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ABSTRACT. Hepatic lipase (HL) and endothelial lipase (EL) are both members of the triglyceride lipase
gene family. HL hydrolyzes phospholipids and triglycerides in triglyceride-rich lipoproteins and high-
density lipoproteins (HDL). EL hydrolyzes HDL phospholipids and has low triglyceride lipase activity.
The aim of this study was to determine if HL and EL hydrolyze different HDL phospholipids and whether
HDL phospholipid composition regulates the interaction of EL and HL with the particle surface. Spherical,
reconstituted HDL (rHDL) containing either 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-palmitoyl-
2-linoleoylphosphatidylcholine (PLPC), 1-palmitoyl-2-arachidonylphosphatidylcholine (PAPC), or 1-palmi-
toyl-2-docosahexanoylphosphatidylcholine (PDPC) as the only phospholipid, apolipoprotein A-l as the
only apolipoprotein, and either cholesteryl esters (CE) only or mixtures of CE and triolein (TO) in their
core were prepared. The rHDL were similar in size and had comparable core lipid/apoA-I molar ratios.
The CE-containing rHDL were used to determine the kinetics of HL- and EL-mediated phospholipid
hydrolysis. For HL theVmax of phospholipid hydrolysis for (POPC)rHDL> (PLPC)rHDL ~
(PDPC)rHDL > (PAPC)rHDL, while theKm(app) for (POPC)rHDL> (PDPC)rHDL > (PLPC)rHDL >
(PAPC)rHDL. For EL théVmaxfor (PDPC)rHDL> (PAPC)rHDL > (PLPC)rHDL~ (POPC)rHDL, while

the Kn(app) for (PAPC)rHDL~ (PLPC)rHDL > (POPC)rHDL > (PDPC)rHDL. The kinetics of EL-

and HL-mediated TO hydrolysis was determined using rHDL that contained TO in their core. For HL the
Vmax Of TO hydrolysis for (PLPC)rHDL> (POPC)rHDL > (PAPC)rHDL > (PDPC)rHDL, while the
Km(app) for (PLPC)rHDL> (POPC)rHDL ~ (PAPC)rHDL > (PDPC)rHDL. For EL theVmax and
Km(app) for (PAPC)rHDL> (PDPC)rHDL> (PLPC)rHDL > (POPC)rHDL. These results establish that
EL and HL have different substrate specificities for rHDL phospholipids and that their interactions with
the rHDL surface are regulated by phospholipids.

The triglyceride lipase gene family consists of several The enzymes vary widely in their tissue distribution. LPL
members that have phospholipase and/or triglyceride lipaseis expressed by adipocytes, as well as cardiac and skeletal
activities. Three members of this family, hepatic lipase (HL), myocytes 4), while HL is expressed by hepatocyt&s. (HL
endothelial lipase (EL), and lipoprotein lipase (LPL) play mRNA has also been detected in macropha@@sEL is
key roles in lipoprotein metabolism. EL shares 45% homol- expressed by a wide range of tissues including hepatocytes,
ogy with LPL and 40% homology with HL1j. HL and LPL macrophages, and, uniquely within this family, endothelial
hydrolyze the phospholipids and triglycerides in triglyceride- cells (, 7).
rich lipoproteins and high-density lipoproteins (HDLI)( Overexpression of EL in mice decreases HDL lev@ls (
EL, by contrast, has low, but detectable, triglyceride lipase 9). This observation has been attributed to the high phos-
activity and preferentially hydrolyzes HDL phospholipids ( pholipase activity of EL §). More recent studies showing
3). that HDL levels are raised in EL knockout mic8),(and
that the activity of EL can be inhibited with polyclonal

 This work was supported by the National Health and Medical antibodies, strengthen the notion that this enzyme regulates
Research Council of Australia (Grant 200501) and a Pfizer International HDL levels. Studies of HL knockout mice, which have

HDL Research Award. K.-A.R. is a Principal Research Fellow of the ; ; i
National Heart Foundation of Australia. M.D. was supported by a elevated HDL. levels1(), and mice transgenic for HL, which

Helpman Scholarship in Cardiovascular Research.
* Address correspondence to this author at The Heart Research ! Abbreviations: apoA-l, apolipoprotein A-I; BHT, butylated hy-
Institute. Telephone:+61-2-9550-3560. Fax:+61-2-9550-3302. E- droxytoluene; CE, cholesteryl esters; CETP, cholesteryl ester transfer

mail: karye@ozemail.com.au or k.rye@hri.org.au. protein; EL, endothelial lipase; LCAT, lecithin:cholesterol acyltrans-
* University of Adelaide. ferase; LPL, lipoprotein lipase; HDL, high-density lipoprotein(s); HL,
§ Hanson Institute. hepatic lipase; NEFA, nonesterified fatty acid(s); PAPC, 1-palmitoyl-
"'Current address: Joseph Stokes, Jr., Research Institute, Children’s2-arachidonylphosphatidylcholine; PDPC, 1-palmitoyl-2-docosahex-
Hospital of Philadelphia, Philadelphia, PA 19104-4318. anoylphosphatidylcholine; PLPC, 1-palmitoyl-2-linoleoylphosphatidyl-
U University of Pennsylvania School of Medicine. choline; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; rHDL,
#Current address: The Heart Research Institute, 145 Missendenreconstituted HDL; TBS, Tris-buffered saline; TO, triolein; UC,
Road, Camperdown, Sydney, New South Wales, Australia 2050. unesterified cholesterol.

10.1021/bi034990n CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/01/2003



Substrate Specificities of EL and HL for HDL PL Biochemistry, Vol. 42, No. 46, 20033779

have very low HDL levels11), suggest that this may also linear with respect to time as long as less than 30% of the
be the case for HL. [®H]UC was esterified. The LCAT preparations used in this
These findings raise the question as to whether the study generated 9951590 nmol of cholesteryl esters (CE)
phospholipase activities of HL and EL decrease levels of (mL of LCAT) ' h %
the same or different HDL subpopulations. This is an issue Isolation of Cholesteryl Ester Transfer Protein (CETP).
of considerable importance given that the HDL phospholipids CETP was isolated from pooled samples of human plasma
in human plasma vary according to diet2] and as a by ammonium sulfate precipitation, ultracentrifugation,
consequence of interactions with plasma factors such ashydrophobic interaction chromatography, and ion-exchange
phospholipid transfer protein and cholesteryl ester transfer chromatography25). The activities of the preparations were
protein (CETP) 13, 14). assessed as the transfer &fl]CE from [FH]CE-HDL; to
Phosphatidylcholine is the most abundant HDL phospho- low-density lipoproteinsZ6, 27). The assay was linear with
lipid (15). HDL phosphatidylcholinesn-2 acyl chains vary ~ respect to time as long as less than 30% of th8GE was
in length and unsaturation, with 1-palmitoyl-2-oleoylphos- transferred. The activities of the CETP preparations used in
phatidylcholine (POPC), 1-palmitoyl-2-linoleoylphosphati- this study varied from 22.7 to 48.2 units of activity/mL,
dylcholine (PLPC), 1-palmitoyl-2-arachidonylphosphatidyl- where 1 unit is the transfer activity of 1 mL of a preparation
choline (PAPC), and 1-palmitoyl-2-docosahexanoylphospha- of pooled, human lipoprotein-deficient plasma.
tidylcholine (PDPC), respectively, comprising 12.9%, 34.4%, Preparation of Spherical rHDLDiscoidal rHDL contain-
9.1%, and 3.6% of the total HDL phosphatidylcholirig) ing either POPC, PLPC, PAPC, or PDPC (Sigma), UC, and
To determine if EL and HL hydrolyze these phospholipids apoA-I were prepared by the cholate dialysis metHef). (
equally well, it is important to use HDL in which the The discoidal rHDL were converted into spherical rHDL by
phospholipid composition varies systematically but which incubation with LCAT and UC as described9. The
are comparable in size, apolipoprotein content, and core lipid/ resulting spherical rHDL were isolated by sequential ultra-
apolipoprotein molar ratio. The HDL in human plasma are centrifugation in the 1.0 d < 1.21 g/mL density range
inappropriate for studies of this type because they consistand dialyzed against 0.01 mol/L Tris-buffered saline (TBS)
of mixtures of particles that vary widely in their phospholipid (pH 7.4) containing 0.15 mol/L NaCl, 0.006% (w/v) NaN
and apolipoprotein content T, 18). There is also consider- 50 umol/L diethylenetriaminepentaacetic acid (Sigmay), and
able variation in the size and core lipid/apolipoprotein molar butylated hydroxytoluene (BHT) (final concentration 10
ratio of human HDL 17). umol/L) (Sigma). The spherical rHDL were stored under
These problems have been circumvented in the presentargon at #C in the presence of Chelex 100 resin (Bio-Rad,
study by using well-characterized preparations of spherical Hercules, CA).
reconstituted HDL (rHDL) that are comparable in size, have ~ Preparation of Microemulsionsvlicroemulsions contain-
similar core lipid/apolipoprotein molar ratios, contain either ing triolein (TO) and either POPC, PLPC, PAPC, or PDPC
POPC, PLPC, PAPC, or PDPC as the only phospholipid, were prepared by sonicatio29). The phospholipids (37.5
and contain apolipoprotein A-l (apoA-l) as the only apoli- mg) and TO (100 mg) were dissolved in chloroferm
poprotein (9). These preparations were used to study the methanol (2:1 v/v). BHT (final concentration 0.12 mmol/L)
kinetics of EL- and HL-mediated phospholipid hydrolysis. was added to inhibit inadvertent oxidation. The mixtures were
The results show clearly that HL and EL preferentially dried under a stream ofNor 2 h and maintained overnight
hydrolyze different phospholipids in spherical rHDL and that under vacuum. TBS (12 mL) was added to the lipids, and
phospholipids regulate the interaction of EL and HL with the resulting solutions were sonicated as descrigéd The

the rHDL surface. microemulsions were isolated by ultracentrifugation as the
fraction ofd < 1.21 g/mL.
EXPERIMENTAL PROCEDURES Preparation of PH]TO-Labeled Spherical rHDL[*H]TO-

Isolation of ApoA-1.HDL were isolated by sequential labeled POPC/TO, PLPC/TO, PAPC/TO, and PDPC/TO
ultracentrifugation (1.07< d < 1.21 g/mL) from pooled, microemulsions were prepared as descrit&4). (Spherical
autologously donated human plasma samples (GribblesrHDL were labeled with JH]TO (28 Ci/mmol) (NEN Life
Pathology, Adelaide, Australia). The HDL were delipidated Science Products) by incubation at 37 under N for 1—3
using solvent extractior2Q). ApoA-l was isolated from the  h with CETP and an appropriatéH] TO-labeled microemul-
resulting apoHDL by chromatography on a Q-Sepharose sion. To ensure that the rHDL phospholipid composition did
Fast-Flow column (Amersham Biosciences) attached to a fastnot change during the incubations, the (POPC)rHDL,
protein liquid chromatography system (Amersham Bio- (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL were re-
sciences)41, 22). The isolated apoA-1 appeared as a single spectively incubated with microemulsions containing either
band when subjected to electrophoresis on a homogeneou$OPC, PLPC, PAPC, or PDPC as the only phospholipid.
20% SDS-polyacrylamide PhastGel (Amersham Biosci- The resulting H]TO-enriched rHDL were isolated by
ences) and Coomassie staining. sequential ultracentrifugation in the 1.063d < 1.21 g/mL

Isolation of Lecithin:Cholesterol Acyltransferase (LCAT). density range. Enrichment with TO increased the diameter
LCAT was isolated from pooled samples of human plasma of the rHDL by up to 10%. The’H]TO—(POPC)rHDL, $H]-
by protein precipitation, ultracentrifugation, hydrophobic TO—(PLPC)rHDL, PH]TO—(PAPC)rHDL, and $H]TO—
interaction chromatography, and ion-exchange chromatog-(PDPC)rHDL were concentrated 7-, 4-, 4.5-, and 5-fold
raphy @3). LCAT activity was determined as described using before use. Their respective specific activities were 9.9
1-palmitoyl-2-oleoylphosphatidylcholine (POPC)/UC/apoA-l1 105, 2.4 x 1(f, 1.6 x 10f, and 4.3x 10° cpm/mg TO.
discoidal rHDL3H-labeled with unesterified cholesterol (UC) Isolation of HL.HL was isolated from pooled samples of
(Sigma) as the substrat4). Cholesterol esterification was  postheparin plasma. Fifty milliliters of blood was obtained
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from each of 35 patients. The patients were injected with a 7 1- Physical Properties of Spherical rHDL
bolus of 25000 IU of heparin prior to undergoing percuta-

stoichiometry (mol/moh

neous transluminal coronary angioplasty (Cardiovascular herical HDEdi St?kes ST Uc CE TG A

Investigation Unit, Royal Adelaide Hospital). Postheparin __3P"e"&" lameter () -
i ; i (POPC)rHDL 8.8 252 08 192 0.0 1.0
plasma Xvas isolated by cer:trlfugatlon at 3000 rpm for 10 (PLPCIHDL 00 345 15 216 00 10
min at 4°C and stored at-80 °C until use. HL was isolated  papc)HDL 0.1 346 31 202 00 10
from the thawed plasma by hepatiBepharose Fast-Flow  (PDPC)rHDL 9.2 258 22 17.0 0.0 1.0
chromatography (Amersham Biosciencex))( The activities [zH]TO—(POPC)rHDL 9.5 517 09 194 58 10
of the HL preparations were determined by incubating [3H]TO_(PLPC)rHDL 10.0 508 15 161 93 1.0
. . [®H]TO—(PAPC)rHDL 9.8 531 09 168 7.2 1.0
mixtures of spherical (POPC)rHDL (20 nmol of phospho-  [sHjT0-(PDPC)HDL 98 473 13 147 7.0 1.0

lipid), BSA:, (final Concentrat.lon of 20 mg/mL), a.nd HL (25 a Spherical rHDL were prepared by adding LCAT and unesterified
L) at 37°C for 1 h. The final volume of the incubation  cnolesterol to discoidal rHDL as described under Experimental Pro-
mixtures was 14@L. The nonesterified fatty acid (NEFA)  cedures. The spherical rHDL were isolated by ultracentrifugation, and
mass was quantitated using a commercially available kit their composition was determined as described. TO-rHDL were pre-
(Wako Pure Chemical Industries, Osaka, Japan). The HL pared by incubating the rHDL (final concentration 0.1 mmol/L CE)

. . . with [3H]TO-labeled microemulsions (final concentration 4.0 mmol/L
preparations used in this study generatee- 822 nmol of TG) and CETP (final activity 2.7 units/mL). Final volumes of these

NEFA (mL. of HL)™ h™%. . incubations ranged from 23.9 mL fotH]TO—(PDPC)rHDL to 30.6
Expression of ELCOS cells were grown in Dulbecco’s  mL for [*H]TO—(PLPC)rHDL." Determined by nondenaturing gradient

modified Eagle medium (DMEM) with 10% fetal bovine gel eIectrophoresi§.Apbreviations: PL, phospholipid; CE, _cholesteryl
serum (FBS) and 1% antibiotic/antimyotic (A/A) at 3T e_st:er; uc, unesterified cholesterol; A-1, apolipoprotein A-I; TG,
and 5% CQ. Prior to infection, cells were brought to 90% triglycerides.
confluency in 150 mm plates. Growth medium was removed, ] ) ) ) )
and the cells were washed with 10 mL of serum-free DMEM Nhumerous precedents in the literature for using this ratio as
without phenol red and then incubated with recombinant & measure of the efficiency of a two-step catalytic mechanism
adenovirus encoding EL in 5 mL of the same medium at a (32 33). _ o _
multiplicity of 3000 particles/ cell. Two hours later, 9 mL ~_Other TechniquesAn Hitachi 902 automatic analyzer
of serum-free medium without phenol red, containing 10 (Roche Diagnostics, Mannheim, Germany) was used for all
units/mL heparin, was added to each of the plates. At 47.5 chemical analyses. Phospholipid concentrations were deter-
h postinfection, an additional 10 units/mL heparin (280 ~ Mined as described by Takayama et34)(Total cholesterol
of 500 units/mL) was added, and cells were incubated for aSsays were carried out using a commercially available kit
30 min. Medium was collected and clarified by centrifugation (Roche Diagnostics). Unesterified cholesterol was measured
at 2000 rpm for 10 min in 50 mL conical tubes and then @s described3s). CE concentrations were determined as the
frozen in 1 mL aliquots at-80 °C. A single preparation of  difference between UC and total cholesterol concentrations.
EL that generated 600 nmol of NEFA (mL of Elf)h-1 TO concentrations were assayed as descriBég The bi-
was used for this study. Activity was determined as described Cinchoninic acid assay was used to quantitate apoA-I con-
Q). centratlon_s 37). Nondenaturing 335% gradlent gel elec-
Kinetic StudiesAll incubations were carried out under ~{rophoresis was used to determine rHDL particle siz).(
N2 in stoppered tubes in a shaking water bath maintained atRESULTS
37 °C. Varying concentrations of rHDL were mixed with
BSA, TBS, and a constant amount of either HL or EL. Physical Properties of Spherical (POPC)rHDL, (PLPC)rHDL,
Details of the individual incubations are described in the (PAPC)rHDL, and (PDPC)rHDL (Table 1). The
figure legends. When the incubations were complete, the (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL
tubes were placed immediately on ice. that contained CE as the only core lipid had comparable CE/
Phospholipid hydrolysis was determined by quantitating apoA-l and phospholipid/apoA-1 molar ratios (Table 1). Each
the mass of NEFA formed, assuming that 1 mol of NEFA is preparation consisted of a single, monodisperse population
produced for each mole of phospholipid hydrolyzed. TO of particles with diameters ranging from 8.8 nm for the
hydrolysis was determined by adding 1 mL of chloroferm  (POPC)rHDL to 9.2 nm for the (PDPC)rHDL.
methanol (2:1 v/v) to the chilled incubation mixtures and  Kinetics of HL-Mediated Phospholipid Hydrolysis in
extracting the lipids1). NEFA and TO were separated by (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and
TLC (30), cut from the sheets, and counted using a Beckman(PDPC)rHDL (Figure 1, Table 2A)Varying concentrations
LS 6000TA liquid scintillation counter (Beckman Instru- of (POPC)rHDL (closed circles), (PLPC)rHDL (closed
ments, Fullerton, CA). triangles), (PAPC)rHDL (open circles), and (PDPC)rHDL
The kinetic parameterd/max and Kn(app), were derived  (open triangles) (1081000 umol/L phospholipid) were
by nonlinear regression analysis using GraphPad Prismincubated at 37C for 1 h with a constant amount of HL.
version 4.02a for the Macintosh (GraphPad Software) and NEFA mass was measured directly. Nonlinear regression
the equationY = VyaX/(Km + X). As the HL- and EL- analysis of the rate of phospholipid hydrolysis as a function
mediated phospholipid and TO hydrolysis occurred at an of rHDL phospholipid concentration is shown in Figure 1A.
interface, and not in the presence of a monomeric substrate As judged by two-way Anova, the results for the (POPC)rHDL,
“classical” kinetic parameters could not be derived. For this (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL were all sig-
reason “apparentX,, values are reported. In all cases signi- nificantly different from each otherp(< 0.0001). Line-
ficance was set gi < 0.05. The catalytic efficiency of the  weaver-Burk plots of the kinetic data are shown in Figure
hydrolysis reaction is reported 3../Kn(app). There are  1B.
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A

300 was comparable for (POPC)rHDL and (PLPC)rHDL. The
" results for (POPC)rHDL versus (PAPC)rHDL were signifi-
cantly different at the level gb < 0.05, compared tp <
0.005 for (PLPC)rHDL versus (PAPC)rHDL. The results for
(POPC)rHDL versus (PDPC)rHDL and (PDPC)rHDL versus
§ (PAPC)rHDL were also significantly differenp(< 0.0001).
Lineweaver-Burk plots of the kinetic data are shown in
Figure 2B.

TheVmax of phospholipid hydrolysis for (PDPC)rHDL and
(PAPC)rHDL was 233.4t 25.3 and 184.6t 23.5 nmol of
oos oos NEFA generated (mL of EL)} h™%, respectively, compared
(POPC)rHDL (PLRC)rHDL with 133.5+ 12.4 and 146.3t 18.8 nmol of NEFA gen-
erated (mL of ELy* h™* for (POPC)rHDL and (PLPC)rHDL
o o (Table 2A). The respectivié(app) values for (POPC)rHDL,

(PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL were 208.7

0005 0 0.010 0.005 0 0010 + 52.6, 294.9+ 90.6, 274.2+ 85.9, and 139. 4 44.3
umol/L phospholipid. The catalytic efficiency of phospho-
8 PAPC)rHDLy 008 T PDPC)rHDL lipid hydrolysis was 2-3-fold greater for (PDPC)rHDL than

for any of the other rHDL.
004 004 Physical Properties offH]TO—(POPC)rHDL, PH]TO—
(PLPC)rHDL, [H]JTO—(PAPC)fHDL, and PH]TO—
. . 4 (PDPC)rHDL (Table 1).The BH]TO-enriched rHDL were
- V[Phospholipid] (UmolL) larger than the original rHDL that contained only CE in their

FicureL: Hydrolysis of phospholipidsin (POPC)HDL, (PLPC)HDL,  COTe- The diameters of théH]TO-enriched rHDL ranged
(PAPC)ngL, a)rlld (PBPC)erDE by I-(|L. Var)ying cc()ncentZations from 9.5 nm for fH]TO—(POPC)rHDL to 10.0 nm for’H]-
of (POPC)HDL @), (PLPC)rHDL (&), (PAPC)rHDL (), and TO—(PLPC)rHDL (Table 1). This is in agreement with what
(PDPC)rHDL (1) (100-1000umol/L phospholipid) were incubated  has been reported previously from this laborat@@)(The
at 37°C for 3 h with BSA (final concentration 20 mg/mL) and a  ncrease in the phospholipid/apoA-1 molar ratios of the TO-
constant amount of HL [24L of a preparation that generated 32 enriched rHDL, relative to the rHDL that contained only CE
nmol of NEFA (mL of HL)* h™2]. The final incubation volume ) . ' y
was 120uL. Panel A shows the line of best fit for the rate of HL- i their core, reflects the spontaneous transfer of phospho-
mediated phospholipid hydrolysis as a function of substrate lipids from the microemulsions to the rHDL19). The
Cematons LnoveosBet o e Shonn e, ghcerdelaponl molr ato of hek{TO- (POPCIHL
Key: * p < 0.0001 for (POPCF))rHDL versus (PLPpC)rHDL, Végﬁ.:g%g%ﬁg?:(;et?atﬁsﬁ? (c));[flre(r)rfl;l(g)nl; RqeeclaDU(S)Pelo[f)trr:ﬁcrreo(fuced
(POPC)HDL versus (PAPC)rHDL, and (POPC)rHDL versus ] e g .
(PDPC)HDL; 1, p < 0.0001 for (PLPC)HDL versus €mulsions to the (POPC)rHDL. This is consistent with
(PAPC)rHDL and (PLPC)rHDL versus (PDPC)rHDL; §, < previous reports from this laboratorg9).
0.0001 for (PAPC)rHDL versus (PDPC)rHDL. As the curvature of a sphere of radigss 1/R?, it follows
) ) ] ] that the increase in rHDL size that occurred as a consequence
“Nonlinear regression analysis was used to derive the 5 TO enrichment was associated with a reduction in the
kinetic parameters. The values are expressed as thenean grface curvature of the particles. Previous reports from this
SEM (Table 2A). TheVinay of phospholipid hydrolysis for  |aporatory have also established that spherical rHDL phos-
(POPC)HDL, ~ (PLPC)rHDL,  (PAPC)rHDL,  and  pnholipid headgroup and acyl chain packing order increases
(PDPC)rHDL was 800.6- 42.5, 346.3+ 12.9, 147.4+ 20.4, with increasing particle size€p). Although such changes in
and 365.1 60.2 nmol of NEFA formed (mL of HL)" h™, surface curvature and phospholipid packing order may
respectively. The respectivg(app) for (PAPC)rHDL and  influence hydrolysis rates, these effects are likely to be minor
(PDPC)rHDL was 936.0+ 265.7 and 1993.0t 421.4  gpq have not been considered in the kinetic analysis.
umol/L phospholipid, compared to 12504087.9 and 2327.0 Kinetics of HL-Mediated Triglyceride Hydrolysis ifH]-
+195.3umol/L phospholipid for (PLPC)rHDL and (POPC)rHDL. TO—(POPC)rHDL, [PH]JTO—(PLPC)rHDL, [*H]TO—
The catalytic efficiencies\[ma/Km(app)] for phospholipid (PAPC)rHDL, and PH]TO—(PDPC)rHDL (Figure 3, Table
hydrolysis ranged from 0.34 for (POPC)rHDL to 0.16 for 2B |n this study, H]TO-enriched rHDL (56-350xmol/L
(PAPC)rHDL. triglyceride) were incubated at 3T for 2 h with a constant
Kinetics of EL-Mediated Phospholipid Hydrolysis in amount of HL. Nonlinear regression analysis of the rate of
(POPC)rHDL,  (PLPC)HDL, (PAPC)rHDL, and HL-mediated TO hydrolysis in the’fi]TO—(POPC)rHDL
(PDPC)rHDL (Figure 2, Table 2A)Varying amounts of (closed circles), 3H]TO—(PLPC)rHDL (closed triangles),
(POPC)rHDL (closed circles), (PLPC)rHDL (closed tri- [*H]TO—(PAPC)rHDL (open circles), and{i]TO—(PDPC)-
angles), (PAPC)rHDL (open circles), and (PDPC)rHDL rHDL (open triangles) is shown in Figure 3A. All of the
(open triangles) (1061000umol/L phospholipid) were incu-  curves were significantly different from each other at the
bated at 37C for 0.5 h with a constant amount of EL. NEFA level of p < 0.0001 except for (POPC)rHDL versus (PLPC)-
mass was measured directly. Nonlinear regression analysigHDL, wherep = 0.0011. LineweaverBurk plots of the
of the rate of phospholipid hydrolysis as a function of rHDL kinetic data are shown in Figure 3B.
phospholipid concentration is shown in Figure 2A. As judged  The Vmax of TO hydrolysis in (PDPC)rHDL and
by two-way Anova, the kinetics of phospholipid hydrolysis (PAPC)rHDL was 736.6t 145.6 and 1133.8- 188.8 nmol

150 U

>

nmol NEFA formed/ml HL/h

500 1000
[Phospholipid] (#mol/L)

]

=

1/nmol NEFA formed/ml EL/h
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Table 2: Kinetic Parameters for HL- and EL-Mediated Phospholipid Hydrolysis in Spherical (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and
(PDPC)rHDL and for HL- and EL-Mediated Triglyceride Hydrolysis in Spheriéel] TO—(POPC)rHDL, fH]TO—(PLPC)rHDL,
[®H]TO—(PAPC)rHDL, and {H]TO—(PDPC)rHDL?

constituent Vmax[nmol of NEFA Km(app) catalytic efficiency
spherical rHDL enzyme hydrolyzed (mLof HL)"*h™Y (umol/L PL) VmaxKm(app)
(A) HL- and EL-Mediated Phospholipid Hydrolysis in
Spherical (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL
(POPC)rHDL HL phospholipid 800.8 42.5 2327.0+ 195.3 0.34
(PLPC)rHDL HL phospholipid 346.3 12.9 1250.0+ 87.9 0.28
(PAPC)rHDL HL phospholipid 147.4 20.4 936.0+ 265.7 0.16
(PDPC)rHDL HL phospholipid 365.% 60.21 1993.0+ 421.4 0.18
(POPC)rHDL EL phospholipid 13345 12.4 208.7+ 52.6 0.64
(PLPC)rHDL EL phospholipid 146.3 18.8 294.9+ 90.6 0.50
(PAPC)rHDL EL phospholipid 184.8- 23.5 274.2+85.9 0.67
(PDPC)rHDL EL phospholipid 2334 25.3 139.7+ 44.3 1.67
(B) HL- and EL-Mediated Triglyceride Hydrolysis in
Spherical H]TO—(POPC)rHDL, fH]TO—(PLPC)rHDL, PH]TO—(PAPC)rHDL, and $H]TO—(PDPC)rHDL
[®H]TO—(POPC)rHDL HL triglyceride 1270.6- 141.1 470.4 78.0 2.70
[BH]TO—(PLPC)rHDL HL triglyceride 1777.6- 148.1 677.8:77.2 2.62
[BH]TO—(PAPC)rHDL HL triglyceride 1133.0- 188.8 533.1125.8 2.12
[BH]TO—(PDPC)rHDL HL triglyceride 736.1 145.6 199.9+ 78.2 3.68
[3H]TO—(POPC)rHDL EL triglyceride 6.2-0.3 8.1+ 1.1 0.77
[BH]TO—(PLPC)rHDL EL triglyceride 9.7: 0.3 6.6+ 0.6 1.47
[BH]TO—(PAPC)rHDL EL triglyceride 41419 472+ 3.3 0.88
[BH]TO—(PDPC)rHDL EL triglyceride 21.91.0 22.9+ 2.0 0.96

a Spherical rHDL were prepared as described under Experimental Procedures. Kinetic parameters were derived by a nonlinear regression analysis

of the rate of phospholipid or TO hydrolysis versus the concentration of substrate.

of NEFA generated (mL of EL)} h™?, respectively, com-
pared with 1270.0+141.1 and 1777.Gt 148.1 nmol of
NEFA generated (mL of EL} h™ for (POPC)rHDL and
(PLPC)rHDL (Table 2B). The respectivg,(app) values for
(POPC)HDL,  (PLPC)rHDL, (PAPC)HDL  and
(PDPC)rHDL were 470.A# 8.0, 677.84+ 77.2, 533.1+
125.8, and 199.%- 78.2 umol/L phospholipid. HL hydro-
lyzed the TO in (PDPC)rHDL more efficiently than the TO
in the other rHDL.

Kinetics of EL-Mediated Triglyceride Hydrolysis ifH]-
TO—(POPC)rHDL, PH]TO—(PLPC)rHDL, [H]TO—
(PAPC)rHDL, and H]TO—(PDPC)rHDL (Figure 4, Table
2B). For this study H]TO—(POPC)rHDL (closed circles),
[BH]TO—(PLPC)rHDL (closed triangles), SH]TO—
(PAPC)rHDL (open circles), and*f]TO—(PDPC)rHDL
(open triangles) (640 umol/L triglyceride) were incubated
at 37°C for 1 h with a constant amount of EL. In all cases,
the rate of EL-mediated triglyceride hydrolysis was much
less than what was observed for HL-mediated TO hydrolysis
(Figure 3A). Nonlinear regression analysis of the rate of TO
hydrolysis as a function of rHDL TO concentration is shown
in Figure 4A. As judged by two-way Anova, the results for
(POPC)HDL,  (PLPC)rHDL, (PAPC)rHDL, and
(PDPC)rHDL were all significantly different from each other
(p < 0.0001). LineweaverBurk plots of the kinetic data
are shown in Figure 4B.

The Vmax of TO hydrolysis in (PDPC)rHDL and
(PAPC)rHDL was 21.9+ 1.0 and 41.4- 1.9 nmol of NEFA
generated (mL of EL)* h™%, respectively, compared with
6.2+ 0.3 and 9.7+ 0.3 nmol of NEFA generated (mL of
EL)"! h™! for (POPC)rHDL and (PLPC)rHDL (Table 2B).
The respective Ky(app) values for (POPC)rHDL,
(PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL were 8
1.1, 6.6+ 0.6, 47.2+ 3.3, and 22.9t 2.0umol/L TO. The
catalytic efficiency of EL-mediated TO hydrolysis ranged
from 0.77 for PH]TO—(POPC)rHDL to 1.47 forJH]TO—
(PLPC)rHDL.
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Ficure 2: Hydrolysis of phospholipids in (POPC)rHDL,

(PLPC)rHDL, (PAPC)rHDL, and (PDPC)rHDL by EL. Varying
concentrations of (POPC)HDL @), (PLPC)rHDL (@),
(PAPC)rHDL ©), and (PDPC)rHDL 4) (100-1000 gxmol/L
phospholipid) were incubated at 3T for 0.5 h with BSA (final
concentration 20 mg/mL) and a constant amount of EL [2R%f

a preparation that generated 60 nmol (mL of ELh~1]. The final
incubation volume was 250L. Panel A shows the line of best fit
for each rHDL preparation (meah SEM of triplicate determina-
tions). Lineweaver Burk plots are shown in panel B. Key: p, <
0.05 for (POPC)rHDL versus (PAPC)rHDL; *f < 0.0001 for
(POPC)rHDL versus (PDPC)rHDL; p, < 0.005 for (PLPC)rHDL
versus (PAPC)rHDL; ttp < 0.0001 for (PLPC)rHDL versus
(PDPC)HDL; §, p < 0.0001 for (PAPC)HDL versus
(PDPC)rHDL.
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Ficure 3: Hydrolysis of triolein in H]TO—(POPC)rHDL, fH]- 1/[Triglyceride] (1/umol/L)
TO—(PLPC)rHDL, PH]TO—(PAPC)rHDL, and {H]TO—- FIGURE 4: H ; ialein i _
) . . Hydrolysis of triolein in fH]TO—(POPC)rHDL, BH]-
(PDPC)rHDL by HL. Varying concentrations of*H]TO— TO—(PLPC)rHDL, PBH]TO—(PAPC)HDL, and }HJTO—

(POPC)fHDL @), [PH]TO—(PLPC)rHDL (), [H]TO— (PDPC)rHDL b ; i 3 _
y EL. Varying concentrations of3H]TO
(PAPC)rHDL (O), and PH]TO—(PDPC)rHDL () (50—350umol/L (POPC)HDL @), [*H]TO—(PLPC)rHDL (a), [3H]TO—

triglyceride) were incubated at 37C for 2 h with BSA (final (PAPC)rHDL (0), and PH]TO—(PDPC)rHDL (1) (6—40

i ) umol/L
concentr_atlor;]20 mg/mL) gndzg consltafnt amount of I]:UulLEoifla triglyceride) were incubated at 37C for 1 h with BSA (final
preparation that generated 122 nmol of NEFA (mL of HLh™1]. concentration 20 mg/mL) and a constant amount of ELRGbf

The final incubation volume was f.. Panel A shows the line of  , anaration that generated 50 nmol of NEEA (mL of B2
best fit for each rHDL preparation (meah SEM of triplicate Tr?e fiE]aI incubatiogl volume was 56.. Panel A st(mws theuang of

determinations). LineweaveBurk plots are shown in panel B.  pac; fit for each rHDL ; ini

. _ T preparation (meah SEM of triplicate

Key: *, p =0.0011 for (POPC)rHDL versus (PLPC)rHDL; *f determinations). The corresponding LineweavBurk plots are

< 0.0001 for (POPC)rHDL versus (PAPC)rHDL and (POPC)rHDL  gqwn in panel B. Key: *p < 0.0001 for (POPC)rHDL versus

versus (PDPC)rHDL; tp < 0.0001 for (PLPC)rHDL versus PLPC)rHDL POPC)rHDL versus PAPC)rHDL and
(PAPC)rHDL and (PLPC)rHDL versus (PDPC)rHDL. EPOPC))rHDL’ v(ersus )(PDPC)rHDL; T,p( < ())_0001' for

(PLPC)rHDL versus (PAPC)rHDL and (PLPC)rHDL versus
Comparison of rHDL Phospholipid and TO Hydrolysis by (PDPC)rHDL; §, p < 0.0001 for (PAPC)rHDL versus
HL and EL (Figure 5).To compare the abilities of EL and (PDPC)rHDL.
HL to hydrolyze TO and the different rHDL phospholipids
directly, the kinetic parameters from the above experiments DISCUSSION

were normalized by adjusting the values for (POPC)rHDL  HL and EL are both members of the triglyceride lipase
(filled bars) to 100. The values for (PLPC)rHDL (open bars), gene family that have substantial phospholipase activity but
(PAPC)rHDL (vertical bars), and (PDPC)rHDL (diagonal differ widely in their ability to hydrolyze HDL triglycerides.
bars) are expressed relative to (POPC)rHDL (Figure 5).  While HL hydrolyzes HDL triglycerides effectivel\2], EL

For HL-mediated phospholipid hydrolysis the values for has very low, but detectable, triacylglycerol hydrolase activity
the VimaxandKy(app) were higher for (POPC)rHDL than for ®). ) _ ) o
any of the other rHDL. HL also hydrolyzed the phospholipids _ The aims of this study were to determine (i) if HL and
in (POPC)rHDL and (PLPC)rHDL more efficiently than the EL have different substrate specificities for HDL phospho-
phospholipids in (PAPC)rHDL and (PDPC)rHDL. For HL- IPids and (ii) and whether the interaction of EL and HL
mediated TO hydrolysis the values for tMg.x andK(app) with thg .HDL surface 1S regulated 'by the phospholipid
for (PLPC) were higher than for the other rHDL. HL composition of the particles. These issues were address_ed
hydrolyzed the TO in (PDPC)rHDL more efficiently than by using well-defined, homogen_eOL_Js preparations of spheri-
. . . . - cal rHDL that were comparable in size and contained apoA-I
in the other rHDL. This was a reflection of the high affinity . . .
llower Kn(app)] of HL for the TO in (PDPC)rHDL. as the only apolipoprotein and _e|.ther POPC, PLPC, PAPC,

m or PDPC as the sole phospholipiti9].

EL hydrolyzed the phospholipids in (PDPC)rHDL ap-  To determine if EL and HL preferentially hydrolyze dif-
proximately 3-fold more efficiently than the phospholipids ferent rHDL phospholipids, the kinetics of phospholipid hy-
in any of the other rHDL. This was a reflection of the higher drolysis in (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and
Vimax and lowerKy(app) of EL for (PDPC)rHDL than for  (PDPC)rHDL that contained only CE in their core was deter-
any of the other rHDL. The catalytic efficiency of EL- mined. In these experiments phospholipids were the only
mediated TO hydrolysis in (PLPC)rHDL was approximately rHDL constituents hydrolyzed by EL and HL. To determine
double that of the other rHDL. if phospholipids regulate the interaction of EL and HL with
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Ficure 5: Comparison of rHDL phospholipid and TO hydrolysis by HL and EL. Whgx, Km(app), and catalytic efficiency for EL- and
HL-mediated phospholipid hydrolysis in (POPC)rHDL (solid bars), (PLPC)rHDL (open bars), (PAPC)rHDL (vertical bars), and
(PDPC)rHDL (diagonal bars) were normalized by setting the values for (POPC)rHDL to 100. The values for the other rHDL are shown
relative to (POPC)rHDL.

the rHDL surface, the kinetics of TO hydrolysis was studied ferent types of rHDL. For these experiments increasing
in (POPC)rHDL, (PLPC)rHDL, (PAPC)rHDL, and amounts of JH]TO-enriched rHDL were incubated with a
(PDPC)rHDL that containecfii]TO in their core. In these  constant amount of either EL or HL. As formation of radio-

experiments the generation SHJNEFA from [°*H]TO was labeled NEFA was measured in these experiments, the results

determined. reflected TO, not phospholipid, hydrolysis. Moreover, as TO
The results for the studies where rHDL phospholipid was the only type of triglyceride in the rHDL, it follows

hydrolysis was measured showed that Mg, of HL- that variations in TO hydrolysis must reflect differences in

mediated phospholipid hydrolysis was higher for the interaction of the enzymes with the rHDL surface. The
(POPC)rHDL than for any of the other rHDL (Figure 1A, results of these studies established that the kinetic parameters
Table 2A). This was not the case for EL, where ey of for TO hydrolysis vary according to rHDL phospholipid
phospholipid hydrolysis was higher for the (PDPC)rHDL composition. This indicated that phospholipids do regulate
than for any of the other rHDL (Figure 2A, Table 2A). the interaction of both EL and HL with the rHDL surface.

These findings were unexpected because while HL and  the other important finding to emerge from this study is
EL reportedly hydrolyzesnt1 acyl ester bonds7(38), the  yhat E| hydrolyzes triglycerides poorly compared to HL. This
phospholipids in the rHDL all contained palmitic acid in the result, which is in agreement with what has been reported
sn1 position and differed only in the length and unsaturation by others 8), may be due to the differences in the structure
of theirsn2 acyl chains. There are two possible explanations of the EL an'd HL lids. In studies of LPL, Dugi et al. estab-

Z)cr tlh::shgibnsserr\(/eatijcljgfeoggcgstg %tftkt]:err Iia)l(; ?2%2?2; Igﬁe lished that triglyceride hydrolysis increases with increasing
yl che 9 O el acyl | ©  amphipathicity of the lid41). As the residues in the HL lid
active sites of EL and HL. Th|s 'S unI_|ker given thf’ﬂ dl_mng are more polar than the residues in the EL lid, and the HL
hg drolysis thesn-2 acyl Clh ains arehllke!y tg. partition mtc; lid has four more positively charged residues'than that of
the rHDL surface at a location that is distant from the o) %c ot ihe HL lid is likely to be more amphipathic

Ca;ﬂitfeizi;féﬂz (renn;r)grl]iékgs)' ossibility is that access of than the EL lid. This could contribute to the enhanced
' Y, P Y hydrolysis of rHDL triglycerides by HL than by EL.

the phospholipidsn1 acyl chains to the active sites of EL i o
and HL is Comparab|e for a” Of the rHDL and that the |ength The fa.Ct that HL a.nd EL ha.Ve dlffel’ent SubStrate SpeCIfICI-
and/or unsaturation of the phospholipith2 acyl chains ties for HDL phospholipids is of considerable physiological
regulates the interaction of EL and HL with the rHDL significance. Several investigators have reported that dietary
surface. This possibility is strengthened by an earlier fatintake can alter HDL phospholipid compositict®y. For
observation from our laboratory showing that the packing example, consumption of a diet high in fish and seafood
order of the phospholipid acyl chains and headgroups in enriches HDL with PDPC42). According to the current re-
spherical rHDL decreases as the unsaturation ofitkzacyl sults the phospholipids in these HDL will be hydrolyzed
chains increasesl®). Given that the initial interaction of  better by EL than by HL. On the other hand, a diet high in
HL (and presumably EL) with a substrate involves binding olive oil or sunflower oil, which respectively increase the
of the substrate to the C-terminal domain of the enzys® ( POPC and PLPC content of HDI43), will generate sub-
it follows that changes in the properties of the substrate strates that are preferred by HL. Therefore, the combined
surface may alter this interaction. expression of both of these lipases allows for efficient hy-
This possibility was investigated by determining the drolysis of HDL phospholipids, regardless of dietary fat
kinetics of HL- and EL-mediated TO hydrolysis in the dif- intake.
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In conclusion, this study shows for the first time that HL
and EL have different substrate specificities for HDL
phospholipids in which thesn-2 acyl ester composition
varies. The results also show that phospholipids affect the
interaction of EL and HL with the rHDL surface. When taken
together, these findings are consistent with HL and EL both
contributing to optimal processing of a wide range of HDL
phospholipids in vitro. If this is also found to be the case in
vivo, it will establish complementary roles for both of the
enzymes in HDL metabolism.
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