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Abstract

 

The major N-linked carbohydrate structures were
determined for recombinant human plasma lecithin:choles-
terol acyltransferase (LCAT). The analysis of the structure of
oligosaccharides by fast atom bombardment mass spectrome-
try (FAB-MS) and linkage analysis was preceded by reduction
and carboxymethylation of the intact glycoproteins and diges-
tion with trypsin and proline specific endopeptidase. The N-
glycans were subsequently released from the glycopeptides by
PNGase F digestion and the oligosaccharides were separated
using a C18 Sep-pak

 

®

 

 cartridge. The data from the combina-
tion of FAB spectrometry and linkage analysis show that the
N-linked glycans present on recombinant LCAT (rLCAT)
were composed primarily of triantennary and tetraantennary
structures with and without core fucosylation. A minor popu-
lation of glycans (less than 5%) contained up to three repeats
of N-acetyllactosamine in one or more antennae. The LCAT
activities of both recombinant and circulating forms of
plasma LCAT were determined using low molecular weight
and lipoprotein substrates. The catalytic behavior of these two
enzyme forms were found to be very similar if not identical.
These findings validate the concept that the recombinant en-
zyme can serve as an appropriate model for structure/func-
tion studies of LCAT and provide the foundation for subse-
quent structural studies.

 

—Lacko, A. G., A. J. Reason, C.
Nuckolls, B. J. Kudchodkar, M. P. Nair, G. Sundarrajan, P. H.
Pritchard, H. R. Morris, and A. Dell.
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Lecithin:cholesterol acyltransferase (LCAT) catalyzes
the esterification of plasma cholesterol in mammals
and it is a key enzyme in cholesterol homeostasis (1).
LCAT is a plasma glycoprotein with unusually high car-
bohydrate content (

 

,

 

23% by weight; [2, 3]). After the
determination of the primary structure of LCAT (4),

 

Yang et al. (5) calculated the hydropathy index for hu-
man LCAT indicating that the amino acid composition
alone would give rise to an extremely hydrophobic
polypeptide structure. Consequently, the rather sub-
stantial carbohydrate component (2, 3) of LCAT
(

 

,

 

23% by weight) is expected to play a key role in the
conformational stability of this enzyme. The elucida-
tion of the representative N-linked carbohydrate struc-
tures of the respective recombinant forms of LCAT ap-
pears essential for the validation of these respective
enzyme species as potential models for structure/func-
tion studies of plasma LCAT (6).

The bulk of the oligosaccharides in LCAT are linked
to the polypeptide backbone through asparagine resi-
dues (7). Recent studies have shown that elimination of
specific N-linked glycosylation sites had a profound im-
pact on enzymatic activity (8, 9). Removal of all N-
linked glycosylation sites resulted in only trace amounts
of marginally active enzyme to be secreted by these re-
combinant cells (8, 9). Elimination of specific single
glycosylation sites resulted in nearly normal secretion
of the enzyme and variable alterations of LCAT activity.
For instance, the mutagenesis of N

 

→

 

Q are residue 384
resulted in doubling the LCAT activity while alteration
of another site (N-84

 

→

 

Q) led to an 

 

,

 

80% reduction
in activity (8, 9).

 

Abbreviations: FAB-MS, fast atom bombardment mass spectrome-
try; LCAT, lecithin:cholesterol acyltransferase; HDL, high density lip-
oprotein(s); CETP, cholesteryl ester transfer protein; BHK, baby
hamster kidney; CHO, Chinese hamster ovary; rLCAT, recombinant
LCAT; pLCAT, plasma LCAT; PNGase F, peptide-N-glycosidase F.
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Although recent studies described the glycan struc-
tures in plasma LCAT (7), no information has been
published on the corresponding recombinant forms of
the enzyme. Recent reports include the comparisons of
the susceptibility of several recombinant enzyme forms
to glycanase digestions (6) but no detailed structural
information is available on the glycans of any of the
rLCAT species produced. The present study was under-
taken to establish the types of carbohydrate structures
in recombinant LCAT and to compare the enzymatic
properties of plasma LCAT and the recombinant form
secreted by a stably transfected BHK cell line (10).
These structural and kinetic data strongly suggest that
the recombinant form of LCAT secreted by stably trans-
fected BHK cells (10) is likely to be an appropriate
model for detailed structural/functional characteriza-
tion of the enzyme.

MATERIALS AND METHODS

 

Purification and enzymatic studies

 

Production of LCAT by the t-BHK cells.

 

 The develop-
ment of the stable transfected BHK cell lines secreting
recombinant LCAT (rLCAT) has been described (10).
The BHK cells were cultured on a porous microcarrier,
Cultisphere-G (Hyclone Laboratories, Inc., Logan,
UT). The cells were initially incubated with 350 mg of
Cultisphere-G beads in DMEM for 24 h to allow the at-
tachment of the cells to the solid support. After a 4-day
growth period, the medium was changed to Opti-MEM
to allow the secretion of LCAT by the cells for a 72-h
period. The final yield was 

 

,

 

2 

 

3

 

 10

 

9

 

 cells and 

 

,

 

2 mg of
LCAT per 150 ml of medium. Alternatively, the BHK
cells were cultured in multilayer flasks (Nunclone Inc.)
without beads.

The purification procedure for rLCAT has been pre-
viously described (10). Briefly, the medium from the
BHK cell cultures was centrifuged to remove insoluble
material and then it was applied to a phenyl-Sepharose
column (2.5 

 

3

 

 15 cm) equilibrated with 0.005 

 

m

 

 phos-
phate buffer, 0.3 

 

m

 

 NaCl, pH 7.4. The column was
washed with the same buffer until the absorbance

 

280

 

decreased to 

 

,

 

0.01. Subsequently, the LCAT was eluted
with deionized water yielding a homogeneous enzyme
preparation (10).

Purification of LCAT from the human plasma was
achieved by a modification of a previously published
procedure (11). Briefly, 1500–1800 ml of cryo-precipitate
supernatant (obtained from Carter Blood Center, Ft.
Worth, TX) was adjusted to a final polyethylene glycol
(PEG 6000) concentration of 7% and the precipitate
was removed and discarded. The conductivity of the su-

pernatant was adjusted to 

 

.

 

25 m MHO with 5 

 

m

 

 NaCl
and the plasma extract was applied to a previously
equilibrated (0.001 

 

m

 

 Na

 

3

 

PO

 

4

 

, 0.3 

 

m

 

 NaCl, pH 7.4)
phenyl-Sepharose (P-S) column (5 

 

3

 

 20 cm). Upon load-
ing of the sample, the column was washed with 0.001 

 

m

 

Na

 

3

 

PO

 

4

 

 0.3 

 

m

 

 NaCl, pH 7.4, until the absorbance

 

280

 

 of
the effluent was 

 

,

 

0.08. Subsequently the phenyl-
Sepharose column was connected in a sequence to an
Affigel-Blue [A-B, 5 cm 

 

3

 

 15 cm] column; and to a hep-
arin-Sepharose [H-S; 5 

 

3

 

 12 cm] column. The H-S and
A-B columns were equilibrated with 0.02 

 

m

 

 phosphate
buffer, pH 7.4, before connecting the system together.
Once the columns were connected, the eluant was
changed to deionized water to obtain the LCAT-
containing fractions. The conductivity of the eluant was
then adjusted to 

 

,

 

4.0 m MHO and loaded on a DEAE-
agarose (Bio-Rad Labs) column (2.5 

 

3

 

 25 cm) previ-
ously equilibrated with 5 m

 

m

 

 NaPO

 

4

 

, pH 7.2, containing
0.025% NaN

 

3

 

. The column was eluted with 700 ml of 5
m

 

m

 

 Na

 

3

 

PO

 

4

 

,

 

 

 

0.05 

 

m

 

 NaCl, pH 7.2, resulting in the elu-
tion of a large protein peak that lacked LCAT activity.
Subsequently, the LCAT was eluted from the column by
a linear gradient of 1000 ml of 5 m

 

m

 

 NaPO

 

4

 

, 0.05 

 

m

 

NaCl, pH 7.2, and 500 ml of 5 m

 

m

 

 Na

 

3

 

PO

 

4,

 

 0.2 

 

m

 

 NaCl,
pH 7.2. The elution of the bulk of the LCAT activity
corresponded with an NaCl concentration of 0.12 

 

m

 

.
The fractions containing LCAT were pooled, dialyzed
against 1 m

 

m

 

 Na

 

3

 

PO

 

4

 

, pH 7.4, and loaded on a DEAE-
MATREX (Amicon Corp.) column (1.5 

 

3

 

 20 cm), pre-
viously equilibrated with 1 m

 

m

 

 Na

 

3

 

PO

 

4

 

, pH 7.4. The en-
zyme was eluted using a linear gradient of 1000 ml of 1
m

 

m

 

 Tris-HCl, 1 m

 

m

 

 EDTA, 25 m

 

m

 

 NaCl, pH 7.4, and
1000 ml of 10 m

 

m

 

 Tris, 5 m

 

m

 

 EDTA, 200 m

 

m

 

 NaCl, pH
7.4. The LCAT-containing fractions were pooled, con-
centrated by ultrafiltration, and dialyzed against 1 m

 

m

 

phosphate buffer, pH 7.4. The dialyzed concentrated
enzyme was then passed through an Affigel-Blue (Bio-
Rad Labs) column (2.5 

 

3

 

 20 cm) before loading on to
the hydroxyl apatite column (1.5 

 

3

 

 60 cm, previously
equilibrated with 4 m

 

m

 

 Na

 

3

 

PO

 

4

 

, 150 m

 

m

 

 NaCl, pH 6.9).
The LCAT was then eluted with a linear gradient of 250
ml of 15 m

 

m

 

 NaPO

 

4

 

, 150 m

 

m

 

 NaCl, pH 6.9, and 250 ml of
60 m

 

m

 

 Na

 

3

 

PO

 

4

 

, 150 m

 

m

 

 NaCl, pH 6.9. The LCAT activ-
ity has consistently been detected in the fractions that
coincide with the initial decrease in conductivity. These
fractions were pooled, dialyzed against a saturated am-
monium sulfate solution, and stored at 

 

2

 

70

 

8

 

C without
significant losses in enzyme activity. The LCAT prepara-
tions isolated by this procedure were essentially homo-
geneous (

 

.

 

95% purity) by SDS gel electrophoresis.
Enzymatic desialylation of LCAT was achieved by in-

cubating the enzyme samples with 

 

C. perfringens

 

 neura-
minidase (Sigma Chemical Co.). A sample of 2 ml of
LCAT (containing 

 

,

 

100 

 

m

 

g of enzyme) was added to 2
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ml of the solution containing 12 units of neuraminidase.
After incubation, the desialylated enzyme was purified
on phenyl-Sepharose as described above and was found
to be essentially free of sialic acids. Sialic acid content of
all preparations was determined according to Skoza and
Mohos (12) as described previously (13).

 

Assay for LCAT activity.

 

 Two hundred 

 

m

 

l of proteolipo-
some (14) substrate containing [

 

3

 

H]cholesterol was in-
cubated with 10-

 

m

 

l aliquots of the enzyme for 6 h at
37

 

8

 

C. The reaction was terminated by the addition of 2
ml of isopropanol, and free and esterified cholesterol
were separated by thin-layer chromatography (TLC)
followed by isolation of the separated lipid zones for
scintillation counting (15).

Alternatively, lipoprotein substrates were used. Lipo-
proteins were prepared by discontinuous density gradi-
ent ultracentrifugation of human plasma (16) yielding
12 fractions. Of these, #7 was designated as HDL

 

2

 

 (d
1.059–1.086 g/ml) and #8–10 as HDL

 

3

 

 (d 1.086–1.23
g/ml). The HDL

 

2

 

 and HDL

 

3

 

 fractions were labeled
with [

 

3

 

H]cholesterol as previously described (17).

 

Phospholipase activity of LCAT

 

 activity was monitored
using a fluorescent water-soluble substrate, 1,2 bis[4-(1-
butanoyl-

 

sn

 

-glycero-3-phosphatidylcholine (0.125–3 

 

m

 

m

 

)
as described by Bonelli and Jonas (18). The excitation
wavelength of 332 nm and an emission wavelength of
398 nm were used to monitor the increase in fluores-
cence over time upon the addition of samples of LCAT
(

 

,

 

0.1–0.2 

 

m

 

g).

 

Carbohydrate structural studies

 

N-glycosidase F digestion of rLCAT.

 

 The rLCAT samples
containing 1 

 

m

 

g/digest (100 m

 

m

 

 EDTA, 100 m

 

m

 

 phos-
phate, pH 8.6, 1% Nonidet P40, 0.5% mercaptoetha-
nol, 0.1% SDS) were boiled for 10 min. The digestion
was initiated by adding various amounts (2–200 mUnits)
N-glycosidase F and the reaction was carried out at
37

 

8

 

C for 10 min. The digests were analyzed by SDS-
PAGE (7.5%) electrophoresis followed by Western blot-
ting, transferring of protein bands from the gel to the
nitrocellulose membrane (0.22 micron, MSI Inc., West-
borough, MA). The membranes were subsequently in-
cubated with an anti-human LCAT antibody and the
blots were developed with alkaline phosphatase sub-
strate (KPL, Gaithersburg, MD).

Reduction and carboxymethylation. The portion of
LCAT to be used for carbohydrate analysis was first sub-
jected to reduction and carboxymethylation. This in-
volved treating the preparation with a 4 molar excess of
dithiothreitol (DTT) in Tris buffer (0.6 m; pH 8.5).
After a 30-min incubation period at 378C, iodoacetic
acid (IAA) was applied in a 5-fold molar excess over the
DTT. The excess DTT and IAA were removed by dialy-
sis against deionized water.

Protease digestion. After dialysis, the enzyme was lyo-
philized and digested, first with TPCK-treated trypsin
for 6 h at 378C in 50 mm ammonium bicarbonate (pH
8.4), followed by treatment with a proline-specific pro-
tease (Seikagaku Ltd.) for 4 h at 378C in 100 mm am-
monium bicarbonate (pH 7.8). The proteolytic diges-
tion was terminated by lyophilization.

PNGase F digestion. The N-glycans were removed from
the LCAT glycopeptides by treatment with 0.5 mU of
PNGase F in 50 mm ammonium bicarbonate buffer
(pH 8.4) for 16 h at 378C. The sample was lyophilized,
dissolved in 5% acetic acid, and loaded onto a C18-Sep-
pak® column and eluted with 5% acetic acid followed
by 20% propan-1-ol in 5% acetic acid and 60% propan-
1-ol in 5% acetic acid. The N-linked oligosaccharides
eluted in the 5% acetic acid fraction. Peptides eluted in
the subsequent solvent mixtures.

Desialylation was carried out using one of two meth-
ods. Chemical desialylation was carried out using 200
ml of a 0.025 m solution of sulfuric acid. The reactants
were incubated at 808C for 1 h and the reaction was ter-
minated by lyophilization. Traces of remaining sulfuric
acid were removed by dilution with a small amount of
deionized water and lyophilization. Otherwise, sialic
acid moieties were removed using 20 mU of neuramini-
dase (Boehringer-Mannheim) in 50 mm sodium acetate
(pH 5.5) for 16 h at 378C. The reaction was terminated
by lyophilization.

b-Galactosidase digestion. Terminal b-linked galactose
residues, exposed by the action of the neuraminidase,

Fig. 1. N-glycosidase F digestion of rLCAT with increasing
amounts of N-glycosidase (2–200 mUnits/digest).
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were removed using 0.01 U of exo-b-d-galactosidase
from bovine testes (Boehringer-Mannheim) in 200 ml
of 5 mm sodium citrate–phosphate buffer, pH 4.6, at
378C for 48 h.

b-N-Acetylhexosaminidase digestion. Terminal b-linked
N-acetylhexosaminidase residues exposed by the action
of the b-galactosidase were removed using 0.1 U of exo-
b-N-acetyl-d-hexosaminidase from bovine kidney (Boeh-
ringer-Mannheim) in 200 ml of 5 mM sodium citrate–
phosphate buffer, pH 4.6, at 378C for 48 h.

Permethylation. Prior to FAB–MS analysis, oligosaccha-
rides were derivatized in screw-capped tubes by the
addition of a NaOH–DMSO slurry (1 ml) made by
grinding 8 pellets of NaOH in a dried mortar with dry
glass-distilled DMSO (2 ml). This was followed by the
addition of methyl iodide, and the mixture was shaken
at room temperature for 10 min before quenching
slowly with water (2 ml). The derivatized oligosaccha-

rides were extracted into chloroform (1 ml), and the
solvent was evaporated in a stream of nitrogen.

FAB–MS. FAM mass spectra were acquired on a ZAB-
2SE FPD mass spectrometer fitted with a caesium ion
gun operated at 25 kV. Spectra from this instrument
were computer processed. The matrix was thioglycerol
and the derivatized oligosaccharides were dissolved in
methanol prior to loading on the target.

GC–MS analysis. Partially methylated alditol acetates
were prepared from the permethylated oligosaccha-
rides for linkage analysis by GC–MS, according to the
method of Albersheim et al. (19). Briefly, the permeth-
ylated samples were hydrolyzed with 2 m TFA for 2 h at
1218C, reduced with 10 mg/ml sodium borodeuteride
in 2 m ammonium hydroxide at room temperature for
2 h, followed by acetylation with acetic anhydride at
1008C for 1 h. GC–MS analysis was carried out on a
Fisons Instruments MD 800 apparatus. The partially

Fig. 2. Partial FAB mass spectra ([A] fragment ion region, [B] molecular ion region) of permethylated N-glycans released from recom-
binant LCAT. The pairs of signals labeled Hexn are ammonium and sodium cationized molecular ions of glucose oligomers. The signal
labeled Hex12 is the ammonium cationized molecular ion of one of a series of contaminating glucose oligomers which are most likely de-
rived from leakage from the dialysis membranes used in desalting steps.

Fig. 3. Partial FAB mass spectrum of permethylated N-glycans released from recombinant LCAT. This LCAT sample was isolated from
the culture media of cells that were grown in the presence of the sialidase inhibitor 2,3 dehydro-2-deoxy N-acetyl-neuraminic acid. For an
explanation of Hex10-12 see legend to Fig. 1.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


812 Journal of Lipid Research Volume 39, 1998

methylated alditol acetates were dissolved in hexanes
prior to on-column injection on a DB-5 (30 m 3 0.32
mm internal diameter J&W Scientific) column at 908C.
The oven was held at 908C for 1 min before being in-
creased to 2908C at a rate of 88/min.

RESULTS

Carbohydrate configuration of LCAT

Endoglycosidase F digestion was used to estimate the
number of carbohydrate chains linked to the polypep-
tide portion of LCAT. One mg of recombinant enzyme
was incubated with increasing amounts (2–200 mU) of
endoglycosidase F (8) for 10 min at 378C. After the in-
cubation period, the digested samples were subjected
to SDS-PAGE and the LCAT bands were visualized by
Western blotting utilizing a polyclonal antibody. Figure
1 shows the electrophoresis pattern resulting from
these experiments, indicating the presence of five
bands (including the control) and thus the four N-
linked carbohydrate chains in recombinant LCAT.

Analysis of carbohydrate structures

Recombinant lecithin:cholesterol acyltransferase
(LCAT) produced by a BHK cell line (rLCAT), was sub-
jected to the following protocol. After reduction and
carboxymethylation, the LCAT sample was digested
with trypsin and subsequently by proline-specific en-
zyme to facilitate the release of N-glycans by PNGase F
digestion. The N-glycans were separated from the pro-
teolytically cleaved peptides using a C18 Sep-pak® car-
tridge (20, 21).

Analysis of the N-glycans released from recombinant LCAT.
The FAB spectra from recombinant LCAT (r-LCAT)
(Fig. 2) contained [M 1 H]1 signals at m/z 2047.9
(Hex5HexNAc4), m/z 2222.0 (Fuc1Hex5HexNAc4), m/z
2497.5 (Hex6HexNAc5), m/z 2672.6 (Fuc1Hex6Hex

NAc5), and 3122.1 (Fuc1Hex7HexNAc6; Fig. 1B). These
data suggest that the recombinant LCAT contains high
levels of tri- and tetraantennary glycans and that core
fucosylation is present on many components. Fucosyla-
tion of the antennae could be ruled out because A-type
fragmentation, at the reducing end of the HexNAc res-
idues in the antennae (22), produced a signal at m/z
464 (HexHexNAc+) but not at m/z 638 (FucHexHex-
NAc+) (Fig. 2A). Interestingly, minor A type fragment
ions were present at m/z 913 (Hex2Hex NAc2

1) and m/z
1362 (Hex3HexNAc3

+) suggesting the presence of lac-
tosanine repeats in a minor population of glycans (see
discussion of Fig. 4, below). Surprisingly, none of the sig-
nals present in this initial spectrum indicated the pres-
ence of sialic acids. Indeed, subsequent chemical analy-
sis of the intact rLCAT revealed only traces of sialic acid
(,1% by weight) compared to about 5.5% sialic acid
found in pLCAT. As BHK cell lines are known to have
the necessary sialyl transferases required for the addition
of sialic acid to N-linked glycan structures, it was con-
cluded that sialic acids were probably being removed
from the glycan chains by a BHK-derived sialidase analo-
gous to that found in CHO cell lines (23). To test this hy-
pothesis, the recombinant enzyme was isolated in the
presence of the sialidase inhibitor 2,3-dehydro-2-deoxy
N-acetyl-neuraminic acid resulting in the restoration of
the full complement of sialic acids (,5.5%).

The molecular ion region of the FAB spectrum (Fig.
3) of permethylated glycans derived from this batch re-
tained all of the signals shown in Fig. 1, i.e., m/z 2047.9,
m/z 2222.0, m/z 2497.5, m/z 2672.6, and m/z 3122.1.
However, additional signals were present at m/z 2409.2
(NeuAc1Hex5HexNAc4), m/z 2584.2 (NeuAc1Fuc1Hex5
HexNAc4), m/z 2771.1 (NeuAc2Hex5HexNAc4), m/z
2858.5 (NeuAc1Hex6HexNAc5), and m/z 2944.9 (NeuAc2
Fuc1Hex5HexNAc4). Linkage analysis of this permethy-
lated sample produced the data presented in Table 1.
These data demonstrated the presence of terminal fu-
cose, terminal galactose, 30 and 6-linked galactose, 2-
linked, 2,6-linked, 2,4-linked, and 3,6-linked mannose,
as well as 4-linked and 4,6-linked N-acetylglucosamine.
In order to unambiguously define the core structures
present in this wide range of glycans, the sialic acids
were removed to generate a less complex mixture of
glycans. After neuraminidase digestion, signals for per-
methylated glycans were present at the same m/z values
as the initial non-sialylated sample (Fig. 4), i.e., m/z
2047.9 (Hex5HexNAc4), m/z 2222.0 (FucHex5HexNAc4),
m/z 2497.5 (Hex6HexNAc5), m/z 2672.6 (FucHex6
HexNAc5), and m/z 3122.1 (FucHex7HexNAc6OMe1

H1). A larger sample was used in this experiment com-
pared with the experiment yielding the data in Fig. 2
resulting in a significant improvement in the sensitivity
at high mass, enabling the detection of additional mi-

TABLE 1. Data produced from linkage analysis
of recombinant LCAT

Retention
Time Assignment Ions Monitored

min
12.70 terminal fucose 175, 162, 131, 118
14.28 terminal galactose 205, 162, 161, 145
15.48 terminal fucose 190, 161, 130, 129
15.78 3-linked galactose 234, 161, 129, 118
16.30 6-linked galactose 233, 189, 162, 129
16.72 2,4-linked mannose 233, 190, 173, 113
17.10 2,6-linked mannose 190, 189, 130, 129
17.28 3,6-linked mannose 234, 189, 129, 118
19.17 4-linked GlcNAc 233, 159, 117
20.48 4,6-linked GlNAc 261, 159, 117
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Fig. 4. Partial FAB mass spectrum of permethylated N-glycans released from recombinant LCAT after desialylation. For an explanation
of Hex2-6 see legend to Fig. 1.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


814 Journal of Lipid Research Volume 39, 1998

Fig. 5.
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nor signals at m/z 3570.5 (FucHex8HexNAc7 OMe1H1)
and 4019.0 (FucHex9HexNAc8OMe1H1). These two
molecular ion compositions are consistent with tri-
and/or tetrantennary glycans having up to two (tet-
raantennary) or three (triantennary) repeats of N-
acetyllactosamine. A-type fragment ions are, indeed,
present for such antennae: m/z 913.4 (Hex2HexNAc2

1)
and 1362.7 (Hex3HexNAc3

1) [compare to Fig. 2]. Af-
ter desialylation, b-galactosidase was used to unambigu-
ously define whether the signals at m/z 2497.5, m/z
2672.6, and m/z 3122.1 arose from tri- and tetraanten-
nary structures or from structures with fewer antennae
but with N-acetyllactosamine repeats. The molecular
ion region of the spectrum obtained from FAB–MS
analysis of a portion of the permethylated products is
shown in Fig. 5A. After the digest, the signals at m/z 2047.9
and m/z 2222.0 shifted to m/z 1639.9 and m/z 1814.0, re-
spectively (loss of two Ga1 residues), the signals at m/z
2497.5 and m/z 2672.6 shifted in mass to m/z 1884.9
and m/z 2059.2, respectively, (loss of three Ga1 resi-
dues) and that at m/z 3122.1 to m/z 2303.8 (loss of four
Ga1 residues). These data show that m/z 2047.9 and
2222.0 are molecular ions of biantennary structures, m/z
2497.5 and 2672.6 are molecular ions of triantennary
structures, and m/z 3122.1 is the molecular ion of a tet-
raantennary structure. The remainder of the products
from this digest were subjected to digestion with bovine
kidney exo-b-acetyl-d-hexosaminidase followed by
FAB–MS to probe the nature of the core structures.
The permethylated products gave two molecular ions
at m/z 1149.6 (Hex3HexNAc2OMe1H1) and 1323.7
(FucHex3 HexNAc2OMe1H1) (Fig. 5B). The latter was
the most abundant molecular ion confirming that a
major portion (estimated from molecular ion abun-
dances to be about 70%) of the glycans present in rLCAT
are core fucosylated. Taken together, the FAB–MS and
linkage data from the intact and enzyme digested sam-
ples showed that the major structures on rLCAT are bi-
and triantennary glycans with and without core fucosy-
lation and tetraantenary glycans with core fucosylation
(Fig. 6). In addition, a minor population of glycans (es-
timated from molecular ion abundances to be less than
5%) contained up to three repeats of N-acetyllac-
tosamine in one or more antennae.

LCAT activity of recombinant and plasma
enzyme preparations

Because of the marked differences observed in gly-
can structure between the recombinant and plasma

LCAT, it was important to examine the catalytic proper-
ties of these enzyme forms. The data in Table 2 show
the reactivity of both rLCAT and pLCAT with lipopro-
tein substrates. These studies were conducted with en-
zyme preparations that were standardized based on
their reactivity with a proteoliposome substrate in or-
der to avoid discrepancies in specific activity due to dif-
ferential inactivation during storage. The Vmax and Km
values are essentially the same for the pLCAT and the
sialylated rLCAT preparations while the Km was 2- to 30-
times higher for the desialylated recombinant enzyme
(2S/rLCAT).

The data in Table 3 show similar results with the fluo-
rescent substrate, 1,2 bis[4-(1-pyreno)-butanoyl-sn -glyc-
ero-3-phosphatidylcholine (18). Here the Km values of
the recombinant and plasma enzymes were very similar
and desialylation of both enzymes gave rise to a nearly
3-fold increase in Km. During the phospholipase activity
studies, with the fluorescent substrate, apoA-I was
found to enhance the activity of LCAT at low substrate
concentrations (Fig. 7). Serum albumin and apoD had
no such effect (data not shown). When the effects of
apoA-I on pLCAT and rLCAT were compared, the results
once again were similar in the catalytic behavior of both
enzymes (Fig. 8). Thus, both the native and recombinant
forms of the intact (sialylated) enzyme were activated by
apoA-I to similar extents and the desialylated rLCAT,
both in the presence and absence of apoA-I, showed
lower activity against the phospholipase substrate.

In order to compare the effects of in vitro desialyla-
tion on rLCAT and pLCAT, respectively, both purified
enzymes were digested by neuraminidase. Desialylation
of pLCAT and rLCAT resulted in modest decreases in
activity (23% for pLCAT and 10% for rLCAT) against
HDL3 (Table 2). In contrast, the activity increased for
both enzymes when assayed with the liposome substrate
(data not shown).

DISCUSSION

The elucidation of the pathways of lipoprotein me-
tabolism is likely to require an in-depth understanding
of glycoprotein structure and function, as apolipopro-
teins and catalytic components of lipid transport
(LCAT, lipoprotein lipase, and cholesteryl ester trans-
fer protein) have been shown to have significant carbo-
hydrate content (2, 3, 24, 25). Studies on the structure

Fig. 5. (A) Partial FAB mass spectrum of permethylated products of b-galactosidase digestion of the desialylated rLCAT N-glycans. (B)
Partial FAB mass spectrum of the permethylated products of b-N-acetyl hexosaminidase digestion of the glycans present in (A). For an ex-
planation of Hex6-10 see legend to Fig. 1.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


816 Journal of Lipid Research Volume 39, 1998

Fi
g.

6.
N

-g
ly

ca
n

s 
pr

es
en

t o
n

 r
ec

om
bi

n
an

t L
C

A
T

 e
xp

re
ss

ed
 in

 a
 B

H
K

 c
el

l l
in

e.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Lacko et al. Characterization of recombinant LCAT 817

and function of LCAT have opened the way for a de-
tailed investigation of this enzyme system (4, 5, 26). Al-
though cloning and expression of the enzyme have
been achieved (4, 6, 10), the precise role of the carbo-
hydrates in the structure/function of LCAT is yet to be
defined. The N-linked oligosaccharides have been
shown to be essential for the secretion of active LCAT
from the CHO and COS cells (8, 9). In addition, the
hydropathy index for LCAT (5) is as hydrophobic as
any of the plasma apolipoproteins. These findings (5)
strongly suggest that the carbohydrate component
makes an important contribution to the conforma-
tional stability of the enzyme in an aqueous environ-
ment. Consequently, the oligosaccharide chains of
LCAT are likely to play an important role in the mainte-
nance of its active conformation as well as its ability to
interact with substrates (6).

Currently, there is only limited information available
on the role of oligosaccharides in LCAT. Two separate
investigations provided surprisingly similar patterns
when the impact of carbohydrate depletion on the ac-
tivity of the enzyme secreted from recombinant cells
was tested (8, 9). Although the carbohydrates of LCAT
have been shown to be essential for the secretion of the
enzyme (8, 9), no information is yet available on the spe-
cific roles that the oligosaccharide structures play in de-
termining the structure/function of LCAT.

The data presented in this paper show that recombi-
nant LCAT contains four N-glycosylated chains. The
linkages of these oligosaccharides to the polypeptide

chain are very likely to be in the same respective posi-
tions as described for other systems (8). We have also
shown that rLCAT contains bi-, tri-, and tetraantennary
saccharides. These structures appear to be representa-
tive glycoprotein components as disialylated bianten-
nary oligosaccharides were shown to be the dominant
structures in many circulating human serum glycopro-
teins, including transferrin (27), Factor VIII (28), and
interferon-b1 (29). On the other hand, sialylated tri-
and tetraantennary oligosaccharides are the major
structures on other circulating glycoproteins including
human erythropoietin (30) and tissue plasminogen ac-
tivator (31, 32). The first phase of the structural analy-
sis for LCAT revealed N-glycans ranging from bianten-
nary to tetraantennary structures with and without core
fucosylation. The amount of core fucosylation increased
with the number of antennae. Thus, non-fucosylated
tetraantennary structures were almost undetectable
while non-fucosylated biantennary structures gave
prominent signals. The molecular ion abundances sug-
gest that the total amount of tri- and tetraantennary gly-
cans was comparable to that of the biantennary glycans
(Fig. 2). Interestingly, none of these rLCAT prepara-
tions were sialylated. The lack of sialylation was attrib-
uted to be the action of a soluble sialidase (23). Inclusion
of the sialidase inhibitor 2,3-dehydro-2-deoxy N-acetyl-
neuraminic acid into the extraction procedure re-
stored the sialylation of the glycan population. These
sialic acid moieties were attached to galactose via a2,3
and a2,6 linkages with a2,6 being the predominant

TABLE 2. Effects of desialylation on the LCAT activity of plasma and recombinant enzyme preparations
with lipoprotein substrates

Enzyme Source

HDL3 HDL2

pLCAT rLCAT rLCAT2S pLCAT rLCAT rLCAT2S

Km (1026 m) 7.44 10.1 20.5 6.66 9.46 19.5
Vmax (nmol/ml/h) 2.20 1.75 3.02 1.25 0.86 1.83

Values represent duplicate determinations (average error ,5%); p, plasmal r, recombinant; 2S, devoid of
sialic acid.

TABLE 3. Effects of desialylation on the phospholipase activity of plasma
and recombinant LCAT preparations

Enzyme Source

pLCAT pLCAT2S rLCAT rLCAT2S

Km(1026 m) 0.14 6 0.04 0.34 6 0.11 0.19 6 0.09 0.55 6 0.11
Vmax dfluorescence units/ml 27.8 6 2.2 32.0 6 1.8 8.5 6 1.5 10.7 6 1.3

These studies were carried out with a fluorescent phosphatidylcholine substrate (1,2 bis[4-(1-pyrenol)-
butanoyl-sn -glycero-3-phosphatidylcholine; p, plasma; r, recombinant; 2S, devoid of sialic acid. The data repre-
sent a series of five determinations and are given as means 6 SD.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


818 Journal of Lipid Research Volume 39, 1998

linkage. The recombinant enzyme contained a minor
population of glycans having one or more antennae
with up to three repeats of N-acetyllactosamine. These
structures are characteristic of membrane glycopro-
teins (33) but have also been found at low levels in
those circulating glycoproteins that carry tri- and tet-
raantennary oligosaccharides (30, 31). Thus the pres-
ence of such structures in recombinant LCAT is not
surprising in view of the high levels of glycans with
three or four antennae.

The types of N-linked oligosaccharides found on re-
combinant LCAT are broadly similar to those reported
by Schindler et al. (7) for human plasma LCAT. Thus
both glycoproteins have complex-type bi-, and tri-, and
tetraantennary structures in which the only capping
sugar identified is sialic acid. However, there are two
notable differences between the recombinant and nat-
ural forms of the enzyme. First, the extent of core fucos-
ylation is considerably greater in recombinant LCAT.
Our data suggest that about 70% of the oligosaccha-
rides of recombinant LCAT are core fucosylated with
fucose being present on bi-, tri-, and tetraantennary
structures. In contrast, the plasma enzyme is fucosy-
lated only on triantennary structures and no more than
about 30% of such structures carry fucose (7). Second,
recombinant LCAT has comparable amounts of tri- and
tetraantennary structures while plasma LCAT is pre-
dominantly triantennary with tetraantennary oligosac-
charides being almost undetectable.

Desialylation of the enzyme resulted in only modest
changes in LCAT activity. A larger impact on Km than

on Vmax was noted (Tables 2 and 3) perhaps reflecting
alterations in the binding properties of the enzyme to-
ward its substrates associated with the removal of sialic

Fig. 7. Enhancement of the phospholipase activity of LCAT by apoA-I, monitored by the hydrolysis of
1,2 bis[4-(1-pyreno)-butanoyl-sn -glycero-3-phosphatidylcholine (100% represents activity without apoA-I).
A: The effect of substrate concentration (with 5 mg/ml apoA-I added); B: The effect of substrate concen-
tration on activity.

Fig. 8. The effect of apoA-I (5 mg/ml) on the phospholipase ac-
tivity of LCAT preparations assayed by a fluorescent substrate (2 3
1027m). The desialylated rLCAT preparations in this experiment
were isolated directly from the culture supernatants of BHK cells;
(j) with apoA-I; ( ) without apoA-I.
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acids. Similar findings were reported earlier by Doi and
Nishida (34). The effect of apoA-I on the activity of the
enzyme against the low molecular weight, fluorescent
phospholipase substrate is intriguing. The enhance-
ment of this type of phospholipase activity of LCAT by
apoA-I is restricted to lower substrate concentrations
(Fig. 6). Perhaps structural rearrangement of the sub-
strate at these lower concentrations favorably influ-
ences the affinity for LCAT and thus results in the in-
crease in the activity of the enzyme.

The impact of that nature of the glycans present on
the structure and function of LCAT may be assessed
from several lines of available evidence. First, the elimi-
nation of specific glycosylation sites by site-directed mu-
tagenesis gave rise to very similar findings regarding
the LCAT activity of the modified structures secreted by
COS (8) and CHO cells (9). Although some structural
differences were expected between the glycoproteins
secreted by these different cell lines, the impact of such
differences on enzymatic activity appeared to be negli-
gible. Second, comparison of the catalytic parameters
of the recombinant and plasma enzymes (that exhibit
differences in their oligosaccharide components) have
functional properties that are essentially indistinguish-
able (Tables 2 and 3, Fig. 8). These observations in-
clude enzyme assays conducted with high molecular
weight substrate (HDL) for transesterification as well as
a low molecular weight substrate to monitor the phos-
pholipase reaction (18). Finally, recent studies by
Miller et al. (6) revealed that the carbohydrate compo-
nent of human LCAT, derived from HepG2 cells and
via a transfected baculovirus vector, are likely to be
markedly different from that of the plasma enzyme.
The carbohydrate structural differences were accompa-
nied by differences in enzymatic activity against recon-
stituted HDL and phospholipase substrates. These lat-
ter studies (6) further accentuate the need for detailed
carbohydrate structural studies in order to elucidate
the functional differences observed between the differ-
ent forms of LCAT.

In this communication, we report, for the first time,
on the structural components of the carbohydrate moi-
ety of a recombinant form of LCAT. These studies re-
vealed that the recombinant and naturally occurring
forms of LCAT possess considerably different carbohy-
drate moieties regarding the configuration of the
oligosaccharide chains. Nevertheless, the catalytic be-
havior of these two enzyme species was very similar if
not identical, thus validating the concept that the re-
combinant enzyme from BHK cells can serve as an ap-
propriate model for structure/function studies of
LCAT. The wild type as well as the mutant recombinant
enzyme forms (10, 35) should provide the foundation
for additional studies in order to elucidate the func-

tional consequences of the structural modifications
in LCAT.
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