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Recombinant cDNA clones that code for apolipoprotein B(apoB) were
isolated from a rat liver c¢DNA library, using synthetic oligonucieotide
probe derived from the sequence of human apoB cDNA. The nucleotide and
deduced amino acid sequences of the rat apoB clone pRB5., 1.2 kb in length.
showed 83% and 84% homology to those of human apoB. Northern blot analysis
revealed that rat apoB cDNA probe cross-reacts with human and rabbit apoB
mRNA sequences and the size of those mRNAs, approximately 15 kb long. were
not discernibly different. In addition. apoB mRNA was abundant only in the
liver and intestine. Finally. cholesterol feeding to rats for six weeks
resulted in a several-fold increase in the level of apoB mRNA in the liver.
© 1987 Academic Press, Inc.

Apolipoprotein B (apoB) is the principal apolipoprotein of chylomic-
rons, very low density lipoprotein (VLDL). and low density lipoprotein
(LDL)I1-41. In rat plasma. as well as in human plasma, apoB is heteroge-
neous and exists in two major forms, apo B-100 and B-48. ApoB-100 is
synthesized by the liver and is secreted on triglyceride rich VLDL, while
apoB-48 is synthesized by the intestine and liver in the rat(5]. The struc-
ture and physicochemical properties of apoB have been studied for nearly a
decade. It has been difficult to analyze apo B because delipidated apoB is
insoluble in aqueous solution and sensitive to protease cleavagel2, 6-101.
Oniy a limited number of works has been performed. as to the regulation of
apoB synthesis in vivo. Studies of intestinal and hepatic apoB synthesis in
response to fat administration have produced conflicting resuits{il-131.

Recently, several groups reported the isolation of partial c¢DNA clones
for rat and human apoB[14-17]. Yet, the regulation of expression of apoB
mRNA is unclear. To determine the primary amino acid sequence and to eluci-

date the biosynthesis and processing of apoB. we have isolated and charac-
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terized the cDNA of rat liver apoB from a rat liver cDNA library. Using the
CDNA, we also examined the distribution of rat apoB mRNA in various tissues
and the effects of cholesterol feeding on the expression of the apo B

protein.

EXPERIMENTAL PROCEDURES

Animals---All rats used were of the Sprague-Dawley strain, obtained
from Nisseizai Laboratories(Tokyo). Male rats weighing 180-200 g were
maintained on a standard diet of laboratory rat chow. For studying the
effect of cholesterol feeding to apo B synthesis, rats were fed milled rat
chow supplemented with 2 % cholesterol, 0.5 % cholic acid, and 10 % coconut
oil for 6 weeks. All animals were allowed to feed ad libitum.

RNA preparation---Tissues were excised, rinsed with cold saline, and
quickly frozen in liquid nitrogen. Total RNA was extracted from pulverized
frozen, tissue by the guanidine thiocyanate method of Chirgwin et al. [18]
Poly(A )RNA were enriched by oligo(dT)-cellulose chromatography.

Construction and screening of the rat liver cDNA library---Rat liver
mRNA was used for cDNA synthesis by the method of Gubler and Hoffman[19] and
double stranded cDNA was cloned into lambda gt 10 vectors essentially as
described by Huynh et al[20]1 and Young and Davis[21]. After packaging the
DNA in vitro the phage were amplified on Escherichia coli C600hfl .

Rat apoB ¢DNA was identified from the rat liver cDNA library by the
technique of oligonucleotide hybridization. The oligonucleotide probe used
to screen the cDNA library was DNAs 26 nucleotides long, custom synthesized
by YAMASA biochemicals(Choushi, Chiba): 5*-d[ATGCCCATATTTGTCACAAACTCCAC]I-3'.
This sequence was derived from that of human apoB cDNA recently reported by
Deeb, et all151, and corresponded to the amino acid sequence -Val-Giu-Phe-
Val-Thr-Asn-Met-Gly-Ile- belonging to peptide R3-1 [22]. The oliqonucleotidg
was radiolabeled at the 5' end to a specggic activity of approximately 2x107
cpm per microgram by transfer of [gamma-"“PJATP by using bacteriophage T4
polynucleotide kinasef{23]. 3

Phage were plated at a density of 5 x 10~ phage per 150 mm plate, and
plaques were transfeﬁred to "Plaque Screen" filters (§§W England Nuclear).
Approximately 2 x 10" plaques were screened with the ““P labeled oligo-
nucleotide probe.

DNA sequence analysis---Phage DNA was prepared and cloned DNA fragments
were subcloned into the plasmid vectors, pUC18 or 19, before sequencing. DNA

sequencing was performed by the dideoxynucleotide-chain-termination method
of Sanger et all241].

Hybridization analysis 8f apoB mRNA---Total or poly(A") RNA were dena-
tured with glyoxal (ih at 507}, fractionated by electrophoresis through 1.1
% agarose gels containing 10 mM sodium Phosphate,oPH 7.0, and transferred to
nitrocellulose filtegs. Filt§§s were baked at 80°°C for 2h, prehybridized,
and hybridized at 42 C with [Y“PIcDNA labeled by "nick translation". Prehyb-
ridization was performed in a solution containing 5x SSPE buffer, 5x Den-
hardt's solutiog, 1% SDS, and 100ug/ml of heat-denatured salmon sperm DNA
for 6-12h at 42°C. Hybridization was performed in thg same solutéQn contai-
ning 10% dextran sulfate with the addigion of 5 x 107 cpm/ml of OP—labeled
cDNA probe (specific activitg about 10~ cpm /ug) for 24-36h at 42°°C. F&l-'
ters were washed twice at 50°C with 2x SSPE and 1% SDS, and twice at 50°°C

with 0.1x SSPE and 0.1% SDS, air dried, and exposed to X-ray film (Kodak
XAR-5).
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RESULTS

Isolation of apoBcDNA clones---26 bhase-long oligonucleotide was used to
probe a rat liver cDNA library for apolipoproteia B specific sequences.

Four positive clones were identified from amongst ahout 2 x 104 recombinant
phages through twe or three rounds of plaate hybridiczation, The EcoRI-
digested fragment from these clones were subcloned into EcoRl restriction
stte of plasmid plJC19. One clone. designated pRBS was suhjected to further
restriction mapping and then sequencing.

Restriction mapping and sequence analysis of pRBS clone---A restriction
endonucliease cleavage map of the pRB5 clone is illustrated in Fig. t. The
overall length of the sequence is }159 vucleotidestFig. 2). The oligo-
nucleotide probe sequence is detected at nucleotide position 778 and iden-
tical to the sequence of rat apoB cDNA. except for nucleotide 778 (G in the
human apoB ¢DNA is substituted to T in the rat). The correct reading frame
of the nucleotide sequence of pRBS Qas ascertained by the identification of
the homology with the nucleotide and derived amino-acid sequence of the R3-1
peptide present in human apoB100. This clone represented an uninterrupted
reading frame coding 386 amino acids. probably an internal segment of the
rat apoB mRNA because it contained neither untranslated flanking sequences
nor a 3' terminal polytdA).

A partial c¢DNA sequence for rat apoB. isolated by antibody screening by
Lusis et alll4). does not overlap any portion of ours. On the other hand, a
comparison of our sequence with several human apoB (DNAs shows a homology
with a sequence reported by Law et al.l17]. The extensive homology occurs

between human apoB mRNAs and their corresponding proteins(Fig.31. 83% of
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Fig. 1. Partial restriction map and sequencing strategy for the insert of
plasmid PRB5. The extent and direction of sequencing are indicated by the
arrows. Sequence was determined by the dideoxy methods. The 5' and 3°' termi-
ni indicate the orientation of the coding strand. bp, base pairs.
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I 90
TCT CGA CTT CCA ACG ATC ATG GAC TTC AGA AAA TTT TCC CGA AAC TAT CAA ATT TCC AAA TCT GTT TCT ATT CCA CTG TTT GAC CCA GTC
Ser-Arg-Leu-Pro-Thr-1ie-Mei-Asp-Phe-Arg-Lys-Phe-Ser-Arg-Asn-Tyr-Gin- i {e-Ser-Lvs-Ser-Val-Ser-1ie-Pro-Leu-Phe-Asp-Pro-val
180
TCA GCC AAA ATC GAA GGG AAT CTT GTA TTT GAT CCA AGC AGT TAT CTT CCC AAA GAA AGC ATG CTG AAA ACA ACC CTC ACG GTC TTT GGA
Ser-Ata-Lys-1le-Glu-Gly-Asn-Leu-Val-Phe-Asp-Pro-Ser-Ser-Tyr-Leu-Pro-Lys-Glu-Ser-Met-Leu-Lvs-Thr-Thr-Leu-Thr-Val -Phe-Glv
270
ATT GCT TCA CTT GAT CTC TTT GAG ATT GGT TTA GAA GGA AAG GGC TTT GAG CCA ACA CTG GAA GCT CTT TTT GGT AAG CAA GGA TTC TTC
Ile-Ala-Ser-Leu-Asp-Leu-Phe-Glu-I1e-Gly-Leu-Glu-Gly-Lys-Gly-Phe-Glu-Pro-Thr-Leu-Glu-Ala-Leu-Phe-Glv-Lys-Gin-Glv-Phe-Phe
360
CCA GAC AGT GTC AAC AAG GCT TTG TAT TGG GTC AAT GGT CAA GTT CCA GAT CGT GTC TCC AAG GTC TTG GTA GAC CAC TTT GGC TAC ACT
Pro-Asp-Ser-Val-Asn-Lys-Ala-Leu-Tyr-Trp-Val-Asn-Gly-Gin-Val-Pro-Asp-Arg-Val-Ser-Lys-Val-Leu-Val-Asp-His-Phe-Gtv-Tvr-Thr
450
AAG GAT GAC AAA CAT GAA CAG GAC ATG GTG AAT GGA ATC ATG (CC ATT GTG GAC AAG TTG ATC AAA GAA (TG AAA TCT AAA GAA ATT CCT
Lys-Asp-Asp-Lys-His-Glu-GIn-Asp-Met-Val-Asn-Gly-1le-Met-Pro-1le-Val-Asp-Lvs-Leu- | le-Lvs-Glu-Leu-Lvs-Ser-Lys-Glu-lle-Pro
540
GAA GCC AGG GCC TAT CTC €GC ATC CTA GGA AAA GAG CTT GGC TTT GTC AGG CTC CAA GAC CTC CAA GTC CTG GGA AAG TTA CTG CTG AAT
Glu-Ala-Arg-Ala-Tyr-Leu-Arg-1le-Leu-Gly-Lvs-Glu-Leu-Gly-Phe-Val -Arg-Leu-Gin-Asp-Leu-Gin-Val-Leu-Gly-Lys-Ley-Ley-Leu-Asn
630
GGT GCG CAA ACT TTT CGG GGA GTG CCC CAG ATG ATT GTA CAG GCC ATC AGA GAA GGA TCA AAG GAT GAC TTG TTT CTC CAC TAC ATC TTC
Gly-Ala-Gin-Thr-Phe-Arg-Gly-val-Pro-Gln-Met- l1e-Val-Gln-Ala- i le-Arg-Glu-Gly-Ser-tys-Asp-Asp-Leu-Phe-Leu-His-Tvr-(le-Phe
720
ATG GAG AAT GCC TTT GAG CTC €CC ACT GGA GTA GGG CTA CAG CTG CAA GTG TCC TCA TCT GGA GTC TTC ACC CCT GGG ATC AAG GCT GGT
Met-Glu-Asn-Ala-Phe-Glu-Leu-Pro-Thr-Gly-Val-Gly-Leu-Gin-Leu-Gin-Val-Ser-Ser-Ser-Giv-val-Phe-Thr-Pro-Gly-lle-Lys-Ala-Glv
810
GTG AGA CTG GAG TTA GCC AAT ATT CAG GCA GAG CTA GTG GCA AAA GCC TCT GTG TCT TTG GAG TTT GTG ACA AAT ATG GGC ATC ATC ATC
Val-Arg-Leu-Glu-Leu-Ala-Asn- | le-Gin-Ala-Glu-Leu-Val-Ala-Lys-Ala-Ser-Vai-Ser-Leu-Glu-Phe-Val-Thr-Asn-Met-Glv-lie-lle-1le
900
CCA GAC TTC GCT AAG AGC GGT GTT CAG ATG AAT ACA AAC TTC TTC CAC GAG TCA GGC CTG GAG GCT CGA GTG GCC CTG AAG GCT GGG CAG
Pro-Asp-Phe-Ala-Lys-Ser-Gly-Val-Gln-Met-Asn-Thr-Asn-Phe-Phe-His-Glu-Ser-Glv-Leu-Glu-Ala-Arg-Val -Ala-Leu-Lvs-Ala-Glv-GIn
990
CTG AAG GTC ATC ATT CCT TCT CCG AAG AGG (CG GTC AAG CTG TTC AGT GGU ACG AAC ACG TG CAC CTG GTC TCT ACC ACC AAA ACG GAA
Leu-Lys-Vat-lle-tle-Pro-Ser-Pro-Lys-Arg-Pro-Val-Lys-Leu-Phe-Ser-Gly-Thr-Asn-Thr-Leu-Hts-Leu-Val-Ser-Thr-Thr-Lvs-The-Gly
1080
GTG ATC CCA CCT TTG ATT GAG AAC AGG AAG TCC TGG TCA ACT TGC AAG CCT TTC TTC ACC GGC ATG AAC TAC TGT ACC ACA GGG GCT TAC
Val- [1e-Pro-Pro-Leu- | le-Glu-Asn-Arg-Lys-Ser-Trp-Ser-Thr-Cvs-Lys-Pro-Phe-Phe-Thr-Glv-Met-Asn-Tvr-Cvs-Thr-Thr-Glv-Ala-Tyvr
1155
TCE AAT GCC AGC TCC ACA GAG TCT GCC TCT TAC TAC CCA CTG ACA GGA GAC ACA AGG TAT GAG (TG GAG TTG AAG
Ser-Asn-Ala-Ser-Ser-Thr-Glu-Ser-Ala-Ser-Tyr-Tyr-Pro-Leu-Thr-Gly-Asp-Thr-Arg-Tvr-Glu-Leu-Glu-Leu-Lvs

Fig. 2. Nucleotide sequence and deduced amino acid sequence of clone pRB5S.
The nucleic acids are numbered beginning at the first triplet of the cloned
apoB sequence.

the nucleotide positions were identical and the corresponding amino acid
positions for this region of the protein showed 84% homology. To achieve an
alignment with maximum homology between human and rat apoB sequences, neit-
her deletion nor insertion was introduced anvwhere.

RNA blot hybridization analysis of rat and human apoB mRNA---ApoB mRNA
in the various rat tissues were evaluated by RNA blot hybridiza-
tion analysis using a 1159-bp EcoRI-digested insert of pRB5 as a probe. The
labeled apoB ¢DNA clone hybridized to a single major RNA species corre-
sponding in electrophoretic mobility to about 15 kb in the liver. Diffuse
hybridization in lower molecular weight regions was observed, but it proba-
bly represents partial degradation of this very large mRNA species. ApoB

mRNA was detected not only in the lijver. but also in the small intestine [Fig. 4].
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1 80
Rat SRLPT IMDFRKFSRNYQ | SKSVS 1 PLFDPVSAK | EGNLVFDPSSYLPKESMLKTTLTVFG I ASLDLFE | GLEGKGFEPTL

Human  SQLPTVMDFRKFSRNYQLYKSVSLPSLDPASAK!EGNL | FDPNNYLPKESMLKTTLTAFGFASADL | EI GLEGKGFEPTL
138 217

160

Rat EALFGKQGF FPDSVNKALYWVNGQVPORVSKVLVOHFGYTKDDKHEQDMVNG IMP VDKL | KELKSKE | PEARAYLR LG

Human  EALFGKQGFFPDSVNKALYWVNGQVPDGVSKVLVDHFGYTKDOKHEQDMVNG IMLSVEKL | KDLKSKEVPEARAYLRILG
297
240
Rat KELGFVRLQDLAVLGKLLLNGAQTFRGVPQMI VQA | REGSKDDLFLHY | FMENAFELPTGYGLALQVSSSGVFTPGIKAG

Human  EELGFASLHDLOLLGKLLLMGARTLQGIPQMIGEV | RKGSKNDFFLHY | FMENAFELPTGAGLOLQ | SSSGV | APGAKAG
317
320
Rat VRLELAN | QAELVAKASVSLEFVTNMG | 1 PDFAKSGVAMNTNFFHESGLEARVALKAGQLKV | 1 PSPKRPYKLFSGTNT

S 85 0 90008EE 0% $ECEILIININNGE 2000 SEEINLI00NOS C0ETNL SO SesEsLAGEEL OO o

Human  VKLEVANMQAELVAKPSVSVEFVTNMGI | | PDFARSGVAMNTNFFHESGLEARVALKAGKLKF | I PSPKRPVKLLSGGNT
457

385

Rat LHLYSTTKTEV | PPL | ENRKSWSTCKPFFTGMNYCTTGAYSNASSTESASYVPLTGDTRYELELK

Human  LHLVSTTKTEVIPPLIENRQSWSVCKQVFPGLNYCTSGAYSNASSTDSASYYPLTGDTRLELELR
522

Fig. 3. Comparison of rat and human apoB amino acid sequence. The human
apoB protein sequence is taken from Ref. 21. The corresponding rat sequences
are those shown in Fig. 2. The standard one-letter amino acid abbreviations
are used. Neither insertion nor deletion of amino acid was introduced anyw-
here to achieve an alignment with maximum homology to human and rat apoB
sequences.

The rat organs other than the liver and intestine produce no detectable apeB
mRNA. Our probe cross-hybridized with human and rabbit liver apoB mRNA
sequences and the size of those mRNAS were not discernibly different as
judged by mobility on agarose gelstdata not shownl). This result is in
agreement with recently published datall4-171.

Effect of cholesterol feeding on apoB mRNA---Six weeks later. serum

cholesterol concentrations in cholesterol-fed rats were approximately six-

Bkb - ||.

-

Fig. 4. Tissue distribution of apoB mRNA. Northern blot hybridization of
electroghoretically fractionated Poly(A) RNA. Each line contained 5ug of
Poly(A) 'RNA isolated from (1)rat liver, (2)intestine, (3)kidney, (4)spleen,
(5)brain. The filter yere exposed to x-ray film(Kodak XAR-5) with an inten-
sifying screen at -70°C. The size of 15-kb mRNA was estimated by comparison
to HindlII1-digested lambda DNA fragments.
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LIVER INTESTINE
] 2 1 2

-p =~
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Fig. 5. Effect of cholesterol feeding on apoB mRNA. Male SD rats. 180-200qg.
were maintained on normal rat chow or., for a period of six weeks, on a
cholesterol-rich diet(described under "Materials and Methods™). RNA was then
isolated from the liver and intestine, fractionateqzelectrophoretically.
transferred to a nylon filter and hybridized with ““P-labeled apoB probe.
Each sample contained 25ug of total RNA.

fold higher than those in control rats. We measured the relative

amount of apoB mRNA in the two major tissues involved in apolipoprotein B
synthesis. liver and intestine. The amount of apoB mRNA in the liver was
apparently higher in rats maintained in a high cholesterol diet than in rats
maintained on a normal diet. On the other hand. there was no discernible
change of the abundance of apoB mRNA in the intestinelFig. 5].

DISCUSSION

Several important conclusions have emerged from these studies. First.
we have presented the sequence of a 1.2-kilobhase fragment of rat apoB cDNA
cloned in the phage vector lambda gtl10. Second. the expression of apoB mRNA
showed a high degree of organ specificity. It i5 synthesized only in the
liver and intestine. Finally. apoB production in the liver increased at the
level of mRNA in response to cholesterol feeding. in the rat.

The rat apoB cDNA clone PRBS represented an uninterrupted reading frame
coding 386 amino acids. On the basis of limited sequencing and cross-hybri-
dization analysis. rat apoB appears to be highly homologous to human apoB.
The overall nucleotide and deduced amino acid homology between rat and

humanl173 is 83% and 84%, respectively. RNA blot analysis showed that rat
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apoB ¢DNA probe cross-reacts with human and rabbit apoB wRNA sequences and
the size of those mRNAs was not discernibly different.

The tissue distribution of apoB mRNA with abundant expression in the
liver and intestine, is consistent with that expected on the basis of pro-
tein production and secretion. Blue et all25] reported that a protein immu-
nologically related to apoB was found in rooster kidney. as well as in the
liver and intestine. There might be some difference in apc B metabolism
between mammalians and rooster.

We have studied the effect of chotasierol feeding on apoB synthesis at
the level of mRNA in rats. The data indicated that in the liver there was a
significant increase of apoB mRNA in response to cholesterol feeding. Howe-
ver, Davis et all[26] reported that dietary cholesteral does not affect the
synthesis of apoB by rat cultured hepatocytes. Schonfeld et allltl demon-
strated an increases of apoB protein in rat intestinal mucosa after adminis-
tration of fat. However. apoB wmRNA level in the small intestite was not
elevated in our study. The explanation of these discrepancies is unciear and

requires further investigation.
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