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ABSTRACT: Acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1) is a membrane-bound enzyme utilizing
long-chain fatty acyl-coenzyme A and cholesterol to form cholesteryl esters and coenzyme A. Previously, we
had expressed tagged human ACAT1 (hACATI1) in CHO cells and purified it to homogeneity; however, only
a sparse amount of purified protein could be obtained. Here we report that the hACAT]1 expression level in
H293 cells is 18-fold higher than that in CHO cells. We have developed a milder purification procedure to
purify the enzyme to homogeneity. The abundance of the purified protein enabled us to conduct difference
intrinsic fluorescence spectroscopy to study the binding between the enzyme and its substrates in CHAPS/
phospholipid mixed micelles. The results show that oleoyl-CoA binds to ACAT1 with K4 = 1.9 uM and elicits
significant structural changes of the protein as manifested by the significantly positive changes in its
fluorescence spectrum; stearoyl-CoA elicits a similar spectrum change but much lower in magnitude.
Previously, kinetic studies had shown that cholesterol is an efficient substrate and an allosteric activator of
ACATI, while its diastereomer epicholesterol is neither a substrate nor an activator. Here we show that both
cholesterol and epicholesterol induce positive changes in the ACATI fluorescence spectrum; however, the
magnitude of spectrum changes induced by cholesterol is much larger than epicholesterol. These results show
that stereospecificity, governed by the 33-OH moiety in steroid ring A, plays an important role in the binding
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of cholesterol to ACATI.

Acyl-coenzyme A:cholesterol acyltransferase utilizes long-chain
fatty acyl-coenzyme A and cholesterol as its substrates, producing
cholesteryl esters and coenzyme A as its products. In mammals,
there are two ACAT' genes that encode two similar but different
proteins, ACATI (1) and ACAT2 (2—4). Tissue distribution
studies show that ACAT1 is ubiquitously expressed, while ACAT2
is mainly expressed in intestinal enterocytes and in hepatocytes, as
reviewed in ref 5. Both ACATI and ACAT?2 are potential drug
targets for therapeutic intervention of dyslipidemia and athero-
sclerosis (6, 7). ACATI, ACAT2, and its close homologue di-
acylglycerol acyltransferase 1 (8) are founding members of the
membrane-bound acyltransferase (MBOAT) superfamily (9). The
MBOATS: are fatty acyltransferases with multiple transmembrane
domains (TMD) and with an invariant histidine (His) embedded
in a long stretch of hydrophobic residues. There are more than
a dozen MBOAT members that include grehlin acyltransferase
(10, 11) and certain lysophospholipid acyltransferases (12, 13).

ACATI is a resident enzyme in the ER (/4—16); the enzyme is
homotetrameric (/7) and contains nine TMDs, with the active
site His located within TMD 7 (18). The recombinant human
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ACATI (hACATTI) expressed in Chinese hamster ovary (CHO)
cells has been solubilized in zwitterionic detergent CHAPS
and purified several thousandfold to homogeneity (/9). With
the purified enzyme, kinetic studies showed that the cholesterol
substrate saturation curves, assayed either in mixed micelles or in
reconstituted vesicles, were sigmoidal, while the oleoyl-coenzyme
A substrate saturation curve was hyperbolic, suggesting that
ACATI is an allosteric enzyme activated by its own substrate
cholesterol (19). Upon activation by cholesterol, the enzyme
becomes promiscuous and is able to accommodate a variety of
sterols with 35-OH at ring A as its substrates (20, 21). A major
drawback of the CHO cell expression system for purifying
ACATI is that only a low quantity of ACATI1 protein could
be obtained (19). The sparse amount of purified protein available
has hampered the research progress of ACATI structure—
function analysis. We have sought to increase hACAT] yield by
using various other expression systems that include Escherichia
coli, yeast, and the baculovirus-infected insect cells but were
unsuccessful. In the current work, we report that hACATI can
be expressed in H293 cells at levels much higher than that in the
CHO cells. We next developed an efficient purification procedure
to purify the recombinant hACAT1 from H293 cells to homo-
geneity. The improved expression and purification procedure
enabled us to obtain enough purified protein to demonstrate that
hACATTI is a highly fluorescent protein. We have exploited this
feature by performing binding studies between hACAT]1 and its
substrates.

Published on Web 10/22/2010 pubs.acs.org/Biochemistry
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EXPERIMENTAL PROCEDURES

Materials. The rabbit polyclonal antibodies (DM 10, DM102)
against the N-terminal fragment (1—131) of human ACAT! were
described previously (/4). Anti-FLAG M2 antibody, anti-FLAG
M2 affinity gel, the 3x Flag peptide, CHAPS, taurocholate,
oleoyl-CoA, stearoyl-CoA, egg PC, cholesteryl oleate, cholesterol,
fatty acid-free bovine serum albumin, and protease inhibitor cock-
tails were all from Sigma. Ni-NTA His-Bind resin came from
Novagen. Fugene 6 was from Roche. The software program
PRISM 5 was from GraphPad. [*H]Cholesterol came from Perkin-
Elmer. [*H]Oleoyl-coenzyme A was synthesized as described (22).

Cell Culture. The HEK293S cell line was kindly provided
by Dr. Philip Reeves (23). Cells were grown as monolayers in
DMEM supplemented with 10% new born serum (NBS) at 37°C
in a 5% CO; incubator.

Construction of Plasmid HisACATI1/Flag and Its Expres-
sion in H293 Cells. To aid in enzyme purification, a Flag
octapeptide (DYKDDDDK, 1012 Da) was inserted at the
C-terminus of HiSACAT1 ¢cDNA (/8), which contains a frag-
ment of 6-histidine (His) tag, and the enterokinase cleavage
recognition sequence (35 amino acids and 4057 Da) was inserted
at the N-terminus of human ACATI (/9). This fragment
(HisACAT1/Flag) was then ligated into the mammalian expres-
sion vector pAG3-Zeo (24), using the BamHI and Apal cloning
sites. This plasmid was transfected into HEK293S; individual
stable clones were isolated by selecting cells resistant to zeocin at
400 ug/mL.

Purification of the HisACATI/Flag Protein. HEK293S
stably expressing HisACAT1/Flag were seeded in 55 of 145 mm
dishes for 2—3 days until the cells reached at confluency. Cells
were rinsed 2x with PBS and harvested by directly solublilizing
the cells with buffer A (1 M KCl, 2.5% CHAPS in 50 mM
KH,PO, buffer at pH 7.8; 1 mL/dish). The detergent-solubilized
cell extracts were subjected to 100000g spin for 1 h at 4 °C; the
solubilized enzyme preparation was loaded onto a 20 mL size
His-Bind resin. The column was washed by using 4 column
volumes of 20 mM imidazole in buffer B (0.5 M KCI, 0.5%
CHAPS in 50 mM KH,PO, buffer at pH 7.8). The fusion protein
was eluted off the column by using 2 column volumes of 500 mM
imidazole in buffer B. The cluate was then applied to a 5 mL
FLAG M2 affinity gel and allowed to flow by gravity. After
extensive buffer washes using buffer B, the HisACATI/Flag
fusion protein was eluted off the column by 3 column volumes of
100 ug/mL FLAG peptide in buffer B. The purified fusion
protein could be stored at —80 °C for at least 6 months without
detectable loss in enzyme activity.

ACAT Enzyme Assay. To monitor enzyme activity during
enzyme purification, the enzyme solubilized in the detergent
CHAPS was assayed in preformed taurocholate/cholesterol/
phosphatidylcholine (PC) mixed micelles as described pre-
viously (25), with a final concentration of taurocholate at
9.3mM, PC at 11.2 mM, and cholesterol at 1.6 mM. The amount
of mixed micelle solution was used to dilute the detergent presented
in the enzyme preparation, so the final CHAPS/PC molar ratio was
less than 0.4. The fatty acyl-CoA substrate saturation curves and
cholesterol substrate saturation curves were performed under the
same conditions as described previously (25).

Intrinsic Fluorescence Measurement. Fluorescence mea-
surements were generated by using an ISS PC1 photocounting
fluorescence spectrophotometer (model 90095). This instrument
has continuously reproducible slits ranging from 0.4 to 32 nm
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band-pass. The excitation slit width was set at 2 nm. The
wavelength for excitation was set at 295 nm in order to minimize
the contribution of tyrosine residues to the fluorescence. Purified
HisACAT1/Flag was concentrated by using 30K Amicon centrif-
ugal filters such that the final concentration of the protein was
100—200 ng/uL (1.5—3 uM) and stored at —80 °C until usage.
Unless stated otherwise, the fluorescence measurements were per-
formed at pH 7.8 with 50 mM potassium phosphate, 0.5 M KCl,
and 8.13 mM CHAPS. Sterol (cholesterol, epicholesterol,
coprostanol, and epicoprostanol) was prepared as CHAPS/PC/
sterol mixed micelles (with CHAPS at 8.13 mM, PC at4 mM, and
with varying concentrations of sterols as indicated) and stored at
20 °C in the dark until usage. The fatty acyl-CoAs were dissolved
in 20 mM sodium acetate at pH 6.4 as a 2 mM stock and stored at
—80 °C until usage. Before the experiment started, all reagents
were kept on ice in the dark. To begin the experiment, 50 uL of
mixed micelles without or with sterols was added into a Hellma
microcuvette (Type 105.251-QS) with 3 mm light path. Twenty-
five microliters of ACATI1 protein (in 8.13 mM CHAPS and
0.5 M KCI) was then added and rapidly mixed. Fluorescence was
monitored within 15 s of adding the enzyme. The sample com-
partment of the instrument was maintained at 20 °C. The
fluorescence emission spectrum was scanned in 2 min between
310 and 410 nm. The differences in fluorescence intensity at 10
intervals within 325—335 nm were averaged in order to calculate
the AF value between the ligated protein vs that of the unligated
protein.

Gel Electrophoresis and Staining. Samples were run on 8%
SDS—PAGE as described previously (25). The gels were stained
with the SilverQuest silver staining kit from Invitrogen.

RESULTS

Expression and Purification of Recombinant hACATI
(HisACATI/Flag) in H293 Cells. We transfected the H293
cells with the mammalian expression vector pAG3 that contained
the hACATI tagged with 6His at the N-terminus and Flag at the
C-terminus (designated as HisACAT1/Flag) as the insert. Various
clones that stably express the recombinant protein were then
isolated (see Experimental Procedures). Western blotting was
used to monitor the hACATI protein expression level. The
results show that the tagged hACAT], with an apparent molec-
ular mass of 56 kDa in SDS—PAGE, can be amply expressed in
H293 cells (Figure 1A, rightmost two lanes). The expression level
of the HisACAT1/Flag shown in Figure 1A is representative of
several stable clones independently isolated from H293 cells.
H293 cell is a human cell line and expresses (untagged) hACAT1
endogenously (Figure 1A, the fifth and sixth lanes from the left),
with an apparent molecular mass of 50 kDa. The endogenous
hACATI could also be detected in the H293 cells that stably
express HiSACATI1/FLAG, especially when a larger amount of
cellular protein (50 ug) was employed in the Western analysis
(Figure 1A, last lane from the left). Other results described in
Figure 1A show that the clones HiSACATI (the first two lanes)
and the (untagged) hACAT]1 (third and fourth lanes) stably
expressed in CHO cells exhibit an apparent MW of 56 or 50 kDa,
respectively, as expected (19). In a separate experiment, we moni-
tored the ACAT] expression levels in CHO cells or in H293 cells
by using antibodies against ACAT1 (Figure 1B, top panel) or
using antibodies against Flag (Figure 1B, bottom panel). The
results show that the HiSACAT1/Flag can also be detected by the
Flag antibodies as a broad, 56 kDa protein band. On the basis of
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FIGURE 1: Comparison of the tagged (HisACATI or HisACATI/Flag) or the untagged (hACAT1) human ACATI protein levels in various
expression systems by Western blotting. (A, B) CHO cells vs H293 cells. (C) CHO cells, baculovirus infected insect HS cells, or H293 cells.

the average of several experiments, we estimate that in H293 cells
the HisACAT1/Flag is expressed at protein levels approximately
20 times as high as the endogenous hACAT1. We had previously
reported that the relative high protein expression level of
HisACAT]I could be achieved by using recombinant baculovirus
infection of SF9 cells (26) or H5 cells (27). Here we performed
Western blotting and compared the relative ACATI protein
expression levels in baculovirus infected HS cells vs that in the
H293 cells stably or transiently expressing the HisACAT1/Flag
plasmid. The results (Figure 1C) show that the His ACATI
expression levels in baculovirus infected H5 cells and the H293 cells
stably expressing the HiSACAT1/Flag are comparable (lanes 3 and
4 vs lanes 7 and 8). Additional results showed that in H293 cells the
HisACAT]I/Flagexpression level is higher in the stable clone than in
the cells that are transiently transfected with the HisACAT1/Flag
plasmid (Figure 1C, lanes 7 and 8 vs lanes 9 and 10).

We next compared the ACAT specific enzyme activity ex-
pressed in CHO cells vs that in the H293 cells by using cell
homogenates solubilized in the detergent CHAPS as the enzyme
source. The results (Table 1) show that the enzyme activity of a
stable clone of H293 cells expressing HiSACAT]1/Flag is about
9—10 times higher than that of a stable clone of CHO cells either

Table 1: ¢
ACAT specific activity
source (pmol min~" mg™")

AC29 0.4
HEK?293 37.2
hACATI in CHO 131.6
HisACAT]1 in CHO 116.5
HisACATI1/Flag in HEK293 1199

“The cell extracts were solubilized in 1 M KCl and 2.5% CHAPS and
assayed in cholesterol/PC/taurocholate mixed micelles.

expressing hACAT]1 or expressing HiSACAT]1. The result also
shows that the endogenous ACAT activity in the nontransfected
H293 cells is less than 5% that of the stable clone expressing
HisACATI/Flag.

Encouraged by the results described above, we used the
monolayers of H293 cells stably expressing HisSACAT1/Flag as
the source to purify the enzyme. The purification procedure
(described in detail in Experimental Procedures) is a modification
of the procedure previously described (/9). The major difference
occurs at the last purification step. Previously, we had employed
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Table 2: Recovery of ACAT Enzyme Activity during Purification”

whole cell extract 100%
solubilized enzyme 97

nickel column chromatography 21

Flag column chromatography 32

total recovery 7

total ACAT unit 118 nmol/min

total ACAT] protein recovered 250 ug

55 of 145 cm? dishes of H293 cells stably expressing HisACAT]1/Flag
were employed as the starting material.
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FIGURE 2: Assessment of the purity of HisACAT1/Flag protein by
SDS—PAGE and silver staining. Left lanes contained increasing
amounts of molecular mass standards (from Sigma); right lanes
contained increasing amounts of HisACAT1/Flag at the end of the
purification procedure.

the monoclonal antibody against hACAT] as the affinity probe
for column chromatography and eluted the ACATI off the
column by using a buffer at pH 3—3.5. To avoid using the acidic
pH condition which may cause partial enzyme denaturation,
we redesigned the recombinant hACAT]1 construct by placing
the Flag tag at the C-terminus of hACAT1 and employed the
monoclonal antibody against Flag as the affinity probe in the
second column chromatography step. In this manner, the enzyme
could be eluted off the column by using an eluting buffer that
contains the Flag peptide at neutral pH. Table 2 summarizes the
results of two representative experiments. The total recovery in
enzyme units is approximately 7%. The purity of the recombi-
nant hACAT]I is essentially homogeneous, as judged by SDS—
PAGE and stained with silver (Figure 2).

Intrinsic Fluorescence of hACATI1. hACAT]I contains 550
amino acids; 15 of them are tryptophan (W) and 29 are tyrosine
residues. To avoid the fluorescence contributed by tyrosine, we
set the excitation at 295 nm and monitored the emission of
fluorescence from 310 to 410 nm. Figure 3A shows the fluores-
cence emission spectrum of the purified hACAT] dispersed in
0.5% CHAPS. The spectrum is characterized by a single peak
centered at 330 nm, due to tryptophan fluorescence of the
protein. We tested the effects of pH on ACATI fluorescence;
the result showed that the fluorescence intensities of the protein
gradually increased when the pH values increased from 6 to 9;
however, when the pH value increased from 9 to 10, a 24%
decrease in fluorescence intensity occurred (Figure 3A). We
noted that quenching of the protein fluorescence signal occurs
gradually. When measuring samples at 20 °C in the dark and at
various pHs as indicated (from 6 to 10), approximately 10% of
the signal is lost in 15 min (Figure 3B), presumably due to
photobleaching of the protein fluorescence. We also tested the

Chang et al.
= 810
As . + ACAT1in pH 10
& 710 ;\ « ACAT1inpH9
> apt 2 - ACAT1in pH 8
- / P
= 10‘ «A - ACAT1inpH7
g 510 ;g:-, oy, | * ACAT1inpH6
= 4f ¥ * Buffer
£ 410
8 310
s 4
9 210t
0 4
g 110° ¢
s 0
i 300 320 340 360 380 400 420
Wavelength (nm)
Bz_
&
5 380000
g %! i
@ £ 60000, .
Q5 < ACAT1in pH 10
5a <+ ACAT1 inpH9
8 2 40000 < ACAT1inpH 8
ey <+ ACAT1inpH7
S < L0000 < ACAT1 in pH 6
2w 00
™ 5 10 15 20 25
Incubation time (min)
c_ s - ACAT in 1M KCI
3 7100 /. | * ACAT in 0.75M KCI
© P . | + ACAT in 0.5M KCI
= 4 o .. %] * ACAT in 0.25M KCI
2610 /ﬁ\\ - ACAT in OmM KCI
% 510°p ) 1MKCI
o o
Ea10tf ¥ N
@ %%
4 2%,
231t N5
g 210 ¢ R
L
o 110° | \
=
™ 0 L
300 320 340 360 380 400 420
Wavelength (nm)
Dz_
2 3 80000,
gs
E¢ <+ACAT1 in1MKCI
g € 60000 +ACAT1 in 0.5 M KCI
2w [T————=% +ACAT1in0.25MKCI
8% 400001 =+ACAT1 in 0.75 M KCI
2% }— . +ACAT1inOMKCI
P )
o
® 20000+—m¥————
2° 5 10 15 20

Incubation time (min)

FIGURE 3: Effects of pH and KCI on intrinsic fluorescence of
HisACATI1/Flag. (A) The effects of varying pH of buffer from 6 to
10 as indicated. Buffers used: 50 mM citrate for buffer 6; 50 mM
phosphate for pH 7 and §; glycine/NaOH for pH 9 and 10. (B) The
stabilities of HisSACATI1/Flag fluorescence intensity at various pH
conditions. (C) The effects of varying KCI concentrations as indi-
cated. Buffer of pH 7.8 was employed. The background fluorescence
of buffers alone (shown at the bottom) is essentially negligible.
(D) The stabilities of HisACATI1/Flag fluorescence intensity at
various KCI concentrations. The pH was at 7.8.

effect of KCl on ACAT] fluorescence. The result showed that KCI
added at 0.25 M or higher concentrations significantly increased the
fluorescence intensities of the protein; at 1 M KCl, the intensity was
2.2-fold higher than the value in the absence of KCI (Figure 3C).
This observation correlates well with our previous observation that
KCl added at 0.5—1 M concentration increases the enzyme activity
of the detergent-solubilized ACAT1 (19). Under conditions without
or with high KCl, the fluorescence signal gradually decreases, with
8% loss in 5 min and 12% in 15 min (Figure 3D). To minimize the
quenching in fluorescence intensity, the fluorescence spectrum of
the protein was taken rapidly (within 10—15 s) after the protein was
added to the cuvette that already contains the substrate (as
described in Experimental Procedures).

Changes in Intrinsic Fluorescence of hACAT1 upon Bind-
ing to Fatty Acyl-Coenzyme A or upon Binding to Sterol.
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FIGURE 4: Substrate saturation and binding studies of fatty acyl-
CoAs with HisACAT1/Flag as the enzyme source. (A) Oleoyl-CoA
and stearoyl-CoA substrate saturation curves. Results are represen-
tative of two separate experiments. The curves are plotted as hyper-
bolic. (B) Representative intrinsic fluorescence spectra of hACAT1 in
response to increasing concentrations of oleoyl-CoA (abbreviated
as OA). (C) Binding curves of oleoyl-CoA and stearoyl-CoA as moni-
tored by changes in intrinsic fluorescence of HisACATI1/Flag.
Results are the composite of two separate experiments; the curves
are plotted by using the one-site-specific binding program. The
Prism software program was used for curve plottings.

Prior to conducting binding experiments, we first conducted
steady-state enzyme kinetic experiments using purified HisACAT1/
Flag as the enzyme source and either oleoyl- (18:1) CoA or
stearoyl- (18:0) CoA as the variable substrate, at a constant,
saturating level of cholesterol in the CHAPS/PC mixed micelles.
The result (Figure 4A) showed that the K, for oleoyl-CoA is
1.3uM and is 6.4 uM for stearoyl-CoA; the V. value for oleoyl-
CoA is 2.4-fold higher than for stearoyl-CoA. These results
confirm and extend previous studies (28), demonstrating that
ACAT]I prefers oleoyl-CoA to stearoyl-CoA as the substrate. We
next conducted binding studies by monitoring the effect of
increasing concentrations of oleoyl-CoA on the intrinsic fluores-
cence of HisACATI1/Flag. The result (Figure 4B) shows that
while the peak of the spectrum remained unaltered, the peak
height is increased by approximately 32%, with respect to the
unliganded ACAT1 protein. A parallel experiment showed that
stearoyl-CoA added at increasing concentrations also caused
increases in the intrinsic fluorescence of HisACATI1/Flag. How-
ever, the maximal change in the peak of the spectrum is much
smaller (5% with respect to the unliganded protein). These results
(Figure 4C) showed that the oleoyl-CoA-induced fluorescence
change is specific and saturable. We analyzed the data in Figure 4C
for a simple bimolecular dissociation equilibrium using the Prism
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FIGURE 5: Substrate saturation and binding studies of sterols with
HisACAT1/Flag as the enzyme source. (A) Cholesterol substrate
saturation curve. The cholesterol concentrations varied from 5 to
1600 uM, with oleoyl-CoA concentration kept at 70 uM. The curve is
plotted as sigmoidal. (B) Representative intrinsic fluorescence spectra
of HisACATI/Flag in response to increasing concentrations of
cholesterol (CHOL). (C) Binding curve of cholesterol as monitored
by changes in intrinsic fluorescence of hACAT]I; the cholesterol
concentrations varied from 0.5 to 600 uM. Results are composite of
five separate experiments. The curves are plotted by using the two-
site-specific binding program. (D) Binding curve of epicholesterol as
monitored by changes in intrinsic fluorescence of HisACAT1/Flag.
The epicholesterol concentration varied from 0.5 to 500 M. Results
are the composite of two separate experiments. The curves are plotted
by using the one-site-specific binding program. The Prism software
program was used for curve plottings.

program. The results show that the dissociation constant for
oleoyl-CoA is 1.9 uM. The changes caused by stearoyl-CoA were
too small to derive a reliable dissociation constant.

We had previously conducted steady-state kinetic studies and
demonstrated that cholesterol is an efficient substrate as well as
an efficient activator, while epicholesterol (which contains the
OH moiety at 3a) or enantiomeric cholesterol (which is the
mirror image of cholesterol) is neither a substrate nor an activator
for ACATI (21). Here we used the purified HisACATI/Flag
as the enzyme source and conducted cholesterol substrate
saturation curve by varying the cholesterol concentration from
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FIGURE 6: Percent changes in intrinsic fluorescence of ACAT by
adding various sterols. Experiment was conducted as described in
Figure SC,D. Values were averages of duplicates with deviations less
than 10% of the mean.

5to 1600 uM, with oleoyl-CoA concentration kept at 70 uM. The
result showed that the shape of the cholesterol saturation curve
is sigmoidal, confirming our previous study when the hACATI
without the Flag tag was used as the enzyme source (19). We next
performed the binding experiment by monitoring the effect of
increasing concentrations of cholesterol, from 10 to 600 M, on the
intrinsic fluorescence of HisACATI1/Flag. The results (Figure 5B)
show that the peak height is positively altered by cholesterol
in a concentration-dependent manner, reaching up to 35%
with respect to unliganded ACAT1 protein. We estimate that the
cholesterol concentration that causes half-maximal spectral
change is 35 uM. We conducted a parallel experiment by using
epicholesterol as the ligand and showed that epicholesterol at
similar concentrations examined (from 0.5 to 500 uM) also
caused a positive change in the peak height of the spectrum.
However, the maximal changes in the peaks of the spectrum
caused by epicholesterol, especially at higher sterol concentra-
tions, are much smaller than those caused by cholesterol. Similar
to the result obtained when stearoyl-CoA was tested as the
ligand, the changes caused by epicholesterol were too small to
derive a reliable binding curve. We next compared the changes in
the intrinsic fluorescence of ACATI caused by cholesterol,
epicholesterol, coprostanol, or epicoprostanol as the ligand.
The result (Figure 6) showed that at 5 or 500 uM, the change
caused by cholesterol is much larger than the changes caused by
either one of the other three sterols.

DISCUSSION

ACATI and several of its homologues in the MBOAT family
are potential drug targets for treating various diseases, and it
is important to carry out structure—function analysis of these
enzymes. In the current work, we report the purification of
hACATI expressed in H293 cells. Based on an average of nine
experiments, we obtained 200 + 40 ug of pure hACAT]I protein
with 120 % 20 nmol/min enzyme units from 55 of 145 cm” dishes
of H293 cells that stably express HiSACAT 1/Flag. Previously, we
purified hACATI from the same number of dishes of CHO cells
stably expressing the HisSACATI to homogeneity with 4.8 nmol/
min enzyme units (/9). The current method thus represents more
than 20-fold gain in enzyme units than the previous method. His
hACAT]1 expressed in baculovirus infected HS cells could also
be purified to homogeneity (27). However, the overall recovery of
enzyme activity was only approximately 1%; the large loss in
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activity occurred because the majority of the enzyme activity
failed to be bound to the nickel column (results not shown). In
both the CHO cell and the H293 cell expression systems, the total
yield in enzyme units at the end of the purification procedure is
approximately 7%. In the current work, we attached a Flag tag at
the C-terminus of hACAT1 and used the Flag peptide dissolved
in buffer at neutral pH to elute the ACATI off the affinity
column; this elution condition is much milder than the one
employed previously (79).

The expression and purification system reported here provided
us with enough pure ACATI protein to conduct binding studies
between the enzyme and fatty acyl-CoAs by using difference
intrinsic fluorescence spectroscopy. The results show that oleoyl-
CoA binds to ACATI with high affinity. The dissociation
constant for oleoyl-CoA is 1.9 uM. The Ky for oleoyl-CoA is
similar to its apparent Ky, (1.3 uM), suggesting that the enzyme
binds to oleoyl-CoA and reaches equilibrium relatively rapidly,
while catalysis occurs relatively slowly and constitutes the rate-
limiting step. The changes in stearoyl-CoA observed were too
small to derive a reliable dissociation constant. The V,,, for these
two substrates differed by 2.4-fold. These results suggest that
upon binding to oleoyl-CoA large structural change(s) within the
ACATI occur(s) to increase the catalytic efficiency of the enzyme.

We also showed that cholesterol caused significant positive
changes in the ACAT1 fluorescence spectrum in a concentration-
dependent manner. Parallel experiments show that the other
three cholesterol analogues, epicholesterol, coprostanol, and
epicoprostanol, also elicit positive spectrum changes in ACATI,
but the magnitude of changes induced by either one of these
analogues is much smaller than cholesterol. Cholesterol and
epicholesterol share the same steroid ring structure and the same
isooctyl side chain at ring D but differ at the orientation of the
3-OH moiety at ring A. Coprostanol contains the steroid rings A
and ring B in the frans configuration (instead of a cis configura-
tion as in cholesterol). Epicoprostanol differs from coprostanol
at the orientation of the 3-OH moiety at ring A. Cholesterol and
epicholesterol interact with membrane phospholipids biophysi-
cally and affect membrane properties in very similar manners
(29, 30). Coprostanol also interacts with membrane phospho-
lipids but in a manner different from that of cholesterol (30).
In biological membranes, cholesterol, but not epicholesterol, can
directly bind to a variety of membrane proteins in a stereospecific
manner to affect their functions (29, 3/—34). Consistent with
this concept, our current results suggest that sterol binding to
ACAT!1 occurs in two different modes. The first is an indirect
one, mediated through its binding to phospholipids, which in
turn interacts with the transmembrane domains of ACATI1. The
second one involves the direct binding of sterol to certain residues
in ACATI; the direct binding is governed at least in part by the
36-OH moiety in ring A. The overall change of the ACATI
fluorescence spectrum caused by cholesterol may be the compos-
ite of alteration caused by cholesterol’s ability to bind to ACATI
directly and the alteration caused by cholesterol’s ability to
interact with phospholipid to affect ACATI structural property
indirectly. The direct, stereospecific interaction between choles-
terol and ACATI causes significant structural changes of the
enzyme. In the future, simultaneously monitoring the effects of
various sterols in altering the physical properties of the micelles vs
their effects in altering structural changes of ACATI can further
test the validity of this interpretation.

ACATI contains nine transmembrane domains (TMDs) (/8).
Site-specific mutagenesis and disulfide cross-linking experiments
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suggested that several residues (F453, A457, H460, and F479),
located within TMD 7 or TMD 8, respectively, played critical
roles in maintaining ACATI enzyme activity (35). In the future,
the procedures described here will be employed to test whether
any of these residues are involved in binding to cholesterol and/or
to oleoyl-CoA. Presently, among the MBOAT enzyme family,
ACATI is the only one that has been purified to homogeneity.
The new information described in our current work may be
applicable to study other MBOAT members in general.
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