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Abstract

Sodium-dependent bile acid transport in the rat ileum is
abruptly expressed at weaning. Degenerate oligonucleotides,
based on amino acid sequence identities between the rat
liver and hamster ileal transporters, were used to amplify
a rat ileal probe. A 1.2-kb cDNA clone, which contains the
full coding region (348 amino acids, 38 kD), was isolated
by hybridization screening. In vitro translation yielded a 38-
kD protein which glycosylated to 48 kD. Sodium-dependent
uptake of taurocholate was observed in oocytes injected with
cRNA. Northern blot analysis revealed a 5.0-kb mRNAin
ileum, kidney, and cecum. A 48-kD protein was detected in
ileal brush border membranes and localized to the apical
border of villus ileal enterocytes. mRNAand protein expres-

sion, which were negligible before weaning, increased dra-
matically at weaning. Nuclear transcription rates for the
transporter increased 15-fold between postnatal days 7 and
28. The apparent molecular weight of the transporter also
increased between days 19 and 28. In summary, the develop-
mental regulation of the rat ileal sodium-dependent bile acid
cotransporter is characterized by transcriptionally regu-

lated increases in mRNAand protein levels at the time of
weaning with changes in apparent molecular weight of the
protein after weaning. (J. Clin. Invest. 1995. 95:745-754.)
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transcription

Introduction

Sodium-dependent uptake of bile salts at the apical border of
ileal enterocytes is ontogenically regulated (1-5). Using
everted intestinal rings, mucosal uptake of taurocholate has been
demonstrated in 2-wk-old dogs and rats, with an absence of
concentrative capacity at younger ages (1, 2). Sodium-depen-
dent uptake of taurocholate has been observed in humans using
intestinal rings prepared from the ileum of an 8-mo-old child
but was not present in neonatal or fetal tissue (3). Kinetic
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analysis using brush border membrane vesicles (BBMV)' from
rat ileum showed that this phenomenon was related to the ex-
pression of carrier-mediated sodium-dependent bile acid trans-
port activity (4, 5). The onset of this transport function is
relatively abrupt. At postnatal day 16 there is no evidence of
sodium-dependent transport, while it is clearly present at 17 d.
Concentrative uptake, indicated by "overshoot-transport," is
not seen until day 18, and the VI,, for this system reaches 75%
of adult levels by 21 d (5).

The mechanisms controlling the ontogenic regulation of il-
eal bile acid transport are not well understood. Endogenous
surges in corticosteroid and thyroid hormones may be involved
as evidenced by their capacity to induce precocious expression
of transport activity in suckling animals (6, 7). Bile flow in-
creases during the first weeks of postnatal life in the rat as a
result of expansion of the bile salt pool and maturation of the
hepatic basolateral and canalicular transporters (8). The subse-
quent increase in presentation of bile salts to the terminal ileum
may also influence development, since gavage administration
of bile salts induced precocious expression of transport activity
(9). It is unknown what role "hard-wiring" plays in this pro-
cess (10). There is conflicting evidence as to the role of intesti-
nal brush border membrane fluidity changes during develop-
ment and their effect on bile salt transport capacities (11, 12).

Further understanding of the developmental regulation of
this system has been hindered by the absence of molecular
probes for this carrier. The recent expression cloning of the
sodium-dependent bile acid cotransporters on the rat liver baso-
lateral membrane (BSBT) and the hamster ileum apical border
(ASBT) has permitted us to clone the rat ASBT and examine
its ontogeny at a molecular level (13, 14). Sequence analyses
of the rat BSBT and hamster ASBT revealed that there were
three stretches of at least six amino acids each which were
conserved across tissue and species lines. Two of these regions
were used to design degenerate oligonucleotide primers to am-
plify a probe which led to the cloning and molecular character-
ization of the rat ileal transporter. The developmental regulation
of this system was then examined at the level of transcription,
mRNA, and protein expression.

Methods

Materials. An oligo dT primed rat ileal XZAPH cDNA library was the
generous gift of Raymond N. DuBois (Vanderbilt University Medical
Center, Nashville, TN). AmpliTaq DNA polymerase was purchased

1. Abbreviations used in this paper: ASBT, apical sodium-dependent
bile acid transporter (gene name slcl5a2); BBMV, brush border mem-
brane vesicles; BSBT, basolateral sodium-dependent bile acid trans-
porter (gene name slciSal, formerly ntcp ).
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100 bp

1S-CAGTGATGAGCACCGTGCTC
2S=GACCACTTGCTCCACACTG
3S-CTGGCTACAGCCTTGGTTTC
4S-GTCACATACAAGAAATGTCATGG

CM open reading frame
coding region 1044 bp
clone 1242 bp

5A=GGCCGCTTTATGTGTCCTAG
6A=GAGTCAACCCACATCTTGG
7A=GGCTGTAGCCAGCTATAGG
8A=CTCCAAAGACGAGCTGGAAAAC
9A=GAATGTTGTTCCAGAAGCTTTC

Figure 1. Schematic of ileal cDNAclone
BS37C1. The ileal cDNA clone BS37C1
consists of 115 and 80 bp of 5' and 3' un-
translated sequences. The locations and se-

quences of the sequencing oligonucleotides
are shown. The degenerate oligonucleotide
PCRproduct was designed to hybridize to
the 5 '-end of the gene.

from Perkin Elmer Cetus Corp. (Norwalk, CT). Degenerate oligonucle-
otide primers were synthesized by /3-cyanoethyl phosphoramidite chem-
istry on a solid support (William Keck Biotechnology Resource Labora-
tory at Yale University, New Haven, CT). Rabbit reticulocyte lysates
and dog pancreatic microsomes were purchased from Promega Corp.
(Madison, WI). [3H]Taurocholate (2.0 Ci/mmol), [32P]dCTP, CTP
(both 30,00 Ci/mmol), and L-[35"]methionine (1175 Ci/mmol) were

purchased from DuPont-New England Nuclear (Boston, MA). Recom-
binant N-glycanase was purchased from Genzyme Corp. (Cambridge,
MA). Autofluor was purchased from National Diagnostics Inc. (Man-
ville, NJ). Xenopus laevis toads (oocyte-positive females) were ob-
tained from Xenopus I (Ann Arbor, MI). Sprague-Dawley rats were

obtained from Charles River (Raleigh, NC). Adult rats weighed between
200 and 250 g.

Animal care. Animals were housed, fed, and handled according to
the NIH Guide for the Care and Use of Laboratory Animals and under
a protocol approved by the Yale Animal Care and Use Committee.
Sprague-Dawley rat pups were housed with their mother and were ex-

posed to 12-h day/night cycles. They were weaned at 21 d.
cDNA cloning and sequencing. Lambda phage DNAwas prepared

from liquid culture lysates of the amplified rat ileal cDNA library (15).
A rat ileal-specific probe was amplified from this DNAusing two oligo-
nucleotide primers (sense primer with BamHI linker, CGGGATCCC-
AGTTTGG(C/A)ATCATGCC(C/T)CTC and antisense primer with
EcoRI linker GGAATTC(A/G)AG(G/T)GGCATCAT(G/T)CC(A/
C)A(A/G)GGC), which were degenerate for the nucleotide sequences

of the conserved amino acid sequences of the rat BSBT protein (13)
(amino acids [aa] 68-74 and 130-136) and the hamster ASBT (14)
(aa 75-81 and 137-143). PCRamplification was carried out according
to the manufacturer's (Perkin Elmer Cetus Corp.) guidelines with an

annealing temperature of 55°C. The 206-bp product was concentrated
using a Centricon-100 apparatus (Amicon, Beverly, MA), digested with
BamHI and EcoRI (New England Biolabs Inc., Beverly, MA), purified
by agarose gel electrophoresis, and ligated into a BamHI/EcoRI-di-
gested pBluescript II SK+ (Stratagene, La Jolla, CA). Nucleic acid
sequencing of the subcloned product was performed at the William
Keck Biotechnology Resource Laboratory using AmpliTaq DNApoly-
merase and an ABI 373A automated sequencing system (Applied Bio-
systems Inc., Foster City, CA) (reference 16).

The 206-bp subcloned product above was labeled with [32P]dCTP
by random primed synthesis (GIBCO-BRL, Gaithersburg, MD) and
used to screen the rat ileal cDNA library using standard filter hybridiza-
tion techniques (17). On tertiary screen nine clones were isolated, one

of which (BS37C1) was directly subcloned into pBluescript using the
ExAssist/SOLR system according to the manufacturer (Stratagene).

Both strands of the 1,242-bp insert were sequenced using a series of
oligonucleotide primers (Fig. 1). Sequence analysis was performed us-

ing software of the Genetics Computer Group (Madison, WI).
In vitro translation and oocyte expression. Capped cRNAwas syn-

thesized from KpnI-linearized plasmid using T3 polymerase (Promega
Corp.). 2 ug of cRNAwere translated with a rabbit reticulocyte lysate
and L- [35S]methionine in the presence of 0.5% Triton X-100. Transla-
tion in the presence of canine pancreatic microsomes without detergent
was used to examine the effect of glycosylation on the electrophoretic
mobility of the product. Brome mosaic virus RNAwas used as a positive
control and its translation products served as molecular weight markers
(18, 19). The specificity of the effect of the microsomes was assessed
by digesting the product overnight with N-glycanase. Samples were

solubilized in Laemmli buffer (1.37 Mglycerol, 0.7 MP-mercaptoetha-
nol, 0.07 M SDS, 0.06 M Tris, pH 6.8) at 37°C, separated by 8%
SDS-PAGE, and detected by autoradiography after enhancement with
Autofluor.

X. laevis oocytes were prepared as described previously (20), in-
jected with 9 ng of cRNA, and cultured for 60 h. 1-h uptake of 20 /AM
[3H]taurocholate was measured in the presence of 100 mMsodium or

choline chloride (13). Inhibition by other bile salts was tested by adding
100 ,uM glycocholate to the sodium incubation solution. Data are ex-

pressed as the mean±standard deviation and represent the results of at
least three separate injections of cRNA. Means were compared using
Students t test.

Messenger RNAanalysis. For Northern and Western blot analyses,
the terminal ileum was defined as the terminal 20% of the length of the
small bowel. For developmental studies, the terminal ileum was removed
from 7, 14, 16, 17, 18, 19, 21, and 28-d-old rat pups, flushed with ice
cold normal saline, and then rapidly frozen in liquid nitrogen. Total RNA
was extracted with guanidinium isothiocyanate and purified through a

CsCl cushion (21) . Poly(A) + RNAwas purified using oligo dT linked
to magnetic beads according to the manufacturer (Promega Corp.). Total
or poly(A)+ RNAwas separated by electrophoresis through a 1.6 M
formaldehyde, 1.2% agarose gel, transferred by capillary action to a

GeneScreen membrane (New England Nuclear Research, Boston, MA),
and cross-linked with ultraviolet irradiation. The 1.2-kb insert of
BS37C1 was released by digestion with XhoI and EcoRI and labeled
with [32P]dCTP. Hybridization and high stringency washes were per-
formed according to manufacturers instructions (New England Nuclear
Research). Exposed x-ray films were developed and scanned (LKB
Ultroscan XL, Bromma, Sweden). RNApreparation, blotting, and hy-
bridization were done in triplicate. Gel loading was assessed by densi-
tometry of the ethidium bromide staining of the 28S band. To confirm
that equal amounts of RNAwere loaded in each lane, the blots were
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CGAACAGTTGCCTTGGAAACTGGAATGCAGAACACTCAACTGTGTTCCACCATTGTACAACTCTCCTTTAGCCCTGAGGA
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TCTCAACCTTGTGTTCACCTTCCCACTCATCTATACTGTTTTCCAGCTCGTCTTTGCAGCAATAATATTAGGAATGTATG
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TCACATACAAGAAATGTCATGGAAAAAATGATGCTGAGTTTCTAGAGAAAACAGACAATGATATGGACCCCATGCCATCA
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TTCCAGGAGACAAACAAGGGATTTCAACCAGATGAGAAATAGACACTAAGGAGGCAAAAGAAGAAAGCTTCTGGAACAAC
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1210 1230
ATTCATTAAACGAAAACIAAA AA

Figure 2. Sequence of the coding region of the rat ASBT. The complete
sequence of clone BS37C 1 is shown. The initiator methionine is circled,
potential N-glycosylation sites are labeled with an asterisk, the con-
served amino acid stretches are boxed, and the potential transmembrane
domains are underlined.

stripped and reprobed with a full-length cDNA for cyclophilin, which
appears to be constituitively expressed during this period of development
(22, 23).

Protein analysis. Rabbit polyclonal antibodies were raised to the
carboxy-terminal 14 aa of the hamster ASBT(Wong, M. H., manuscript
submitted for publication) and were used for Western blot analysis,
immunoprecipitation, and immunolocalization studies. The [ 35S ] -la-
beled in vitro translation product of BS37C1 was immunoprecipitated
in 150 mMTrisCl (pH 7.4), 1%NP-40 with a 1: 100 dilution of immune
IgG and protein A Sepharose. The specificity of the precipitation was
assessed by coincubation with 40 Mug/ml of the 14-aa peptide. BBMV
were prepared from developing terminal ileum by divalent cation precip-
itation as described previously (5). 25 jug of BBMVwas solubilized in
Laemmli buffer at 37°C (identical results obtained at room temperature,
37°C, and by boiling), separated by 10%SDS-PAGE, and electrophoret-
ically transferred to nitrocellulose (24). Blots were probed with a
1 :10,000 dilution of immune IgG, and immunodetection was carried out
using a chemiluminescent detection system (ECL; Amersham Corp.,
Arlington Heights, IL). The specificity of the immunodetection was
assessed by preincubating a 2 mg/ml solution of the antibody with 1
mg/ml of the 14-aa peptide. The role of nonspecific aggregation in the
formation of the 92-kD species was examined by the addition of 6 M
urea to the Laemmli solubilization buffer and by Western blotting of gel-
purified 48- and 92-kD proteins. 400 Mgof ileal BBMVwas separated by
SDS-PAGE. The 48- and 92-kD bands were localized using prestained
standards as markers (Bio-Rad Labs, Hercules, CA) and were excised
from the gel. The proteins were electroeluted from the gel fragments
with an Elutrap device according to the manufacturer's instructions
(Schleicher & Shuell, Inc., Keene, NH) and then were analyzed by
Western blotting as described above. The role of N-glycosylation was
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Figure 3. Comparison of the amino acid sequences of the rat ASBT

and BSBT and the hamster ASBT. Amino acid identities in the three

sequences are boxed. Numbering is based on the rat ASBT sequence.

assessed by digesting ileal BBMVfrom adult rats with N-glycanase. 25

Mg of BBMVwere solubilized in 0.4% SDSand 45 Mug /3-mercaptoetha-
nol. Deglycosylation was carried out in 1.25% NP-40 with 0.3 U of N-

glycanase at 37°C overnight in the presence of 25 jug/ml leupeptin, 5
pg/ml aprotinin, and 20 mg/ml phenylmethylsulfonyl fluoride. Control

samples were incubated overnight in the same manner without the addi-

tion of N-glycanase to ensure that the effects were not secondary to

nonspecific degradation of the proteins. The products were then analyzed
by Western blotting using 10% SDS-PAGE. Immunolocalization was

performed by indirect immunofluorescence using frozen-fixed tissue

which was permeabilized with 0.2% Triton X-100 and blocked with

0.05% saponin and 0.5 pg/ml nonspecific rat IgG. Immunodetection

was carried out with 0.1 mg/ml antipeptide antibody and 5 mg/ml FITC

anti-rabbit F(ab')2 fragment.
Transcriptional analysis. Nuclei were made from fresh ileum using

a modification of the method described by Krasinski et al. (25). The

distal small intestine was removed and flushed with 0.9% ice-cold NaCI.

The ileum was then dissected along its longitudinal axis, and mucosal

scrapings were obtained. The mucosal scrapings were weighed, sus-

pended in 10 vol of homogenization buffer (0.25 M sucrose, 10 mM

Hepes, pH 8.0, 10 mMMgCI2, 2 mMDTT, 2.5% NP-40), and incubated

for 1 h on ice. The suspension was then homogenized using a Potter-

Elvehjem homogenizer at 700 rpm for 7 strokes, filtered through 2 layers
of gauze, and centrifuged at 700 g for 5 min. The pellet was resuspended
in 2.5 ml homogenization buffer and layered on top of a sucrose cushion

(3.1 Msucrose, 1 mMMgCl2, 1 mMHepes, pH 6.8). After centrifuga-
tion at 50,000 g for 80 min at 4°C, the nuclear pellet was resuspended
in storage buffer (20 mMTris, pH 8.0, 40% glycerol, 5 mMMgCl2,
0.1 mMEDTA, 2 mMDTT) and counted using a methylene blue stain.
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Figure 4. In vitro transla-
tion of BS37C1. 2 Hg of
cRNAwas translated us-
ing rabbit reticulocyte ly-
satetcanine pancreatic
microsomes in the pres-
ence of [35S ] methionine.
Products were separated
by 8% SDS-PAGEand
analyzed by autofluor-
ography. Known sizes of
the Brome mosaic virus
products were used for
estimation of the size of
the translation products.

Aliquots were stored at -70°C. For 7-d-old animals, the procedure
was identical apart from the following modifications. The distal small
intestine was removed and used whole, as ileal mucosal scrapings are
technically very difficult to obtain at this age. The homogenization
buffer contained 0.1% Triton X-100 instead of 2.5% NP-40, as the
higher concentration of detergent was not required to lyse the cells.
This was confirmed by microscopic observation of the pellicle formed
during the high sucrose spin and by relative yields of nuclei obtained
with the two detergent concentrations. The difference in the method of
preparation of the nuclei did not appear to affect transcription of the
housekeeping genes y-actin or cyclophilin (see Results).

Nuclear transcription reactions were carried out by the method of
Diamond and Goodman with minor modifications (26). 2 X 107 nuclei
were incubated for 30 min at 370C in 20 mMTris-Cl (pH 8.0), 150
mMKC1, 5 mMMgCl2, 3.5 mMDTT, 20% glycerol, 50 mMEDTA,
1 mMof ATP, CTP, GTP, and 100 ,uCi of [32P]UTP (3,000 Ci/mmol;
DuPont-New England Nuclear), in a final volume of 200 ,il. Nuclei
were treated sequentially with DNase I, proteinase K and extracted with
phenol/chloroform/isoamyl alcohol (25:24:1). The RNAwas precipi-
tated twice with sodium acetate and isopropanol. The pellet was washed
twice with ethanol, resuspended in STE (100 mMNaCl, 10 mMTrisCl,
pH 8.0, 1 mMEDTA) buffer and passed through a Sephadex G-50 spin
column (Boehringer Mannheim Corp., Indianapolis, IN). The nascent
RNAtranscripts were hybridized to cDNAs immobilized on nylon fil-
ters. cDNAs used were as follows: for ASBT, KpnI linearized BS37C1;
positive controls, BamHI linearized rat y-actin and PstI linearized rat
cyclophilin; negative control, PstI linearized pBluescript H SK+ (Stra-
tagene).

Filters were prehybridized at 450C for 24 h with 50% deionized
formamide, 5 X Denhardt's, 4 x SSC, 50 mMPipes, 2 mMEDTA,
pH 8.0, 0.1% SDS, and 200 jg/ml each of salmon sperm DNAand
yeast tRNA. Hybridization was carried out for 48 h at 450C using the

choline sodium glycocholate

Figure 5. Oocyte expression of BS37C1. 9 ng of cRNA was injected
into oocytes and [3H] taurocholate uptake was measured in the presence
of 100 mMcholine chloride or 100 mMsodium chloride±100 UM
glycocholate. Each bar represents the mean±standard deviation (n
= 21).

entire transcription product of 2 x 107 nuclei. The filters were then
washed sequentially as follows: 2 x SSCand 0.5% SDS for 20 min at
45°C, the same buffer with RNase A (20 ag/ml) and RNase T1 (700
U/ml) for 30 min at 37°(, 2 x SSC/0.5% SDSat 650C for 30 min x2,
1 x SSC/0.5% SDS for 30 min at 65°C, 0.1 x SSC/0.l%SDS for 30
min at 650C. After rinsing in 2 x SSC, the bands were quantitated using
a Phosphorlmager (Molecular Dynamics, Inc., Sunnyvale, CA), and the
results were normalized to the total number of counts in the transcription
reaction. The filters were exposed to Hyperfilm (Amersham Corp.) for
7-10 d at -700C.

Statistical analysis. Means were compared using Students t test.

Results

cDNAcloning and sequencing. A 206-bp product resulted from
amplification using the rat ileal cDNA library as substrate and
the degenerate oligonucleotides as primers. Sequence analysis
of this product revealed that it had 88 and 62% nucleotide
identity with the hamster ASBT and rat BSBT, respectively.
Using this product to probe total RNAfrom multiple rat tissues
at high stringency, a single predominant transcript was detected
in rat ileum and kidney, but not jejunum or liver (data not
shown). This 206-bp product was then used to screen 500,000
clones from the rat ileal cDNA library. Nine colonies were
positive on tertiary screening and were subcloned into pBlues-
cript. One of these clones, BS37C1, was sequenced on both
strands using a series of oligonucleotide primers2 (Fig. 1). The
other eight clones were analyzed by PCRusing various combi-
nations of the sequencing primers and/or primers derived from
the lambda vector. In addition, two of the other clones were
partially sequenced. By this analysis all nine clones were shown
to encode ASBT cDNAs. Clone BS37C1 contained a 1,242-
bp insert, which encoded a 348-aa peptide with a calculated

2. Sequence data are available from GenBank under accession number
U07183.
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molecular mass of 38,079 D (Fig. 2). The initiator methionine
(bp 116) was included in a Kozak consensus sequence (27)
and was preceded by three in-frame stop codons (bp 26, 32,
and 53). A poly(A) tract was found at position 1225, but was
not preceded by an appropriate polyadenylation signal and thus
is probably not the true 3' end of this cDNA. Two potential N-
glycosylation sites were identified at amino acids 3 and 10.
Kyte-Doolittle hydropathy plot analysis predicts a potential
seven transmembrane topology similar to the predicted topolog-
ies for the rat BSBTand the hamster ASBT(13, 14). Compari-
son of the amino acid sequences of the rat ASBT with the rat
BSBT and the hamster ASBT sequences revealed 37 and 88%
identity (64 and 95% similarity), respectively (Fig. 3). There
are four stretches of at least 5 aa which are conserved between
the rat ASBTand BSBTand hamster ASBTsequences (aa 75-
81, 129-133, 137-143, 268-273). All but the last homologous
sequence are found within potential membrane-spanning do-
mains. Since the 14 carboxy-terminal amino acids of the ham-
ster and rat ileal peptides are identical, a peptide antibody ini-
tially developed to study the hamster protein was equally useful
in studying the rat transporter.

In vitro translation and oocyte expression. In vitro transla-
tion of the capped cRNA from clone BS37C1 resulted in a
protein with a molecular mass of - 38 kD as compared with
peptides generated from Brome mosaic virus RNA (Fig. 4).
Glycosylation in the presence of canine pancreatic microsomes
increased the apparent molecular mass to - 48 kD. This glyco-
sylated protein reverted back to the 38-kD size when it was
treated with N-glycanase (data not shown). The 38-kD protein
was immunoprecipitated by the antipeptide antibody, and this
precipitation could be blocked by the 14-aa peptide. X. laevis
oocytes expressed sodium-dependent uptake of taurocholate 60
h after injection with 9 ng of cRNA (sodium 8.0±3.7 versus
choline 0.2±0.1 pmol/oocyte per h, n = 21, mean±standard
deviation, P < 0.001; Fig. 5). Uptake of 20 /sM taurocholate
was inhibited 32% by 100 MMglycocholate (5.5±1.2 pmol/
oocyte per h, n = 11, P < 0.001).
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Figure 6. Northern blot analysis of the tissue
distribution of the rat ASBT. Left blot: 4 Ag
of poly(A)+ RNA(except ileum = 0.2 jg)
was probed with BS37CI and detected by
autoradiography (exposure: -700C, 5 d).
Message is detected in cecum, proximal co-
lon, kidney, and ileum, with significantly
greater levels detected in ileum. Right blot:
4 jsg of rat total ileal RNAand 0.4 jig each
of rat and hamster poly(A)+ RNA(expo-
sure: -700C, 16 h). The signal intensity and
size of the hamster mRNAare significantly
less than that of the rat.

Messenger RNA analysis. Poly(A) + RNA from multiple
tissues was probed with the 1,242-bp insert from clone BS37C1.
5.0-kb bands were detected in ileum, kidney, cecum, and proxi-
mal colon (Fig. 6). The message was most abundant in ileum
(RNA loading 4 Mg for all tissues except ileum, 0.2 ,g), with
a decreasing gradient of expression from ileum to cecum to
proximal colon. There was a very faint signal in liver and jeju-
num, and there was no signal in heart, placenta, and lung. A
slight difference in mobility of the mRNAwas seen when total
and poly (A) + RNAwere directly compared. This faster mobil-
ity of the ASBTmessage in the total RNAsamples may be due
to comigration with the 28S ribosomal RNA. The transcript in
rat appears to be -1 kb larger than the 4.0-kb mRNAseen in
the hamster. In addition, there appears to be a significantly
greater abundance of the ASBT mRNAin the rat ileum as
compared with the hamster ileum. Northern blot analysis of
total RNAduring ileal development revealed a strong signal in
21- and 28-d-old rats (Fig. 7). No message was detected using
total RNAfrom 7-d-old animals, although a faint signal could
be detected using poly(A) + RNA( - 1%of the signal intensity
of 28-d-old animals, data not shown). There was a graded
increase in signal intensity between 14 and 19 d with the most
notable increase at 18 d after birth. Loading of the gels was
checked by densitometry of the ethidium bromide staining of
the 28S band, and RNAtransfer was documented by the detec-
tion of equivalent signals using cyclophilin as a probe (23).

Protein analysis. Antipeptide immunoglobulin detected a
ladder of proteins in adult rat ileal brush border membrane
proteins. The smallest protein was - 48 kD with additional
bands at 75, 92, and 130 kD (Fig. 8). Preincubation with the
14-aa peptide blocked recognition of the 48-, 92-, and 130-kD
bands, but not the 75-kD protein. The 48- and 92-kD bands
were the most easily and reproducibly detected bands. Both the
48- and 92-kD bands were detected using a variety of methods
of sample preparation including various temperatures of solubi-
lization, adding 6 Murea to the solubilization buffer, and vary-
ing the amount and type of reducing agents. In addition, both
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Figure 7. Northern blot analysis of the ontogeny of the rat ASBT. 20
Mug of total RNAwas probed with BS37C1 and cyclophilin (exposure:
-700C, 16 h). Ethidium bromide staining of the 28S band is shown in
the bottom panel. Densitometric analysis of triplicate analyses of these
ages revealed the following values relative to the signal at 28 d: 7D
= 0.4%, 14D = 0.4%, 16D = 1.3%, 17D = 2.1%, 18D = 4.2%, 19D
= 16%, 21D = 66%, 28D = 100%.

the 48- and 92-kD bands were detected in homogenates of ileal
tissue (data not shown). Crude purification of the 48- and 92-
kD proteins by SDS-PAGEand reanalysis by Western blotting
did not result in the formation of the 92-kD band from the gel-
purified 48-kD proteins, nor was there breakdown of the 92-kD
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purified 48- and 92-kD
proteins is seen in lanes
4 and 5. The 48-kD pro-
teins do not reaggregate
into a 92-kD band and
the 92-kD band does not
disaggregate into a 48-
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proteins into a 48-kD species (Fig. 9). N-Glycanase treatment
of BBMVproteins from adult rats yielded proteins of 35, 67,
and 101 kD (Fig. 10). Indirect immunofluorescent staining of
terminal ileum from adult rats demonstrated decoration of the
brush border membrane of villus but not crypt enterocytes (Fig.
11). There was no brush border staining observed in terminal
ileum from 14-d-old rats (data not shown). Western analysis
of the ontogeny of this protein revealed that the protein was
first detectable at 19 postnatal d, with a marked increase at 21
d (Fig. 12). A significant decrease in electrophoretic mobility
of the ladder of proteins was noted between postnatal days 19
and 28 (Fig. 12).

Transcriptional analysis. Nuclear run-on assays were per-
formed in duplicate using nuclei from pre- and post-weaning
animals. A representative example of the results of one of the
studies is seen in Fig. 13. The entire transcription reaction from
2 x 107 nuclei was hybridized to the plasmids identified in the
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Figure 10. Deglycosylation of ASBT
from ileal BBMV. 25 gg of BBMV- N-
glycanase treatment is analyzed by
Western blot analysis. The 48-, 92-, and
130-kD proteins deglycosylate to 35,
67, and 101 kD.
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Figure 11. Indirect immunofluorescent detec-
tion of the rat ASBT. The villus brush border
membrane is decorated with the ASBT anti-
peptide antibody.

figure. The overall transcription reaction of the nuclei from 7-
d-old animals was approximately twice that of the 19- and
28-d-old animals. When corrected for the number of counts
generated by the transcription reaction, the signal for y-actin
was similar for 7-, 19-, and 28-d-old animals. A faint signal of
ASBT transcription could be seen in nuclei from 7-d-old rats,
and there was a graded increase in this signal intensity at 19
and 28 d (ratio of the signals for the ASBT was - 1:6:15, for
7, 19, and 28 d, respectively).

Discussion

The development of the enterohepatic circulation of bile salts
has been studied extensively in the rat including measurements
of bile salt synthesis and pool size. Changes in the kinetics of

hepatic and ileal bile acid transport during development have
been analyzed using isolated perfused systems, intact cells, and
highly purified membrane preparations ( 1-9, 11, 12). Develop-
mental changes in nutrition and hormonal milieu are also well
characterized in the rat, and the effects of these factors on the
ontogeny of bile acid transport have also been investigated.
Rat-specific probes exist for molecular analysis of the hepatic
basolateral transporter (13, 28, 29) but have been unavailable
for study of its homologue in the rat ileum. Degenerate oligonu-
cleotide primers, based on amino acid homologies between the
rat BSBT and the hamster ASBT, were used to amplify a rat-
specific probe; this probe was used to screen a rat ileal cDNA
library to obtain the rat ASBT. The functional importance of
these areas of amino acid identity is suggested by the ability to
use the sequences to design primers to amplify BSBT from
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Figure 12. Western blot analysis of the ontogeny of the rat ASBT. 25
jig of ileal brush border membrane proteins was analyzed by Western
blotting. A representative set of results is shown.

rabbit and human liver mRNAin addition to ASBT from rat
ileal and kidney mRNA(Ananthanarayanan, M., B. Shneider,
F. Suchy, unpublished data).

The cloning of the rat ASBT also permits direct nucleic
acid and amino acid sequence comparison with the BSBT from
the same species. Both proteins mediate sodium-dependent con-
centrative uptake of bile salts. Despite their similarity in func-
tion and general substrate specificity, significant differences ex-
ist between these carriers. The milieu in which these two carriers
function is strikingly different, as the intestinal carrier is ex-
posed to significantly higher concentrations of bile salts, which
are intermixed in a complex array of bacterial and digestive
substances. In addition, the BSBT is sorted to the basolateral
membrane, while sorting of the ASBT is to the apical mem-
brane. Subtle differences in substrate specificity have also been
shown (30). These functional differences are probably reflected
in the limited primary amino acid homology between these two
transporters. It is thus not surprising that early attempts to iden-
tify the ileal bile acid transporter by hybridization with the rat
BSBT gene were unsuccessful (30). Amino acid homologies
that do exist between these two carriers may be involved in
structural motifs, which are required for common functions,
e.g., sodium dependence, bile acid binding, and translocation
(Fig. 3). In particular, the role of the conserved membrane-
spanning domains may be particularly relevant to bile acid trans-
location. Previous investigations have shown that sulfhydryl
and e-amino modifying agents inhibit bile acid transport and
thus the conserved cysteine and lysine residues at amino acids
51, 105, 132, 185, 195, 270, 317, and 325 may also be particu-
larly important for bile acid binding and sodium dependency
(31, 32).

These studies clearly demonstrate that this cDNA encodes
an ileal sodium-dependent bile acid cotransporter. cRNA ex-
pression in X. laevis oocytes imparts sodium-dependent bile
acid transport capacity. Northern blot analysis shows that this
mRNAis expressed in the terminal ileum, cecum, proximal
colon, and kidney in adult rats. Functional studies have shown
that there is sodium-dependent bile acid transport in both the
ileum and proximal convoluted tubule of the kidney (33). So-
dium-dependent bile acid transport has not been rigorously ex-
amined in the cecum and proximal colon and thus it is not
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Figure 13. Nuclear run-on analysis. A representative nuclear run-on
study is shown. The entire transcription reaction from 2 x 10' nuclei
was hybridized to the plasmids identified in the figure. A graded increase
in the signal intensity for the ASBT transcript is seen in nuclei from
7-, 19-, and 28-d-old animals. Whencorrected for the number of counts
generated by the transcription reaction, the signal for y-actin was similar
for 7-, 19-, and 29-d-old animals while the ratio of the signals for the
ASBTwas - 1:6:15, respectively.

clear if the message detected in these studies is physiologically
significant. It appears that the human ileal and kidney transport-
ers are derived from the same gene (Wong, M. H., manuscript
submitted for publication). The mRNAthat is detected in the
rat is significantly more abundant than the 4.0-kb mRNAin the
hamster and significantly larger than the 1.7-kb homologous
mRNAin rat liver (13, 14). The size discrepancy between the
1.0-kb coding region and the 5.0-kb mRNAin the rat ileum
indicates that there are significant untranslated regions in the
rat ASBTtranscript. The functional significance of these regions
is currently unknown.

A variety of investigations suggest that the rat ASBT is a
glycosylated villus enterocyte brush border membrane protein
with a molecular mass of 48 kD. Primary amino acid se-
quence analysis, in vitro translation studies, and BBMVdegly-
cosylation experiments indicate that the nonglycosylated form
of this protein has a molecular mass of 35-38 kD. Based on
both in vitro translation studies and Western blot analyses, the
glycosylated in vivo product is at least 48 kD. The identities of
the higher molecular mass species that are recognized by the
antipeptide antibody are not clear at this time. It is possible
that the 92-kD protein is a homodimer of the 48-kD protein.
Aggregation of membrane proteins with multiple membrane-
spanning domains is not uncommon (34-37). This dimeriza-
tion theory is supported by the fact that both of these bands are
deglycosylated by the same percentage to yield a 67-kD band,
which is nearly double the size of the 35-kD band. In addition,
both species undergo a similar developmental pattern. This pro-
posed homodimer would need to be quite resistant to standard
methods of disaggregation. The dimerization cannot be the re-
sult of simple aggregation as the gel-purified 48-kD protein is
stable as a 48-kD species. In addition, higher molecular mass
species were not observed using in vitro translation. An alterna-
tive explanation is that the 92-kD band is another protein with
a similar cross-reacting peptide sequence. The relationship of
this 92-kD band and the 99-kD proteins that have been sug-
gested as candidate ileal bile acid transporters will require fur-
ther investigations (38, 39). Preliminary analyses of renal brush
border membrane proteins also reveal 48- and 92-kD proteins
(Shneider, B. L., manuscript in preparation). Two potential N-
glycosylation sites are predicted and correspond to the two of

752 Shneider et al.



seven potential sites that are utilized in the rat BSBT (28).
Indirect immunofluorescent microscopy localized this protein
to the brush border membrane of villus but not crypt entero-
cytes, which is consistent with transport studies (40).

Molecular characterization of the development of this trans-
porter indicates that mRNAand protein expression increases at
the time of weaning, consistent with functional data regarding
the development of sodium-dependent ileal bile acid transport
(1-5). In particular, the onset of transport activity seems to
correlate with an abrupt increase in mRNAexpression. It ap-
pears that the steady state levels of mRNAare regulated, in
part, at the level of transcription. The order of magnitude of the
difference between changes in mRNAabundance (- 100-fold)
and transcription rates (- 15-fold) suggests a potential role of
message stability in this regulation. Transcriptional regulation
of intestinal enzymes at the time of weaning has been shown
with the brush border hydrolase, sucrase-isomaltase (25), where
there also are abrupt changes in mRNAlevels at the time of
weaning. The marked increase in steady state mRNAlevels is
accompanied by the detection of this protein in brush border
membrane vesicles, and it is at this developmental stage that
Na+-dependent concentrative uptake is seen in brush border
membrane vesicles (5). The increase in molecular mass be-
tween 21 d and adult appears to be the result of alterations in
posttranslational modification. A similar phenomenon has been
observed during the ontogeny of the rat BSBT (Hardikar, W.,
and F. Suchy, unpublished observation). In both the liver and
intestine, this change in electrophoretic mobility is coincident
with a maturation of transport function to adult levels. Thus,
posttranslational modifications may be important for the devel-
opment of full transport function. Developmental changes in
glycoprotein composition have been described for lactase-phlo-
rizin hydrolase (41).

In summary, a rat ileal sodium-dependent bile acid cotrans-
porter has been cloned and expressed in oocytes. It is a 48-kD
glycoprotein which is expressed at the brush border membrane
of ileal villus enterocytes. Its primary amino acid sequence is
highly homologous with the previously cloned hamster trans-
porter and is divergent from the liver homologue. Similar topol-
ogies and areas of amino acid identity suggest regions required
for sodium-dependent bile acid transport. The developmental
regulation of the rat ileal transporter is partially controlled at
the level of transcription, resulting in abrupt increases in ASBT
steady state mRNAand protein levels at the time of weaning.
During this time the apparent molecular mass of the transporter
also changes. The isolation and characterization of the rat ASBT
will facilitate analysis of the molecular mechanisms underlying
the complex regulation of the ileal bile acid transporter.
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