THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 21, pp. 17483-17492, May 18,2012
Published in the U.S.A.

Cellular Pregnenolone Esterification by Acyl-CoA:Cholesterol

Acyltransferase”

Received for publication, December 7, 2011, and in revised form, March 28,2012 Published, JBC Papers in Press, April 2, 2012, DOI 10.1074/jbc.M111.331306

Maximillian A. Rogers*', Jay Liu*', Mark M. Kushnir®?, Elena Bryleva®, Alan L. Rockwood®’, A. Wayne Meikle®?,

David Shapiro®, Boris L. Vaisman!, Alan T. Remaley', Catherine C. Y. Chang*?, and Ta-Yuan Chang**

From the *Department of Biochemistry, Dartmouth Medical School, Hanover, New Hampshire 03755, SARUP Institute for Clinical
and Experimental Pathology, Salt Lake City, Utah 84108, the "Department of Pathology, University of Utah School of Medicine, Salt
Lake City, Utah 84112, and the HLipoprot‘ein Metabolism Section,Cardiovascular-Pulmonary Branch, NHLBI, National Institutes of

Health, Bethesda, Maryland 20892

Background: Various sterols serve as substrates and allosteric activators for ACAT.
Results: Pregnelonone is the only natural sterol that is an ACAT substrate but not an ACAT activator.
Conclusion: ACAT, along with LCAT contributes to control cellular pregnenolone ester content.

Significance: This work provides a new function for ACAT.

Pregnenolone (PREG) can be converted to PREG esters
(PE) by the plasma enzyme lecithin: cholesterol acyltrans-
ferase (LCAT), and by other enzyme(s) with unknown iden-
tity. Acyl-CoA:cholesterol acyltransferase 1 and 2 (ACAT1
and ACAT2) convert various sterols to steryl esters; their
activities are activated by cholesterol. PREG is a sterol-like
molecule, with 3- B-hydroxy moiety at steroid ring A, but with
much shorter side chain at steroid ring D. Here we show that
without cholesterol, PREG is a poor ACAT substrate; with
cholesterol, the V., for PREG esterification increases by 100-
fold. The binding affinity of ACAT1 for PREG is 30-50-fold
stronger than that for cholesterol; however, PREG is only a sub-
strate but not an activator, while cholesterol is both a substrate
and an activator. These results indicate that the sterol substrate
site in ACAT1 does not involve significant sterol-phospholipid
interaction, while the sterol activator site does. Studies utilizing
small molecule ACAT inhibitors show that ACAT plays a key
role in PREG esterification in various cell types examined.
Mice lacking ACAT1 or ACAT2 do not have decreased PREG
ester contents in adrenals, nor do they have altered levels of
the three major secreted adrenal steroids in serum. Mice lack-
ing LCAT have decreased levels of PREG esters in the adre-
nals. These results suggest LCAT along with ACAT1/ACAT2
contribute to control pregnenolone ester content in different
cell types and tissues.

Biosynthesis of pregnenolone (PREG)* occurs in mitochon-
dria, using cholesterol (CHOL) as the precursor (1, 2). Once
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produced, enzymes in the mitochondria and in the endoplas-
mic reticulum catalyze the conversions of PREG to various ste-
roid hormones. PREG can also be converted to PREG esters.
Early studies showed that crude particulate fraction from
bovine adrenal glands was able to catalyze the formation of
PREG esters from PREG, with long-chain fatty acid attached at
the 3-B-OH moiety of PREG (3). When labeled PREG was
added to intact rat fibroblast cells, a significant portion of the
label was convert to PREG esters (4). These results show that
mammalian cells and tissues can convert PREG to PREG esters.
However, the enzyme(s) that catalyzes cellular PREG esterifica-
tion had not been identified. In addition to cellular esterifica-
tion, PREG can be converted to PREG esters by the enzyme
lecithin:cholesterol acyltransferase (LCAT) present in the
plasma (5, 6).

Acyl:coenzyme A:cholesterol acyltransfeases (ACAT) are
key cellular enzymes that convert CHOL to cholesteryl esters
(CE) for storage, and for providing CE present in lipoproteins.
In mammals, there are two isoenzymes ACAT1 and ACAT?2.
Both ACAT1and ACAT?2 are drug targets for atherosclerosis as
reviewed in (7). In addition, ACAT1 is a drug target for
Alzheimer disease (8). In most of the tissues examined, ACAT1
is the major isoenzyme, while ACAT2 is mainly expressed in
intestinal enterocytes and in hepatocytes, as reviewed in Ref. 7.
ACATT1 is homotetrameric and contains nine-TMDs; the first
active site His-460 is located within TMD#7, and the second
active site Asn-421 is located within the 3rd large cytosolic loop
(9). ACAT?2 shares high homology with ACAT1 near the C
terminus, but not near the N terminus. The ACAT enzymes are
founding members of the membrane-bound O-acyltransferase
enzyme family (MBOAT), which includes diacylglycerol acyl-
transferase 1 (DGAT1), ghrelin octanoyl-coenzyme A acyl-
transferase, and lysophospholipid acyltransferases (LPATs), as
reviewed in Ref. 10. We had previously reported (11, 12) that
both ACAT1 and ACAT2 are allosteric enzymes; they can use a
variety of sterols as substrates, and their activities are signifi-

acyltransferase; ACAT, acyl-CoA:cholesterol acyltransferase; CHOL, choles-
terol; CE, cholesteryl ester; DHEA, dihydroepiandrosterone.
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cantly activated by a variety of sterols. Among the sterols tested
(more than 20), CHOL is the best substrate and the best activa-
tor. Epicholesterol, which contains the 3-a-OH at steroid ring
A, is neither a substrate nor an activator. The structural feature
of the sterol as an ACAT substrate is distinct from that as an
activator (12); however, a sterol- like molecule that is only a
substrate, but not as an activator has yet to be found.

We note that PREG and its metabolite dihydroepiandros-
terone (DHEA) are the only 2 steroids in the steroid hormone
biosynthesis pathway that contain a 3-3-OH at its steroid ring
A. On the other hand, both PREG and DHEA contain a much
shorter side chain at steroid ring D than CHOL. In the current
work, we test the possibility that PREG may be an ACAT sub-
strate, and that ACAT1 is the missing enzyme that catalyzes
cellular PREG esterification in body cells. We also examine the
effect of ACAT deficiency or LCAT deficiency on the PREG
ester levels in adrenals, and in the serum-free adrenal steroid
levels by using normal (wild-type), Acatl ', Acat2™'~, and
Leat™'™ mice.

EXPERIMENTAL PROCEDURES
Materials

PREG, DHEA, estradiol, cholestanol, epicholesterol, PREG
stearate, PREG sulfate, dehydroergosterol, 24(S)-hydroxycho-
lesterol, 7-ketocholesterol, 25-hydroxycholesterol, 27-hy-
droxycholesterol, 7a-hydroxycholesterol, and 7B-hydroxycho-
lesterol were from Steraloids. Ent-cholesterol described in Ref.
12 was a research gift from Professor D. Covey at Washington
University Medical School, St Louis. Sitosterol, 22(R)-hydroxy-
cholesterol, protease inhibitor mixture, taurocholate, choles-
terol, cholesterol oleate, Nile red, oleic acid, acetic anhydride,
oleoyl coenzyme A, bovine serum albumin (BSA), fetal bovine
serum (FBS), egg phosphatidylcholine, and 3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
were from Sigma. [*H]cholesterol, [PH]PREG (S.A. 40 uCi/
nmol), [PH]DHEA (S.A. 60 uCi/nmol), and [*H]estradiol (S.A.
40 pCi/nmol) were from Perkin Elmer. [*H]Oleoyl CoA was
synthesized according to the protocol described (13). All cell
culture media were from Cellgro. Penicillin/streptomycin stock
solution was from Invitrogen. Newborn calf serum (NBS) was
from Atlanta Biologicals. N2a, SH-SY5Y and N9 cells were gen-
erous gifts from Professors S. Supattapone, R. Maue, and W.
Hickey at Dartmouth Medical School, respectively. Human
SW13 adrenal cortical carcinoma cells were from ATCC. All
reagent-grade organic solvents were from Fisher Scientific. The
isotype nonspecific ACAT inhibitors F12511, CP-113,818, and
Dup 128 described in (14) were research gifts from Pierre Fabre.
Analytical silica thin-layer chromatography (TLC) plates were
from JT Baker. C18 cartridge was from Thermoscientific.

Methods

Separation of Various Steroids using TLC—100 ug of various
steroid and lipid standards were loaded onto an analytical TLC
plate. The mobile phase used to separate the lipids was 90:10:1
(petroleum ether/ether/acetic acid). Lipids were visualized by
spraying the plate with 40 pg/ml Nile red. Rf values were: cho-
lesterol oleate, 0.89; cholesterol, 0.27; trigylceride, 0.54; oleic
acid, 0.41; PREG, 0.14; allopregnanolone, 0.13; progesterone,

17484 JOURNAL OF BIOLOGICAL CHEMISTRY

0.11; DHEA, 0.11; estradiol, 0.12; PREG sulfate, 0; PREG stea-
rate, 0.41. PREG stearate was used as the standard for PREG
oleate.

Enzyme Purification—The source of ACAT1 used in kinetic
analysis was the recombinant human ACAT1 tagged with 6X
histidine at the N terminus (His-ACAT1), expressed in insect
Hi5 cells, and partially purified at the nickel column chroma-
tography step by procedures described previously (15). The
source of ACAT?2 used was the recombinant human ACAT2
tagged with 6X histidine at the N terminus (His-ACAT?2), sta-
bly expressed in Chinese hamster ovary (CHO) cells as
described previously (14). The His-ACAT2 enzyme was par-
tially purified by using the same protocol for purifying recom-
binant His-ACAT1 using the nickel column chromatography.
After purification, the ACAT1 and ACAT?2 preparations were
stored in 0.5% CHAPS at —80 °C. The source of ACAT1 used in
direct binding analysis was the recombinant human ACAT1
tagged with 6 X histidine at the N terminus and with a FLAG tag
at the C terminus; the enzyme was expressed in H293 cells and
purified to homogeneity as described (16). 1 unit of ACAT spe-
cific activity is defined as 1 pmol cholesteryl oleate formed/
min/ug protein assayed under standard mixed micelle assay
condition.

ACAT Activity Assays—Assay with [*H]steroid and with
non-radioactive oleyl Co-A as the substrates. The mixed
micelles were prepared as described, with 11.2 mm PC/18.6 mm
taurocholate (11). Unless stated otherwise, the concentration of
[PH]PREG, [PH]DHEA, or [*H]estradiol (S.A. 40 wCi/nmol) in
the micelles was 1 um. Total count per sample was 1 uCi. In
activation assays, various concentrations as indicated of a given
unlabeled sterol were prepared in PC/taurocholate micelles
and mixed with micelles that contained the labeled steroid. The
enzyme was then added at 4 °C. To start the enzyme reaction,
10 nmol nonradioactive oleoyl CoA/BSA was added; the reac-
tion was continued at 37 °C for 30 min and terminated by add-
ing 2:1 chloroform/methanol. The lipids were extracted and
separated by TLC. The scraped bands were suspended in the
scintillation fluid and counted in a scintillation counter. To
conduct substrate saturation curves, [*H]steroids in micelles
were prepared at varying concentrations as indicated, with 1
wCi total counts per sample.

Assay with nonradioactive steroids and with [*H]oleoyl CoA
as the substrates. The ACAT enzyme was pre-incubated with a
mixture that contained CHOL with or without PREG at con-
centrations as indicated in PC/taurocholate micelles for 1 h at
4.°C. The reaction was initiated by adding 10 nmol [*H]oleoyl
CoA/BSA (3.0 X 10* dpm/nmol). The reaction was at 37 °C for
10 min. Sterol products were extracted, separated, and counted
by the same method as described above.

Binding between ACATI and Sterols—Binding was con-
ducted in the same manner as described (16), by monitoring
changes in the intrinsic fluorescence of ACAT1 upon ligand
binding. The HisACAT1-FLAG protein at 200 ng/ml (in 50 mm
potassium phosphate, pH 7.8, 8.13 mm CHAPS, and 0.5 m KCI)
was used. Sterol (PREG, or CHOL, or coprostanol, or epico-
prostanol) at concentrations as indicated was prepared in
CHAPS/PC mixed micelles and stored at room temperature in
the dark until use. For each binding assay, 25 ul of ACAT1
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protein was added to the cuvette containing 50 ul of mixed
micelles with rapid mixing to initiate the binding. Fluorescence
was monitored within 15 s of adding the enzyme.

Cell Culture—All cells were grown in 6-well plates at 37 °C
with 5% CO,. All media contain and penicillin/streptomycin.
SW13 cells were grown in Leibovitz’s L-15 medium, 2 mm
L-glutamine, and 10% FBS. SH-SY5Y cells were grown in 1:1
Dulbecco’s Modified Essential Medium/F-12 with 15% FBS.
N2a cells were grown in Minimal Essential Media + 100 um
glutamine. N9 cells were grown in McCoy’s 5a Medium Modi-
fied plus 10% FBS. All cells were grown to ~90% confluency
before the experiments were initiated.

PREG Esterification in Intact Cells—Cells were grown in the
presence or absence of 4 um of the ACAT inhibitor F12511, or
10 um of a different ACAT inhibitor CP113,818 or Dup128, for
12 h. The ACAT inhibitor was added from a 1000-fold stock in
DMSO. 1 uCi of [PH]PREG or 1 uCi [*H]cholesterol (S.A. 40
pCi/nmol) in DMSO was then added to the 2 ml of tissue cul-
ture media in 6-well plates for 6 h. Final concentration of
DMSO in media was 0.5%. Cells were washed twice with PBS
and once with PBS + 1 mm BSA, then harvested by incubation
at room temp with 0.2 M NaOH for 1 h. After aliquoting for
protein determination, NaOH was neutralized with 3 m HCl
and 100 mm Tris, pH 7.6; lipids were extracted with 2:1 chloro-
form:methanol and separated by TLC. The PREG, CHOL,
PREG stearate, and CHOL oleate bands were scraped and
counted in a scintillation counter.

Mice—Normal (WT), Acatl ', and Acat2™/~ mice main-
tained at Dartmouth were congenic C57BL6 and are as
described previously (8). WT and Lcatl '~ mice maintained at
NIH were also congenic C57BL6 as described previously (17).
Mice were fed ad libitum with standard chow diet, maintained
in a pathogen-free environment and kept on a 12-h light/dark
schedule. At Dartmouth, animal procedures were approved by
the Animal Care and Use Committee (protocol number
08.05.01). At NIH, animal procedures were approved by an NIH
Institutional Animal Care Committee (protocol number
H-0050R1).

Mouse Tissue Isolation and Lipid Extraction—Acatl '~
mice, Acat2~’~ mice, and WT mice at 2 month of age were
killed by CO,, asphyxiation at a time between noon and 2 PM at
Dartmouth. Tissue samples were isolated rapidly and frozen on
dry ice and stored at —80 °C until use. Lcat '~ mice and WT
mice at 3.5 month of age were killed by similar means at the
NIH/NHLBI; tissues were isolated rapidly and shipped on dry
ice to Dartmouth for processing. The tissue sample (up to 200
mg) was thawed on ice and underwent Folch lipid extraction.
The lipid fraction was dried down under nitrogen and re-dis-
solved in 1 ml methanol, vortexed, and transferred to a 1.5 ml of
glass GCMS vial (National Scientific), stored at —20 °C till
usage.

Determination of PREG/PREG Ester—PREG and PREG ester
were separated by using the reverse phase silica solid phase
extraction column based on a published procedure (18) and
described as follows. The lipid sample extracted from up to 200
mg tissue was dissolved in 1 ml of methanol and loaded onto a
6-ml size, 500 mg C18 cartridge (Thermoscientific, cat no.
60108-305). The sample tube was washed with 0.5 ml methanol;
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the wash was loaded onto the cartridge. The cartridge was
eluted with 5 ml of methanol/water (85/15). The combined
flow-through and the eluate (fraction #1; containing the unes-
terified forms of PREG and DHEA) was collected, dried, and
resuspended in 200 wl of methanol. PREG was analyzed by LC-
MS/MS using a published procedure (19) outlined in the next
section. The cartridge was next eluted with 5 ml of methanol/
water (9/1). This eluate contained most of the oxysterols and up
to 10% of CHOL, and was not collected. The cartridge was then
eluted with 5 ml of methanol/CHCI,; (1/1), followed with 5 ml of
hexane. The combined methanol/CHCI, (1:1) and the hexane
eluate (fraction #2; containing up to 90% of CHOL, all the PREG
esters and CHOL esters) were dried; 0.5 ml 1 M NaOH in meth-
anol was added. The sample was heated at 60 °C for 2 h to
hydrolyze all the steryl esters. After hydrolysis, 1 ml of water,
and 200 ul of 4 M HCl were added per sample. Methanol was
removed by evaporation under nitrogen. The PREG released
from PREG ester was recovered by extracting with 2X 4 ml of
diethyl ether. The ether fraction was dried down under nitro-
gen, redissolved in 1 ml methanol. The PREG present in meth-
anol was cleaned up by going through the C18 cartridge frac-
tionation as described above and collected as the methanol;
water (85:15) eluate (fraction #1). The samples were analyzed
by LC-MS/MS in the same manner as the free form of PREG.
Recovery of PREG during the alkaline hydrolysis and sample
clean up in a set of controls analyzed along with the samples
averaged 50%. PREG ester values reported were corrected for
procedural losses observed.

Determination of Serum Adrenal-secreted Steroids in Mice by
LC-MS/MS—Blood was drawn from 2-month-old male mice
between the time of 12 noon and 2 pm using the cardiac punc-
ture method. Serum was isolated after centrifugation at 9,000
RPM for 15 min, and immediately stored at —80 °C until anal-
ysis. Samples were transported between the laboratories on dry
ice. Quantitation of free (unesterified) PREG, allopregnano-
lone, and progesterone in serum was performed by a sensitive
and specific LC-MS/MS assay (19). Stable isotope labeled inter-
nal standards (d4-PREGN, d4-allopregnanolone, d8—170H
progesterone) were added to aliquots of the samples; steroids
were extracted from serum by solid-phase extraction, deriva-
tized to form oximes, the derivatives were extracted with
methyl z-butyl ether and analyzed. Instrumental analysis was
performed on API 4000 triple-quadrupole mass spectrometer
(Applied Biosystems/MDS Sciex) equipped with HPLC series
1200 (Agilent Technologies), HTC PAL autosampler (LEAP
Technologies). Mass transitions monitored in the method were
as follows, PREGN m/z 332/86 and 332/300, d4-PREGN m/z
336/90, 336/304, allopregnanolone m/z 334/86, and 334/316,
d4-allopregnanolone m/z 338/90, 338/320, progesterone m/z
345/112 and 345/124, d8 —170H progesterone (internal stand-
ard for progesterone) m/z 369/128 and 369/315. Identity of
each analyte was confirmed by evaluating ratios of two analyte-
specific mass transitions. Quantitative calibration was per-
formed with every batch of samples and was used in conjunc-
tion with the intensities of the transitions of internal standards
to calculate concentrations in the samples; three quality control
samples were analyzed with every set of samples. Limit of quan-
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FIGURE 1. Metabolic conversion of CHOL to various steroids via PREG.

tification for the analytes was 0.025 ng/ml, imprecision was
<10%.

Determination of CHOL/CHOL Ester—The lipid sample
extracted from mouse tissues was redissolved in 2 ml of hexane.
Half of the sample was analyzed for free CHOL content. The
other half-sample underwent alkaline hydrolysis in the same
manner as described above. The total CHOL (free CHOL and
CHOL released from chol ester) was recovered by extraction
with ethyl acetate, then analyzed for free CHOL content. The
free cholesterol contents were analyzed by GC-MS by using a
Shimadzu QP2010 instrument, in the same manner as
described previously (8). CHOL ester values were derived by
subtracting the free CHOL values from the total CHOL values.

Statistical Analyses—When indicated, statistical analyses of
results were performed using a two-tailed, unpaired Student’s ¢
test. The difference between two sets of values was considered
significant when the p value was < 0.05 (*, p < 0.05; **, p <
0.01).

RESULTS

PREG Is an ACAT Substrate but Not an ACAT Activator—
CHOL is converted metabolically to various steroid hormones
(Fig. 1). PREG contains the classical A, B, C, D steroid rings, and
the 3-B-OH moiety. Based on our previous studies (12), PREG
may be an ACAT substrate. We tested this possibility by using
tritium-labeled PREG solubilized in mixed micelles as the sub-
strate and partially purified ACAT1 or ACAT2 as the enzyme
source. The results show that in the absence of CHOL, PREG is
a very poor substrate for ACAT1 (Fig. 24) or ACAT?2 (Fig. 2B).
However, in the presence of CHOL, it is a much better substrate
for both enzymes. DHEA, an obligatory biosynthetic interme-
diate between PREG and various sex steroid hormones, is the
only other steroid that possesses the same classical A, B, C, D
steroid ring and the 3-3-OH moiety. We used ACAT1 as the
enzyme source to test whether DHEA might also be an ACAT
substrate. Our result (Fig. 2C) shows that, in the absence of
CHOL, DHEA is essentially not a substrate, whereas it becomes
a substrate in the presence of CHOL. Comparing the results of
Fig. 2, A and Creveals that PREG is a much better substrate than
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DHEA. We next conducted a PREG substrate saturation curve
study, with or without CHOL, using ACAT1 as the enzyme
source. The results (Fig. 3A) show that CHOL activates PREG
esterification by more than 100-fold. The CHOL-dependent
activation occurs at two different levels: by reducing the appar-
ent K,, for PREG, and by increasing the V|, for producing
PREG ester. Without CHOL, the K|, for PREG is too high to be
measurable; with CHOL (added at 0.32 mm), the apparent K,
for PREG is about 1.2 um. We next used ACAT1 as the enzyme
source and conducted a DHEA substrate saturation curve, with
CHOL present. Our results (Fig. 3B) reveal that even with
CHOL present, the apparent K, for DHEA is still too high to be
measurable; the result of a separate experiment showed that
estradiol (E2) is not an ACAT1 substrate. Additional results
show that the shape of the CHOL-dependent activation on
PREG esterification is sigmoidal (instead of hyperbolic); the
result of this experiment also showed that PREG or other ste-
roid analogs tested could act as an activator (Fig. 4A). These
results show that CHOL acts as a potent allosteric activator
when PREG is used as the substrate. Additional results showed
that when CHOL was used as the substrate, PREG added at a
high concentration (5 um; four times the apparent K, value for
PREG) only slightly inhibited CHOL esterification (by 10 -15%)
(Fig. 4B). The inhibitory effect of PREG mainly occurs by
decreasing the V, . for CHOL esterification, not by affecting
the apparent K, for CHOL, which is ~0.3 mMm. The results
described above suggest ACAT1 can bind to PREG with high
affinity. We tested this possibility by comparing the binding
affinities of ACAT1 toward PREG and CHOL. The binding
assay was based on the fact that ACAT1 is a fluorescent protein;
substrate binding causes significant changes in the intrinsic flu-
orescence of ACAT1 (16). The results show that ACAT1
directly binds to PREG with a K, = 0.6 uMm, which is 58-fold
lower than the concentration for half maximal CHOL bind-
ing (35 uMm) (Fig. 4C; top two curves). The result of a control
experiment showed that ACAT1 does not display significant
binding to either coprostanol or epicoprostanol, two sterols
that contain steroid rings A and B in cis-fused configuration
(Fig. 4C; bottom two curves). We had previously shown that
ACAT1 does not display significant binding to epicholes-
terol, which possesses 3-a-OH moiety at ring A (16). The
result shown in Fig. 4C confirms our previous finding, indi-
cating that binding between ACAT1 and sterol is sterol
structure-specific.

Various Sterols Can All Activate ACATI to Catalyze PREG
Esterification—The above results show that PREG binds to
ACAT]1 specifically; it is a substrate but is not an activator for
ACAT. This finding provides us the unique opportunity to
probe the structural specificity of the activator site, using PREG
as the substrate. We first used ACAT1 as the enzyme source to
examine the effect of adding various non-oxysterols, all kept at
0.32 mM, on PREG esterification. Our results (Fig. 54) show
that as expected, CHOL provides the maximal activation. Sito-
sterol, a plant sterol, also activates PREG esterification,
although not as efficiently as CHOL. Epi-CHOL, ent-CHOL
(the mirror image of CHOL) (12), and dehydroergosterol (a
fluorescent CHOL analog) can also slightly activate PREG
esterification. In contrast to sitosterol, none of these three latter
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Nickel column chromatography step (described under “Experimental Procedures”) was used as the enzyme source. 1 um [*H] PREG or 1 um [*H] DHEA was
delivered to mixed micelles in the presence (+) or absence (—) of 0.32 mm CHOL. The assay was as described under “Experimental Procedures.” Results shown
are representative of at least two separate experiments; error bars represent deviation between duplicates.
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sterols isan ACAT1 substrate (12). We next tested the effects of
various oxysterols, all kept at 0.32 mm, on PREG esterification.
Our results (Fig. 5B) show that essentially all the oxysterols
tested activate PREG esterification, but at varying degrees.
When ACAT2 was used as the enzyme source, we found (Fig.
5C) that CHOL also provides maximal activation of PREG
esterification, followed by 7-ketoCHOL, an auto-oxidation
product of CHOL. Unlike ACAT1, the plant sterol sitosterol
only slightly activated ACAT?2 esterification of PREG. These
results imply that the mechanisms of sterol-dependent activa-
tion of ACAT1 and ACAT?2 are similar, but not identical.
ACAT Carries out PREG Esterification in Various Mamma-
lian Cell Lines—The results described show that ACAT can
esterify PREG in vitro. To test the biological significance of
these findings, we used human SW13 cells (an adrenal cortical
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carcinoma cell line) (A), human SH-SY5Y cells (a neuroblas-
toma cell line) (B), mouse N2a cells (a neuroblastoma cell line)
(C), or mouse N9 cells (a microglioma cell line) (D). We pre-
incubated these cells with or without the specific ACAT inhib-
itor F12511 for 12 h, then fed cells with labeled PREG or labeled
CHOL for 6 h, and analyzed CHOL esterification and PREG
esterification. The results show (Fig. 6, A-D) that all cells tested
can esterify both CHOL and PREG, and that pre-incubation of
the cells with the ACAT inhibitor F12511 largely abolished
both the CHOL esterification and PREG esterification, by
80-90%. In results not shown, we found that in N2a cells, two
other isotype nonspecific ACAT inhibitors CP-113,818 and
Dup128 added to growth medium at 10 microM for 12 h also
inhibited PREG esterification by 70% (with CP-113,818) or by
90% (with Dup128).
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% PREG Esters in Adrenals Are Not Decreased in Either
Acatl™" or Acat2™’~ Mice, But Are Decreased in Lcatl "~
Mice—ACAT may play significant role in determining the
PREG ester contents in steroidogenic tissues. To test this pos-
sibility, in the first experiment, we measured the levels of the
unesterified and esterified CHOL as well as the unesterified and
esterified PREG in the adrenals isolated from the 2-month-old
normal (WT), Acatl '~ and Acat2~'~ male mice. The results
(Fig. 7A) show that most of the cholesterol present in the adre-
nals is in esterified form; lacking ACAT1, but not ACAT?2, dra-
matically decreases the % CHOL esters (by approx. 90%) in this
tissue. These data confirm an early report (20), and demon-
strate that ACAT1 is the major isoenzyme in this tissue.
Regarding PREG esterification, in WT mice, ~33% of the total
PREG is esterified; lacking either ACAT1 or ACAT2 does not
decrease the % PREG esters present in the adrenals (Fig. 7B;
comparing the first three columns). These results suggest that
LCAT, instead of ACAT, may play a role in determining the
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PREG ester content in the adrenals. To test this possibility, in a
second experiment, we measured the levels of the unesterified
and esterified PREG in the adrenals isolated from normal and
Lcat™'™ mice, (with comparable numbers in males and females
at 3.5 month of age). The results (Fig. 7B; the last two columns)
show that in the normal mouse adrenals, 27% of the total PREG
is esterified; in the Lcat '~ mouse adrenals, the percent PREG
esterification decreases from 27% to 18% (Fig. 7B; comparing
4™ and 5" columns), demonstrating that the Lcat™ '~ mouse
adrenals contain reduced but clearly measurable PREG esters.
The results shown in Fig. 7 suggest that LCAT plays a role,
while ACAT1 may only play auxillilary role in determining the
% PREG ester contents in this tissue. We note that in the first
experiment, the total pregnenolone content in the WT mouse
adrenal was higher than the value found in the second experi-
ment (2.3 ng/mg versus 1.0 ng/mg; (comparing 1st column ver-
sus 4™ column in Fig. 7B); the % esterified PREG in WT mouse
adrenals were however similar between the two experiments
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FIGURE 5. Activation of PREG esterification by various sterols. A and B, ACAT1, C, ACAT2. 1 um [*HIPREG (S.A. 20Ci/mmol) was delivered to micelles in the
absence or presence of 0.32 mm of various sterols as indicated. The assay was as described under “Experimental Procedures.” Results shown are representative

of at least two separate experiments; error bars represent deviation between duplicates.

(33% versus 27%). For the first experiment, mice were housed at
Dartmouth; for the second experiment, mice were housed at
NIH. The discrepancy in total adrenal PREG values observed
between these two experiments maybe caused by environmen-
tal difference(s) in animal facilities used to house the mice.
Serum Adrenal Secreted Steroid Levels Are Not Affected by the
Lack of ACATI or ACAT2 in Male Mice—PREG and its metab-
olites exhibit a variety of biological activities in vitro and in vivo;
reviewed in Refs. 21, 22. PREG fed to animals exhibit beneficial
effect on learning and memory behavior; reviewed in Ref. 23.
Both ACAT1 are ACAT?2 are drug targets for human diseases.
Since both enzymes can esterify PREG, it is important to deter-
mine whether lacking ACAT1 or lacking ACAT2 affects serum
steroid levels in vivo. To address this issue, we extracted the
blood from 2-month-old male mice, isolated the serum and
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subjected the samples to PREG, progesterone, and allopreg-
nanolone analyses by using an established method that involves
LC-MS/MS and isotope dilution. The results show (Fig. 8) that,
no changes in the serum PREG, progesterone, or allopregnano-
lone concentrations were seen as a result of Acat1 ~/~ in mice; a
slight decrease was seen in the PREG concentration of sera
isolated from the Acat2™’~ mice.

DISCUSSION

Our current results show that ACAT1 uses PREG as a sub-
strate in vitro and in intact cells; i vivo, deficiency in ACAT1 or
ACAT?2 does not decrease the overall PREG ester content in
steroidogenic tissues, nor does it significantly affect the serum
levels of several adrenal secreted steroid hormones. Earlier,
Vourc’h et al. (24) reported the identification of an acyltrans-
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ferase activity in rat brain microsomes that esterified several
steroids, including PREG and E2; that acyltransferase activity
was more active toward E2 than PREG, and was inactive toward
CHOL as substrate. Here we show that with CHOL present,
ACATI1 can use PREG, but cannot use E2 as the substrate.
These results show that ACAT1 is distinct from the acyltrans-
ferase activity reported by Vourc’h et al.

PREG is a sterol-like molecule. Unlike CHOL, PREG does not
pack well with phospholipid in the membrane. Our results
show that PREG can only be an ACAT1 substrate but not an
ACATT1 activator, while many sterols that contain the same
iso-octyl side chain at ring D as CHOL does can all serve as an
activator (when PREG is used as the substrate). These results
support the notion that ACAT1 contains two distinct sterol
binding sites, one for an activator; the other for a substrate. The
length of the side chain at ring D of the sterol plays more impor-
tant role to fulfill the activator site than to fulfill the substrate
site. ACAT1 binds to PREG much tighter than CHOL.
Together, these results indicate that ACAT1’s sterol substrate
site does not involve extensive interaction between the sterol
and phospholipid in the membrane, while its sterol activator
site does. Additional results show that, as an activator the major
effect of CHOL is to increase the V. of the enzyme. Much
more work will be needed to understand ACAT1 as an allos-
teric enzyme. To facilitate further research in this area, we pres-
ent a working model to explain ACAT]1 allosterism (Fig. 9).
This model contains the following features: 1) ACAT1 is a
homotetramer, although functionally it may act as a dimer (25).
Within each dimer, it may contain two identical sterol substrate
sites (designated as site S), and one or two sterol activator site(s)
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(designated as site A). 2) Site S preferentially binds PREG,
although it can also bind a variety of sterols including CHOL,
sitosterol, and oxysterols. The binding between site S and the
steroid is mainly stereospecific and does not involve extensive
interaction with phospholipid in membrane. Site S does not
bind ent-CHOL, or epi-CHOL. Site A, on the other hand, pre-
fers to bind CHOL but cannot bind PREG; it can also bind a
variety of other sterols such as sitosterol, oxysterols, ent-
CHOL, and dehydroergosterol, etc. The binding between site A
and the steroid may involve the ability of the sterol molecule to
interact biophysically with phospholipid in membrane, in addi-
tion to its stereospecific structure. 3) When only PREG is pres-
ent, PREG binds site S, but it fails to trigger appropriate confor-
mational changes, and the enzyme can only catalyze PREG
esterification at a very low rate. 4) When PREG and CHOL (or
its close analogs) are both present, binding of CHOL at site A
causes conformational changes, enabling the enzyme bind the
sterol tighter and to catalyze the reaction much more effi-
ciently. CHOL binding at site A may also allow the enzyme to
bind and esterify CHOL at site S more efficiently. 5) Site S may
exhibit half-of-the-sites reactivity (26) toward PREG or toward
oxysterol as a substrate. This feature may explain the finding
shown in Fig. 4B: namely, that PREG added at a high concen-
tration (5 wm) can only inhibit 10 —15% of CHOL esterification.
Previously, we had shown that the addition of 7-keto-CHOL, an
oxysterol, could only slightly inhibit CHOL esterification (11).
Thus, while the enzyme may contain two identical S sites per
dimer, it may only bind one PREG, or one PREG and one
CHOL, or one PREG and one oxysterol per dimer.
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We also show that cells of adrenal cortical origin (SW13) and
non-adrenal cells (N2A, SH-SY5Y, and N9) can synthesize
PREG esters from PREG, and that this activity is effectively
blocked by using various small molecule ACAT inhibitors
F12511, CP-113,818, or Dup128, which are isotype-nonspecific
inhibitors that inhibit both ACAT1 and ACAT2 with equal
potency. Because ACAT1 is ubiquitously expressed while
ACAT?2 is mainly expressed in the intestines and liver, these
results imply that ACAT1 plays a key role in cellular PREG
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esterification in most of the body cells. Our data in vivo show
that lacking either ACAT1 or ACAT2 does not decrease the
overall PREG esters levels present in adrenals, suggesting that
in adrenals, most of the PREG esters may originate from lipo-
protein bound PREG esters. Earlier studies had shown that the
plasma enzyme LCAT uses PREG as an excellent substrate, and
that PREG esters can be found in high-density lipoproteins (6).
To test this interpretation we compared normal mice versus
mice lacking LCAT, and found the % PREG ester to be
decreased (by 33%) but not completely abolished in the adre-
nals of these mice. These data suggest that LCAT plays a role,
while ACAT1/ACAT?2 may play an auxiliary role in determin-
ing the PREG ester content in adrenals, perhaps in other tissues
as well. In the future, this possibility can be further tested by
comparing the PREG ester contents in normal mouse versus
single or double KO mouse lacking LCAT, and/or lacking
ACAT]1, and/or lacking ACAT?2; etc. It is possible that, in addi-
tion to LCAT and ACAT, other enzymes(s) also participate in
esterifying pregnenolone in vivo. As discussed earlier, Vourc’h
et al. (24) reported an acyltransferase activity in vitro that
esterifies several steroids including PREG, but does esterify
CHOL. Based on its substrate specificity, this enzyme is distinct
from either LCAT or ACAT; the molecular identity of this acyl-
transferase remains unknown at present. Our current work
along with earlier studies reveals that the enzyme systems
involved in determining tissue pregnenolone ester content in
vivo are unexpectedly complex. Further investigations are
needed in order to identify all the enzymes involved in pregnen-
olone esterification, and their physiological roles. Other data
presented (Fig. 8) show that lacking ACAT2, but not ACAT],
causes a slight but significant decrease in the serum PREG con-
centration; this decrease might be caused by changes in lipo-
protein levels observed in the Acat2 ™/~ mice (27).

Both ACAT1 and ACAT?2 are drug targets to treat human
diseases including Alzheimer Disease. Over the last 2 decades,
numerous small molecule ACAT inhibitors have been synthe-
sized. The kinetic and binding analyses described in this work
can be used to characterize and classify the mode of actions of
the ACAT inhibitors. The assays described here can also be
used as a screen to discover novel ACAT inhibitors. The free,
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unesterified PREG and its metabolites play important roles in
physiology. Our data in animals suggest that inhibiting ACAT1
may not adversely affect the free PREG levels in serum, or the
PREG and PREG ester levels in steroidogenic tissues.
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