
radation of these anesthetics in in vitro and 
in vivo experiments. Whether individual 
enantiomers of I, 11, and I11 may have 
clinical advantages with respect to potency, 
toxicity, times of onset of action or recovery, 
or olfactory properties remains to be seen. 
While we have develo~ed efficient svntheses 

I 

of each of the enantiomers of halothane and 
enflurane (13), the remaining problems as- 
sociated with carrying out the necessary in 
vivo studies, including the task of preparing 
sufficiently large quantities of each pure iso- 
mer, are not trivial. Nevertheless, it is im- 
mrtant to establish whether anv clinical 
idvantage may be gained by the uie of one 
particular stereoisomer of these anesthetics. 
This question is of particular interest in view 
of the- increasing awareness of the potential 
significance of drug chirality within the 
chemical, medical, and governmental regu- 
latory communities (1 4). 
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Regulation of the Apolipoprotein AI Gene by ARP-1, 
a Novel Member of the Steroid Receptor Superfamily 

Apolipoprotein AI (apoAI) is a lipid-binding protein that participates in the transport 
of cholesterol and other lipids in the plasma. A complementary DNA clone for a 
protein that bound to regulatory elements of the apoAI gene was isolated. This 
protein, designated apoAI regulatory protein-1 (ARP-l), is a novel member of the 
steroid hormone receptor superfamily. ARP-1 bound to DNA as a dimer, and its 
dimerization domain was localized to the COOH-terminal region. ARP-1 also bound 
to a thyroid hormone-responsive element and to regulatory regions of the apoB, 
apoCIII, insulin, and ovalbumin genes. In cotransfeaion experiments, ARP-1 down- 
regulated the apoAI gene. The involvement of ARP-1 in the regulation of apoAI gene 
expression suggests that it may participate in lipid metabolism and cholesterol 
homeostasis. 

C HOLESTEROL HOMEOSTASIS IS AC- 

complished by the integration of 
pathways that govern cellular bio- 

synthesis, uptake, and excretion of cholester- 
ol (1). The high-density lipoproteins 
(HDL) and their major protein constituent, 
apoAI, participate in the excretion process 
(1). High-density lipoprotein removes cho- 
lesterol from peripheral tissues and trans- 
p o ~  it, either directly or via other plasma 
lipoproteins, to the liver, where it is excret- 

ed. It is thought that, because of their 
involvement in cholesterol excretion, apoAI 
and HDL are important in protection 
against coronary heart disease (2). Indeed, 
genetic deficiencies in apoAI and HDL are 
associated with excessive intracellular cho- 
lesterol accumulation and premature ather- 
osclerosis (2). 

The apoAI gene is expressed primarily in 
liver and intestine (3) and is regulated by 
diet (4, 5), estrogen (5, 6), thyroid hormone 
(7), and temporal factors during develop- 
ment (3, 5). The -222 to -110 DNA 

Laboratory of Molecular and Cellular Cardiology, De- region upstream of the human apoAI gene 
p m e n t  of Cardiology, Children's Hospital, and De- 

ment of Cellular and Molecular Physiology, Harvard h c t i o n s  as a liver-specific transcriptional 
Redical school, Boston, MA 02115. enhancer (8). To identify the factors that 

regulate the apoAI enhancer in liver cells, we 
used a DNA fragment from the apoAI gene 
that included the region between -256 to 
-80 bp upstream of the transcription initi- 
ation site as a probe in deoxyribonuclease I 
(DNase I) protection experiments. Nuclear 
extracts from rat liver contained proteins 
that bound to four sites: A (-222 to 
-193), B (-169 to -149), C (-135 to 
- 118), and D (- 114 to - 108, correspond- 
ing to the CCAAT homology) (Fig. 1). In 
contrast, extracts from tissues and cells that 
do not express apoAI (rat spleen, kidney, 
brain, and HeLa), protected only site A 
(Fig. 1) (9). Mutagenesis of sites A, B, or C 
indicate that protein binding to all three 
sites is essential for maximal expression of 
apoAI in human hepatoma (HepG2) cells 
(8). 

To characterize the proteins that bound to 
site A, an oligonucleotide that corresponded 
to the A site (oligo A) was used as a probe to 
screen several Agtll cDNA expression li- 
braries (10). One positive clone (AHP-1) 
was isolated from a human placenta library, 
and binding-specificity spot tests (10) 
showed that the fusion protein produced by 
AHP-1-infected bacteria bound specifically 
to oligo A. The sequence of the insert was 
determined and its reading frame was estab- 
lished (Fig. 2A). The sequence of a clone 
that contained additional 5' sequences 
(AHP-16) (10) revealed an upstream in- 
frame termination codon (underlined in Fig. 
2A), thus placing the initiator methionine at 
position 3431345 and predicting a 414- 
amino acid protein, which we named apoAI 
regulatory protein-1 (ARP- 1). 

Comparison of ARP-1 with proteins in 
the GenBank database ( 10) revealed a simi- 
larity to human Ear-3 and Ear-2 "orphan" 
steroid hormone receptors (11) and the 
Drosophila Seven-up proteins (types 1 and 
2), which regulate retinal cell differentiation 
(12). A cysteine-rich region of ARP-1 that 
corresponds to the DNA binding domain of 
the steroid hormone receptors (amino acids 
79 to 144) (Fig. 2A), shares 98.5,89.4, and 
92.4% identity with the Ear-3, Ear-2, and 
Seven-up, respectively. The ARP-1 COOH- 
terminal domain (amino acids 145 to 414) is 
95, 67, and 84.4% similar to Ear-3, Ear-2, 
and Seven-up (type l ) ,  respectively, whereas 
the NH,-terminal domain (amino acids 1 to 
78) shows limited similarity. Thus, it ap- 
pears that these proteins belong to an ances- 
tral subfamily of nuclear receptors, which we 
refer to as the ARP subfamily (13). The high 
degree of evolutionary conservation of this 
subfamily suggests functional conservation 
and implies regulation of its members by 
similar ligands. The Ear-3 gene has been 
localized to human chromosome 5 (II) ,  
whereas ARP-1 is on chromosome 15 (9), 
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indicating that these proteins are encoded by 
two distinct genes. Northern (RNA) blot 
analysis, with the use of an ARP-1 specific 
probe (3'-ARP gene probe, see legend to 
Fig. 2), revealed a single -4.5-kb transaipt 
inallhuman~esandcelltypesexamined 
(Fig. 2B), thus explaining, at least in parr, 
the ubiquitous tissue distribution of nuclear 
proteins that bound to site A (Fi .  1). 

Translation in vitro of RNA derived h m  
the insert of LHP-1 produced a protein of 
-47 kD. Gel retardation analysis showed 
that in vitro translated ARP-1 bound specif- 
ically to oligo A, forming a complex similar 

m. 1. DNase I *on of the -256 to -80 
apoAI DNA +on (noncoding strand) in the 
presence of rat liver (Lanes 3 and 4), rat s p h  
(lanes5and6),andintheabsenceofnudcar 
extracts (lanes 1,2,7, and 8). Lams M: Maxam- 
Gilbert G + A d o n  (10). Protected regions 
are indicated by boxes, and their approximate 
borders are numbered d g  to the anscrip 
tion start site. Liver extractinduced DNase I 
hypenedtive sites are indicated by m w s .  The 
sequence of site A (noncoding strand) is shown 
in brackets. Nudear extracts were prcparrd as 
described (22). A DNA fragment (-1 to 2 fmol), . . 
con the -256 to -80 human apoAI re- 
gion-p-labeled at the d g  strand, 
was incubated on ice with 40 pg ((lanes 3 and 5) 
or 70 pg (lanes 4 and 6) of nuclear protein in the 
presence of 50 mM KCl, 10 mM Hepes, pH 7.8, 
10% glycerol, 0.1 mM EDTA, 0.5 mM phenyl- 
methylsulfonyl fluoride (PMSF) and 0.5 mM 
dithiothreitol (DTI') (buffer A), 2% polyvinyl 
alcohol, 9 mM MgCI? 2.5 mM CaCI, and 1 pg 
of pdy(d1dC). T k  dqgdon was carried by 50 
ng of DNase I (Worthiigton) at 20°C h r  60 s 
and stopped by addition of five volumes of 100 
rnM tris-HCa, pH 8,100 mM NaCI, 1% SDS, 10 
mM EDTA, 100 pg of proteinase K, and incu- 
bated at 65°C for 15 min. DNase I (5 ng) was 
used when no extract was present Nucleic acids 
were extracted with a mixture of phenol, c h b  
hrm, isoamyl alcohol (25:=1), precipitated 
with ethanol, and analyzed on a 6% polyacrylarn- 
ide-8 M urea saquencing gel. 

in mobity to that of HeLa nudear proteins 
(Fig. 3A). However, oligo C (a DNA probe 
that contained site C) competed with forma- 
tion of this complex (Fig. 3 4  lane 5). 
Mdylation interference analysis demon- 
strated that the purine residues of oligo A 
that were contacted by in vitro translated 
ARP-1 were identical to those contacted by 
rat liver and HeLa nuclear proteins (Fig. 
3B). Furthccmorc, ARP-1 produced in 
COSl  cells protected site A tiom DNase I 
cleavage (Fi .  3C). These results indicate 
that the DNA biding specificity of ARP-1 
is identical to that of nuclear proteins that 

bind to site A. Although ARP-1 bound to 
oligo C (Fig. 3A, lane 5 and Fig. 3D), it did 
not protect site C fiom DNase I (Fig. 3C, 
lane l), suggesting that sequences surround- 
ing this site may influence its interaction 
with ARP-1. 

To demmine whether ARP-1 can interact 
with cis-acting elements of other genes, in 
vimo-mnslated protein was tested for bind- 
ing to several oligonucleotides (Table 1). 
ARP-1 bound with high &ty and speci- 
ficity to COUP, APOCIII, APOB, INS, and 
TRE (thyroid hormone-responsive de- 
ment), poorly to ERE (esaogen responsive 
element) and LF-B2, and not at all to 
HNF-4 and LF-A1 (Fig. 3D). Binding to 
COUP and INS was not unaoected be- 
cause the transaiption k o r  &t binds to 
these elements, is Ear-3 (14), whose DNA 
biding domain is almost identical to that of 
ARP-1. In fact, Ear-3 also bound to ele- 
ments rccognizod by ARP-1 (9), which sug- 
gests that both proteins may be involved in 
the regulation of apoAI, apoCIII, apoB, 
insulin, and ovalbumin genes. 

A consemus sequence of the ARP-1 DNA 
binding site is composed of two direaly 
repeated octanuckotides (Table 1) and diftExs 
h various hormone responsive dements, 
which are generaY. palindromic repeats (15). 
However, ARP-1 also rrcognized the palin- 
drornic TRE. The property of ARP-1 to . . .  dwmmme between TRE and ERE in com- 
bination with the ability of the thyroid hor- 
mone receptor to bind to both with opposite 
transaiptional etExts (16) may have signifi- 
cant implications for the rrgulation of genetic 
networks responsive to thyroid hormone. 

The DNA binding domain of ARP-1 was 
determined by testing several ARP-1 dele- 
tion mutants (Fig. 4, A and B) for b i  
to site A. Deletion of amino acid residues 2 
to 77 in mutant Ml did not afFect binding 
(Fig. 4C, lane 2). In con- deletion of 78, 

Table 1. Oligonuddcs tested fbr ARP-1 b i .  AU digomas had a 5' 1 (bold) was used to gcnmte a comenms. Each nudeode m the consensus 
GATC owhang. Speces were intduced m the quenccs fix best ahgn- is present in >50% of the aligned sequences. N repments any n u W &  or 
ment. A region of maximal similatity among oligos that bound ARP- absence of such. Direct rqeats uc underlined. 

o b  Gene of origin Position Reference seF=  Binding 

A Human apoAI -2141- 192 (20) ACTGUCCCTTGACCC-T + 
C Human apoAI -1361- 114 (20) - m A A G T T  + 
APOCIII Human apoCIII - 861- 70 (25) GGAGGTGA-CCTTTG--Cu + 
APOB Human apoB -801-60 (26) GGCGC-CCTTT-GC + 
COUP Chickenwalbumin -911-64 (14) TCAGMGTm-CCTTT-TAGA + 
INS Rat insulin 11 -631-36 (27) AAGCACCCCCCCCCTGB-CCCCTG- + 
TRE Artificial pahimme (16) TCAGGTCATCACCTGA + 
Consensus TCANCCCTTGACCCCT 

AMUTl HumanapoAI -2141- 192 (s) ACTGAACCCGGGACCCCTGCCCT - 
ERE Xmopus viteJl+ A2 -3351-315 (28) CATCAGGTCACTGTGACCTGACG -I+ 
LF-B2 Human al-antitrypsm -911-70 (29) TAACTGGGGTGA-CCTTGGTTAA -I+ 
HNF-4 Mouse transthyretin -1511- 130 (30) CTACACAAATATGA-ACCTTGCC - 
LF-A1 Human al-antiqpsm - 1281-99 (29) CCAGCCAGTGGA-CTTAGCCCCTGTTTGCTC - 
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107, 179, or 215 residues at the COOH- 
terminal domain in mutants M2,  AA3, 
M 4 ,  and AA5, respectively, eliminated 
binding (Fig. 4C, lanes 3 to 6); deletion of 
244 residues in AA6 restored DNA biding 
(Fig. 4C, lane 7). Moreover, deletion of 
both NH2- and COOH-terminal domains 
in M 7  did not affect biding (Fig. 4C, lane 
8), thus mapping the DNA binding domain 
between residues 78 and 170. These results 
indicate that, in the absence of the 337-414 
region, DNA binding is inhibited by sc- 
quences COOH to residue 170, and at least 
a pomon of these sequences is located in the 
171 to 199 region. 

To determine whether ARP-1 binds to 
DNA as dimer, we cotranslated equal 
amounts of ARP-1 and AAl mRNA in 
vitro, and the products were tested for b i i -  
ing to site A in gel retadation assays. In 
addition to complexes that corresponded to 
ARP-1 and AAl alone, complexes with in- 
termediate mobility (heterodimm) were 
also finmed (Fig. 4C, lane 9), indicating 
that one molecule each of ARP-1 and AAl 
bound concomitantly to site A. Het- 
erodimers were also formed when the two 
proteins were translated separately, mixed, 
and 4 in gel retardation assays (Fig. 4C, 
lane 10). These results indicate that ARP-1 
binds to DNA as a dirner, the NH2-terminal 
domain is not required for dimer formation, 
and dkmization can occur after translation. 
In contrast, hetedimers were not observed 
with any of the OH-terminal  deletion 
mutants (Fig. 4C, lanes 11 and l2), indicat- 
ing that sequences within the COOH-mmi- 
nal domain are required for formation of 
dirners that are capable of DNA biding, 
and that at least a portion of these sequences 
is located in the 337 to 414 region. Because 
mutants AA6 and AA7 lacked the COOH- 
terminal domain, they may have bound to 
DNA as monomers (Fig. 4C, lanes 7,8, and 
12). Indeed, heterodimm were not ob- 
served when AA6 and AA7 were cotrans- 
lated (Fig. K, lane 13). Thus, unlike the 
estrogen receptor (17), ARP-1 does not 
seem to contain a dimerimtion domain 
within its DNA binding region. The 
COOH-terminal domain of ARP-1 contains 
several hydrophobic heptad repeats, indicat- 
ing its potential for coiled-coil interactions. 
Specifically, a heptad repeat in the region 
357-391 is highly conserved among several 
steroid receptors and the analogous region 
of the estrogen receptor is required for 
dimerization and high-&ty DNA binding 
(18). 

Additional gel retardation experiments 
showed that over a wide range of concen- 
trations, ARP-1 formed only one complex 
with oligo A (complex 111, Fig. 4D, lanes 1 
to 5). The cutve of complex III formation 
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has a sigmoidal shape (Fig. 4E), suggesting 
that ARP-1 binds to DNA cooperatively. In 
contrast, at low concentrations, AA6 formed 
one complex (complex I), but at high con
centrations it formed an additional complex 
with reduced mobility (complex II) (Fig. 
4D, lanes 6 to 10). Thus, it seems that 
absence of the COOH-terminal domain in 
AA6 results in noncooperative binding of 
one (complex I) and subsequendy two 
(complex II) molecules per binding site. 
Comparison of the protein amounts re
quired to convert 50% of the probe into 
complex i n (0.75 y,g, Fig. 4E) and complex 
II (~50 jig, estimated by extrapolation of 
the curve in Fig. 4F), indicates that cooper
ative binding increases the DNA binding 
affinity by - 7 0 fold. 

Taken together, these results suggest that 
sequences located COOH to residue 170 
inhibit efficient DNA binding of ARP-1 
monomers. The precise mechanism for this 
inhibition is not clear, but it is possible that 
the DNA binding domain is masked by a 
region in the COOH-terminal domain, ei
ther directly or by interacting with another 
protein as in the case of the glucocorticoid 
receptor and hsp 90 (19). Dimerization of 
ARP-1, an event mat requires the 337-414 
region, results in presentation (unmasking) 
of the DNA binding domain and efficient 
binding to DNA. 

To study the effect of ARP-1 on apoAI 
gene expression, we cotransfected reporter 
plasmids that contained the bacterial chlor
amphenicol acetyl transferase (CAT) gene 
under the control of the apoAI promoter 
and enhancer (-256AI.CAT and -192AI. 
CAT) (20) and increasing amounts of a 
construct expressing ARP-1 (pMA) (21) 
into HepG2 cells. Overexpression of ARP-1 
repressed the expression of -256AI.CAT, 
but had a smaller effect on -192AI.CAT 
activity (Fig. 5), suggesting that the repres
sion was mediated primarily through site A 
and to a lesser extent through site C. How
ever, ARP-1 did not affect the activity of a 
construct that contained one or multiple 
copies of site A in front of the thymidine 
kinase promoter (P), suggesting that ARP-1 
does not function as a direct repressor but its 
effects on transcription may depend on pro
moter context. Furthermore, preliminary ex
periments showed that both ARP-1 and 
Ear-3 down-regulated the apoAI and 
apoCIII genes in HepG2 cells (9). 

Previous studies have shown that binding 
of positive regulators to site A is essential for 
maximal levels of apoAI expression in 
HepG2 cells (8, 20). Indeed, two more 
nuclear receptors have been identified that 
bind to site A and activate transcription (9), 
indicating that this site is responsive to bom 
positive and negative regulatory proteins. 
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Fig. 4. (A) Schematic representation, DNA binding, and dimerization properties of ARP-1 and its 
deletion mutants (21). The DNA binding domain is shaded. (B) Analysis of in vitro-translated ARP-1 
and its mutants in a 15% SDS-polyacrylamide gel. Values in kilodaltons of 14C-labeled protein markers 
(Amersham) are indicated. (C) Gel retardation of ARP-1 (lane 1) and its mutants translated in vitro 
(lanes 2 to 8, AA1 to AA7, respectively), cotranslated (lane 9, ARP-1 + AA1; lane 11, ARP-1 + AA2; 
lane 12, ARP-1 + AA6; lane 13, AA6 + AA7), or synthesized separately and then mixed (lane 10, 
ARP-1 + AA1) with the - 2 2 2 - to - 146-fragment of the apoAI enhancer as the probe. (D) Gel 
retardation with oligo A probe (2.5 finol) and different amounts of ARP-1 produced in COS-1 (lanes 
1 to 5), or AA6 produced in COS-1 (lanes 6 to 10). Lanes 1 and 6, 0.06 |ig; lanes 2 and 7, 0.3 u,g; 
lanes 3 and 8,1.5 jig; lanes 4 and 9,3.0 jig; lanes 5 and 10,10.0 jig (21). Complexes I, II, and III are 
denoted by arrows. (E and F) Titrations of retardation complex formation. Gel slices containing 
complexes I, II, and III and free probe were excised, counted in a scintillation counter, and plotted as 
percent of DNA bound in each complex. 
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Fig. 5. Repression of the apoAI enhancer activity 
by ARP-1. The reporter plasmids -256AI.CAT 
and -192AI.CAT (20) (15 fig each), were co
transfected with pRSV-p-gal (3 jig) and the 
indicated amounts of pMA or pMB constructs 
(21) in HepG2 cells, as described (20). CAT 
assays were performed 48 hours after transfectdon, 
and the obtained values were normalized to 0-ga-
lactosidase (0-gal) activities, as described (20). 
The average values (CAT/0-gal) of at least three 
independent experiments are shown as the per
centages of the average value obtained with cells 
transfected with -256AI.CAT alone. Black bars, 
-256AI.CAT + pMA; white bars, - 192AI.CAT 
+ pMA; hatched bars, -256AI.CAT + pMB; 
stippled bars, -192AI.CAT + pMB. 

The interplay of these factors could result in 
induction or repression of the apoAI gene in 
response to various signals. In this context, 
high amounts of dietary fat and cholesterol 
reduce significantly hepatic apoAI mRNA 
(4), raising the possibility that ARP-1 and 
Ear-3 may participate in mediating such 
effects. In the absence of information about 
ligand regulation of these proteins, their 
physiological function remains to be de
fined. Nevertheless, the observation that 
these regulators could influence apolipopro-
tein concentrations suggests that they may 
be an important part of the signal transduc
tion mechanisms contributing to cholesterol 
homeostasis. 
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THE JAMAICAN MUSTACHED BAT 

(Pterohotus parnellii pamellii) uses bio-
sonar pulses to orient and to hunt 

flying insects. Its auditory cortex (AC) is 
specialized for processing information con
tained in the pulse (P) and its echo (E). The 
AC has at least ten functional areas (Fig. 1A), 
each containing one or more maps that rep
resent a P-E parameter or combination of 
parameters important for encoding a particu
lar type or types of biosonar information (1). 

The P of the mustached bat has four 
harmonics ( H j ^ ) , each consisting of a long 
constant-frequency ( C F ^ ) component fol
lowed by a short frequency-modulated 
( F M ^ ) component (Fig. IB). Of these, H 2 

is always the most intense. When a bat is not 
flying, its PCF2 is about 61.0 kHz (2, 3). 

During insect pursuit, the mustached bat 
adjusts its P frequency to stabilize the CF2 of 
Doppler-shifted echoes at a reference fre
quency —200 Hz above its resting frequency 
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(4, 5). This behavior is known as Doppler 
shift (DS) compensation. Because the pe
ripheral auditory system of the mustached 
bat has a disproportionately large number of 
neurons that are sharply tuned around the 
reference frequency, the CF2 of DS-com-
pensated echoes is subjected to fine frequen
cy analysis (6). The accuracy of the bat's DS 
compensation depends on its ability to re
solve the frequency of the Doppler-shifted 
ECF2. 

The cortical area most likely to play a 
major role in the fine frequency analysis of 
Doppler-shifted echoes is the Doppler-shift
ed CF (DSCF) processing area of the pri
mary AC (7, 8). This area is tonotopically 
organized but only represents frequencies in 
the range of ECF2 from 60.6 to 62.3 kHz 
(2). The frequency tuning curves of DSCF 
neurons are very narrow, even at high stim
ulus intensities (8). Further, bats with bilat
eral ablation of the DSCF may not be able to 
detect small echo DSs (4). 

To determine the range of a target, the 
mustached bat measures the delay between 
the emitted P and the returning E. The 
FM-FM area of the AC probably plays a 
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Mustached bats orient and find insects by emitting ultrasonic pulses and analyzing the 
returning echoes. Neurons in the Doppler-shifted constant-frequency (DSCF) and 
frequency-modulated (FM-FM) areas of the auditory cortex form maps of echo 
frequency (target velocity) and echo delay (target range), respectively. Bats were 
trained to discriminate changes in echo frequency or delay, and then these areas were 
selectively inactivated with muscimol. Inactivation of the DSCF area disrupted 
frequency but not delay discriminations; inactivation of the FM-FM area disrupted 
delay but not frequency discriminations. Thus, focal inactivation of specific cortical 
maps produces specific disruptions in the perception of biosonar signals. 
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