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Abstract. Biotinidase cleaves biotin from biocytin, thereby recy-
cling the vitamin. We have determined the structure of the human
biotinidase gene. A genomic clone, containing three exons that
code for the mature enzyme, was obtained by screening a human
genomic bacteriophage library with the biotinidase cDNA by
plaque hybridization. To obtain a clone containing the most 5'
exon of the biotinidase cDNA, a human PAC library by PCR was
screened. The human biotinidase gene is organized into four exons
and spans at least 23 kb. The 5'-flanking region of exon 1 contains
a CCAAT element, three initiator sequences, an octamer sequence,
three methylation consensus sites, two GC boxes, and one HNF-5
site, but has no TATA element. The region from nt —600 to +400
has features of a CpG island and resembles a housekeeping gene
promoter. The structure and sequence of this gene are useful for
identifying and characterizing mutations that cause biotinidase de-
ficiency.

Biotinidase (EC 3.5.1.12) catalyzes the release of biotin, an essen-
tial water-soluble B vitamin, from biocytin, the degradative prod-
uct of four biotin-dependent holocarboxylases (Achuta Murthy and
Mistry 1977; Wolf and Feldman 1982). Mammals cannot synthe-
size biotin and, therefore, must obtain the vitamin by processing
protein-bound dietary biotin and from recycling endogenous bio-
tin. Biotinidase deficiency, inherited as an autosomal recessive
trait, results in a secondary biotin deficiency, which leads to mul-
tiple carboxylase deficiency (Wolf 1995; Wolf et al. 1983). This
disorder is characterized by neurological and cutaneous symptoms
that can be effectively treated with biotin supplementation (Wolf
1995). We have isolated and characterized the cDNA for normal
human serum biotinidase (Cole et al. 1994a) and localized the gene
to human Chromosome (Chr) 3p25 (Cole et al. 1994b). We now
describe the structure of the human biotinidase gene.

To isolate a genomic clone containing the biotinidase gene, a
human genomic bacteriophage library (Stratagene, LaJolla, Calif.)
was plated at a density of 30,000 pfu/plate and approximately 7.2
x 105 recombinant bacteriophage were screened by plaque hybrid-
ization (Sambrook et al. 1989) with the cloned full-length biotini-
dase cDNA (BTD2000; Cole et al. 1994a). Three clones, with
different inserts based on restriction mapping and Southern blot-
ting (Sambrook et al. 1989), hybridized with BTD2000. Regions of
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the biotinidase gene within one of these lambda clones, #19, which
has an insert of approximately 17 kb (Cole et al. 1994b), were
sequenced as described previously (Cole et al. 1994a) on both

strands, by automated DNA sequencing technology and I µg of
purified bacteriophage lambda DNA (Sambrook et al. 1989).
Gene-specific oligonucleotides, derived from the cDNA sequence
and from newly determined intron sequences, served as primers in
the sequencing reactions. Sequence analysis of this clone con-
firmed the sequence of the biotinidase eDNA and revealed that the
entire coding region for the mature enzyme is contained within
three exons: exon 2, 265 bp; exon 3, 150 bp; and exon 4, 1502 bp
(Fig. lA and B). Introns 2 and 3 are 6220 bp and 712 bp, respec-
tively. This clone also contains 3562 bp 5' of exon 2, but did not
contain the first 79 bases of the biotinidase cDNA in which the
first of two in-frame ATG codons is located (Cole et al. 1994a).
Because these two ATG codons are in-frame and separated by an
intron, it is possible that either or both codons initiate translation.
Exon 2 contains the second putative translation initiation ATG
codon. Translation from this second ATG is predicted to produce
a leader peptide that is similar to the motif of other secretory signal
peptides (Perlman and Halvorson 1983). The stop codon and poly-
adenylation signal are located in exon 4.

To determine whether the most 5' 79 bases of the biotinidase
cDNA are contained within one exon, we performed a step-down
PCR (Hecker and Roux, 1996), using primers synthesized from the
5' (1.S, 5'-GCCAGCTGGAGCGTTTTC-3') and the 3' (69.A, 5'-
TCTTAGCGCGCCTTCC-3') ends of the 79 bases (Fig. 2). Ten
ng of the cloned biotinidase cDNA or 1µg of genomic DNA
served as templates in 50-µ1 reactions of 1 x PCR buffer, 2.5 units
of AmpliTaq DNA polymerase (Perkin-Elmer, Foster City, Calif.),
2 m t each dNTP, and 2.5 mmt MgC1 2 . The temperature gradient for
the step-down PCR was 70°C to 55°C at increments of 3°C with
6 cycles per temperature and 10 cycles at the final temperature.
Analysis on a 2% agarose gel revealed that a 79-bp product was
amplified from both the cDNA and genomic DNA templates (data
not shown). The sequence analyses of the two PCR products were
identical to the sequence reported for the 5' end of the biotinidase
cDNA and did include the first putative translation initiation ATG
codon. The 79 bases, therefore, constitute a single exon (desig-
nated exon 1) (Fig. lA and B).

To obtain a genomic clone containing the 5' end of the bio-
tinidase gene, a human PAC library (Genome Systems, Inc., St.
Louis, Mo.) containing approximately 125,000 recombinant clones
was screened by Genome Systems, Inc., using PCR with oligonu-
cleotides 161.S (5'-GCAGGATTCTTTATTCAGCTG-3') and
156.A (5'-GCAATCTGCTCTGTATGAGAG-3') to amplify exon
2 of the biotinidase gene. A single clone, #14541, with an insert of
approximately 100-120 kb, was obtained. Exon 1 and exon 2 were
amplified with PCR as described above and in reference
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Exon cDNA
number Size	 position Intron Size
(letter)° (bp)	 of exon 5' Splice site number (bp)	 3' Splice site

1 (A)	 79	 —35 to 44	 AGAGCAG gtacgg	 1	 12,500	 ccccattacattccag ATTTGT
2(B)	 265	 45 to 309	 CCAAAAG gcaaga	 2	 6220	 tgttttcattttctag GATGTA
3 (C)	 150	 310 to 459	 CACAGAG gtgatt	 3	 712	 cctttttttcctctctag GTGCTC
4 (D)	 1502	 460 to 1961

a Exons were previously designated by the letters A—D because the complete gene structure was unknown. The exons have now been reassigned numerical designations according
to standard convention.

Fig. 1. Organization and exon-intron boundary sequences of the human
biotinidase gene. (A) The four exons are shown as black boxes with two
putative translation initiation ATG codons shown. Location of the N-
terminus of the mature serum enzyme and TAG stop codon are indicated.
The three introns are shown as horizontal lines between the exons. The II
represents a gap in the sequence. The approximate locations of oligonu-
cleotides 160.S, 169.A, and 382.S used in PCR and hybridization experi-
ments are indicated. The restriction sites for rare-cutting enzymes near

Pomponio et al. (1995), and were found to hybridize with DNA of
PAC clone 14541. Hybridization with the exon 1 probe indicates
that this PAC clone contains the 5' end of the biotinidase cDNA
(Fig. lA and B). Extensive restriction mapping of PAC DNA from
clone 14541 with 21 enzymes, many of which are infrequent cut-
ters of human DNA, failed to identify a single, discernible restric-
tion fragment that hybridized with both exon 1 and exon 2 probes
or with both oligonucleotides 160.S (5'-GTCAGGGTCATGGT-
TACTTG-3') and 169.A (5'-AGAAACAGCAAGGACAGCAG-
3') (Fig. IA); this indicates that these exons are far apart. Long-
distance PCR, performed with primers 160.S and 169.A, 1 pg of
genomic DNA, and the Gene Amp XL PCR kit (Perkin-Elmer) for
35 cycles at 95°C for 15 s and 60°C for 12 min, failed to produce
a product that hybridized with oligonucleotide 382.S (5'-
GTTGGTAG GACAAGTAGTCC-3'), which is 201 bases 3' of
oligonucleotide 160.5 (Fig. IA). This result also suggests exons 1
and 2 are far apart.

In order to obtain the sequences adjacent to exon 1, 1 pg of
PAC clone 14541 DNA was digested with NsiI and "shotgun"
cloned into the Pstl site of pGem-3ZF+ (Promega, Madison, WI).
Colony hybridization with the exon I probe identified a clone (#5)
which contains exon 1, 791 bp of 5'-flanking sequence, and ap-
proximately 9 kb of sequence from intron 1 (Fig. lA and B). The
total size of intron 1 is unknown at present, but is greater than 12.5
kb, which consists of approximately 9 kb in the Nsil clone #5 (the
most 5' region of intron 1) and 3462 bp in lambda clone #19 (the
most 3' region of intron 1).

The human biotinidase gene is organized into four exons and

exon 1 are shown. Numbering for the restriction sites corresponds to the
first base obtained in clone 5 (see text). (B) The 5' and 3' splice site
sequences and the sizes of the four exons and introns 2 and 3 are noted. The
total size of intron 1 is unknown at present, but is greater than 12.5 kb.
Uppercase letters indicate exon sequence, and lowercase letters are se-
quences from introns. Polypyrimidine tracts were located in the introns just
5' of the 3' splice acceptor site.

spans at least 23 kb. The exon-intron boundary sequences con-
formed to the gt/ag rule (Jacob and Gallinaro 1989; Fig. 1B), the
only exception being that the 5' splice donor site of intron 2 is gc
instead of gt, which occurs in approximately 1% of donor sites
(Jackson, 1991).

The presence of an intron between the two putative translation
initiation ATG codons may permit alternate splicing to occur. If
exon 1, which contains the first ATG codon, is not included in the
biotinidase transcript, only the putative secretory signal peptide
(Cole 1994) would be present, facilitating secretion of the enzyme.
However, if alternate splicing occurs and the larger putative signal
peptide is present in the transcript, the enzyme may be targeted
elsewhere. The presence of two promoters may also result in the
production of two biotinidase transcripts that differ only in the
signal peptide. Therefore, the regions 5' of exon 1 and of exon 2
were examined for putative promoter elements.

The nucleotide sequences of exon 1, its 5'-flanking region, and
the 5' region of intron 1 of the human biotinidase gene are shown
in Fig. 2. The 5' end of the biotinidase cDNA is shown as the 5'
end of exon 1. The transcription initiation site has not yet been
determined. The 5'-flanking region has features of a housekeeping
gene promoter, including a high G + C content and lack of a
consensus TATA sequence. The region from nt —600 to +400,
including exon I and part of intron 1, shows common features of
a CpG island (Bird 1986): an increase in the number of CpG
dinucleotides [an average of 7.5/100 bp as compared with the
typical density in bulk DNA of approximately 1/100 bp (Lewin
1977)], a clustering of CpG dinucleotides, and a high G + C
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-600 cttccctccc tcccgggcgc taaaaggaaa accccccgac ccccatcgcc

-550 catttctact cgtctccaag acaacatcgc ggtcccc cc agcttccgta
Sp1

-500 ggagcctttc attccaggaa ggtccatcgt acttgcgttt tcagggcctg

-450 agcgatgact ttagcaccag acacctgctc ctcgctgcgc tctgcgaagt

-400 tactgtccQg catcttccac cgaaaagctc taagcactca cgcagccggc

Inr
-350 aaacaagcgg aatcatccag caaggcaaac gcgaagtcgg cagcacgcca

HNF-5

-300 cctctggtac tgcacctctg acggacagga gggcaaccaa ctgccttaaa
Inr

-250 caacgggaag gaagaggcgg tctaaattcg tecacttccc gggagaggtg

-200 agaatgtaaa cac9cgcatt c caa cag aactgcgctc tcttctcggc
Inr	 CAAT

-150 tcttccattc gcgegccaga atgecagagg gaggcgggac tagcaggaga
Spl

-100 ttgctgccta tgcaaagcag gtaagaagcc gaactctgag gcctctcgcc
—t-

-50 attgtctcc9 agtcggccag ctggagcgtt ttVggggctg taaagggaga
r.s

+1 ATGGCGCATG CGCATATTCA GGGC(iGAAGG CQCOCTAAGA GCAGgtacgg
1 69.5

MA H A HI Q G G R R A K S

+51 agggggcgtg gtgcggcgcg gagggggtgt ggtaagggcg tgcggtccag

+101 accccgcccc gggcgcccag ttggacttgg ggagggctgc gcaaaggctg

+151 ccgggagctg ggaagcccgg cgcgcgtcgt ttgctggggc tgtttgtgcg

+201 ttgctgctgt gctaccgcgt tgcgttttct aggcatttac ttacacgctt

+251 tgtggtttac gctctcataa ccttgtggtt ttatagtcct taaattattg

+301 tagcgcacgt tacttaaatc cagaagcaga tgtgtacccc agcaagagat

+351 aaaatgacgc tcagagtcag tagatccaga ccgtgcctga gatcctgaat

Fig. 2. Nucleotide sequence of exon 1, its 5'-flanking region, and the 5'
region of intron I of the human biotinidase gene derived from PAC clone
#14541. The sequence is numbered starting from adenine of the first ATG
(underlined), one of two putative translation initiation codons (see Fig. 1A
and text). Uppercase letters indicate the coding region of exon 1, and
lowercase letters are non-coding sequences. The amino acid sequence
coded by exon 1 is shown below the nucleotide sequence. The 5' end of the
biotinidase cDNA is shown as the 5' end of exon 1 (arrowhead). The
transcription initiation site has not yet been determined. Sequences of
primers 1.S and 69.A, used to amplify exon 1 by PCR (see text) are
indicated. A consensus sequence for a CCAAT element is boxed. Initiator
(Inr) sequences, an octamer sequence, and potential binding sites for tran-
scription factors (Spl and HNF-5) are underlined. CpG dinucleotides are
bolded and consensus methylation sequences are double underlined.

content (58%). In the region surrounding exon 1, restriction sites
for enzymes that are rare cutters because their recognition sites
contain one or more CpG dinucleotides, are present (NaeI and
Narl) or clustered (BssHII, FspI, and SmaI; Fig. IA). A CCAAT
element (-178 to —174), an octamer sequence (-91 to —84), six
consensus CCGG methylation sites (beginning at 163, 147, 104,
—355, —394, and —588), and three initiator (Inr) sequences (begin-
ning at —185, —289, and —391), are present in the 5'-flanking
region of the biotinidase gene. Inr sequences are reported to be
important in transcription initiation in promoters without a TATA
element (Smale and Baltimore 1989). Consensus sequences for
Spl (GC boxes, at —118 to —113 and —516 to —511) and the
liver-specific transcription factor HNF-5 (GCAAACA, —352 to
-346; Grange et al., 1990) are also present in this region. These
elements in the putative promoter region of the biotinidase gene
are consistent with the ubiquitous expression of biotinidase, with
liver being the major site of enzyme production (Cole et al. 1994a;
Pispa 1965).

The nucleotide sequence of the 3' end of intron 1, which is 5'
of exon 2 and contains the second putative translation initiation

ATG codon, was examined for potential promoter elements. No
consensus TATA elements, CCAAT sequences, or higher G + C
content were found. Consensus sequences for Ap t and the liver-
specific transcription factor C/EBP were present within 300 bases
of the 5' end of exon 2.

The structure and sequence of the human biotinidase gene are
useful for identifying and characterizing mutations causing bio-
tinidase deficiency. We have identified the two most common
mutations that cause profound biotinidase deficiency (less than
10% of mean normal serum enzyme activity) in symptomatic chil-
dren (Pomponio et al., 1995, 1997a). We have also identified other
mutations that cause biotinidase deficiency (Norrgard et al. 1997a,
1997b; Pomponio et al. 1996; Pomponio et al. 1997b).
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