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Abstract  The glycosylation state of lecithin:cholesterol
acyltransferase (LCAT) may be important in determining its
enzymatic activity. We compared glycosylation structure, en-
zyme kinetics, and phosphatidylcholine (PC) acyl specificity
of human LCAT from four sources: human plasma (pL.CAT),
media from HepG2 cells (HepG2 LCAT), media from SF21
cells infected with a recombinant baculovirus (bLCAT) and
media from stably transfected Chinese hamster ovary (CHO)
cells (CHO LCAT). bLCAT was underglycosylated (molecular
weight ~50 kDa) and resistant to digestion by N-glycanase F,
endoglycosidase F, and neuraminidase. CHO and HepG2
LCAT were overglycosylated (~68 kDa and ~70-75 kDa) com-
pared to pLCAT (~65 kDa). CHO LCAT, like pLCAT, was
sensitive to N-glycanase F and neuraminidase but not to en-
doglycosidase F. HepG2 LCAT demonstrated resistance to
N-glycanase F and endoglycosidase F. Apparent Ky, values for
all four enzymes were similar (1.4-9.2 pm cholesterol) for
recombinant high density lipoproteins (rHDL) containing sn-
1 16:0, sn-2 18:1 PC (POPC). Apparent Vpa values {nmol
cholesteryl ester formed/h per ug) were 52.6 for pLCAT,
48.6 for CHO LCAT, 15.3 for bLCAT, and 8.3 for HepG2
LCAT. Changes in PC acyl specificity in the presence and
absence of cholesterol were characterized by comparing the
ratio of LCAT activity on rHDL containing sn-1 16:0, sn-2 20:4
PC (PAPC) or POPC (PAPC/POPC activity ratio). The ratios
for pLCAT, bLCAT, CHO LCAT, and HepG2 LCAT activity
were 0.63, 0.49, 0.56, and 0.51 with cholesterol and 0.34,
0.29, 0.36, and 0.99 without cholesterol, respectively.
We conclude that LCAT source influences glycosylation
structure, which affects the apparent Viay for cholesteryl ester
formation with only minor changes in apparent K., or acyl
substrate specificity.—Miller, K. R., J. Wang, M. Sorci-
Thomas, R. A. Anderson, and J. S. Parks. Glycosylation
structure and enzyme activity of lecithin:cholesterol acyltrans-
ferase from human plasma, HepG2 cells, and baculoviral and
Chinese hamster ovary cell expression systems. J. Lipid Res.
1996. 37: 551-561.
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N-linked glycosylation is one of the structural compo-
nents of lecithin:cholesterol acyltransferase (LCAT) that
can potentially influence substrate binding and catalytic
function. LCAT is secreted by hepatocytes into plasma
as a 63-67 kilodalton glycoprotein, ~40% of which is
carbohydrate (1-3). This enzyme has four N-linked gly-
cosylation sites, N20, N84, N272, and N384. Previous
experiments have shown that all four sites are utilized
(2, 4). Digestion of plasma-derived LCAT by N-glycanase
F produced a single band at 46 kilodaltons, the size of
the protein backbone with no carbohydrate, suggesting
that no O-linked carbohydrate was present (5). How-
ever, a more recent study using mass spectrometry
analysis suggests that there are two O-linked carbohy-
drate residues on LCAT (6). Collet and Fielding (5) also
demonstrated LCAT sensitivity to endoglycosidase F
digestion that produced two bands, suggesting that
LCAT was heterogeneously glycosylated. Neuramini-
dase digests of LCAT suggested a high sialic acid content
as well (2, 5).

Several studies have examined the relationship be-
tween glycosylation of LCAT and enzymatic activity.
Using CHO cells, Collet and Fielding (5) demonstrated
that inhibitors of endoplasmic reticulum glucosidases
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Fig. 1. Baculoviral LCAT expression time course at multiplicity of
infection = 0.1 (open circles) and 5.0 (closed circles). Cultures consist-
ing of 2.5 x 106 cells/ml in serum-free medium (SF900-II, Gibco) were
infected with AcCMNPV-LCAT at 0.1 or 5 plaque forming units/cell.
One ml aliquots of medium were taken at 24, 32, 48, 56, 72, 80, and
96 h post infection and assayed for LCAT activity at 1.0 uM recombi-
nant HDL substrate cholesterol concentration as described in Meth-
ods.

significantly reduced LCAT activity without reducing
secreted enzyme mass. In contrast, inhibitors to mi-
crosomal and Golgi mannosidases had little effect on
LCAT activity or secreted mass. Mutation of each glyco-
sylation site has demonstrated the importance of glyco-
sylation with respect to LCAT activity. Mutation of N84
and N272 in several experiments (4, 7, 8) caused signifi-
cant reduction in activity, whereas mutation of N384
either caused an increase in LCAT specific activity (4, 8)
or no change (7). Mutation of N20 caused only a slight
decrease in specific activity (4, 7, 8).

Studies of LCAT function have used LCAT obtained
from various sources: plasma-derived, CHO cell-ex-
pressed, Cos cell-expressed, and HepG2 cell-expressed
LCAT. However, several studies have demonstrated that
protein glycosylation can vary with cell type, species, and
the state of differentiation (9, 10). Also, each glycosyla-
tion site in a protein can be processed differently de-
pending on the local structure around the site (11, 12).
The experiments described here characterize differen-
tially glycosylated LCAT enzymes derived from human
plasma, stably transfected CHO cells, SF21 cells infected
with LCAT-encoded baculovirus, and HepG2 cells. En-
zyme fatty acyl specificity and enzyme Kkinetics for re-
combinant HDL substrates were examined to determine
the influence of differential glycosylation on enzyme
function.

METHODS

Expression of LCAT in baculoviral system

Plasmid construction. LCAT cDNA was removed from
pUC.LCAT (gift from J. McLean, Genentech Inc.) by
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digestion with Eco RI and Bam HI. The 1.4 kb fragment
was electroeluted from a 1% agarose gel, and T4 DNA
polymerase was used to fill in the ends. The LCAT
fragment was blunt end-ligated to similarly treated
pBlueBac II plasmid (pBBII, Invitrogen) and used to
transform E. coli DH5a.. Colonies were screened using
a 32P-labeled LCAT cDNA fragment. Positive colonies
were selected, and the LCAT cDNA sequence and ori-
entation in the vector were confirmed by Kpn I diges-
tion and agarose electrophoresis and by dideoxy se-
quencing (13).

Transfection and plaque purification. Transfection of
pBBII-LCAT and linear wild type AcMNPV baculoviral
DNA was done according to Invitrogen protocols.
Briefly, 2 x 106 SF9 cells (a cell line derived from
Spodoptera frugiperda ovary cells) on a 60-mm plate were
transfected with 3 pg pBBII-LCAT, 1 pug linear wild type
AcMNPV, and 20 pl cationic liposomes in 1 ml Grace's
medium (Invitrogen). After 4 h at 27°C, 1 ml complete
TNM-FH medium (Invitrogen) was added, and the
plates were incubated another 48 h at 27°C. The har-

vested medium contained both wild type and recombi- |

nant virus. The virus titer was increased by plating 1 x
106 SF9 cells/well in a 6-well plate, and adding 0.5 ml of
a 1:10 dilution of transfection medium into SF900-II
medium (Gibco). After 4 days at 27°C, the medium was
harvested, and the cells were tested for B-galactosidase
activity according to Gibco protocols. The cells were
fixed in 2 ml formalin fixative (2% formaldehyde, 0.2%
glutaraldehyde in phosphate-buffered saline) for 5 min
at room temperature. After washing the cells two times
with saline, 1 ml of an X-gal solution consisting of 100
mM potassium ferricyanide, 100 mM potassium ferrocy-
anide, 1 M magnesium chloride, and 20 mg/ml X-gal
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Fig. 2. Analysis of the purification of bLCAT by 12% SDS-PAGE. In
order to detect all possible contaminants, the electrophoresis was
stopped before the dye front reached the bottom of the gel. The gel
was subsequently silver stained. The LCAT was expressed in SF21 cells
at 0.1 MOI for 72 h. The medium was supplemented with 0.02%
ovalbumin in order to reduce enzyme degradation. Lane 1, whole
medium; lane 2, LCAT-active phenyl-Sepharose pool; lane 3, LCAT-ac-
tive hydroxylapatite flow through; lane 4, purified plasma LCAT.
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TABLE 1. Purification scheme for baculoviral-expressed lecithin:cholesterol acyltransferase

Sample Total Activity Total Mass % Yield by Activity  Specific Activity
nmol CE/h g nmol CE/h/ug
Medium 20,440 + 1644 nd 100 nd
Phenyl-Sepharose pool 5092 + 1792 83 £55 24.6 £ 9.2 80.3 £ 42.6
Hydroxylapatite flow through 212 £ 198 113 £ 69 1.0+£0.9 1.9+1.3
Concentrated LCAT 1197 + 967 58 + 54 20.0 £ 28.9 48.8 +27.3

Values are means + SD of four purification runs. Activity was measured at saturating substrate
concentrations (1.2 pg cholesterol/reaction) as described in Methods. Protein mass was measured using
slot-blot analysis as described in Methods; nd, mass was not measured due to medium components interfering

with the assay; CE, cholesteryl ester.

(Sigma) in phosphate-buffered saline was added to the
plate. After incubation for 4 h at room temperature,
cells infected by recombinant virus turned blue.

Two rounds of plaque purification were performed
by plating 2 x 105 SF9 cells per well in a 6-well plate and
adding 2 ml virus stock diluted from 102 to 10® in
SF900-II medium to the cells. After 1 h at room tempera-
ture, the medium was removed, and 2 ml 1% agarose
containing Bluegal (Gibco) in SF900-II medium was
plated onto the cells. The plates were incubated for 4-7
days at 27°C until plaques appeared. Blue recombinant
plaques were picked with a sterile pipet tip and placed
in 0.5 ml SF900-II medium to elute the virus. This virus
was used to repeat the plaque purification. A working
stock of the purified recombinant virus was made by
infecting a 15-ml suspension culture of SF9 cells in
SF900-II medium with a plaque and incubating at 27°C
for 5 days. The harvested medium was titered by a
plaque assay, which also confirmed the purity of the
virus stock. Titers of 1-2 x 108 plaque-forming units
were achieved. The virus stocks were stored at 4°C in
foil-covered tubes.

Baculoviral LCAT expression and purification

SF21 cells were grown to a density of 2.5 x 106 cells/ml
in SF900-II medium. The cells were pelleted and resus-
pended in fresh medium at a density of 5 x 106 cells/ml.
Cultures of 100 ml in 500-ml Erlenmeyer flasks were
routinely infected at a multiplicity of infection (MOI) of
0.1, and 0.02% albumin (from a 35% sterile, tissue
culture grade solution from Sigma) or 0.02% ovalbumin
(Sigma) was added to the culture to stabilize the ex-
pressed LCAT. The culture was incubated at 27°C on
an orbital shaker set at 150 rpm. The medium was
harvested at 72 h post infection by centrifuging at 1500
g for 15 min. The medium was adjusted to 0.5 M NaCl,
cooled to 4°C, and loaded onto a 1 X 9 cm phenyl-
Sepharose column equilibrated in 4 mM sodium phos-
phate, pH 7.4, 0.5 M NaCl at a flow rate of 1.5 ml/min.
The column was washed with 3-4 column volumes of

the equilibration buffer and eluted with 8 volumes of
deionized water. Protein-containing fractions were
pooled and adjusted to 4 mM sodium phosphate, pH 6.9,
and loaded onto a 1 X 9 cm hydroxylapatite column
equilibrated with 4 mM sodium phosphate, pH 6.9, at a
flow rate of 1 ml/min. The LCAT-containing flow-
through and wash was collected, adjusted to 10% glyc-
erol, and concentrated in an Amicon pressure concen-
trator with a YM30 membrane. The concentrated LCAT
was aliquoted and stored at -70°C under argon. The
activity of LCAT stored in this manner was stable for at
least 6 months.

Treatment of infected SF21 cells with tunicamycin

Cells were infected with LCAT virus as described
above. At 24 h post infection, tunicamycin was added to
the culture to a concentration of 2 ug/ml. Medium was
harvested at 72 h post infection. Whole medium was run
on 12% SDS-polyacrylamide gels and visualized by West-
ern blotting.

Enzyme bLCAT pLCAT CHO LCAT  Hep G2 LCAT
N-glycanase F - + - + - + - *
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Fig. 3. Western blot analysis of N-glycanase F (NGF) digestion of
plasma-derived LCAT (pLCAT), baculoviral- (bLCAT), CHO- and
HepG2-expressed LCAT. Purified bLCAT, purified pLCAT, CHO
medium, and HepG2 medium were incubated overnight as described
in Methods. Proteins were separated by 12% SDS-PAGE and Western
blotted. Goat anti-LCAT polyclonal antibody was used to probe the
blot. From left to right: lane 1, bLCAT; lane 2, bLCAT + NGF; lane 3,
pLCAT; lane 4, pLCAT + NGF; lane 5, LCAT transfected CHO
medium; lane 6, LCAT transfected CHO medium + NGF; lane 7,
HepG2 medium; lane 8, HepG2 medium + NGF. The presence of
detergent on the NGF incubations results in a wider banding pattern
on the gels.
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Fig.4. Western blot analysis of bLCAT expressed in the presence of
tunicamycin. Purified plasma LCAT and baculoviral medium grown
in the absence or presence of 2 pug/ml tunicamycin were separated by
12% SDS-PAGE and Western blotted. The Western blot was probed
with an goat anti-LCAT polyclonal antibody. Lane 1, purified pLCAT;
lane 2, pLCAT + N-glycanase F; lane 3, bLCAT medium without
tunicamycin; lane 4, bLCAT medium in the presence of tunicamycin.

Expression of LCAT by Chinese hamster ovary
(CHO) cells

CHO cells obtained from ATCC were grown in equal
volumes of Dulbecco's modified Eagle's medium and
Coon's F12 medium, supplemented with 10% fetal bo-
vine serum and essential amino acids, at 37°C in a 5%
COg atmosphere. Transfections were performed using
a modification of the calcium chloride precipitation
method (14). Human wild-type LCAT cDNA (kindly
provided by ]J. McLean, Genentech) was transferred into
pCMV-5 using the Bam HI and Eco RI restriction sites.
pCMV-LCAT was mixed with herring sperm DNA (ratio
of 2:1) and cotransfected with pSV2neo at aratio of 10:1.
Briefly, the DNA mixture was precipitated with calcium
chloride as described (14) and allowed to incubate with
the cells overnight. Once cells had become confluent,
stably expressing CHO cells were selected by adding
G418 (Gibco) at a concentration of 550 pg/ml to the
medium. The antibiotic-resistant cells were then se-
lected over a 2-week period. Six independent clones
were tested for LCAT activity using an rHDL substrate
containing  phosphatidylcholine-cholesterol-apoA-I
(100:5:1). One of the lines, CHO LCAT #b5, showed the
highest level of initial enzyme velocity at 19.5 nmol
cholesteryl ester formed/h per ml. To obtain human
LCAT activity for use in LCAT assays, stable expressing
CHO cells were grown to approximately 75% conflu-
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ence in 100-mm dishes, the cell monolayer was washed
with phosphate-buffered saline, and serum-free medium
was then applied. The conditioned medium was re-
moved approximately 72 h later and spun to remove cell
debris. Aliquots of the medium were then frozen at
-20°C until used in the LCAT assay.

Purification of plasma LCAT

LCAT was purified from fresh recovered human
plasma obtained from the Red Cross by following a
modification of the procedure published by Chen and
Albers (15). Plasma lipoproteins were precipitated with
dextran sulfate-Mn*? as described. LCAT was purified
from the lipoprotein-free plasma by adjusting the
plasma to 4 M NaCl and loading the plasma onto a 2.5
x 23 cm phenyl-Sepharose column equilibrated with 50
mM Tris (pH 7.4), 150 mM NaCl. The column was
washed with the same buffer until the ODggy dropped
below 0.3. LCAT was eluted from the column with
water. The protein pool was adjusted to 10 mMm Tris (pH
7.4), 25 mM NaCl and was loaded onto a 2.5 X 23 cm
DEAE-Sepharose column. The column was eluted using
a 900 ml linear gradient of 10 mM Tris (pH 7.4), 25-250
mM NaCl. LCAT active fractions were pooled, concen-
trated, and adjusted to 4 mM sodium phosphate buffer,
pH 7.0, 150 mM NaCl, and loaded onto a 1.5 x 20 cm
hydroxylapatite column. A 400 ml linear gradient from
4 mM sodium phosphate to 60 mM sodium phosphate,
150 mM NaCl was used to elute the enzyme from the
column. The LCAT active fraction was pooled, concen-
trated, adjusted to 20% glycerol, and stored at -70°C.
This procedure resulted in pure LCAT as determined
by SDS-PAGE and silver staining (see Results).

Enzymes pLCAT pLCAT
bLCAT Hep G2 LCAT
N-Glycanase F - + - +
94 -
67- a. ‘."
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Fig. 5. Western blot analysis of pLCAT digestion by N-glycanase F
(NGF) in presence of purified bLCAT and HepG2 medium. bLCAT
and HepG2 medium were mixed with pLCAT and digested by NGF
overnight as described in Methods. The proteins were separated by
12% SDS-PAGE and Western blotted. The Western blot was probed
by a goat anti-LCAT polyclonal antibody. From left to right: lane 1,
pLCAT and bLCAT mixed; lane 2, pLCAT and bLCAT mixed and
digested with NGF; lane 3, HepG2 medium and pLCAT mixed; lane
4, HepG2 medium and pLCAT mixed and digested with NGF. Pres-
ence of detergent in the N-glycanase F incubations results in a wider
banding pattern on the gels (lanes 2 and 4).
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Recombinant HDL synthesis

Recombinant HDL (rHDL) consisting of phospha-
tidylcholine (PC), apolipoprotein A-I (apoA-I) with or
without [!*C]cholesterol were formed by the sodium
cholate dialysis method initially described by Matz and
Jonas (16). The cholesterol-containing rHDL were used
to measure cholesterol esterification by LCAT whereas
the cholesterol-free rHDL were used to measure the
phospholipase Ag activity of LCAT as release of radiola-
beled free fatty acid from the sn-2 position of PC. The
specific phosphatidylcholine used in the rHDL de-
pended on the experiment. Egg yolk lecithin (Serdary)
containing rHDL at a 55:2:1 molar ratio of PC:choles-
terol:apoA-I was used to assay for activity during LCAT
purifications. rHDL containing sn-1 palmitoyl, sn-2
oleoyl phosphatidylcholine (POPC, Sigma), [1*C]choles-
terol (3.3 x 105> dpms/pg, NEN) and apoA-I (42:2.4:1
mole ratio) was used for the substrate saturation experi-
ments. For the substrate specificity experiments, sn-1
palmitoyl, sn-2  [3H]oleoyl  phosphatidylcholine
(PHJPOPC) and sn-1 palmitoyl, sn-2 [*H]arachidonyl
phosphatidylcholine ([P H]PAPC) were synthesized from
[3H]oleic acid (NEN) and [3H]arachidonic acid (NEN),
respectively, and lysophosphatidylcholine (Sigma) as
previously described (17).

LCAT enzyme assay

LCAT activity was measured as cholesterol esterifica-
tion as previously described (17). LCAT incubations
were conducted in 500 pl buffer consisting of 140 mM
sodium chloride, 10 mMm Tris (pH 7.4), 0.01% sodium
azide, 0.01% EDTA, 2% albumin, and 10 mM B-mercap-
toethanol (final concentration) and the appropriate
amount of rHDL and LCAT enzyme. The solution was
mixed, overlaid with argon, and incubated for 1 h at
37°C. The reaction was stopped by the addition of 1.8
ml Bligh-Dyer extraction solution (18) consisting of
chloroform-methanol 1:2 with 25 ug/ml of cholesterol
and cholesterol oleate added. The phases were split
upon addition of 0.7 ml chloroform and 0.7 ml 0.29%
NaCl. The organic phase was dried, resuspended in 50
ul chloroform, and applied to a thin-layer chromatogra-

Hep G2 LCAT  Ovalbumin
" +

Fig. 6. Western blot analysis of LCAT digestion by
+ endoglycosidase F (endo F). pLCAT, bLCAT, CHO
LCAT medium, and HepG2 medium were digested
with endo F at 37°C overnight. The proteins were
run on a 7.5% SDS gel, and lanes 1-8 were Western
blotted. A chicken anti-LCAT antibody was used to
visualize the enzyme in the Western blots. Lanes 9
and 10 were silver stained. From left to right: lane 1,
bLCAT; lane 2, bLCAT + endo F; lane 3, pLCAT;
lane 4, pLCAT + endo F; lane 5, CHO LCAT; lane 6,
CHO LCAT + endo F; lane 7, HepG2 LCAT; lane 8,
HepG2 LCAT + endo F; lane 9, ovalbumin; lane 10,
ovalbumin + endo F.

phy plate, which was subsequently developed in a sol-
vent of hexane-ether-acetic acid 70:30:2. Bands were
visualized with iodine vapor and counted in a Beckman
LS 7000 scintillation counter for 10 min. Cholesterol
esterification was kept below 20% by adjusting the
amount of LCAT enzyme to remain in the linear range
of cholesteryl ester formation. LCAT specific activity
was calculated by multiplying the fraction of cholesteryl
ester formed by the nmol of cholesterol in each reaction
and normalizing to 1 pg of LCAT.

The amount of cholesterol added in each incubation
in the form of rHDL varied with the experiment. For
LCAT activity measurements during purification, 1.2 pg
cholesterol per incubation were used. For substrate
saturation experiments, cholesterol was added at 0.2,
0.4, 0.6, 0.8, 1.0, and 1.5 pg per reaction; for substrate
specificity reactions, 0.4 ug cholesterol per reaction was
used.

LCAT phospholipase A activity measurements

Phospholipase Ag activity measurements used rHDL
containing [3H]POPC or [*H]PAPC and no cholesterol.
Each reaction contained 75 ug phospholipid. The sam-
ples were mixed, incubated, and processed in the same
manner as the LCAT activity assays except for the
extraction step. The incubation was stopped by the
addition of 1.8 ml Bligh-Dyer extraction solution con-
taining 25 pug/ml oleic acid and POPC. The phases were
split upon addition of 0.7 ml chloroform and 0.7 ml
0.05% sulfuric acid. The samples were then processed
as described above. After cutting the phospholipid band
from the TLC plate, 400 ul water was added to elute the
phospholipid. After 10 min at room temperature, the
scintillation fluid was added, and the samples were
counted. The phospholipase specific activity was calcu-
lated by multiplying the fraction of fatty acid formed by
the nmoles of phospholipid in each reaction and nor-
malizing to 1 pg LCAT.

Slot blot analysis of LCAT protein mass

A Schleicher and Schuell minifold II slot blot system
was used to determine LCAT concentrations. A concen-
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Fig. 7. Western blot analysis of neuraminidase-digested LCAT. Pu-
rified bLCAT, pLCAT, and CHO LCAT medium were digested as
described. The proteins were separated by 7.5% SDS-PAGE and
Western blotted. The Western blots were probed with a mouse
anti-LCAT monoclonal antibody. From left to right: lane 1, purified
bLCAT; lane 2, purified bLCAT + neuraminidase; lane 3, purified
pLCAT; lane 4, purified pLCAT + neuraminidase; lane 5, CHO LCAT
medium; lane 6, CHO LCAT medium + neuraminidase.

trated preparation of bLCAT standard and samples
were prepared by diluting protein into 200 pl of 1%
B-mercaptoethanol and boiling for 5 min. The wells of
the assembled slot blot apparatus were rinsed with 10
mM phosphate, 150 mM NaCl, pH 7.4. The samples were
loaded into the wells, and the solvent was pulled through
the nitrocellulose under vacuum. The apparatus was
disassembled, and the nitrocellulose was blocked for 1
h with 3% albumin (fraction V, Sigma) in a 10 mMm Tris,
200 mM NaCl, pH 7.4, buffer at room temperature.
Anti-LCAT monoclonal antibody 5D4 (gift from Dr.
Yves Marcel, University of Ottawa Heart Institute,
Ottawa, Ontario, Canada) was diluted 1:1000 in 1%
albumin, 0.1% Triton X-100, 0.02% SDS in Tris-saline
buffer. The blot was incubated for 1 h at room tempera-
ture and then washed in the same buffer without albu-
min. The secondary anti-mouse alkaline phosphatase
conjugated antibody (Sigma) was added to the blot in
the same buffer containing 1% albumin and incubated
for 1 h at room temperature. The blot was washed in
Tris-saline and developed in 10 ml of 100 mM Tris, 100
mM NaCl, 0.1% MgClg ¢ 6H20, pH 9.6, supplemented
with 60 pl of 50 mg/ml nitroblue tetrazolium (NBT,
Promega) and 30 pl of 50 mg/ml 5-bromo-4-chloro-3-in-
dolyl phosphate (BCIP, Promega). The blots were ana-
lyzed by laser densitometry, and a linear least squares
line fit to the signal intensity from the standards was
used to form the standard curve. The linear range of the
slot blots was between 1 and 20 ng/well.

LCAT protein analysis

LCAT protein was separated on 12% SDS-polyacry-
lamide gels (19). Gels were silver stained by a modified
Oakley method (20). Briefly, gels were fixed in 10%
acetic acid, 25% isopropanol for 15 min. After washing
in four changes of deionized water for 20 min, gels were
soaked in 100 ml 30 mM dithiothreitol for 1 h at room
temperature. Gels were then incubated for 15 min in a
solution of 0.2 M ammonium hydroxide, 0.075% sodium
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hydroxide, 47 mM silver nitrate. The gels were washed
in 3 changes of deionized water for a total of 10 min,
then developed in 50 ml of 5 mM citric acid and 0.019%
formaldehyde. Development was stopped by placing
gels in 45% methanol, 3% acetic acid.

Western blots were produced by electroblotting pro-
teins from gels onto nitrocellulose membranes. The
blots were blocked overnight at 4°C in 5% nonfat dry
milk in 10 mM Tris (pH 7.4), 200 mM NaCl. Anti-LCAT
goat polyclonal antibody (gift from Dr. Henry Pownall,
Baylor College of Medicine, Houston, Texas) was di-
luted 1:2000 or chicken anti-LCAT polyclonal antibody
was diluted 1:7500 in 2.5% nonfat dry milk, 0.02% SDS,
0.1% Triton X-100 in Tris-saline buffer and incubated
with the blot for 1.5 h at room temperature. After
washing the blot in antibody buffer, rabbit anti-goat or
rabbit anti-chicken antibodies conjugated to alkaline
phosphatase (Sigma) were diluted 1:1000 or 1:5000,
respectively, and incubated with the blot for 2 h at room
temperature. The blot was then washed three times in
Tris-saline for a total of 30 min. The LCAT was visualized
with NBT and BCIP diluted in 100 mM Tris, 100 mM
NaCl, 5 mMm MgClg  6H20, pH 9.6.

HepG2 cell culture

HepG2 cells were cultured in T75 flasks in the pres-
ence of 13 ml of minimal essential medium supple-
mented with L-glutamine, vitamins, penicillin, strepto-
mycin, and 10% fetal bovine serum. These cells were
maintained in a humidified 5% COg atmosphere. LCAT
was harvested by washing the cells two times with a
balanced salt solution and then incubating 48 h in the
presence of the medium without serum added.

Deglycosylation of LCAT

N-glycanase F (Boehringer Mannheim) treatment of
LCAT was performed as follows: 1 ul of 10% SDS was
added to 500 ng purified pLCAT or 500 ng purified
bLCAT in 20 ul water, or 20 pl CHO medium, or 20 pl
HepG2 medium and denatured by boiling for 5 min.
The solution was then adjusted to 40 mM potassium
phosphate, pH 7.4, 40 mM EDTA. Nonidet-P40 was
added to 0.9%, and the mixture was brought to 40 pl
with water. N-glycanase F (0.6 units) was added, and the
protein was incubated 15 h at 37°C. The deglycosylated
protein was run on a 12% SDS-polyacrylamide gel, and
the LCAT was visualized by Western blotting.

Endoglycosidase F (Boehringer Mannheim) treat-
ment of LCAT was performed as follows: 500 ng
pLCAT, 500 ng bLCAT, 20 ul CHO medium, 20 ul
HepG2 medium, or 500 ng ovalbumin were adjusted to
1.5% B-mercaptoethanol and denatured by boiling for 5
min. The following was then added: 1.6 pl 3 M sodium
acetate, pH 6.0, 2.7 ul 5% EDTA, and 2 pl (0.1 units)
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Fig. 8. Substrate saturation of pLCAT, bLCAT, CHO LCAT, and
HepG2 LCAT. Recombinant HDL disks containing POPC, choles-
terol, and apoA-I in a molar ratio of 42:2.4:1 were assayed at 0.2, 0.4,
0.6, 0.8, 1.0, and 1.5 pg cholesterol/reaction for 1 h at 37°C. The
cholesterol esterification per ng LCAT is reported. Points are the
mean t standard deviation of three replicates using purified pLCAT,
purified bLCAT, CHO LCAT medium, and HepG2 medium as
sources of enzyme.

N-glycanase free, endoglycosidase F. The reactions were
incubated at 37°C overnight, run on a 7.5% SDS-
polyacrylamide gel, and the LCAT was visualized by
Western blotting. The ovalbumin was visualized by silver
staining.

Neuraminidase (New England Biolabs) treatment of
LCAT was performed as follows: 20 pl CHO medium
was used or 500 ng pLCAT or 500 ng bLCAT were
diluted to 20 pl with water. Two pl of 10x reaction buffer
(500 mM sodium citrate, pH 4.5) and 1 ul (50 units)
neuraminidase were added before the protein was di-
gested overnight at 37°C, run on an SDS gel, and
visualized by Western blotting.

RESULTS

Baculoviral expression systems have been used to
produce mass quantities of proteins and enzymes that
require posttranslational modification. An LCAT bacu-
loviral expression vector was constructed to produce
mass amounts of LCAT for physical studies. LCAT
¢DNA was cloned into the BlueBac II transfection vector
(Invitrogen), which replaced the polyhedron gene with
LCAT upon recombination with linearized AcMNPV
virus. High titer, LCAT-expressing virus was isolated
after three rounds of plaque purification and screening.
Using this stock, LCAT expression was examined as a
function of the incubation time and the multiplicity of

infection (MOI). Figure 1 shows LCAT expression time
courses at MOIs of 0.1 and 5.0. Both MOIs produced
the same amount of activity in the medium. However,
cell lysis rapidly occurred after 48 h in the 5.0 MOI
culture, resulting in LCAT degradation, whereas lysis
did not become significant until after 80 h in the 0.1
MO culture. As the time window for harvesting maxi-
mum LCAT activity is greater, an MOI of 0.1 and an
incubation time of 72 h were chosen for the expression
of LCAT in serum-free-medium.

Purification of the baculoviral-expressed LCAT
(bLCAT) required only two column steps to produce
pure LCAT protein. The medium was harvested from
the cells by centrifugation at 1500 g for 15 min. One
hundred fifty ml of medium was adjusted to 0.5 M NaCl,
and loaded onto a 5-ml phenyl-Sepharose column. After
washing, LCAT activity was eluted by passing deionized
water over the column. The use of 1-5% ethanol in-
creased enzyme yield but irreversibly inactivated the
protein (data not shown). The protein was pooled,
adjusted to 4 mM sodium phosphate, pH 6.9, and passed
through a 5-ml hydroxylapatite column. At this low
phosphate concentration most of the bLCAT flowed
through the column, whereas the remaining contami-
nants were almost completely bound. The hydroxylapa-
tite flow through was adjusted to 10% glycerol, concen-
trated, and immediately frozen at -70°C.

Purification of bLCAT was monitored by SDS-PAGE,
immunoreactive LCAT mass, and LCAT activity (Fig. 2
and Table 1). As shown in Fig. 2, the harvested medium
contained contaminating proteins, many of which were
removed by a phenyl-Sepharose column (lane 1, lane 2).
This column also functioned to exchange the buffer and
concentrate the enzyme. The hydroxylapatite column
further purified LCAT (lane 3) to > 90% purity. Table 1
summarizes the purification of LCAT at each step for
four purifications. This method of purifying LCAT re-
sulted in an overall 20% yield. The only significant loss
of LCAT protein mass occurred at the phenyl-Sepharose
step due to incomplete elution from the column. How-
ever, LCAT specific activity continued to decrease until
the hydroxylapatite flow through was concentrated,
where much of the lost activity was regained. The resul-
tant purified bLLCAT had a specific activity of 48.8 nmol
cholesteryl ester formed/h per ug enzyme when activity
was measured at saturating substrate cholesterol con-
centrations. The specific activity of the medium could
not be measured as overwhelming amounts of other
proteins interfered with the slot blot assay, resulting in
an underestimate of bLCAT mass. A comparison of
bLCAT (lane 3) and pLCAT (lane 4) in Fig. 2 shows that
the molecular weight of bLCAT is approximately 50
kilodaltons, which is distinctly smaller than pLCAT. This
difference in molecular weight between baculoviral-ex-
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TABLE 2. Apparent V., and apparent K., for LCAT from
plasma, baculoviral, CHO, and HepG2 sources

Enzyme Apparent Ky Apparent Vimax
um nmol CE formed/h/\g

pLCAT 38 52.6

bLCAT 1.4 19.6

CHO LCAT 2.1 55.6

HepG2 LCAT 9.0 8.3

Disk composition (molar ratio), POPC-cholesterol-apoA-l
42.0:2.4:1. CE, cholesteryl ester.

pressed LCAT and plasma-derived LCAT was also ob-
served by Chawla and Owen (21) in their baculoviral-ex-
pressed LCAT.

To investigate differences in glycosylation among sev-
eral sources of LCAT, plasma-derived LCAT and cell
culture-expressed LCAT were digested with several gly-
cosidases. N-glycanase F (NGF) removes all N-linked
carbohydrate by cleaving between the asparagine and
the first N-acetylglucosamine moiety on the carbohy-
drate chain. Figure 3 shows the molecular weights of
bLCAT, pLCAT, LCAT secreted from transfected CHO
cells (CHO LCAT) and LCAT secreted from HepG2
cells (HepG2 LCAT). Each LCAT had a distinct mobility
on SDS-PAGE before and after NGF digestion. bLCAT,
with a molecular weight of ~50 kilodaltons, was resistant
to NGF digestion (lanes 1 and 2), as was HepG2 LCAT
(molecular weight ~75 kilodaltons, lanes 7 and 8).
pLCAT (molecular weight ~65 kDa, lanes 3 and 4) and
CHO LCAT (molecular weight ~68 kDa, lanes 5 and 6)
were both sensitive to NGF. To show that bLCAT con-
tained N-linked carbohydrate, bLLCAT was expressed in
the presence of 2 pg/ml tunicamycin, which inhibits alt
N-linked glycosylation. The LCAT produced had a mo-
lecular weight of ~46 kDa, the size expected for the
unglycosylated protein transcript (Fig. 4, lanes 2 and 3).
To rule out the possibility that an inhibitor of N-glyca-
nase F was copurified with the baculoviral-expressed
LCAT or was present in the HepG2 medium, we per-
formed a mixing experiment in which purified plasma
LCAT was added to the purified bLCAT or to the
medium from HepG2 cells and digested with N-glyca-
nase F (Fig. 5). As shown in lanes 2 and 4, the pL.CAT
was reduced in size, whereas the bLCAT (lane 2) and
HepG2 LCAT (lane 4) remained unchanged, indicating
that the carbohydrate structures of bLCAT and HepG2
LCAT are distinct from those of pLCAT and CHO
LCAT.

Further evaluation of the carbohydrate structure of
these enzymes was performed with endoglycosidase F
(endo F) and neuraminidase. Endo F cleaves between
the first and second sugar group in high-mannose car-
bohydrate chains. Digestion with an endo F preparation
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free of N-glycanase F, as shown in Fig. 6, resulted in no
change in molecular weight for any of the examined
enzymes whereas ovalbumin, a protein sensitive to endo
F, was reduced in size under the same incubation con-
ditions (lanes 9 and 10). This result indicates that all
carbohydrate chains were processed beyond the high-
mannose stage for each enzyme. Neuraminidase is an
exoglycosidase that removes terminal sialic acid residues
from carbohydrate chains. Digestion of LCAT with neu-
raminidase, as shown in Fig. 7, resulted in a decreased
molecular weight for pLCAT (lanes 3 and 4) and CHO
LCAT (lanes 5 and 6). However, bLCAT (lanes 1 and 2)
was resistant to neuraminidase treatment.

In view of these observed differences in glycosylation
patterns, enzyme Kinetics were compared to determine
whether glycosylation patterns affected LCAT activity.
Substrate saturation experiments, as shown in Fig. 8,
were done with each enzyme using rHDL consisting of
POPC, cholesterol, and apoA-1 (42:2.4:1 molar ratio).
The apparent Ki, and apparent Vp.x values are shown
in Table 2. The apparent K of CHO LCAT was between
that of pLCAT and bLCAT. bLCAT had a smaller
apparent Ky, than that of pLCAT, whereas HepG2
LCAT displayed a larger apparent Ky, The apparent
Vmax values of pLCAT and CHO LCAT were similar
(63-56 nmol/h per ug), whereas the apparent Vimax
values of bLCAT and HepG2 LCAT were greatly re-
duced.

The fatty acyl substrate specificity of each LCAT was
examined in the presence and absence of cholesterol by
comparing the activities of the enzymes on recombinant
HDL disks consisting of POPC:cholesterol:apoA-I
(4%:3.7:1 molar ratio), PAPC:cholesterol:apoA-1
(50:2.9:1 molar ratio), [*H]POPC:apoA-I (65:1 molar
ratio) and [PH]PAPC:apoA-1 (52:1 molar ratio). The
ratio of PAPC to POPC specific activities was calculated
for each enzyme (Table 3). In comparison to pLCAT,
bLCAT demonstrated a decreased reactivity with POPC
and PAPC under all conditions. In the absence and
presence of cholesterol, the PAPC/POPC activity ratio
was decreased for bLCAT. In contrast, CHO LCAT
demonstrated a similar reactivity with both POPC and
PAPC, resulting in similar PAPC/POPC activity ratios.
HepG2 L.CAT demonstrated low activity against both
POPC and PAPC in the presence of cholesterol and high
phospholipase activity in the absence of cholesterol. The
phospholipase activity may be due to other phospholi-
pases secreted by the HepG2 cells (22). Conditioned
media from untransfected CHO cells were used as a
control for the CHO LCAT experiments and were
similar to the no enzyme controls (data not shown).
Except for the HepG2 LCAT, the ratio of phospholipase
to transacylase activity was not altered in either of the
expressed enzymes compared to pLCAT.
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TABLE 8. LCAT activities with PAPC and POPC recombinant HDL

Cholesterol Esterification” Activity Ratio
LCAT Source rorc? PAPC PAPC/POPC
nmol CE formed/h/ml
pLCAT 9.3+1.1 (n=5) 59104 0.63
bLCAT 4.5+0.6 (n=h) 2.2+ 0.05 0.49
CHO LCAT 10.3+0.9 (n=5) 5810.7 0.56
HepG2 LCAT 0.63 £ 0.02 0.32 + 0.05 0.51
Phospholipase Ao Activityd
POPC’ pApc/
nmol FA released/h/ml
pLCAT 35.7+£2.2 12.0+3.9 0.34
bLCAT 16.1 £ 3.2 47+19 0.29
CHO LCAT 324124 11.6 £ 4.1 0.36
HepG2 LCAT 143+ 15 14.1+4.8 0.99

All values are the mean 1 SD of three replicates unless otherwise indicated.
“Disk composition was 43:3.7:1 molar ratio of POPC-cholesterol-apoA-I; 0.4 ug cholesterol and 9.1 ug

POPC were used in each reaction.

Disk composition was 50:2.9:1 molar ratio of PAPC~cholesterol-apoA-I; 0.4 pg cholesterol and 13.9 ug

PAPC were used in each reaction.

“All values are the mean % SD of three replicates.

“Disk composition was 65:1 molar ratio of POPC-apoA-I; 75 pg of POPC was used in each reaction.

DISCUSSION

The purpose of this study was to characterize the
glycosylation structure and enzyme function of LCAT
from baculoviral and CHO cell expression systems,
human plasma, and media of HepG2 cells. The glycosy-
lation of LCAT by the baculoviral expression system and
HepG2 cells was structurally different from the glycosy-
lation of human plasma LCAT. The difference in glyco-
sylation affected enzyme kinetics by reducing the appar-
ent Vi of the enzyme, with only minor changes in the
apparent Kn. Differences in glycosylation may have
minor influences on LCAT fatty acyl substrate specific-
ity. Overall, CHO cell-expressed LCAT was most similar
to plasma-derived LCAT.

Detailed study of the enzymatic mechanism of LCAT
requires a source of mass quantities of enzyme. Expres-
sion of LCAT in the baculoviral system produced active
enzyme, which was purified in two column steps. Based
on purified bLCAT specific activity, medium concentra-
tions of 1.5-3.0 pg/ml were readily achieved. By silver-
stained SDS gels, the described purification of this en-
zyme using phenyl-Sepharose and hydroxylapatite
columns produced 90-100% pure LCAT. This purifica-
tion protocol is simpler and less time-consuming than
the purification of pLCAT and is without risk of apolipo-
protein contamination. However, although the bacu-
loviral system expressed significant quantities of LCAT,
the expressed enzyme is underglycosylated compared to
the plasma-purified enzyme. Expression in the presence

of tunicamycin demonstrated that the change in molecu-
lar weight was due to underglycosylation, not truncation
of the protein transcript. There have been similar re-
ports of underglycosylated proteins expressed in insect
celllines (23). The extent and type of glycosylation often
is different in baculoviral-expressed proteins. Patterns
of glycosylation in insect cells have been shown to vary
with cell line, culture medium, culture supplements,
time after infection, and the protein expressed (23).
The underglycosylation of bLCAT led to a further
examination of LCAT expressed by several commonly
used cell lines. CHO LCAT, like pLCAT, was sensitive
to N-glycanase F and was only slightly overglycosylated
compared to pLCAT. HepG2 LCAT was overglycosy-
lated and, like bLCAT, was resistant to N-glycanase F,
suggesting that the carbohydrate composition was dif-
ferent from that of pLCAT. Resistance to N-glycanase F
has been observed only in a few plant proteins that
contained an ol — 3)fucose on the N-acetylglu-
cosamine moiety proximal to the asparagine (24). How-
ever, o1 — 6)fucosylation at this same moiety is easily
hydrolyzed (24). Fucosyl transferase activity has been
observed in insect cells and may explain the resistance
of bLLCAT to N-glycanase F (23). Unlike the results of
Collet and Fielding (5), we found all forms of LCAT
resistant to endo F. For these experiments, N-glycanase
Ffree endo F was used. Partial digestion by a small
amount of N-glycanase F, a common contaminant of
endo F, may explain the previously published results (5).
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The results of the endo F experiment indicate that all
carbohydrate structures were processed beyond the
high mannose stage, supporting a recently published
study using mass spectroscopy to characterize the glyco-
sylation structure of LCAT (6). This study demonstrated
that the N-linked glycosylation in plasma LCAT was
processed beyond the high mannose stage and con-
tained sialylated triantennary and biantennary complex
structures. Two O-linked glycosylation sites in LCAT
(T407 and S409) were also identified. However, our
methods were not sensitive enough to detect the small
differences in molecular size that would have resulted if
LCAT were underglycosylated at the O-linked sites.

Both pLCAT and CHO LCAT were sensitive to neu-
raminidase, indicating that both enzymes contained
terminal sialic acid residues. In contrast, bLCAT dem-
onstrated no significant change in molecular weight
upon neuraminidase digestion. This result suggests that
the baculoviral LCAT contained little or no terminal
sialic acid residues. Although glucosidase and mannosi-
dase activities can be detected in insect cells, processing
beyond hybrid structures usually is not observed (23).
Galactosyl and sialyl transferase activities are negligible,
and proteins generally lack terminal sialic acid residues
(23). Therefore, sensitivity to neuraminidase would not
be expected for bLCAT. On the basis of the carbohy-
drate analysis of these four enzymes, CHO LCAT is most
similar to pLCAT in the extent and structure of its
glycosylation.

As LCAT glycosylation structure varied with its
source, the influence of LCAT source on enzyme func-
tion was evaluated. LCAT Kinetics demonstrated small
differences in apparent K. bLCAT consistently had a
3-fold smaller apparent K, than that of pLCAT, whereas
the apparent K,, of CHO LCAT was intermediate. The
maximum specific activity of bLCAT was 3-fold lower
than that of pLCAT, whereas the apparent Vmax for
CHO LCAT was the same as that of pLCAT. Collet.and
Fielding (5) observed that LCAT expressed in the pres-
ence of glucosidase inhibitors had a decreased apparent
Vimax (0.15 £ 0.06 vs. 0.64 + 0.14 nmol/h per ml for
glucosidase inhibited and native enzyme, respectively)
and no change in apparent Kn, (19.3 £3.3 vs. 21.4 £ 3.0
mM, respectively), suggesting that type of glycosylation
could affect catalytic rate. In mutagenesis studies, reduc-
tion in apparent Vi, but not apparent Ky, was observed
when N84 was mutated (4, 7, 25). When N384 was
mutated, the apparent Vi, remained the same (N384T)
or increased (N384Q) (4, 7, 25). However, the apparent
K for the N384T mutant decreased, whereas no change
or a slight increase was observed for the N384Q) mutant.
Taken together, these studies suggest that extent of
glycosylation affects LCAT catalytic rate and support
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our results that apparent Vyax is affected by the extent
and type of glycosylation.

The source of LCAT also may have a minor influence
on substrate fatty acyl specificity. Human plasma LCAT
has a 1.6-fold greater activity against rHDL-containing
POPC compared to PAPC. This is similar to the differ-
ence in apparent Vma, for human plasma LCAT ob-
served by Jonas et al. (26) for rHDL-containing POPC
versus PAPC (101 vs. 79 nmol cholesteryl ester
formed/h, respectively). Even though bLCAT and
HepG2 LCAT specific activities against POPC- and
PAPC-containing substrates were reduced, the order of
substrate fatty acyl specificity was maintained in all of
the enzymes examined. Qu et al. (7) compared the
apparent V. and apparent Ky, values of their glycosy-
lation mutants against POPC and DAPC substrates.
Although catalytic rates decreased with N84T and ap-
parent K, decreased with N384T, the enzymes main-
tained their preference for POPC over PAPC, suggest-
ing that N-linked glycosylation of LCAT had no major
influence on substrate fatty acyl specificity. Francone,
Evangelista, and Fielding (8) demonstrated that mutat-
ing N272 significantly altered the ratio of phospholipase
to transacylase activity, causing LCAT to become a
phospholipase with little acyltransferase activity. No
such changes were observed with the baculoviral-ex-
pressed LCAT or the CHO-expressed LCAT. Both
bLCAT and CHO LCAT have the same phospholipase
to acyltransferase ratio as plasma LCAT, suggesting that
altering the glycosylation of bLCAT did not alter the
enzyme mechanism.

These data suggest that the interaction of bLCAT and
HepG2 LCAT with substrate, either at the rHDL inter-
face or the molecular substrate level, is different from
that of plasma-derived LCAT. The structure, composi-
tion, and amount of glycosylation most likely have an
indirect effect on the overall structure of LCAT, thus
influencing the active site, the interfacial binding site
and/or the activation of LCAT.HA
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