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ABSTRACT. It is believed that HDL protects against atherosclerosis by removing excess cholesteryl esters
from cells of the artery wall. Previous studies have suggested that HDL depletes cells of cholesteryl
esters both by stimulating cholesterol efflux from the plasma membrane and by activating transport processes
that divert cholesterol from the cholesteryl ester cycle, but it is unknown if these are independent processes.
We previously found that HDL oxidized by tyrosyl radical has a markedly enhanced ability to promote
the removal of cholesterol from cultured cells [Francis, G. A., et al. (1898%. Natl. Acad. Sci. U.S.A.

90, 6631-6635]. Here we show that incubation of cholesterol-loaded human fibroblasts with low
concentrations of tyrosylated HDL depleted cells of cholesteryl esters and increased cellular free cholesterol
without increasing efflux of cholesterol into the medium as compared to incubation with untreated HDL.
Cells preincubated with tyrosylated HDL and then exposed to a variety of cholesterol acceptors exhibited
significantly higher rates of free cholesterol efflux than did cells preincubated with HDL. This effect
was observed in the presence or absence of an inhibitor of acyl CoA:cholesterol acyltransferase (ACAT)
and was independent of cholesteryl ester hydrolysis, suggesting that alterations in cholesteryl ester cycle
enzymes were not responsible for the loss of cholesteryl esters. In contrast to the reduction of cholesteryl
esters, the rates of cholesterol and phospholipid efflux from the plasma membranes of cells exposed to
tyrosylated HDL and HDL were identical. These results suggest for the first time that a mechanism
exists to deplete cellular cholesteryl esters and the cholesterol substrate pool for esterification by ACAT
prior to the removal of cholesterol from the plasma membrane. Identification of products in tyrosylated
HDL responsible for this redistribution of cellular cholesterol may provide important insights into
mechanisms of intracellular cholesterol trafficking and the ability of modified forms of HDL to protect
the artery against wall pathological cholesterol accumulation.

The striking inverse relationship between levels of high- cholesterol:phospholipid ratio in the acceptor particle are
density lipoprotein (HDL) and atherosclerotic disease is felt lower than those in the plasma membrane (Phillips et al.,
to be due in part to the ability of HDL to promote the removal 1980; Rothblat & Phillips, 1982; Johnson et al., 1991). The
of cholesterol from peripheral tissues, the first step in a second model proposes an additional specific interaction
pathway referred to as reverse cholesterol transport (Glomsetbetween HDL and the cell surface that actively promotes
1968). The mechanisms by which HDL removes cholesterol cellular cholesterol excretion (Oram et al., 1983; Theret et
from cells are not fully understood. Two principal models al., 1990; Mendez et al., 1991). This interaction depletes
have been proposed. The first is the nonspecific passivecells of the substrate pool of cholesterol available for
exchange of free cholesterol through the aqueous phasessterification by acyl-CoA:cholesterol acyltransferase (the
separating the donor plasma membrane and acceptor particleACAT substrate pool or “ACAT-accessible” cholesterol), and
(Hagerman & Gould, 1951), with net excretion occurring s dependent on the presence of intact HDL apolipoproteins
when the concentration of free cholesterol and the free (Oram et al., 1991). This effect can also be induced by
synthetic amphipathic helical peptides that mimic the sec-
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which is localized to the endoplasmic reticulum (ER). This (81 Ci/mmol) were purchased from DuPont NEN, and
concept is supported by studies suggesting that the actua[l-*“Cloleate (55 mCi/mmol) and [1iC]oleoyl-coenzyme
substrate pool for ACAT is derived from the plasma A (54 mCi/mmol) were from Amersham.3H]Cholesterol
membrane (Tabas et al., 1988; Mazzone et al., 1995). Inwas subjected to thin-layer chromatography on silica gel G
this case, depletion of cholesteryl esters and translocationplates (Whatman) developed in chloroform/methanol (100:2
of intracellular cholesterol to the plasma membrane may by volume) to remove potential polar impurities prior to use
occur simply to replenish plasma membrane pools of in labeling experiments. Tissue culture medium was pur-
cholesterol removed by HDL. Second, the interaction of chased from Bio-Whitaker, and fetal bovine serum was from
HDL with cells may stimulate active transport of cholesterol Hyclone.
from the ER to the plasma membrane. In support of this Lipoproteins and ApolipoproteinsHDL3 (d = 1.125-
possibility are studies showing that HDL stimulates trans- 1.21 g/mL, hereafter referred to as HDL), LDl € 1.019-
location of newly synthesized sterols to the plasma membranel.063 g/mL), and lipoprotein-deficient serurd & 1.25
(Oram et al., 1991; Walter et al., 1994; Rogler et al., 1995) g/mL) were isolated by standard ultracentrifugation tech-
by a process that appears to require activation of protein niques from the pooled plasma of healthy male volunteers
kinase C (Theret et al., 1990; Mendez et al., 1991; Li & (Chung et al., 1980). HDL fractions were subjected to
Yokoyama, 1995). By the second mechanism, transport of heparin-agarose affinity chromatography to remove apo E-
intracellular cholesterol to the plasma membrane would be and apo B-containing particles (Weisgraber & Mahley, 1980).
triggered by signals independent of the initial removal of Apo A-1 was isolated from HDL by delipidation and DEAE-
cell-surface cholesterol. cellulose chromatography as described previously (Yokoya-
The possible existence of a regulated cholesterol excretoryma et al, 1982). Tyrosylation of HDL was carried out at 37
pathway has important biological and clinical implications. °C for 24 h in buffer A [66 mM potassium phosphate buffer,
First, it suggests that the ability of HDL to remove cholesterol pH 8.0, which had been passed over Chelex 100 resin (Bio-
from cells may be modulated by yet unidentified molecules Rad) to remove transition metal ions]. The reaction mixture
that directly affect the activity of this transport pathway. contained a final concentration of 1 mg/mL HDL protein,
Second, it supports the feasibility of developing pharmaceu- 100uM diethylenetriaminepentaacetic acid (to inhibit metal-
tical agonists for this pathway that would enhance the ion-catalyzed oxidation), 100 nM horseradish peroxidase
efficacy of HDL in clearing excess cellular cholesterol (Boehringer Mannheim, 250 units/mg), 10M H,0,, and
without requiring an increased availability of HDL particles 100uM L-tyrosine. Prior to analysis or cell studies, the HDL
or an improved cholesterol acceptor capacity. Previous was subjected to size-exclusion chromatography on a 10-
studies, however, have been unable to dissociate completehDG column (Bio-Rad) equilibrated with buffer A, or Dul-
the ability of HDL and its components to stimulate choles- becco’s modified Eagle’s medium (DMEM) supplemented
terol transport between cellular pools from its effect on with 25 mM HEPES (pH 7.4), to remove free dityrosine and
cholesterol efflux from the plasma membrane. Treatment other reaction components. Residual horseradish peroxidase
of HDL with tetranitromethane or proteases has been shownassociated with the modified HDL was shown in control
to markedly reduce the ability of HDL to deplete ACAT- experiments to have no independent effect on measures of
accessible cholesterol from cells, but these treatments carcholesterol efflux. Lipoprotein-associated dityrosine was
also reduce HDL-mediated cholesterol efflux (Brinton et al., measured by fluorescence using excitation and emission
1986; Francis et al., 1995). We have previously described wavelengths of 328 nm and 410 nm, respectively (Anderson,
an oxidative modification using peroxidase-generated tyrosyl 1966; Amado et al., 1984). HDL and LDL used to assess
radical that markedly enhances the ability of HDL to promote rates of passive sterol exchange were labeled with-[
removal of cholesterol from cultured fibroblast and mac- cholesterol by Celite exchange as described (Avigan, 1959).
rophage foam cells (Francis et al., 1993). We investigated Copper oxidation of HDL was carried out in PBS containing
whether this enhancement reflects an increased capacity ofl mg/mL HDL and 1uM CuSQ, incubated at 37C for 24
HDL to accept plasma membrane cholesterol or a greaterh. The reaction was terminated by addition of 2 mM
ability to stimulate movement of cholesterol between cellular ethylenediaminetetraacetic acid, overlaying wit{dy, and
pools. Our results show that the increased clearance ofcooling to 4°C.
cholesteryl esters by tyrosylated HDL was associated with  Cell Culture. Normal human skin fibroblasts were cul-
a redistribution of radiolabeled cholesterol from ACAT- tured in DMEM containing 10% fetal bovine serum as
accessible pools to plasma membrane domains accessible fodescribed (Brinton et al., 1986). Fibroblasts were plated at
removal by extracellular cholesterol acceptors. Since this 15 0006-20 000 cells/16 mm well or 70 06@L00 000 cells/
occurred under conditions where there was no increase in35 mm dish and grown to confluence (about 7 days). To
cholesterol efflux from the cell, these findings describe for cholesterol-load the cells, confluent cultures were washed
the first time a modification of HDL that enhances its ability twice with phosphate-buffered saline containing 2 mg/mL
to divert cholesterol from the cholesteryl ester cycle into bovine serum albumin (essentially fatty acid free) (PBS
efflux-accessible pools independent of the initial removal of BSA) and incubated for 2448 h in DMEM containing 2
cholesterol from the plasma membrane. mg/mL BSA and 3Qug/mL cholesterol (added from a 10
mg/mL solution in ethanol). To allow equilibration of added
EXPERIMENTAL PROCEDURES cholesterol, cell layers were rinsed twice with PBSSA
Materials. Cholesterol,L-tyrosine, hydrogen peroxide and incubated for a further 24 h in DMEM containing 1 mg/
(30%, ACS grade), diethylenetriaminepentaacetic acid, so-mL BSA (DMEM—BSA). In some cases, cholesteryl ester
dium phosphotungstic acid, and essentially fatty acid-free formation was blocked by including2y/mL of the ACAT
bovine serum albumin were purchased from Sigma. [1,2- inhibitor compound 58-035 (a generous gift from Sandoz
3H]Cholesterol (51 Ci/mmol) andjethyt*H]choline chloride Pharmaceuticals) in the cholesterol-loading, equilibration, and
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efflux media. Cells were depleted of cholesterol by incubat- of cholesteryl ester from excess exogenous cholesterol (200
ing confluent cultures in DMEM containing 10% lipoprotein-  xM) and [*“Cloleoyl-CoA (100uM, specific activity 10 000
deficient human serum for 48 h. dpm/nmol) (Bilheimer et al., 1981).

Labeling of Cellular Cholesterol Pools and Phospholipids Other Methods. The lipid composition of HDL and
In the indicated experiments, rapidly growing cells (ap- tyrosylated HDL was determined enzymatically (Warnick,
proximately 60% confluent) were switched to DMEM 1986). For measurement of conjugated dienes, fatty acids
containing 10% fetal bovine serum and @2i/mL [*H]- of control and tyrosylated HDL were isolated by the method
cholesterol and grown until confluent (3 days). Cell layers of Dole and Meinertz (1960), and the absorbance at 232 nm
were then rinsed twice with PBSBSA prior to cholesterol  was determined. Cell protein was measured by the method
loading and equilibration as described above. In some of Lowry et al. (1951) using BSA as standard. Determination
experiments, cells were labeled wittH]cholesterol after  of HDL protein was determined by the method of Bradford
cholesterol loading during the 24 h equilibration step, with (1976) to minimize potential errors in estimation due to
results in efflux studies being comparable to those where ajterations in tyrosine residues. Estimates of protein in HDL
labeling was done before cholesterol loading. Cells were and tyrosylated HDL using this method compared closely
washed 3 times with PBSBSA before addition of efflux  to values obtained using interference spectroscopy in an
media. To label cellular cholesteryl ester, confluent cell analytical ultracentrifuge (Babul & Stellwagen, 1969).
layers were washed twice with PB8SA and incubated
with DMEM containing 30ug/mL free cholesterol, &M RESULTS
[*C]oleate (0.5.Ci/mL, specific activity 17 850 dpm/nmol),
and 5 mg of BSA/mL, for 30 h at 37C. Cell layers were We have previously demonstrated that tyrosylated HDL
rinsed twice with PBSBSA, equilibrated 24 h in the same is more effective than HDL at reducing cellular stores of
medium without free cholesterol, and rinsed 5 more times cholesteryl ester and (at higher concentrations) free choles-
prior to addition of efflux media. Total‘C radioactivity ~ terol, and at inhibiting new cholesteryl ester synthesis
ranged from 1.6< 10°Pto 1.9x 10° Cpm/mg of cell protein_ (Francis etal., 1993) These effects mlght be interpreted in
To selectively label plasma membrane cholesterol of fibro- several ways. First, tyrosylated HDL might enhance the
blasts (Mendez et al., 1991), cholesterol-loaded cells werediversion of free cholesterol away from a pool accessible to
incubated for 2 h with DMEM-BSA containing 0.24Ci/ ACAT to sites on the cell surface for desorption to extra-
mL [3H]cholesterol after the 24 h equilibration step. Cell cellular acceptor particles. Second, tyrosylated HDL might
layers were then washed 5 times with PESSA prior to inhibit ACAT directly or stimulate neutral cholesteryl ester
addition of efflux media. To radiolabel phospholipids in hydrolase (NCEH). Third, tyrosylated HDL might be a more
cholesterol-loaded cells, 14Ti/mL [3H]choline chloride was ~ €ffective acceptor of cholesterol passively desorbed from the
added to the DMEM-BSA during the 24 h equilibration ~ cell surface, with cholesteryl ester stores being depleted
incubations (Mendez et al, 1994). Cells were washed 5 timesmainly to replenish plasma membrane cholesterol lost to the

with PBS-BSA before efflux incubations. medium. To distinguish between these possibilities, we used
Cholesterol and Phospholipid EffluxAfter the appropriate  the following experimental approach.
labeling protocol, cells were incubated in DMENBSA and Time and Concentration Dependence of Cholesteryl Ester

the indicated additions. After the indicated times, the efflux Turnaver and Cholesterol Efflux by Tyrosylated HDIOur
medium was collected and centrifuged to remove cell debris, previous results showed that compared to cells incubated with
and cell layers were rinsed twice with ice-cold PBSSA HDL, the reduction of cellular cholesteryl esters by tyrosy-
and twice with PBS. Cells were stored &R0 °C until lated HDL was most pronounced at low concentrations of
extraction for lipid and protein content. Efflux media HDL protein (2.5-10 ug/mL) in the efflux medium. To
supernatants were either counted directly (for cells labeled investigate further the turnover of cholesteryl ester (CE) and
with [3H]cholesterol) or extracted by the method of Folch free cholesterol (FC) in cells exposed to a low concentration
et al. (1957). Cellular lipids were extracted in hexane/2- of tyrosylated HDL, fibroblasts were first labeled witt]-
propanol (3:2 by volume) as described (Hara & Radin, 1978). cholesterol during the final phase of growth, and then
Sterol species were separated by thin layer chromatographycholesterol-loaded with nonlipoprotein cholesterol for 48 h.
on silica gel G plates developed in hexane/diethyl ether/aceticSubsequent incubations of up to 24 h with serum-free
acid (130:40:1.5 by volume). Choline-containing phospho- medium containing a low concentration (2g/mL) of HDL
lipids were separated by thin-layer chromatography on silica or tyrosylated HDL showed no difference in efflux éH]-
gel H plates developed in chloroform:methanol/acetic acid/ cholesterol into the medium (Figure 1A). In contrast,
water (100:60:16:8 by volume). Lipid spots were identified significant differences were seen in the level GHJf
by staining with iodine vapor and comigration with standards. cholesterol remaining in the CE and FC pools of cells
After allowing iodine stain to evaporate, appropriate spots incubated with these particles for more than 6 h. The loss
were taken for determination of radioactivity and/or lipid of radiolabeled CE was accompanied by a simultaneous
mass (Heider & Boyett, 1978). increase in radiolabeled FC in cells incubated with tyrosy-
Determination of ACAT Adtity. Fibroblasts grown to  lated HDL (Figure 1B,C). Cells treated with serum-free
confluence were cholesterol-loaded and equilibrated asmedium alone had a further rise of label in CE during the
described above. Following incubation with 4¢/mL HDL incubation, suggesting continued movement®f]¢holes-
or tyrosylated HDL for 16 h, cells were rinsed twice with terol from a plasma membrane compartment to sites for
ice-cold PBS-BSA and twice with PBS and scraped from esterification by ACAT. These results indicate that relatively
their dishes, and whole cell homogenates were prepared bylow concentrations of tyrosylated HDL stimulate turnover
sonication for 5 sx 2 in PBS with 0.5 mM EDTA. ACAT of cholesteryl esters in cells, leading to accumulation of
activity in the homogenates was determined by the formation cholesterol in the free cholesterol pool, and that this
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Ficure 1: Time course of cholesteryl ester turnover and cholesterol Ficure 2: Cholesteryl ester turnover and cholesterol efflux from
efflux from cholesterol-loaded fibroblasts exposed to tyrosylated fibroblasts incubated with varying concentrations of HDL and
HDL. Human skin fibroblasts were labeled witBH]cholesterol tyrosylated HDL. Fibroblasts were cholesterol-loaded and labeled
during the last 40% of growth to confluence and then loaded with as described for Figure 1 except th#til[cholesterol labeling was
nonlipoprotein cholesterol for 48 h and equilibrated for 24 h in done during the 24 h equilibration step following cholesterol

serum-free medium (SFM, DMEM containing 1 mg/mL BSA) loading. After extensive washing, the cells were then incubated with
to allow equilibration of cholesterol pools. The cells were then SFM and the indicated concentrations of HDR) (or tyrosylated
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incubated with SFM alonev) or the same medium plus 1@/ HDL (@) for 24 h. The medium (panel A), cellular cholesteryl ester
mL HDL (O) or tyrosylated HDL @). After the indicated intervals, (panel B), and cellular free cholesterol (panel C) were analyzed
the medium was removed and centrifuged at 1@0@® 10 min, and the results expressed as in Figure 1. Tékidholesterol was

and radiolabeled cholesterol in the supernatant was determined by(7.3—8.3) x 10°P cpm/mg of cell protein. Values are the me#n
scintillation counting. Cellular lipids were analyzed for free and SD of four determinations and are representative of two similar
esterified fH]cholesterol as described under Experimental Proce- experiments. In panel 2A, radioactivity in the medium containing
dures. Results are expressed as percent of total (cell plus medium}yrosylated HDL was significantly different witp < 0.01 at 20
[®H]sterol in the medium (A), in cellular cholesteryl ester (CE) (B), and 40ug/mL compared with HDL. All differences between HDL
and in cellular free cholesterol (FC) (C). Toté8H]cholesterol was and tyrosylated HDL in panels B and C are significantly different
(2.3-2.6) x 10° cpm/mg of cell protein. Values are the me#n (p < 0.012).

SD of four determinations and are representative of two similar
experiments. Error bars not shown are within the symbol dimen-
sions. Differences in cellular cholesteryl ester and free cholesterol
radioactivity between cells treated with HDL and tyrosylated HDL
are significant, withp < 0.01 at 12 h angb < 0.001 at 24 h, as
calculated by the MannWhitney rank sum test.
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redistribution of cellular cholesterol occurs before any
increase in efflux of cholesterol to the medium.

Our previous results also showed that concentrations of
tyrosylated HDL higher than 20g/mL resulted in significant
depletion of the total free cholesterol pool of cultured T T
fibroblasts and macrophages as compared to cells incubated 0 T 00 30 40 o 10 20 30 40
with HDL (Francis et al., 1993). To examine the concentra- HDL Protein (ug/ml)

tIOII’Il ldepﬁnlde?cel th t)(rofylalt?d ngL_Ir&dluge? deﬁllljlx of Ficure 3: Tyrosylated HDL is more effective than HDL at
cellular cholesterol, cholesterol-loaded and labeled ce Sweredepleting cellular cholesteryl esters. Cells from the experiment

incubated with 6-40 ug/mL HDL or tyrosylated HDL in shown in Figure 2 were assessed for mass of cholesteryl ester (A)
serum-free medium for 24 h. We again observed a markedand free cholesterol (B) as described under Experimental Proce-
drop of PH]cholesterol in labeled CE together with a rise in  dures. ©) HDL; (®) tyrosylated HDL.

labeled FC in cells incubated with up to A§/mL tyrosylated  more FC to move into the medium from cholesterol-loaded
HDL (Figure 2B,C). At higher concentrations of tyrosylated fiproblasts than did HDL during a 24 h incubation (differ-
HDL, there was a leveling off of cellular CE label but afall ences of 7.90+ 1.37 ug of FC/mg of cell protein for
in cellular FC label. Similar results were also seen in cells tyrosylated HDL versus 5.3% 1.44 ug for HDL, average
incubated with higher concentrations of HDL. At concentra- 4 SgM, three experiments). These results together suggested
tions higher than 1Qug/mL, tyrosylated HDL promoted  that tyrosylated HDL was more effective than HDL at
significantly greater efflux ofH]cholesterol into the medium  jnducing movement of FC to efflux-accessible regions of
than did HDL (Figure 2A). Changes in cellular CE and FC  the plasma membrane, but that removal of this cholesterol
mass (Figure 3) paralleled closely the changes in radiolabelyas dependent on adequate concentrations of acceptor
in these two pools (Figure 2). This indicates that dilution particle in the medium, in this case higher than:afimL.
of radiolabel by newly synthesized cholesterol during the = promotion of Cholesterol Transport to Efflux-Accessible
course Of the experiment was not Signiﬁcant in these Sites by Tyrosy'ated HDLThe apparent increase in trans-
cholesterol-loaded cells. location of ACAT-accessible cholesterol to efflux-accessible
To confirm that increased efflux of radiolabeled cholesterol sites on the cell surface by tyrosylated HDL was explored
to medium from cells incubated with tyrosylated HDL further using chase incubations with various acceptor par-
represented increased net cholesterol efflux, cholesterol massicles. Cholesterol-loaded fibroblasts labeled wifl]f
in the efflux medium was determined. After subtracting cholesterol were again incubated with low concentrations (10
lipoprotein-associated FC in the medium from cell-free ug/mL) of HDL and tyrosylated HDL for up to 48 h. At
dishes, 4Q«g/mL tyrosylated HDL protein caused about 50% various time points, the efflux medium was collected; the

F 1 300

Sterol Mass (ug/mg cell protein)



15192 Biochemistry, Vol. 35, No. 48, 1996 Francis et al.

Table 1: Efflux of Cholesterol to HDL, Free Apolipoprotein A-1, and LDL following Initial Incubation with HDL and Tyrosylated HDL

efflux to chase medium

initial acceptor initial efflux HDL apo A-1 LDL
no ACAT inhibitor
HDL 13.52+ 0.80 4.37+0.22 3.33:0.24 3.51+ 0.47
tyrosylated HDL 14.60Gt 0.86 7.06+ 0.28! 5.494 1.32 7.06+ 0.7¢
plus ACAT inhibitor
HDL 38.254+2.91 9.294+1.76 8.03+ 1.62 8.40+ 2.64
tyrosylated HDL 40.7# 2.65 1794 5.27 14.90+ 1.51° 15.214+3.13

aHuman fibroblasts labeled witlfHi]cholesterol and cholesterol-loaded as described were incubated with/d® HDL or tyrosylated HDL
for 48 h, washed, and then incubated with HDL (38§/mL), free apo A-1 (1Qug/mL), or LDL (50 ug/mL) for 2 h. Cholesterol loading and
incubations were performed in the absence or presence:gfiiL ACAT inhibitor Sandoz 58-035. Efflux to initial or chase medium is indicated
as percent of total medium plus cellul&H]cholesterol counts. Totafifijcholesterol was (2:02.5) x 10° cpm/mg of cell protein. Values are
meanz SD for four incubations. Statistical significance for the difference from cells initially incubated with HpL< 0.05;% < 0.01;% <
0.001.

—ACAT Inhib. +ACAT Inhib. total counts. As in Figure 12HH]sterol efflux to medium
A Initial Efflux B. Initial Efflux containing 10ug/mL tyrosylated HDL was similar to that
25 | . to HDL for up to 48 h, whether or not an ACAT inhibitor
was present (Figure 4A,B) . In the presence of ACAT
inhibitor, a higher percentage of total cellul@i]sterol was
released into the initial efflux medium, but this was due to
higher specific activity rather than increased mass of
cholesterol removed from these cells. Changes in non-
lipoprotein free cholesterol mass in the medium after the 48
h initial incubation were 2.53 0.28 and 2.09t 0.72 ug/
dish for control and tyrosylated HDL respectively, in the
C. Chase Efflux |D. Chase Efflux TJ g absence of ACAT inhibitor, and 2.5 0.51 and 2.2
" 0.41ug/dish in the presence of ACAT inhibitor (average
{ I / | SD, 4 determinations). Despite this similarity in efflux to
\{ HDL and tyrosylated HDL initially, efflux to the 1 h chase
| | medium containing 100g/mL HDL was significantly higher

when cells were initially incubated with tyrosylated HDL
, | 1 (Figure 4C,D). Experiments using HDL (10@/mL), free

14 apo A-1 (10ug/mL), or LDL (50 ug/mL) as the acceptor

particle in the chase medium for 2 h similarly showed
P ) significantly increased efflux to all the acceptors from cells
12 24 36 48 initially incubated with tyrosylated HDL, again in the
_ _ presence or absence of an ACAT inhibitor (Table 1). These
Ficure 4. Promotion of cholesterol transport to efflux-accessible agyits provide further evidence that tyrosylated HDL

sites by HDL and tyrosylated HDL. Fibroblasts were labeled with
[®H]cholesterol and cholesterol-loaded as described in Figure 1 in enhances the movement of cholesterol to plasma membrane

the absence (panels A and C) or presence (panels B and D) of 2sites capable of releasing this cholesterol to acceptor particles
ug/mL ACAT inhibitor 58-035. Cells were then incubated with in the medium.

SFM containing 1Q«g/mL HDL (O) or tyrosylated HDL @) for -
the indicated time, washed 2 times with PBBSA and 2 times Activity of Cholesteryl Ester Cycle Enzymeshe results

with PBS, and chased with 10@/mL control HDL for 1 h. Media shown in Figure 4 and Table 1 indicate similar effects of
were collected after the initial incubations (panels A and B) and tyrosylated HDL in the presence or absence of an ACAT
the 1 h chase incubations (panels C and D), and aliquots werejnhibitor, suggesting that the effect of tyrosylated HDL is

counted for radioactivity. Results are expressed as the percent of ; Shihit ;
total (cell plus medium)3H]sterol in the medium for each step. by other than direct inhibition of ACAT. We previously

Total PH]cholesterol was (222.6) x 10° cpm/mg of cell protein.  found increased new cholesterol synthesis in cells exposed
Values are the meantSD of four determinations and are to tyrosylated HDL (Francis et al., 1993), an effect never
representative of two similar experiments. Tyrosylated HDL chase seen in the presence of an ACAT inhibitor. The effect of
efflux values at 48 h in the-ACAT condition and at 24 and 48 h  prejncubation with HDL and tyrosylated HDL on the activity
'2(;hoe;é?n'?);é%n\?v'itt'ﬁnef?lrfxs\',\%mﬁﬁ%nﬁly different with pvalue ¢ ACAT in cholesterol-loaded cells was also measured

' ' directly in cell homogenates using exogenous cholesterol as
cells were then washed extensively and incubated for 1 hsubstrate. Formation of cholester¥iC]oleate by homoge-
with higher levels of HDL (100ug/mL) (Figure 4A,C). nates of cells preincubated with serum-free medium alone
Parallel incubations were performed wittH]cholesterol- for 24 h was 1170 pmol (mg of cell proteirt)15 min?,
labeled cells loaded with cholesterol, equilibrated, and compared to 796 pmol/mg for cells preincubated with 40
incubated with HDL or tyrosylated HDL in the presence of «g/mL HDL and 911 pmol/mg with tyrosylated HDL. These
an ACAT inhibitor to prevent esterification of newly results suggest that the decreased rate of new cholesteryl ester
incorporated cholesterol or re-esterification of hydrolyzed synthesis by cells incubated with tyrosylated HDL is due to
cholesteryl ester (Figure 4B,D)3H]Cholesteryl ester levels  movement of free cholesterol out of the regulatory/substrate
in cells treated with ACAT inhibitor were less than 1% of pool for ACAT rather than direct inhibition of the enzyme.

*H—Sterol Efflux (%)

0 12 24 36 48 O
Hours




Cellular Cholesterol Removal by Tyrosylated HDL Biochemistry, Vol. 35, No. 48, 19965193

Table 2: Protein and Lipid Composition of HRland Tyrosylated HD§?

HDL preparation protein FC CcE PL TG total lipid/protein FC/PL
HDL 52.0+1.2 2.3+ 0.0 18.0+ 0.7 25.5+ 0.6 2.2+ 0.0 0.92+ 0.04 0.09+ 0.01
tyrosylated HDL 52.8+ 1.2 2.2+ 0.1 176+ 0.4 25.3+ 0.5 21+0.1 0.90+ 0.03 0.09+ 0.01

aFC, free cholesterol; CE, cholesteryl ester; PL, phospholipid; TG, triglyceride. Values aretn&aror 4 preparations of HDL and represent
the percent of total protein plus lipid mass, except total lipid/protein and FC/PL which are massr@tiosalculated using the formula GE(TC
— FC) x 1.69 (Morton & Steinbrunner, 1990).

surfaces, with movement of free cholesterol down a con-

e |9 -EE Mogs 13 centration gradient, and on the ratio of free cholesterol to
- phospholipid in the acceptor particle. As shown in Table 2,

(T . \‘ a no significant differences were seen in the percent content
a0 \ 2 20 £ of protein or any of the major lipid classes between HDL

gy : *"""-«.._ - and tyrosylated HDL. Mass ratios of free cholesterol to
phospholipid were 0.09 for both types of HDL (equivalent
to molar ratios of 0.18); total lipid:protein ratios were also
similar for the two particles. These values contrast markedly
to the results of Ghiselli et al. (1992), who reported a free
ol | 1y cholesterol:phospholipid mass ratio of 0.18 and a total lipid:
0 & A8 M0 B T protein ratio of 0.70 for copper-oxidized HDL. However,
Howrs levels of conjugated dienes, a marker for lipid peroxidation,
Ficure 5: Neutral cholesterol ester hydrolase activity in the were increased in tyrosylated HDL as previously reported
presence of HDL and tyrosylated HDL. Confluent fibroblasts were for LDL oxidized by tyrosyl radical (Savenkova et al.,

labeled with [“Cloleate during cholesterol loading and equilibration . ; ; ;
as described under Experimental Procedures. Cells were then1994)' an increase in the absorbance at 232 nm of 1.4 units/

incubated with SFM containing 2g/mL HDL (O) or tyrosylated Mg Of tyrosylated HDL protein relative to HDL, as compared
HDL (@) and 2ug/mL ACAT inhibitor 58-035. After the indicated ~ With 2.5 units/mg for copper-oxidized HDL. These results
interval, cellular lipids were extracted and analyzed for cholesteryl indicate that the differences in cholesterol efflux generated
ester radioactivity (A) and mass (B). Values are the mea&8D of [y HDL and tyrosylated HDL cannot be explained by
tmh(raenets(.ietermlnatlons and are representative of two similar experi alterations in the percent mass of the major HDL compo-
nents, but may be explained by the formation of unique

Stimulation of neutral cholesteryl ester hydrolase (NCEH) ©Xidation products in tyrosyl radical-modified HDL.
by tyrosylated HDL was unlikely to account for its enhanced ~ Exchange of Free Cholesterol between HDL or Tyrosy-
effect on efflux, as this was also observed in cells cholesterol- lated HDL and the Plasma Membrane of FibroblasiEhe
loaded in the presence of an ACAT inhibitor where ac- lack of differences in the content of free cholesterol and the
cumulation of cholesteryl esters was blocked. To confirm free cholesterol:phospholipid ratio between these particles
whether or not tyrosylated HDL increases hydrolysis of CE suggested that passive desorption of cell surface cholesterol
by NCEH, fibroblasts labeled in the ester moiety of CE with to HDL and tyrosylated HDL should be the same. To
[*“Cloleate were incubated with equivalent concentrations address this question directly, sterol-loaded fibroblasts were
of HDL and tyrosylated HDL for up to 24 h, and the briefly exposed to3H]cholesterol to specifically label the
remaining“C-labeled CE and CE mass were measured to plasma membrane pool of free cholesterol, and the labeled
assess the rate of hydrolysis of preformed CE. To measurecells were then incubated for 20 h with concentrations up to
the rate of cholesteryl ester hydrolysis directly, an ACAT 40ug/mL HDL and tyrosylated HDL. During these incuba-
inhibitor was added during the HDL incubation to prevent tions, less than 2% of the totalH]cholesterol appeared in
re-esterification of liberated{CJoleate and FC. With re- CE pools, indicating very little internalization of plasma
esterification blocked, there were no differences in the ratesmembrane label (although movement of small amounts of
of decrease infC]-labeled CE or in CE mass in cells labeled sterol to intracellular FC pools cannot be excluded).
incubated with 1Qug/mL HDL or tyrosylated HDL, both ~ Determination of the percent of totdH]sterol in the medium
falling by about 50% over 24 h (Figure 5). These results revealed no differences in efflux of labeled cholesterol to
are identical to rates of CE hydrolysis previously reported HDL or tyrosylated HDL, even at higher concentrations
for macrophages incubated in the presence or absence ofFigure 6). This result suggests that there is no difference
HDL (Brown et al., 1980). The lack of a difference in the in the acceptor capacity of these two particles for plasma
rate of disappearance of CE together with the results shownmembrane cholesterol passively released into the medium
in Figure 4 indicates that the increased FC excretion from cholesterol-loaded cells.

stimulated by tyrosylated HDL is not attributable to an  To examine further the exchange of free cholesterol
increase in cholesteryl ester hydrolysis by NCEH. between HDL and tyrosylated HDL and cells, we determined
Composition of Major Components of HDL and Tyrosy- the rate of influx of fH]cholesterol from HDL particles
lated HDL. Compositional differences between HDL and labeled prior to tyrosylation to cholesterol-depleted and
tyrosylated HDL might also explain the increased removal -loaded cells. Fibroblasts grown to confluence and exposed
of cellular cholesterol by tyrosylated HDL. Previous reports to either lipoprotein-deficient serum or free cholesterol were
[reviewed in Johnson et al. 1991)] demonstrated that sterolthen incubated with equivalent concentrations of labeled
exchange between acceptor particles and cells is dependentiDL or tyrosylated HDL for up to 20 h, and the percent of
on the content of free cholesterol in the donor and acceptortotal [*H]sterol transferred to the cells was determined. As
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FIGURE 6: Efflux of plasma membrane cholesterol to HDL and FIGURE 8: Phospholipid efflux to HDL and tyrosylated HDL.
tyrosylated HDL. Cholesterol-loaded fibroblasts were incubated Cholesterol-loaded fibroblasts were labeled with]Eholine during
with [3H]cholesterol for 2 h as described under Experimental the 24 h equilibration phase as described under Experimental
Procedures to specifically label plasma membrane cholesterol. CellsProcedures. After extensive washing, cells were incubated with SFM
were then incubated with SFM containing the indicated concentra- containing HDL ©) or tyrosylated HDL @) for 24 h, and medium
tion of HDL (O) or tyrosylated HDL @) for 20 h. Media (panel ~ and cellular phosphatidy3fijcholine (PC) and3H]sphingomyelin

A) and cellular (panel B) lipids were analyzed féH[cholesterol (SM) were measured. Values are the mea8D of quadruplicate
and the results expressed as in Figure 1. TéHidholesterol was ~ incubations expressed as a percentage of the total cellular plus
(3.7-4.7) x 10° cpm/mg of cell protein. Values are the me#n medium radiolabeled phospholipid appearing in the medium, and
SD of three determinations and are representative of three experi-are representative of two experiments. Totel]¢holine was (5.5
ments. 6.4) x 10° cpm/mg of cell protein.
R . Deploted | B. Sterol Loaded 100 with HDL or tyrosylated HDL were not due to differences

B in the rates of passive cholesterol transfer to or from the

° 80r T 18° lipoproteins.

K » Phospholipid Efflux to HDL and Tyrosylated HDIPhos-

o 60r T 160 pholipid efflux to lipid acceptor particles including HDL and

S free apo A-1 is felt to be a prerequisite or concomitant event

Wwo o 40T T 140 to cholesterol efflux (Hara & Yokoyama, 1991; Yancey et

5 al., 1995). To test the possibility that differences in the

2 20f + 120 removal of cellular cholesterol by HDL and tyrosylated HDL

xR might be related to differential phospholipid efflux, we

measured the ability of these two particles to stimulate efflux
of radiolabeled phosphatidylcholine and sphingomyelin from
Hours cholesterol-loaded cells labeled wiftH]choline. Efflux of
rIGUhRE|71t|nf||U)é of I[3tH]gholeﬁtelroItfronlwlHDdL 3nfdbtyr8|sy|?teg""?l'-  radiolabeled phosphatidylcholine (Figure 8A) and sphingo-
o cholesterol-depleted or cholesterol-loaded fibroblasts. Confluen - ; : L : )
fibroblasts were cholesterol-depleted or -loaded for 48 h by my?"” (Flgu_re 8B) to media containing increasing concen
incubation with lipoprotein-deficient serum (panel A) or SFM~ trations of either HDL or tyrosylated HDL over 24 h were
containing cholesterol (panel B), respectively, as described underidentical. These results show that the increased free cho-
Experimental Procedures. Following overnight equilibration in |esterol efflux mediated by tyrosylated HDL is not ac-

SFM, cells were then incubated with 1@/mL [*H]cholesterol- i ; ; ; ; i
labeled HDL Q) or tyrosylated HDL @) for the indicated interval. ;gmg::’i‘fgfﬁzxan increase in phosphatidylcholine or sphin

Media and cellular lipids were analyzed foiH]cholesterol and
results expressed as the percent of total (media plus &elgtgrol
present in cells. TotaPH]cholesterol used in each incubation was DISCUSSION

2.8 x 10* cpm. Values are the mean of duplicates and are . o
representative of two experiments. The current studies suggest that oxidation of HDL by

tyrosyl radical enhances its ability to deplete cells of
shown in Figure 7, there was little difference in the degree cholesteryl esters by promoting the translocation of free
of influx of [®H]cholesterol from HDL or tyrosylated HDL  cholesterol from an ACAT substrate pool to an efflux-
to either cholesterol-depleted or cholesterol-loaded cells. accessible pool. This effect was independent of increased
When cell-free dishes were used to assess the degree opassive cholesterol desorption from the plasma membrane,
nonspecific sticking ofH]cholesterol to plastic, equivalent inhibition of cholesterol esterification, or stimulation of
uptake of label was seen for both particles, up to a maximum cholesteryl ester hydrolysis. These results indicate for the
of ~30% of the total counts for both at 20 h. Cholesterol first time that initial removal of cell surface cholesterol is
influx to cells was equivalent from both HDL and tyrosylated not necessarily a prerequisite for depletion of cellular
HDL even when results were corrected for this potential cholesteryl esters.
nonspecific association of radiolabeled cholesterol with  Tyrosylated HDL was more effective than HDL in de-
plastic. Similarly, no differences were seen in the rate of pleting cellular cholesteryl esters at concentrations at or
exchange of labeled cholesterol between LDL particles and below 10ug/mL. In contrast, at these concentrations, tyros-
either HDL or tyrosylated HDL (data not shown). These ylated HDL was no more effective than HDL in promoting
results confirmed our findings with cells and suggest that cholesterol efflux. Instead, the excess free cholesterol was
the differences in cholesteryl ester turnover in cells treated not re-esterified and accumulated within cells. Thus, this
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effect was not attributable to an enhanced ability of tyrosy-  Several additional lines of evidence support the conclusion
lated HDL to remove cholesterol from cells that would that the tyrosylated HDL-mediated redistribution of cellular
otherwise be re-esterified. Rather, this cholesterol appearedree cholesterol occurs independent of direct modulation of
to be diverted from a pool accessible for esterification by cholesteryl ester cycle enzymes. We found that the activity
ACAT. Moreover, tyrosylation of HDL did not alter its ratio  of ACAT in cell homogenates using exogenous cholesterol
of free cholesterol to phospholipid or its ability to act as as substrate was no less after pretreatment of cells with
either an acceptor or a donor of plasma membrane choles-tyrosylated HDL than with HDL, indicating that treatment
terol. The enhanced cholesterol ester depletion in the of cells with tyrosylated HDL does not suppress the intrinsic
presence of tyrosylated HDL could therefore not be explained activity of this enzyme. Moreover, we previously showed
by it simply being a better acceptor of cholesterol that that the decrease in cholesteryl ester formation in cells
passively desorbs from the plasma membrane. incubated with tyrosylated HDL was accompanied by an
With increasing concentrations of tyrosylated HDL, more increase in new cholesterol synthesis (Francis et al., 1993).
of the free cholesterol that accumulated in cells was releasedEarlier studies indicated that the absence of ACAT activity
into the medium, so that tyrosylated HDL promoted fractional or inhibition of ACAT by compound 58-035 is associated
cholesterol efflux to a greater extent than HDL at concentra- with either a decrease or no effect on endogenous cholesterol
tions above 1Qug/mL. A plausible explanation for these synthesis (Jamal et al., 1985; Tabas et al., 1986; Cadigan et
findings is that tyrosylated HDL stimulated translocation of al., 1988; Salter et al., 1989; Kam et al., 1989). The effect
cholesterol to sites in the plasma membrane accessible forof tyrosylated HDL could also not be attributed to stimulating
efflux but at a rate that exceeded desorption from the cell at NCEH, as it did not increase turnover of cholesteryl esters
low particle concentrations. At higher concentrations, where in cells when the re-esterification branch of the cholesteryl
the availability of cholesterol acceptor particles was no longer ester cycle was blocked by an ACAT inhibitor. Simple
rate-limiting, a greater fraction of this cholesterol was amplification of hydrolysis by NCEH without removal of
released into the medium. Thus, excess free cholesterol maythe liberated free cholesterol from the ACAT substrate pool
accumulate within efflux-accessible domains of tyrosylated would not be expected to enhance net cholesteryl ester
HDL-treated cells until the concentration of acceptor particles turnover or cholesterol excretion from cells (Brown et al.,
reaches a level high enough to remove it. In support of this 1980). Collectively, these results are consistent with the
concept, incubation of cells with a concentration of tyrosy- conclusion that tyrosylated HDL inhibits cholesteryl ester
lated HDL too low to promote efflux to a greater extent than synthesis by depleting the substrate pool of free cholesterol
equivalent amounts of HDL caused a marked increase inavailable for esterification, and not by directly inhibiting
cholesterol efflux when cells were subsequently incubated ACAT or stimulating NCEH.
with higher levels of acceptor particles (HDL, apo A-I, or This study does not address the actual processes involved
LDL). This increase was evident even when the cholesterol- in diverting cholesterol from the cholesteryl ester cycle to
loading and efflux media contained an ACAT inhibitor to efflux-accessible pools or the cellular localization of these
prevent cholesteryl ester formation, indicating that the pools. Previous studies have shown that the interaction of
stimulatory effects of tyrosylated HDL were independent of HDL with cholesterol-loaded cells increases the accessibility
the cholesteryl ester cycle. These results strongly suggesbf biosynthetically-labeled sterols to exogenous cholesterol
that oxidation of HDL by tyrosyl radical enhances its ability oxidase, suggesting that HDL stimulates translocation of
to divert excess cholesterol from cellular storage compart- intracellular sterols to the plasma membrane (Oram et al.,
ments to plasma membrane domains where it becomesl991; Mendez et al., 1991; Walter et al., 1994; Rogler et
accessible for removal from cells. The data also suggestal., 1995). Recently, Mendez (1995) reported that inhibitors
that this is an active process occurring separate from passiveof Golgi transport reduced HDL-mediated cholesterol efflux,
removal of the translocated sterol from the plasma membrane suggesting that a fraction of the cholesterol removed from
The apparent distinctness of these two processes suggestsells by HDL passes through the Golgi apparatus. Thus,
that conversion of efflux-resistant to efflux-accessible cho- tyrosylation of HDL may improve its ability to stimulate
lesterol does not occur simply to replenish cholesterol lost transport of intracellular pools of cholesterol to the plasma
to passive desorption. membrane. Alternatively, the effect of tyrosylated HDL may
It is noteworthy that treatment of cells with an ACAT occur exclusively at the plasma membrane. The lipid
inhibitor during the cholesterol loading and subsequent composition of the plasma membrane is heterogeneous, and
incubations but after radiolabeling with cholesterol tracer led free cholesterol appears to be localized to several kinetically
to a severalfold increase in fractional radiolabeled cholesterol distinct domains (Schroeder et al., 1991; Rothblat et al.,
efflux stimulated by both HDL and tyrosylated HDL. At 1992). Several investigators have reported that the substrate
10 ug/mL, however, HDL and tyrosylated HDL removed pool for esterification by ACAT is derived directly from the
the same amount of cholesterol mass from cells whether orplasma membrane (Tabas et al., 1988; Mazzone et al., 1995).
not the cells were treated with an ACAT inhibitor, consistent It is possible that tyrosylated HDL stimulates the lateral
with the conclusion that availability of cholesterol acceptor movement of cholesterol between different plasma membrane
particles in the media limited net cholesterol transport from domains or alters the properties of ACAT substrate domains
cells at this low lipoprotein concentration. These results so as to reduce inward flux of cholesterol. Methods are not
indicate that the cholesterol released from ACAT inhibitor- currently available to distinguish between these possible
treated cells had a much higher specific activity. Apparently, mechanisms.
inhibition of cholesterol esterification during the loading It is also unknown how tyrosylation of HDL increases its
incubations redistributed previously introduced tracer so as efficacy in mobilizing cholesterol from the cholesteryl ester
to increase the specific activity of efflux-accessible pools of cycle. Previous studies have shown that apolipoproteins are
free cholesterol. the major components of HDL that deplete cells of ACAT-
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accessible cholesterol. We previously found that tyrosylation  In summary, this study demonstrates that oxidation by
of HDL cross-links HDL apolipoproteins (Francis et al., tyrosyl radical enhances the capacity of HDL to mobilize
1993), raising the possibility that this modification may alter cholesterol from cellular pools that feed into the cholesteryl
the structural properties of apolipoproteins so as to increaseester cycle to cellular surface domains where it becomes
their activity or promote dissociation from the lipoprotein available for removal by acceptor particles. Mechanisms of
surface. Several lines of evidence, however, argue againstntracellular cholesterol transport are in general poorly
these possibilities. First, preliminary experiments indicate understood (Liscum & Underwood, 1995). The ability of
that neither the apolipoproteins isolated from tyrosylated tyrosylated HDL to promote cholesterol excretinuitro

HDL nor tyrosylated free apo A-l is more active than makes it a useful tool for the study of intracellular cholesterol
nontyrosylated apo A-l in removal of cellular cholesterol transport and the removal of excess cholesterol from cells.
whether incubated with cells in their free form or as Identification of the events activated by tyrosylated HDL,
reconstituted HDL particles. Second, tyrosylated HDL was and the component of tyrosylated HDL responsible for
no more effective than HDL in stimulating efflux of either activation, may provide important insights into the molecular
radiolabeled cholesterol, added to plasma membranes duringevents underlying early steps in reverse cholesterol transport,
2 h pulse incubations, or choline-labeled phospholipids. Sinceand the ability of HDL to prevent vascular disease. Further
purified HDL apolipoproteins stimulate efflux of these two understanding of these mechanisms might suggest ways of
sources of radiolabeled lipids, alterations of apolipoproteins promoting this pathway to prevent atherosclerosis.

that increase their cholesterol transport activity would also
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