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Investigating the allosterism of acyl-CoA:cholesterol acyltransferase (ACAT)
by using various sterols: in vitro and intact cell studies
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ACAT1 (acyl-CoA:cholesterol acyltransferase 1) is thought to
have two distinct sterol-binding sites: a substrate-binding site and
an allosteric-activator site. In the present work, we investigated
the structural features of various sterols as substrates and/or activ-
ators in vitro. The results show that without cholesterol, the plant
sterol sitosterol is a poor substrate for ACAT. In the presence of
cholesterol, ACAT1-mediated esterification of sitosterol is highly
activated while ACAT2-mediated esterification of sitosterol is
only moderately activated. For ACAT1, we show that the stereo-
chemistry of the 3-hydroxy group at steroid ring A is a critical
structural feature for a sterol to serve as a substrate, but less criti-
cal for activation. Additionally, enantiomeric cholesterol, which
has the same biophysical properties as cholesterol in membranes,
fails to activate ACAT1. Thus ACAT1 activation by cholesterol is
the result of stereo-specific interactions between cholesterol and

ACAT1, and is not related to the biophysical properties of phos-
pholipid membranes. To demonstrate the relevance of the ACAT1
allosteric model in intact cells, we showed that sitosterol esteri-
fication in human macrophages is activated upon cholesterol
loading. We further show that the activation is not due to an in-
crease in ACAT1 protein content, but is partly due to an increase
in the cholesterol content in the endoplasmic reticulum where
ACAT1 resides. Together, our results support the existence of a
distinct sterol-activator site in addition to the sterol-substrate site
of ACAT1 and demonstrate the applicability of the ACAT1 al-
losteric model in intact cells.

Key words: acyl-CoA:cholesterol acyltransferase (ACAT), allo-
steric model, enantiomeric cholesterol, sitosterol, sterol ester-
ification.

INTRODUCTION

ACAT (acyl-CoA:cholesterol acyltransferase) is a membrane-
bound enzyme residing in the ER (endoplasmic reticulum) that
plays important roles in cellular cholesterol metabolism. The
primary role of ACAT is to convert cholesterol into cholesteryl
esters using long chain fatty acyl-CoA as the fatty acyl donor. In
mammals, there are two isoforms of ACAT: ACAT1 and ACAT2.
These are two homologous enzymes encoded by two different
genes [1-4], reviewed in [5-7]. In adult humans, ACAT1 is pres-
ent in a variety of tissues, including hepatocytes and Kupffer cells
[8—10], adrenal glands, and macrophages [9]. The expression of
ACAT?2 is restricted: in adult humans, ACAT?2 is expressed in the
intestinal mucosa [10,11] and plays an important role in con-
tributing the cholesteryl esters present in chylomicrons [6,7].
Under various pathological conditions, macrophages can also
express ACAT2 [11]. More recently, ACAT2 has been shown
to be present at various levels in hepatocytes of patients suffering
from gallstones [12].

Both ACAT1 and ACAT? are integral membrane proteins with
multiple transmembrane domains [13,14]. Recombinant ACAT1
expressed in mammalian cells and insect cells have been purified
to homogeneity [15]. In intact cells, ACAT uses the cholesterol
associated with ER membranes as its primary substrate. In con-
ventional ACAT enzyme assays, microsomal membranes are used
as the enzyme source, and externally provided cholesterol or
other sterols in lipid vesicles are used as the substrate. It is dif-
ficult to determine the true sterol specificity of ACAT by using this
type of assay because sterol transfer between the ER membrane

and the donor vesicle occurs slowly and the transfer rates among
different sterols can vary up to 100-fold [16]. Thus the differential
transfer rates of various sterols can mask the intrinsic sterol
specificity of the enzyme. To circumvent this problem, we have
shown that solubilization of both ACAT1 and ACAT2 in CHAPS
detergent preserves enzymatic activity [15]. Solubilized ACAT
can then be dispersed into taurocholate-PC (where PC stands for
phosphatidylcholine)-based mixed micelles or be reconstituted
into unilamellar vesicles [17]. Both procedures place a defined
amount of phospholipid, sterol and enzyme in the same phase,
thus avoiding the problem of sterol transfer between membranes.
When assayed in either mixed micelles or reconstituted vesicles,
the cholesterol substrate saturation curve is sigmoidal for both
ACAT1 and ACAT?2 [10]. In contrast, the substrate saturation
curve for long chain fatty acyl-CoA is hyperbolic for both en-
zymes [15]. These results suggest that both ACAT enzymes are
allosterically regulated by cholesterol, with cholesterol serving as
an activator as well as a substrate. ACAT1 can also esterify various
oxysterols, such as 7-ketocholesterol and 7 8-hydroxycholesterol,
though at much lower rates than cholesterol [17]. Kinetic exper-
iments with ACAT1 in mixed micelles or in unilamellar vesicles
showed that when cholesterol is present, ACAT is able to more
efficiently esterify other sterols such as 7-ketocholesterol. How-
ever, the result of a converse experiment showed that the presence
of 7-ketocholesterol did not lead to an increase in ACAT1 esteri-
fication of cholesterol in vitro [17]. These data led us to propose
that in addition to a substrate-binding site, ACAT1 contains a
putative sterol-activator site, which is preferentially activated by
cholesterol over other oxysterols. Upon activation by cholesterol,
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Figure 1  Structures of various sterols used in the present study

the substrate site can accommodate cholesterol and oxysterols
in a less discriminatory manner, and the enzyme becomes more
efficient in esterifying various sterols [17].

It is well known that cholesterol condenses the fluid phos-
pholipid membranes [18]. This condensing effect is thought to
be the result of the hydrophobic properties of cholesterol [19].
Cholesterol also changes the thermodynamic properties of lipid
phase transitions [20]. Oxysterols (e.g. 7-ketocholesterol) and
cholesterol both affect the biophysical properties of phospholipid
membranes, but they do so by different mechanisms [21]. Thus
the results obtained from our previous study based on oxysterols
cannot eliminate the possibility that cholesterol activation of
ACAT1 is due to its ability to affect the biophysical properties
of phospholipids in membranes, as opposed to a direct interaction
between cholesterol and the putative activator site in ACAT 1. ent-
cholesterol (enantiomeric cholesterol) [22] is the mirror image
of cholesterol, and has the same effect on the biophysical pro-
perties of phospholipids in monolayer or bilayer as cholesterol
(reviewed in [23]). In the present study, we use ent-cholesterol to
demonstrate that the activation effect of cholesterol on ACAT1 is
due to the specific structural requirement of the putative activator
site rather than the biophysical effects on the membrane.

Other sterols with slight variations in structure from cholesterol
(Figure 1) are also included in our study to probe the specificity
of the ACAT 1 substrate site and the putative activator site. For the
activation assay, we use ACAT1 or ACAT? as the enzyme source,
and sitosterol as the ACAT substrate. Sitosterol is the major sterol
found in most plants. Its structure differs from cholesterol by
having an additional ethyl group located at the C-24 position
on the iso-octyl side chain (Figure 1). We have previously shown
that, in the absence of cholesterol, sitosterol is a poor substrate for
human ACAT1 [17]. The potential physiological relevance of the
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ACAT allosteric model has not been tested in any mammalian cell
type. In the present study, we use sitosterol as the probe to test its
potential activation in esterification by cholesterol in macrophage
cells.

MATERIALS AND METHODS
Materials

[*H]Sitosterol (50 Ci/mmol), [*H]cholesterol (40 Ci/mmol) and
[*“*C]cholesteryl oleate (40 Ci/mmol) were purchased from
American Radiolabeled Chemicals (St. Louis, MO, U.S.A.). [*H]-
Oleoyl-CoA was synthesized as described previously [24]. Egg
PC, taurocholate, CHAPS, sitosterol, cholesterol, 5a,6c-epoxy-
cholesterol, FBS (fetal bovine serum), fatty acid-free BSA, chol-
esteryl oleate, PMA, Nile Red, oleic acid, acetic anhydride and
oleoyl-CoA were obtained from Sigma. Epicholesterol, chol-
estanol, allocholesterol, epiallocholesterol and DHE (dehydro-
ergosterol) were obtained from Steraloids (Wilton, NH, U.S.A.).
ent-cholesterol was synthesized chemically as described pre-
viously [22]. All other reagent-grade chemicals and organic
solvents were obtained from Fisher Scientific (Pittsburgh, PA,
U.S.A.). Reverse phase TLC plates were obtained from J. T.
Baker (Phillipsburg, NJ, U.S.A.) or Whatman (Florham Park,
NJ, U.S.A.). Tissue culture media RPMI 1640 and DMEM
(Dulbecco’s modified Eagle’s medium) were from Cellgro
(Mediatech, Herndon, VA, U.S.A.). Penicillin/streptomycin stock
solution was obtained from Invitrogen and Hepes was from
Roche (Indianapolis, IN, U.S.A.). Tissue culture flasks or dishes
were from Nalge Nunc International (Rochester, NY, U.S.A.) or
Bellco (Wineland, NJ, U.S.A.). Ficoll-paq density solution was
from Amersham Biosciences. THP-1 cells were from American
Type Culture Collection (A.T.C.C., Manassas, VA, U.S.A.).
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Methods
Enzyme purification

The source of ACAT1 used in this work is recombinant human
ACAT1 tagged with His, at the N-terminus (His—ACAT1), ex-
pressed in insect Hi5 cells and purified to homogeneity by pro-
cedures described previously [15]. The source of ACAT2 used was
recombinant human ACAT?2 tagged with His, at the N-terminus
(His—ACAT?2), stably expressed in Chinese-hamster ovary cells as
described previously [10]. The His—ACAT2 enzyme was partially
purified following the method for recombinant His—ACAT1 [15]
except for the nickel column chromatography step used. Based on
specific activity analysis, ACAT2 was purified to an average of
190-fold from crude cell extracts, with approx. 6 % recovery
of total ACAT activity. After purification, the ACAT1 and ACAT?2
preparations were stored in 0.5% CHAPS at —80°C. Stored
under this condition, the ACAT activity remains stable for at least
1 year. Specific activity of 1 unit of ACAT is defined as 1 (pmol
of cholesteryl oleate formed) - min~"' - (ug of protein)™' assayed
under standard mixed micelle conditions [15].

In vitro ACAT enzyme activity assays

Assayed in sterol/PC/taurocholate mixed micelles, using [*H]sito-
sterol as substrate: [*H]sitosterol (0.5 «Ci/0.1 nmol) along with
various concentrations of non-radioactive sterol as indicated. The
mixed micelles were prepared as described previously [15,17],
with 11.2 mM PC/18.6 mM taurocholate. The enzyme in 0.5 %
CHAPS was added to the mixed micelles at 4°C. To start the
enzyme reaction, 10 nmol non-radioactive oleoyl-CoA/BSA was
added and the reaction was continued at 37 °C for 30 min. Control
experiments showed that the ACAT1 or ACAT? activity was linear
for at least 30 min (results not shown). The reaction was ter-
minated by adding 2:1 chloroform/methanol and the lipids were
extracted as described previously [15]. Lipids were separated
on silica TLC plates in 90:10:1 [light petroleum (boiling range
39-54°C)/ether/acetic acid]. In this system, cholesteryl ester and
sitosteryl ester migrate at the same retention factor (Rf) value of
0.89. Sterol ester products were visualized, scraped and counted
in a scintillation counter. Sitosteryl oleate served as an internal
standard and it was synthesized as described previously [17].
Assayed in sterol/PC/taurocholate mixed micelles, using
[*H]oleoyl-CoA as labelled substrate, and various concentrations
of non-radioactive sitosterol and/or cholesterol as indicated in
Figure 3(A): [*H]oleoyl-CoA/BSA at 3.0 x 10* d.p.m./nmol was
used to start the reaction at 37 °C for 30 min. After lipid extraction
by 2:1 chloroform/methanol and water, cholesteryl oleate and sito-
steryl oleate were separated as described in the Supplementary
Figure 1 (http://www.Biochem].org/bj/391/bj3910389add.htm).
The Rf value in this system was 0.30 for sitosteryl oleate and
0.34 for cholesteryl oleate [25]. Experiments conducted to
determine the degree of crossover between sitosteryl oleate and
cholesteryl oleate bands are described in the Supplementary
Table 1 (http://www.BiochemJ.org/bj/391/bj3910389add.htm).
Assayed in sterol/PC unilamellar vesicles using either [*H]sito-
sterol or [*H]oleoyl-CoA as a substrate: the mixed micelles were
prepared as described above. The bile salt (taurocholate) was
rapidly and efficiently removed by treating the micelles with the
cationic resin cholestyramine (30 mg/500 1 of micelles), result-
ing in unilamellar vesicles. The details regarding the formation
and characteristics of the unilamellar vesicles were described
previously [17]. Vesicles consisting of two different sterols were
made by dissolving the two sterols in the same mixed micelles.
Activity assays were conducted as described in the first para-
graph of this subsection. Sterol products were scraped at their
corresponding Rf values. Rf values for cholestanyl oleate, chol-

esteryl oleate, sitosteryl oleate, allocholesteryl oleate, epi-
cholesteryl oleate, ent-cholesteryl oleate, dehydroergosteryl
oleate and epiallocholesteryl oleate are 0.89, and 0.5 for Sc,6a
epoxycholesteryl oleate [17].

Assayed in whole (unfractionated) cell homogenates: mono-
layers of THP-1 macrophage cells or human monocyte-derived
macrophages were washed with PBS, hypo-osmotic shocked for
30s with a solution of 1 mM EDTA/1 mM Tris (pH 7.4) and
harvested by scraping into buffer A (50 mM Tris and 1 mM EDTA,
pH 7.4) at room temperature (22°C), according to the method
described previously [26]. Then, 1 ©Ci of [*H]sitosterol at 50 Ci/
mmol sitosterol in 1 wl DMSO stock solution was added directly
to 25 ul of cell homogenate and incubated on ice for 30 min. The
assay was initiated by adding non-radioactive oleoyl-CoA/BSA.
Alternatively, when the formation of cholesteryl oleate was ex-
amined, [*H]oleoyl-CoA/BSA (not *H-labelled sitosterol) was
added to initiate the reaction. The reaction was carried out at 37°C
for 5 min. The reaction products were analysed as described in
the first paragraph of this subsection.

Cell culture

Undifferentiated THP-1 cells were maintained in RPMI 1640
medium with 10% (v/v) FBS. Cells were differentiated by the
addition of 100 nM PMA to the medium. Cells were fully differen-
tiated after 72 h in this medium. With PMA in the medium, the
cells could be maintained in a differentiated state, for 2 weeks
without loss of viability.

Isolation and maintenance of human monocyte-derived macrophages

Monocytes were collected from the blood of healthy volunteers
according to the procedure described in [27]. Briefly, mononuclear
leucocytes were separated from whole blood by the Ficoll-paq
centrifugation method, and were resuspended in DMEM + 10 %
pooled human serum. Cells were washed every 24 h in culture
media for 3 days to remove non-adherent lymphocytes and red
blood cells. Adherent monocytes were allowed to differentiate into
macrophages for 13 days, with fresh medium added periodically.

Intact cell labelling with [*H]sterol in DMSO or in LDL (low-density lipoprotein)

Differentiated THP-1 macrophages or human monocyte-derived
macrophages were grown in medium with or without 50 pg/ml
AcLDL (acetylated LDL) for 12h. AcLDL was prepared as
described previously [9]. [*H]Sitosterol (0.5 1+Ci/100 mm dish;
specific radioactivity 50 Ci/mmol) or 0.5 ©Ci/100 mm dish of
[*H]cholesterol (40 Ci/mmol) in either DMSO or LDL was then
added to the growth medium for 24 h. [*H]Sterol incorporated
into LDL was prepared by directly adding 20 ul of [*H]sterol
(20 1Ci) in DMSO to 1 ml of 2.5 mg/ml LDL and incubating
at 40°C for 2 h. The [*H]sterol-LDL solution was then dialysed
in EDTA-saline for 24 h at 4°C. The cell culture medium was
removed and the cells were washed three times with PBS. The
cells were then harvested by incubation in 0.2 M NaOH for
45 min at room temperature. After separating into aliquots for pro-
tein concentration determination, lipids were extracted by 2:1
chloroform/methanol and water and then separated by TLC with
amobile phase of 90:10:1 (light petroleum/ether/acetic acid). The
cholesteryl ester/sitosteryl ester band was scraped and counted by
a scintillation counter (Beckman LS 3801).

Statistical analysis

Statistical comparisons for all activation and substrate assays
were made using a two-tailed, unpaired Student’s ¢ test generated
by GraphPad Prism 4 for Windows & Macintosh (GraphPAD

© 2005 Biochemical Society



392 J. Liu and others

A. ACAT1

Sitosterol as Substrate
1750

1500
1250 N

-
=1
o
=
*

Formed (dpm)
-
o
S

Sitosterol Oleate

L
t o
=]

(=]

Cholesterol Oleate

0 014 028 .050 ..100
Cholesterol (mol%)

B. ACAT 2

Sitosterol as Substrate

Cholesterol as Substrate

6000

Formed (dpm)
-y
(=]
=]
(=]

L]
=}
[=]
o

0 014 028
Sitosterol Added (mol%)

Cholesterol as Substrate

500 *

Sitosterol Oleate
Formed (dpm)

[5] (5] -

(=] =] (=]

(=] ‘ﬂ (=]

s
o
o

Cholesteol Oleate

0 014 .028 050 100
Cholesterol (mol%)

750

Formed (dpm)
(4]
o
=]

[
@
L

0 014 028
Sitosterol Added (mol%)

Figure 2 Effects of cholesterol on sitosterol esterification, and effects of sitosterol on cholesterol esterification by ACAT1 or by ACAT2

(A) Left panel: the enzyme assay consisted of [*H]sitosterol (1.6 mM; 0.5 Ci/assay) and increasing amounts of unlabelled cholesterol in PC/taurocholate mixed micelles; 0.38 unit of ACAT1 was
used per assay. Right panel: the enzyme assay consisted of [*H]cholesterol (1.6 mM; 0.5 Ci/assay) and increasing amounts of cold sitosterol in PC/taurocholate mixed micelles; 0.38 unit of
ACAT1 was used per assay. (B) Left and right panels: the same conditions as described for (A) were used, except that 0.076 unit of ACAT2 was used per assay in the left panel and 0.019 unit
of ACAT2 was used per assay in the right panel. Data points and error bars represent the mean and variation between duplicate trials. Results are representative of two separate experiments. *P < 0.05

for activation/inhibition versus control.

Software, San Diego, CA, U.S.A.). For activation assays, sig-
nificance was determined by comparing various sterols added
to the non-sterol control. For substrate assays, various substrate
activities were compared with the background. The difference
between two sets of values was considered significant when the
P value was the <0.05.

RESULTS
Effect of cholesterol on sitosterol as a substrate for ACAT1 or ACAT2

To examine sitosterol as an ACAT substrate, 0.5 ©Ci of *H-label-
led sitosterol was assayed at a fixed concentration (1.6 mM; at
0.15 mol %) in PC/taurocholate mixed micelles that contained
either ACAT1 or ACAT2. The mixed micelle solution con-
tained either no cholesterol or an increasing mol % of cholesterol
as indicated in Figure 2. The results showed that, for ACAT1, the
inclusion of cholesterol significantly increased the sitosterol es-
terification in a dose-dependent manner. When the cholesterol
mol % reached 0.1, sitosterol esterification increased 4.5-fold as
compared with the control value (Figure 2A, left panel). In a
separate assay, the converse experiment was performed, testing
the effect of sitosterol on ACAT1 cholesterol esterification using
0.5 uCi of [*H]cholesterol as substrate. The result showed that the
cholesterol esterification by ACAT1 was slightly inhibited when
sitosterol was included in the mixed micelles (Figure 2A, right
panel). Parallel experiments, using ACAT?2 as the enzyme source,

© 2005 Biochemical Society

yielded similar results (Figure 2B). However, the fold increase
in sitosterol esterification in the presence of cholesterol was less:
0.1 mol % of cholesterol resulted in only a 2-fold increase (Fig-
ure 2B, left panel). A separate experiment showed that the ad-
dition of sitosterol in the mixed micelle assay using 0.5 uCi of
[*H]cholesterol as the substrate also slightly, but statistically sig-
nificantly, inhibited the cholesterol esterification by ACAT2 (Fig-
ure 2B, right panel).

Effect of cholesterol on sitosterol saturation curves

The results shown in Figure 2 were performed at a fixed concen-
tration of radiolabelled sitosterol. To extend these results, one
needs to perform more detailed kinetic studies, using both chol-
esterol and sitosterol as a substrate for ACAT. With ACAT2, the
maximal activation by cholesterol on sitosterol esterification is
only 2-fold. Therefore we focused our efforts on using ACAT1
to study the mechanism. An alternate assay system was devel-
oped using [*H]oleoyl-CoA as the labelled substrate, and
unlabelled cholesterol and sitosterol as the sterol substrates/activ-
ators. The sitosteryl and cholesteryl oleate products were sepa-
rated by TLC (see Supplementary Figure 1 at http:/www.
Biochem].org/bj/391/bj3910389add.htm) and a cross-contamin-
ation assay was performed to verify the counts found in each
band (see Supplementary Table 1 at http://www.Biochem].org/
bj/391/bj3910389add.htm). This assay allowed us to monitor
both the cholesteryl and sitosteryl oleate produced from the same
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Figure 3 Sitosterol substrate saturation curves of ACAT1 in the presence or absence of cholesterol

The ACAT assays in mixed micelles were performed as described in the Materials and methods section, using [*Hloleoyl-CoA or [*H]sitosterol as the labelled substrate. The final concentrations
of sitosterol and cholesterol used in mixed micelles are as indicated. (A) ACAT1 as the enzyme; left panel shows the sitosteryl oleate formed and the right panel shows cholesteryl oleate.
(B) [®H]Sitosterol was used as the substrate with ACAT1 as the enzyme source. ACAT activity is depicted as [*H]sitosteryl oleate formed in the presence or absence of cholesterol. Data points and
error bars represent the mean and variation between duplicate trials. All results presented are representative of two separate experiments.

reaction. Substrate saturation experiments were then performed
in the presence or absence of cholesterol, using this assay system.
The results show that the addition of cholesterol increased the
sitosterol esterification in a dose-dependent manner for ACAT1
(Figure 3A, left panel). At a higher cholesterol concentration
(0.028 mol %), the increase in the maximal velocity (V,,,) value
was almost 3-fold (Figure 3A, left panel). In addition, the sterol
saturation curve is hyperbolic in the presence of 0.028 mol %
but not in the presence of 0.014 mol % cholesterol. These effects
parallel the activation by cholesterol when 7-ketocholesterol is
used as the ACAT1 substrate [17]. The effect of sitosterol on
cholesteryl oleate formation by ACAT1 was also determined
in these experiments. The results show that increasing concen-
trations of sitosterol slightly inhibited cholesteryl oleate formation
by ACAT1 (Figure 3A, right panel). In Figure 3(B), a similar
sitosterol substrate saturation curve experiment using ACAT1
and [*H]sitosterol (instead of [*H]oleoyl-CoA) as the labelled
substrate was performed. This assay method does not require the
separation of the sitosteryl and cholesteryl oleate products. The re-
sults fully corroborate the data described in Figure 3(A) — at a
higher mol % of cholesterol, ACAT1 esterification of sitosterol is
activated almost 3-fold, and the shape of the substrate saturation
curve is hyperbolic.

Examination of the structural requirements for a sterol
to be a substrate for ACAT1

The ability of eight different sterols to serve as a substrate for
ACAT1 is shown in Figure 4. The concentrations of various
sterols were fixed at a saturating concentration of 1.6 mM [17]
in the form of mixed micelles; [*HJoleoyl-CoA was used as the
radiolabelled substrate. The results show that compared with chol-
esterol, the enantiomeric form of cholesterol is a poor substrate
at 0.55% (£0.09%) of the capacity of cholesterol. And, at
0.03% (£0.01 %) capacity of cholesterol, epicholesterol is a
worse substrate. Although ent-cholesterol and epicholesterol both
possess a 3a-hydroxy group as opposed to the 38-hydroxy group
present in cholesterol, the 3c-hydroxy group in ent-cholesterol
has the same equatorial configuration as it does in choles-
terol. Hence, these two steroids are more different than what
the nomenclature suggests. Sitosterol and DHE are also worse
substrates than cholesterol (at 6.8 and 2 % of cholesterol respect-
ively), but are better substrates than ent-cholesterol and epichol-
esterol. Interestingly, cholestanol, which lacks the C5—-C6 double
bond of cholesterol, but possesses the 38-hydroxy group, is a
better substrate than cholesterol (at 110 % capacity of chol-
esterol). Allocholesterol, which possesses a double bond at
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Figure 4 Various sterols as substrates of pure His—ACAT1 in vitro

The ACAT assays in mixed micelles were performed as described in the Materials and methods
section, using [*Hloleoyl CoA as the labelled substrate. The concentration of all the sterols was
1.6 mM. The results show the steryl oleate formed from each sterol. Rf values are listed in the
Materials and methods section. Data points and error bars represent the mean and variation
between duplicate trials. The results are representative of three separate experiments. All values
are significantly (P < 0.05) higher than background values except for epiallocholesterol.

C4-C5, is a better substrate (at 23 % of cholesterol) than
sitosterol. Interestingly, epiallocholesterol, which only differs
from allocholesterol by having a 3«-hydroxy group, is not a sub-
strate for ACAT. These data together show that, to serve as an
ACAT1 substrate, the stereochemistry of the 3-hydroxy moiety
at steroid ring A is a critical feature. The placement (or even
presence) of the double bond in the steroid B ring is not a required
feature of an ACAT1 substrate. Side-chain and steroid ring
structure modifications, such as those found in sitosterol, DHE
and various oxysterols (examined in our previous work [17]) all
diminish the enzyme activity, but can all be tolerated as a substrate.

Examination of the structural requirements of sterols for
activation of ACAT1

Here, we used ACAT 1 as the enzyme source and 1.6 mM [*H]sito-
sterol in mixed micelles as a substrate, and tested the effect
of various unlabelled sterols as potential activators for ACAT1
at two different concentrations (0.014 and 0.028 mol %). Under
these conditions, sitosterol is present at a saturating level. The
sterol being tested as an activator is present at a 3.5-7-fold lower

© 2005 Biochemical Society
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Figure 5 Various sterols as activators of pure His—ACAT1 in vitro

The ACAT activity assays were performed as described in the Materials and methods section with
[*H]sitosterol as substrate. Briefly, mixed micelles of [*H]sitosterol (1.6 mM sitosterol/11.2 mM
PC/18.6 mM taurocholate) were made with either 0.014 or 0.028 mol % of unlabelled sterols.
[*H]Sitosteryl oleate products generated by pure His—ACAT1 were separated by TLC and
quantified by scintillation counting. Data points and error bars represent the mean and variation
between duplicate trials. The results are representative of four separate experiments. *P < 0.05
for activation versus control.

concentration. Thus the sterol being tested is expected to only
occupy the putative activator site. The results show that ent-
cholesterol does not activate ACAT1 esterification of sitosterol
(Figure 5). The control experiment showed that cholesterol activ-
ates ACAT esterification of sitosterol 3-fold. The inability of
ent-cholesterol to activate ACAT1 implies that certain specific
structural elements are required for the sterol to be recognized by
the putative activator site of ACAT 1. Interestingly, epicholesterol
(with a 3a-hydroxy group at ring A) is a poor substrate for
ACAT1, yet is able to activate ACAT1 esterification of sitosterol
up to 1.5-fold. However, epiallocholesterol does not significantly
activate ACAT1 esterification of sitosterol. Thus, in contrast
with the substrate site, the putative activation site of ACAT1
apparently can accommodate both the -« and -8 orientations of
the 3-hydroxy group. Cholestanol and allocholesterol are also
activators of ACAT'1. At 0.014 mol %, these sterols are almost as
effective as cholesterol (2.1-fold activation) in activating ACAT'1
(2-fold and 1.8-fold activation respectively). However, at higher
concentrations (0.028 mol %), cholesterol-induced activation in-
creases up to 3-fold but cholestanol-induced activation increases
only 2.4-fold. Thus cholesterol is clearly the more effective activ-
ator of ACAT1. It was also determined that DHE is not an activator
of ACATT1 esterification of sitosterol. DHE is a fluorescent yeast
cholesterol analogue that has been found to behave biophysically
like cholesterol in membranes [28]. The finding that DHE fails
to activate ACAT 1 esterification of sitosterol further supports the
argument for a putative ACAT activator site that interacts directly
with cholesterol and has a certain stereospecificity.

Structural specificity of sterols as substrate or as activator
in the reconstituted vesicle system

To allow for direct contact of the sterols and enzymes in sol-
ution, a mixed micelle system was used. This assay system also
provides a milieu for homogeneous distribution of sterols that pre-
cludes the formation of sterol microdomain(s). However, the

© 2005 Biochemical Society

A. Various Substrates for ACAT1
in Vesicles

1250

)

-
[=]
[=]
s

-]
[4.]
e

[T -

[2.]
S
e

Sterol Oleate
Formed (dpm
*

B. Activation of ACAT1 Esterification of
Sitosterol by Various Sterols in Vesicles

500
|sterol Added in Addition to Sitosterol (mol%)
2 400 .014 * o028
3E .
E E 300 %* * *
E -3 T * ]
% E 200, -
22 =11 1Al | -
2 100
0

& S S SO
G G
6@1@ @@ é’o&”@{;\b g

S8

5

Figure 6 Various sterols as substrates or activators of pure His—ACAT1 in
reconstituted vesicles

Reconstituted vesicles were generated as described in the Materials and methods section.
(A) Various sterols were placed in vesicles (1.6 mM sterol/11.2 mM PC) and tested as substrates
for pure His—ACAT1 with [*H]oleoyl-CoA as the radiolabelled substrate. The ACAT activity
assays were performed as previously described in the Materials and methods section. Data
points and error bars represent the mean and variation between duplicate trials. The results
are representative of three separate experiments. (B) Various sterols were tested for their ability
to activate His—ACAT1 esterification of [*Hlsitosterol in vesicles (1.6 mM sitosterol/11.2 mM
PC). Various unlabelled sterols were included in the [*H]sitosterol vesicles at either 0.014 or
0.028 mol %. [*H]Sitosteryl oleate products were separated by TLC and quantified by scintillation
counting. Data points and error bars represent the mean and variation between duplicate trials.
The results are representative of four separate experiments. *P value < 0.05 versus background
in (A) and versus control in (B).

presence of high concentrations of bile salts in the mixed micelles
system could mask the hydrophobic effects of the various sterols.
In addition, ACAT does not exist in a mixed micelles environ-
ment in intact cells. To test the validity of results obtained in mixed
micelles, experiments from Figures 4 and 5 were repeated with
reconstituted unilamellar vesicles preloaded with various sterols.
The results (Figure 6A) show that ACAT1 prefers cholestanol or
cholesterol as a substrate over all other sterols tested. As in mixed
micelle experiments, cholestanol proves to be a better substrate
than cholesterol. DHE and ent-cholesterol were very poor sub-
strates and when epicholesterol was used as a substrate, we were
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Table 1 Structural features required for sterols to serve as a substrate or
as an activator for ACAT1

Structural feature Substrate Activator

Hydroxy orientation at C-3 3B-required 3B-preferred, 3a-tolerated

Double bond at C-5, C-6
orat C-4, C-5
Variation at iso-octyl side chain

Not important Not important

Reduces the enzyme activity ~ Not tolerated

but tolerated as substrate

not able to detect significant ACAT1 activity above background.
In Figure 6(B), we show that cholesterol, cholestanol and epi-
cholesterol (P < 0.025) are able to activate ACAT esterification
of sitosterol, whereas ent-cholesterol and DHE do not activate
ACAT. Thus the data obtained in vesicles corroborate the results
obtained in mixed micelles. A summary of the sterol structural
features required to serve as substrate or as activator of ACAT1 is
provided in Table 1.

Sitosterol esterification in human macrophage cells

The in vitro data described above support the model that chol-
esterol is recognized stereospecifically by ACAT1 and serves as an
allosteric activator for esterification of various sterols, including
sitosterol. This model was then tested under physiological con-
ditions. ACAT1 is the major isoform in human macrophages
[9,29]. Phorbol ester (PMA )-activated THP-1 cells were the cell
model. THP-1 cells are derived from acute monocytic leukaemia.
Upon activation with PMA, THP-1 cells differentiate into human
macrophage-like cells, and express scavenger receptors that are
responsible for the uptake of various modified LDLs, including
AcLDL. PMA-treated THP-1 cells were grown in cell culture
medium with or without 50 ug/ml AcLDL for 12 h. AcLDL is
taken up by the scavenger receptors in the THP-1 cells, causing the
cells to become cholesterol loaded [30]. Radiolabelled sitosterol
or radiolabelled cholesterol was then delivered directly to the
cells by adding the sterols to the tissue culture medium in DMSO
stock solutions. After 24 h, the percentage esterification of the
radiolabelled sterols was measured. The results show that in cells
grown in a medium without AcLDL, only 1.2 % of the labelled
cholesterol was esterified. However, when the cells were preincub-
ated with AcLDL, the percentage esterification increased to above
10%: an 8-fold increase (Figure 7A, left panel). For labelled
sitosterol without AcLDL, there was a very low percentage
(0.2 %) of sitosterol esterification. However, in cells loaded with
AcLDL, 5% of the sitosterol was esterified (Figure 7A, right
panel). The sterol delivery method was then altered by delivering
radiolabelled sitosterol or radiolabelled cholesterol to cells as
free (unesterified) sterol present in LDL. Once again, there
was a significant increase in percentage of sterol esterification
in both cholesterol (10-fold increase) and sitosterol (7.5-fold
increase) when cells were preloaded with cholesterol via AcLDL
(Figure 7B). These results suggest that loading cells with chol-
esterol renders sitosterol a more active ACAT substrate. A con-
trol experiment showed that incubation with AcLDL does not
cause an increase in the protein levels of ACAT1 in these THP-1
cells (Figure 7C). This is consistent with earlier findings in
human macrophages [11]. In a Western-blot analysis using anti-
ACAT?2 antibodies, ACAT?2 protein was not detected in THP-1
cells whether they were grown with or without AcLDL (results
not shown). The same sets of experiments were carried out in
human monocyte-derived macrophages, using LDL as the method
for delivering radiolabelled sterols. The results again show a
significant increase in percentage of esterification of both radio-
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Figure 7 Esterification of sitosterol and cholesterol in intact THP-1
macrophages

The experiments were conducted as described in the Material and methods section. THP-1
macrophage cells were grown in medium A (DMEM, 10% FBS and 10 nM PMA); treated
without or with 50 zeg/ml AcLDL for 12 h. (A) [*H]Sitosterol or [*H]cholesterol was added to the
growth medium for 24 h. (B) [3H]Sitosterol or [*H]cholesterol in LDL was added to the growth
medium for 24 h. Cells were harvested and lipids were extracted and separated. Sterol and sterol
ester products were counted by scintillation counter. The assays were run in duplicate wells.
Error bars represent mean and variation between duplicates. Results shown represent one of the
two experiments with similar results. (G) Immunoblot of ACAT1 enzyme in THP-1 macrophages
grown in the presence or absence of 50 ng/ml AcLDL for 36 h. Cellular proteins from extracts
of cells grown under each growth condition were loaded at doses of 20, 50 or 80 g (1x,
2.5x or 4x) as indicated. The immunoblot was performed according to procedures described
in [11], using the polyclonal anti-ACAT1 antibodies as the primary antibody. Data shown are
representative of two separate experiments.

labelled cholesterol and radiolabelled sitosterol when macro-
phages were preincubated with AcLDL (results not shown). The
results of control experiments showed that acetyl-LDL increases
the cholesterol content in the ER (Figure 8 A). When [*H]sitosterol
was monitored as a substrate, the ability of ACAT1 to esterify
sitosterol in acetyl-LDL-treated cells also increased 2-fold. This
result shows that an increase in ER cholesterol correlates with
an increase in the capacity of ACAT1 to esterify sitosterol
(Figure 8B).

© 2005 Biochemical Society



396 J. Liu and others

A. *H Oleoyl CoA
600

g

Cholesterol Oleate
Formed (dpm)
(%]
[=]
=]

-AcLDL + AcLDL

B. 3H Sitosterol

1000

.q
2]

g

Sitosterol Oleate
Formed (dpm)

]
3

o

-AcLDL

+ AcLDL

Figure 8 Increased cholesterol content in the ER correlates with the
increased sitosterol esterification in THP-1 macrophage cells

THP-1 macrophages were grown in medium A with or without 50 w.g/ml AcLDL for 12 h. Cell
homogenates were prepared according to the procedure described in the Materials and methods
section. (A) [*H]Oleoyl-CoA/BSA was added to the cell homogenates. (B) [*H]Sitosterol and
non-radioactive oleoyl-CoA/BSA were added to cell homogenates. ACAT activity assays were
conducted at 37°C for 5 min. Data points and error bars represent the mean and variation
between duplicate trials. Results shown are representative of two separate experiments.

DISCUSSION

In a previous report, we proposed that ACAT1 is an allosteric
enzyme, with two types of sterol-binding sites, a substrate site
and an activator site. The substrate site is able to accommodate a
wide variety of sterols while the putative activator site may only
recognize cholesterol [17]. In our present work, we employed
sterols with various structural variations to probe the structural
requirements for the substrate site and the putative activator site.
The results show that the substrate site of ACAT1 preferentially
recognizes cholestanol and cholesterol over all other sterols tested.
The double bond on steroid ring B is not a critical feature; the
side-chain modification of sitosterol at C-24 greatly diminishes,
but does not completely inactivate, ACAT1’s ability to esterify
sterols. The stereochemistry of the 3-hydroxy group in ring A is
a critical feature in determining whether a sterol can serve as an
ACAT]1 substrate. Epicholesterol is an extremely poor substrate
for ACAT1, suggesting that the axial orientation of the 3-OH
moiety in this steroid precludes its binding to the ACAT 1 substrate
site. In a different but related cholesterol-sensing system, Adams
etal. [31] show that the stereochemistry at the 3-OH on cholesterol
is also an important feature that determines the ability of the
sterol to mediate the processing of SREBP (sterol-regulatory-
element-binding protein) in mammalian cells. Furthermore,
Radhakrishnan et al. [32] have shown that the SREBP cleavage
activating protein (SCAP) binds to cholesterol with high affinity
but fails to bind epicholesterol (3c-OH).

ent-cholesterol is the mirror image of cholesterol, and although
this molecule contains a 3a¢-OH group, this OH group has the
same equatorial configuration as it has in cholesterol. In fact,
the relative configurations of all stereocentres (a total of eight
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centres) in the two molecules are the same. Thus the physical
properties of cholesterol and ent-cholesterol are identical. The
finding that cholesterol and not ent-cholesterol is a strong sub-
strate for ACAT-1 indicates that the substrate-binding site re-
cognizes the overall shape of the cholesterol molecule, and not
just the axial or equatorial orientation of the 3-OH group.

To address the putative ACAT 1 activator site, our current results
show that unlike cholesterol, the enantiomeric form of chol-
esterol fails to activate ACAT1 esterification of sitosterol. It has
been shown that monolayers of egg sphingomyelin containing
either cholesterol or ent-cholesterol compressed identically [23].
Additionally, Mannock et al. [33] reported that bilayers containing
cholesterol or ent-cholesterol share the same buoyant density and
X-ray diffraction patterns, and the enantiomers had the same
effects on the gel/liquid—crystalline phase transitions of the bi-
layers as well. Thus cholesterol and ent-cholesterol affect the
biophysical properties of phospholipids in lipid monolayer and
bilayer studies in the same manner [23]. However, certain en-
zymes such as cholesterol oxidase are known to prefer cholesterol
over ent-cholesterol [23,34]. Our finding that ACAT1 is activated
by cholesterol but not by ent-cholesterol strongly argues that
structural considerations take precedence over biophysical con-
siderations in determining a sterol’s ability to activate ACAT1.
An alternative interpretation of our data could be that ent-chol-
esterol does act as an activator. However, its effect is masked by
competitive inhibition at the substrate site. This interpretation is
unlikely, as we have shown that ent-cholesterol is a poor substrate.
DHE, another sterol that displays very similar biophysical
properties in membranes as cholesterol, also fails to activate
ACAT1. Together, these results strongly support the existence of
a putative activator site present within the ACAT 1 protein that in-
teracts with cholesterol in a stereo-specific manner. Interest-
ingly, we found that the putative activator site allows for variation
in the orientation of the 3-hydroxy group: epicholesterol is able
to activate ACAT1, although not as effectively as its 38 isomer
(cholesterol). Thus, within ACAT 1, the putative activator site may
have a distinct structural arrangement from that of the substrate
site. The existence of the ACAT1 substrate and allosteric-activ-
ator site is deduced based on enzyme kinetic analysis. In the
future, when purified ACAT 1 becomes available in more abundant
quantities, binding analysis and other protein biochemical
methods will be employed to identify the two sterol-binding sites.

Our results herein show that sitosterol esterification is highly
activated by cholesterol in ACAT1, but only moderately activated
by cholesterol in ACAT?2. Previously, Temel et al. [35] showed that
ACAT?2 was less likely than ACAT1 to use sitosterol as a substrate
(as opposed to cholesterol, which both isoenzymes prefer). Our re-
sults provide a rationale to explain these findings. ACAT2 is more
selective in its choice of substrates than ACAT1, because it is less
responsive to cholesterol-dependent activation. To address the
physiological relevance, our model predicts that in animals and in
humans, under high cholesterol loading conditions, the capacity
of ACAT1 (and that of ACAT2 to a lesser extent) to esterify
various sterols, including sitosterol and various oxysterols, will
be significantly augmented. Sitosterol is a major plant sterol and
is normally present in mammals at very low levels. In the sito-
sterolaemia disease, the presence of sitosterol and other plant
sterols are highly elevated [36]. Salen et al. [37] have shown
that not only does free sitosterol accumulates in the plasma and
tissues, but significant amounts of sitosteryl esters are also found
in certain tissues. Results of the present study provide a plausi-
ble explanation for the observation that esterified sitosterol accu-
mulates in the atherosclerotic thoracic aortic tissue of a human
patient with sitosterolaemia [37]. Accumulation of these fatty
acid esters in plaque macrophages may result in cell death and a
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decrease in plaque stability leading to plaque rupture and athero-
thrombosis.
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