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Cloning of Rabbit HPRT Gene Using the Recombineering System
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Abstract Hypoxanthine phosphoribosyltransferase (HPRT) plays an important role in the metabolic
salvage of purines, and been used as an alternative pathway for mutant selection in many studies. To
facilitate its application in rabbits, we have cloned the cDNA and genomic DNA of the rabbit HPRT gene
using an approach that combines bioinformatics and recombineering methods. The cDNA is comprised of
1449 bp containing a coding sequence for a protein of 218 amino acids. The deduced amino acid sequence
of the rabbit HPRT gene shares 98%, 97%, 98% and 94% identity with human, mouse, pig and cattle HPRT
genes, respectively. Reverse transcription-polymerase chain reaction analysis showed that this gene is
ubiquitously expressed in tissues of adult rabbit. The rabbit HPRT gene spans approximately 48 kb in
length and consists of nine exons. The cloning of the rabbit HPRT gene shows the usefulness of the
recombineering system in cloning genes of large size. This system may facilitate the subcloning of
DNA from bacterial artificial chromosomes for cloning genes of large size or filling big gaps in genomic
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sequencing.
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Hypoxanthine phosphoribosyltransferase (HPRT, EC
2.4.2.8), an enzyme that catalyzes the conversion of
hypoxanthine and guanine to their respective 5'-
mononucleotides, is essential for the metabolic salvage of
purines in mammalian cells. A deficiency of the enzyme
causes the clinical disorders of Lesch-Nyhan syndrome
and gouty arthritis in human males [1]. In mammalian
cells, the x-linked HPRT gene has been extensively used
in mutation studies because of its functional haploidy. It
is used to design powerful selections for isolating cells
lacking enzyme activity. The orthologs of the HPRT gene
have been cloned in mouse [2] and human [3], and the
gene’s exon-intron organization is conserved in these
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mammalian species. Gene targeting at the HPRT locus
has successfully corrected a mutant HPRT gene in mouse
embryonic stem (ES) cells [4]. Importantly, the HPRT
locus has been used as an optimal surrogate site for
integrating a copy of a transgene into the genome by a
precise homologous recombination event [5,6].

To obtain an animal model for Lesch-Nyhan syndrome,
two groups independently reported success in generating
HPRT-deficient male mice. But they did not find any
spontaneous behavioral abnormalities characteristic of
Lesch-Nyhan syndrome in these mice [7,8]. In 1996, Engle
et al. obtained HPRT/adenine phosphoribosyltransferase
(APRT) doubly deficient mice, but they did not observe
any behavioral abnormalities related to Lesch-Nyhan
syndrome in humans [9]. Until now, there has been no
animal model for Lesch-Nyhan syndrome.

Rabbit ES cells represent an excellent in vitro system
to study gene expression and regulation in stem cell self-
renewal and differentiation. They are also a potential
resource for producing transgenic rabbits by somatic cell
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nuclear transplant and gene targeting. Transgenic rabbits
provide a great advantage compared to transgenic mice
because, as a relatively large mammalian model, they has
provided unprecedented opportunities to study human
disease mechanisms and alternative ways to produce
therapeutic proteins to these diseases [10,11]. Rabbit ES
cells have been isolated [12,13] and can proliferate for a
prolonged period in vitro while remaining pluripotent. They
readily integrate and express exogenous genes and can be
used as nuclear donors to generate cloned rabbits [12,
14].

To facilitate gene targeting in rabbit ES cells and the
production of transgenic rabbits, we cloned and analyzed
the rabbit HPRT gene and its cDNA.

Materials and Methods

Bacterial strain

Recombinogenic strains EL350 that carry a defective
A prophage with inducible Red recombination proteins were
kindly provided by Dr. Neal COPELAND (National Cancer
Institute-Frederick, Frederick, USA) [15].

Rabbit bacterial artificial chromosome (BAC) library
screening

Rabbit BACs were obtained from the Children’s Hospital
Oakland Research Institute (Oakland, USA). The BAC
clones containing the rabbit HPRT gene were isolated by
screening an LBNL-1 rabbit BAC library with genomic-
specific overgo probes followed by polymerase chain
reaction (PCR) identification. The overgo probes (Hprt-
Ova, 5-ATTGTAGCCCTCTGTGTGCTCAAG-3"; and
Hprt-Ovb, 5-AGAACTTATAGCCCCCCTTGAGCA-3")
and PCR primers (OCHprt7, 5-CCCTCGAAGTGTTG-
GATACAGG-3"; and OCHprt8, 5-GTCAAGGGCATA-
TCCTACAACAAAC-3") were designed based on the partial
cDNA sequence of the rabbit HPRT gene (GenBank
accession No. AF020294).

In silico cloning of rabbit HPRT cDNA

A BLASTN (http://www.ncbi.nlm.nih.gov/blast/Blast.
cgi?PAGE=Nucleotides& PROGRAM=blastn&MEGA -

BLAST=0n&BLAST PROGRAMS=megaBlast&PAGE TYPE
=BlastSearch& SHOW_DEFAULTS=o0n) search of the rab-
bit expressed sequence tags database (dbEST) using a
partial cDNA sequence of the rabbit HPRT gene as a query
identified three EST sequences (GenBank accession Nos.
EB373457, EB373458 and EB378005). These EST

sequences were retrieved, assembled into a contig
sequence, and used to guide the isolation of the gene and
its cODNA. DNase I-treated total RNA from the adult liver
tissue was reverse-transcribed using M-MLV reverse
transcriptase (Promega, Madison USA) and a putative
gene-specific primer (HPRT-RT, 5'-TGGTAATTT-
ATTTGATTGCA-3"). A fragment containing the complete
coding region was then amplified using the sense primer
[5-GAGCGAGCCTCTCGGCTTTCC-3', located in the
putative 5" untranslated region (UTR)] and the anti-sense
primer (5'-ATTCAATCACTTCTGTTCTTTCCTG-3/,
located in the putative 3’ UTR). All of these primers were
designed according to the assembled contig sequence.

Expression analysis using reverse transcription (RT)-
PCR

Total RNA from adult tissues, including heart, liver,
spleen, kidney, brain and muscle, was isolated and reverse-
transcribed using random hexadeoxyribonucleotide
primers (TaKaRa, Dalian, China). HPRT mRNA was
analyzed by RT-PCR using primers 5-GTAATCGGTGG-
AGATGATCTCTCA-3"and 5-GTCAAGGGCATATCC-
TACAACAAAC-3'. Water was used as the negative
control.

Cloning the entire HPRT gene

The assembled contig sequence was used as a query to
search the rabbit whole genome shotgun sequences data-
base using the BLASTN tool. As shown in Fig. 1(A), five
sequences were identified (GenBank accession Nos.
AAGWO01580029, AAGW01067486, AAGW01700953,
AAGWO01715926 and AAGW01580025). The approach
to clone the complete genomic DNA of the HPRT gene is
shown in Fig. 1(B). Four overlapping DNA fragments
spanning the entire gene were subcloned by homologous
recombination, sequenced and assembled.

Construction of gap repairing vectors

An Hpal restriction site was introduced into the down-
stream region of the Ap resistance cassette in the pKS-
plasmid by PCR amplification using primers 5'-
AGTTAACATTTCCCCGAAAAGTGCCAC-3' (Hpal
restriction site underlined) and 5'-ACTCCGCTCATGA-
GACAATAACCCTG-3' (GenBank accession No.
X52329). The modified vector (mpKS) maintains all the
characteristics of pKS-plasmid. The vector was linear-
ized with Hpal or EcoRV, and the blunt ends were modi-
fied by a T-tailing procedure [16].

A three-step procedure was carried out to synthesize
the linear gap repairing vector (Fig. 2). First, four up-
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Fig. 1 Cloning of the rabbit HPRT gene
(A) Schematic structure and genomic organization of the rabbit HPRT gene. Nine exons (black boxes) and five identified partial genomic DNA sequences (shaded boxes;
HPRT-A, HPRT-B, HPRT-C, HPRT-D and HPRT-E) are shown according to their relative positions. (B) The strategy for cloning the complete genomic DNA of the HPRT
gene. Four overlapping DNA fragments were subcloned by homologous recombination between the HPRT-containing bacterial artificial chromosome (BAC) and four linear
gap repairing vectors designed according to the four identified partial genomic DNA sequences. The four overlapping DNA fragments were sequenced and assembled into

the complete genomic DNA sequence of the HPRT gene.
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Fig. 2 Polymerase chain reaction (PCR) synthesis of the linear gap repairing vector

(A) Four upstream homology arms (up arm; FIR1, F3R3, F5RS and F7R7) were amplified from bacterial artificial chromosome (BAC) DNA and inserted into the Hpal
site of mpKS plasmid in the desired direction by TA cloning. (B) Four downstream homology arms (dw arm; F2R2, F4R4, F6R6 and F8R8) were amplified from BAC
DNA and inserted into the EcoR V site of four recombinant plasmids (mpKSFIR1, mpKSF3R3, mpKSF5RS and mpKSF7R7) in the desired direction by TA cloning.
(C) PCR amplification of four linear gap repairing vectors from four recombinant plasmids (mpKSF1R1F2R2, mpKSF3R3F4R4, mpKSF5R5F6R6 and mpKSF7R7F8RS)

using specific primers indicated by arrows.

stream homology arms (F2R2, F4R4, F6R6 and F8R®)
were amplified from BAC DNA and inserted into the EcoRV
site of four recombinant plasmids (mpKSF1R1,

stream homology arms (F1R1, F3R3, F5RS and F7R7)
were amplified from BAC DNA and inserted into the Hpal
site of mpKS plasmid by TA cloning. Second, four down-
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Table 1

Primers for synthesis of four linear gap repairing vectors and identification of recombinant subclones

Primer sequence Application Size (bp) GenBank accession No.
F1, 5-CTTGGAGTCTGATTTGCACAAGG-3’ FIRI 358 AAGWO01580029
R1, 5-GGAAGAAACGGAGACCACCTG-3' FIRI 358 AAGWO01580029
F2, 5-GCAGCAGCCAAGACTTGAACCAG-3' F2R2 361 AAGWO01067486
R2, 5-GCTAATCCTCCACCTTGCAGCAC-3’ F2R2 361 AAGWO01067486
F3, 5-TGTAGGACTGAAAGGCTTGCTCG-3' F3R3 471 AAGWO01067486
R3, 5-GGGAAAGCACTGGAAGATGGTC-3' F3R3 471 AAGWO01067486
F4, 5-GGAAGTGATTGTGACTGAAGATGG-3’ F4R4 352 AAGWO01700953
R4, 5'-GGTTGAGAGATCATCTCCACCG-3’ F4R4 352 AAGWO01700953
F5, 5-TGCACTATTGCAATGGTTGAGC-3’ F5R5 272 AAGWO01700953
R5, 5-ACTCATCTTCAGCAATGTCTGGG-3' F5R5 272 AAGWO01700953
F6, 5-TCTCTCAAGGTTTGGAGCTCCTG-3’ F6R6 504 AAGWO01715926
R6, 5-CCAGTTTCCTGCTAATGCACACC-3' F6R6 504 AAGWO01715926
F7, 5-GTAAGTAGGAACGTTCTCGGAGATC-3' F7R7 264 AAGWO01715926
R7, 5-CCCTTCCTACCACATCCTTATCC-3' F7R7 264 AAGWO01715926
F8, 5-ACCATTCCAGTAGCCTCTGACCC-3' F8R8 735 AAGWO01580025
R8, 5-GGTTGGCATTGTGGTGAAGTGAG-3' F8R8 735 AAGWO01580025
F9, 5-GGTTGTAGGAGATAGGGAAGCAGC-3’ NA NA AAGWO01580025
MI13R, 5-CAGGAAACAGCTATGAC-3' NA NA X52329

F, forward; M13, M13 phage; R, reverse. NA, not applicable

mpKSF3R3, mpKSF5RS and mpKSF7R7) by TA cloning,
respectively. Finally, the four recombinant plasmids
(mpKSFIR1F2R2, mpKSF3R3F4R4, mpKSF5R5F6R6
and mpKSF7R7F8R8) were used to prepare the four lin-
ear gap repairing vectors by PCR using the primers shown
in Table 1.

Transformation of BAC into EL350 recombinogenic
strains

A single colony of Escherichia coli DH10B containing
304M19 BAC was grown overnight in 5 ml of Luria broth
(LB) with chloramphenicol (12.5 pg/ml). BAC DNA was
isolated according to the BAC miniprep protocol using
the Plasmid Mini kit (Qiagen, Valencia, USA). A single
colony of EL350 cells was inoculated in 5 ml LB at 32 °C
overnight with shaking. The cells were collected by
centrifuging at 3000 g (0 °C) for 5 min the next day. The
pellets were resuspended in 900 ul of ice-cold water,
transferred to a 1.5 ml Eppendorf tube on ice, centrifuged
at 20,000 g (4 °C) for 20 s, and the supernatant was
discarded. The washing process was repeated three times,
the cells were resuspended in 50 ul of ice-cold water, and
mixed with 1 ul (50-100 ng) of freshly prepared BAC
DNA. The DNA-bacteria mixture was transferred into a
0.1 cm cuvette (Bio-Rad, Hercules, USA) and
electroporated at 1.8 kV, 25 UF and 200 Q using a Gene

Pulser II electroporator (Bio-Rad, Hercules, USA). One
microliter of LB was added to the electroporated bacteria,
incubated at 32 °C for 1 h with shaking, spun down, spread
onto a plate containing chloramphenicol (12.5 pg/ml), and
incubated for 24 h at 32 °C.

Homologous recombination

A single colony of EL350 containing BAC was inocu-
lated into 5 ml LB with chloramphenicol and incubated at
32 °C overnight with shaking. The next day, 1 ml of the
culture was transferred to 20 ml LB with chloramphenicol
and incubated at 32 °C for approximately 2 h (A44,=0.5)
with shaking. The culture (10 ml) was transferred to a 50
ml Falcon tube and shaken in a 42 °C water bath for 15
min. The tube was immediately put into wet ice, shaken
for 2—3 min to make sure that the temperature dropped as
quickly as possible, then left in ice for 6 min. Cells were
spun at 3000 g (0 °C) for 5 min. The pellet was resus-
pended in 900 pl of ice-cold water followed by three washes
with ice-cold water, as described above. Finally, the cells
were resuspended in 50 pl ice-cold water, mixed with 2 ul
(200—-400 ng) of purified PCR fragments of the four linear
gap repairing vectors (mpKSF1R1F2R2, mpKSF3R3F4R4,
mpKSFSR5F6R6 and mpKSF7R7F8R8), and
electroporated as described above. After electroporation,
cells were resuspended in 1 ml LB, incubated at 32 °C
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with gentle shaking for 1 h, spread onto a plate with
ampicillin (60 pg/ml), and incubated at 32 °C for 18-20 h.
The recombinant BAC subclones from four linear gap re-
pairing vectors were identified by PCR using sense primers
F3, F5, F7, F9 and antisense primer M13R (Table 1).

Results

c¢DNA cloning of HPRT

Three overlapping EST sequences (GenBank accession
Nos. EB373457, EB373458 and EB378005) were identified
by searching the rabbit dbEST database using a partial
c¢DNA sequence (GenBank accession No. AF020294) of
the rabbit HPRT gene as a query. A 1449 bp contig
sequence was assembled and identified by amplifying a
1179 bp cDNA fragment from the liver cDNA pool using
a pair of specific primers designed according to the contig
(Fig. 3).

bp
20100

[LEAL]
T

00

Fig.3  Reverse transcription-polymerase chain reaction (RT-
PCR) identification of the assembled cDNA sequence of the
rabbit HPRT gene

A 1179 bp specific fragment was amplified from the cDNA of rabbit liver using a
pair of specific primers designed according to the assembled H/PRT cDNA sequence.
M, DNA marker; 1, RT-PCR product of HPRT ¢cDNA fragment indicated by arrow;
2, negative control without adding reverse transcriptase.

The cDNA contains a 154 bp 5’-UTR, a 657 bp open
reading frame encoding a protein of 218 amino acids, and
a 638 bp 3-UTR. The nucleotide sequence has been
submitted to the GenBank databases under the accession
No. EF062857 (Fig. 4). The coding area showed 98%,
97%, 98% and 94% identity in the amino acid sequence

1 ERctEct RCARCCECEAARARAEOCCRARCRRRC ot CEECt TToCCg CRoRECRCCRT
] ctectactgcgoctocpoctoctoctoigetccpctpecgEct toctact oot o tgaceg
1 RATESFPFEVWY
121 cogoccgtcagoccgctogooggocgEccocgttatggogactcgocagocccagepttet
0 I s v EFGYDLDLFPEFLCIFNHTYW
|81 gattagtgat gatgaacogggatatgacctagatttatttigtatacctaatcattacgt
3 EDLERYFIFHGLTIMNDETTETERL
241 cgaggactiggasaggetgt tattoctoatgpactcattatggacaggact gaanggct
50 4 EDVYVXKEEIXIGOGCHEHETLINSTYTALTGCVYLE
M tgctogagatgigatigaasgagatgggaggecatcacattgtagocctctat gt gctcas
M 6 6 YT KFF ADLLUDTTIHEASALULIU NTETESE
36 EEREERctataag i ot TiECT e tgciggat Tatattanagocctgaat aganatas
9 0D E 5§85 I FYXTWVDPFTIELEH ST YO OCIHNTDGQ
421 tgatagatcoattcetatgacigtagatt ttatcagncigaagagoiacigt natgacca
g 8 TG D I EVIGCOGEGEDDLUSTLTTGTEHR
48] ElCasCARRERACA AR A TCEEIEERE AT RATCTCTCARCC I TARCT REARaEAR
30 + L I ¥ ED I I DTOGCEKETHEAQTULLETL
54 tgtcttgattgtt paagatataatigacacigEcaanacastgcagaccitget tiactt
150 v £ @ Y X F E X W E ¥ 4 SLLYXETF
B} ERTcasgcagtatastocanagatggtcaaggtcgoangcctgetgg tEasaagEncces
170 E 8 VG YR FDFYGFETIVPDIEKTFTWVVW
6] tegaagtigtiggatacagscragactitgitggattiganattccagacaagi T gL tET
%) & ¥ AL DY ¥ EYFEREDLIBEHTYCVYIE
T3] aggatatgooctigactataatgaatact tcagegat tigaatcatgtt igtgicattag

M E T C K A EY E A ®
TR TEaasct ERARSARCAASAT ACAnAECo LAAR A THASAC IR CRARIC AR TTEEASAAT
K4] atcaggagtotoettgacatogocagtanant tatcanatgototagttctgtgeocats

O] tEcttaaatagagctttiigeatgitaccttataagaatititateigt tttgateita
05 gaaatgtcattigoigcattoctaagetotttgttigeactatgagectatagactatcy
2] gttcccttipeet ppatigt taaacasttgttanact tgptgaatgaaaaaat tatcitas
1R ategcaccaciataagatsasaatatigangT tETAtCTRAAAACHTT TAARS AR AES
1141 tatattagttttttaattgptattttaatttttatatattcaggaaagaacagaagtgat
130 tgaatatigifsattatattactgigigt ttagnanaganaagaageagicagh ttoaca
124 tcaaastagagcatcizagaggittigttctgt tgeageaacctatgooctgtagttatts
132] tattagigiticagragiatiggetatit teccacaigttcagattatt tosaaggaatt
138 tiigtcaacagttcotitianatgoantcanatanat taccasaanat agansanaanas
1441 assasaina

Fig. 4 cDNA and predicted amino acid sequences of the
rabbit HPRT gene

The nucleotide sequence is shown underneath the amino acid sequence and num-
bered separately. The ATG start codon, TAA stop codon and polyadenylation
signal are shown in bold. This sequence has been submitted to the GenBank
database under the accession No. EF062857. * asterisk means TAA stop codon.

with human, mouse, pig and cattle HPRT genes, respec-
tively (Fig. 5), suggesting that this is the rabbit homolog
of the HPRT gene.

mRNA expression in adult tissues

Expression of the HPRT gene in the adult rabbit heart,
liver, spleen, kidney, brain, and muscle was examined using
RT-PCR. A 237 bp PCR product was amplified from
cDNAs of adult tissues examined (Fig. 6). RT-PCR
analysis showed that the rabbit HPRT gene is expressed
ubiquitously in adult tissues.

Cloning the HPRT gene
Five genomic DNA fragments (HPRT-A, HPRT-B,
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Robbii HPRET BATEEFS VY] SIDEFCYTLOLPC I FTEYVE Of FEVE 1 FHCL [ BOFT FRL & AIWEEFICCH
Human HPET BATEEPGVY] S IDEFGCYTLOLFC I FTE AR Of FEVE 1FHCL I BOFT FFL & AIWEEFACGH
Mouse HPRT BFTPEFS VY1 3 IDE FE YT DLFC I T AR DL PE VF TFHEL I A0FT FL & AIVEEF-o
Pig HFRT WA TFEFS VI S IDE FEYTLDLFC I T YA DLFE VF TFHEL I MDFT EFLA AIVEEEA-CH
Coitle HPFRT BAAPEFS VY] SIIEFCYDIRLET [ PREYAR DLFE VF TFE-L] FOPT FILA RIVEREIGGH

ek, fokkek
Rabbii HPRT HI VAL VLEG GYEF FADL T T LRI A2 DS IFEIVD T IAL ES TCHDGE TED] EVIGED
Humpn HPRET  HIVALD VLG I FADL LD T AL AlS DFS TFETVD FIRLES YT EDGS TEDI EVIGED
M o _HI’I{T HIVALD VLI TR FADL LW T LRLN R DPE TFENVD FIRLES TTATRET CII LV IGED
p.ll_"]:RT HIVALE VUG CTEF FADL LI T LA P DS TR ETVI F I RL ES YT RTSS TE0] EVIEED
Caiile HPRT ~ EIVALS VLEGGYEFBACL L0¥] LA1H 55 0ES IFETVDFEFLESYCBINE T60] EVICED
Rabbit HFRT ILSTLTCEY LIVEDL IDTEET I TL LS LV R i FERY EVAS LLVEFTFRS VT FrIfve
Human HPRT ILSTLTCEY LIVEDT IDTEET B TL LS LV PRl i FERV EVAS LLVE FTFRS VT EFTEveE
Mowse HPRT — DLSTLTEINVLIVED] IDICETMITLLSLVESYS FERV EVAS LEVERTSRSVEY FFIEVE
Pig HPRT DLSTLTGINY LIVEOT IETGET M TL LS LV ESES FERY VA5 L1 VERTPRS VoY FRLE G
Cantle HFRT DL ETLTGENV LIVEDT IO TEET BN TL LAL VEESE THRY IVAS LI BEFTFREWGY EPIEVE
i Lo g B A
Rabbit HPRT FE TFOE FIC TAL DY FEDLREW FISETEEAEVER
Human HPRT  FEIFIEFVVC TALDYEEY FEILREW FISETCEALYER
Muose _HI’I{ I FEIFDEFVVG TALDYEY FEI BEVC FISETEEAEYER
Pig HPRT FE TFDEFVVE TALI Y FEILREW, VIS TEEAEYER
Cantle HFRT FETFDEFYW: TALINIE FEILEEY VIS ETREREVER
Fig. 5 Alignment of deduced amino acid sequences of rabbit, mouse, human and cattle HPRT proteins

GenBank accession numbers for rabbit, human, mouse, pig and cattle HPRT are EF062857, NM_000194, NM_013556, NM_001032376 and NM_001034035,
respectively. An asterisk (*) indicates that the residues or nucleotides are identical in all sequences in the alignment. Sequence alignment was carried out using the

ClustalW method.
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[ ()
Fig. 6 Reverse transcription-polymerase chain reaction

analysis of HPRT expression in adult rabbit tissues

A 237 bp fragment of rabbit HPRT cDNA was amplified from adult tissues includ-
ing heart, liver, spleen, kidney, brain and muscle. M, DNA marker. Water,
negative control.

HPRT-C, HPRT-D and HPRT-E) of the putative HPRT
gene were obtained through a homology search of the
rabbit whole genome shotgun sequences database using
the HPRT cDNA sequence as a query. HPRT-A contains
exon 1 and partial intron 1. HPRT-B contains partial intron
1, intron 2, partial intron 3, exon 2 and exon 3. HPRT-C
contains partial intron 3, partial intron 4 and exon 4. HPRT-
D contains partial intron 5, partial intron 6 and exon 6.
HPRT-E contains partial intron 6, intron 7, intron 8, exon

7 and exon 9. The relative positions of the five fragments
in the HPRT gene are shown in Fig. 1(A).

As well as the sequenced area, the sequences of four
big gap regions are still missing. The genomic DNA of
these big gap regions was subcloned from the BAC clone
304M19 using a recombineering-based method. The
304M19 clone contains the complete coding region of the
HPRT gene. The subclones were PCR screened and those
with PCR products of the expected sizes were selected
and sequenced. Four fragments, approximately 12, 13,
10.5 and 14.5 kb in length, were obtained, which covered
all the missing gaps in the HPRT gene [Fig. 1(B)]. These
sequences were assembled into a contig sequence spanning
the complete coding region of the rabbit HPRT gene.

Genomic organization of the rabbit HPRT gene

The assembled sequence of the rabbit HPRT gene has
been submitted to the GenBank database under the
accession No. EF219063. Alignment of the HPRT cDNA
with the genomic sequence revealed that the entire gene
is 47.9 kb in length and split into nine exons. Exon-intron
junctions were deduced by comparing the HPRT cDNA

©lnstitute of Biochemistry and Cell Biology, SIBS, CAS
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Table 2 Exon-intron organization of the rabbit HPRT gene
Exon No. Exon size (bp) Sequence of exon-intron junction Intron size (bp)
5"-Splice donor 3"-Splice acceptor

1 181 TGTGgtgagtagcet tetttttcag ATTA 8959
2 107 ACAGgttagtaata gtttctgtagGACT 1536
3 184 CTGTgtaagtatat ttttaaccagAATG 12,867
4 66 AAAGgtatgtatct tttcttctagAATG 5121
5 18 TGAAgtaagttcta ttttttaaagGATA 3706
6 83 CAAGgtaagtatca taattaacagCCTG 8888
7 47 GACTgtaagtgaat ttetttctag TTGT 173
8 77 GAATgtaagtaatt tattttctagCATG 723
9 665

Exon and intron sequences are shown in capital and lowercase letters, respectively. The gt and ag splice sites of the donor and acceptor sequences of each intron are

shown in bold. The genomic sequence of the rabbit HPRT gene has been deposited in the GenBank database with accession No. EF219063.

with the genomic sequence following consensual splicing
signal rules (GT/AG) [17]. The boundary of each exon
and its flanking intron sequences are shown in Table 2.
The exon-intron organization is similar to that previously
determined for the HPRT orthologs of mouse [2,3]. The
sizes of the seven internal exons are identical to those of
the mouse and human HPRT gene. The 5'end of the gene
contains extremely GC-rich sequences and two GC
hexanucleotide motifs (5'-GGCGGG-3"), but lacks the
prototypical 5' transcriptional regulatory sequence
elements. These structural features of the gene are highly
conserved.

Discussion

Whole genome shotgun sequencing and ESTs have
produced a tremendous amount of sequencing information
for genes of many species, now available in the public
domain. However, sequences generated by these
approaches are often fragmented, small in size (<20 kb),
and separated by big gaps of unknown sequences. For
complicated large genes, filling in these big gaps could be
difficult. The human PDE1IA gene is in a genomic DNA
region of over 300 kb and contains 23 exons. To obtain its
exon-intron organization, long-distance PCR and the
screening of the human genomic DNA phage library and
BAC library were carried out [18]. For some genes with
big introns and small exons, it is impossible to obtain
complete sequences by the PCR method alone.

In order to obtain sequences for the entire HPRT gene,
we tried to clone the big gap regions using long-distance

PCR. However, complicated template structures in the
genome posed problems that were difficult to overcome.
In addition, nucleotide substitutions arising from
misincorporation by 7ag DNA polymerase potentially
reduced the quality of the cloned sequences. The attempt
to directly sequence BAC clones by a shotgun sequencing
strategy was time-consuming, laborious and expensive,
and generated many superfluous sequencing reactions.

During the past few years, it has become possible to
manipulate BAC clones by recombineering in E. coli.
Efficient homologous recombination, mediated by the Red
proteins of A phage in E. coli, permits insertion of linear
fragments into the BAC constructs, as well as the
subcloning of DNA fragments from them [19-21]. The
gap repairing process that enables homologous recombi-
nation between the linear gap repairing vector and the
genomic DNA in the BAC clones makes it very convenient
to subclone large-sized DNA from the BAC constructs
into high-copy plasmid vectors.

We have used sequences provided by databases to de-
sign arms to subclone large DNA sequences from the BAC
clones through homologous recombination. The approach,
which combines bioinformatics with recombineering, has
greatly improved the efficiency of subcloning and
sequencing of the rabbit HPRT gene. Our work showed
that this approach is very efficient, and should be appli-
cable to similar works on large-sized genomic DNA.
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