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ABSTRACT. Our previous studies have indicated that lecittiholesterol acyltransferase (LCAT) contributes
significantly to the apoB lipoprotein cholesteryl ester (CE) pool. Cholesterol esterification rate (CER) in
apoA-I'~ apoE’~ mouse plasma was7% that of C57BI/6 (B6) mouse plasma, even thoagbA-I-/~
apoE’~ plasma retained; the amount of B6 LCAT activity. This suggested that lack of LCAT enzyme
did not explain the low CER iapoA-I’~ apoE’~ mice and indicated that apoE and apoA-I are the only
major activators of LCAT in mouse plasma. Deleting apoE on low-density lipoprotein (LDL) reduced
CER (1% free cholesterol (FC) esterified/h) compared to B6 (6% FC esterified/hamoft/~ (11%

FC esterified/h) LDL. Similar sized LDL particles from all four genotypes were isolated by fast protein
liquid chromatography (FPLC) after radiolabeling wifit]-free cholesterol (FC). LDLs (kg FC) from

each genotype were incubated with purified recombinant mouse LCAT; LDL particles from BfpaAd

I/~ plasma were much better substrates for CE formation (5.7% and 6.3% CE formed/30 min, respectively)
than those fromapoE "~ andapoE’~ apoA-I7/~ plasma (1.2% and 1.1% CE formed/30 min). Western
blot analysis showed that the amount of apoA-lapoE’~ LDLs was higher compared to B6 LDL.
Adding apoE to incubations adpoA-I'~ apoE’~ very low density lipoprotein (VLDL) resulted in a
3-fold increase in LCAT CER, whereas addition of apoA-I resulted in a more modest 80% increase. We
conclude that apoE is a more significant activator of LCAT than apoA-lI on mouse apoB lipoproteins.

Cholesterol esters (CEsh plasma are derived from two  phospholipase A activity) of an sn-2 fatty acid from
sources, the intracellular enzyme acyl Ceéholesterol phospholipid (PL), followed by the transacylation of the fatty
acyltransferase (ACAT) and the plasma enzyme lecithin acyl group to the B-hydroxyl group of cholesterol to
cholesterol acyltransferase (LCAT). ACAT uses free cho- generate CE and lysolecithid)( Because the sn-2 position
lesterol (FC) and fatty acyl-CoAs as substrates for CE of phospholipids is more enriched in polyunsaturated fatty
synthesis 1, 2). In liver and intestine, ACAT-derived CEs  acids, LCAT-derived CEs are relatively enriched in poly-
enter the plasma compartment via secretion of triglyceride unsaturated fatty acyl species, ).

(TG)-rich lipoproteins (LPs), such as chylomicrons and very
low density lipoproteins (VLDL). Plasma VLDLs are
metabolized to LDL, which are CE-enriched particles with
a prolonged residence time in plasma. LCAT (EC 2.3.1.43)
is a 65-kDa glycoprotein that is synthesized predominantly
in the liver and secreted into plasma, where it catalyzes the
conversion of FC to CE on the surface of lipoprotei8k (
The LCAT reaction involves two steps, the hydrolysis (i.e.,

The preferred lipoprotein substrate of LCAT is high-
density lipoprotein (HDL), which contains the main apo-
lipoprotein activator of LCAT, apoA-14). LCAT is impor-
tant in the maturation of nascent HDL particles, lacking a
neutral lipid core, into mature spherical HDL particles that
contain a core of CEs. Whereas LCAT primarily associates
with HDL in plasma 8, 9), the enzyme has also been shown
to be active in the LDL fraction§—11). In human plasma,

" This work was supported by National Institutes of Health Grants 33%. of the n?WIV synthesized CE W?.S found in the LDL
HL-54176 (JSP), HL-49373 (JSP), HL-32868 (DLW), and American fraction and, in human plasma devoid of cholesteryl ester

Hea? ASEOCiation grants 02151h53LIJd (k:(Z)-d g i tel 336.716.9145 transfer protein (CETP) activity, 25% of newly synthesized

* To whom corresponaence snou € adaaressead. tel, - - ) . .

fax, 336-716-6279; e-mail, jparks@wfubmc.edu. CE was generated in LDL parltlcl_esllo.. These data
*Wake Forest University School of Medicine. demonstrate that LCAT is a quantitatively important source
$ State University of New York, Stony Brook. of LDL CE in human plasma even in the absence of CETP.

Il i i i i i s L .
D%rg::’ggss'gj(’f California, San Francisco. Thus, LCAT exhibits two activities in normal plasma:

1 Abbreviations: CE, cholesteryl ester; CER, cholesterol esterification @-LCAT activity, specific for lipoproteins that migrate with
rate; B6, C57Bl/6; FC, free cholesterol; LCAT, lecitrinholesterol o-mobility on agarose gel electrophoresis (i.e., HDL) and

acyltransferase; ACAT, acyl CoAcholesterol acyltransferase; FER, _ i inhi ifi —mi i
fractional esterification rate; PL, phospholipid; TG, triglyceride; MER, B-LCAT activity, which is specific for pre8 andg-migrating

molar esterification rate; LP, lipoprotein; HDL, high-density lipoprotein; lipoproteins (i-?-’ VLDL and LDL) {2). The rate of reaction
LDL, low-density lipoprotein; VLDL, very low density lipoprotein. on apoB LPs is slow compared to that on HD12( 13).

10.1021/bi0481489 CCC: $30.25 © 2005 American Chemical Society
Published on Web 12/29/2004



1014 Biochemistry, Vol. 44, No. 3, 2005 Zhao et al.

In humans, mutations in the LCAT gene are associated exhibited about 20% of the activation potential of apoA-I
with complete absence of plasma LCAT activity, leading to on recombinant HDL particle®0, 23) and has been found
familial LCAT deficiency (FLD), whereas the loss of in association with distinct subfractions of LDI24, 25).
o-LCAT activity on HDL results in fish eye disease (FED). However, there is no information regarding the role of
Both FLD and FED lead to HDL deficiency, characterized apolipoproteins on LCAT activation of apoB LPs.
by decreased CE-enriched matar¢iDL and increased FC- Our previous study raised the possibility that apoE might
enriched small spherical HDL or disk-shaped préiDL be a physiological activator of LCAT on apoB lipoproteins,
(14—16). In addition, patients with FLD have VLDL/LDL  because fewer LCAT-derived long chain polyunsaturated
particles that are abnormal in size and shape with large CEs were found in the apoB LP fraction of tapoE~/~ mice
irregular multilamellar particles resembling sheets of bilayer compared toLDLr~'~ mice, even though the activity of
membranes and LpX-like particle$g, 17).> However, FED LCAT in plasma and the PL fatty acid composition was
patients have norm@-LCAT activity and apoB lipoprotein  similar between the two genotypes of micE); In the
particles in plasma that are normal in size and shape. Thesgresent study, we had two goals: (1) to determine whether
combined data suggest that LCAT not only is responsible apoA-I and apoE were the only apolipoproteins involved in
for the maturation of nascent discoidal HDL8j but may LCAT activation in plasma and (2) to determine whether
play a role in correcting the resulting imbalance between apoE compared to apoA-l was more important in enzyme
surface to core lipid that occurs during lipolysis of TG in activation on apoB lipoproteins. Using in vivo and in vitro
apoB LPs. LCAT may directly function to remove excess studies, we found that apoE and apoA-I are the only major
surface PL and FC from apoB LP particles during lipolysis physiological activators of LCAT in mouse plasma. In
and subsequently used these lipid substrates for cholesteroaddition, our results suggested that apoE is a more significant
esterification to generate mature HDL particles. Alternatively, physiological activator of LCAT than apoA-1 on apoB LPs.
LCAT may regenerate core lipid for apoB LPs by generating
CE that replaces the TG lost during lipolysis. In either case, EXPERIMENTAL PROCEDURES
LCAT would be critical in the maintenance of normal LP
size and shape. Experimental Animals and Animal HandinB6, apoA-

To better understand the contribution of plasma LCAT in |-/~ (B6 background), an@poE’~ (B6 background) mice
the in vivo generation of CE in apoB LPs, we crossed were purchased from Jackson Labs (Bar Harbor, ME). The
LCAT '~ mice into theLDLr~ andapoE"’~ backgrounds  apoA-I’~ apoE"~ mice were created in a two-step breeding
to retard the clearance and elevate plasma concentrations oprocess. In the first steppoA-I~— mice were crossed with
apoB LPs 19). In apoB LPs, there was a 40% reduction in  apoE’~ mice to generat@poA-I"~ apoE"~ double het-
cholesteryl linoleate and a complete absence of CE speciesrozygotes. In the second step, the deneration was
containing long chainX18 carbon) polyunsaturated fatty intercrossed to generatapoA-I/— apoE’~ mice. The
acids (20:4, 20:5 n-3 and 22:6 n-3), from 29.3% to 0%, in apoE’~ apoBiy only andapoE~’~ apoB;g only mice were
LDLr/~ LCAT "~ compared toLDLr~'~ mice with active generated by gene-targeting procedures by Farese 26pl. (
LCAT, suggesting that LCAT was critical in the synthesis (Gladstone Institute of Cardiovascular Disease, San Fran-
of these species. In a more recent study, a similar percentageisco, CA) and were in a mixed genetic background (60%
composition of FC and CE was found in plasma LDLs of B6, 27% FVB/N, 13% 129/Sv). All mice in this study were
LDLr~"~ andACAT2'~ LDLr~'~ mice, both containing active  fed a chow diet. At each step of breeding, pups were screened
LCAT; however, plasma LDLs oECAT~ LDLr~'~ mice by PCR of genomic DNA 19). A single primer pair was
had a reduced percentage of CE and increased percentagesed to screen thepoE’~ mice (EKO-F, 5GTC TCG GCT
of FC (41). These data taken together indicated that LCAT CTG AAC TAC ATA G-3, and EKO-R, 5GCA AGA GGT
makes a significant contribution to the in vivo generation of GAT GGT ACT CG-3), which generated a 600 bp band
CE in apoB LPs and is responsible for the synthesis of nearly for the wild-type allele and a 1600 bp band for the targeted
all long chain polyunsaturated CE fatty acid species. allele. The primers used to screen gEA-I~~ mice were

It is well-known that the activity of LCAT depends on mAlI-F, 5-AGG TAA GTG CTG CTA CCT GCC-3 and
the presence of an apolipoprotein activator. The best activatormA-R, 5-GGA CAC ATA GTC TCT GCC GCT-3 which
of LCAT on recombinant HDL particles, which mimic  generated a 500 bp band for the wild-type allele and a 1500
nascent HDL in size and composition and on vesicles, is bp band for the targeted allele. The genotypeapbdA-I/-
apoA-I, although most water-soluble apolipoproteins will apoE’~ mice was confirmed by phenotypic analysis of
activate LCAT, albeit to a lesser degrég 20). Cheung et plasma for elevated total cholesterol concentration in the case
al. (21) demonstrated that LCAT-mediated cholesterol es- of theapoE’~ genotype and for the absence of mouse apoA-
terification occurred in human plasma devoid of apoA-l, after |, using Western blot analysis with anti-mouse apoA-I
removal of apoA-I by immunoaffinity chromatography, and antibody, in the case of thapoA-I-'~ genotype. All mice
we showed that LCAT activity remained in the plasma of used in this study were at least 24 weeks of age. Whole blood
apoA-I knockout miceZ?2), indicating that other physiologi-  was obtained by cardiac puncture of anesthetized mice
cal activators of LCAT were present in plasma. ApoE (ketamine, 50 mg/kg, and xylazine, 20 mg/kg) afée4 h

fast.

2| pX is defined as an abnormal lipoprotein which is presentin large  Lipid and Lipoprotein Analysislotal cholesterol (Roche),
amounts in individuals suffering from obstructive liver diseases. It exists free cholesterol (Wako), phospholipid (Wako), and triglyc—

as a bilayer vesicle of equimolar phospholipids and unesterified qjqa (Roche) concentrations in plasma or isolated lipoprotein
cholesterol containing small amounts of plasma proteins (mainly

albumin) in its internal agueous compartment together with some fractlon_s were determined by enzymatic assay following
apolipoproteins adsorbed on its surface. instructions from the manufacturer.
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Pooled plasma (506L) from B6, apoA-I7~, apoE’~, and
apoA-I~ apoE’~ mice was subjected to fast protein liquid
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to inhibit LCAT. The samples were injected onto FPLC
(Superose 6 and Superose 12 in series) to isolate VLDL,

chromatography (FPLC) fractionation on Superose 6 (1 cm LDL, and HDL fractions, which were then quantified for

x 30 cm) and Superose 12 (1 cw 30 cm) columns in
series to separate VLDL-, LDL-, and HDL-sized particles.
One milliliter of each lipoprotein fraction was subjected to
lipid extraction @7) with 5o-cholestane added as internal
control. The lipid extracts were dried undey, Missolved in
hexane, and analyzed for FC on a DB 17 -gkguid
chromatography columr2g). For total cholesterol analysis,

the amount of radiolabeled FC and CE as described above.
Cloning, Expression, and Purification of Carboxy-
Terminal Histidine-6 Tagged Mouse LCAT (mLCATHB)e
mMLCAT cDNA in pUC13 vector (pUC-mLCAT) was kindly
provided by Dr. Jake Lusis, UCLA. The mLCAT cDNA was
restricted from pUC13 b¥caRl digestion and ligated into
the pCMV5 expression vector (pCMV5-mLCAT). A mu-

the samples were incubated with 1 mL of 100% ethanol and tagenesis PCR was performed with a d@mplementary

200 uL of 8.9 N KOH at 60°C for 1 h. Then cholesterol

forward primer (5TCA GTC CTG GAA GGA CCA CT-

was extracted by adding 2 mL of hexane and 1 mL of water. 3') and a 3 reverse primer (5GC TCT AGA TTA ATG
After the extract was vortexed and centrifuged, the upper ATG ATG ATG ATG ATG TTC AGG GGG TGG C-3
phase (hexane) was transferred to a clean tube and drieddesigned to append the sequence for six carboxy-terminal

and the lipid extract was dissolved in a small volume of
hexane and analyzed for total cholesterol by-gagiid

chromatography. The FC and TC concentrations of VLDL,
LDL, and HDL in plasma were calculated as the fractional
distribution of FC and TC in each lipoprotein fraction

multiplied by the respective concentration in whole plasma.

Endogenous LCAT Assayndogenous LCAT cholesterol

histidine residues, a stop codon, and'aX8a restriction
site. The 700 bp PCR product was restricted vidtill and
Xbd, and the resulting 415 bp mLCATh6 fragment was
ligated into Bglll and Xba digested pCMV5-mLCAT
plasmid. To insert afccoR| digestion site downstream of
the mLCATh6 cDNA, an oligo linker (5CTA GAA GAA
TTC TT-3) was ligated intoXba digested pCMV5-

esterification rate (CER) in whole plasma was measured mLCATh6 plasmid. The mLCATh6 cDNA was then isolated
using a modification of the Stokke and Norum procedure from the pCMV5-mLCATh6 plasmid bycadrl digestion

(29). A tracer amount of 3H]-cholesterol in acetone was
added into a 50 mg/mL bovine serum albumin (BSA)
solution, and the acetone was evaporated undesélenty-
five microliters of plasma were incubated with the BSA
solution containing 3x 10f dpm of PH]-cholesterol on ice
overnight to allow the3H]-cholesterol tracer to equilibrate

and agarose gel purification and ligated iEcoRI-digested
pIRESneo vector (Clontech). Chinese hamster ovary (CHO)
cells were transfected with plIRESneo-mLCATh6 plasmid
by FUGENE 6 (Roche) to generate stable CHO cell lines
expressing mMLCATh6 as described previousBi)( The
procedure for purification of the mLCATh6 was same as

evenly across the entire spectrum of lipoproteins (similar FC that for hLCATh6 (1).

specific activity among lipoproteins was confirmed in pilot
studies). The sample was diluted to 300 with 0.2 M

phosphate buffer (pH 7.4) and divided into three aliquots.

Two aliquots were incubated at 37C for 30 min as
duplicates; the remaining aliquot was maintained &C4

Exogenous LCAT Assajwo types of exogenous LCAT
assays were used in this study. One type was performed using
recombinant HDL (80:5:1, 1-palmitoyl-2-oleoghglycero-
3-phosphocholine (POPC3H]-cholesterol/apoA-I) as sub-
strate and mouse plasmau(b) as enzyme source. The assays

as a control. All subsequent procedures were the same asvere performed with saturating levels of substrate (ig2

the exogenous LCAT assay described previous3g).(

Briefly, after incubation, the samples were placed on ice,

and lipid was extracted by the Bligh/Dyer method. The

of cholesterol per reaction) as described previou8g).(
Assay conditions were designed to minimize product inhibi-
tion by keeping CE product formatiorn20%.

extracted lipids were subjected to thin-layer chromatography Another type of exogenous LCAT assay was performed
(TLC) using a neutral solvent system to separate FC andusing similar-sized VLDL and LDL isolated from the plasma

CE radiolabel, which was then quantified by scintillation
counting as described previousl$0j. Endogenous LCAT

of B6, apoA-I7~, apoE"’~, andapoE~"~ apoA-I~ mice and
purified recombinant mouse or human LCAT with a car-

activity was expressed as percentage of FC esterifiedboxyl-terminal histidine tag as the source of enzyme. Pools

(calculated as CE/(CE- FC)) and as nanomoles of CE
formed per milliliter of plasma (calculated as plasma FC
concentrationx (%FC esterified/100%)) during the 0.5 h
incubation.

Endogenous LCAT CER on apoB LP particles was
measured in pooled plasma«8 mice) from B6,apoA-I/~,
apoE~’~, andapoA-I’~ apoE’~ mice. Five hundred micro-

of mouse plasma (412 mice) from each genotype were
made and quantified for FC concentration by enzymatic
assay. The pools were then incubated with a 50 mg/mL BSA
solution containing sufficientH]-cholesterol to radiolabel
each plasma pool to a specific activity of 70 600 000
dpmjug FC, based on the FC content of each plasma pool.
Radiolabel equilibration was allowed to continue overnight

liters of pooled plasma from each genotype were fractionatedon ice overnight in the presence of 5 mM DTNB to inhibit

into VLDL-, LDL-, and HDL-sized particles by FPLC, and
FC concentration in each fraction was determined by-gas
liquid chromatography. Another aliquot (3@Q) of the same

cholesterol esterification. The radiolabeled lipoproteins in the
plasma pools were then fractionated by FPLC as described
above. Fractions (56) were pooled in the VLDL and LDL

plasma pool was incubated with a BSA solution containing size range to minimize size heterogeneity. For LDL-sized

[®H]-cholesterol on ice overnight and then split into three

particles, lug of FC and 4.6:g of recombinant mLCATh6

aliquots. One aliquot remained on ice and served as control;were incubated at 37C for 30 min; for VLDL-sized

the other two aliquots were incubated at &7 for 1 or 2 h

particles, 0.5tg of FC and 2.3:g of recombinant mLCATh6

in 0.2 M phosphate buffer. After incubation, all samples were were incubated at 37C for 1 h. Incubations were performed

adjusted to 5 mM DTNB (5,&dithiobis-2-nitrobenzoic acid)

in LCAT assay buffer 30). For some assays;-116 pmol
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of purified recombinant human apeB2) or purified human
apoA-I 383) were incubated with VLDL-sized particles (2
ug of FC) from apoA-I'~ apoE”’~ mice in an exogenous
LCAT assay buffer mixture at 37C for 1 h to allow
apolipoprotein binding before recombinant human histidine-
tagged LCAT (hLCATh6) 84) was added into the mixture
for a 1 hincubation at 37C. Processing of the incubations
to quantify FC and CE radiolabel has been described
previously 80). To determine the extent of apolipoprotein
binding to VLDL during the incubation, the incubation
mixture containing 30 pmol of recombinant human apoE
or purified human plasma apoA-I per microgram of VLDL
FC was fractionated by FLPC and the VLDL fraction was
pooled for Western blot analysis as described below.

Mass Quantification of Apolipoproteins on Isolated VLDL
and LDL Particles.After the PH]-cholesterol radiolabeled
VLDL- and LDL-sized particles were isolated by FPLC, the
relative mass of apoA-l, apoE, apoA-IV, and apoB was
quantified by Western blot analysis. An equal amount of
apoB LPs (0.2ug of FC) from each genotype was mixed
with 29-radiolabeled BSA loading control, which was
radiolabeled by the ICI procedur8%). The samples were
subjected to protein precipitation using trichloroacetic acid
(7.5% final concentration on ice), and the protein pellet was
isolated by centrifugation at 18 009 g for 15 min. The
protein pellets were washed with 80% acetone/0.5 M Tris
base (pH 8), dissolved in SDS sample buffer, and analyzed
in duplicate on 420% (3-20% for apoB quantification)
SDS polyacrylamide gradient gel36). The proteins were
then transferred to a nitrocellulose membrane, and after the
129-radiolabeled BSA was visualized by phosphorimager
analysis, the membrane was blocked and probed with a
primary rabbit antibody. The following primary antibodies
were used to probe the blots: anti-mouse apoA-I (Biodesign),
anti-mouse apoE (Biodesign), anti-rat apoA-1V (provided by
Dr. David L. Williams), and anti-mouse ap@oo (Bio-
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Ficure 1: Exogenous (panel A) and endogenous (panel B) LCAT
assay of whole plasma from chow-fed C57BL/&poA-I/-,
apoE~~, and apoE’~ apoA-I/~ mice. Values are expressed as
mean+ SD (h = 3 per group): In panel A, exogenous LCAT

. . . activity was measured using whole plasma as LCAT enzyme source
design). The anti-mouse apgfaoo antibody was generated  anqd recombinant HDL (rHDL) as substrate. Values are expressed
using mouse B as antigen; therefore, its reactivity withd3 ~ as nmol of cholesterol ester (CE) formed/h/mL of plasma. In panel

or Bigo should be similar. The apolipoprotein bands were B, endogenous whole plasma LCAT activities were measured on

detected using?3-radiolabeled goat anti-rabbit antibody the same plasma samples used to generate the data in panel A,

. . . - after incorporation of 3H]-cholesterol. Each plasma sample was
(Biodesign) and analyzed using a phosphorimager (Typhoonassayed in duplicate. Endogenous LCAT cholesterol esterification

rate (CER) in whole plasma was expressed as fractional esterifi-
cation rate (FER) (the percentage of radiolabeled FC esterified
during 0.5 h incubation) and molar esterification rate (MER) (nmol
of CE formed/mL of plasma during 0.5 h incubation). MER is
calculated by multiplying FER by plasma FC concentration.

8600, Molecular Dynamics).

Immunoprecipitation of LDL-Sized Particles by Rabbit
Anti-mouse Al AntibodyAn equal amount of LDL (g of
FC) from B6,apoE’~, andapoA-I’~ mice was incubated
with rabbit anti-mouse apoA-I antibody (affinity-purified,
Biodesign) overnight, and the antibody was pelleted by
centrifugation after incubation with protein A agarose. The
pellets were boiled in SDS sample buffer, and the superna-
tants were separated on the- % SDS polyacrylamide
gradient gels. The protein bands were transferred to nitrocel-

lulose membranes, which were then exposed to primary goat

anti-human apoB antibody, followed by alkaline phosphatase
conjugated anti-goat IgG. The protein bands were visualized
by enzymatic reaction using 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and nitroblue tetrazolium (NBT) as
substrate.

RESULTS

The activation of LCAT by apoE is only about 20% that
of apoA-l when assayed on recombinant HDL substrate

particles 20). Our previous study suggested that apoE may
play an important role in the activation of LCAT on apoB
lipoproteins because there was a 4-fold greater content of
long chain polyunsaturated CEs, products of the LCAT
reaction, inLDLr~'~ mice compared witpoE~’~ mice, with

little difference in the PL fatty acyl substrate podlj. To
determine the physiological role of these apolipoproteins on
LCAT activation, we performed exogenous and endogenous
LCAT assays using plasma from B&poA-I7~, apoE"'",
andapoE’~ apoA-I~ mice (Figure 1). Exogenous LCAT
activity, using plasma as the enzyme source and rHDL as
substrate, is highly correlated with plasma LCAT enzyme
protein and is used as a surrogate of enzyme concentration
in plasma 87). Exogenous LCAT activity using plasma from
each genotype of mice as enzyme source was 86%, 65%,
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and 35% that of B6 plasma fapoA-I~—, apoE”’~, and
apoE’~ apoA-I’~ plasma, respectively (Figure 1A). The

A
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Plasma FC concentration

ENVLDL

endogenous LCAT assay measures LCAT cholesterol es- d 7 =
terification rate (CER) in whole plasma (Figure 1B), which g :z_ % i
can be expressed as fractional esterification rate (FER) or E %

molar esterification rate (MER). The FER is the percentage o 407 %

of radiolabeled FC converted to CE in a 30 min incubation, g 307 %

whereas the MER is calculated by multiplying the FER by E 201 %

the plasma FC concentration (Table 1). BaffoA-I~'~ and 2 10 %

apoE’~ plasma had reduced FER (me#nSD; 11.0%z 0- 7

1.0% FC esterified and 3.2%t 0.2% FC esterified,
respectively) compared to B6 plasma (19.9%1.0% FC
esterified). The FER ofpoE’~ apoA-I7~ plasma (0.32%
+ 0.08% FC esterified) was less than 2% that of the B6
mice, and the MER ofapoE’~ apoA-I’'~ plasma was

reduced to about 7% that of the B6 plasma #.2.7 nmol B Molar Esterification Rate
CE/mL of plasma vs 133.F 3.8 nmol CE/mL of plasma). E 20 EEVLDL
This dramatic reduction in CER #&poA-I"~ apoE "~ plasma E Y77 DL
could not be fully explained by a decrease in plasma LCAT, % 15+ 7
since the exogenous LCAT activity @fpoA-I'~ apoE’~ g g % 7
plasma remained that of B6 plasma (Figure 1A). These S & 10 % %
combined results indicate that apoE and apoA-I are the only 8 . 7 % %
major activators of LCAT in mouse plasma. 5 5 7 % % %
The endogenous LCAT CER on apoB LPs was also £ % % 4 %
measured using pooled plasma from BppA-I7~, apoE~"'~, b Wl R T R '
and apoE”’~ apoA-I’~ mice (Figure 2). One aliquot of 4@\> Qov‘ Qéo <lf:?'
pooled plasma was used to determine the free and esterified P ¥ b @ ”
cholesterol distribution among the VLDL-, LDL-, and HDL- &

sized LPs for each genotype (Table 1). After incubation of

the plasma pools radiolabeled withH]-cholesterol, DTNB c

was added to stop the LCAT reaction. The LPs were Pk Esterification Rate
separated by FPLC, extracted by the Bligbyer method, L EEVLDL 2hr
and quantified for the amount of radiolabled FC and CE. In e b // DL 1he
mice lacking apoE, the VLDL and LDL FC concentration "qE, 8- %

in plasma was approximately 100- and 20-fold higher, ® 6 . %

respectively, than that of mice with apoE (Figure 2A). As rd 4 % %

shown in Figure 2B,C, greater MER (6.9 nmol CE/mL of t'; % %

plasma/h) and FER (10.6% FC esterified/h) were found for i = % %/; %

LDL-sized LPs fromapoA-I~'~ mice compared to those from

B6 mice control (5.0 nmol CE/mL of plasma/h and 5.9% Q,\>‘° o\ﬁ & O\S
FC esterified/h, respectively). This suggested that apoA-I (,é\ R * R
might not be the major LCAT activator on apoB LPs in Qé"
mouse plasma or that the presence of another apolipoprotein, o
perhaps apoE, could easily compensate for the lack of apoA- Genotypes

I. The FER of LDL fromapoE~”~ mice (0.99% FC esterified/
h; Figure 2C) was only/s that of the B6 LDL; however,
the MER (16.2 nmol CE/mL of plasma/h; Figure 2B) was
around 3 times that of the B6 LDL. This apparent contradic-
tion is explained by the 19-fold higher FC concentration in
LDL of apoE”~ mice, compared to B6 mice (Figure 2A).
Deleting apoA-l from apoE-deficient LDLsapoA-I~
apoE’") did not lead to a further reduction of FER and led
to only a slight decrease in MER (12 vs 16 nmolf{ib)).

Ficure 2. Endogenous LCAT cholesterol esterification rate on
apoB LPs in plasma of C57BL/@poA-—, apoE"~, andapoE '~
apoA-I'~ mice. In panel A, pooled plasma (5@Q) from each
genotype of mice was used to FPLC fractionate lipoproteins and
determine FC concentration of VLDL and LDL as described in
the Experimental Procedures section. Panel B presents the molar
esterification rate of VLDL and LDL in plasma. Whole plasma
was radiolabeled with®H]-cholesterol at £C overnight and then
incubated at 37C for 1 h. After incubation, VLDL and LDL were
fractionated from plasma incubations by FPLC to determine the

The MER and FER for VLDL showed a similar trend as amount of radiolabeled FC and CE in each lipoprotein fraction.
Values are the mean of duplicate assays. Panel C presents the

that fior LDL for a_II .the gehotypes. The lower FER, o.f'apoB fractional esterification rate of VLDL and LDL in plasma. Same
LPs in apoE-deficient mice suggested the possibility that procedure as that in panel B was used, except one plasma sample
apoE serves as an important physiological activator for was incubated fol h at 37°C (LDL) and another was incubated
LCAT cholesterol esterification on apoB LPs. for 2 h (VLDL). Values are the mean of duplicate assays.
Interpretation of the endogenous LCAT assay results in
whole plasma is confounded by several variables in addition exogenous LCAT assay (Figure 1A), was different among
to the presence or absence of different apolipoprotein all genotypes. Second, apoE-deficient mice have much higher
activators. First, plasma LCAT concentration, estimated by VLDL and LDL FC concentration than the B6 armgboA-
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FIGure 3: Isolation of similar-sized radiolabeled VLDL and LDL

particles from mouse plasma. Pooled plasma samples from C57BL/

6, apoA--, apoE~"~, andapoE~"~ apoA-I/~ mice were incubated
overnight at 4°C with DTNB (5 mM final concentration) and a
BSA solution containing®H]-cholesterol. The plasma samples were
then fractionated by FPLC. The amount &fi[-cholesterol added

to each plasma sample was adjusted to result in similar FC specific

activity (70 006-100 000 dpmig), based on the assayed FC

Zhao et al.

were similar. The lipid core-to-surface ratio ((T6 CE)/
(PL 4 FC)) was similar for LDLs among the four genotypes,
suggesting that LDL particle size was similar among the
pooled LDL fractions. The LDLs fromapoE’~ andapoE "/~
apoA-I~ mice contained a lower percentage of TG in the
core compared to LDLs from B6 arapoA-I’~ mice. The
esterified cholesterol to total cholesterol ratio (EC/TC) was
similar forapoA-I~, apoE’~, andapoE’~ apoA-I”~ mice,

but was slightly lower for the B6 mice. The VLDL isolated
from apoE~’~ andapoE~"'~ apoA-I~ mice had EC/TC ratios
that were around 2-fold greater than those of B6 apdA-
=~ mice. The major core lipid was CE for VLDL from
apoE’~ andapoE’~ apoA-I’~ mice, whereas TG was the
major core lipid for VLDL of B6 andapoA-I/'~ mice.
Compared to B6 andipoA-I/~ mice, the apoE’~ and
apoE"’~ apoA-I”~ mice had a higher percentage of surface

concentration of each plasma sample. Because of the largelipid constituents in VLDL, which resulted in a reduced (TG
differences in FC concentration among the four genotypes (Table + CE)/(PL+ FC) ratio and suggested a smaller average size

1), different aliquots of individual FPLC fractions were taken for
liquid scintillation counting so that the radioactivity elution profile
of all four genotypes would be similar in magnitude; thus, in this
figure, the radiolabel elution profile is not proportional to FC

for these particles compared to those from B6 apdA-
I~ mice.
The CER of purified recombinant mLCATh6 with LDL

concentration in plasma. The indicated fractions for VLDL and LDL

were pooled for subsequent analysis. (1 ug FC) from each genotype is shown in Figure 4A. The

CER of LDL from B6 andapoA-I"~ mice was 5.67%t
0.9% and 6.32% 0.11% FC esterified/30 min, respectively;
whereas the values for LDL frompoE’~ and apoE’~
apoA-I'~ mice were lower, 1.16% 0.1% and 1.07%t
0.02% FC esterified/30 min, respectively. Compared with

I~/ mice (Figure 2A). Third, the lipid composition and
particle size of the apoB LPs may vary among the different
genotypes. To control for these confounding variables, we
performed exogenous LCAT assays using purified recom- o =
binant mLCATh6 and apoB LPs isolated from the plasma |DL from B6 andapoE ™ mice, LDLs fromapoA-I"~ mice

of B6, apoA-I"-, apoE"~, andapoE "~ apoA-I"~ mice. The cont{ilned no a.ploA-.I but were still able to s.u.pport LCAT-
apoB LPs, radiolabeled witfiHi]-cholesterol, were separated med|ated. esterification. However, apoE-deficient LDL par-
by FPLC, and fractions were pooled over a narrow elution ticles derived fromapoE™~ andapoE’~ apoA-I"~ had'/e
range to minimize size differences of VLDL or LDL among the LCAT reaCtiVity observed with LDL partiCles from B6
the four genotypes. Figure 3 shows the FPLC column elution &nd apoA-I~ mice. Similar results were observed with
of [*H]-cholesterol and the fractions pooled for subsequent VLDL-sized particles (Figure 4B), although the CERs were
analysis. The lipid composition of these LDL and VLDL less than those observed with LDL. Our data suggest that
fractions is shown in Tables 2 and 3, respectively. In general, apoE might be more important than apoA-I for activation
the lipid compositions of LDLs from different genotypes of LCAT on apoB LPs.

Table 1: Cholesterol Concentration of Whole Plasma and Lipoprdteins
C57BL/6 apoA-I-
LDL HDL plasma VLDL LDL HDL plasma VLDL

apoE’~
LDL

apoE '~ apoAl '~
HDL plasma VLDL LDL

plasma VLDL HDL

TC 6427 0.61 697 56.70 30.32 1.02 8.03 21.27 336.62 158.71 155.00 22.91 227.53 120.66 105.51 1.37
FC 17.16 045 3.27 13.44 9.79 045 251 6.83 12567 55.28 6355 6.84 8522 4128 43.66 0.28
EC 47.11 0.16 3.70 4326 2054 057 552 1445 210.95 103.43 9145 16.07 14231 79.38 61.84 1.09
EC/TC 0.73 0.26 053 076 0.68 056 0.69 0.68 0.63 0.65 0.59 0.70 0.63 0.66 0.59 0.80

@ Plasma pools were obtained from 22 chow-fed mice of the indicated genotypes. Plasma VLDL, LDL, and HDL were isolated by FPLC. The
free and esterified cholesterol was measured by GC as described in the Experimental Procedures section. Values are the mean of duplicate
determinations and are expressed as mg/dL, except for the EC/TC ratie.td@l cholesterol; FG= free cholesterol; EG- esterified cholesterol.

Table 2: Lipid Composition of Isolated LDL-Sized Partidles
fractional lipid composition (%)

genotype FC CE TG PL EC/TC TG/(CETG) (TG + CE)/(PL+ FC)
C57Bl/6 13.7 28.9 29.4 28.0 0.557 0.504 1.394
apoA-1- 125 33.2 27.4 27.0 0.614 0.452 1.536
apoE '~ 17.9 49.2 6.3 26.6 0.623 0.114 1.249
apoE /- apoA-I- 18.4 46.4 7.1 28.0 0.602 0.133 1.154

a| DL-sized particles were pooled from the FPLC fractions as indicated in Figure 3. Chemical assays were performed by enzymatic assays as
described in the Experimental Procedures section=Tttal cholesterol; FG= free cholesterol; EG= esterified cholesterol; TG triglyceride;
PL = phospholipid. Values are the mean of duplicate assays.{TCE)/(PL+ FC) is an estimate of the core-to-surface ratio, assuming most of
the FC is in the surface of LDL.
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Table 3: Lipid Composition of Isolated VLDL-Sized Particles
fractional lipid composition (%)

genotype FC CE TG PL EC/TC TG/(CETG) (TG + CE)/(PL+ FC)
C57BL/6 5.6 2.9 76.4 15.1 0.241 0.963 3.851
apoA-I~ 8.8 5.9 66.5 18.7 0.287 0.918 2.631
apoE '~ 17.9 53.7 7.4 20.9 0.643 0.122 1.575
apoE’~ apoA-I- 19.3 52.3 45 23.9 0.618 0.080 1.314

aVLDL-sized particles were pooled from the FPLC fractions as indicated in Figure 3. Chemical assays were performed by enzymatic assays as
described in the Experimental Procedures section=Tttal cholesterol; FG= free cholesterol; EG= esterified cholesterol; TG triglyceride;
PL = phospholipid. Values are the mean of duplicate assays.TCGE)/(PL + FC) is an estimate of the core-to-surface ratio, assuming most of
the FC is in the surface of LDL.

LDL Substrate the LDLs fromapoE’~ andapoE”’~ apoA-I~ mice. For

VLDL particles, apoBs was the primary apoB form for all

>

B the genotypes. Compared to B6 mie@oE’'~ mice had a
€. 2-fold increase of apoA-I content on both LDL- and VLDL-

ﬁ E sized LPs (Figures 5A and 6A). Despite the increased apoA-I
oo content on VLDL and LDL particles in apoE-deficient mice,
5 it could not compensate for the low LCAT activity associated
= with apoE-deficient particles (Figure 4). This suggested that

apoA-I might not be able to activate LCAT on apoB LPs as
efficiently as it does on the HDL and that apoE might be a
better activator for LCAT on apoB LPs. The LDLs from
apoA-I'~ mice contained about 60% of the apoE content of
LDLs from B6 mice, whereas apoE content of VLDL-sized
LPs was similar betweempoA-I7~ and B6 mice. The apoA-

IV content was low on most of the isolated apoB LPs except
the LDLs fromapoE~’~ apoA-I’~ mice, which showed an
8-fold increase of apoA-IV content compared apoE~"'~
LDL. However, the striking increase in apoA-1V apoE/~
apoA-I~ LDL did not result in any detectable increase in
LCAT activation (Figure 4A). The enrichment of apoA-IV
on VLDL of apoE™”~ apoA-I’~ mice compared witapoE "~
mice was less striking (Figure 6C) than that observed for
LDL (Figure 5C) but was associated with an increase in
LCAT activity (Figure 4B; 0.54%+ 0.07% vs 0.33%t
0.04% per hour forpoE '~ apoA-I'~ andapoE~’'~, respec-
tively).

One possibility that we considered was thatdBnay be
FIGURE 4: Exogenous LCAT assays using isolated VLDL- and an activator of LCAT and its presence on LDL particles in
LDL-sized particles as substrates. Plasma from the indicated B6 and apoA-I’~ mice may explain the higher LCAT
genotypes of mice was radiolabeled withi]-cholesterol overnight reaction rates. To formally test this possibility, we compared

% of FC esterified
in 1hr

Genotypes

at 4°C and then fractionated by FPLC to obtain similar-sized VLDL
and LDL particles for all four genotypes of mice (see Figure 3).
The VLDL and LDL were then incubated with purified recombinant
mLCAThG, and the amount of CE formation was determined. The
values represent the mean SD of triplicate determinations. In
panel A, LDL-sized particles (kg FC) were incubated with 4.6
ug of recombinant mLCATh6 at 37C for 30 min. In panel B,
VLDL-sized particles (0.5tg FC) were incubated with 2,39 of
recombinant mLCATh6 at 37C for 1 h.

We also compared the relative amount of apolipoproteins
on the isolated LDL- (Figure 5) and VLDL-sized LPs (Figure

the exogenous LCAT activity on isolated LDLs from
apoByronly apoE’~ mice vs Bgonly apoE’~ mice. In

the absence of apoE on apoB LPs, the LDL containing only
apoByy had a lower CER (0.95% 0.065% FC esterified/
30 min) compared to LDL containing only apg1.81%

=+ 0.024% FC esterified/30 min). Therefore, it seems unlikely
that apoBoo plays a role in the LCAT activation.

Although the results in Figures 5 and 6 demonstrate the
presence of apoA-I and apoE in our isolated VLDL and LDL
fractions, the data do not address whether these apolipopro-

6) from each genotype using Western blot analysis. As shownteins are actually bound to apoB-containing particles. Avail-

in Figures 5D and 6D, the relative amount of apoB on LDL
or VLDL particles was similar among all the genotypes. This
result indicated that the number of apoB lipoprotein particles
and the FC content per particle were similar in the LCAT

able evidence in the literature supports the presence of apoE
on VLDL and LDL particles using immunoaffinity separation
techniquesZ5, 38, 39). In addition, human LDL incubated
with cultured Y1 adrenocortical cells expressing human apoE

assays, since substrate addition in assays and sample loadingas shown to contain one molecule of apoE per LDL particle

of SDS-PAGE gels was made based on FC content. AppB
was the dominant apoB form on LDLs from B6 aagoA-
I/~ mice, whereas apoBwas the dominant apoB form on

(40). However, the presence of apoA-I on LDL particles is
less certain. One potential explanation for the better activation
of LCAT by apoE compared to apoA-l is that apoE is
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Ficure 5: Comparison of apolipoproteins on LDL-sized particles from C57BhffA-I-, apoE~’~, andapoE"~ apoA-I'~ mice. An

equal amount of LDL FC (0.2g) from each genotype was mixed witffl-labeled BSA loading control; the proteins were precipitated

with TCA and then separated or-20% SDS polyacrylamide gradient gels. After electrophoresis, the proteins were transferred to nitrocellulose
membranes and thé3-radiolabeled BSA was visualized by phosphorimager analysis. The membrane was then blocked and probed with
the primary antibody as described in the Experimental Procedures section. The apolipoprotein bands were dé&kctadiblabeled
secondary antibody and phosphorimager analysis. The density of each band was quantified as arbitrary units, and the mean density of
duplicate blots is plotted. Panel A shows the mouse anti-apoA-I blot, panel B the mouse anti-apoE blot, panel C the mouse anti-apoA-1V
blot, and panel D the mouse anti-apoB blot.

associated with LDL particles, whereas apoA-I is on non- apoB-containing particles in the LDL fraction and would
LDL particles (i.e., contaminating HDL). To address this potentially be available to activate LCAT.

issue in our study, we performed immunoprecipitation of our  To directly test the hypothesis that apoE is a better
isolated LDL particles with antibody directed against mouse activator of LCAT than apoA-lI on apoB LPs, we added
apoA-l, separated the immunoprecipitated proteins by-SDS increasing amounts of human apo& human apoA-I to
PAGE, transferred the separated proteins to nitrocelluloseVLDL, isolated from the plasma afpoE’~ apoA-I~ mice
membranes and probed the blot with anti-apoB antiserum. by FPLC. The samples were incubated foh at 37°C to

As shown in Figure 7, LDL particles isolated from B6 and allow the added apolipoproteins to bind to the VLDL
apoE’~ mice were immunoprecipitated with anti-mouse particles before addition of recombinant hLCATh6; the
apoA-| antibodies, whereas LDL particles frompoA-i~— samples were then incubated at°€7for 1 h toallow LCAT-
mice were not, suggesting that apoA-l was associated with mediated CE formation. The LCAT activity results are shown
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FiIGURE 6: Comparison of apolipoproteins on VLDL-sized particles from C57BhfyA-I~, apoE"/~, andapoE~’~ apoA-I'~ mice. The
experimental procedures are the same as those for Figure 5. Panel A shows the mouse anti-apoA-I blot, panel B the mouse anti-apoE blot,
panel C the mouse anti-apoA-1V blot, and panel D the mouse anti-apoB blot. A C57BI/6 LDL sample was added as an additional control
in panels A, B, and D; mouse apoA-t¥ plasma was run as a negative control in panel C.

in Figure 8 as function of the picomoles apolipoprotein per VLDL particles from the 30 pmol of apolipoproteirg of
microgram of VLDL FC. The CE formation rate for apoA- FC incubation were reisolated by FPLC.

I- and apoE-deficient VLDL particles was 0.38%0.026%

FC esterified/h. When recombinant human ape@s added, ~ PISCUSSION

the CER was increased by more than 3-fold to 1.32% Previous studies have shown that human LCAT acts
0.088% FC esterified/h (at 30 pmol of hizg/of FC), which directly on apoB LPs to generate CE1( 12). Studies in
was similar to the CER observed with VLDL particles mice have also suggested that a significant amount of CE in
isolated from B6 mice (Figure 4B). However, the increase apoB LPs is the direct product of the LCAT reactidid,

in cholesterol esterification with equimolar addition of apoA-l1  41). Because LCAT requires activation by an apolipoprotein,
was less remarkable and resulted in an 80% increase (0.69%he purpose of the present study was to determine which of
+ 0.04% FC esterified/h) in LCAT activity compared with  the several apolipoproteins in apoB LPs was responsible for
no apoA-| addition. This difference in cholesterol esterifi- the activation of LCAT. In exogenous LCAT assays using
cation rate could not be attributed to less apoA-I binding to synthetic HDL substrate particles or vesicles, apoA-l was
VLDL compared to apoE because similar amounts of apoE the most efficient activator, but apoE had-1480% of the
(31.2% of total mass) and apoA-l (41.4% of total mass) were activating potential of apoA-I, depending on the substrate
found associated with VLDL by Western blot analysis after particle @2). On the basis of this observation, we hypoth-
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FiGure 7: Immunoprecipitation of FPLC-isolated LDL particles
with rabbit anti-mouse A-1 antibody. An equal amount of LDL (1
ug FC) from C57BL/6 (lane 1)apoE~~ (lane 2), ancapoA-/~
(lane 3) mice was immunoprecipitated with rabbit anti-mouse
apoA-I antibody (affinity-purified), and the immunoprecipitated
proteins were separated on the-Z% SDS polyacrylamide
gradient gels. TCA-precipitated LDL (0 FC) from C57BL/6
(lane 4) anchpoE"'~ (lane 5) mice were used as markers for apoB48
and apoB100 migration. The protein bands were transferred to

nitrocellulose membranes, which were then exposed to primary goat

anti-human apoB antibody, followed by alkaline phosphatase
conjugated anti-goat antibody. The protein bands were visualized
by enzymatic reaction using BCIP and NBT as substrate.
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Ficure 8: Cholesterol esterification rate of human LCAT with
VLDL-sized particles fromapoE/~apoA-I~~ mice in the presence

of added human for apoA-I. Increasing amounts of recombinant
human E or plasma purified human apoA-1 were incubated with
VLDL (2 ug FC) at 37°C for 1 h. Recombinant hLCATh6 was
then added to the tubes, the mixtures were incubated &€ 3a@r

1 h, and the samples were then processed as described fo
exogenous LCAT assays in the Experimental Procedures section

The results are expressed as % FC esterified/h and plotted agains'

pmol of apolipoprotein addedd of VLDL FC. The values are the
mean+ SEM of triplicate assays.

esized that apoA-I and apoE may be the major apolipopro-
teins involved in LCAT activation on apoB LPs. Our
experiments resulted in several novel and important findings.
First, endogenous LCAT CER was extremely low in the
plasma ofapoA-I~'~ apoE’~ mice, suggesting that apoA-I
and apoE are the only physiological activators of LCAT and
that other apolipoproteins in the apoB LP fraction, including
apoA-IV, are not as efficient at LCAT activation. Second,
apoE deficiency on apoB LPs led to a dramatic reduction of
LCAT-mediated esterification, but apoA-I deficient apoB LP
particles had LCAT CERs similar to or greater than those

Zhao et al.

for apoB LPs isolated from wild-type mice. Third, adding
recombinant human apeHo incubations of VLDL from
apoA-I'~ apoE’~ mice and human recombinant LCAT
resulted in a 3-fold increase in CE formation, to a level
similar to that observed for VLDL from B6 mice, whereas
addition of an equimolar amount of human apoA-I resulted
in a more modest 80% increase. Thus, on apoB LPs, apoE
is a major physiological activator of LCAT and plays a more
important role than apoA-I in activating the LCAT reaction.

Two types of assays have been used to measure LCAT
activity in our study, exogenous and endogenous. The
exogenous assay has been used extensively because it has
the advantage of using a uniform substrate, which eliminates
some of the variables associated with the endogenous assay,
such as substrate concentration, lipid composition, and
apolipoprotein composition. Our results were very consistent
for both assays in showing that apoE is the preferred activator
of LCAT on apoB LPs. The FER of whole plasma (Figure
1B) and apoB LPs isolated from whole plasma (Figure 2B),
as well as exogenous assays using isolated VLDL and LDL
particles with purified LCAT (Figure 4), all supported the
role of apoE in LCAT activation. In addition, add-back
experiments demonstrated a greater activation of human
LCAT by human apok compared to human apoA-l on
VLDL particles (Figure 8). Our experimental data rule out
the trivial explanation that apoA-I was not as efficient at
activating LCAT on apoB LPs compared to apoE because it
could not bind to VLDL and LDL particles. For instance,
more apoA-l was found associated with VLDL and LDL
particles inapoE~’~ mice compared to B6 controls (Figures
5 and 6), but apoB LPs frorapoE”~ mice had low /g
that of B6 mice) LCAT-mediated cholesterol esterification
rates (Figure 4). ApoA-l was also found in association with
apoB particles in plasma by immunoprecipitation (Figure 7).
Finally, human apoA-1 added to incubations of VLDL from
apoE’~ apoA-I”~ mice bound as well as equimolar additions
of human apoEbut failed to stimulate human recombinant
LCAT esterification to the same extent as ap@Egure 8).
These data are consistent with the conclusion that activation
of LCAT on apo B LPs was more robust and specific for
apoE than for apoA-I.

Based on the whole plasma exogenous and endogenous
LCAT assays (Figure 1), apoA-l and apoE are the predomi-
nant physiological activators in mouse plasma for LCAT
cholesterol esterification. Potentially, apoE and apoA-I may
substitute for one another in LCAT activation when either
'one is missing from plasma as a result of gene targeting or
gutations that affect the activation of LCAT. However,
deleting apoA-I from apoB LPs (i.eapoA-I~~) did not alter
LCAT reactivity (Figures 4-6), whereas deleting apoE from
apoB LPs resulted i 2-fold increase of apoA-l content,
but this could not rescue LCAT activity. These data indicated
that apoA-I is relatively ineffective at activating LCAT on
apoB LPs and cannot substitute for apoE in this role. Besides
the absence of apoE, the apoB composition was also altered
on LDL from apoE”’~ and apoE”’~ apoA-I’~ mice com-
pared to B6 andapoA-I’~ mice. ApoB, which is the
primary apoB on VLDL particles in all four genotypes
(Figure 6D), became the predominant apoB on LDL particles
from apoE~~ andapoE~~ apoA-I'~ mice, rather than By,
which is the predominant form on LDLs from B6 aadoA-

I~ mice (Figure 5D). However, apoE-deficient LDL
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containing only apoly, had a lower, not higher, CER
compared with apoE-deficient LDL containing only apeB
making it unlikely that apoByo plays a role in LCAT
activation.

Biochemistry, Vol. 44, No. 3, 2005.023

demonstrated that size, shape (sphere or disk), and the core
lipid content of the synthetic HDL particles affects the
secondary structure and net surface charge of apoA-l on
lipoprotein particles49, 50). On discoidal HDL without a

There are several other factors besides apolipoproteinneutral lipid core or small spherical HDL with a small lipid
content that could influence LCAT CER on apoB LPs. These core, the conformation of apoA-l appears favorable for
include (1) lipoprotein particle size, (2) PL fatty acid LCAT activation. However, on larger LP particles, such as
composition, (3) sphingomyelin content, and (4) core lipid LDL, with a larger neutral lipid core, the folding and
content. We isolated VLDL and LDL particles of similar organization of apoA-I may preclude its activation of LCAT,
size by FPLC from the study mice to perform exogenous whereas the conformation of apoE may be more favorable
LCAT assays and showed that the activation differential for activation.
between apoA-l and apoE was retained with particles of Activation of LCAT by apolipoproteins may involve
similar size (Figure 4). The similarity in core to surface lipid protein—protein interactions that lead to increased activity,
ratio of isolated LDL particles (Table 2) suggests that our or alternatively, the apolipoprotein may help present mon-
separation procedure did result in similar size particles. The omeric substrate molecules from the surface of lipoprotein
ratio was more variable in VLDL particles, likely reflecting particles to the active site of the enzyme. If LCAT activation
the diminished resolving power of the FPLC column near occurs by direct contact with apolipoproteins, our data are
the void volume. Previous studies have shown that LCAT compatible with the hypothesis that apoA-l and apoE bind

activity is affected by the fatty acyl composition of the PL
substrate pool in LP particles. However, we have shown in
a prior study that plasma apoB LP PL fatty acid composition
is similar for B6 andapoE "'~ mice (19) and cannot explain
the marked difference in LCAT-mediated cholesterol esteri-
fication of apoB LP particles isolated from these two mouse
strains (Figure 4). We also found that LDL PL fatty acid
composition was similar among all four genotypes in this

to different regions of LCAT, based on the activity profile
of FED patients. FED patients have normal LCAT activity
on LDL particles, but no activity on HDL particles. Based
on our findings, we speculate that FED LCAT has a defect
in interacting with apoA-I, but not apoE. As a result, apoA-I
would not activate LCAT on HDL nor LDL; however,
esterification activity would be maintained on LDL through
activation by apoE. Peelman et ablf, using a molecular

study (data not shown). The phospholipid headgroup can alsomodel of LCAT based on structural homology with lipases,

affect LCAT activity. Sphingomyelin (SPM) has been shown
to inhibit LCAT activity in recombinant HDL43) and LDL
particles 44). Subbaiah and Liu4®) reported that after a
5-fold enrichment of HDk with SPM (SPM/PC ratio 0.14
to 0.73), LCAT activity was inhibited by 50%. LDL from
apoE’~ mice have a 2-fold enrichment in SPM (0.36)
compared with B6 mice (0.18%6). Therefore, the magnitude
of SPM enrichment in apoB LPs @poE”~ and apoE~’'~
apoA-I~ mice could not explain the marked decrease in
LCAT activity of VLDL and LDL particles in our study
(Figure 4). Another possible explanation for divergent LCAT
activities for apoB LPs among the four genotypes of mice
could be due to differences in particle core composition. An

propose that most mutations in FED are localized on the
outer hydrophilic surface of the amphipathic helical seg-
ments, which they hypothesize may be involved in the
interaction with apoA-l. This interaction may be disrupted
in FED, but the binding of apoE to a different region of
LCAT may be preserved, resulting in enzyme activation.
HDL concentrations were reduced to 40% of normal in
apoA-I'~ andapoE’~ mice compared to B6 controls, but
HDL concentrations impoE '~ apoA-I7~ mice were 2% of
normal (Table 1). Thorngate et ab3) recently reported that
lipid-poor apoA-IV (in the HDL fraction) is the primary
acceptor for the increased ABCA1-mediated FC efflux in
apoE’~ apoA-I'~ mouse serum, in which apoB LPs had

enrichment in LP core CE content has been reported to resultbeen removed by poly(ethylene glycol) precipitation. How-

in product feedback inhibition of the enzym&ry. However,
the similar LDL EC/TC ratios among the four genotypes of
mice makes this explanation unlikely (Table 2). Spherical
synthetic HDL containing increased TG content relative to
CE showed reduced activity with LCAT regardless of the
size or relative content of the substrate partick®).(Thus,

the reduced amount of TG core lipid in the apoB LPs from
apoE’~ andapoE"’~ apoA-I~ mice should not result in a
decreased LCAT CER in these particles. In summary, we
believe that the reduced apoE content of LDL particles from
apoE’~ andapoE~’~ apoA-I7~ mice is responsible for the
low LCAT CER compared LDLs from B6 andpoA-i~~
mice.

ApoE is only 1718% as effective as apoA-| at activating
LCAT on synthetic discoidal HDL patrticles; however, on
larger apoB LP particles with a lipid core, our data
demonstrate that apoE is more effective than apoA-l in
LCAT activation. The molecular explanation for this change
in activation potential is unknown but may be related to the
apolipoprotein conformation differences between small dis-

ever, we could not detect any cholesterol esterification in
the HDL fraction of apoE”’~ apoA-I”~ mice (data not
shown), suggesting that no other apolipoproteins could
substitute for apoA-I or apoE activation of LCAT in the HDL
fraction. Although apoA-IV has been shown to activate
LCAT on the synthetic substrate particles3), our data
indicated that apoB LP particles containing apoA-IV from
apoE’~ apoA-I~ mice did not stimulate LCAT esterifica-
tion in LDL particles (Figure 4A) or modestly stimulated
esterification in VLDL particles (Figure 4B) compared to
particles containing apoE, even though there was a large
increase in apoA-1V mass on apoB LPs (Figures 5C and 6C)
of apoE~’~ apoA-I'~ mice. Mouse apoA-I and apoE bound
to apoB LPs might share some similarities in the tertiary
structure, different from apoA-1V and other exchangeable
apolipoproteins, which contribute to LCAT activation in this
LP fraction.
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