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ABSTRACT: Acyl-coenzyme A:cholesterol acyltransferase (ACAT) is an enzyme involved in cellular
cholesterol homeostasis and atherosclerosis. ACAT1 is an allosteric enzyme responding to its substrate
cholesterol in a sigmoidal manner. It is a homotetrameric protein that spans the membrane multiple times,
with its N-terminal 131 hydrophilic amino acids residing at the cytoplasmic side of the endoplasmic
reticulum. This region contains two closely linked putativeR-helices. Our current studies show that this
region contains a dimer-forming motif. Adding this motif to the bacterial glutathioneS-transferase (GST)
converted the homodimeric GST to a tetrameric fusion protein. Conversely, deleting this motif from the
full-length ACAT1 converted the enzyme from a homotetramer to a homodimer. The dimeric ACAT1
remains enzymatically active. Its biochemical characteristics, including the sigmoidal response to cholesterol,
the IC50 value toward a specific ACAT inhibitor, and sensitivity toward heat inactivation, are essentially
unaltered. On the other hand, the dimeric ACAT1 exhibits a 5-10-fold increase in theVmax of the overall
reaction and a 2.2-fold increase in theKm for oleoyl-coenzyme. Thus, deleting the dimer-forming motif
near the N-terminus changes ACAT1 from its tetrameric form to a dimeric form and increases its catalytic
efficiency.

Acyl-coenzyme A:cholesterol acyltransferase1 (ACAT) is
an enzyme present ubiquitously in various eukaryotic cells.
In mammalian cells, it utilizes fatty acyl-coenzyme A and
cholesterol present in the endoplasmic reticulum (ER) as
substrates to produce cholesteryl esters (reviewed in ref1).
Within cells, cholesteryl esters exist mainly as cytoplasmic
lipid storage droplets. In plasma lipoproteins (very low
density lipoproteins and chylomicrons), cholesteryl esters
constitute part of the core lipid. In addition, cholesteryl esters
accumulate in cellular lesions within the aortic blood vessels
during the early stages of the disease atherosclerosis. For
these reasons, ACAT has been identified as a potential
pharmaceutical target for therapeutic intervention of athero-
sclerosis (reviewed in ref2). In addition, a recent study
demonstrates that inhibiting ACAT activity attenuates the
production ofâ-amyloid peptide in various cell types, raising
the possibility that ACAT inhibitors may serve as useful
therapeutic agents for treating patients with Alzheimer’s
disease (3). The first ACAT gene (ACAT1) was identified
in 1993 (4). More recently, a similar but different ACAT
gene (ACAT2) has also been identified in various mammalian
species (5-7). Extensive sequence homology exists between
ACAT1 and ACAT2 near their C-termini but not near their
N-termini. In adult humans, results suggest that ACAT1 is

the major enzyme in a variety of tissues including liver,
adrenal glands, kidney, and macrophages, while ACAT2 is
the major enzyme in the villi of the small intestines (8-10;
reviewed in ref11). In hepatocyte-like HepG2 cells, both
ACAT1 and ACAT2 were present (8); free fatty acids added
in the growth medium of HepG2 cells were shown to increase
the mRNA levels of ACAT1 but not ACAT2 (12). At
present, there is good evidence implicating the role of
ACAT1 in macrophage foam cell formation and ACAT2 in
intestinal cholesterol absorption. On the other hand, the roles
of ACAT1 and ACAT2 in the lipoprotein assembly process
are less clear (11, 13). With regard to the ACAT active site,
it has been proposed by various investigators that a conserved
serine and a conserved histidine (S269 and H460 in human
ACAT1) constitute part(s) of the ACAT active site (13-
16). The functions of these residues are unknown at present.
The His460 is within a long hydrophobic region that
comprises more than 20 amino acids. It has been postulated
that part of this hydrophobic peptide segment may reside
within the lipid bilayer, allowing the enzyme to produce
cholesteryl esters in situ (17). In addition, Guo and colleagues
recently proposed that several residues may constitute part
of the ACAT substrate binding site(s) (18).

We have previously shown that recombinant ACAT1
expressed in CHO cells or in insect H5 cells could be purified
extensively to electrophoretic homogeneity with retention of
catalytic function (16, 19). Purified ACAT1 present in
vesicles or in mixed micelles responds to cholesterol as its
substrate in a sigmoidal manner, implying that ACAT1 is
an allosteric enzyme regulated by its own substrate choles-
terol (19). To our knowledge, this is the first report
demonstrating an allosteric effect on a membrane-bound
enzyme by its lipophilic substrate. The molecular basis that
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controls the ACAT1 allosterism, as well as the catalytic
mechanism of the enzyme, is essentially unknown at present.
Our current goal is to identify the structural motif(s) that
govern(s) the oligomerization state of ACAT1 and to
examine whether altering the oligomerization state of the
enzyme may affect its allosteric property, as well as its
catalytic function. Depending on the methods used, ACAT1
in transfectant cells was shown to span the ER membrane
seven times (20) or five times (21), with the first 131
hydrophilic amino acids residing on the cytoplasmic side of
the ER. On the basis of results from hydrodynamic analysis,
chemical cross-linking studies, and immunoprecipitation
studies, ACAT1 was shown to contain four identical subunits
in vitro and in intact cells (22). The protein secondary
structure prediction program (23, 24) has revealed the
potential existence, between amino acids 43-99 of human
ACAT1, of two closely linked helices followed by a short,
â-sheet structure. In this paper, we examined the possible
importance of this region in contributing to the structural
integrity and enzymatic function of ACAT1. We produced
various bacterial glutathioneS-transferase (GST)-ACAT1
N-terminal peptide fusion proteins and examined their sizes.
The same strategy was employed by other investigators to
demonstrate various functional domains within a given
protein (25, 26). We also performed site-specific mutagenesis
experiments on the GST-ACAT1 N-terminal peptide fusion
protein construct, and the full-length ACAT1 cDNA. The
results indicate that the helix-rich region (aa 43-84) contains
a dimer-forming motif. Disrupting this motif from the full-
length ACAT1 converts the enzyme to a homodimer that is
more catalytically active than the native homotetramer. On
the other hand, the dimeric enzyme responds to cholesterol
in essentially the same manner as the tetrameric enzyme.
Therefore, the tetrameric form is not required for ACAT1
to behave as an allosteric enzyme.

EXPERIMENTAL PROCEDURES

Materials. Bacterial expression vectors pGEX3X and
pGEX2T and glutathione-Sepharose beads for GST fusion
protein purification were from Pharmacia, Inc. Cysteine-
specific cross-linking reagent bis(maleimidohexane) (BMH)
and disuccinimidyl suberate (DSS) were from Pierce. Other
materials used have been described previously (19, 22, 27).

Methods. Standard recombinant DNA techniques used
were as described (28).

GST-ACAT1 Peptide Fusion Proteins. Methods for pro-
ducing various GST-ACAT1 peptide fusion proteins were
described in the instruction manual from Pharmacia. The
construct pGST3X-ACAT11-131 was described previously
(27). To produce the constructs pGST3X-ACAT11-63 and
pGST2T-ACAT11-101, DNA fragments corresponding to the
appropriate ACAT1 peptide sequences were PCR amplified
from the DNA template pGST3X-ACAT11-131 using a com-
mon forward primer 5′-d(GGGCTGGCAAGCCACGTTTG-
GTG)-3′ with a BamHI site at the 5′-end and various appro-
priate reverse primers with anEcoRI site at their 3′-ends.
The PCR products were cleaved withBamHI andEcoRI and
ligated into vector pGST3X or vector pGST2T cleaved with
BamHI and EcoRI. To create pGST3X-ACAT11-54,
ACAT11-54 DNA fragment was released from the construct
pGST3X-ACAT11-131 with BamHI and HincII and then

ligated with the vector pGST3X digested withBamHI and
SmaI. To create pGST2T-ACAT155-131, ACAT155-131 DNA
fragment was released from the construct pGST3X-
ACAT11-131 with HincII and EcoRI and then ligated with
the vector pGST2T digested withSmaI and EcoRI.

Double or Single Proline Mutants DeriVed from pGST-
ACAT11-131. These mutants were created by site-directed
mutagenesis using the QuikChange method (Stratagene). The
following forward and reverse primer pairs were used: for
the P28,29 mutant, 5′-(CAG-AGA-AAC-CCT-CCA-AAG-
GAG-TCC)-3′ and 5′-(GGA-CTC-CTT-TGG-AGG-GTT-
TCT-CTG)-3′; for the P47,48 mutant, 5′-(GAC-ATA-AAA-
CAG-TTG-CCA-CCA-AAG-AAG-ATA-AAG)-3′ and 5′-
(CTT-TAT-CTT-CTT-TGG-TGG-CAA-CTG-TTT-TAT-
GTC)-3′; for the P64 mutant, 5′-(G-GAA-TTG-AAG-CCA-
CCT-TTT-ATG-AAG-GAA-G)-3′ and 5′-(C-TTC-CTT-
CAT-AAA-AGG-TGG-CTT-CAA-TTC-C)-3′; for the P95,96
mutant, 5′-(GGG-TGC-GCT-CTC-CCA-CCC-TTT-TCT-
GTT-CTT-G)-3′ and 5′-(C-AAG-AAC-AGA-AAA-GGG-
TGG-GAG-AGC-GCA-CCC)-3′.

Expression and Size Analyses of GST-ACAT1 Fusion
Proteins. Expression of GST-ACAT1 peptide fusion proteins
in Escherichia coliBL21 was described in the instruction
manual from Pharmacia. To briefly describe the GST-
ACAT1 peptide fusion protein purification procedure, the
E. coli cell pellets were gently washed with ice-cold PBS
and sonicated in the lysis buffer (5µM leupeptin, 2 mM
PMSF, 5 mM EDTA, 5 mM DTT, and 0.25% Sarkosyl, in
cold PBS). The lysate was cleared by centrifugation at 10000
rpm for 10 min at 4°C, filtered through a 0.8µm filter, and
then loaded onto a 1× 3 cm glutathione-Sepharose 4B
column at 4°C. The flow-through was loaded once more.
The column was washed with prelysis buffer, and the GST-
ACAT1 peptide fusion protein was eluted with 20 mL of
the elution buffer (50 mM Tris, 10 mM glutathione, 10 mM
DTT, 5 mM EDTA, 0.1 M NaCl, pH 8.0). The molecular
masses of GST-ACAT1 peptide fusion proteins were esti-
mated by ultracentrifugation or by gel filtration chromatog-
raphy using various protein standards as molecular mass
markers, based on procedures described previously (22) with
some modification. Briefly, a 3 mL 5-20% linear sucrose
gradient was prepared in buffer A (50 mM Tris, pH 7.8, 5
mM EDTA) in an SW60 Ultra-Clear tube (Beckman no.
344062). Protein samples with 25 mM DTT in buffer A were
cleared by centrifugation at 4°C in a 50Ti rotor at 40000
rpm for 35 min. Then 200µL of the cleared sample was
loaded on top of each gradient. Centrifugation was at
340000g for 12 h at 4 °C in a Beckman SW60 rotor.
Fractions were subjected to Western blot analysis with
ACAT1-specific antibodies DM10. To perform gel filtration
chromatography for GST-ACAT1 peptide fusion proteins,
a 90× 1.6 cm column was packed with Sephacryl S-200 in
buffer A. Fractions were collected at 1.1 mL per fraction
and subjected to Western blot analysis with the ACAT1
antibodies DM10.

Mutant Constructs DeriVed from pHisACAT1.The recom-
binant plasmid pHisACAT1 was described previously (19).
It contains a six-histidine tag (that functions as a metal
binding domain), a T7 antigenic tag, an enterokinase cleavage
recognition site, and the coding sequence of human ACAT1
with the first methionine converted to leucine. This construct
was used to generate the HisACAT1 virus using the
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baculovirus-insect cell technology (Invitrogen) (19, 29). To
produce the construct HisACAT1/∆1-65, the 66th aa of
ACAT1cDNA in Puc 19was mutated from Met to Leu (ATG
to CTT) by site-specific mutagenesis, introducing anAflII
site. The DNA fragment that encodes ACAT166-550 was
released byAflII and HindIII and then inserted into the
pBlueBacHisC vector (Invitrogen). The resultant plasmid
HisACAT1/∆1-65 was used to generate the HisACAT1/
∆1-65 virus for insect High Five (H5) cell expression or
was inserted into the expression vector in pcDNA3 (Invit-
rogen) for mammalian cell expression. To produce the
construct HisACAT1/p64, site-specific mutagenesis was
performed using the construct HisACAT1 in pcDNA3 (19),
using the QuikChange method with the following pair of
primers: forward primer5′-(G-GAA-TTG-AAG-CCA-CCT-
TTT-ATG-AAG-GAA-G)-3′ and reverse primer5′-(C-TTC-
CTT-CAT-AAA-AGG-TGG-CTT-CAA-TTC-C)-3′. The re-
sultant construct was used to generate the HisACAT1/p64
virus for insect cell expression. Coding sequences for all of
the constructs described were verified by automated cycling
sequencing.

Purification and Size Analyses of Various HisACAT1
Mutants. Various recombinant HisACAT1s expressed in
infected H5 cells were partially purified using the Talon
Superflow resin from Clontech. Briefly, 80-90% confluent
insect H5 cells grown in ten 150 mm dishes were infected
by the individual recombinant ACAT1 baculovirus for 48
h. The cells were gently rinsed with cold PBS twice and
then harvested by the hypotonic shock-scraping method (30)
in 0.5 mL/150 mm dish of 50 mM Tris, pH 7.8, with protease
inhibitors (2µg/mL aprotinin, 2µg/mL antipain, 0.1µg/mL
chymostatin, and 0.5µg/mL leupeptin). The cell extracts
were solubilized with 2% CHAPS, 1 M KCl, and 50 mM
Tris, pH 7.8 (19), and centrifuged at 100000g for 45 min.
The solubilized enzyme was then transferred into a tube
containing 5 mL of Talon beads preequilibrated with buffer
(50 mM Tris, 1 M KCl, and 1% CHAPS, with protease
inhibitors indicated above, pH 7.8). The mixture was gently
mixed in the cold room for 20 min. The beads were pelleted
by a 2 min spin in a microfuge and then washed three times
with 10 mL/wash of wash buffer (20 mM imidazole, 50 mM
Tris, 1 M KCl, 1% CHAPS, pH 7.8); each wash consisted
of gentle mixing for 2 min at 4°C. The beads were
resuspended in 6 mL of the wash buffer and transferred to
a clear 1.0× 10 cm column. The packed column was eluted
with 10 mL of wash buffer and then eluted with 7 mL of
500 mM imidazole, 50 mM Tris, 1 M KCl, and 0.5%
CHAPS, pH 7.8. The eluents were collected at 1 mL/fraction
in siliconized tubes and then stored at-80 °C. The ACAT
activity usually emerged at fraction 3, and peaked at fraction
4 or 5. On average, this procedure gave a 20-30-fold
purification in ACAT specific activity with 30-40% activity
recovery. Only the fraction that contained the peak ACAT
activity was employed for biochemical analysis. Ultracen-
trifugations and gel filtrations in detergents and methods for
estimating protein molecular masses were according to
procedures previously described (22).

Chemical Cross-Linking Experiments. The experiments
were conducted according to procedures described previously
(16, 22) using intact H5 cells expressing high levels of
HisACAT1, HisACAT1/P64, or HisACAT1/∆1-65. The
primary amine-specific cross-linker DSS was used.

RESULTS

Size Analysis of Various GST-ACAT1 Peptide Fusion
Proteins. ACAT1 is a homotetrameric protein. We reasoned
that the helix-rich region near the N-terminus of ACAT1,
between amino acids 43-99, may contain an oligomerization
motif. To test this possibility, we constructed three fusion
proteins by fusing each of the three overlapping ACAT1
peptides (aa 1-63, 1-131, and 55-131) to the bacterial
glutathioneS-transferase (GST). These GST fusion proteins
were expressed at high levels inE. coli. The molecular
masses of these fusion proteins were analyzed by sucrose
density gradient velocity ultracentrifugation. The results show
(Figure 1) that the GST exhibits a molecular mass of 55 kDa
(first row). Since the monomer molecular mass of GST is
26 kDa (31), GST in solution is a dimer as expected. The
GST-ACAT11-131, with an expected monomer molecular
mass at 41 kDa, exhibits a molecular mass of about 160 kDa
(second row); thus it is a tetramer.2 Additional experiments
show that the GST-ACAT11-101 fusion protein also behaves
as a tetramer in solution (result not shown). Other results
(Figure 1, third and fourth rows) show that both the GST-
ACAT11-63, with its expected monomer molecular mass at
33 kDa, and the GST-ACAT155-131, with its expected
monomer molecular mass at 35 kDa, exhibit a molecular
mass of 70 kDa. Thus, both fusion proteins in solution behave
as dimers. Overall, these results suggest that the peptide
sequence in ACAT11-131 contains a dimer-forming domain;
this motif is disrupted in ACAT11-63 or in ACAT155-131.
According to the PhD protein secondary structure prediction
program (23, 24), the ACAT11-101 peptide may contain two
closely linkedR-helices within aa 43-84 (indicated with two
closely linked double underlines in Figure 2A) and aâ-sheet
within aa 93-99 (indicated with a single underline in Figure

2 In additional experiments, we performed gel filtration chromatog-
raphy using Sephacryl S-200 and found that the molecular mass of
GST in solution is 55 kDa and that the molecular mass of GST-
ACAT11-131 in solution is 160 kDa (results not shown).

FIGURE 1: Sucrose density gradient velocity centrifugation analysis
of affinity-purified GST and various GST-ACAT1 fusion proteins.
GST or various GST-ACAT1 fusion proteins as indicated were
purified with glutathione-Sepharose beads. Purified proteins at
approximately 0.1-0.5 mg/mL were loaded atop a 5-20% linear
sucrose gradient and centrifuged for 12 h at 50000 rpm at 4°C in
a Beckman SW60 rotor. For each sample, fifteen 200µL fractions
were collected from the top to the bottom. The fractions were
subjected to 12.5% SDS-PAGE. Western blots were performed
with ACAT-specific antibodies or with GST-specific antibodies.
Arrows indicate the migration peaks of bovine serum albumin (66
kDa) and yeast alcohol dehydrogenase (150 kDa). Rows (from top
to bottom): GST alone; GST-ACAT11-131; GST-ACAT11-63; GST-
ACAT155-131. The results represent one of two independent
experiments.
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2A.). Prolines are known to be secondary structure breakers
(32). Inserting a proline immediately before or within the
coiled-coil domain may cause the coils to be out of phase
with each other. Double proline mutations may be even more
effective than single proline mutations. Proline(s) can also
disrupt theâ-sheet domain. To further analyze the putative
dimer-forming domain within the ACAT11-131, we engi-
neered four site-specific mutant GST-ACAT11-131 constructs,
containing prolines at position 28, positions 47, 48, position
64, or positions 95, 96, respectively (Figure 2A). These
fusion proteins were analyzed by sucrose density gradient
ultracentrifugation as described above. The results (Figure
2B) show that GST-ACAT11-131/P47,48 (first row) or
GST-ACAT11-131/P64 (second row) exhibits a molecular
mass of 70 kDa, thus behaving as a dimer, while GST-
ACAT11-131/P28,29 (third row) or GST-ACAT11-131/P95,96

(fourth row) exhibits a molecular mass of 160 kDa, thus
behaving as a tetramer. Overall, these results show that
inserting proline residues at positions 47, 48 or position 64
disrupts the dimer-forming domain, while inserting proline
residues at positions 28, 29 or positions 95, 96 does not
produce such an effect. These results narrow down the dimer-
forming domain to be within ACAT1 aa 30-94.

Effect of Mutagenizing or Deleting the N-Terminal Peptide
on the Oligomerization State of ACAT1.To test the effect
of the ACAT11-101 peptide on the oligomerization state of
full-length ACAT1, we produced two mutant ACAT1
constructs, HisACAT1/P64, containing proline at aa 64, and
HisACAT1/∆1-65, lacking the first 65 aa of ACAT1. We
had previously shown that the His-T7 tag added at the
N-terminus of wild-type human ACAT1 does not signifi-
cantly alter the various biochemical parameters of this
enzyme (33). Therefore, to provide aid in enzyme purifica-
tion, each mutant construct contained the His-T7 tag at its
N-terminus (19). These constructs were expressed in infected
H5 cells using procedures described earlier (16, 22, 29).

SDS-PAGE Western analysis showed that the wild-type
protein and the two different mutant proteins were expressed
as undegraded, single molecular species (results not shown).
The apparent molecular mass of HisACAT1/P64 is 54 kDa,
which is the same as that of the wild-type HisACAT1 (22),
while the apparent molecular mass of HisACAT1/∆1-65
is around 46 kDa. Each value is significantly less than the
calculated monomeric molecular mass based on their amino
acid compositions (69.4 and 61.8 kDa, respectively). Previ-
ously, we reasoned that this phenomenon might be related
to the high pI value and/or the high hydrophobicity of the
protein (29). Similar to the wild-type HisACAT1, both
HisACAT1/P64 and HisACAT1/∆1-65 remained as integral
membrane proteins requiring detergent for solubilization
(results not shown). To determine the molecular masses of
these mutant proteins, we used deoxycholate- (DOC-)
solubilized cell lysates as the enzyme source and then
performed gel filtration chromatography (Figure 3A) and
sucrose density gradient centrifugation in H2O and D2O

FIGURE 2: (A) The aa sequence of human ACAT1 from residues
28-101. The putative helix-rich region is indicated by two closely
linked double underlines. The putativeâ-sheet region is indicated
by a short single underline. The positions of the four individual
double or single proline substitution mutations produced within
GST-ACAT11-131 are also indicated. See text for details. (B)
Sucrose density gradient velocity centrifugation analysis of various
affinity-purified GST-ACAT1 fusion proteins. The experiments
were performed in the same manner as described in Figure 1. Rows
(from top to bottom): GST-ACAT11-131/P47,48; GST-ACAT11-131/P64;
GST-ACAT11-131/P28,29;GST-ACAT11-131/P95,96. FIGURE 3: (A) Gel filtration chromatography of the HisACAT1/

DOC complex using Sepharose CL-6B. Methods for gel filtrations
in detergents and for estimating protein molecular masses were
according to procedures previously described (22). CHAPS-
solubilized extracts of wild-type and mutant HisACAT1 cells were
used as the enzyme sources. To prepare samples of wild-type and
the mutant HisACAT1/DOC complex, one 25 cm2 flask of insect
H5 cells was infected with 25µL of high titer HisACAT1,
HisACAT1/P64, or HisACAT1/∆1-65 virus for 24 h. Cell lysates
were harvested with 1% DOC, 1 M KCl, 10 mM dithiothreitol, 1
mM phenylmethanesulfonyl fluoride, and 0.5 mM leupeptin in
buffer A and precleared by ultracentrifugation at 100000g for 30
min. 800µL of the supernatant, with glycerol added to 5% final
concentration, was layered onto the column. Proteins of known
Stokes radii as indicated were used as standards: aldolase (4.6 nm),
apoferritin (6.1 nm), thyroglobulin (8.6 nm), and IgM (13.5 nm);
blue dextran 2000 and vitamin B12 were used to determine values
for V0 and Vt, respectively. (B) Stokes radii (Rs) of the mutant
HisACAT1/DOC complex.Rs is plotted as a function of the partition
coefficientKav. Only the results describing the mutant HisACAT1s
were shown. The result using the wild-type HisACAT1 was the
same as that reported previously (22).
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(Figure 4). The Stokes radii (Figure 3B) and sedimenta-
tion coefficients of His-ACAT1, HisACAT1/P64, and
HisACAT1/∆1-65 were determined according to procedures
previously established in this laboratory (22). The hydrody-
namic properties of these three proteins are summarized in
Table 1. The results show that both the HisACAT1/DOC
complex and the HisACAT1/P64 complex contain ap-
proximately 21-23% DOC by weight, while the HisACAT1/
∆1-65 complex contains around 31% DOC by weight. The
protein molecular weight of HisACAT1/P64 is estimated at
232000. Since its monomeric molecular mass is 69.4 kDa,
this result suggests that HisACAT1/P64 may be either a
homotrimer or a homotetramer. The protein molecular weight
of HisACAT1/∆1-65 is estimated at 147000. Since its
monomeric molecular mass is 61.8 kDa, this result suggests
that HisACAT1/∆1-65 most likely is a homodimer. The
protein molecular weight of HisACAT1 is 280000, confirm-
ing the value reported earlier (22), and is consistent with
the interpretation that HisACAT1 is a homotetramer.

Chemical Cross-Linking of ACAT1.We had previously
shown that adding the homobifunctional chemical cross-
linking agent to infected insect cells expressing HisACAT1
caused the formation of material up to four times the size of
the monomeric enzyme, supporting the conclusion that
ACAT1 is a homotetrameric enzyme (22). We now use the
same method to estimate the oligomeric states of HisACAT1/

P64 and HisACAT1/∆1-65. Figure 5 shows a typical
result: adding increasing concentrations of an amine-specific
cross-linker disuccinimidyl suberate (DSS) caused an in-
crease in materials two or four times the size of the
HisACAT1 or HisACAT1/P64 monomer (first 10 lanes).
This result implied that HisACAT1/P64, like HisACAT1,
is also a homotetramer. In contrast, the increase in DSS
concentration caused the increase in materials two times, but
not four times, the size of the HisACAT1/∆1-65 monomer.
When a cysteine-specific cross-linker, bis(maleimidohexane)
(BMH), was used, the same result as shown in Figure 5 was
obtained (results not shown). These results along with size
measurements (summarized in Table 1) support the conclu-
sion that HisACAT1/∆1-65 is a homodimer.

Enzymatic Properties of HisACAT1, HisACAT1/P64, and
HisACAT1/∆1-65. To investigate the effect of altering
ACAT1 from a tetrameric form to a dimeric form, we
expressed HisACAT1, HisACAT1/P64, and HisACAT1/
∆1-65 in H5 cells. We then partially purified the three
proteins from the detergent-solubilized extracts using metal
affinity column chromatography and compared their enzyme
activities. To compare the relative activity of these three
proteins, we loaded increasing units of enzyme activity
produced from HisACAT1, HisACAT1/P64, or HisACAT1/
∆1-65; the relative amount of ACAT1 protein in each
preparation was estimated by performing Western blots using

Table 1: Hydrodynamic Properties of Wild-Type and Mutant HisACAT1s Determined in DOCa

wild type P64 ∆1-65

Stokes radius (Rs) (nm) 8.2( 0.2 8.1( 0.1 6.1( 0.1
sedimentation coeff (s20,w) (S) 9.6( 0.1 8.0( 0.1 7.6( 0.1
partial specific vol of protein-detergent complex (Vc) (cm3/g) 0.75 0.75 0.76
partial specific vol of detergent (Vd) (cm3/g) 0.78 0.78 0.78
mol wt of protein-detergent complex (Mc) 364000( 3800 295000( 3000 213000( 2000
wt fraction of protein in the complex (Xp) 0.77 0.79 0.69
mol wt of protein (Mp) 280000( 3000 232000( 3000 147000( 2000

a Calculations were described under Experimental Procedures. Values shown are mean( SE; n ) 3.

FIGURE 4: Sedimentation profiles of the mutant HisACAT1/DOC
complex on sucrose density gradients in H2O or in D2O. The
experiments were conducted according to procedures previously
described (22). The enzyme sources were the same as described in
Figure 3. Top panel: in H2O. Bottom panel: in D2O. Proteins of
known sedimentation coefficients were used as standards: bovine
serum albumin (4.5), aldolase (7.4), and sweet potatoâ-amylase
(8.9). The peaks of migration of protein standards are as indicated.
Only the results describing the mutant HisACAT1s were shown.
The result using the wild-type HisACAT1 was the same as that
reported previously (22).

FIGURE 5: Chemical cross-linking of wild-type and mutant
HisACAT1s by the primary amine-specific reagent DSS in intact
cells. High Five cells were infected with high titer HisACAT1,
HisACAT1/P64, or HisACAT1/∆1-65 recombinant virus for 48
h and cross-linked with DSS at the indicated final concentrations
following the procedure previously described (22). The sizes of
the cross-linked ACAT1 proteins were analyzed by SDS-PAGE
under reducing conditions and then visualized by Western blotting
using ACAT1-specific antibodies. The symbols 1X, 2X, and 4X
indicate that the sizes of the ACAT1-positive signals are 1, 2, or 4
times the size of the ACAT1 monomer on SDS-PAGE. The result
shown represents one of three separate experiments.
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the T7 monoclonal antibody as the probe. The result shown
in Figure 6 indicated that the relative specific activity of
HisACAT1/∆1-65 is approximately five to ten times higher
that that of HisACAT1 or HisACAT1/P64. The result of the
cholesterol substrate saturation curve experiment (Figure 7A)
showed that all three enzymes responded to cholesterol-
PC molar ratio (in taurocholate mixed micelles) in a
sigmoidal manner. For various allosteric enzymes, the Hill
coefficient has been used to determine the degree of
cooperativity (p 158 of34). We found that the Hill
coefficients for HisACAT1, HisACAT1/P64, and HisA-
CAT1/∆1-65 were very similar (Figure 7B; ranging from
2.51 to 2.75). We next performed oleoyl-coenzyme A
substrate saturation curve experiments and found (Figure 8)
that all three enzymes responded to oleoyl-coenzyme A
concentration hyperbolically; theKm values were 7.2µM for
both HisACAT1 and HisACAT1/P64 and 15.4µM for
HisACAT1/∆1-65 (n ) 4). The rate of heat inactivation in
enzyme activity can be a sensitive method to monitor the
subtle structural difference(s) between two highly homolo-
gous enzymes. We had shown earlier that the rates of activity
loss by heat treatment in vitro between the hamster ACAT1
and the human ACAT1 differed significantly (4). Using a
similar procedure, we monitored the rates of activity loss of
these three enzymes after heat treatment at 50°C; the result
(Figure 9) showed that the apparentt1/2 of activity loss is
approximately 12 min for HisACAT1 and 20 min for
HisACAT1/∆1-65. For HisACAT1/P64, the heat inactiva-
tion curve falls between the curves for HisACAT1 and
HisACAT1/∆1-65, and its shape seems to be biphasic.
Many ACAT inhibitors of distinct structural types are
available (reviewed in ref2). On the basis of IC50 values,
we had earlier shown that human ACAT2, an enzyme highly
homologous with human ACAT1 near their C-termini but
not near their N-termini, is approximately five times more
sensitive to a potent ACAT inhibitor, Dup128, than human
ACAT1 (8). We monitored the inhibition of HisACAT1,
HisACAT1/P64, and HisACAT1/∆1-65 by Dup128 and
found that the IC50 values were almost identical to one

another: in a typical experiment, the values were 0.13µM
for HisACAT1 and 0.10µM for both HisACAT1/P64 and
HisACAT1/∆1-65 (Figure 10).

DISCUSSION

In this paper, we used the GST fusion protein technology
to show that the helical-rich ACAT1 peptide region near the
N-terminus contains a specific motif, designated as the dimer-
forming motif. When fused with GST, this motif converted
the GST protein from a dimer form to a tetramer form. The
simplest interpretation of our finding is that this motif forms
an intrinsic dimer independent of its fusion protein partner;
however, our current data cannot rule out the possibility that
this motif interacts with the GST polypeptide and triggers
the tetramerization of the GST fusion protein. Further work
is needed to distinguish between these two possibilities. The
exact location of the dimer-forming motif cannot be pin-
pointed at present but is in the region between residues 43

FIGURE 6: Estimation of the relative specific activities of wild-
type HisACAT1 (lanes 3-5), HisACAT1/P64 (lanes 6-8), and
HisACAT1/∆1-65 (lanes 1 and 2). The enzymes used were
partially purified 20-30-fold from the crude cell extracts by using
immobilized metal affinity chromatography (described in detail in
Experimental Procedures). The ACAT activities were assayed in
taurocholate-PC-cholesterol mixed micelles as previously de-
scribed (19). After ACAT activities were determined for each
enzyme type, aliquots that contain known relative ACAT activity
units as indicated were added onto each lane. The samples were
subjected to analysis by SDS-PAGE. The immunoblotting analysis
was performed with T7 monoclonal antibody. The results represent
one of three separate experiments.

FIGURE 7: (A) Cholesterol substrate saturation curves of HisACAT1
(upward triangle), HisACAT1/P64 (downward triangle), and HisA-
CAT1/∆1-65 (square). The enzymes used were the same as
described in Figure 6. The assay condition was the same as
previously described (19). For each assay point, 10µL of partially
purified enzyme was added in 50µL of taurocholate-PC-
cholesterol mixed micelles, prechilled at 4°C, containing tauro-
cholate at 18.6 mM, PC at 9.3 mM, and cholesterol at increasing
concentrations as indicated. Values shown were averages of
duplicates. To facilitate the comparison among the three enzymes,
the ACAT activity values were plotted asV/Vmax. TheVmax values
were determined by using the software program Prism (GraphPad
Software, Inc.). The results represent one of two separate experi-
ments. (B) Hill plots for the cholesterol saturation curves shown
in (A) using the program Prism. The Hill coefficient is 2.75 for
wild-type HisACAT1, 2.73 for HisACAT1/P64, and 2.51 for
HisACAT1/∆1-65.
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and 84 (Figure 2). We arrive at this conclusion on the basis
of results indicating that this motif could be disrupted by
the P47,48 or the P64 mutation but not by the P28 or the
P95,96 mutations. Of interest, two putative leucine zipper-
like motifs may exist within the regions that comprise aa
47-61 and aa 80-94 (4). Leucine zipper motifs can mediate

protein-protein interactions and form dimers, trimers, and
tetramers (35, 36). In the future, the structure of this motif
can be solved by X-ray crystallography combined with site-
specific mutagenesis. Additional results showed that the
single substitution mutation (P64) within the full-length
ACAT1 caused a significant decrease in the sedimentation
coefficient and a significant decrease in its apparent protein
molecular weight (Table 1), but it was not able to change
the protein from a tetramer to a dimer. Instead, we found
that, by deleting part of the dimer-forming motif, we were
able to convert the enzyme from a homotetramer (HisA-
CAT1) to a homodimer (HisACAT1/∆1-65). These results
raise the possibility that, other than the dimer-forming motif
located between aa residues 43 and 84, additional interaction-
(s) may occur between the N-terminal peptide segment and

FIGURE 8: Oleoyl-coenzyme A substrate saturation curves of
HisACAT1, HisACAT1/P64, and HisACAT1/∆1-65. The enzyme
source was the same as described in Figure 6. The assay condition
was essentially the same as previously described with minor
modification (19). Each assay tube contained 17.7µL of protein
and 138.3µL of mixed micelles with taurocholate at 18.6 mM,
phosphatidylcholine at 11.2 mM, and cholesterol at 1.6 mM (with
3H label at 4.6× 106 dpm). The reaction was initiated by adding
22.3 µL of assay mixture containing oleoyl-CoA at the indicated
final concentrations premixed with fatty acid-free bovine serum
albumin at an equal molar ratio. The result shown represents one
of four separate experiments.

FIGURE 9: Heat inactivation of wild-type and mutant ACAT1
enzymes. The enzyme source was the same as described in Figure
6. 20µL of partial purified HisACAT1 enzymes was added to 100
µL of mixed micelles (described in Figure 8), and the mixture was
incubated at 50°C for various times as indicated. At each indicated
time point, the enzyme-micelle mixture was cooled on ice. The
ACAT activity assay was initiated by the addition of 20µL of assay
mixture as previously described (19). Assay was carried out at 37
°C for 15 min. The results shown represent one of three separate
experiments.

FIGURE 10: Sensitivity of wild-type and mutant ACAT1 enzymes
toward an ACAT inhibitor Dup128. The enzyme source was the
same as described in Figure 6. 20µL of individual HisACAT1
enzyme as indicated was added to 100µL of taurocholate-PC-
cholesterol micelles, and the mixture was incubated with the specific
ACAT inhibitor Dup128 at different final concentrations as
indicated for 5 min on ice. 20µL of the assay mixture was then
added to start the ACAT reaction. Assay was carried out at 37°C
for 20 min. The results shown represent one of three separate
experiments.
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the rest of the polypeptide chain to reinforce the tetramer
formation. Interestingly, we found that the dimeric form is
five to ten times more active than the tetrameric form. Other
enzymatic properties of the dimeric form, including theKm

value for oleoyl-CoA, the rate of heat inactivation, and
sensitivity toward a specific ACAT inhibitor Dup128, were
almost unaltered from those of the tetrameric form. We also
found that reducing the oligomeric structure of the enzyme
from a tetramer to a dimer did not alter the sigmoidal
cholesterol substrate saturation curve. This result shows that
the tetrameric form is not required for ACAT1 to behave as
an allosteric enzyme.

It is possible that ACAT1 may exist as a twofold dimer;
namely, the homodimeric unit may be the minimal functional
unit required to express enzyme activity and to exhibit
cooperativity toward cholesterol. It is also possible that, even
in monomeric form, ACAT1 may still be catalytically active
and may still behave as an allosteric enzyme. In the future,
to distinguish between these two possibilities, it will be
necessary to further dissociate the enzyme from the dimeric
form to the monomeric form. We had previously shown that
ACAT1s in vitro and in intact cells mainly exist as
homotetramers. This conclusion was mainly based on results
from transfection studies. Our current work shows that the
dimeric form is catalytically much more active than the
tetrameric form. Therefore, it is possible that a dimeric form
of ACAT1 may exist under certain physiological stimuli,
particularly under conditions that call for a large increase in
intracellular cholesterol esterification. This possibility will
be investigated in the future.
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