phospholipids were separated
by thin-layer chromatography on silica gel plates developed in
hexane–diethylether–acetic acid 90:20:1 (v/v/v) and quantified

by liquid scintillation counting. The initial velocity was deter-
mined in the linear portion of the reaction curves, between 0
and 25% radioactive palmitic acid formation.

 

Measurement of the acyltransferase activity of LCAT

 

Reconstituted HDL (rHDL).

 

Cholesterol esterification was mon-
itored by measuring the percentage of cholesteryl esters, by
HPLC (26). As previously described (27), the linear portion of
the reaction curve enabled calculation of the initial velocity, up
to 30% cholesteryl esters formation at apoA-I concentrations
around 1 

 

m

 

M to which 500 

 

m

 

l cell medium was added and the re-
action proceeded for up to 60 min at 37

 

8

 

C.

 

Low density lipoproteins (LDL).

 

For acyltransferase activity mea-
surements on LDL, the reaction was initiated by adding 350 

 

m

 

l
of the cell culture media to a mixture containing [

 

3

 

H]choles-
terol-labeled LDL (20 

 

m

 

m

 

 free cholesterol), 4 m

 

m

 

 beta-mercapto-
ethanol, 4 mg/ml BSA, in 10 m

 

m

 

 Tris-HCL buffer, pH 8.0, 0.15 

 

m

 

NaCl, 3 m

 

m

 

 EDTA, 1 m

 

m

 

 NaN

 

3

 

. The enzymatic reaction was
stopped after 3 h by addition of 4 ml hexane–isopropanol 3:2
(v/v). Unesterified cholesterol and cholesteryl esters were sepa-
rated by thin-layer chromatography on silica gel plates devel-
oped in hexane–diethylether–acetic acid 90:20:1 (v/v/v) and
quantified by liquid scintillation counting. The linear portion of
the reaction corresponded to percentages of cholesterol esteri-
fication between 0–5% at a LDL free cholesterol concentration
of 20 

 

m

 

m

 

.

 

RESULTS

 

Esterase, phospholipase A

 

2, and acyltransferase
activities of natural fish-eye disease mutants

The expression level of WT LCAT in Cos-1 cells was
around 2 mg/ml medium, while the natural FED mutants,
T123I, N131D, and N391S, were expressed at 60–90% of
the wild-type enzyme (Table 1). Esterase activity was mea-
sured on a monomeric pyrene–PC analogue, both by flu-
orescence intensity measurements and by HPLC, and
phospholipase A2 activity was measured on a reconstituted
rHDL substrate labeled with [3H]DPPC. The acyltrans-
ferase activity on rHDL was quantified by HPLC, and that
on [3H]cholesterol-labeled LDL was quantified by radio-
activity measurement. Control experiments consisting of a
mock transfection showed that neither LCAT mass nor
acyltransferase activity on rHDL and LDL nor esterase ac-
tivity on the monomeric substrate were detectable in the
cell media. However, the phospholipase A2 activity on
[3H]DPPC-labeled rHDL for the control media was 1.64 6
0.25 nmol FA/ml medium/h as compared to 8.2 6 1.7
nmol FA/ml medium/h for the media of WT LCAT trans-
fected COS-1 cells. The phospholipase A2 activities were
corrected for this blank value.

The position of residues 123, 131, and 391 in helices a 3–
4 and a His of LCAT is illustrated in an Edmundson-wheel
representation in Fig. 1. Residue T123 is in the middle of
the hydrophilic side of helix a 3–4, while residues N131
and N391 are at the interface between the hydrophobic
and hydrophilic sides of helix a 3–4 and a His, respectively.

Table 1 summarizes the specific esterase, phospholipase
A2 and acyltransferase activities of the mutants, expressed
as nmol FA/mgLCAT/h and nmol CE/mgLCAT/h, re-
spectively. Esterase activity measured by fluorescence is ex-
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pressed as percentage of WT LCAT activity. The T123I
mutant was characterized by a specific loss of acyltrans-
ferase activity on rHDL, which amounted to around 2% of
WT LCAT. In contrast, this mutant retained 86% acyl-
transferase activity on LDL. The decreased acyltransferase
activity of this mutant on rHDL is a consequence of the
decreased phospholipase A2 activity on the same sub-
strate, which amounts to 12% that of WT LCAT, whereas
the esterase activity increased by 35–70%, compared to
WT LCAT. These specific activities were recalculated as
percent of WT LCAT and are depicted in Fig. 2, showing

increased esterase activity on the monomeric substrate,
decreased phospholipase A2 and acyltransferase activity
on rHDL and comparable acyltransferase activity on LDL.

The acyltransferase activity of the N131D mutant on
rHDL amounted only to 5% of WT LCAT, while the acyl-
transferase activity on LDL was decreased by 63% com-
pared to the WT enzyme, a decrease more pronounced
than for the T123I mutant. The decrease of phospho-
lipase A2 activity of the N131D mutant on rHDL paralleled
that of acyltransferase activity on the same substrate, while
the 82% decrease of esterase activity on a monomeric sub-

TABLE 1. Engineered analogues of the natural FED mutants: mass and specific activities in cell media
of mutant transfectants (n 5 3)

Esterase Activity
Monomeric bis-pyrene PC PLA2 Activity

rHDL
3H-DPPC

Acyltransferase Activity

Mutant Mass Fluorescence HPLC
rHDL 
HPLC

LDL
3H-cholesterol

mg/ml % WT nmol FA/mg/h nmol FA/mg/h nmol CE/mg/h

Wild-type 2.1 6 0.5 100 0.57 6 0.1 4.0 6 1.2 7.0 6 1.4 0.5 6 0.1

T123Ia 1.2 6 0.3 135 6 18 0.88 6 0.20 0.53 6 0.30 0.01 6 0.01 0.43 6 0.08
T123A 1.7 6 0.3 137 6 16 0.58 6 0.15 0.53 6 0.30 0.01 6 0.01 0.42 6 0.08
T123N 1.8 6 0.4 150 6 20 0.66 6 0.15 0.66 6 0.40 0.01 6 0.01 0.24 6 0.07
T123S 1.5 6 0.1 127 6 15 0.48 6 0.10 2.6 6 0.8 3.3 6 0.5 0.5 6 0.1

N131Da 2.0 6 0.4 18 6 6 0.15 6 0.05 0.48 6 0.30 0.04 6 0.01 0.19 6 0.05
N131A 1.8 6 0.5 27 6 8 0.29 6 0.05 2.5 6 0.9 6.0 6 0.7 0.26 6 0.1

N391Sa 2.2 6 0.3 41 6 10 0.31 6 0.08 1.4 6 0.6 2.5 6 0.5 0.6 6 0.1
N391A 1.9 6 0.2 16 6 6 0.17 6 0.08 0.92 6 0.5 0.77 6 0.1 0.12 6 0.05
N391I 1.8 6 0.5 82 6 12 0.37 6 0.10 0.79 6 0.5 1.40 6 0.1 0.40 6 0.08

F382A 1.7 6 0.4 50 6 10 0.53 6 0.10 1.1 6 0.2 0.01 6 0.01 0.34 6 0.1

Esterase activity was measured on monomeric bis-pyrene-PC and phospholipase A2 (PLA2) activity was mea-
sured on a 3H-labeled DPPC/apoA-I discoidal complex. Acyltransferase activity was measured on rHDL consisting
of PLPC/chol/apoA-I and LDL substrates. LCAT, lecithin:cholesterol acyltransferase; bis-pyrene-PC, 1,2-bis-
(1-pyrene-butanoyl)-sn -glycero-3-phosphocholine; 3H-DPPC-rHDL, consisting of dipalmitoylphosphatidylcholine/
apoA-I complex at a molar ratio of 100/1; rHDL, consisting of 1-palmitoyl-2-linoleoylphosphatidylcholine/choles-
terol/apoA-I complex at a molar ratio of 100/10/1; LDL, low density lipoprotein.

a Natural fish-eye disease (FED) mutants.

Fig. 1. Edmundson wheel representation of helix a 3–4 (right) and helix a His (left) of LCAT. Hydrophobic
residues are underlined and the position of the natural fish eye disease (FED) mutants is indicated by an arrow.
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strate was comparable to that of acyltransferase activity
measured on LDL (Table 1). This is illustrated in Fig. 2, as
mean percent activity relative to WT LCAT, showing that
besides a preferential decrease of the activity on rHDL,
the natural mutant N131D loses part of its activity on all
substrates. The N391S natural FED mutant was character-
ized by a selective loss of acyltransferase activity on rHDL
of 65% relative to WT LCAT, compared to a 20% increase
of activity on LDL. A parallel decrease was observed for
the phospholipase A2 activity of this mutant on rHDL,
while the esterase activity on a monomeric substrate de-
creased by 40–60%, compared to WT LCAT (Fig. 2).

Enzymatic activity of analogues of
the natural FED mutants

In order to confirm the differences observed between
the esterase and acyltransferase activities of natural mutants
at positions 123, 131, and 391 of LCAT, we mutated these
residues to an alanine (Table 1). T123 was mutated to N
and S residues, more hydrophilic than the natural T123I
mutant. A N391I variant, more hydrophobic than the nat-
ural N391S mutant, was also constructed and expressed in
Cos-1 cells. The expression levels of these mutants amounted
to 70–90% of WT LCAT, and their specific activity was
measured on the substrates listed above (Table 1). As de-
scribed above for the natural T123I mutant, the T123A,
T123N, T123S mutants also induced a class 4 biochemical
phenotype, characterized by preferential loss of acyltrans-
ferase activity on rHDL, compared to LDL. The decrease
of the phospholipase A2 activity of the mutants on rHDL
was comparable to that of the acyltransferase activity. In
contrast, the esterase activity was comparable or even
slightly higher than that of WT LCAT, as shown by the per-
centage activity, expressed relative to WT LCAT (Fig. 3A).
However, these effects varied with the mutations at resi-

due 123. The most conservative T123S substitution re-
tained full acyltransferase activity on LDL and esterase
activity on a monomeric substrate, and had 40–50% de-
crease in phospholipase A2 and acyltransferase activity on
rHDL. The T123N substitution decreased the phospho-
lipase A2 and acyltransferase activity on rHDL by more
than 85%, compared to a 52% decrease of the acyltrans-
ferase activity on LDL and an increase of the esterase ac-
tivity on a monomeric substrate. The effects of the T123I
and T123A mutations were comparable, as they both im-
paired phospholipase A2 and acyltransferase activity on
HDL and preserved acyltransferase activity LDL. The es-
terase activity of the less hydrophobic T123A mutant on a
monomeric substrate increased less than that of the T123I
mutant (Fig. 3A). The phospholipase A2 and acyltrans-
ferase activity decrease on rHDL caused by the N131A
mutation was less severe than for the natural N131D muta-
tion. The acyltransferase activity of the two mutants on
LDL was comparable. Relative to WT LCAT, the acyltrans-
ferase activity of the N131A and N131D mutants on rHDL
decreased by 15 and 5%, respectively. Both mutations de-
creased the esterase activity of LCAT on a monomeric sub-
strate by about 70%.

Fig. 2. Mean specific activities, expressed as percent of wild-type
LCAT (n 5 3), of natural FED mutants, T123I, N131D, and N391S.
Esterase activity was measured on monomeric 1,2-bis-(1-pyrenebu-
tanoyl)-sn-glycero-3-phosphocholine (esterase); phospholipase A2
activity on 3H-labeled DPPC/apoA-I discoidal complex (PLA2
rHDL); acyltransferase activity was measured on PLPC/chol/
apoA-I discoidal complex (Acyltr. rHDL); on 3H-cholesterol labeled
LDL.

Fig. 3. Mean specific activities, expressed as percent of wild-type
LCAT of FED mutant analogues (n 5 3) A: at position 123: T123I,
T123A, T123N, T123S; B: at position 391: N391S, N391A, N391I.
Activity measurements are as described in Fig. 2.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Vanloo et al. Structure and activity of LCAT FED mutants 757

The effect of the N391A and N391I mutations on the
different enzymatic activities differed from the natural
N391S mutation. The N391A mutant lost 75% acyltrans-
ferase activity on LDL and about 90% on rHDL. The rela-
tive decrease of the esterase and phospholipase A2 activi-
ties was comparable to that of the acyltransferase activity
on LDL, when expressed as absolute activity (Table 1) or
as percentage activity relative to WT LCAT (Fig. 3B). Mu-
tation of residue N391 to an isoleucine resulted in a class
4 biochemical phenotype, as the acyltransferase activity on
LDL decreased by only 20%, compared to 80% on rHDL.
The phospholipase A2 activity on rHDL decreased by 80%
compared to a 20–40% decrease of the esterase activity
(Fig. 3B).

Esterase, phospholipase A2 and acyltransferase activity
of engineered mutants in the vicinity of the natural
FED mutants

As described above, the natural FED mutants T123I and
N131D both belong to the amphipathic helix a 3–4, span-
ning residues 116–134, while N391 belongs to the parallel
C-terminal helix a His (19). We mutated other residues,
located in the vicinity of T123 and N131, in order to inves-
tigate their contribution to the enzymatic activity. Resi-
dues Q126, N127, and N130 of the hydrophilic face of helix
a 3–4 were mutated to an alanine, to decrease the polar
character of this helical segment and prevent putative hy-
drogen bond formation by these residues. N130 was mu-
tated to an aspartic acid to introduce a negative charge at
that position, in analogy with the natural N131D muta-
tion. All mutants were expressed at significant levels and
their specific activity was measured on all substrates. The
results, summarized as absolute activity in Table 2 and de-
picted as percentage activity in Fig. 4A, show that all mutants
lost 20–60% acyltransferase activity on rHDL and LDL

and esterase activity on a monomeric substrate. None of
these mutations induced a biochemical phenotype similar
to that of either FED or FLD mutants. Residue Y120, lo-
cated at the interface between hydrophobic and hydro-
philic faces, N-terminal of helix a 3–4 (Fig. 5), was also
mutated to an alanine. In contrast to previous mutants,
the Y120A mutant lost both esterase and acyltransferase
activity (Table 2, Fig. 4A). As residue N391 is located on
the hydrophilic face of helix a His, additional mutations
to an alanine were carried out at residues E388 and H389,
both on the hydrophilic face of this helix. The E388A
mutant retained esterase activity, and its acyltransferase
activity was even increased on rHDL and LDL. The activity
of the H389A mutant was retained on rHDL, whereas it
decreased by 60% on LDL and by 30% on the monomeric
substrate (Table 2, Fig. 4B). Finally, we mutated residue
F382 to an alanine, as this residue which lies N-terminal of
helix a His is in close vicinity to the catalytic triad in the
3D model of LCAT (Fig. 5). The results listed in Table 1
and depicted in Fig. 4B, demonstrate that this mutant in-
duces a class 4 FED biochemical phenotype, with a spe-
cific decrease of phospholipase A2 and acyltransferase ac-

TABLE 2. Engineered mutants in the vicinity of the natural 
FED mutants: mass and specific activities in cell media

of mutant transfectants (n 5 3)

Esterase Activity
Monomeric

Bis-pyrene PC
HPLC

Acyltransferase Activity

Mutant Mass
rHDL
HPLC

LDL
[3H]cholesterol

mg/ml nmol FA/mg/h nmol CE/mg/h

Wild-type 2.1 6 0.5 0.57 6 0.1 7.0 6 1.4 0.5 6 0.05

Y120A 1.0 6 0.4 0.01 6 0.01 0.01 6 0.02 0.01 6 0.02

Q126A 1.7 6 0.3 0.35 6 0.08 5.0 6 1.1 0.30 6 0.07
N127A 1.9 6 0.3 0.32 6 0.10 5.7 6 1.2 0.28 6 0.06

N130A 1.8 6 0.4 0.40 6 0.12 5.5 6 1.1 0.32 6 0.08
N130D 1.8 6 0.3 0.66 6 0.15 3.0 6 0.8 0.78 6 0.10

E388A 1.6 6 0.4 0.55 6 0.10 8.8 6 1.2 0.91 6 0.15
H389A 1.5 6 0.5 0.39 6 0.08 6.7 6 0.9 0.19 6 0.03

F382A 1.7 6 0.5 0.53 6 0.12 0.01 6 0.02 0.34 6 0.05

Esterase activity was measured on monomeric bis-pyrene-PC. Acyltrans-
ferase activity was measured on rHDL consisting of PLPC/cholesterol/apoA-I
and LDL substrates. LCAT, lecithin:cholesterol acyltransferase; bis-pyrene-PC,
1,2-bis-(1-pyrene-butanoyl)-sn-glycerol-3-phospho-choline; rHDL, consisting
of 1-palmitoyl-2-linoleoyl-phosphatidylcholine/cholesterol/apoA-I at a
molar ratio of 100/10/1; LDL, low density lipoproteins.

Fig. 4. Mean specific activities, expressed as percent of wild-type
LCAT, of expressed LCAT mutants (n53). A: mutations in helix a
3–4: Y120A, T123A, Q126A, N127A, N130A, N131A; B: in helix a
His: F382A, E388A, H389A, N391A. Measurements are as described
in Fig. 2.
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tivity on rHDL, combined with normal esterase activity on
a monomeric substrate and normal acyltransferase activity
on LDL.

DISCUSSION

In this paper we measured separately the esterase activ-
ity on a monomeric substrate, phospholipase A2 activity
on rHDL, and acyltransferase activity on rHDL and LDL
of wild-type LCAT and of natural FED mutants and ana-
logues. We show that impaired phospholipase A2 activity
accounts for decreased acyltransferase activity on rHDL
and that FED mutations specifically affect phospholipase
A2 activity on HDL, whereas esterase activity on the mono-
meric substrate and acyltransferase activity on LDL are re-
tained. This is in contrast with the classic FLD mutations
that impair activity on all substrates (3–6, 9).

While the preferential decrease of the acyltransferase ac-
tivity of FED mutants on rHDL, compared to LDL, has
been well documented, the effect of these mutations on
phospholipase A2 activity had not been studied in detail.
Only Holmquist and Carlson (28) reported a decreased
phospholipase A2 activity in the plasma of a FED patient. As
FED LCAT mutants have normal esterase activity, these mu-

tations do not directly affect the catalytic triad (29, 30). We
used both a monomeric fluorescent phospholipid ana-
logue, as proposed by Bonelli and Jonas (12), and discoidal
rHDL labeled with [3H]DPPC (25) to assay the esterase and
phospholipase A2 activity of the FED mutants. These mu-
tants have normal or even increased activity on the mono-
meric substrate, whereas the phospholipase A2 activity on
rHDL was decreased, as reported by Holmquist and Carl-
son (28), on the plasma of a FED patient. When the phos-
pholipase A2 activity of wild-type LCAT was measured on
rHDL containing 5 mole % cholesterol, we found that it
amounted to around 10% of the total (phospholipase A2 1
acyltransferase) enzymatic activity (data not shown), in
agreement with previous reports (31). During the chemical
reaction catalyzed by LCAT, a fatty acid is cleaved at the sn-2
position of phosphatidylcholine and transferred to the free
hydroxyl group of cholesterol. Our findings suggest that
the decreased LCAT activity on HDL in FED is a conse-
quence of a decreased phospholipase A2 activity and not of
an impaired transfer of the fatty acid to cholesterol.

Kuivenhoven et al. (9) divided the different molecular
defects in LCAT into four classes. Class 4 consists of muta-
tions, such as T123I, with a typical FED phenotype, i.e.,
with normal acyltransferase activity on LDL, together with
severely reduced activity on HDL. Class 3 FED mutations

Fig. 5. Position of the natural and engineered FED mutants in the working model proposed for the LCAT structure. Left: front view of he-
lix a 3–4 and a His and of the central b-sheet; right: top view of the same model. Catalytic triad residues S181, D345 and H377 are indicated.
Natural mutants T123A, N131D, N391S and the engineered mutant F382A are colored in black. Engineered mutants at residues Y120,
Q126, N127, N130, E388, and H389 are colored in white.  by guest, on June 14, 2012
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such as N131D and N391S have decreased acyltransferase
activity on both HDL and LDL. To further differentiate
between these two classes, we overexpressed the T123I,
N131D, and N391S mutants together with other muta-
tions at these positions. Four different mutations at posi-
tion 123 (T123I, T123N, T123A, T123S) all induced a
class 4 biochemical phenotype (32) with specific decrease
of phospholipase A2 and acyltransferase activity on HDL,
together with preserved activity on LDL and on a mono-
meric substrate, indicating that the mutants are still cata-
lytically active. Residue T123 is in the middle of the hydro-
philic face of the amphipathic helix a3–4, and mutations
at the position have minimal impact on LCAT structure.
This is in agreement with the data of Adimoolam et al.
(30), who showed that the T123I LCAT mutant has the
same CD spectrum, tryptophan fluorescence emission
properties, and identical GuHCl denaturation profile and
free energy of denaturation as wild-type LCAT. Phospholi-
pase A2 and acyltransferase activities of LCAT on HDL
seem to strictly require a threonine residue at position
123, as even the highly conservative T123S mutation de-
creased both activities by 50%.

Class 3 mutations N131D and N391S have decreased
acyltransferase activity on both HDL and LDL (9, 33, 34).
When overexpressed in Cos-1 cells, the phospholipase A2
and acyltransferase activities of the mutants on HDL de-
creased more than the esterase activity on a monomeric
substrate or acyltransferase activity on LDL. These natural
mutations thus specifically effect HDL activity, although
this effect is less pronounced than for the T123I mutation.
All mutants expressed at position 123 decreased LCAT ac-
tivity on HDL, while the activity of the mutants engi-
neered at positions 131 and 391 was dependent upon the
mutation. The N131A LCAT mutant had normal activity
on HDL and lost the FED biochemical phenotype typical
for the N131D mutant. The N131D mutation introduces a
negative charge, C-terminal of helix a3–4, which might
interfere with the helical dipole and impair helical stabil-
ity. This suggests that, in contrast to T123, residue N131 is
not a prerequisite for full LCAT activity on HDL. The
N391A mutation decreased the enzymatic activities on all
substrates to less than 30% of wild-type LCAT. The enzy-
matic activity profile of the N391I mutant resembled that
of the natural N391S mutant, as the activity decrease was
more pronounced for HDL than for the other substrates.
In the 3D model we proposed for human LCAT (4), resi-
dues N131 and N391 lie within 5 Å of each other, at the in-
terface between the hydrophilic and hydrophobic sides of
the amphipathic helices a 3–4 and a His. Mutations at po-
sitions 131 and 391 might either destabilize these helices
or perturb their relative orientation.

Because the three FED mutations T123I, N131D, and
N391S have decreased activity on HDL, we previously pro-
posed that the parallel helices a 3–4 and a His, which are
on the same side of the central b sheet of the LCAT fold,
might specifically interact with HDL (19). To test this hy-
pothesis, we mutated residues Q126, N127, and N130 on
the hydrophilic face of helix a 3–4 and residues E388 and
H389 on the hydrophilic side of helix a His to an alanine

and tested the activity of these mutants on different sub-
strates. These mutations did not perturb the recognition
of the HDL substrate, as their specific activity on rHDL
amounted to 72–126% of the wild-type LCAT activity. This
suggests that the interaction between LCAT and HDL
does not involve the entire length of these helices, but is
restricted to particular residues at the extremity of these
helices. Among these mutants, only the N130D mutation
preferentially decreased the LCAT activity on rHDL, while
the N130A mutation did not. As observed for the natural
N131D mutation, a negative charge C-terminal of helix a
3–4 in this mutant might affect the helical dipole and de-
stabilize this helix. The loss of a negative charge through
the E388A substitution in helix a His increased the acyl-
transferase activity on both HDL and LDL, suggesting that
negative charges C-terminal of both helices impair LCAT
activity. The Y120A mutant, N-terminal of helix a 3–4 lost
activity on all substrates, suggesting that this residue might
be critical for the folding and stability of the LCAT core.
In the model for LCAT, Y120 lies at the interface between
the hydrophilic and hydrophobic faces of the amphi-
pathic helix a 3–4, and its interaction with the hydrophobic
side of beta-strand 3, especially with residue P101, probably
contributes to the stability of the hydrophobic core (Figs.
1, 5). A newly engineered F382A mutant was designed on
the basis of its location and orientation in the 3D model
proposed for LCAT (4), where it could interact with a
molecule of cholesterol when fit into the active site cavity.
This residue lies N-terminal of helix a His, in close prox-
imity to the active site cavity, within 7 Å of the class 4
T123I mutant. The results of the phospholipase A2 and
acyltransferase activity measurements suggest that resi-
dues T123 and F382 both contribute to the a-activity of
LCAT on an HDL substrate. Any substitution of T123,
either by a hydrophilic or an hydrophobic residue, de-
creases both phospholipase A2 and acyltransferase activity
on rHDL. The increased esterase activity of the T123I mu-
tant on a monomeric substrate might be due to an in-
creased hydrophobic interaction with the substrate. Our re-
sults thus propose a structural basis for the differentiation
between class 3 and class 4 FED mutants. Class 3 mutants
are residues specifically involved in the activation of the
enzyme by its co-factor apoA-I, i.e., T123 and F382, and
they are therefore essential for the a-activity of LCAT on
HDL. Class 4 mutants are residues contributing to the rec-
ognition of lipoprotein substrates by LCAT, through an
optimal conformation of enzyme and substrate. In the
classic FLD (Familial LCAT Deficiency) mutants, all enzy-
matic activities are severely impaired and we have previ-
ously shown that FLD mutations either perturb the archi-
tecture of the catalytic triad, impair the accessibility to the
catalytic residues, or affect the fold of the enzyme (19).

The mechanism of action of LCAT is similar to that of
lipases, as these enzymes share a common a–b hydrolase
fold (4). In the first step of the enzymatic reaction, a fatty
acid is cleaved from either a triglyceride or a phospho-
lipid and forms an acyl intermediate with the active site
serine (35). In lipases, this fatty acid is subsequently re-
leased through an hydrophilic attack by the hydroxyl
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group of a water molecule. In LCAT, this hydroxyl group
is provided by a more hydrophobic long-chain alcohol or
sterol, to which the fatty acid is transfered (36). Due the
lack of a crystallized structure for LCAT, the hydrophobic
pockets accommodating the cleaved fatty acid and/or the
sterol or alcohol acceptor have not been identified yet.
This substrate might have an orientation similar to that of
an inhibitor co-crystallized with pancreatic lipase (21).
Further analogy between LCAT and lipases, i.e., pancre-
atic lipase and bile salt-activated lipase, is the co-factor re-
quirement for the activation of these enzymes. In lipases,
conformational changes increase the accessibility of the
substrate to the active site (21, 37). In pancreatic lipase, the
interaction with the substrate and colipase induces confor-
mational changes in the region N-terminal of helix a His.
The conformational change of the bile salt-activated lipase
upon binding of one bile salt molecule occurs N-terminal
of helix a 3–4. In analogy with lipases, the activation of
LCAT might occur through similar conformational
changes in the corresponding regions of LCAT, N-terminal
of a 3–4 and a His, to which both residues T123 and F382
belong.

In summary, these experimental data strongly support
the hypothesis previously proposed on the basis of molec-
ular modeling (19), that one layer of helices in the a/b
hydrolase fold of LCAT is involved in the lipoprotein sub-
strate recognition, and that the conformation and orienta-
tion of these helices are critical for optimal activity. Mea-
surements of LCAT activation by wild-type apoA-I and by
natural or engineered mutants (38, 39) suggest that resi-
dues 120–160 of apoA-I contribute to the LCAT activation
properties of this apolipoprotein, and might represent the
corresponding segment of apoA-I interacting with LCAT.
(3).

Manuscript received 12 October 1999, in revised form 25 January 2000, and
in re-revised form 15 February 2000.
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