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Unesterified sterol modulates the function of eukaryotic membranes. In human cells, 
sterol is esterified to a storage form by acyl-coenzyme A (CoA): cholesterol acyl 
transferase (ACAT). Here, two genes are identified, AREl and ARE2, that encode 
ACAT-related enzymes in yeast. The yeast enzymes are 49 percent identical to each 
other and exhibit 23 percent identity to human ACAT. Deletion of ARE2 reduced sterol 
ester levels to approximately 25 percent of normal levels, whereas disruption of AREl  
did not affect sterol ester biosynthesis. Deletion of both genes resulted in a viable cell 
with undetectable esterified sterol. Measurements of [14C]acetate incorporation into 
saponified lipids indicated down-regulation of sterol biosynthesis in the are1 are2 
mutant cells. With the use of a consensus sequence to the yeast and human genes, 
an additional member of the ACAT gene family was identified in humans. 

Choles terol  or relateii sterols, requireii for 
the viability of eukaryotic cells, exist in 
the  free f o r ~ n  or as esters conjugated to  
fatty aciiis. T h e  concentration of free ste- 
rol determines the  fluidity of eukaryotic 
cell membranes, whereas esterified sterols 
cannot participate in  inelnbrane assembly. 
T h e  esterification of intracellular sterol, 
mediated in lnalninals by the  meinbrane- 
bound enzyme ACAT is thus a critical 

karyotes such as plants a i ~ d  yeasts (5). 
Elevations in  A C A T  activity perturb 

sel~eral pathways tha t  contribute to  hyper- 
lipideinia anii atherosclerosis. Sterol ester- 
ification modifies the  activity of the  low 
density lipoprotein (LDL) receptor and 
alters seruin lipoprotein cornposition to  be 
pro-atherogenic (6) .  It inay also be a rate- 

limiting step in  Intestinal sterol absorp- 
t ion 17). Furthermore. C E  det>osition in  ~, 

the  arterial wall is a n  important initial 
step in  atherogenesis (8). a he understand- 
ing of the  A C A T  reaction has been ham- 
pered by the  difficulty of biochemical ~ L I -  
rification and by a poor grasp of the  rele- 
vant genetic determinants.  Recently, 
however, a human  ACAT ( h A C A T )  gene 
from inacrophages was identified by 
complementation of Chinese hamster ova- 
ry cell lines deficient in  A C A T  activity 
( 9 )  and was functionally expressed in  in- 
sect cells devoid of endogenous activity 
110). , , 

T o  use yeast genetics to  stuiiy sterol 
esterification, we used the  h A C A T  se- 
quence to  search for ho~nologous yeast 
genes anii subsequently to identify a n  ad- 
ditional human  isoforrn (Fig. 1 ) .  AREl,  a n  
1830-base pair (bp)  open reaiiing frame 
(ORF)  o n  yeast chrolnosoine 111, encodes 
a 610-residue protein with 23% iiientity 
and 49% similarity to hACAT (Fig. 1 ) .  
T h e  yeast and huinan proteins possess 
leucine zipper motifs that  could mediate 
protein-protein interactions (esterifica- 
ticxi is probably perforineii by a mul t i~ner ic  
complex) (1 1 ) and possess a t  least two 
preiiicteii transmernbrane domains that  
inay mediate the  inembrane association of 
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Fig. 1. Proten sequence alignments predicted from candidate genes for the human ACAT reacton and 
the yeast homoloys AREl and ARE2, Identical residues between all the sequences are in boldface. 
Abbreviations for the amino acid resdues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
HIS; I,  Ile; K, Lys; L, Leu: M, Met; N, Asn; P. Pro; Q, Gln; R. Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y ,  Tyr. 
Res~dues of the candidate leucine zipper heptad motif are ~taliclzed. Potentla1 transmembrane domains 
were identlfled at residues 132 to 155 and 460 to 483, 186 to 202 and 406 to 421 ; and 21 5 to 231 and 
439 to 451, for hACAT, AREI ,  and ARE2, respectively The firefly luclferase signature sequences 
ident~fied in hACAT (9) were not conserved in the yeast genes. R07932 denotes the pariial sequence of 
a second hACAT candidate cDNA (residues 500 to 600). Asterisks Indicate the resdues in R07932 that 
are dentical to those of the other sequences, dashes indicate no consensus, and dots Indicate gaps In 
seauences. 
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the ACAT reaction (1 2). 
To define the role of AREl in sterol 

esterification, we generated the deletion 
mutant arel ANA by homologous recombi- 
nation (13) (Fig. 2A). In a diploid strain, 
a 1614-bp segment of one AREl allele 
was replaced with the HIS3 gene (14) and 
confirmed by Southern hybridization 
(Fig. 2A). Analysis of mutant and wild- 
type haploid progeny from this diploid 
indicated no differences in growth rates 
(15) or incorporation of [3H]oleate into 
ergosterol ester. 

The lack of a defect in sterol esterifi- 
cation in arelANA strains could result 
from alternate esterification activities. Re- 
duced stringency hybridization of yeast 
genomic DNA with the AREl coding se- 
quence as a probe indicated that addition- 
al homologous sequences were present 
(16). A Bam HI digestion of genomic 
DNA produced the predicted 2.9-kb 
AREl fragment and a -6.0-kb hybridizing 
fragment (Fig. 2B). Contour clamped homo- 
geneous electric field electrophoretic analy- 
sis of yeast chromosomes suggested that the 
latter sequence was localized to chromosome 
X or XIV (15). On the basis of homology to 
AREl, this gene, designated ARE2, encodes 
a second yeast homolog to human ACAT 
(Fig. 1). The genomic sequence (17) encom- 
passing ARE2 on chromosome XIV predicts 
a 5997-bp Bam HI fragment and a 1929-bp 
ORF that translates into a 643-residue ' 
polypeptide. The yeast ARE genes are 61 and 
49% identical at the DNA and predicted 
protein levels, respectively. Arelp, AreZp, 
and the hACAT protein are most related at 
the COOH-terminal region (42% identity 
over a 90-residue sequence) (Fig. 1 ). 

To assess the contribution of Are2p to 
sterol esterification, one copy of the ARE2 
coding sequence was deleted from the ge- 
nome of an AREllarel ANA heterozygous 
diploid by a polymerase chain reaction ap- 
proach (18) (Fig. 2C). Haploid progeny 
representing the single arel ANA and are2A 
deletions and the arelANA are2A double 
mutant were obtained. To ascertain the 
effect of deletion of ARE genes on cytoplas- 
mic lipid storage, we detected the neutral 
lipid components (triglyceride and sterol 
ester) of the yeast cells by fluorescence mi- 
croscopy after staining with Nile Red (19). 
In wild-type cells, cytoplasmic fluorescent 
droplets accumulated in stationary phase 
cultures (Fig. 3A). No differences in are 
single mutants were detected. However, the 
number of droplets observed in arel ANA 
are2A double mutants was one-third that in 
the wild-type strains (Fig. 3B) (over multi- 
ple fields, 5.57 2 2.73 versus 16.73 + 4.6 
droplets per cell, P < 0.05). 

The wild-type and are mutant cells 
were analyzed for the incorporation of 
[3H]oleate into sterol ester (20) (Fig. 4A). 

1 354 

No significant differences in triglyceride 
biosynthesis were detected. In contrast to 
normal sterol ester biosynthesis observed 
in arel ANA mutants, deficiencies in sterol 
esterification were apparent in both are2A 
and arel ANA are2A mutants. These were 
detected by iodine vapor staining of thin- 
layer chromatographs of total yeast lipids 
(15) in addition to the oleate incorpora- 
tion assavs. Sterol ester levels of are2A 
single mutants were reduced to less than 
26% of that in the wild type, which.sug- 

gests that the Are2 isoform confers most 
acyltransferase activity. The arelANA 
are2A double mutant was almost totally 
deficient in sterol esterification (less than 
1% of wild-type levels). In confirmation of 
the critical role of Are proteins in sterol 
esterification, microsomes from double 
mutant yeast cells lacked ACAT activity 
when assayed .in vitro (21). 

To confirm that the protein encoded 
by an ARE ORF was sufficient for sterol 
esterification, we overexpressed the AREl 

A Nhe l Aw ll 1.9 kb 2 9  kb 
aretANA [ P- ' mmm-"l 1 b 

H H 1 ARElIarelANA 

(6.0 kb) 
. ' # '  

@ 4- ARE1 

-- (2.9 kb) 

Fig. 2. Construction and analysis of ARE genes and deletion mutants. (A) The arel ANA deletion. The 
schematic (left) depicts afragment from yeast chromosome I l l  in plasmid pH3(34). Strategic restriction 
endonucleases are indicated (H, Hind I l l ;  B, Bam HI). The autoradiogram (right) depicts Bam HI- 
digested DNA from wild-type or disrupted diploid strains probed with the 2993-bp Bam HI fragment. 
This produced a fragment corresponding to the wild-type AREl locus and a 1984-bp fragment 
characterizing the arel ANA allele. The diploid is heterozygous for the AREl deletion. (B) Reduced 
stringency hybridization of yeast genomic DNA with AREl coding sequences. Genomic DNA from 
wild-type or AREllarelANA diploids [from (A)] was reprobed with an Nhe I-Avr I I  fragment corre- 
sponding to the AREl ORF. Hybridizations and washes were performed at 60°C in the absence of 
formamide. (C) The are2A deletion. In step 1, PCR-amplifying oligonucleotides KO-5' and KO-3' and 
a LEU2 template were used to produce the selectable yeast gene flanked at the 5' and 3' ends by 
ARE2. In step 2, this was used to direct homologous recombination at ARE2 by transformation of a 
diploid strain and selection for leucine prototrophy. In step 3, integrants at ARE2 were identified by a 
PCR reaction with the use of oligonucleotides flanking ARE2 (are2-5' and are2-3') and a 3' amplimer 
within LEU2 (L2-3'). A 999-bp fragment identifies are2A, as shown in the ethidium bromide-stained 
agarose gel (right; arrowhead). The wild-type fragment (2206 bp) is also produced in the same 
reaction. Leucine prototrophic transformants with deletions of ARE2 were obtained at a frequency of 
-2%. The 50- to 2000-bp size markers (Bio-Rad) are indicated on the left. 

Fia. 3. Fluorescent stainina of tri- w~d-hme 
and sterol ester. Wild- 

type (A) and arel ANA are2A dou- 
ble mutant (B) cells were grown in 
YPD to the stationary phase, 
washed with deionized H,O, and 
incubated with 1 pg/ml of Nile Red 
(1 mg/ml in acetone). Fluorescent 

I 
images were obtained with a Bio- - 
Rad MRC6OO laser scanning confocal microscope (Bio-Rad Microscience, Hercules, California) on an 
inverted Zeiss Atiovert microscope (Zeiss, OberKochem, Germany) using a 63x (NAI .4) Zeiss Plan- 
apo infinity corrected objective. Samples were illuminated with the 488-nm line from an argon ion 
laser, and the fluorescence was visualized with a 540-nm dichroic mirror and 550-nm long-pass 
emission filter. Staining of the cytoplasmic lipid droplets was sensitive to treatment with isopropanol, 
proving them to be lipid in nature. 
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coding sequence in vectors with increased 
copy number (YEp3-16) or elevated tran- 
scription [the alcohol dehydrogenase 
(ADH) promoter in pADH5-361 (22). 
There were no detectable changes in tri- 
glyceride or phospholipid biosynthesis re- 
sulting from AREl overexpression (15). In 
are2A or arel ANA are2A double mutants. 
AREl overexpression complemented the 
sterol esterification defect (Fig. 4B). In 
wild-type and arelANA single mutants, 
the high-level expression of AREl did not 
elevate sterol ester synthesis above that in 
untransformed controls. This suggests that 
substrates are limiting in ARE+ strains or 
that the enzyme is posttranslationally reg- 
ulated as in mammalian cells (23). . . 

An accumulation of unesterified sterol 
in cell membranes would likely be delete- 
rious (24). However, despite the major 
changes in sterol esterification conferred 
by the are mutants, we did not detect any 
reduction in growth rates. The established 
role of sterol esterification in the storage - 
of sterol suggests that an inability to ester- 
ify sterol could lead to homeostatic chang- 
es in sterol biosynthesis. This relation 
might account for the viability of the mu- 
tants. Total lipids, labeled by the incorpo- 
ration of [1-14C]acetate into exponentially 
growing cells (25), were saponified and 
extracted. Sterol biosynthesis in the 
arelANA are2A double mutants was one- 
half to one-third that in wild-type cells, 
although no changes were observed in the 

single mutants (Fig. 4C). In fact, free ste- 
rol concentrations were roughly equiva- 
lent in all cells. Feedback regulation of 
sterol biosynthesis by ACAT activity has 
been observed in mammalian cells (26) 
and mav be a common mechanism that 
maintains intracellular sterol at nontoxic 
concentrations. 

The involvement of multiple gene fam- 
ilies in sterol homeostasis is common in 
mammalian and yeast cells (for example, 
the LDL receptor-related protein and 
scavenger receptor gene families, the 
SREBP family, and 3-hydroxy-3 methyl- 
glutaryl-CoA reductase) (4, 27, 28). This 
apparent redundancy of function has clear 
physiological consequences, as shown by 
deletion of any one of the family members. 
The observation here of two yeast genes 
for sterol esterification provoked the hy- 
pothesis of similar redundancy for this re- 
action in humans. To this end, a consen- 
sus of the yeast ARE and human ACAT 
sequences was used to identify an addi- 
tional cDNA with significant identity 
(47%) to the hACAT and the yeast pro- 
teins (Fig. 1; GenBank accession number 
R07932). 

Sterol homeostasis is a com~lex event 
under subtle regulatory controls, one com- 
ponent of which is sterol esterification. The 
demonstration here of multiple yeast and 
human ACAT isoforms raises the possibility 
that in vivo. the enzvmes exhibit alternate 
substrate preferences. The analysis of ester- 
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Fig. 4. Neutral lipid and sterol biosynthesis in ARE 
deletion mutants. Strain genotypes are as de- 
scr~bed in the text: dpm/mg dry weight, disinte- 
grations per minute per milligram of dry weight of 
cells. (A) Triglyceride and sterol ester biosynthe- 
sis. Total lipids were extracted from cells grown in 
media conta~ning rH]oleate and analyzed by thin- 
layer chromatography. (B) Sterol ester biosynthe- 
sis in wild-type and mutant cells transformed with 
vector control (black bars) or ARE7 overexpres- 
sion plasmids YEp3-16 (increased copy number, 
shaded bars) and pADH5-36 (transcription from 
the ADH promoter, open bars). Cells were grown 
in selective media to maintain the AREl expres- 
sion plasmids. Lipids were labeled, extracted, and 

analyzed as above. (C) Sterol biosynthesis in ARE deletion mutants. Lipids were labeled In synthetic 
complete media containing [1 -'"C]acetate, saponified, and extracted with hexane and subjected to 
thin-layer chromatography analysis. The data are representative of three separate experiments and 
expressed as the ratlo of incorporation into sterols to incorporation into fatty acids. 

ification reactions in yeast is likely to affect 
the understanding of sterol homeostasis and 
atherosclerosis in humans. 
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Estimating the Age of the Common Ancestor of 
Men from the ZFY lntron 

R o b e r t  L. Dorit et nl. i I )  exalni~ned a ~, 

world-wide sample of 38 human males and 
fo~und n o  variation 111 a 729-base nair 
i~ntron of the  2FY gene. Any  conventional 
estimate of the  aee of the  most recent 
colnlnon ancestor ( M R C A )  that  1s propor- 
tlonal to  the  mean n ~ u n h e r  of nucleotide 
differences between two sequences or  the  
number of segregating sites in the  sample 
will glve a zero value f i ~ r  such data,  which 
is apparently unacceptable. T o  deal with 
thls situation. Dorlt e t  al. (1)  used the  ~ ' 

Bayesian approach in coniunction with 
the  c o a l e s c e ~ ~ t  theory of population genet- 
ics. They obtalned 270,000 years ago as a n  
estimate of the  age of t h e  most recent 

u 

common ancestor, with 95% confidence 
lllnlts of 0 to 800,000 vears. Their  av- 
proach is interesting, but the  f o r m ~ ~ l a  they 
d e r ~ v e d  is rough. W e  provlile here a more 
r i g o r o ~ ~ s  method and show tha t  the  age 
may he only half of the  estlmate made by 
Dorlt et al. 

Let p,,(OlT) he the  probahlllty tha t  a 
salnnle of n seuuences contains no varla- 
t ion, given the  age T of their most recent 
common ancestor. T h e n  the  posterior 
probability p,,(TIO) of T ,  given tha t  there 
is n o  variation in  the  sample, is 

e q ~ l a l  to  2N. This  substitution, however, 
neglects the  s tochas t~c  variation of T and 
leads to  inaccurate results. 

O n e  can avoid the  above problem by 
deriving the  exact formula for p , , ( o ~ )  using 
the coalescent theory (3). Let t, be the kth 
coalescent time, that is, the  ~ e r l o d  d~lr lne  
which the  sample has exactly k ancestral 
sequences (Fig. 1).  T h e  age of the  M R C A  of 
the salnple 1s T = tz + . . . + t,,. Accordllng 
to the  coalesce~nt theory, ti\ follows the ex- 
nonential dlstributlon with densitv kik - 1 ) , ~ 

exp [-/<(I< - l)t],  where one L I ~ I ~  of time 
corresno~nds to 2N eenerations. If the  num- 
ber of mutations in a given period is a Pois- 
son variable, the  urohahllitv that there is n o  
mutat1011 in a sequence d~lrilng the  period of 
t, is e-lr2N2'ir = - e "". There are k a ~ ~ c e s t r a l  
sequences in the sample during the period of 
t,, (Flg. 1). Therefore, the  joilnt probability 
that there is no  mutation during the  period 
of ti and that ti = t is 

e-l'"l/c(k- ~)e-l'(l'- l ' t  

T h e  joint probability that there is n o  vari- 
ation in the  entire genealogy and that the  
age of the  M R C A  of the salnple is T is 

where p(T) is the  prior probability of T. T o  
estimate T, it is essential to obtain p,,(OIT). 
Watterson (2)  showed that the  probability 
of n o  variatioln in a sample of size n is 

1.2 . . .  (11-1) 
qTl(OIH)=(l +8)(2+8) . . (n-1+8) (2)  

where 8 1s equal to  2Np for a l o c ~ ~ s  o n  Y 
chromosome, h7 is the  effectlve slze of the  
Inale population, and y 1s the  ~ n ~ ~ t a t i o ~ n  
rate per sequence per generation. Dorit e t  
al. ( I )  apparently ~ ~ s e d  this formula for 
p,,(OlT) by substituting T for 2N, because 
the  expected v a l ~ ~ e  of T is approximately 

L n e - " ~ '  /<(k- ' I "  1 dt,,. . dt: 
I =1 

Eq. 3 is obtained by i~~tegratilng with respect 
to coalescent tllnes repeatedly. Because p(0, 
T )  = p(OlT)p(T), we can show that Eq. 1 
becomes 
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