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ABSTRACT: The gene encoding the rat pancreatic cholesterol esterase has been isolated and characterized. 
Analysis of overlapping genomic clones showed that the cholesterol esterase gene spans approximately 8 
kb, containing 11 exons interrupted by 10 introns. The exons ranged in size from 83 to 201 bp except for 
the last exon, which was 548 bp in length. A TAAATA sequence was present a t  -31 nucleotides from the 
transcriptional initiation site. A putative pancreas-specific enhancer sequence was found a t  -90 bp upstream 
from the CAP site. Although cholesterol esterase shares three domains of similarity with cholinesterase 
and acetylcholinesterase, these domains were found to be localized in distinct exons of the cholesterol esterase 
gene. The organization of the cholesterol esterase gene suggests its divergent evolution with other members 
of the serine esterase gene family. 

T e  cholesterol esterase of the pancreas, also called carboxyl 
ester lipase, bile salt stimulated lipase, or nonspecific lipase, 
catalyzes the hydrolysis of cholesteryl esters to free cholesterol 
and fatty acids. The enzyme is synthesized in the acinar cells 
of the pancreas and is released into the intestinal lumen via 
the pancreatic duct (Guy & Figarella, 1981). The cholesterol 
esterase is one of the most abundant proteins in the pancreatic 
juice (Rudd & Brockman, 1984). 

Current data from several laboratories (Gallo et al., 1984; 
Williams et al., 1989) have suggested a role of the cholesterol 
esterase in mediating cholesterol absorption in the gut. The 
cholesterol esterase has also been shown to act in concert with 
pancreatic lipase in lipid absorption (Lindstrom et al., 1988). 
In addition, the cholesterol esterase is the only enzyme in the 
pancreatic juice capable of hydrolyzing vitamin esters (Rudd 
& Brockman, 1984), suggesting its role in catalyzing the 
lymphatic absorption of fat-soluble vitamins from the diet. 

In view of observations that the rate and efficiency of 
cholesterol absorption may be important determinants in 
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regulating plasma cholesterol level and hypercholesterolemia 
(Kesaniemi & Miettinen, 1987), it is important to understand 
the regulatory mechanismts) that may control pancreatic 
cholesterol esterase gene expression. Unfortunately, very little 
information is currently available concerning the regulation 
of cholesterol esterase biosynthesis under physiological con- 
ditions. The lack of progress may be related to the limited 
availability of information on the structure of the cholesterol 
esterase gene. In recent studies, progress has been made in 
several laboratories by cloning and sequencing of the cDNA 
for pancreatic cholesterol esterase from different species (Han 
et al., 1987; Kissel et al., 1989; Kyger et al., 1989; Hui & 
Kissel, 1990). In this paper, we report the isolation and 
characterization of the rat cholesterol esterase gene. Infor- 
mation obtained in this study will be useful for future studies 
aimed at understanding the mechanism governing the regu- 
lation of cholesterol esterase gene expression. The results of 
this study also suggest that the cholesterol esterase gene may 
have evolved differently from other members of the serine 
esterase gene family. 

EXPERIMENTAL PROCEDURES 
Genomic Cloning. A rat genomic library in A-DASH vector 

was obtained from Stratagene (catalog no. 247211). The 
genomic library was screened by the filter hybridization 
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technique as described by Benton and Davis (1977). Two 
different cDNA probes corresponding to the 5’ 400-bp and 
3’ 1 -kb fragments of the full-length rat cholesterol esterase 
cDNA were used as probes for screening of the library. The 
probes were isolated by SmaI and Ball digestion of the 
full-length rat cholesterol esterase cDNA (Kissel et al., 1989). 
The cDNA fragments were labeled with 32P by the random 
priming method to a specific activity of approximately 1 X 
lo* cpm/pg. The conditions of hybridization were 50% for- 
mamide/5x concentrated SSC (1X SSC is 150 mM NaCl and 
15 mM sodium citrate)/5X Denhardt’s solution/O.l% SDS/2 
mg/mL of denatured salmon sperm DNA at 40 OC. Filters 
were washed with buffer containing 1X SSC and 0.1% SDS 
at 40 OC. The filters were exposed to Kodak XAR-2 films 
for 18 h to identify the positive clones. 

Subcloning and Sequencing of the Genomic Clones. Five 
recombinant clones containing cholesterol esterase sequences 
were identified from screening of 2 X lo6 plaques. The DNA 
inserts of these clones were digested with various restriction 
endonucleases, electrophoresed on 1% agarose gels, and then 
transferred to nitrocellulose paper. The DNA were blotted 
with various fragments, or oligonucleotides, corresponding to 
different regions of the cholesterol esterase cDNA. Hybrid- 
ization with cDNA probes was performed as described above. 
For hybridization studies with oligonucleotide probes, the 
synthetic oligonucleotides were labeled with 32P by using the 
5’ kination method and hybridization was performed in the 
absence of formamide. Restriction fragments hybridizing to 
the probes were isolated and subcloned into pTZ-18U or 
pTZ-19U vectors for propagation and further analysis. The 
recombinant plasmids were used to transfect Escherichia coli 
JM 101 cells. Single-stranded DNA in filamentous phage 
particles was isolated from the medium of transfected cells 
cultured in the presence of M13K07 helper phages. The 
nucleotide sequences of the inserts in the single-stranded DNA 
were then determined by the dideoxy chain-termination me- 
thod (Sanger et al., 1977) with modified T7 DNA polymerase 
obtained from Pharmacia Biotechnology. Sequencing reactions 
were initiated either by using a universal M13 sequencing 
primer or with synthetic oligonucleotide primers corresponding 
to known sequences within the cholesterol esterase cDNA. 
Sequencing information was obtained from overlapping clones 
covering the entire cholesterol esterase gene. 

Southern Blot Analysis. Rat genomic DNA was isolated 
from the liver of a male Sprague-Dawley rat by using the rapid 
DNA preparation procedure described by Davis et al. (1986). 
The cellular DNA and a cloned X DNA were digested with 
restriction enzymes and subjected to blot analysis with the 
full-length rat cholesterol esterase cDNA (Kissel et al., 1989) 
used as the probe. The conditions used for hybridization were 
identical with those described above for screening of the ge- 
nomic library. The filters were washed with 0.1 X SSC and 
0.1% SDS at 60 OC. 

RESULTS AND DISCUSSION 
Five overlapping genomic clones containing rat cholesterol 

esterase sequences were isolated and characterized. The re- 
striction map of the insert sequences was determined for five 
enzymes (Sad, BamHI, HindIII, PstI, and AccI) and showed 
the relatedness of the five clones (data not shown). Several 
synthetic oligonucleotides corresponding to various regions of 
the cholesterol esterase cDNA were used as hybridization 
probes to estimate the size of the DNA inserts and to confirm 
that the DNA was derived from overlapping clones. The 
synthetic oligonucleotide probes used in the experiment in- 
cluded the 5’ untranslated sequence of cholesterol esterase 

Table I: Differences in Nucleotide Sequence between the Cholesterol 
Esterase cDNA and the Gene 

~ ~ ~~ 

residue no? C D N A ~  geneC 
493 Thr (ACG) Met (ATG) 
588 Gly (GGT) Val (GTC) 
589 Pro (CCC) Ala (GCC) 
59 1 Glv (GGC) Ala (GCG) 

“The amino acid residues are numbered with the first amino acid of 
the nascent Protein as 1 .  *From Kissel et al. (1989). CPresent studv. 

cDNA, the sequence corresponding to the signal peptide, and 
sequences surrounding the active-site serine (DiPersio et al., 
1990) and histidine (DiPersio et al., 1991) in the catalytic triad 
of cholesterol esterase. Results indicated that three of the four 
oligonucleotide probes hybridized to DNA fragments obtained 
from the five recombinant phages. Therefore, these clones 
must contain sequences of the cholesterol esterase gene. 
Moreover, the DNA from one of these clones showed a positive 
reaction with all of the probes, including the probe corre- 
sponding to the 5’ untranslated region of cholesterol esterase 
mRNA. This result indicated that the sequence of the cho- 
lesterol esterase gene may be obtained by sequencing over- 
lapping inserts from these recombinant phages. 

Restriction fragments yielding positive reaction upon hy- 
bridization with cholesterol esterase cDNA were then isolated 
and subcloned into pTZ vectors for sequence determination. 
The entire sequence of the cholesterol esterase gene was de- 
termined (Figure l).  The data revealed that the rat chole- 
sterol esterase gene spans approximately 8 kb. Furthermore, 
when the cholesterol esterase gene sequence was compared with 
that of the cDNA (Kissel et al., 1989), results revealed a gene 
structure containing 11 exons interrupted by 10 introns (Figure 
2). Southern blot analysis of genomic DNA isolated from 
rat liver revealed a restriction map similar to that observed 
with restriction digestion of the cloned DNA (Figure 2). This 
result strongly suggests that the pancreatic cholesterol esterase 
gene is a single-copy gene in the rat genome. 

The genomic sequence obtained in this study included 494 
bp of the 5’ flanking region of the cholesterol esterase gene. 
A TATA-box-like sequence, TAAATA, was found at -3 1 bp 
from the transcriptional initiation site as determined by Han 
et al. (1987). No CAAT-box structure or GC boxes were 
evident in this region of the cholesterol esterase gene. How- 
ever, it is interesting to note that at -90 bp from the CAP 
initiation site is a sequence with 64% similarity to the consensus 
sequence of rat pancreas-specific enhancer element (Boulet 
et al., 1986). Whether this sequence participates in the tis- 
sue-specific expression of the cholesterol esterase gene in the 
pancreas remains to be determined. 

The analysis of the cholesterol esterase gene organization 
revealed that all the exons and introns are small and are less 
than 2 kb. In fact, exons 1-10 ranged in size from 83 to 201 
bp. Intron 1 was the largest intron, containing 1991 bp, while 
exon 11 was the largest exon in the cholesterol esterase gene 
with 548 bp. The nucleotide sequence in each exon matched 
completely with the cholesterol esterase cDNA sequence with 
four exceptions. These differences in cDNA and genomic 
sequences are outlined in Table I .  In each case, these dif- 
ferences may be due to DNA polymorphism, possible se- 
quencing error, or differences in the source of the mRNA and 
genomic DNA used for the construction of the cDNA and 
genomic DNA libraries. The latter possibility is supported 
by the fact that the cDNA library was constructed by priming 
of mRNA isolated from Sprague-Dawley rats while the ge- 
nomic library was made by using DNA from Wistar rats. In 
any event, sequence comparison between the cholesterol est- 
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gagctcccat ctgtgccacc atgtcctccc cctgccagga 
ccttagtgca ctactctgtc tcttgggctc tctgagttac 
ctctggctca ggagtcttca tggattcccc actaaggtaa 
tgaaggtgac actaactgaa ccctgagagg accatgcaga 
acgcagcatc catgccgacc ggcctctgct cccaggtggc 

ITCTQQATCTA TGGAQQTQCC TTCCTCATQQ GQTCTQQCCA QGQAQCCAAT TTTCTCMQA ATTACCTQTA TQA- 

Fontaine et al. 

ttctgcctcc tgcacccaac tcagcctgca ctactccata-432 
caagcatcag ccacaccagt gcccagtagc acccagccac-352 
ggagcattca atgtctcaag atgaagccca cccattttcc-272 
gtacccagca ctcagccagc cctcccccac ccttccctac-192 
agttaccaca caggtgcact ccgggttcca gggccagcct-112 

ggcctggaaa atggcccatc c c a c v  atacatgcta tgcacacaca tgaccttggt tccagctcca -32 
taaatactgg agaagaggcg agaagggtcc 
CACCTQCTQC TTQQCAQCTG CTTGTQCTQC aagtcagaga cttccagggg gacaacaacg gctctctctc 
tcattcatta agatctgaaa actgggacag agcctggagg atggggacag agagcacaga aagggactga gtaagaggtc 
agggaaccca atagcactcc gagctcttgg tcctgcccga gataccccgt ttgtcttgtt cacatgaagt ccagtgcatc 

- 
CACTCACTAT QQQQCQCCTQ GAQQTTCTQT TTCTTQQCCTI 

atgcaaaact gcaccggaat cagactccag cagtgtgttt atataagacg tccatgcact gtttgaaaat tatactaaga 
agcccactat tgctctgtgg tttcaggtgt gtctaagtct ggaaacctct ccacagaccc tgacttttcc ttttcagaaa 
ccccccaccc cccaacagag aagcagcttg cctgacatta cacagcaaca catctgttct tgaacaggaa tctgaaatat 
ctgttccaaa tcagggccct ggctcccaag taacttccat ttcctgctcc tcctgagaag ggccaagacc tacctgctgt 
gtgcaagctc tctccaagag gaggctgcag cagctcttct ggggtgcctg taatgcctgc cctttaacca tccttctcgg 
gggtgtaagg atgaggacaa gtcacagaaa gcttcacagg tgcaggaaga tggcataggt ctctgcacag ggaccccagc 
aattcacaca gctctccagc tgttaattct tcagcccttg tcttgctctc ttgggccctg gagaccatcc tccctctcct 
ggagcctgga agttggggtt ctggtctggg gctcctgcca tgggaaggaa gttttctttt cttggaagag attttttagg 
gtgtttgaag gacctaaact gtcccctact actccaccta ccagcaacga tcgccatcct gccactgcca actcaggcac 
ttaagtctta ccactaccac acagacacac ttcttgagag gtgacctctc tctctctctc tctctctctc tctctctctc 
tcgtgtgtgt gtgtgtgtgt gtgtgtctgt ctgtctgtct gtctctcttt ctcgagtgca cacacacaca cacacacaca 
cacacacaca cactcacaca cctaagctgg ctttctgact cctacctgct gtgtgcaagg aacacacgta atcaggaacc 
ttagatgccc caatgctctg gtagtctccc tggttcctct ctttctccag ttttcttacc cagttagtgc catcaacatg 
gactaagggg ctgctgggat cccagcttgg gccacctact tctccctacc tgaatgcttg cacaggggag aagcaggtgg 
tcggtcacac catcactgct gccaagtaag cagaacctcc tgcatgtgcc ctggaccgat gcaggcaggg taggagggga 
catgcactgc acagaggtta ggcagcctcg tcaacagaac ttcggtggca aagctctgca cgtcagtttg cagggcagtg 

agcagatgag aacctgactc aggcctctgt tgaggctgga caccaagaag caatgctgat tggccctgtg aagacttgga 
catgggccac cagctccatg cccatctagc taggcagatg ggagaggtga gggaagcaga gtgggacctc agaaacccgt 
ggctatgtta gaaacatcct ggaagcattg aggcatccac cactgtctgt agataaacag gccttccctc tgacagccat 
caagccttag gggaaggfgc tgtggcccat cttacctacc aggaaactga ggccccaggt tttagccgag atctagaccg 
gcactccagt tgagcagacg tgtgctgaag tggcctcaga tagctaagaa ggatgtacca gagtctgaga gaaagggaaa 
gcaccctcca gcacttggca gaggatct c tggcaccttg agcctccctc agtacgccac tcagattcag ctagcccatc 
tqacqctqcc ctgtctcacc t a c a 6 h N  LGTGTAC A C A U m a  GTmGTOaA OaOCaTCAAC m-mcjil - - -  I 
GTCTCTTGGQ TQQTGACTCT GTTGACATCT TCAAOOOCAT CCCCTTTQCT ACCQCCMQA CCCTQQAQAA TCCTCAQC 
CACCCTQGCT ggttctcttc acaccttgcc 
cttctctcac tgta CCATCACCCA O~ATQATACCJ 
TATOOOCMG AAQACTQCCT CTATCTCAAC ATCTQQQTCC CTCAQQQCAG ctggatccta gtttcccaga 
ggatccgccc cacccccaac ccagagctcc aaccctggtc tggattcaat tcagtgctgc caagctgaac agccctgaaa 

GAQATCQCCA CTAQAQQCAA TGTCATTGTG GTCACCTTCA ACTACCGTGT CoaAccCpTg QQTTTCCTTA QCACC I TQCTAACCTT CCAdtatgt gggagcctct gaccatgaga gcaagaataa taaatatgca ggaccctgtg aactctgacc 
b a- .~ 

ccagcagatg gatgcacttc agaagcttcc aacttgacag ctgtggaaag gtccagaacc ttctacacag agttgggata 
ctggagctaa actgtgagac gtaggagcct gagcgagcta tcaggaaatg agaggggcca gtcagaatgc aagagaggca 
agttgagtcc cagagaccga tagaaagcca aagtagacac agatgccaag gaaagacaga taggaggaag aaacgtgtgc 
agaatggagt caggccaagc cactggtgtt gtacctccca tgcctcctac ccatcccacc tttctcgacc cctccacccg 
tcccaccccc cctcccctgg tatgccccct ttaagctcag cctcctggag atccaccatt ttgaccctcc tcgagctggt 
tgcttcctgt tcacactgac tctgtgtaat gtgaactcat ctctaggctc ttcagctgta gtggaggcct ctgatgaggc 
tctccctacc t c a + m  5TTQQACTTCQ AQATCAOCAC ATOCK?PAI"W CCTOOOToA1L 
GAGGAGACCC CQATMCATC ACCATCTTTQ QQQAATCTQC TQGA- AGTGTCTCK: 
gtgtggaggg tctgacccca aggttaagag gttaagggag ggaaccaatg gggcctagga taatggtcag agcagggtgt 
agctgggagg cctggaacca ggtacaggcc tgttgatcag aacttctggg ttggttgcag pcW&tjc-l 

~~ ~ 

O~OCCTCATC CGGCGA~CCA TCAGTCAQAG TQQTGTQGCA CTGAQCCCCT QOQCCATCCA WAQAATCCA CTTTTCTQQQ 1 
t gagcacacag ggcaggagta ggcagcgtgg ggacctgttt cgtttccatg ccgcccagac ctccatgctg 
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TTTQQQAAQC CCTTTQCCAC CCCACTGGGC TACCGGOCCC AAGACAGGAC TGTCTCCAAG GCCATGATTG CCTACTGGAC 
CAACTTTQCC AAGAGT t aagatgtgtg gtggagtcca ggaccaaggg cagcaggctt gagggctcct ccatcgcttt 

tccca acct tctgtt tgcc ct tagtcat t  acaagcctca ccaccggcct tctctaacct cctgcctctg cctttcccta 
$ON 7 
GCTAAG AAGGTGGGAT QCCCCACAGA QQATACCQCC AAQATWCTG QQTGTCTGAA GATCACAGAT CCCCQAaCCT 
ACTGQC CTACAGGTTG CCCTTGAAILA QCCAQQA t gtgagttggc gctcctgggc gggaggcatg tagggtggaa 

gaggaaggca 
aggccccaat 
tcgcagcaga 

gagctacaca 

aaggagtcaa 

tggcaatcat 

cctaggacac 

t t t t c t t t c c  

tggagagcca 

ccacacagcg 

aggacagaca 

ccagtgacat 

tgtggccaaa 

ccaagaggag 

ATTAATQACA 

ccttgtaaga 

ggtaaagaag 

aaggaggcag 
gtgggactat 

acattaggtc 

t tg taaat t t  

gggacttgtc 

atgccgtaga 

ctgaagaaaa 

gccagcgacc 

gccgtggtcc 

ctagcaggtt 

ggtcctgggg 

gaagaggcag 
TQQTGACTTC 
TQQATGGCCA 

caaggctgag 

tgtctcccgg 

aagcaggcag 

ctttaaaaaa 

gggcagcaga 
ccgaacacct 

tctgcttacc 

ccaaacccag 

cctggctgtg 

ccgtatccct 

tcagagcagt 

acactaggga 

ctggggttga 
qcacttqaaq 

ATTCCTGATG 
CCTGTTTGCT 

ctcctgacaa 

tactccaggg 

atctccgtgg 

aaaaaaagat 

aacccatacg 

cctgtggcat 

cttccgaagc 

agcctgtgct 

ctggccccaa 

ggtgtaggtt 
ggactctcca 

cactgctcag 

ggaaccttgg 

gtgttggctc 

ATCCCATCM 
ACAGTTGACG 

gacagaaagg 

acttttaaga 

gttcaaagct 

aggaagttag 

tagtttccgg 

t tggt tc t tc  

aaaccaggca 

ctgcctccga 

caataaggag 

catcccacac 

tctggtaaga 

tccacccagF 

CCTGTACGAC 
TGCCCGCCAT 

ggaagccagg 

tgtggtcgtg 

tgccacactg 

accgatatat 

ggtctgttct  

ggagggaggg 
agatatgtgc 

cagctgaggc 

gcctgagcat 

gcacctcgcc 

gtgtctgcaa 

agagcgagca 

agcaaagtct 

ggaggacagt 
aaa aaagag -dON 8- 
ACCCCATTGT 
AACGCTGCTG 
CGACAAGGCC 

gcctgtctct 

ggccaggcac 

acacagtgag 

agggatagaa 

ccaacccaag 

atgaagaacc 

ccacaccttc 

acccaaatgg 

gtctagaggc 

gggaatgcac 

cacccctgtc 

gtcaagtcta 

gctgggggtg 

accctctagc 

acacctgtaa 

aggacagcca 

ggaatgagga 
ctttgtaaag 

agcctgcgtg 

tgcct t tc t t  

c t a t t t t a t t  

caggcagcga 

ctcaagcagg 

cggaagtgtg 
actagctgac 

qtacaaaaqq 

GCACTACCTG 
ACATTGACTA 
AAGCAGGATG 

QCCTTCATCC 
CTTAGCGQQT 
TC AC AGAQQA 

aga gcagggaaga catgctccgg tccacaccag tgtagtacct ccatgtttga tcat tc tcat  

AGO CTAGTCAGTG GACACACTGT CGCCAAGGGG CTTMAGGCA CCCAAQCCAC CTTTGACATC 
TACACTGAGT CCTGGGCCCA GGACCCGTCC CAGGAGAACA TGAAGAAGAC AGTGGTGGCC TTTGAGACTG ACATACTCTT 
CCTGATCCCC ACAGAGACGG CTCTGGCCCA GCACAGAGCC CATGCC t aaggttctgc agagcgtctt gagagggctg 

cctaggcttc ttggctcact aaacaatgaa catagctctg ggcttcctat cagtcaaggt taaaagtata ataggagtat 

a tact t tgtc  taatcatgtg agaaatgtga gtttaggtgg aaaatgaatg acccttgatc ctggattatg ggaagaagga 

ggcttctgaa tattgtaggg tggagacacg aacattgaat gtgggctatg g t g t t t c t t t  cccttactat caagaacttc 

agttcagacg tgggggtggt ggcacatact tttaatccca gccactcaca aggctgatct tctgtgagtt caagaccagt 

ctggcttata tagtaagttc gaggccggcc aaggctacca taaaaagacc ctgtcttaaa caaacaaaca aacaaacaaa 

caaacaaaca aacaaacaag ccctagt t t t  ttggtgagtc tcactggtcc cctcaggccc tgctctgttc ctcctgactt 

ctctccaggg ccacctccca agggagcgcc ctaccaccca gctgcctctg cttcccacag 

A 

EXON 10 

CCTGTTTTC CCACCCTTCA CGAATGCCTA TCTACCCMA ATGGATGGGG OCAGACCACG CTQATGACCT CCAGTACGTC 

tggccaagct 

GAGATQCTG 

CTCCCAQQT 
ACTCTQTQQ 

ttggtcccag 

. @@qf9cag 
CCCCAACATG 
AGAMATAAC 
CCCACTGTQQ 
TGTTCCTGTC 
AQQCTCAQAT 
TTCCACTGTT 
GTGTQCAQAT 
gtcctcctct 

agctgtctgg gagcacaggc ctccagtctc gttgcaggcc cctgctcatt c tct tc t tac  
4 

QQCAACTCAC CCGTQCCCAC ACACTQQTAC CCTTATACCA TQQAGAATQQ TAACTACCTG 
CAQCACCTCC ATGMQQAQC ACCTAAQQQA MAGTTCCTC AAGTTCTGQQ CTQTGACATT 
TTQQTQACCA CACTCCCCCT QAQQATQACT CAGAQQCTQC CCCCGTCCCA CCTACAGACG 
CCACCTACAG ATQACTCTCA QACAACACCG GTQCCCCCAA CAGACAACTC TCAOQCTQQT 
QCCTGTCQCC ATTQCGTTCT AAAGTCCTAT AAACCQQQGC TAGAGATGQC TCAGGAGCTA 
CTTCTGAAGQ TCCTGTGTTC AATTCCCAQC ACCCACATTC QTGCTTACAG CTGTCTGATT 
GTACACQCAG ACAAQCQCCT ATATATAGAA AATTCATACA TAAATMAOT CTTAT 
ta t tagctct  ccgtcaagaa agcctcagcc attaccatct ggtatctgat ttgctcctga 

- - 
aacagcctgg aggaaggagg gacaccctgt gaatggtgac agcacttggc ccattccctc tgagcccaag gctgcacgag 

tcaaaggact ctctttgggg atgggtcagt agcagtgtag tggggagcga ggggttttgg t t c t t t t t t t  cggagctggg 

gactgaaccc agggcctctg cgttcctagg caagcgctct accactgagc taaatcccca acccgtgagg ggaggctctt 

tcaggccatg agcaacaccc tgggattctg gaggatccca gctatgatgg cgatcctgca gcccttggcc agcatgtgtg 

gcagagagcg gggccatctg aggcacaggc agctatagga agctggaacc tgcttcatag gccacaggat gttaatggga 

FIGURE 1: Nucleotide sequence of the rat pancreatic cholesterol esterase gene. The exons are numbered and their sequences are indicated 
in bold uppercase letters. The intronic sequences are represented in lowercase letters. The sequence of the 5’ flanking region is numbered 
with the first base preceding the transcription initiation site as -1 (Han et al., 1987). The putative pancreatic tissue-specific enhancer, the 
TATA box, the translation termination codon, and the polyadenylation signal are marked with heavy lines above the respective sequences. 
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Table 11: Exon-Intron Organization of the Rat Pancreatic Cholesterol Esterase Gene 

exon no. exon size (bp) 
1 83 
2 151 
3 123 
4 198 
5 131 
6 108 
7 117 
8 192 
9 20 1 

10 198 
1 1  548 

sequence at exon-intron junction 
5' splice donor 3' splice acceptor 

intron 
length 
(bP) 

preceding or 
interrupted 
amino acid 

GCT GCA AAG 
TGG CAA G 
AAG CAA G 
CTT CCA G 
TCT CTG CAG 
GCC AAA ACG 
AGC CAG GAG 
ACA GAG GAG 
CAT GCC AA 
AAg AGT GG 

gtaagc.. ..ctgtctcacctacag 
gtgggt .... cttctctcactgtag 
gtctgg . .. .gtctgcccctttcag 
gtatgt .... ctctccctacctcag 
gtctga .... ctgggttggttgcag 
gtgagc .... tctgcctttccctag 
gtgtga .... tggctctccaccag 
gtggtg .... ttctcatgcagggag 
gtaagg .... ctctgcttcccacag 
gtaaga .... cttcttactctgcag 

TTG 
GG 
TG 
GT 

ACC 
ATC 
TAC 
GAC 

G 
G 

GGT 
ACA 
TCT 
AAC 
CTC 
GCT 
ccc 
TTC 
AGT 
GAC 

GCT 
CTG 
CAT 
TTT 
TCC 
AAG 
ATT 
TAC 
GCC 
ccc 

1991 
79 

238 
563 
155 
153 

1130 
87 

572 
309 

LYS 
GIY 
Val 
GIY 
Gln 
Thr 
Glu 
Glu 
LYS 
GlY 

S A B S P H  B S H P SBH P P K S  P 

1 2 3  4 5 6 7  8 9 10 1 1  

1 KB 

- h Genomic 
P R  H P 
m 

- 7 ,  I26 

- 5,090 
- 4.072 

- 3.054 

w- a Q) - 2.036 

- S I 0  

-- 396 

FIGURE 2: Structure of the rat pancreatic cholesterol esterase gene. 
The schematic structure of the rat pancreatic cholesterol esterase gene 
is presented with exons indicated by numbered blocks and introns 
indicated by connecting lines. The major restriction sites utilized for 
subcloning are shown with letters: S, S a d ;  A, AccI; B, BgZII; H, 
HindIII; and K, KpnI. The bottom panel shows the Southern blot 
analysis of rat genomic DNA and its comparison with a single digest 
of the cloned DNA. Rat liver DNA (genomic) or the X DNA con- 
taining the cholesterol esterase gene (A) were digested with the 
following restriction enzymes: P, PstI; B, BgZII; or H, HindIII. The 
Southern blot was probed with a full-length 32P-labeled cholesterol 
esterase cDNA. The hybridizing DNA bands were visualized by 
exposure to X-ray films. The size of the DNA bands hybridizing to 
the cDNA probe was determined by comparison with standard DNA. 
The numbers to the right of the blot refer to the size, in base pairs, 
of the DNA standards. 

erase cDNA and its gene revealed that the nucleotide se- 
quences surrounding the intron-exon junctions conformed to 
the consensus sequence for splice junctions in eukaryotic genes 
(Mount, 1982). Each intron was found to begin with the 
dinucleotide GT and end with the dinucleotide AG (Table 11). 

The position of introns and exons in eukaryotic genes often 
signals the structural and functional domains of the protein 

(Sudhof et al., 1985). The structural organization of the 
cholesterol esterase gene appears to support this hypothesis. 
Exon 1 of the cholesterol esterase gene encodes the 5' un- 
translated region and the signal peptide region of the mRNA. 
Exon 3 contains the putative heparin-binding domain of the 
cholesterol esterase (Kissel et al., 1989) and an 11 amino acid 
domain with complete sequence identity with other serine 
esterases (Hui & Kissel, 1990). A second domain of similarity 
between cholesterol esterase and other serine esterases was 
found to be localized to exon 5. This domain encodes the 
active-site serine of the catalytic triad. Recent studies using 
chemical modification and site-specific mutagenesis techniques 
have identified serine- 194, within this domain, as the active-site 
serine of cholesterol esterase (DiPersio et al., 1990). The third 
domain of similarity between the cholesterol esterase and other 
serine esterases encompasses the active-site histidine residue, 
histidine-435, of cholesterol esterase (DiPersio et al., 199 1). 
This domain was found to be encoded by exon 10 in the 
cholesterol esterase gene. 

In addition to the domains with similarities to serine est- 
erases, another domain that has been identified previously 
contains repeating units enriched with proline (P), glutamate 
(E), serine (S), and threonine (T). This domain was postulated 
to signal for rapid degradation of the protein (Kissel et al., 
1989). Interestingly, all the repeating sequences were found 
to be localized within exon 11. This exon, the largest exon 
in the cholesterol esterase gene, may also display the greatest 
divergence among species since the rat and human cholesterol 
esterases differ in the number of such proline-rich repeating 
units. Previous studies have shown that the rat cholesterol 
esterase contains four PEST sequences (Kissel et al., 1989) 
while the human protein contains 16 such repeats (Hui & 
Kissel, 1990). It is not known whether the repeating sequences 
of cholesterol esterase in each species are encoded by one large 
exon or are the result of exon duplication events. 

Analysis of the intron-exon organization of cholesterol 
esterase gene evoked some interesting speculation concerning 
the evolutionary development of the gene. For example, al- 
though cholesterol esterase has been shown to contain domains 
with significant homology with other serine esterases, the gene 
structure of cholesterol esterase and cholinesterase are strik- 
ingly different. The human cholinesterase gene (Arpagaus 
et al., 1990) contains only four exons and spans over 70 kb. 
Likewise, the Torpedo acetylcholinesterase gene also contains 
four exons (with alternatively spliced exons 3 and 4) and spans 
over 40 kB (Maulet et al., 1990). Moreover, the serine, his- 
tidine, and acidic amino acid domains of the catalytic triad 
of cholinesterase and acetylcholinesterase are all encoded by 
the same exon (exon 2) in these two genes (Arpagaus et al., 
1990; Gibney et al., 1990; Maulet et al., 1990). In contrast, 
the cholesterol esterase gene, consisting of 11 exons spanning 
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7630 7640 7650 7660 7670 7680 
ratceh2.gen GCCTGTCGCCATTGCGTTCTAAAGTCCTATAAACCGGGGCTAGAGATGGCTCAGGAGCTA 
ratrslbl.2 TATGCAACAGGCACTCAATAAAGATGCACAGGGCGGGCTGGTGAGATGGCTCAGTGGTTA ************ * ** 

570 560 550 540 530 520 

7690 7700 7710 7720 7730 7740 
ratceh2.gen AGAGCTCTTCTTCCACTGTTCTTCTGAAGGTCCTGTCCTGTGTTCAATTCCCAGCACCCACATTC 
ratrslbl.2 AGAG--C-AC-T-GACTGCTCTTCCGAAGGCCCTGAGTTCAAATCCCAGCAACCACA-TG **** * * * **** ***** ***** **** ****** ******** ***** * 

510 500 490 480 470 460 

7750 7760 7770 7780 7790 
ratceh2.gen GT-GCTTACAGCTGTCTG-ATTCCG-TCT-ACT-GGTGTGCAGATGTACACGCAGACAAG 
ratrslbl.2 G T G G C T C A C A A C C A T C T G T A A T ~ G A T C T G A C T C C C T T G A C - A -  ** *** *** * **** * * * *** *** * * * * *** * **** * 

450 440 430 420 410 400 

7800 7810 7820 7830 7840 7850 
ratceh2.gen CGCCTATA-TATAGAAAATTCAT-AC-ATAAATAAAGTCTTATAAGCCT~GGTCCCAGGT 
ratrslbl.2 -G-CTATAGTGTAGATACAT-ATAACAATAAATAAA-TCTTAAAAAAAAAAAAAAGAAAG * ***** * **** * * ** ** ********* ***** **  

390 380 370 360 350 

28, 1991 7013 

FIGURE 3: Sequence similarities between rat cholesterol esterase gene (ratceh2,gen) and repetitive sequence lbl (ratrslbl.2). The region in 
the rat cholesterol esterase gene that is similar to the lbl repetitive sequence is shown. The numbers above the sequence represent the nucleotide 
numbers in the cholesterol esterase gene. The numbers below the sequence are the nucleotide numbers for the consensus 1 bl repetitive sequence. 
Asterisks indicates identical sequences. 

Table 111: rar55rep Repetitive Sequences in Cholesterol Esterase 
Gene 

intron 
5' flanking (R/C)' 
1 
1 

nucleotides 
104-146 
1565-1130 
2416-2541 
21 23-2110 
3 141-3 186 
31 14-3154 
4060-4208 
4458-4510 
4905-4961 
6423-6586 
6536-6665 
1021-1259 
1924-81 89 

similarity (%) 
62 
12 
60 
63 
60 
60 
60 
61 
61 
60 
61 
61 
62 

length (bp) 
42 
165 
11 
41 
45 
40 
148 
52 
56 
163 
129 
232 
265 

"R/C = Reversed and complement strand. 

8 kB, encodes the three catalytic domains in at least two, and 
most likely three, separate exons. 

The multiple intron and exon structure of the cholesterol 
esterase gene resembles more closely the organization of the 
genes important for lipid modification enzymes. For example, 
human hepatic lipase, lipoprotein lipase, cholesteryl ester 
transfer protein, and canine pancreatic lipase are encoded by 
genes containing 9, 10, 16, and 13 exons, respectively (Cai et 
al., 1989; Kirgessner et al., 1989; Agellon et al., 1990; Mickel 
et al., 1989). However, no sequence homology could be 
identified between the cholesterol esterase and these proteins. 
Thus, these comparative studies suggest that cholesterol est- 
erase may have evolved by the shuffling of specific exons, such 
as exons containing the active-site domains of esterases, to a 
lipaselike gene. If the latter hypothesis is correct, then the 
cholesterol esterase gene is a product of convergent evolution 
between serine esterase and lipase gene families. In support 
of this hypothesis, the rat55rep repetitive sequence was found 
to be present in 9 of the 10 introns and in the flanking regions 
of the cholesterol esterase gene (Table 111). The repetitive 
sequences are present in various lengths, ranging from 40 to 
272 bp, and share a >60% nucleotide identity with the 
rat5Srep sequence. Since many of these short dispersed rep- 
etitive sequences resemble transposable genetic elements in 
microorganisms (Hardman, 1986), it is possible that these 
short rat55rep sequences played a role in exon shuffling and 
the development of the cholesterol esterase gene. 

In addition to the rat55rep repeating sequences, exon 11 
of the cholesterol esterase gene contains a 175-bp domain that 
shares a 70% similarity with the ratlbl  repetitive sequence 
(Figure 3). This domain corresponds to the entire 3' un- 
translated region of cholesterol esterase mRNA. Although 
the presence of repetitive sequences within exons is unusual, 
their role in regulation of gene expression has been documented 
in at least two cases (Lone et al., 1986; Glaichenhaus & Cuzin, 
1987). Recent research in our laboratory have shown that 
cholesterol esterase gene expression may be regulated at the 
level of translation (Huang & Hui, 1991); it is possible that 
the repetitive sequence at the 3' untranslated region of the 
cholesterol esterase mRNA may be involved with translational 
control via interaction with translational-control cytoplasmic 
RNA (Sarkar, 1984). 
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ABSTRACT: Progesterone receptors exist in two molecular forms commonly designated as “A” and “B” forms, 
the relative proportion of which can vary among species. In murine tissues, progesterone receptor exists 
predominantly as the “A” form which, in mammary glands, is also under developmental regulation [Shyamala 
et al. (1 990) Endocrinology 126, 2882-28891, Therefore, toward resolving the molecular mechanisms 
responsible for the predominance of the “A” form of progesterone receptor in murine tissues and its de- 
velopmental regulation, we have isolated, sequenced, and expressed the complementary DNA corresponding 
to the mouse progesterone receptor. Nucleotide sequence analysis revealed two in-frame ATG codons, such 
that the largest open reading frame beginning with the first codon could encode a polypeptide with an 
estimated molecular weight of 99 089, while the shorter open reading frame beginning with the second codon 
could produce a polypeptide with a calculated molecular weight of 8 1 829. The murine progesterone receptor 
had complete identity for the DNA binding domain of human and rabbit progesterone receptors and 99% 
homology with the chicken progesterone receptor; for the steroid binding domain, it had 96% homology 
with human and rabbit progesterone receptors and 86% homology with chicken progesterone receptors. 
Expression of the complete complementary DNA in Chinese hamster ovary cells yielded a protein which 
bound the synthetic progestin promegestone with an equilibrium dissociation constant of approximately 1 
nM, and in Western blot analyses revealed both “A” and “B” forms of immunoreactive receptor. 

%e progesterone receptor (PR) belongs to the superfamily 
of nuclear steroid receptors which regulate steroid-dependent 
gene expression by interacting with discrete cis-acting DNA 

elements present in the 5’-flanking region of target genes [for 
reviews, see Yamamoto (1989, Evans (1988), Green and 
Chambon (1988), Beato (1989), and Carson-Jurica et al. 
(1990)l. Among the various steroid receptors, PR is somewhat 
unique-in that it exists as two forms: a larger molecular form 
of approximately 108 O O O - ~ ~ O O O O  daltons and a smaller one 
of approximately 80 000-94 000 daltons (designated as B and 
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A, respectively), the relative PrOPrtiOn of which varies among 
species [for reviews, see Schrader et al. (1981) and Wei and 
Horwitz (1986)]. The “A” forms of the receptor repsent an 
N-terminally truncated naturally occurring variant of the “B” 
form arising from alternate codon utilization (Conneely et al., 
1987a,b; Gronemeyer et al;1987; Kastner et al., 1990). There 
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