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ABSTRACT Holocarboxylase synthetase (HCS) catalyzes
the biotinylation of the four biotin-dependent carboxylases in
human cells. Patients with HCS deficiency lack activity of all
four carboxylases, indicating that a single HCS is targeted to
the mitochondria and cytoplasm. We isolated 21 human HCS
cDNA clones, in four size classes of 2.0-4.0 kb, by comple-
mentation ofan Escherichia coli birA mutant defective in biotin
ligase. Expression of the cDNA clones promoted biotinylation
of the bacterial biotinyl carboxyl carrier protein as well as a
carboxyl-terminal fragment of the a subunit of human pro-
pionyl-CoA carboxylase expressed from a plasmid. The open
reading frame encodes a predicted protein of 726 aa and Mr
80,759. Northern blot analysis revealed the presence of a
5.8-kb major species and 4.0-, 4.5-, and 8.5-kb minor species
of poly(A)+ RNA in human tissues. Human HCS shows
specific regions of homology with the BirA protein of E. coli
and the presumptive biotin ligase of Paracoccus denitrificans.
Several forms of HCS mRNA are generated by alternative
splicing, and as a result, two mRNA molecules bear different
putative translation initiation sites. A sequence upstream of
the first translation initiation site encodes a peptide struc-
turally similar to mitochondrial presequences, but it lacks an
in-frame ATG codon to direct its translation. We anticipate
that alternative splicing most likely mediates the mitochon-
drial versus cytoplasmic expression, although the elements
required for directing the enzyme to the mitochondria remain
to be confirmed.

Holocarboxylase synthetase (HCS; EC 6.3.4.10) catalyzes the
biotinylation of three mitochondrial and one cytoplasmic
biotin-dependent carboxylases in mammalian cells (1). In
contrast, Escherichia coli has a single biotinylated protein, the
biotinyl carboxyl carrier protein (BCCP), a subunit of the
bacterial acetyl-CoA carboxylase (2). The biotinylation of
apocarboxylases by HCS occurs by the addition of a biotin
molecule to a specific lysine residue located within a highly
conserved sequence, Met-Lys-Met, present in all biotin-
dependent enzymes (3). A deficiency of HCS activity in
humans is responsible for the neonatal form of multiple
carboxylase deficiency (4-6). Patients have life-threatening
metabolic acidosis which, in almost all cases, can be success-
fully treated with pharmacologic doses of oral biotin (7).
Biochemically, affected patients show a decrease in the activity
of all four biotin-dependent carboxylases (8, 9).

Unlike the mammalian HCS, the biotin ligase of E. coli,
BirA, has been purified and its gene has been cloned (10, 11).
It is a versatile enzyme because, in addition to its role in
biotinylation of BCCP, it also acts as the repressor of the biotin
operon (12). Mutations are known in the birA gene that affect
either the repressor or the biotin-ligase function (13-15).
Indeed, the latter mutants are biotin auxotrophs, by analogy
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with the human disorder (16, 17). Based on these data and
evidence that mammalian HCS is a monomeric protein (18,
19), we set out to clone the human HCS cDNA by expression
in bacteria with a temperature-sensitive birA mutation. We
report here the isolation of human HCS cDNA clones capable
of replacing the biotin ligase function of E. coli.t

MATERIALS AND METHODS
Materials. Radiolabeled compounds were from DuPont. A

human multiple tissue Northern blot and 3-actin cDNA probe
kit were from Clontech. cDNA probes were labeled with a
random priming kit from Boehringer Mannheim. Oligonucle-
otides were synthesized by R. Clarizio (Montreal Children's
Hospital). Sequenase was from United States Biochemical.
Temperature-sensitive E. coli birA mutants were provided by
A.M. Campbell (Stanford University) (16, 17) and A.J.
Otsuka (Illinois State University). A 67-aa carboxyl-terminal
fragment (p-67) of the a subunit of human propionyl-CoA
carboxylase (PCC-a), encoded in the vector pFLAG67, was
used as substrate for HCS (20).A human cDNA library, AYES,
from Epstein-Barr virus-transformed B lymphocytes and E.
coli strain BNN132 containing AKC phage were provided by
S. J. Elledge (Baylor College of Medicine, Houston) (21) and
E. McIntosh (York University, Toronto). A cosmid genomic
DNA library in pWE15 and made from human lymphocyte
DNA was from Stratagene.

Cloning of HCS cDNA and Genomic DNAs. The birA104
mutant was lysogenized with a helper phage (AKC) harboring
the kanamycin-resistance (kan) and cre genes. Kanamycin-
resistant colonies showed wild-type growth at 30°C in LB
plates with 5 ,tM biotin but no growth at 42°C. The resulting
E. coli birA104(AKC) was infected with a human cDNA library
in AYES as described (21) and incubated for 2 hr at 30°C in
nonselective LB medium [containing 5 ,uM biotin and 2 mM
isopropyl f-D-thiogalactopyranoside (IPTG)]. The cells were
collected by centrifugation at 1500 x g, washed twice with LB
medium to eliminate biotin, and plated in selective LB agar
medium (containing ampicillin at 50 ,tg/ml and no added
biotin) at 30°C for 24 hr. Survivor colonies were recovered and
cDNA clones were isolated as pSE936 plasmid derivatives. The
clones were grouped in classes by restriction analysis and
subcloned into the EcoRI site of pBluescript (Stratagene) for
sequencing. The cosmid genomicDNA library was used for the
isolation of clones containing the 5' end of the HCS gene; a
5'-end, 366-bp Kpn I fragment of cDNA clone BL-11 was the
probe.

Abbreviations: HCS, holocarboxylase synthetase; PCC, propionyl-
CoA carboxylase; BCCP, biotinyl carboxyl carrier protein; IPTG,
isopropyl P-D-thiogalactopyranoside; RT, reverse transcription.
*Towhom reprint requests should be addressed at: McGill University-
Montreal Children's Hospital Research Institute, 2300 Tupper
Street, Montreal, QC, Canada, H3H 1P3.
tThe sequence reported in this paper has been deposited in the
GenBank data base [accession no. X80160 (HSHCSR)].
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Functional Characterization of HCS cDNA. The candidate
HCS cDNA clones in pSE936 were used to retransform
birA104 cells. The cells were plated in biotin-restricted LB agar
medium supplemented with 2 mM IPTG and evaluated for
growth after overnight incubation. To assess the HCS activity,
colonies were grown to an OD600 of 0.4-0.5 in LB liquid
medium and transferred to biotin-free minimal medium [A-
medium (22)] with 2 mM IPTG at 30°C or 42°C for 10 min.
D-[carbonyl-14C]Biotin (1 A/Ci/ml; 1 ACi = 37 kBq) was added
to the cultures, and the incubation was continued for 2 hr.
Crude cell extracts were prepared and their proteins were

separated by electrophoresis in 0.1% SDS/12% polyacramide
gels. The proteins were transferred to nitrocellulose mem-
branes and the radioactivity was quantitated with a phosphor
image analyzer (Fujix BAS 2000; Fuji). In some experiments,
birA104 cells were transformed with pFLAG67, with or with-
out prior transformation with candidate cDNAs, to test the
HCS activity ofcDNA clones on peptide p-67. Detection of the
radiolabeled peptide was determined after electrophoresis as
above.

Analysis of RNA. The multiple tissue Northern blot, pre-
pared from poly(A)+ RNA (2 ,tg per lane) of the indicated
human tissues, was probed with a Kpn I fragment spanning
positions 37-873 of the HCS cDNA. Hybridization with hu-
man p-actin cDNA served as a control for the quantity and
integrity of the RNA in the blot. HCS mRNA was also
analyzed by agarose or polyacrylamide gel electrophoresis of
PCR products derived from reverse-transcribed RNA. Total
RNA was isolated from fibroblasts and reverse-transcribed
with (dT)15 as primer (23). The sequence and position of the
sense (S) and antisense (A) oligonucleotide primers used in the
PCR steps are shown in Fig. 2 [S1 (-528 to -504), S2 (-437
to -414), S3 (-293 to -268), and Al (+83 to +62)].

RESULTS
Isolation and Sequence of Human HCS cDNA. The birA104

(AKC) cells were infected with 25 X 106 AYES bacteriophage
expressing a human lymphocyte cDNA library and plated in
selective LB plates without added biotin. After 24 hr of growth
at 30°C, 31 bacterial colonies were isolated. Of these, 21
Cre-mediated pSE936 plasmids retained the ability to com-

plement the biotin auxotrophy and temperature-sensitive
growth of the birA104 host. The cDNA clones were evaluated
for relatedness by restriction enzyme analysis with EcoRI,
which cleaved at sites flanking the inserts, and Kpn I. Four
classes of cDNA inserts were identified, of length 4.0 kb (3
clones), 3.0 kb (8 clones), 2.2 kb (5 clones), and 2.0 kb (5
clones) (Fig. 1A). One member of each class (BL-11, BL-03,
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BL-10, and BL-04, respectively) was subcloned and sequenced
in both orientations.

All of the clones share the same internal sequence but are

heterogeneous at their 5' or 3' ends (Fig. 1A). The longest,
BL-11, contains an open reading frame of 2178 bp, encoding
a predicted protein of 726 aa and Mr 80,759 (Fig. 2). The first
in-frame ATG is preceded by a nonsense codon at position
- 123. At the 3' end, there is an additional 1.5 kb of sequence
beyond the end of the open reading frame, terminating in a

poly(A) tail. Two of the clones, BL-03 and BL-10, differ in the
alternative deletion (seemingly spliced out) of an internal 146-
or 309-bp sequence (Fig. 1A, A146 and A309) beginning at
-257 compared with BL-11 (Fig. 2). BL-04 is similar to the
other clones but does not extend as far as the variable 5'-end
region. At the 3' end, BL-03 and BL-04 contain poly(A) tails,
each at a different location and far short of the poly(A) site in
BL-11 (Fig. 1A). None of the cDNAs contains a consensus

polyadenylylation signal.
The ATG codon used by the bacteria to express BL-11,

BL-03, and BL-10 is located within the cDNA (+1 for the first
two and +172 for BL-10; Fig. 2), defined either because a
nonsense codon precedes the ATG (BL-11 and BL-10) or
because the sequence is out of frame with respect to the single
ATG in the pSE936 vector (BL-03). BL-04 is expressed as a
fusion protein initiated by the ATG in the vector (9 aa). This
cDNA begins at +165 relative to BL-11 and the first ATG
encoded by the cDNA is located at +172 (Met58).

Functional Characterization ofHCS cDNA. The clones were
evaluated for their ability to restore biotinylation of BCCP in
birA104 cells incubated at 30°C or 42°C. The untransformed
birA104 cells showed incorporation of [14C]biotin into BCCP
at 30°C but not at 42°C, reflective of the temperature-labile
biotin ligase in these cells (Fig. 3, BirA104). In contrast,
birA104 cells transformed with any of the cDNA clones could
biotinylate BCCP at either temperature (Fig. 3). Further, when
birA104 cells were transformed with pFLAG67, a very limited
incorporation of [14C]biotin into .p-67 was obtained at 30°C
(Fig. 3, +p-67). Additionally, the presence of p-67 in these cells
resulted in a 10-fold reduction in the biotinylation of BCCP by
the mutant BirA protein (quantities in legend of Fig. 3). As
found for BCCP, birA104 cells were also unable to carry out the
biotinylation of the p-67 peptide at 42°C. On the other hand,
when birA104 cells were cotransformed with pFLAG67 and
pSE936 containing BL-11, BCCP and p-67 were efficiently
biotinylated at both temperatures (Fig. 3; +p-67 + BL-11).
RNA Analysis. An 837-bpKpn I fragment of the HCS cDNA

(Fig. 1A) was used to probe a Northern blot prepared from
several human tissues. The probe hybridized to a principal
RNA species of 5.8 kb present in all tissue samples (Fig. 4),
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FIG. 1. (A) HCS cDNA classes isolated by

complementation of E. coli birA104. Alterna-
AAAAA tively spliced regions relative to BL-11 are

indicated as A146 and A309. In-frame ATG
codons suitable for initiation of translation
are indicated by arrows. Location of stop
codons (TAA), polyadenylylation tails
(AAAAA), and Kpn I restriction sites (K)
used for determining cDNA classes are
shown. Upstream nonsense codons are rep-
resented by X. Numbering at the top of the
figure indicates cDNA length in bp and is
based on the first in frame ATG codon on
BL-11. (B) Diagram of reverse transcription
(RT)-PCR products obtained by use of prim-
ers S1-A1. Alternatively spliced regions rel-
ative to RP-1 are shown as A81, A146, and
A309. Arrows indicate the position of the first
ATG codon in relation to BL-11. (Inset) Se-
quences of the three splice junctions detected
in HCS cDNA.
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TCCTGCGGCCTGCAGAGGAGCATCAGATAAGCTTATTTCCATGTCACTTGGAATTATAGGGGAGG gtatgttt
- S2 *BL-10

cagagggggttgaaatttatggcagttgtggtatgaagtgacaatctcattatatttctttccctctatacagITCCATTGAAGACTTGAACAAGTGGGCCCTATTTCTTGTGTCTC
*BL-11 *BL-03 S3 - v

CTTTTATACTTGAAGCAGAACACATAGCATTTGTGACGGAGAGCATTTGGGTACAAAGTGAGAATTTACAGAGATCATCCTCTTCAGAAACA gttcggtttttgcccactagggat

gatgtggtttctcatgaggttacttgctctaaaggactttatattttggaaccataagagcacccttgctggcccaggcatttatggatgatcccttttagtgctcccagtaacctt
P

ccaagIATTGTCAAGTGGTCAGACTGTTGTTTGCCATTAGCTTGCAGACCTGGGGATCCTTATCGGCTAATTGCTGAAGCAAGTGTGGACAACTTCAGCAAGCTGGGGTGGCGTTC
S K I V K W S D C C L P L A C R P G D P Y R L I A E A S V D N F S K L G V A F

v a- Al
ATGGAAGATAGACTCCACATGGATAATGGACTGGTACCCCAAAAGATTGTGTCGGTGCACTTGCAGGACTCCACTCTGAAGGAAGTTAAGGATCAGGTCTCAAACAAGCAAGCCCAG
M E D R L H M D N G L V P Q K I V S VH L Q D S T L KE V K D QV S N K Q AQ

*BL-04

I L E P K P E P S L E I K P E Q D GME H VG RD D P KA L GEE P KQ R R G
AGTGCCTCTGGGAGTGAGCCTGCTGGGGACAGTGACAGGGGAGGGGGCCCCGTTGAGCATTATCACCTCCATCTGTCTAGTTGCCACGAGTGTCTGGAACTTGAGAACAGCACCATT
S A S G S E P A G D S D R G G G P V E H Y H L H L S S C H E C L E L E N S T I

E S V K F A S A E N I P D L P Y D Y S S S L E S VAD E T S P E R E G R R V N

L T G K A P N I L L Y V G S D S Q E A L G R F H E V R S V L A D C V D I D S Y
ATTCTCTACCACCTGCTGGAGGACAGTGCTCTCAGAGACCCGTGGACGGACAACTGTCTGCTGTTGGTCATTGCTACCAGGGAGTCCATTCCCGAAGACCTGTACCAGAAGTTCATG
I L Y H L L E D S A L R D P W T D N C L L L V I A T R E S I P E D L Y Q K F M

GCCTATCTTTCTCAGGGAGGGAAGGTGTTGGGCCTGTCTTCATCCTTCACCTTTGGTGGCTTTCAGGTGACAAGCAAGGGTGCACTGCACAAGACAGTCCAGAACTTGGTTTTCTCC
A Y L S Q G G K V L G L S S S F T F G G F Q V T S K G A L H K T V Q N L V F S

AAGGCTGACCAGAGCGAGGTGAAGCTCAGCGTCTTGAGCAGTGGCTGCAGGTACCAGGAAGGCCCCGTCCGGCTCAGCCCCGGCAGGCTCCAGGGCCACCTGGAGAATGAGGACAAG
K A D Q S E V K L S V L S S G C R Y Q E G P V R L S P G R L Q G H L E N E D K

GACAGGATGATTGTGCATGTGCCTTTTGGAACTCGCGGGGGAGAAGCTGTTCTTTGCCAGGTGCACTTAGAACTACCTCCCAGCTCCAACATAGTGCAAACTCCAGAAGATTTTAAC
D R M I V H V P F G T R G G E A V L C Q V H L E L P P S S N I V Q T P E D F N

TTGCTCAAGTCAAGCAATTTTAGAAGATACGAAGTCCTTAGAGAGATTCTGACAACCCTTGGCCTCAGCTGTGACATGAAACAAGTTCCTGCCTTAACTCCTCTTTACTTGCTGTCA
L L K S S N F R R Y E V L R E I L T T L G L S C D M K Q V P A L T P L Y L L S

GCTGCGGAGGAAATCAGGGATCCTCTTATGCAGTGGCTTGGGAAACATGTGGACTCCGAGGGAGAAATAAAATCCGGCCAGCTCTCTCTTAGATTTGTTTCATCCTACGTGTCTGAA
A A E E I R D P L M Q W L G K H V D S E G E I K S G Q L S L R F V S S Y V S E

GTAGAAATAACCCCATCTTGTATACCTGTGGTGACCAACATGGAGGCCTTCTCATCAGAACATTTCAACTTAGAGATCTATCGCCAAAATCTGCAGACCAAGCAGTTGGGGAAAGTA
V E I T P S C I P V V T N M E A F S S E H F N L E I Y R Q N L Q T K Q L G K V

ATTTTGTTTGCCGAAGTGACCCCCACAACGATGCGTCTCCTGGATGGGCTGATGTTTCAGACACCGCAGGAAATGGGCTTAATAGTGATCGCGGCCCGGCAGACCGAGGGCAAAGGA
I L F A E V T P T T M R L L D G L M F Q T P Q E M G L I V I A A R Q T E G K G

CGGGGAGGGAATGTGTGGCTGAGCCCTGTGGGATGTGCTCTTTCTACTCTGCTCATCTCCATTCCACTGAGATCCCAGCTGGGACAGAGGATCCCGTTTGTCCAGCATCTGATGTCC
R G G N V W L S P V G C A L S T L L I S I P L R S Q L G Q R I P F V Q H L M S

V A V V E A V R S I P E Y Q D I N L R V K W P N D I Y Y S D L M K I G G V L V
AACTCAACACTCATGGGAGAAACATTTTATATACTTATTGGCTGTGGATTTAATGTGACTAACAGTAACCCTACCATCTGCATCAACGACCTCATCACAGAATACAATAAACAACAC
N S T L M G E T F Y I L I G C G F N V T N S N P T I C I N D L I T E Y N K Q H

AAGGCAGAACTGAAGCCCTTAAGAGCCGATTATCTCATCGCCAGAGTCGTGACTGTGCTGGAGAAACTGATCAAAGAGTTTCAGGACAAAGGGCCCAACAGCGTCCTTCCCCTTTAT
K A E L K P L RADYL I ARVVTVL E KL IKE FQD KGP N SVL PLY

Y R Y W V H S G Q Q V H L G S A E G P K V S I V G L D D S G F L Q V H Q E G G
GAGGTTGTGACTGTGCACCCGGACGGCAACTCTTCGACATGCTGAGAAA CTCA CTCCCCAAACGGCGGTAATGCCGGGCGTCCCCGAGAGCGGCTGCCTGTCCGTGCCCATG
E V "V T V H P D G N S F D M L R N L I L P K R R ***
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FIG. 2. DNA sequence and predicted amino acid sequence of human HCS cDNA. The sequence shown was derived from BL-11 and RP-1 (Fig.
1). Alternatively spliced out sequences A81 and A146 are shown in small characters flanked by vertical lines. Arrowheads indicate the spliced-out
sequence in BL-10 (A309). The 5' end of each cDNA class is indicated by a dot. Oligonucleotide primers used in RT-PCR are overlined. Numbering
at right gives positions with counting starting at the first in-frame ATG. Stop codon is indicated by three stars.

with the strongest signals apparent in RNA from skeletal
muscle, kidney, and pancreas. Two fainter bands, possibly
degradation products, of 4.6 and 4.0 kb were detected in most
lanes. An 8.5-kb band was also detected in brain, skeletal
muscle, kidney, and lung.
To test for alternative splicing, as suggested by the internal

deletions in BL-03 and BL-10, a RT-PCR experiment was

done on fibroblast RNA in which the oligonucleotide primers
(S3 and Al) were positioned flanking A309, the larger of the
two deletions (Fig. 2). Two PCR products were obtained and
sequenced. The longer one matched BL-11, whereas the
shorter one had a deletion of 146 bp corresponding exactly to
the excised sequence of BL-03 (Fig. 1A, A146). The A309
deletion was not detected in the fibroblast RNA.
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FIG. 3. In vivo [14C]biotin incorporation into BCCP and p-67 by
BirA and human HCS in E. coli birA104 cells. Lanes: BirA104, birA104
cells not transformed with any expression vector; +BL-11, birA104
cells transformed with pSE936 carrying HCS clone BL-11; +p-67,
birA104 cells transformed with pFLAG67 expressing the p-67 frag-
ment of human PCC-a; +p-67 + BL-11, birA104 cells cotransformed
with pFLAG67 and pSE936BL-11. Numbers below the brackets
indicate the temperature used during biotin incorporation by the
bacterial cultures, 30°C or 42°C. Radiolabel in BCCP or p-67 was
detected by overnight exposure of nitrocellulose blots to a phosphor
image analyzer. Data are for a representative experiment. In arbitrary
units, the band densities for BCCP are (left to right) 344, 12; 465, 290;
32, 3; and 278, 101. For p-67, they are 23, 0; 36, 24; 93, 11; and 1908,
808.
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FIG. 4. Northern analysis of HCS mRNA. A Northern blot of
poly(A)+ RNA (2 ,ug per lane) from the indicated human tissues was
hybridized with a Kpn I-generated 837-bp fragment of clone BL-11 (A)
or with a human /3-actin probe (B). Positions of molecular size (kb)
markers are indicated at left.
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Identification of Additional Transcribed Sequences. The
longest cDNA clones were far short of the 5.8-kb major species
detected by Northern blotting. No additional sequence was
detected in cDNA libraries. However, we obtained additional
5' genomic DNA sequence by using the 5' EcoRI-Kpn I cDNA
fragment of BL-11 to probe a cosmid human genomic DNA
library. A 9.5-kb genomic clone overlapping with the 5' end of
the cDNA was isolated, and a 2.0-kb EcoRI fragment which
hybridized to the HCS probe was subcloned and sequenced.
This fragment matched the 5' end of the cDNA from -258 to
-363. At -258, at the donor site of the A146 and A309
deletions, the genomic clone continued into an intron with the
splice donor sequence TTCAGAAACAIgtgagtacca (I = splice
site).
To determine whether any additional sequence 5' of -363

was represented in HCS mRNA, reverse transcription-PCR
experiments were done on fibroblast RNA, using oligonucle-
otides as primers that bridged sequences in the genomic clone
and the 3' side of A309 (Fig. 1B). Three oligonucleotides
(S1-S3 used with Al) which extended the transcribed sequence
at least to -528 gave PCR products with longer 5' extensions
but which were structurally similar to BL-11 or BL-03 (Fig. 1B,
RP-1 and RP-2). A third PCR product, observed only with Sl
as the sense primer, had a unique structure (Fig. 1B, RP-3). It
contained two internal deletions, A146 and another 81 bp in
length (A81) beginning at position -473. The sequence of A81
has the structure of a conventional intron with consensus
donor and acceptor splice motifs (Fig. 2).

DISCUSSION
We have utilized the cross-species activity of biotin ligases to
clone a'cDNA encoding human HCS by functional comple-
mentation of a mutant birA strain of E. coli. The HCS activity
encoded by the cDNA clones was specifically responsible for
the biotinylation of E. coli BCCP and a fragment of human
PCC-a coexpressed in the bacterial strain. During revision of
this manuscript, a similar cDNA was reported by Suzuki et at
(24), who used oligonucleotides deduced from peptides deter-
mined from bovine HCS. Their cDNA is similar in structure to
clone BL-11 reported here.

Previous studies have demonstrated HCS activity in both the
mitochondria and the cytosol (19, 25). This implied either
distinct HCS proteins encoded by different genes or different
forms of the same HCS targeted to the two compartments. The
absence of mitochondrial or cytosolic carboxylase activities in
patients with HCS deficiency effectively excludes the two-
enzyme model (7). Further, the cDNA isolated by Suzuki et aL
(24) was cloned from sequences derived from the cytoplasmic
form of HCS. Yet they identified mutations, one of them a
frameshift, in a patient with multiple carboxylase deficiency.
These data indicate that a single HCS is expressed in the
mitochondria and cytosol.
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Mechanistically, there are precedents for targeting proteins
to both compartments. In general, this is achieved by initiating
translation from different AUG codons, one to specify mito-
chondrial import and the other cytoplasmic targeting. This, in
turn, can be achieved through the use of different transcription
initiation sites (26, 27) or by taking advantage of secondary
structure or sequence context to allow translation from mul-
tiple AUGs (28, 29). A third mechanism might be the use of
alternative splicing to introduce different amino-terminal se-
quences into the protein. This has been documented for
proteins translated on bound versus free polysomes (30, 31).

It is not obvious which of the above mechanisms might be
utilized by HCS for its dual targeting. One possibility, based on
the alternative splicing we have observed, is suggested by the
identification of two different first in-frame ATG codons
(Met1 and Met58) among the four classes of cDNAs. These sites
could represent the mitochondrial and cytosolic translation
initiation sites, respectively. Inspection of the predicted amino-
terminal sequence defined by Met' (or Met58) does not appear
compatible with the amphiphilic nature of mitochondrial
leader sequences (32, 33), although there are numerous ex-
ceptions to this empiric rule (32). Assessment of the potential
of Met1 to direct import into mitochondria will require its
expression in mammalian cells and determination of the
cellular fate of the encoded protein.
A second possibility is that alternative splicing of an un-

identified upstream sequence-could introduce the required
mitochondrial import sequence 5' of the currently designated
Met'. When the predicted protein sequence upstream of Met'
was evaluated for a potential mitochondrial presequence with
the subroutine TRANSPEP from the program PCGENE (Intelli-
Genetics), the amino acid sequence PSKIVKWSDC-
CLPLACRPG (encoded by nt -120 to -64) was identified.
However, the nucleotide sequence lacks a start ATG and is
preceded by several nonsense codons, the first at -123. The
alternative splicing we have documented successfully intercepts
these nonsense codons. Yet in every case, the new sequence is
also interrupted by a nonsense codon. None introduce the
required methionine residue. Therefore, validation of this
model would require the introduction of a still-unidentified
exon encoding the amino-terminal portion of a mitochondrial
leader sequence.

If the alternative splicing at the 5' end of the HCS mRNA
is not for generating a mitochondrial presequence, then its role
remains obscure. It cannot be specifically associated with the
mRNA pattern observed by Northern blotting, since the
alternatively spliced exons are small. Indeed, when the com-
posite, unspliced cDNA and reverse transcription-PCR se-
quences are taken into account, there remains >1 kb to be
accounted for when compared with the 5.8-kb major mRNA
detected by Northern blotting. The missing sequence may be
present at either end. While we suggest that additional 5'
sequence may be required, the presence of several polyade-

FIG. 5 Amino acid sequence comparison among biotin
ligases. HCS, human HCS; BIRAE, E. coli BirA pro-
tein; BIRAP, P. denitrificans putative biotin-ligase.
Conserved and similar amino acid residues (A, G; S, T;
D, E; N, Q; V, L, I, M; K, R; and F, W, Y) are enclosed
in boxes. Positions of amino acids that contact biotin in
BirA (E), as determined by crystallographic analysis
(35), are indicated below the protein sequence. Loca-
tions of mutations associated with an increase in the Km

I I g c g for biotin in E. coli birA815, birA 1, birA215, and birA 104
v i gagi ma (in order from the amino terminus) are indicated by
igl i|gvn al arrows (13-15). Amino acid position for each protein is

* * shown at left.
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nylylation sites and the absence of consensus polyadenylylation
signals also suggest that a polyadenylylation signal could
remain to be identified farther downstream. Resolution of the
complex relationship between the cDNA and RNA structures
will require the analysis of a tissue with more abundant HCS
expression than the skin fibroblasts examined here.
Comparison of the predicted protein sequence of HCS

cDNA with the GenBank and EMBL data bases showed that
it shares specific areas of homology with the BirA protein of
E. coli (11) and a candidate BirA sequence in Paracoccus de-
nitrificans (34) (Fig. 5). The similarities with HCS are restricted
to a region of E. coli BirA shown by x-ray crystallography to
contain the biotin binding site (35). The two proteins share
36% identity across a 129-aa region, with 6 of the 8 residues
involved in direct contact with biotin in BirA identical in
human HCS and the remaining 2 showing conservative
changes (Thr477 to Ser; Lys506 to Arg). Several bacterial
mutations associated with an increase in Km for biotin fall
within this region in BirA (Fig. 5). A similar localization might
be anticipated for some mutations in patients with biotin-
responsive multiple carboxylase deficiency.
The HCS cDNA has a consensus GXGXXG sequence at aa

505-510 which was also noted in BirA (35) (Fig. 5). This
structure has been associated with ATP binding in several
enzymes (36, 37), although it appears to be involved in contact
with biotin in BirA (35). It is possible (35) that this reflects the
requirement that ATP and biotin be spatially close to permit
formation of biotinyl-5'-adenylate, an intermediate during the
biotinylation reaction. The retention of this site in the evolu-
tionarily distant human and bacterial biotin ligases under-
scores the potential for ATP binding at this site.
The isolation of a cDNA encoding human HCS will make it

possible to determine the mechanism of biotinylation of apo-
carboxylases and the details of the events leading to mitochon-
drial versus cytoplasmic targeting. In particular, knowledge of the
nucleotide sequence will allow determination of the mutations
responsible for multiple carboxylase deficiency and the mecha-
nism of the biotin responsiveness in these patients.
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