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Abstract Endothelial lipase (EL) is a member of the tri-
glyceride lipase gene family with high phospholipase and
low triacylglycerol lipase activities and a distinct preference
for hydrolyzing phospholipids in HDL. EL has five poten-
tial N-glycosylation sites, four of which are glycosylated. The
aim of this study was to determine how glycosylation affects
the phospholipase activity of EL in physiologically relevant
substrates. Site-directed mutants of EL were generated by
replacing asparagine (N) 62, 118, 375, and 473 with alanine
(A). These glycan-deficient mutants were used to investigate
the kinetics of phospholipid hydrolysis in fully character-
ized preparations of spherical reconstituted high density
lipoprotein (rHDL) containing apolipoprotein E2 (apoE2)
[(E2)rHDL], apoE3 [(E3)rHDL], apoE4 [(E4)rHDL], or
apoA-I [(A-I)rHDL] as the sole apolipoprotein. Wild-type EL
hydrolyzed the phospholipids in (A-I)rHDL, (E2)rHDL,
(E3)rHDL, and (E4)rHDL to similar extents. The phospholi-
pase activities of EL N118A, EL N375A, and EL N473A were
significantly diminished relative to that of wild-type EL,
with the greatest reduction being apparent for (E3)rHDL.
The phospholipase activity of EL N62A was increased up
to 6-fold relative to that of wild-type EL, with the greatest
enhancement of activity being observed for (E2)rHDL.AR
These data show that individual N-linked glycans have unique
and important effects on the phospholipase activity and sub-
strate specificity of EL.—Skropeta, D., C. Settasatian, M. R.
McMahon, K. Shearston, D. Caiazza, K. C. McGrath, W. Jin,
D.J. Rader, P. J. Barter, and K-A. Rye. N-Glycosylation regu-
lates endothelial lipase-mediated phospholipid hydrolysis
in apoE- and apoA-I-containing high density lipoproteins.
J- Lipid Res. 2007. 48: 2047-2057.
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Endothelial lipase (EL) is a recently identified member
of the triglyceride lipase gene family (1, 2) that plays a
central role in HDL metabolism (1, 3-5). Compared with
other members of the gene family, such as LPL and HL,
EL has a distinct preference for hydrolyzing phospholipids
in HDL and the distinguishing features of high phospho-
lipase and low triglyceride lipase activities (6). The primary
amino acid sequence of human EL shows 45% homology
with human LPL (7, 8) and 40% with human HL (9).
Human EL also shows 27% homology with human pancre-
atic lipase, the only member of the triglyceride lipase gene
family that has been fully characterized by X-ray crystallog-
raphy (10, 11). Human EL has five potential N-glycosylation
sites at asparagines 62, 118, 375, 451, and 473. The aspara-
gine residues at positions 62 and 375 are conserved in both
murine and rat EL as well as in human, mouse, and rat HL.
and LPL (12, 13) (Fig. 1A). [The five potential glycosyla-
tion sites of EL, predicted by the presence of the con-
sensus sequence Asn-Xxx-Ser/Thr, occur at asparagine
residues at positions 80, 136, 393, 469, and 491 (1). Miller
et al. (12) previously described these positions as 60, 116,
373, 449, and 471; however, they are described here as
positions 62, 118, 375, 451, and 473 in the conventional
manner, by discounting the 18 residue hydrophobic se-
quence of the secretory signal peptide (1).]

Overexpression of EL in mice markedly decreases HDL
cholesterol and apolipoprotein A-I (apoA-I) levels (1, 3),
whereas inhibition of EL in mice increases HDL choles-

Abbreviations: apoE, apolipoprotein E; CE, cholesteryl ester; EL,
endothelial lipase; rHDL, reconstituted high density lipoprotein; UC,
unesterified cholesterol.
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Fig. 1. A: Schematic representation of all predicted Nlinked glycosylation sites in human endothelial
lipase (EL), murine EL, rat EL, human HL, and human LPL. The conserved residues are enclosed in boxes.
B: Schematic representation of the N-linked glycosylation sites used in wild-type human EL and the site-
directed human EL mutants in which individual asparagine residues were replaced by alanine. Nonused sites
are represented by dashes, and used sites are represented by short chains. The concentration of wild-type
and mutant EL secreted into the medium was determined by ELISA.

terol levels and generates large, potentially antiathero-
genic HDL (14). Inactivation of EL in mice by gene tar-
geting also increases plasma HDL cholesterol, apoA-I, and
apok levels and increases HDL size (4). Furthermore, EL
is upregulated by inflammatory stimuli such as tumor ne-
crosis factor-a and interleukin-1p (5). Together, these ob-
servations suggest that EL. may be proatherogenic.

The importance of glycosylation in glycoprotein struc-
ture and function is indisputable (15). N-Glycosylation,
one of the most common posttranslational modifications
occurring in eukaryotic cells, is involved in protein fold-
ing, intracellular trafficking, and the secretion of proteins
in their biologically active conformations (16). In general,
Nlinked glycans confer stability to the glycoprotein to
which they are attached, increase plasma residence times,
and provide steric protection from proteases and non-
specific interactions (17). N-Linked oligosaccharides can

2048 Journal of Lipid Research Volume 48, 2007

also modify protein binding through carbohydrate-based
ligand-receptor interactions (17). Recent studies have also
shown that N-glycosylation dramatically affects the activi-
ties of several proteins and enzymes, including human
gastric lipase (18) and the HDL receptor scavenger recep-
tor class B type I (19).

N-Glycosylation occurs at the Asn-Xxx-Ser/Thr consen-
sus sequence of a protein; however, only 70-90% of these
sites are typically glycosylated (20). It was recently shown
that in human EL, four of the five potential N-linked
glycosylation sites are used in vivo, giving rise to an enzyme
bearing predominantly endoH-resistant (or “complex-
type”) N-glycans at positions 62, 118, 375, and 473 (12).
These glycans account for ~18% of the total EL mass.

In a previous study using triolein/egg phosphatidylcho-
line glycerol-stabilized emulsions, the individual N-glycans
in EL had varying effects on secretion and lipolytic activity
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(12). The aim of the current study was to determine pre-
cisely how these individual N-glycans affect the phospho-
lipase activity of EL in much more physiologically relevant
HDL substrates that contain either apoE or apoA-I as the
sole apolipoprotein.

The ability of apoE to protect against atherosclerosis
is well established (21). Three isoforms of apoE, apoE2,
apoE3, and apoE4, which have cysteine-arginine inter-
changes at residues 112 and 158, have been identified in
human plasma (21). The cysteine residues at positions 112
and 158 are involved in disulfide bond and salt bridge
formation. Substitution of these residues with arginine has
structural and functional consequences on the stability and
receptor binding affinity of apoE and on its association
with lipoproteins. The majority of plasma apoE in normo-
lipidemic subjects is associated with HDLs that do not
contain apoA-I and that range in size from 9.0 to 18.5 nm in
diameter (22). As the development of new therapies that
inhibit cholesteryl ester transfer protein activity and increase
HDL levels is likely to generate large HDL particles that are
enriched in apoE (23), it is of major importance to under-
stand how the metabolism of these particles is regulated.

Although previous studies from this laboratory have
shown that apoA-I regulates the kinetics of wild-type (i.e.,
fully glycosylated) EL-mediated phospholipid hydrolysis
in reconstituted high densitylipoprotein (rHDL) (24), noth-
ing is known about apoE-containing HDL. The present
study uses homogenous preparations of rHDL that con-
tain apoE2, apoE3, apoE4, or apoA-I as the only apolipo-
protein and variably deglycosylated ELL mutants (Fig. 1B)
to determine how individual N-glycans affect the ability
of EL to interact with and hydrolyze the phospholipids
in rHDL of varying apolipoprotein composition. To dem-
onstrate the physiological relevance of apoE-containing
rHDLs as substrates for EL, comparisons with apoE-rich
native HDLs are also presented.

EXPERIMENTAL PROCEDURES

Isolation of apoA-I

HDLs were obtained by sequential ultracentrifugation (1.07 <
d<<1.21 g/ml) of pooled, expired, autologously donated human
plasma (Gribbles Pathology, Adelaide, Australia). Delipidation of
HDL, followed by anion-exchange chromatography of the result-
ing apoHDL (fast-protein liquid chromatography: Q-Sepharose
Fast Flow; GE Healthcare, Uppsala, Sweden), afforded apoA-l,
which appeared as a single band when subjected to electropho-
resis on a homogeneous, 20% SDS-polyacrylamide PhastGel (GE
Healthcare) and Coomassie staining (25).

Production of recombinant apoE2, apoE3, and apoE4

ApoE2, apoE3, and apoE4 were obtained by bacterial overex-
pression in Escherichia coli strain BL21 (26). Vectors containing
human apoE2, apoE3, and apoE4 cDNA were kindly provided by
Dr. Karl Weisgraber (Gladstone Institute of Neurological Disease,
University of California, San Francisco, CA). Each apoE isoform
was purified by gel permeation chromatography on Sephacryl
S-300 (GE Healthcare) and appeared as a single band after elec-
trophoresis on a homogeneous 20% SDS-polyacrylamide gel and
Coomassie staining (27).

Preparation of LCAT

LCAT was isolated from pooled, expired, autologously do-
nated human plasma as described previously (28). LCAT activity
was measured using discoidal rHDL comprising apoA-I, POPC
(Avanti Polar Lipids, Alabaster, AL), unesterified cholesterol (UC;
Sigma), and a tracer amount of [1R,2R*H]cholesterol ([3H]UC)
(Amersham) as the substrate (29). The assay was linear provided
that <30% [*H]UC was esterified. The activities of the LCAT
preparations used in this study ranged from 7,025 to 7,556 nmol
cholesteryl ester (CE) generated/ml LCAT/h.

Preparation of spherical (E2)rHDL, (E3)rHDL,
(E4)rHDL, and (A-I)rHDL

Discoidal rHDLs containing POPC, UC, and apoE2, apoE3,
apoE4, or apoA-I were prepared according to the cholate dialysis
method (30). Spherical rHDLs were prepared by incubating the
discoidal rHDLs with LDL and LCAT (31). The resulting spheri-
cal rHDLs contained CE as the sole core lipid and are herein
described as (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL.
All rHDLs were dialyzed extensively (3 X 1 liter) against 0.01 M
TBS (pH 7.4) containing 0.15 M NaCl, 0.005% (w/v) EDTA-Nas,
and 0.006% (w/v) NaNg before use.

Isolation of apoE-rich HDL

ApoE-rich HDLs were obtained by heparin-Sepharose chroma-
tography of pooled, autologously donated human plasma sam-
ples according to the method of Thuren et al. (32). Fractions
were collected and analyzed for apoE by ELISA. The apoE-rich
HDL fractions were then pooled and dialyzed against TBS. The
cholesterol/apoE molar ratio of the resulting preparations was
168:1. This is comparable to what has been reported elsewhere
(33). The average concentration of apoE in these preparations
was 93 pg/ml.

Expression of wild-type EL

Wild-type EL was transiently expressed in HEK-293 cells. To
obtain cellfree enzyme preparations, heparin was added to the
medium. Expression was confirmed by mRNA extraction fol-
lowed by real-time PCR, as described previously (12, 24).

The medium was collected and clarified by centrifugation at
2,000 rpm for 10 min and frozen in 1 ml aliquots at —80°C. The
phospholipase activity of the cellfree wild-type EL was determined
by incubating the enzyme (40 pl) with spherical (A-I)rHDL
(0.5 mM final phospholipid concentration) at 37°C for 2 h and
measuring the formation of NEFA mass. The preparation used in
this study generated 224 nmol NEFA/ml EL/h.

For the studies using cell-bound enzyme, transfected cells were
placed on 96-well tissue culture plates (35,000 cells/well) and
maintained in 100 pl of medium. Comparable numbers of non-
transfected cells were used as negative controls.

Expression of glycan-deficient mutants of EL

Site-directed mutagenesis of the EL glycosylation sequences
(Asn-Xxx-Ser/Thr), replacing asparagine (N) with alanine (A) at
positions 62, 118, 375, and 473, was performed as described (12).
The nucleotide sequence of each construct was confirmed by
DNA sequencing. Cellfree preparations of the glycan-deficient
mutants, designated EL N62A, EL N118A, EL N375A, and EL
N473A, were transiently expressed in HEK-293 cells in the pres-
ence of heparin (12, 24). The phospholipase activities of the
mutants were determined as described for wild-type EL. The EL
N62A, N118A, N375A, and N473A used in this study generated
17, 140, 15, and 92 nmol NEFA/ml EL/h, respectively.

Regulation of EL phospholipase activity by N-glycosylation 2049
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Kinetic studies

Varying concentrations of (E2)rHDL, (E3)rHDL, (E4)rHDL,
and (A-I)rHDL (0.2-1.0 mM final phospholipid concentration)
were incubated individually with a constant amount of cell-free
EL and BSA (final concentration, 40 mg/ml) in a final incubation
volume of 40 pl. All incubations were carried out in stoppered
plastic tubes in a shaking-water bath maintained at 37°C. Details
of the individual incubations are described in the legends to the
figures. The mixtures were placed on ice when the incubations
were complete. The extent of phospholipid hydrolysis was deter-
mined by quantification of NEFA mass using a NEFA C enzymatic
test kit (WAKO Pure Chemical Industries, Ltd., Osaka, Japan),
96-well microtiter plates, and a microplate reader (Tecan Sunrise,
Durham, NC) (34). The kinetic studies were all conducted under
conditions that gave <20% phospholipid hydrolysis. Experiments
with cell-bound EL were performed in an analogous manner on
96-well plates (final incubation volume, 200 pl).

Other techniques

All chemical analyses were carried out on a Roche Diagnostics/
Hitachi 902 automatic analyzer (Roche Diagnostics GmbH,
Mannheim, Germany). Phospholipid and UC concentrations
were determined enzymatically (35, 36). A Roche Diagnostics Kit
was used for total cholesterol assays. CE concentrations were
calculated as the difference between the total cholesterol and UC
concentrations. A bicinchoninic acid protein assay was used to de-
termine apoA-I and apoE concentrations (37). Spherical rHDL
size was determined by electrophoresis on 3-40% nondenaturing
polyacrylamide gradient gels (38). EL mass was determined by
triplicate measurements using an ELISA (12).

Statistical analysis

The kinetic parameters V,,,.and K,,(app) were derived by non-
linear regression analysis using GraphPad Prism version 4.0b for
Macintosh (Graph-Pad Software, Inc., San Diego, CA) and the
Michaelis-Menten equation Y = V,,,,X/ (K,, + X), where Vis the
rate of EL-mediated phospholipid hydrolysis expressed as pmol
NEFA formed/mg EL/h and X is the concentration of phos-
pholipid in the substrate (mM). The Lineweaver-Burk double-
reciprocal plots shown in the figures are for visualization only and
were not used to determine kinetic parameters. All measure-
ments were made in triplicate, and the data shown are means
of at least two independent experiments. Two-way ANOVA
(GraphPrism) was used to determine whether differences be-
tween data sets were significant, with significance set at P < 0.05.

RESULTS

Physical properties of spherical (E2)rHDL, (E3)rHDL,
(E4)rHDL, and (A-I)rHDL

Spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-l)rHDL
were prepared as described in Experimental Procedures.
The rHDLs were comparable in their protein-to-lipid ratio
(Table 1). (E2)rHDL, (E3)rHDL, and (E4)rHDL were all
similar in size, ~25% larger in diameter than (A-I)rHDL.

Effect of N-glycosylation on the secretion of EL

Removal of the N-glycosylation site at residue 62 dramat-
ically reduced secretion from HEK-293 cells, as described
previously (12). A more moderate reduction in secretion
was observed for mutation of the conserved C-terminal resi-
due at position 375. Replacement of the two nonconserved

2050 Journal of Lipid Research Volume 48, 2007

TABLE 1. Physical properties of spherical rHDLs

Stoichiometry”

Spherical Unesterified Cholesteryl Stokes’
rHDL Protein PL Cholesterol Ester Diameter”
mol/mol nm
(E2)rHDL 1.0 108.1 23.3 15.6 11.3
(E3)rHDL 1.0 86.9 12.4 21.3 11.5
(E4)rHDL 1.0 104.5 22.5 15.2 11.6
(A-I)rHDL 1.0 65.2 3.8 14.6 9.2

PL, phospholipid; rHDL, reconstituted high density lipoprotein.
Spherical (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL were pre-
pared by incubating the corresponding discoidal rHDL with LCAT and
LDL, as described in Experimental Procedures.

“Stoichiometries were calculated from the means of triplicate
determinations, which varied by <10%.

’tHDL sizes were determined by nondenaturing 3-40% polyacryl-
amide gradient gel electrophoresis and Coomassie staining.

asparagine residues at positions 118 and 473 to alanine did
not have an appreciable effect on enzyme secretion (Fig. 1B).

Kinetics of wild-type EL-mediated phospholipid hydrolysis
in rHDL and native apoE-rich HDL

Increasing concentrations of spherical (E2)rHDL,
(E3)rHDL, (E4)rHDL, (A-I)rHDL, and native apoE-rich
HDL were incubated individually with a constant amount
of wild-type EL. The rate of phospholipid hydrolysis was
assessed as the formation of NEFA mass (34). Nonlinear
regression analysis of the rate of phospholipid hydro-
lysis as a function of rHDL phospholipid concentration is
shown in Fig. 2 (solid lines). The kinetics of phospholipid
hydrolysis by wild-type EL in (E2)rHDL, (E3)rHDL, and
(E4)rHDL were not significantly different from those
obtained for (A-I)rHDL, as judged by two-way ANOVA.
The apoE isoforms had a minor effect on the rate of
phospholipid hydrolysis, with (E3)rHDL < (E2)rHDL ~
(E4)rHDL [P < 0.05 for (E2)rHDL vs. (E3)rHDL]. The
rate of phospholipid hydrolysis for the native apoE-rich
HDL (Fig. 2, dotted lines) was essentially identical to that
of (E3)rHDL and lower than what was obtained for
(E2)rHDL and (E4)rHDL.

The V,,. of phospholipid hydrolysis for (E2)rHDL,
(E4)rHDL, and (A-I)rHDL ranged from 14.3 to 16.9 pmol
NEFA/mg EL/h, compared with 11.2 = 0.8 wmol NEFA/
mg EL/h for (E3)rHDL (Table 2). The K,,(app) values for
(E2)rHDL, (E4)rHDL, and (A-I)rHDL were comparable
and slightly lower for (E3)rHDL. The catalytic efficiency of
phospholipid hydrolysis was comparable for all rHDLs. Al-
though the V,,,, for the native apoE-rich HDL (10.3 pmol
NEFA/mg EL/h) was comparable to that for (E3)rHDL,
the K, (app) was significantly lower than what was ob-
served for the apoE-containing rHDL. This is indicative of
a higher binding affinity of the enzyme for the naturally
occurring substrate compared with rHDL.

Kinetics of EL N62A-mediated phospholipid hydrolysis in
rHDL and native apoE-rich HDL

The glycan-deficient mutant N62A dramatically in-
creased EL-mediated phospholipid hydrolysis relative to
wild-type EL for all of the rHDLs (Fig. 3, solid lines). The
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Fig. 2. Kinetics of wild-type EL-mediated phospholipid hydrolysis in (E2)rHDL (for reconstituted high den-
sity lipoprotein), (E3)rHDL, (E4)rHDL, (A-I)rHDL, and native apolipoprotein E (apoE)-rich HDL. Varying
amounts of rHDL (0.1-1.0 mM final phospholipid concentration), a constant amount of EL (8 wl of a prepa-
ration that generated 224 nmol NEFA/ml EL/h), and BSA (final concentration, 40 mg/ml), in a final incuba-
ton volume of 40 pl, were maintained at 37°C for 2 h. The rates of phospholipid hydrolysis in (E2)rHDL,
(E3)rHDL, (E4)rHDL, and (A-I)rHDL as a function of substrate concentration are shown in individual panels.
The dotted lines show the rate of phospholipid hydrolysis in native apoE-rich HDL. Each data point is the mean =
SEM of triplicate determinations from at least two independent experiments, with <10% variation. Insets show
Lineweaver-Burk double-reciprocal plots of the rHDL kinetic data. * P < 0.05 for (E2)rHDL versus (E3)rHDL.

kinetics of phospholipid hydrolysis were comparable for
the (E2)rHDL, (E3)rHDL, and (E4)rHDL but significantly
different for the (A-I)rHDL [P < 0.05 for (A-I)rHDL vs.
(E2)rHDL, (E3)rHDL, and (E4)rHDL].

EL N62A hydrolyzed the phospholipids in native apoE-
rich HDL at a rate that was ~3- to 5-fold greater than what
was observed for the apoE-containing rHDL (Fig. 3, dotted
lines). The mutant enzyme also had higher affinity for the
native apoE-rich HDL than for the apoE-containing rHDL.
As the phospholipids in the native apoE-rich HDL were
hydrolyzed so rapidly, it was not possible to obtain reli-
able kinetic parameters. This result suggests that the native
HDLs most likely contain one or more minor constituents
that markedly enhance the access of the substrate phos-
pholipids to the active site of the mutant enzyme. It also
highlights the importance of N-glycosylation in determin-
ing the substrate specificity of EL.

The V,,, values of phospholipid hydrolysis for (E2)rHDL,
(E3)rHDL, and (E4)rHDL of 104 = 20, 67 = 9.5, and 70 =
9.1 wmol NEFA/mg EL/h, respectively, were up to 6-fold
greater than those observed for wild-type EL (Table 2). The
Vinax of phospholipid hydrolysis for (A-I)rHDL was 38 =
2.4 pmol NEFA/mg EL/h, 3-fold higher than for wild-type
EL. The K, (app) values for (E2)rHDL, (E3)rHDL, and
(E4)rHDL were comparable to, and not significantly dif-

ferent from, those obtained with wild-type EL. However,
the K,,(app) of EL N62A for (A-I)rHDL was 1 order of
magnitude less than that obtained for wild-type EL, indi-
cating a significant increase in the affinity of the mutant
enzyme for this substrate. The V,,,./K,(app) ratios for
phospholipid hydrolysis of the apoE-containing spherical
rHDL substrates by EL N62A were 4- to 6-fold higher than
for wild-type EL. The catalytic efficiency of phospholipid
hydrolysis for (A-I)rHDL was 4- to 7-fold higher than for
the apoE-containing rHDL and 26-fold higher than for the
phospholipid hydrolysis of (A-I)rHDL by wild-type EL.

Kinetics of EL N118A-mediated phospholipid hydrolysis
in rHDL and native apoE-rich HDL

The rate of phospholipid hydrolysis mediated by the
glycan-deficient mutant N118A was less than half that of
wild-type EL for all of the rHDLs (Fig. 4, solid lines). As
judged by two-way ANOVA, the rate of phospholipid
hydrolysis was not significantly different for (E2)rHDL,
(E4)rHDL, or (A-I)rHDL. However, the rate of phospho-
lipid hydrolysis for (E3)rHDL was lower than for the other
rHDLs (Fig. 4) [P < 0.05 for (E3)rHDL vs. (A-I)rHDL and
(E2)rHDL]. As with the EL. N62A mutant, EL N118A had a
much higher affinity for the native apoE-rich HDL than
for the apoE-containing rHDL. It also hydrolyzed the

Regulation of EL phospholipase activity by N-glycosylation 2051
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phospholipids in these preparations at a greater rate than
what was observed for the apoE-containing rHDL (Fig. 4,
dotted lines).

The V.. of phospholipid hydrolysis for (E2)rHDL,
(E3)rHDL, (E4)rHDL, and (A-I)rHDL varied between
5.1 and 6.5 wmol NEFA/mg EL/h (Table 2). In all cases,
the K,,(app) was 0.1 mM phospholipid, which is signifi-
cantly lower than the values obtained with wild-type EL.
This is indicative of an increased binding affinity of EL for
all rHDL substrates upon removal of the glycosylation site
at position 118. The catalytic efficiencies were comparable
for all spherical rHDL substrates and either the same or
slightly greater than those obtained for wild-type EL.

Kinetics of EL N473A- and EL N375A-mediated
phospholipid hydrolysis in rHDL

As was the case for EL N118A, the rate of phospholipid
hydrolysis for (E2)rHDL, (E3)rHDL, and (A-I)rHDL by
the glycan-deficient mutant N473A was less than half
that of wild-type EL (Fig. 5, Table 2). As judged by two-way
ANOVA, the rate of phospholipid hydrolysis was signifi-
cantly greater for (E4)rHDL compared with the other
rHDLs [P < 0.05 for (E4)rHDL vs. (E2)rHDL, (E3)rHDL,
and (A-I)rHDL] but was unchanged relative to wild-type
EL (Fig. 2). The kinetics of phospholipid hydrolysis for
(E2)rHDL versus (A-I)rHDL were comparable, whereas
(E3)rHDL showed the least phospholipid hydrolysis [P <
0.05 for (E3)rHDL vs. (E2)rHDL and (A-I)rHDL].

The K,,(app) for (E4)rHDL was particularly high, indi-
cating that EL. N473A has a lower binding affinity for these
particles than wild-type EL. Conversely, both the lowest
Vinar 4.0 £ 0.3 pwmol NEFA/mg EL/h, and the lowest
K, (app), 0.1 = 0.04 mM phospholipid, were attained for
(E3)rHDL, suggesting that EL. N473A has a higher bind-
ing affinity for this rHDL substrate. The V,,,, and K,,(app)
data for (E2)rHDL and (A-I)rHDL were similar. Apart
from (E4)rHDL, all other rHDLs displayed significantly
lower K,,(app) values than those obtained for wild-type EL.
The highest catalytic efficiency for phospholipid hydro-
lysis was obtained for (A-I)rHDL, followed by (E2)rHDL.
The catalytic efficiencies for (E3)rHDL and (E4)rHDL
were comparable. The V,,,./K,,(app) ratios for each of the
rHDL substrates were appreciably reduced compared with
those obtained for wild-type EL, EL N62A, and EL. N118A.

The V.. of phospholipid hydrolysis for EL N375A was
comparable for all of the rHDLs and approximately one-
third of what was obtained for wild-type EL (data not shown).
Nonlinear regression analysis of the rate of phospholipid
hydrolysis and two-way ANOVA analysis demonstrated that
the kinetics of phospholipid hydrolysis were not signifi-
cantly different for (E2)rHDL, (E3)rHDL, (E4)rHDL, or
(A-I)rHDL (data not shown).

Kinetics of cell-bound, wild-type EL-mediated
phospholipid hydrolysis in rHDL

Given that a proportion of EL is cell-associated in vivo
(39), it was important to establish whether immobilized EL
could hydrolyze HDL phospholipids at a rate comparable
to what was observed for cell-bound EL. This was achieved
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Fig. 3. Kinetics of EL N62A-mediated phospholipid hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL,
(A-I)rHDL, and native apoE-rich HDL. Varying amounts of rHDL (0.1-1.0 mM final phospholipid con-
centration), a constant amount of EL (14.6 ul of a preparation that generated 17 nmol NEFA/ml EL/h),
and BSA (final concentration, 40 mg/ml), in a final incubation volume of 40 pul, were maintained at 37°C
for 2 h. The rates of phospholipid hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL as
a function of substrate concentration are shown in individual panels. The dotted lines show the rate of
phospholipid hydrolysis in native apoE-rich HDL. Each data point is the mean * SEM of triplicate
determinations from at least two independent experiments, with <10% variation. Insets show Lineweaver-
Burk double-reciprocal plots of the kinetic data for (E2)rHDL, (E3)rHDL, and (E4)rHDL. The Lineweaver-
Burk plot for (A-I)rHDL is not shown because the V,,,, of phospholipid hydrolysis was reached at a low
concentration of substrate. * P < 0.05 for (A-I)rHDL versus (E2)rHDL, (E3)rHDL, and (E4)rHDL.

by incubating increasing concentrations of spherical
(E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL with a
constant amount of cell-bound, wild-type EL and measur-
ing NEFA formation. The results showed that cell-bound
EL hydrolyzed the phospholipids in the apoE-containing
rHDLs and (A-I)rHDL to a similar extent (Table 3). This
result is comparable to what was obtained for cell-free EL
(Table 2).

DISCUSSION

The results of this study show that the removal of indi-
vidual Neglycans from EL has striking effects on its secre-
tion, on its interaction with physiologically relevant
substrates, and on its phospholipase activity. This was
achieved by mutating the asparagine residue of four of the
Mlinked glycosylation sites in EL to alanine to generate
mutants that lacked single N-glycans. The rationale for
undertaking this study is that it has become increasingly
apparent in recent years that glycosylation plays a key role

in the secretion, structure, and function of a wide range
of plasma enzymes. Although it is generally believed that
defective or reduced glycosylation attenuates enzyme ac-
tivity, this study provides compelling evidence that this is
not necessarily the case, with the phospholipase activity
of EL increasing dramatically after the removal of one of
its N-glycans.

The effects of Mlinked glycosylation on EL secretion
are somewhat variable and appear to be dependent on cell
type. In this study, removal of the conserved glycosylation
site at position 62 dramatically reduced the secretion of EL
from HEK-293 cells. This is consistent with what has been
reported previously for EL (12) and for the correspond-
ing conserved glycosylation sites in human LPL and HL
(40-42). Site-directed mutagenesis of the residues at posi-
tions 118, 375, and 473 to either alanine or glutamine has
been described as having no effect on the secretion of ELL
from either COS or HEK-293 cells (12). However, in this
study, we observed a reduction in the secretion of EL from
HEK-293 cells to about half that of wild-type EL when the
asparagine residue at position 375 was mutated to alanine.

Regulation of EL phospholipase activity by N-glycosylation 2053
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Fig. 4. Kinetics of EL. N118A-mediated phospholipid hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL,
(A-I)rHDL, and native apoE-rich HDL. Varying amounts of rHDL (0.1-1.0 mM final phospholipid con-
centration), a constant amount of EL (12 ul of a preparation that generated 140 nmol NEFA/ml EL/h), and
BSA (final concentration, 40 mg/ml), in a final incubation volume of 40 pl, were maintained at 37°C for 2 h.
The rates of phospholipid hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL as a function of
substrate concentration are shown in individual panels. The dotted lines show the rate of phospholipid
hydrolysis in native apoE-rich HDL. Each data point is the mean = SEM of triplicate determinations from
two independent experiments, with <10% variation. Insets show Lineweaver-Burk double-reciprocal plots of
the rHDL kinetic data. * P < 0.05 for (E3)rHDL versus (A-I)rHDL and (E2)rHDL.

Interestingly, removal of the homologous residue in hu-
man HL did not compromise its secretion from Chinese
hamster ovary cells (42) but did reduce its secretion from
COS-7 cells (43). Mutation of the related conserved resi-
due in human LPL had no effect on secretion from COS
cells (40, 41, 43).

The present results also show that the four N-glycans in
EL have diverse effects on its ability to bind to, or recog-
nize, HDL subpopulations of varying apolipoprotein com-
position. The individual glycosylation sites at asparagine
118, 375, and 473 are essential for the full complement of
EL phospholipase activity, with the loss of any individual
glycan reducing the enzyme activity to less than half that
of the fully glycosylated form. In a recent study, however,
increased enzyme activity was observed for EL N118A with
LDL as well as HDLo, highlighting the potential role of
N-linked glycosylation in determining substrate specificity
(44). Whether these results reflect a change in the active
conformation of the enzyme or are based on steric consid-
erations, such as regulating access of the substrate to the
active site, will require further investigation.

2054 Journal of Lipid Research Volume 48, 2007

The most striking observation we have made is that
N-glycosylation of the conserved N-terminal site at posi-
tion 62, although essential for secretion, may sterically
hinder access of the substrate to the active site, such that
its removal markedly increases the phospholipase activity
of EL. To the best of our knowledge, this is the first case in
which removal of a single N-glycosylation site has resulted
in such a dramatic (6-fold) increase in the catalytic activity
of an enzyme.

The current results have provided unique insights into
the interaction of EL with different types of HDL. Recent
studies have demonstrated that the C-terminal domain of
EL regulates its ability to bind and hydrolyze HDL lipids,
whereas the lid, which covers the catalytic site in the
N-terminal domain, mediates lipid substrate specificity (45).
If the activation of EL by apoE-containing HDL involves
protein-protein interactions, as described for HL (32),
then our findings, which show that wild-type EL hydrolyzes
the phospholipids in apoE- and apoA-I-containing rHDLs,
as well as native apoE-rich HDL, equally well, suggest that
the C-terminal domain of EL interacts similarly with these

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

EL N473A

64 (E2)rHDL 64 (E3)rHDL
*
4_
*
=
= 2
23]
o k] -4 o 4 8
% . 1PL) ot ey
@ Ll T 1 T T 0 T T T T T
£ 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
&
§ 6{ (E4rHDL i . 64 (ADrHDL
=
-4 #
2
E 4 4-
’ 06
2+ v 24 wo .,
t l’1/[131_]‘ * ' ' 1(PL]
0 L] T T L] L] 0 L] L] T L] T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[Phosphelipid], (mM) [Phosphelipid], (mM)

Fig. 5. Kinetics of EL N473A-mediated phospholipid hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL, and
(A-I)rHDL. Varying amounts of rHDL (0.1-1.0 mM final phospholipid concentration), a constant amount
of EL (12 pl of a preparation that generated 92 nmol NEFA/ml EL/h), and BSA (final concentration,
40 mg/ml), in a final incubation volume of 40 pl, were maintained at 37°C for 2 h. The rates of phospholipid
hydrolysis in (E2)rHDL, (E3)rHDL, (E4)rHDL, and (A-I)rHDL as a function of substrate concentration are
shown in individual panels. Each data point is the mean * SEM of triplicate determinations from at least
two independent experiments, with <10% variation. Insets show Lineweaver-Burk double-reciprocal plots
of the kinetic data. * P < 0.05 for (E2)rHDL versus (E3)rHDL and (E4)rHDL, (E3)rHDL versus (E4)rHDL,

and (A-I)rHDL versus (E3)rHDL and (E4)rHDL.

particles. This is consistent with apoE and apoA-I sharing
a common two-domain conformation and key structural
elements, such as 22 amino acid residue amphipathic
o-helical repeats (46).

This study also establishes that for cell-free as well as
cell-bound EL, the rate of wild-type (i.e., fully glycosylated)
EL-mediated phospholipid hydrolysis is essentially inde-
pendent of the apoE isoform content of the substrate, with

TABLE 3. Kinetic parameters of cell-bound wild-type EL-mediated PL
hydrolysis in spherical rHDLs

Wild-Type EL
Spherical rHDL Vinax K..(app)
wmol NEFA/10° cells EL/h mM PL
(A-)rHDL 2.3 +0.5 0.1=0.1
(E2)rHDL 47 +23 0.1 +0.2
(E3)rHDL 6.6 * 2.0 0.2 + 0.2
(E4)rHDL 10.4 + 8.3 0.8 + 0.9

Varying concentrations of spherical rHDLs (0.1-0.8 mM final PL
concentration) were incubated with a constant amount of cell-bound
EL, and the resulting NEFAs were measured as described in Experi-
mental Procedures. The values represent means = SEM of triplicate de-
terminations. Kinetic parameters were derived by nonlinear regression
analysis of the rate of PL hydrolysis as a function of HDL concentration.

Regulation of EL phospholipase activity by N-glycosylation

small but significant differences being apparent only be-
tween (E2)rHDL and (E3)rHDL. The result for cell-free
EL is in contrast to what has been reported for cell-free
HL, in which phospholipid hydrolysis is greater in apokE-
containing HDLs than in apoA-I-containing HDL. In fur-
ther contrast to what was found in this study, the ability
of HL to hydrolyze the phospholipids in apoE-containing
rHDLs was isoform-dependent (27, 32). Together, these
results suggest that EL. and HL may interact with HDL via
different mechanisms.

Our results also show that, irrespective of which sites are
glycosylated, EL has a higher affinity for the phospholipids
in (E3)rHDL than for the phospholipids in either (E2)rHDL
or (E4)rHDL (Table 2). This is consistent with what has
been observed for HL (27). When considered in light of
the observation that phospholipid head group and acyl
chain packing is less ordered in (E3)rHDL compared with
(E2)rHDL and (E4)rHDL (27), it follows that the phos-
pholipids in spherical (E3)rHDL may be able to access the
active site of EL. more readily than the phospholipids in
either (E2)rHDL or (E4)rHDL (27).

One of the most important outcomes of this study is the
finding that removal of the N-glycosylation site at position
62 of EL markedly increased the rate of phospholipid
hydrolysis in apoE-containing rHDLs, (A-I)rHDL, and na-
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tive apoE-rich HDL. Mutation of the asparagine residue
at position 62 also increased the catalytic efficiency of EL-
mediated phospholipid hydrolysis up to 7-fold for apoE-
containing rHDLs and 26-fold for (A-I)rHDL. The latter
result was primarily attributable to the significantly higher
affinity of this EL mutant for the (A-I)rHDL. This result is
in contrast to what has been reported previously for the
triglyceride lipase activity of glycan-deficient EL mutants
determined using glycerol-stabilized triolein emulsions as
the substrate (12). In that study, triglyceride lipase activity
was increased only slightly for the EL. N62A mutant. This
difference highlights the importance of using physiologi-
cally relevant substrates in studies of this type.

A comparative study of native apoE-rich HDL versus
apoE-containing rHDLs revealed that wild-type EL hydro-
lyzes the phospholipids in both types of HDL to the same
extent. In contrast to wild-type EL, the glycan-deficient
mutants N62A and N118A hydrolyzed the phospholipids
in native apoE-rich HDL more rapidly than in apoE-
containing rHDLs. This is possibly a reflection of the
presence of different phospholipids, as well as apolipo-
proteins other than apoE, in the apoE-rich HDL and em-
phasizes the importance of N-glycosylation in determining
substrate specificity.

To gain insight into the underlying reason for the en-
hanced lipolytic activity of the EL N62A mutant, it is im-
portant to know where in the EL molecule this residue
is located. A model of the three-dimensional structure of
human LPL (7, 8, 47), which is based on the X-ray crystal
structure of human pancreatic lipase (10, 11), has shown
that the conserved N-terminal glycosylation site at position
43 is situated in the vicinity of the catalytic site (47). As EL
shows a high degree of sequence homology with LPL, this
suggests that the glycan at position 62 may also be in close
proximity to the catalytic site. As N-glycans occupy a large
space, ~3 nm in diameter (17, 48), it follows that this glycan
may sterically hinder access of the substrate to the active
site of the enzyme, so that its removal increases the activity.
This explanation could also account for the increased
catalytic activity that is observed when the conserved aspar-
agine residue at position 57 in rat HL is removed (49).

It is extremely rare to observe an increase in enzyme
activity upon removal of a single N-glycan. In most cases,
this has been shown to markedly reduce protein func-
tion, enzyme-substrate interactions, and enzyme activity
(18, 19), as we have shown for the glycan-deficient EL
N118A, N473A, and N375A mutants. One exception is the
increased activity of RNase A, which is an unglycosylated
variant of RNase B (17, 50). Pritchard and colleagues (51)
have also reported a 2-fold increase in activity after removal
of the N-glycosylation site at position 384 in LCAT. Itis note-
worthy that, as is the case with EL, the proposed structure
for LCAT also places this particular glycosylation site adja-
cent to the catalytic triad of the enzyme, raising the possibil-
ity that the removal of this glycan increases the accessibility
of the substrate to the active site of the enzyme (52).

In our case, removal of the N-glycosylation site at posi-
tion 62 of EL markedly improved the binding affinity of
the enzyme only for (A-I)rHDL. Deglycosylation of posi-

2056 Journal of Lipid Research Volume 48, 2007

tions 118 and 473 was also accompanied by significant in-
creases in binding affinity for all four rHDL substrates, the
only exception being the interaction of EL N473A with
(E4)rHDL, which experienced a substantial loss in bind-
ing affinity. Enhanced binding affinity associated with
deglycosylation has also been observed for thyrotropin
(53) and an anti-CD33 monoclonal antibody (54).

Defective enzyme glycosylation is gaining importance as
a diagnostic marker for disease. The results described here
raise the possibility that naturally occurring mutations
of the N-glycosylation sites of EL may significantly affect its
activity as well as HDL metabolism. As N-glycosylation is a
key determinant of both EL activity and substrate speci-
ficity, it is an important factor to be taken into consider-
ation when investigating EL-mediated HDL remodeling
and its role in atherosclerosis. Al
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