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Abstract The objective of this work was to develop a cell-
free system for studying the transfer of cholesterol from
lysosomes to membrane acceptor particles. The methods in-
volved: 1) loading of CHO cells at 15°C with [3H]cholesteryl
oleate-reconstituted LDL, such that it accumulated unde-
graded in endosomes; 2) homogenization of cells, followed by
preparation of an endosome-lysosome donor fraction; 3) in-
cubation of the donor fraction at 37°C in a defined cytosol-
like medium containing acceptor particles of egg phospha-
tidylcholine small unilamellar vesicles (PC-SUV); and 4)
measurement of cholesteryl oleate (CO) hydrolysis and trans-
fer of the resulting free cholesterol (FC) to vesicles. During
cellfree incubation, LDI-oaded endosomes fused with
lysosomes leading to the lysosomal hydrolysis of LDL
cholesteryl ester. Maximal hydrolysis of approximately 50%
was achieved in 4-8 h. This hydrolysis was inhibited by lysoso-
motropic agents, proton ionophores, or removal of ATP and
GTP from the medium, indicating that it took place in sealed
lysosomes. In the absence of PC-SUV, the release of LDL-de-
rived FC from lysosomes was < 10%,/8 h. This was increased
to a maximum of 25-30%/8 h at 3 mg/ml of PCSUV. In
contrast, the release of undegraded CO was 5-15%,/8 h and
not stimulated by PC-SUV, suggesting that the transfer of FC
to PCSUV was selective and not due to the uncontrolled
release of lysosomal contents. Bl In comparisons between
CHO-KI cells and sterol transport-defective CHO(2-2) cells,
lysosomes from the latter cell were 35% less efficient as do-
nors of cholesterol for transfer to egg phosphatidylcholine
small unilamellar vesicles, indicating that these methods re-
produce an important aspect of sterol trafficking in cells. In
addition, this result suggests that the mutation in CHO(2-2)
has a direct effect on the lysosomes of these cells.—Johnson,
W. ]J. Cell-free transfer of cholesterol from lysosomes to phos-
pholipid vesicles. J. Lipid Res. 1996. 37: 54-66.
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Cholesterol that is generated in lysosomes from the
degradation of LDL is transported to several other
cellular locations, including the plasma membrane,
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rough endoplasmic reticulum (RER), and mitochondria
(1, 2). Studies addressing this issue have defined the
kinetics of lysosomal sterol transport in cells and have
demonstrated its disruption by drugs and genetic muta-
tion. Transport to the RER and mitochondria appears
to involve preliminary transit through the plasma mem-
brane (3, 4), suggesting that there are distinct pathways
of sterol trafficking in the cell, and that transport from
lysosomes to the plasma membrane may be essential for
the efficient distribution of exogenous cholesterol
throughout the cell. There are some indications that
cholesterol transport may be specifically mediated, such
as the Niemann-Pick C metabolic disease {which appears
to be due to a defect in the release of cholesterol from
lysosomes and/ or the Golgi apparatus (5)], the isolation
of mutant CHO cells that resemble cells from Niemann-
Pick C patients (6), and the dependence of lysosomal
cholesterol movement to the RER on cytoplasmic
vimentin filaments (7). Despite the indications of media-
tion, the delivery of lysosomal cholesterol to the plasma
membrane is not dependent on metabolic energy (8). In
addition, the existence of a variety of lysosomal storage
diseases caused by the absence of specific acid hydro-
lases (9) implies that in most cells intermembrane vesicle
trafficking from lysosomes to the cell surface is quite
limited and probably not extensive enough to account
for the known rapid movement of LDL-derived choles-
terol to the plasma membrane (10, 11). The latter obser-
vations imply that the transport of sterol from lysosomes

Abbreviations: APDase, alkaline phosphodiesterase; BSA, bovine
serum albumin; CHO, Chinese hamster ovary (cells); CE, cholesteryl
ester; CO, cholesteryl oleate; DLP, delipidized (bovine) serum protein;
FBS, fetal bovine serum; FC, free (unesterified) cholesterol; LDL, low
density lipoprotein; NABGase, N-acetyl-B-glucosaminidase; PC, egg
phosphatidylcholine; PC-SUV, small unilamellar vesicles prepared
from egg phosphatidylcholine; r[*H-CO]LDL, low density lipoprotein
reconstituted with [*H]cholesteryl oleate; RER, rough endoplasmic
reticulum;  U18666A, Upjohn compound  3f-[2-(diethyl-
amino)ethoxyjandrost-5-en-17-one.
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to other organelles may involve some form of intermem-
brane sterol diffusion, rather than intermembrane ves-
icle trafficking. The precise mechanism(s) involved in
this transport still await clear definition.

Progress toward understanding lysosomal sterol
transport would be enhanced by the availability of ap-
propriate cell-free experimental systems. Such systems,
in analogy to those already described for studying the
cellular transport of proteins and complex lipids (12),
would allow direct examination of the transport mecha-
nisms and their possible regulation. The objective of the
present studies was to develop a cellfree system for
studying the transfer of cholesterol from intact
lysosomes to membrane acceptor particles. In the sys-
tem described here, the sterol donor consisted of
lysosomes isolated from CHO cells that had been pre-
loaded with LDL containing [*H]cholesteryl oleate, and
the acceptor consisted of egg phosphatidyicholine small
unilamellar vesicles (PC-SUV). The methods were such
that LDL was degraded during cellfree incubation,
rather than during the loading phase when cells were
still intact. As described in Results, this approach en-
tailed some heterogeneity in the donor, but had the
advantages of providing a direct indication of whether
lysosomes were metabolically active and of ensuring that
all LDL-derived free cholesterol originated in well-sealed
lysosomes. The use of the simple PC-SUV acceptor was
expected to confine the transfer mechanism to unmedi-
ated diffusion between the donor and acceptor mem-
branes, the simplest of the possible mechanisms operat-
ing in cells. This was judged to be a reasonable starting
point for the characterization of this system. In addition,
it allowed us to address the question of which of the
known properties of lysosomal cholesterol trafficking
might be attributed to intermembrane sterol diffusion.
The results show efficient degradation of LDL within
sealed lysosomes during cell-free incubation, transfer of
the resulting free cholesterol (FC) to PCSUV, and a
significant reduction in this transfer when the lysosomes
were derived from a mutant CHO cell line defective in
the transport of lysosomal cholesterol.

MATERIALS AND METHODS

Reagents, biologicals, and cell lines

Unless noted otherwise, chemical and radioisotopic
reagents, lipoproteins, delipidized serum protein
(DLP), and cell culture supplies were obtained as pre-
viously described (11, 13). LDL was reconstituted with
a core of [3H]cholesteryl oleate by the potato starch
method of Krieger et al. (14), with minor changes as
noted previously (11). This product is abbreviated r{3H-
CO]LDL. Sucrose and glucose were from Fisher Scien-

tific (Pittsburgh, PA). Potassium salts, EGTA, ATP, GTP,
dithiothreitol, imipramine, progesterone, egg phospha-
tidylcholine, hexokinase, and substrates for spectro-
photometric enzyme assays were from Sigma (St. Louis,
MO). Creatine phosphate and creatine kinase were from
Boehringer Mannheim (Indianapolis, IN). CHO-K1
cells were from the American Type Culture Collection
(Rockville, MD). Transport-defective CHO(2-2) cells
were provided by Dr. Laura Liscum (Tufts University,
Boston, MA).

Preparation of vesicle acceptor particles

Egg phosphatidylcholine small unilamellar vesicles
(PC-SUV) were prepared by sonication (15) in 0.15 M
KCI. The resulting sonicate was centrifuged at 160,000
g for 2 h at 4°C to remove titanium particles and any
multilamellar vesicles, and then the supernatant was
dialyzed against sucrose-EGTA homogenization buffer
(see below), and filter-sterilized before use. The phos-
pholipid content of this preparation was measured col-
orimetrically by the method of Sokoloff and Rothblat
(16).

Preparation of cells and loading with labeled LDL

For routine propagation, monolayer cultures of CHO
cells were grown at 37°C in T25 flasks that contained 10
ml of Ham’s F12 medium supplemented with 7.5%
heat-inactivated fetal bovine serum and 50 pug/ml of
gentamicin. For experiments, a confluent monolayer in
a T25 flask (approximately 5 x 106 cells) was dispersed
with a solution of trypsin and EDTA, diluted into 160
ml of the above growth medium, and then distributed
into ten 100-mm diameter culture plates. After 2-3 days
growth at 37°C, the medium was removed and 15 ml of
fresh medium was applied. Two days before loading
with labeled LDL, the growth medium was removed, the
cells were rinsed briefly with Ham’s F12 medium, and
then 12 ml per plate of medium consisting of 5 mg/ml
of bovine delipidized serum protein (DLP) dissolved in
Ham’s F12 was applied. This lipid-poor medium was
used to up-regulate cell-surface LDL receptors. In some
experiments, this medium was supplemented with
tracer [4C]cholesterol (55 Ci/mol), dispersed with etha-
nol (0.1% final concentration in medium) and egg phos-
phatidylcholine (5 ug/ml), to label bulk cellular choles-
terol. When pre-labeled in this way, cells were exposed
to the tracer for approximately 30 h, and then rinsed
and incubated overnight in unlabeled DLP medium to
allow equilibration of the tracer among cellular pools.
After 2 days incubation with DLP, cells were loaded with
labeled LDL by first rinsing with Ham’s F12 medium
and then incubation for 5 h at 15°C in 8 ml per plate of
medium consisting of Ham’s F12 supplemented with
0.2% bovine serum albumin and 2.5-10 pg protein per
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ml of r[3H-CO]LDL (sp act of [3H]JCO = 0.1-0.2
mCi/mg). At 15°C, LDL was expected to accumulate in
early endosomes and was not subject to degradation (11,
17). After 5 h, the cells were rinsed extensively at 4°C,
and then to provide for translocation of LDL into late
endosomal vesicles that would be able to fuse efficiently
with lysosomes (18), the cells were warmed to 37°C for
5 min in medium containing 0.2% BSA, and then imme-
diately re-rinsed with Ham’s F12 medium at 4°C. Pre-
liminary experiments indicated that this brief warm-up
resulted in little direct LDL degradation but signifi-
cantly enhanced the degradation obtained during sub-
sequent cell-free incubation (data not shown).

Homogenization of cells and preparation of
endosome-lysosome donor fraction

Homogenization and fractionation of the cells were
performed at 0-4°C. For homogenization, cells first
were suspended by scraping in 2 ml per plate of divalent
cation-free PBS. The cells from 5-10 identically treated
plates were pooled and sedimented by centrifugation at
300 g for 10 min. The resulting cell peliet was resus-
pended in 4.5 ml of homogenization buffer (0.25 M
sucrose, 2 mM potassium-EGTA, pH 7.0), and then the
cells were disrupted by 4-6 passages of the cell suspen-
sion through a stainless steel ball bearing homogenizer
(19), constructed with a bore of 6.3 mm and using a
carbide ball that provided a total clearance of 41 pm.
The homogenizer was obtained from Berni-Tech Engi-
neering (Saratoga, CA). Homogenization was judged
adequate when microscopic examination indicated that
greater than 70% of the cells were disrupted with nuclei
still intact. The post-nuclear supernatant was prepared
by centrifugation of the homogenate at 1000-1500 g for
10 min. The donor fraction was prepared from the
post-nuclear supernatant by sedimentation at 10,000 g
for 60 min. The resulting 10,000 g particle fraction was
gently resuspended (by repeated passage through the
orifice of a Pasteur pipette) in homogenization buffer
to a concentration of 2 plate-equivalents per ml (=
approximately 3 x 107 cell-equivalents per ml) and
stored on ice for no longer than 1 h before use in
experiments. Analysis of this donor fraction for organ-
ellar markers is given in Results.

Cell-free incubation conditions and measurement of
cholesteryl ester hydrolysis and cholesterol transfer

Incubations were performed in a total volume of 0.6
ml in screw-cap, round-bottom polypropylene cryopre-
servation vials. The cellfree incubation medium con-
sisted of 0.125 M sucrose, 19 mM each of the potassium
salts of glutamic, aspartic, and gluconic acids, 2 mM
potassium EGTA, 2.5 mM MgCle, 5 mM HEPES buffer,
1 mM each of ATP, GTP, and dithiothreitol, 8 mM
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creatine phosphate, 50 pg/ml of creatine kinase, and
0.1% (w/v) bovine serum albumin (BSA), with the pH
adjusted to 7.0 with KOH or HCI as needed. This
medium was adapted from Bennett, Wandinger-Ness,
and Simons (20) for examining the translocation of
biosynthetic phospholipids to the cell surface in plasma-
membrane perforated cells. The concentration of the
donor fraction during incubations was approximately 1
x 107 cell equivalents per ml. The acceptor consisted of
PC-SUV, usually at a concentration of 1 mg/ml. The
reason for the inclusion of BSA in the incubation me-
dium was that preliminary experiments had indicated
that this addition prevented the nonspecific adherence
of the donor fraction to the walls of the incubation vials
(data not shown). Incubations were performed ina 37°C
water bath with rotary shaking at approximately 150
rpm, usually for a period of 8 h. During incubation at
37°C, endosome-lysosome fusion was expected to occur,
leading to lysosomal hydrolysis of LDL [3H]CO and
transfer of the resulting [PH]JFC to PC-SUV acceptor
particles. Incubations were initiated by addition of the
donor fraction to the other components of the system
in an incubation vial at 4°C, followed immediately by
transfer of the capped vials to the 37°C water bath.
Incubations were ended by rapid chilling of the incuba-
tion vials in an ice-water bath, the removal of two 100-ul
aliquots for determination of total isotope recovery and
the extent of cholesteryl ester hydrolysis, and centrifu-
gation of the remaining 400 pl of the medium at 13,600
g for 30 min at 4°C followed by removal of two 100-pl
aliquots of the supernatant for determination of the
total release of isotope from lysosomes and the distribu-
tion of the released tracer between free and esterified
forms. In a typical experiment, greater than 90% of
undegraded [*H]CO remained sedimentable and the
recovery of acceptor PC-SUV in the nonsedimentable
portion of the system was 86% or greater. Thus, the
separation of donor and acceptor by centrifugation was
effective, and there was little apparent aggregation of
donor and acceptor particles.

Radioactivity was quantified by liquid scintillation
counting. The counting efficiencies for 1*C and *H were
approximately 80% and 45%, respectively. To determine
the distribution of radioactivity between free and esteri-
fied cholesterol, lipids were extracted by the procedure
of Bligh and Dyer (21), and then free and esterified
sterols were separated on silica-impregnated fiberglass
ITLC-SA sheets (Gelman, Ann Arbor, MI) using a sol-
vent of petroleum ether and toluene {65:35, v/v) (13).
Plate sections corresponding to free and esterified cho-
lesterol were combined directly with liquid scintillant for
scintillation counting. Results were calculated in cpm
units, and then in most cases converted to units of
fractional hydrolysis of cholesteryl ester or fractional
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TABLE 1. Recovery of biochemical and organellar markers in the endosome-lysosome donor fraction

A:
r[SH-COJLDL [**C]Cholesterol NABGase APDase
% recovery in 10,000 g donor fraction vs. PNS
81+6 727 76+ 13 7619
(n=10) (n=9) (n=3) (n=2)
B:
NABGase APDase Cytochrome c Oxidase Protein Phospholipid Cholesterol
% recovery in 10,000 g donor fraction vs. PNS
8212 66+2 107 +3 25+ 1 37+2 69+3

CHOXK1 cells were incubated 1.5 days with DLP + [*C]cholesterol, equilibrated overnight in DLP, and then
incubated 5 h at 15°C with r[*H-CO]LDL. The postnuclear supernatant (PNS) and 10,000 g donor fraction were
prepared and analyzed for the indicated markers. Data are expressed as percentage recovery of each marker in
the 10,000 g donor fraction relative to its recovery in the PNS. The markers correspond to organelles as follows:
LDL, endosomes; cholesterol mass and [*C]cholesterol, plasma membrane; NABGase, lysosomes; APDase,
plasma membrane; cytochrome c oxidase, mitochondria; phospholipid, total membrane. A: provides data from
multiple independent fractionations. B: provides data from a single fractionation that did not involve any
radioactive tracers, and in which native human LDL was substituted for r[*H-CO]LDL. For this fractionation,
all assays were performed in duplicate or triplicate and the uncertainties indicate the range or standard deviation,

respectively.

release of cholesterol from the donor. Results are de-
scribed in terms of the overall release of cholesterol
from the donor fraction, or in some cases in terms of
transfer to PC-SUV, which is defined as the portion of
release due to the addition of PC-SUV to the incubation
system.

Other analytical methods

Cholesterol and phospholipid mass analyses were as
described previously (11, 16). Protein was determined
by a modification of the Lowry procedure (22), using
BSA as the standard. Activities of N-acetyl-B-glu-
cosaminidase (NABGase) and alkaline phosphodi-
esterase (APDase) were measured in the presence of
0.1% Triton X-100, as described by Harrison and Bowers
(23) and Beaufay et al. (24), respectively. Cytochrome ¢
oxidase was assayed as described by Cooperstein and
Lazarow (25).

Statistical analysis

All incubations were performed at least in triplicate.
Data are expressed as means (* 1 SD) of the replicate
determinations. Statistical significance was assessed by
Student’s t-test, with P < 0.05 as the criterion of signifi-
cance.

RESULTS

Composition of donor fraction

In the course of several experiments, the 10,000 g
donor fraction from CHO-K1 cells was analyzed for the
recoveries of several enzymatic and biochemical mark-

ers: N-acetyl-f-glucosaminidase (NABGase, a lysosomal
enzyme marker), alkaline phosphodiesterase (APDase,
an enzyme of the plasma membrane), cytochrome ¢
oxidase (a mitochondrial marker), cholesterol mass and
[“C]cholesterol (present largely in the plasma mem-
brane), 3H-labeled LDL (present in endosomes with the
incubation methods used in these studies), and phos-
pholipid mass (a general membrane marker). These
data are summarized in Table 1. The recoveries of the
three enzyme markers, cholesterol mass, [14C]choles-
terol, and 3H-labeled LDL in the donor fraction were all
greater than 66%, indicating that most of the lysosomes
and endosomes were recovered in this fraction, but that
it also contained substantial amounts of plasma mem-
brane and mitochondria. The recoveries of protein and
phospholipid were 25% and 37%, respectively, indicat-
ing that despite the heterogenity of the donor fraction,
most of the cellular protein and most of the nonlysoso-
mal and nonendosomal membranous organelles were
eliminated. In preliminary attempts to prepare a more
nearly pure endosome-lysosome donor fraction by su-
crose-density gradient centrifugation, we succeeded in
eliminating most of the plasma-membrane contamina-
tion. However, the resulting preparation was unable to
hydrolyze DL cholesteryl ester (data not shown). Be-
cause this suggested significant loss of lysosomal func-
tion, we chose to proceed with experiments using the
10,000 g membrane fraction as the donor, and relying
on the addition of a large excess of PC-SUV acceptor to
ensure that the cholesterol released from lysosomes was
transferred to the acceptor rather than among cell-de-
rived membranes in the donor fraction. In most experi-
ments the PC-SUV acceptor was used at a concentration
of 1 mg/ml. This resulted in a 4- to 5-fold excess of
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Fig. 1. Time courses of LDL cholesteryl ester hydrolysis and cholesterol release from lysosomes during cell-free incubation of 10,000 g donor

fraction with egg PC vesicle (PC-SUV) acceptor particles. CHO-K1 cells were labeled with unesterified [C]cholesterol at 37°C and with
r{®*H-COJLDL at 15°C, as described in Materials and Methods. Working at 0-4°C, a cell homogenate was prepared, from which the 10,000 g
donor fraction was isolated. This was resuspended in cellfree incubation medium containing ATP (1 mm), GTP (1 mM), an ATP-regenerating
system, and BSA (0.1%), with or without PC-SUV (1 mg/ml), and then incubated at 37°C for periods of 2-16 h with rotary shaking at 150 rpm.
Incubations were ended by cooling the incubation vials in an ice-water bath, taking samples for determination of cholesteryl ester hydrolysis,
and then centrifuging the medium at 13,600 g for 30 min at 4°C, after which the supernatant was sampled for determination of cholesterol
release from the donor. Initially, each incubation contained 7212 + 128 cpm of [*H]cholesterol (free/total = 0.10 + 0.02) and 1333 + 43 cpm of
["*C]cholesterol {free/total = 0.96 + 0.01) Panel A: Time course of LDL cholesteryl ester hydrolysis with PC-SUV acceptor (A) or without the
vesicle acceptor (O). Panel B: Release of LDL-derived [*H]FC from the donor. Fractional release was calculated by normalizing the [*H]FC cpm
released at a given time to the total production of [*H]FC at 8 h of incubation. In this way, the fractional release values parallel the cpm release
of [*'H]FC. Panel C: Release of unhydrolyzed [*H]cholesteryl oleate from the donor. Calculation of fractional release was as described for panel

B. Panel D: Release of total membrane ["C]FC from the donor. Fractional release was calculated by normalization to the [MC]FC available at t
=0.

acceptor (phospholipid) in comparison to the donor. As
shown in the data below, this concentration of acceptor
produced a near maximal rate of lysosomal cholesterol
release.

The assertion that LDL was located in endosomes in
the starting donor fraction was supported by results of
the sucrose density-gradient fractionation mentioned
above. These results showed that the LDL label distrib-
uted in a broad peak that was intermediate in density
between the plasma membrane and the lysosomal en-
zyme markers (data not shown), as has been observed
previously for material within endosomes (26).

points illustrated by these data are as follows. I)
Cholesteryl ester hydrolysis achieved a maximal value of
about 50% after 8 h of incubation (Fig. 1A). 2) The
release of lysosomal 3H and total membrane [*C]free
cholesterol to medium lacking PC-SUV was minimal and
not steeply time-dependent (Figs. 1B and D, circles). 3)
The addition of PC-SUV to the medium produced a 2-
to 3 fold stimulation of release of lysosomal free choles-
terol, and this release was essentially linear with time for
at least 8 h (Fig. 1B, triangles). Similar results were
obtained with total membrane cholesterol, although the
rate of release in the initial 2 h was greater than in
subsequent intervals (Fig. 1D). 4) The release of unhy-
drolyzed cholesteryl oleate was relatively small, not
steeply time-dependent, and not stimulated by the addi-
tion of PC-SUV (Fig. 1C), indicating that the release of
lysosomal free cholesterol did not represent wholesale
release of lysosomal contents. Based on these results,

Time-courses of lysosomal cholesteryl ester
hydrolysis and free cholesterol release

The time courses of LDL cholesteryl ester hydrolysis
and free cholesterol release to medium with or without
PC-SUV (1 mg/ml) are shown in Fig. 1. Important
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Fig. 2. Dependence of lysosomal cholesterol release on vesicle ac-
ceptor concentration. Conditions were as described in Fig. 1, except
that the PC-SUV concentration was varied from 0-3 mg/ml and the
only non-zero time point was 8 h. Panel A: Hydrolysis of LDL
cholesteryl ester as a function of acceptor concentration. Circles, t =
0. Triangles, t = 8 h. Panel B: Release of [SH]FC from lysosomes.

the standard incubation time chosen for most experi-
ments was 8 h. This provided for maximal LDL
cholesteryl ester hydrolysis, values of lysosomal free
cholesterol release that reflected the initial rate of this
process, and minimal release of lysosomal cholesteryl
ester.

Dependence of cholesterol release on vesicle
concentration, and effect of supplementation with
unlabeled donor fraction

To determine the maximal rate of transfer of lysoso-
mal cholesterol to PC-SUV, the acceptor concentration
was varied in the range 0-3 mg/ml for a single 8h time
point (Fig. 2). The results showed that hydrolysis of LDL
cholesteryl ester was inhibited slightly by increasing
vesicle concentration (Fig. 2A, triangles). The fractional
release of lysosomal free cholesterol rose steeply in the
range 0-1 mg/ml of acceptor, and then increased only
slightly in the range 1-3 mg/ml (Fig. 2B, triangles).
Thus, a near-maximal rate of transfer of lysosomal cho-
lesterol was achieved with an acceptor concentration of
1 mg/ml. For the examination of other variables in

subsequent experiments, a PC-SUV concentration of 1
mg/ml was used.

To determine whether nonlysosomal cell-derived
membranes in the donor fraction were interfering with
cholesterol transfer to PC-SUV and thereby limiting the
rate of this transfer, we tested whether the addition of
unlabeled 10,000 g donor fraction (in an amount equal
to the labeled donor) reduced the release of LDL-de-
rived FC to PCSUV medium. The only effect of this
addition was a 4-10% stimulation of the hydrolysis of
LDL cholesteryl oleate; there was no effect on the
fractional release of cholesterol with either 1 or 3 mg/ml
of PC-SUV acceptor (data not shown), suggesting that
nonlysosomal membranes in the donor did not interfere
significantly with FC transfer to PC-SUV.

Stability of lysosomes in the donor fraction

To examine the stability of lysosomes in the donor
fraction, the effects of the incubation conditions on the
latency and sedimentability of NABGase were exam-
ined. Latency was defined as the percent of total enzyme
activity not detectable in the absence of 0.1% Triton
X-100. Sedimentability was the percent of activity pellet-
ted by centrifugation at 13,600 g for 30 min. The results
(Table 2), showed that after 8 h incubation with 0 or 1
mg/ml of PC-SUV, NABGase latency declined by about
one-third, from an initial value of 67% to final values of
53% and 42%, respectively. Sedimentability showed less
change, with initial values of 90-94% and final values of
86-95%. The latency results suggest the development of
some leakiness of the lysosomal membrane to low mo-
lecular weight solutes. The sedimentability results, how-
ever, indicate that NABGase, which is a soluble enzyme
of the lysosol (27), was effectively contained, and thus
that the lysosomal membrane remained intact through-
out the incubations.

TABLE 2. NABGase latency and sedimentability before and after
cell-free incubation

Incubation Time % Latency of % Sedimentability
and Conditions NABGase® of NABGase®
Time, 0
BSA 6812 941
PC-SUV 6713 90+1
Time, 8 h
BSA 53+1 95+0.1
PC-SUV 42+ 2 86+1

Incubation conditions were as described in Fig. 1, except no radio-
active tracers were used and native LDL was substituted for r[*H-
CO]JLDL.

“Percentage of activity not detected in the absence of 0.1% Triton
X-100 in the NABGase assay cocktail.

*Percentage of activity sedimented by centrifugation at 13,600 g for
30 min.
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TABLE 3. Effects of inhibitors of lysosomal acidification on LDL
cholesteryl ester hydrolysis during cell-free incubation

Time and Treatment % [*H]CO Hydrolyzed % Inhibition of Hydrolysis

T,0 9+1 -

T,8h
Control (no EtOH) 33+ 2 -
Chloroquine, 100 pum 12+ 2 87
Methylamine, 10 mm 16+2 69
Control (0.1% EtOH) 3411 -
Monensin, 20 pum 131 83
Nigericin, 20 pm 112 90

CHO-K1 cells were labeled with r[®H-CO]JLDL and then used to
prepare the 10,000 g donor fraction as described in Materials and
Methods. The donor fraction was incubated for 8 h with PC-SUV (1
mg/ml) in the usual cell-free medium with the indicated supple-
ment(s). Samples from the beginning and end of the 8-h period were
extracted and analyzed by ITLC to determine the extent of hydrolysis
of LDL cholesteryl oleate. Monensin and nigericin were added to the
incubations from 1000 x stocks in ethanol (EtOH). Chloroquine and
methylamine hydrochloride were added from dry stocks.

Effect of inhibition of lysosome acidification

If the hydrolysis of LDL cholesteryl ester was taking
place in intact lysosomes, then it should be sensitive to
the inhibition of lysosomal acidification. To test this
prediction, the effects of adding different proton iono-
phores and lysosomotropic agents to the cell-free system
were examined (Table 3). The ionophores, monensin
and nigericin and the lysosomotropic agents chloro-
quine and methylamine all produced dramatic inhibi-
tion of hydrolysis in the range of 69-90%. Under all
conditions, the undegraded [*H]JCO remained > 90%
sedimentable when incubations were ended. Thus, the
inhibition of hydrolysis could not be attributed to exten-
sive disruption of the lysosomal membrane. In other
experiments, it was found that when r[3H-CO]LDL was
added directly to an unlabeled cell homogenate and
incubated under the conditions of these experiments,
there was no significant hydrolysis of the labeled
cholesteryl ester (data not shown). Thus, preloading of
the LDL into the endosome-lysosome system was neces-
sary in order to obtain efficient LDL degradation during
subsequent cell-free incubation. These observations ar-
gue strongly that the degradation of LDL obtained
under the conditions of these studies occurred within
intact lysosomes.

Effects of removing ATP and GTP from the medium

Fusion of endosomes and lysosomes requires ATP
and possibly GTP (18), and the acidification of the
lysosomal lumen depends on the ATP-dependent pro-
ton pump in the lysosomal membrane (28). In addition,
the release of cholesterol from lysosomes might in some
way depend on one or both of these nucleotides. For
these reasons, it was important to examine the effects
of removing ATP and GTP from the cell-free incubation
system. The removal of both nucleotides was accom-
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plished by the omission of ATP, GTP, and the ATP-re-
generating system from the medium in combination
with the addition of an ATP scavenging system (glucose
plus hexokinase) to eliminate any residual cell-derived
ATP (29). As shown by the results in Table 4, these
modifications caused a dramatic inhibition of LDL
cholesteryl ester hydrolysis (72-75%), and a moderate
inhibition of the fractional release of free cholesterol
(26% reduction in release to PC-SUV medium). The
pattern of effects on FC release was interesting in that
for both 0 and 1 mg/ml of PC-SUV acceptor, there were
similar absolute reductions in FC release (i.e., the frac-
tional release was reduced 0.05-0.06 in both cases). This
result may indicate that the small release of FC normally
observed in the absence of PC-SUV resulted from nu-
cleotide-dependent budding of small vesicles (not sedi-
mentable at 13,600 g} from the lysosomes. This process
was not explored further in these studies but deserves
more careful examination.

In a separate experiment, GTP alone was omitted
from the incubation medium. In this case, there was a
moderate inhibition of hydrolysis (24%), but no effect
on the fractional release of FC to PC-SUV medium (data
not shown). Thus, the effects described in Table 4 were
due mostly to the removal of ATP.

Effects of Ca® ion

Ca?” jon has been reported to stimulate the fusion of
endosomal vesicles (30). In addition, elevated cytosolic
Ca?* in cells of the arterial wall has been implicated in the
progression of atherosclerosis (31). Therefore, it was of
interest to determine the effects of Ca?* ion on the
parameters of LDL metabolism being examined in these
studies. Previous experiments had involved no deliberate
addition of Ca?* salts and the medium contained 2 mM of
EGTA, an effective Ca2* chelator. Thus, the free [Ca2*]

TABLE 4. Effect of removing ATP and GTP on cholesteryl ester
hydrolysis and cholesterol release from lysosomes

Incubation Time

and Conditions % [*H]CO Hydrolyzed % [*HJFC Released

Time, 0 8+2 2+2
Time, 8 h
BSA, control 52+2 6£2
BSA, no ATP and GTP 1912 1+04
PC-SUV, control 40+ 1 23+2
PC-SUV, no ATP and GTP 1713 173

CHO-XKI1 cells were prelabeled with r[*H-COJLDL and used to
prepare the 10,000 g donor fraction. Control incubation conditions
were as described in Fig. 1. To determine the effects of nucleoside
triphosphate removal, ATP, GTP, and the components of the ATP-re-
generating system were removed and the medium was supplemented
with 10 mm glucose and 10 units/ml of hexokinase to scavenge any
residual ATP (29). The incubation time was 8 h. Hydrolysis results are
expressed as percentage of [*H]cholesterol in the unesterified form.
Cholesterol release is expressed as the percentage of [SH]FC that was
nonsedimentable when incubations were ended.
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would have been essentially zero. For the addition of free
Ca?* in a well-controlled way, we used a software package
that calculated the total addition of CaCly needed to
obtain a given level of free Ca?*, taking into account the
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Fig. 3. Effect of Ca? on cholesteryl ester hydrolysis and cholesterol
release from lysosomes. Conditions were as in Fig. 1, except that the
only non-zero time point was 8 h, KCl was substituted for the organic
potassium salts in the usual incubation media, and media were sup-
plemented with CaCl, in amounts calculated to yield the indicated free
Ca?* concentrations after accounting for chelating properties of other
medium components. The substitution of KCl in this experiment was
necessary since the program used to calculate free [Ca®] did not take
into account the chelating properties of the organic anions (glutamate,
gluconate, and aspartate) in the usual potassium salts mixture. Panel
A: Hydrolysis of LDL cholesteryl oleate as a function of free Ca®.
Open circle, t = 0. Closed circles, t = 8 h. Panel B: Release of lysosomal
[PHJFC o media containing PC-SUV (1 mg/ml) after 8 h. Panel C:
Release of unhydrolyzed lysosomal [3H]cholestery! oleate.

TABLE 5. Effects of compound U18666A, progesterone, and
imipramine on cholesteryl ester hydrolysis and cholesterol release

% [*H]CO % [PHJFC
Treatment ‘Hydrolyzed Released
Control 3411 19+3
U18666A 29t1 1813
Progesterone 3213 176
Imipramine 241 1811

Conditions were as described in Fig. 1, with a single 8-h time point.
The PC-SUV concentration was 1 mg/ml. The concentrations of
U18666A, progesterone, and imipramine were 1 pug/ml, 10 pg/mi,
and 20 pw, respectively; all were added to media from 1000x ethanolic
stock solutions. Control medium contained 0.1% ethanol.

chelating properties of other medium components. Free
Ca?*levels of up to 10> M were tested (Fig. 3). The results
indicated a modest stimulation of cholesteryl ester hy-
drolysis, beginning at Ca?* levels of 107 M (Fig. 3A), a
somewhat more substantial inhibition of free cholesterol
release to PC-SUV mediumbeginningat 107 to 105M(Fig.
3B), and no significant effect on the release of unde-
graded cholesteryl oleate atany of the tested Ca%* concen-
trations (Fig. 3C). The addition of Ca?* caused no reduc-
tion in the recovery of PC-SUV acceptor in the
nonsedimentable portion of the incubation system (data
not shown). Thus, the inhibition of cholesterol release
with increasing Ca?* could not be attributed to aggrega-
tion and sedimentation of PC-SUV with the lysosome
donor.

Effects of sterol transport inhibitors

Several pharmacological agents have been reported
to interfere with the trafficking of lysosomal cholesterol
when tested with intact cells. Three of these agents are
progesterone (32), the Upjohn experimental andros-
tene derivative U18666A (33), and imipramine (34). It
was of interest to determine whether any of these com-
pounds reduced the release of lysosomal cholesterol to
PC-SUV medium during cell-free incubation. When
tested at concentrations reported to inhibit cholesterol
transport in intact-cell experiments, there were some
modest effects on the hydrolysis of LDL cholesteryl ester
but no significant inhibition of the fractional release of
lysosomal cholesterol to PC-SUV medium (Table 5).
Higher concentrations of U18666A were also tested, but
these were found to produce dramatic inhibition of LDL
cholesteryl ester hydrolysis (data not shown). Thus, by
the direct addition of these three agents to the cell-free
system, we could not demonstrate an inhibition of cho-
lesterol release to medium containing PC-SUV.

Comparisons between CHO-K1 and CHO(2-2)
lysosomes

CHO-cell variants defective in the transport of
lysosomal cholesterol, and thus resembling cells from
type C Niemann-Pick patients, have been isolated
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Fig. 4. Cholesteroltransfer comparisons between CHO-K1 and
CHO(2-2) lysosomes. This figure summarizes five independent com-
parisons between CHO-K1 and CHO(2-2) lysosomes using the meth-
ods described in the previous figures and tables. Each line indicates
the pairing of values in a given experiment. In all cases the incubation
time was 8 h. The values are for vesicle-dependent transfer of lysoso-
mal cholesterol in fractional units (i.e., fractional release with 1 mg/ml
of PC-SUV in the medium minus release without vesicles). In one
experiment (dashed line), the incubations were ended by filtration
removal of the lysosomal donor (using 0.1 pm pore-size filters) rather
than by centrifugation. Regardless of the inclusion of this experiment
in the data analysis, cholesterol transfer from CHO(2-2) lysosomes was
significantly less (P < 0.05) than from CHO-K1 lysosomes, as assessed
by the paired rtest.

® fraction transfered to PC~SUV/8 h
(o]

by Dahl et al. (6) and Cadigan, Spillane, and Chang
(35). In the present studies, several cell-free incubation
comparisons were made between one of these variants,
CHO(2-2} (6), and the fully functional CHO-K1 cells.
The results (Fig. 4) are expressed in terms of cholesterol
transfer to PCSUV (i.e., the vesicle-dependent com-
ponent of cholesterol release). Each line in Fig.
4 indicates the pairing of values in a given experiment.
Overall, these results suggested a 35% deficit in
the ability of the CHO(2-2) lysosomes to transfer
cholesterol to PC-SUV. This difference was significant
at P < 0.03. In some of these experiments, the
total membrane cholesterol fraction was labeled with
[14C]cholesterol. Transfer of this tracer from CHO(2-2)
lysosomes was also reduced, on average by 33%
(data not shown). In a time-course study with the
CHO(2-2) donor, the release of LDL-derived lysosomal
cholesterol to PC-SUV medium was sustained for
at least 16 h, similar to the time course for CHO-K1
donor shown in Fig. 1. At 8 and 16 h of incubation,
the vesicle-dependent release from the CHO(2-2)
lysosomes was 64% and 90%, respectively, of that
from the CHO-K1 lysosomes. These results indicate
that the reduced transfer of cholesterol from the
CHO(2-2) donor is based on a kinetic difference,
rather than greater equilibrium retention of cholesterol
in the CHO(2-2) lysosomes.
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DISCUSSION

Integrity of lysosomes

Several results indicated that the lysosomes remained
functional and intact during cell-free incubation. First,
the ability to degrade LDL was retained. This indicated
that lysosomes were able to fuse with LDL-loaded en-
dosomes, and that the acid lipase in the resulting secon-
dary lysosomes was active. Second, NABGase latency
and sedimentability remained high during the incuba-
tions. Third, the hydrolysis of LDL cholesteryl ester was
sensitive to proton ionophores and lysosomotropic
agents that prevent lysosomal acidification. If the limit-
ing membranes of lysosomes had not been intact, there
would have been no possibility for the generation of an
acidic microenvironment, and the addition of these
agents would have been inconsequential to hydrolysis.
Thus, the inhibition of hydrolysis by these agents is
strong evidence that the lysosomal membranes were
intact. Fourth, the removal of ATP and GTP from the
medium prevented hydrolysis. This effect probably was
due to a combination of preventing lysosome-endosome
fusion (which may require both ATP and GTP) (18) and
of stopping the function of the ATP-dependent proton
pump (28). This result also argues strongly for the
integrity of the lysosomes. Finally, the release of unde-
graded cholesteryl ester from the donor fraction was
relatively small and not stimulated by PC-SUV. Thus, the
vesicle-stimulated release of free cholesterol could not
be attributed to disintegration of the lysosomal mem-
brane leading to general release of lysosomal contents.

Relationship to previous studies on lysosomal LDL
metabolism and cell-free reconstitution of lysosome
function and lipid transport

Previous studies with intact cells and organs show that
the itinerary of LDL degradation involves binding of
LDL to its specific cell surface receptor in clathrin-
coated pits, followed by endocytosis and sequential as-
sociation of the lipoprotein with coated vesicles, un-
coated vesicles often with tubular extensions
{compartment for uncoupling of receptors and ligands,
CURL), large multivesicular bodies (late endosomes),
and finally perinuclear lysosomes, thought to be formed
by the fusion of late endosomes with primary lysosomes
(36-39). Previous cellfree studies of endosome-
lysosome interaction suggest that the association of late
endosomes with lysosomes requires ATP and is stimu-
lated by GTP, and that the mixing of lysosomal and
endosomal contents may be dependent on cytosolic
components (18, 26). Other studies on endosome-en-
dosome interaction have demonstrated that fusion can
occur independently of cytosol and ATP in the presence
of micromolar concentrations of free Ca?* (30). Previous
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cellfree studies on the hydrolysis of substrates pre-
loaded into rat liver lysosomes or endosomes have dem-
onstrated ATP-dependent degradation of !3!I-labeled
albumin (40), chloroquine-sensitive hydrolysis of
methylleucine (41), and lipolysis of VLDL triacyl-
glycerol (42). Studies with isolated fibroblast lysosomes
have demonstrated membrane transporters for a variety
of water-soluble nutrients, including sugars, amino ac-
ids, and nucleosides (43). The mechanisms of sterol and
fatty acid release from lysosomes have not been ad-
dressed previously. In cell-free studies of biosynthetic
lipid transport from liver Golgi apparatus (in suspen-
sion) to plasma membrane (immobilized on nitrocellu-
lose strips), it has been reported that transfer was stimu-
lated by NADH, but not by ATP (44).

There is good correspondence between the present
results and those obtained in previous studies of
lysosome function under cellfree conditions. For in-
stance, in the present studies, LDL degradation showed
a strong dependence on nucleoside triphosphates, con-
sistent with requirements for endosome-lysosome fu-
sion and lysosome acidification. Similar to the results of
Mego (40), the maximal degradation of entrapped li-
gand was approximately 50% and achieved within a few
hours of incubation. In addition, the degradation was
sensitive to lysosomotropic agents, as described by
Reeves (41) for the hydrolysis of methylleucine. One
possible discrepancy between our results and previous
data is that we obtained efficient LDL degradation in
the absence of cytosol, which may be important for
efficient mixing of endosome-lysosome contents using
liver-derived organelles (26). One possible explanation
for this result is that the degradation of LDL observed
in the present studies occurred in endosomes, rather
than in secondary lysosomes formed by endosome-
lysosome fusion. This seems unlikely based on the data
of Runquist and Havel (38) showing that acid cholesteryl
ester hydrolase is present in endosomes but exhibits
little activity against endocytosed LDL, due to the inabil-
ity of endosomes to reach a sufficiently low pH. Alter-
natively, the lack of requirement for cytosol in the
present studies may indicate that under some conditions
of cellular fractionation the cytosolic proteins needed
for endosome-lysosome fusion remain associated with
these organelles. In addition, the retention of such
factors may depend on the species or tissue source of
organelles.

Factors limiting cholesterol transfer to PC-SUV

The maximal rate of release of lysosomal cholesterol
to PC-SUV medium was approximately 25% in 8 h, or
3% per h, indicating a half-time for transfer to PC-SUV
of at least 23 h (Fig. 2). In contrast, with intact cells the
rate of cholesterol transport to the plasma membrane

has a half-time of 50 min or less (10, 11), suggesting a
rate constant for transport 2 80% per h. Thus, the
cell-free transfer of cholesterol from lysosomes to PC-
SUV was substantially slower than sterol transport in
intact cells. The slow transfer under cell-free conditions
probably was not due to lack of sufficient acceptor to
solubilize cholesterol. This explanation is unlikely based
on calculations showing that the hydrolysis of LDL
cholesteryl ester in a typical experiment was about 60
pmol per incubation, which was far less than the 775
nmol of PC available in the vesicle acceptor when its
concentration was 1 mg/ml. Likewise, the slow transfer
of lysosomal cholesterol to PC-SUV probably was not
due to diversion of the sterol to nonlysosomal contami-
nants in the donor fraction. This explanation is unlikely
based on data showing little additional stimulation of
cholesterol release when the PC-SUV concentration was
raised above 1 mg/ml (Fig. 2), and other data showing
no reduction in cholesterol release when incubations
were supplemented with unlabeled donor fraction (Re-
sults). The mechanism of transfer in the present experi-
ments probably was confined to unmediated diffusion
of cholesterol from the lysosomal membrane through
the intervening aqueous phase to PC-SUV. Aqueous
diffusion is the mechanism by which cholesterol moves
between artificial vesicles and between the plasma mem-
brane and a variety of extracellular acceptors (45). In
studies of this process in vesicle systems, slow rates of
transfer similar to those in the present studies were
obtained when the donor vesicles contained a high
fraction of sphingomyelin (46). Interestingly, the lysoso-
mal membrane is relatively rich in sphingomyelin in
comparison to other cellular membranes (47). Thus, the
slow release of cholesterol from lysosomes to PC-SUV
may be due to the high sphingomyelin content of the
donor membrane and the fact that conditions permitted
only unmediated diffusional release of lipids. Although
this is a plausible explanation for the present results, it
also indicates that the mechanism of transport in intact
cells probably is not confined to unmediated aqueous
diffusion. One or more other mechanisms seem to be
operating to allow efficient delivery of lysosomal choles-
terol to the plasma membrane and other sites of choles-
terol deposition. This may involve some form of facili-
tated diffusion, intermembrane contacts, inter-
membrane vesicle trafficking, or a combination of these
mechanisms.

Nature of the transport defect in CHO(2-2) cells

Despite the relatively slow transfer of cholesterol from
lysosomes to PC-SUV, it was still possible using the
present methods to demonstrate the sterol transport
defect in CHO(2-2) cells (Fig. 4). Two conclusions are
suggested by this result. First, it indicates that these

Johnson Cell-free transfer of lysosomal cholesterol 63

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

methods reproduce at a qualitative level some impor-
tant aspect of cholesterol transport in intact cells. Thus,
it is suggested that lysosomal cholesterol transport in
cells involves some form of diffusion, probably facili-
tated by one or more proteins to make it more efficient
than unmediated aqueous diffusion. Whether or not
conditions provide for mediation, sterol release from
CHO(2-2) lysosomes apparently is less efficient than
from normal lysosomes. This leads to the second con-
clusion, which is that the defect in CHO(2-2) cells ap-
pears to reside at least partially in lysosomes. This con-
trasts with the possibility that lysosomes function
normally in these cells and that the lysosomal accumu-
lation of cholesterol is due to a transport defect at a site
downstream in an obligatory transport pathway. In
these studies we also found that the release of total
membrane cholesterol was reduced using the CHO(2-2)
donor fraction (Results). This may indicate that the
transport defect in these cells is not confined to
lysosomes, but affects other membranes or organelles
as well. Assuming homology between the defects in
CHO(2-2) cells and type C Niemann-Pick disease, this
finding may help to explain the observation by Coxey et
al. (48) that cholesterol accumulates in both the
lysosomes and the trans-Golgi apparatus of type C Nie-
mann-Pick fibroblasts. The genetic relationship between
CHO(2-2) cells and type C Niemann-Pick disease is not
yet established.

Relevance to atherosclerosis

The cholesterol that accumulates in atherosclerotic
plaque is derived largely from LDL, and its tissue depo-
sition is thought to involve the endocytosis and lysoso-
mal degradation of native and oxidatively modified
forms of the lipoprotein by cells of the arterial wall (49).
In advanced stages of atherosclerosis, there is consider-
able accumulation of cholesterol and cholesteryl ester
in foam-cell lysosomes (50). Thus, the prevention and
reversal of atherosclerosis may depend on the efficient
transport of lysosomal cholesterol to the plasma mem-
brane, from which it can desorb to extracellular carriers
such as high density lipoprotein for transport to the
liver. The relevance to atherosclerosis is one of the
motivations for developing a better understanding of
the transport of lysosomal cholesterol in cells. In the
present studies, the data most relevant to atherosclerosis
are those addressing the effects of Ca?* ion (Fig. 3). Data
from other sources indicate that the intracellular Ca?*
concentration in cells of atherosclerotic plaque may
approach 1 uM (31), and that cellular Ca?* levels (as
modified by pharmacologic agents) are positively asso-
ciated with metabolic changes indicative of intracellular
cholesterol accumulation (51-53). In the present stud-
ies, we found that the elevation of Ca?* into the micro-
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molar range lead to enhanced LDL degradation and
diminished release of free cholesterol to PC-SUV me-
dium (Fig. 3). The mechanism of these effects is not
established, although it has been reported that Ca2* ion
can enhance endosome-endosome fusion (30). If the
same applies to endosome-lysosome fusion, the en-
hanced degradation of LDL is reasonable. Regardless of
the mechanism by which Ca2* exerts its effects, the
present results support the existence of an association
between cellular Ca?* levels and the metabolism of
cholesterol. The results suggest that elevated Ca?* may
lead directly to cholesterol accumulation in lysosomes,
and thereby contribute to the progression of
atherosclerosis. The cell-free procedures described in
this paper may prove valuable for establishing the
mechanism by which Ca?* modifies the metabolism of
LDL and for exploring the link between cellular Ca?*
accumulation and progression of atherosclerosis.

Conclusions

The present studies establish procedures for examin-
ing cholesterol transfer from intact functional
lysosomes to membrane acceptor particles under cell-
free conditions. Using these methods, qualitative repro-
duction of the transport defect in CHO(2-2) cells was
obtained, suggesting that the transport defect in these
cells may be localized at least in part to lysosomes. Using
phospholipid vesicles as the acceptor, the maximal rate
of cholesterol release was slower than occurs in intact
cells, suggesting that further refinements are needed for
the full reconstitution of the cellular transport of lysoso-
mal cholesterol. Adaptations of these methods should
prove useful in the examination of various aspects of
lysosome function. The full reconstitution of the trans-
port of lysosomal cholesterol will require the addition
of cell-derived acceptors and possibly cytosolic proteins.
The present work lays the foundation for this reconsti-
tution. B

I'am grateful to So Young Jang and Christine E. Ackerman for
excellent technical assistance, to Dr. Laura Liscum (Tufis
University, Boston, MA) for seed cultures of CHO(2-2) cells,
to Dr. Karen Walker for providing a copy of the Ca?/EGTA
buffer program, and to the Upjohn Company for compound
U18666A. I also thank Drs. Jane M. Glick, Earl H. Harrison,
Michael C. Phillips, and George H. Rothblat for advice and
discussion, and Dr. Peter G. Pentchev for critiquing an initial
draft of this manuscript. This work was supported by an
Intramural Research Pilot Grant from the Medical College of
Pennsylvania, a Grant-in-Aid from the American Heart Asso-
ciation Southeastern Pennsylvania Affiliate, and NIH Program
Project Grant HL.22633.

Manuscript received 3 May 1995 and in revised form 22 September 1995.

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

10.

11.

12.
13.

14.

15.

16.

17.

18.

REFERENCES

. Liscum, L., and N. K. Dahl. 1992. Intracellular cholesterol

transport. J. Lipid Res. 33: 1239-1254.

. Liscum, L., and K. W. Underwood. 1995. Intracellular

cholesterol transport and compartmentation. J. Biol
Chem. 270: 15443-15446.

. Xu, X. X., and I. Tabas. 1991. Lipoproteins activate acyl-

coenzyme A:cholesterol acyltransferase in macrophages
only after cellular cholesterol pools are expanded to a
critical threshold level. J. Biol. Chem. 266: 17040-17048.

. Freeman, D. A. 1987. Cyclic AMP-mediated modification

of cholesterol traffic in Leydig tumor cells. J. Biol. Chem.
262: 13061-13068.

. Pentchev, P. G., M. T. Vanier, K. Suzuki, and M. C.

Patterson. 1995. Niemann-Pick disease type C: a cellular
cholesterol lipidosis. /n The Metabolic and Molecular
Bases of Inheritied Disease. Seventh Edition. Volume II.
C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle,
editors. McGraw-Hill, Inc., New York. 2625-2639.

. Dahl, N.K,, K. L. Reed, M. A. Daunais, J. R. Faust, and L.

Liscum. 1992. Isolation and characterization of Chinese
hamster ovary cells defective in the intracellular metabo-
lism of low density lipoprotein-derived cholesterol. J. Biol.
Chem. 267: 4889-4896.

. Sarria, A. J., S. R. Panini, and R. M. Evans. 1992. A

functional role for vimentin intermediate filaments in the
metabolism of lipoprotein-derived cholesterol in human
SW-13 cells. J. Biol. Ckem. 267: 19455-19463.

. Liscum, L. 1990. Pharmacological inhibition of the intra-

cellular transport of low-density lipoprotein-derived cho-
lesterol in Chinese hamster ovary cells. Biochim. Biophys.
Acta. 1045: 40-48.

. Holtzman, E. 1989. Lysosomes. Plenum Press, New York.

344-361.

Brasaemle, D. L., and A. D. Attie, A. D. 1990. Rapid
intracellular transport of LDI-derived cholesterol to the
plasma membrane in cultured fibroblasts. J. Lipid Res. 31:
103-112.

Johnson, W. J., G. K. Chacko, M. C. Phillips, and G. H.
Rothblat. 1990. The efflux of lysosomal cholesterol from
cells. J. Biol. Chem. 265: 5546-5553,

Rothman, J. E. 1992. Reconstitution in cell-free extracts.
Introduction. Methods Enzymol. 219: 1-2.

Johnson, W. ]J., and M. P. Reinhart. 1994. Lack of require-
ment for sterol carrier protein-2 in the intracellular traf-
ficking of lysosomal cholesterol. J. Lipid Res. 35: 563-573.
Krieger, M., M. S. Brown, . R. Faust, and J. L. Goldstein.
1978. Replacement of endogenous cholesteryl esters of
low density lipoprotein with exogenous cholesteryl li-
noleate. J. Biol. Chem. 253: 4093-4101.

Barenholz, Y., D. Gibbes, B. J. Litman, J. Goll, T. E.
Thompson, and F. D. Carlson. 1977. A simple method for
the preparation of homogeneous phospholipid vesicles.
Biochemistry. 16: 2806-2810.

Sokoloff, L., and G. H. Rothblat. 1972. Regulation of
sterol synthesis in L cells: steady state and transitional
responses. Biochim. Biophys. Acta. 280: 172-181.

Brown, M. S., and J. L. Goldstein. 1986. A receptor-medi-
ated pathway for cholesterol homeostasis. Science. 232:
34-47.

Mullock, B. M., and J. P. Luzio. 1992. Reconstitution of
rat liver endosome-lysosome fusion in vitro. Methods En-
zymol. 219: 52-60.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Bailch, W. E,, and ]. E. Rothman. 1985. Characterization
of protein transport between successive compartments of
the Golgi apparatus: asymmetric properties of donor and
acceptor activities in a cell-free system. Arch. Biochem.
Biophys. 240: 413-425.

Bennett, M. K., A. Wandinger-Ness, and K. Simons. 1988.
Release of putative exocytic transport vesicles from per-
forated MDCK cells. EMBO J. 7: 4075-4085.

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total
lipid extraction and purification. Can. J. Biochem. Physiol.
37:911-917.

Markwell, M. A. K., S. M. Haas, L. L. Bieber, and N. E.
Tobert. 1978. A modification of the Lowry procedure to
simplify protein determination in membrane and lipopro-
tein samples. Anal. Biochem. 87: 206-210.

Harrison, E. H., and W. E. Bowers. 1981. Lysosomal
enzymes. In Methods for Studying Mononuclear Phago-
cytes. D. O. Adams, P. J. Edelson, and H. Koren, editors.
Academic Press, New York. 433-448.

Beaufay, H., A. Amar-Costesec, E. Feytmans, D. Thines-
Sempoux, M. Wibo, M. Robbi, and J. Berthet. 1974.
Analytical study of microsomes and isolated subcellular
membranes from rat liver. I. Biochemical methods. J. Cell
Biol. 61: 188-200.

Cooperstein, S. J., and A. Lazarow. 1951. A microspectro-
photometric method for the determination of cyto-
chrome oxidase. J. Biol. Chem. 189: 665-670.

Mullock, B. M,, ]J. H. Perez, T. Kuwana, S. R. Gray, and J.
P. Luzio. 1994. Lysosomes can fuse with a late endosomal
compartment in a cell-free system from rat liver. J. Cell
Biol. 126: 1173-1182.

Ohsumi, Y., T. Ishikawa, and K. Kato. 1983. A rapid and
simplified method for the preparation of lysosomal mem-
branes from rat liver. J. Biochem. 93: 547-556.

Mellman, I, R. Fuchs, and A. Helenius. 1986. Acidifica-
tion of the endocytic and exocytic pathways. Annu. Rev.
Biochem. 55: 663-700.

Braell, W. A. 1987. Fusion between endocytic vesicles in
a cellfree system. Proc. Natl Acad. Sci. USA. 84:
1137-1141.

Mayorga, L. S., W. Beron, M. N. Sarrouf, M. I. Colombo,
C. Creutz, and P. D. Stahl. 1994. Calcium-dependent
fusion among endosomes. J. Biol. Chem. 269:
30927-30934.

Strickberger, S. A., L. N. Russek, and R. D. Phair. 1988.
Evidence for increased aortic plasma membrane calcium
transport caused by experimental atherosclerosis in rab-
bits. Circ. Res. 62: 75-80.

Butler, J. D., J. Blanchette-Mackie, E. Goldin, R. R.
O’Neill, G. Carstea, C. F. Roff, M. C. Patterson, S. Patel,
M. E. Comly, A. Cooney, M. T. Vanier, R. O. Brady, and
P. G. Pentchev. 1992. Progesterone blocks cholesterol
translocation from lysosomes. J. Biol Chem. 267:
23797-23805.

Liscum, L., and J. R. Faust. 1989. The intracellular trans-
port of low density lipoprotein-derived cholesterol is in-
hibited in Chinese hamster ovary cells cultured with 3-
beta-[2-(diethylamino)ethoxy]androst-5-en-17-one. J. Biol.
Chem. 264: 11796-11806.

Rodriguez-Lafrasse, C., R. Rousson, J. Bonnet, P. G. Pen-
tchev, P. Louisot, and M. T. Vanier. 1990. Abnormal
cholesterol metabolism in imipramine-treated fibroblast
cultures. Similarities with Niemann-Pick type C disease.
Biochim. Biophys. Acta. 1043: 123128,

Cadigan, K. M., D. M. Spillane, and T-Y. Chang. 1990.

Joknson Cellfree transfer of lysosomal cholesterol 65

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) 'mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

36.

37.

38.

39.

40.

41.

42,

43.

44.

66

Isolation and characterization of Chinese hamster ovary
cell mutants defective in intracellular low density lipopro-
tein-cholesterol trafficking. J. Cell Biol. 110: 295-308.
Brown, M. S, and J. L. Goldstein. 1976. Analysis of a
mutant strain of human fibroblasts with a defect in the
internalization of receptor-bound low density lipopro-
tein. Cell. 9: 663-674.

Belcher, ]J. D., R. L. Hamilton, S. E. Brady, C. A. Hornick,
S.Jaeckle, W. J. Schneider, and R. J. Havel. 1987. Isolation
and characterization of three endosomal fractions from
the liver of estradiol-treated rats. Proc. Natl. Acad. Sci. USA.
84: 6785-6789.

Runquist, E. A, and R. . Havel. 1991. Acid hydrolases in
early and late endosome fractions from rat liver. J. Biol.
Chem. 266: 22557-22563.

Anderson, R. G. W. 1986. Methods for visualization of the
LDL pathway in cultured human fibroblasts. Methods En-
zymol. 129: 201-216.

Mego, J. L. 1973. Protein digestion in isolated organelles.
In Lysosomes in Biology and Pathology. J. T. Dingle,
editor. North Holland Publishing Company, New York.
138-168.

Reeves, J. P. 1979. Accumulation of amino acids by
lysosomes incubated with amino acid methyl esters. J. Biol.
Chem. 254: 8914-8921.

Hornick, C. A., C. Thouron, J. G. DeLamatre, and J.
Huang. 1992. Triacylglycerol hydrolysis in isolated he-
patic endosomes. J. Biol. Chem. 267: 3396-3401.

Gahl, W. A. 1989. Lysosomal membrane transport in
cellular nutrition. Annu. Rev. Nutr. 9: 39-61.

Rodriquez, M., P. Moreau, M. Paulik, J. Lawrence, D. J.
Morre, and D. Morre. 1992. NADH-activated cell-free
transfer between Golgi apparatus and plasma membranes
of rat liver. Biochim. Biophys. Acta. 1107: 131-138.

Journal of Lipid Research Volume 37, 1996

45.

46.

47.

48.

49.

50.

51.

52,

53.

Phillips, M. C., W. J. Johnson, and G. H. Rothblat. 1987.
Mechanisms and consequences of cellular cholesterol
exchange and transfer. Biochim. Biophys. Acta. 906:
223-276.

Lund-Katz, S., H. M. Laboda, L. R. McLean, and M. C.
Phillips. 1988. Influence of molecular packing and phos-
pholipid type on rates of cholesterol exchange. Biochemis-
try. 27: 3416-3423.

Lehninger, A. L., D. L. Nelson, and M. M. Cox. 1993.
Principles of Biochemistry. Worth Publishers, New York.
270.

Coxey, R. A., P. G. Pentchev, G. Campbell, and E. J.
Blanchette-Mackie. 1993. Differential accumulation of
cholesterol in Golgi compartments of normal and Nie-
mann-Pick type C fibroblasts incubated with LDL: a cyto-
chemicalfreeze-fracturestudy, /. Lipid Res. 34:1165-1176.
Small, D. M. 1988. Progression and regression of
atherosclerotic lesions. Insights from lipid physical bio-
chemistry. Arteriosclerosis. 8: 103-129.

Lupu, F., I. Danaricu, and N. Simionescu. 1987. Develop-
ment of intracellular lipid deposits in lipidladen cells of
atherosclerotic  lesions. A cytochemical study.
Atherosclerosis. 67: 127-142.

Ranganathan, S.,J. A. K. Harmony, and R. L. Jackson.
1982. Effect of Ca** blocking agents on the metabolism of
low density lipoproteins in human skin fibroblasts. Bio-
chem. Biophys. Res. Commun. 107: 217-224.

Stein, O., E. Leitersdorf, and Y. Stein. 1985. Verapamil
enhances receptor-mediated endocytosis of low density
lipoproteins by aortic cells in culture. Arteriosclerosis. 5:
35-44,

Filipovic, 1., and E. Buddecke. 1986. Calcium channel
blockers stimulate LDL receptor synthesis in human skin
fibroblasts. Biochem. Biophys. Res. Commun. 136: 845-850.

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm woiy papeojumoq


http://www.jlr.org/

