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Holocarboxylase synthetase (HCS), catalyzing the co-
valent attachment of biotin, is ubiquitously represented
in living organisms. Indeed, the biotinylation is a post-
translational modification that allows the transforma-
tion of inactive biotin-dependent carboxylases, which
are committed in fundamental metabolisms such as
fatty acid synthesis, into their active holo form. Among
other living organisms, plants present a peculiarly com-
plex situation. In pea, HCS activity has been detected in
three subcellular compartments and the systematic se-
quencing of the Arabidopsis genome revealed the occur-
rence of two hes genes (hesl and hes2). Hes1 gene prod-
uct had been previously characterized at molecular and
biochemical levels. Here, by PCR amplification, we
cloned an hcs2 cDNA from Arabidopsis thaliana (Ws
ecotype) mRNA. We observed the occurrence of multiple
cDNA forms which resulted from the alternative splic-
ing of hcs2 mRNA. Furthermore, we evidenced a nucle-
otide polymorphism at the hcs2 gene within the Ws
ecotype, which affected splicing of hcs2 mRNA. This con-
trasted sharply with the situation at hcsl locus. How-
ever, this polymorphism had no apparent effect on total
HCS activity in planta. Finally, hcs2 mRNAs were found
4-fold less abundant than hAcsI mRNA and the most
abundant hes2 mRNA spliced variant should code for a
truncated protein. We discuss the possible role of such a
multiplicity of putative HCS proteins in plants and dis-
cuss the involvement of each of hcs genes in the correct
realization of biotinylation.

Biotin (vitamin H) is a cofactor for some carboxylases and
decarboxylases (1). The biotinylation of these enzymes is a
post-translational modification, which allows the transforma-
tion of inactive apo-proteins into their active holo forms. The
covalent attachment of biotin is catalyzed by biotin protein
ligase also called holocarboxylase synthetase (HCS).! p-Biotin
is incorporated to a specific Lys residue of newly synthesized
apo enzyme, via an amide linkage between the biotin carboxyl
group and a unique e-amino group of Lys residue (2). It occurs
in two steps, Equations 1 and 2 as follows,

D-Biotin + ATP — D-biotinyl-5'-AMP + PP; (Eq. 1)
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D-Biotinyl-5'-AMP + apocarboxylase
— holocarboxylase + AMP (Eq. 2)

In Escherichia coli, there is only one biotin-dependent car-
boxylase, the acetyl-CoA carboxylase. It is biotinylated by HCS
also called BirA. The BirA gene has been cloned and the protein
purified and extensively studied (for a review, see Ref. 3). This
is a model system for the biochemical study of biotinylation.
However, if the ligases from other bacterial sources are very
similar to the E. coli enzyme, their eukaryotic counterparts
appear quite different. On the one hand, there is more than
only one biotin-dependent carboxylase in eukaryotic cells, and
hence, there are different substrates for the biotinylation reac-
tion. This raises the issue of substrate specificity of this reac-
tion. On the other hand, the cytoplasm of eukaryotic cells is
compartmentalized and the occurrence of biotin-dependent car-
boxylases in different subcellular compartments complicates
the understanding of their biotinylation. In mammalian cells,
HCS activity is located in both cytosol and mitochondria (4). In
human cells, there are four carboxylases requiring biotin as a
prosthetic group (acetyl-CoA carboxylase in the cytosol and
pyruvate carboxylase, 3-methylcrotonyl-CoA carboxylase, and
propionyl-CoA carboxylase in mitochondria). Only one gene
coding for HCS had been evidenced (5, 6). As a consequence, in
humans, mitochondrial and cytosolic HCS activities should
result from alternative splicing of the corresponding mRNA.
Furthermore, different HCS polypeptides had been detected in
cytosol that could result from the alternative use of three
translation initiation codons (7). In yeast, only one hcs gene has
been isolated and code for the cytosolic activity of HCS, ena-
bling the biotinylation of both carboxylases detected in yeast
cytosol (acetyl-CoA carboxylase and pyruvate carboxylase) (8).

In the plant kingdom, HCS activity has been detected in three
subcellular compartments (cytosol, mitochondrion, and plastid)
from pea leaves (9). This is therefore the most complex situation
described. These locations are in agreement with the presence of
carboxylases in each of the subcellular compartments (acetyl-
CoA carboxylase and geranyl-CoA carboxylase in plastid, acetyl-
CoA carboxylase in cytosol, and methylcrotonyl-CoA carboxylase
in mitochondria) (for a review, see Ref. 10). A ¢cDNA encoding
HCS has been isolated and characterized in Arabidopsis thaliana
(9). The product of the gene has been biochemically studied and
localized in plastids (11). The cytosolic and mitochondrial HCS
activities remain unexplained. In the present study, we intended
to clone a cDNA resulting from the expression of a new Acs gene
(hes2) using RT-PCR. We observed an unexpected diversity of
messenger variants resulting from the transcription of this gene.
They come from hcs2 mRNA alternative splicing. We investi-
gated the genomic organization of hcs2. We evidenced different
allelic isoforms of the hcs2 gene and studied the effects of this
polymorphism on hcsI and hcs2 expression and HCS activities.
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TABLE I
Synthetic oligonucleotides used

Primer name Primer sequence & eﬁﬁ)%izlggfea
hesl and hes2 ¢cDNA cloning
hes2.met 5'-CGTTATTGAACAGTTTCGTGG-3'
hes2.stop 5'-GCTAAATAACATCTGCGTTCACC-3’
hesl.met 5'-ATGGAAGCAGTTCGTTCAACAACAACC-3’
hesl.stop 5'-CAACGCACAACATCTACTTTCACCAGC-3’
RACE experiment
hes2.E3 5'-GAGACACAAACTGAACCAACTGG-3'
hes1.E4 5'-CCATACATTCTTTGTTCTGC-3'
hes2 gene characterization
hes2.E7 5'-GGAGCTTTACTATAGGACATGGC-3’
Real-time PCR
SNP.5 5'-GTTGTGACTATCCAGGTAGGATG-3' 55 °C
SNP.ag.3 5'-CCCGAAGAAGTCAAACCCT-3' 55 °C
SNP.gg.3 5'-CCCGAAGAAGTCAAACCCC-3’ 55 °C
Actin.5 5'-GTTTTGCTGGGGATGATGC-3’ 55 °C
Actin.3 5'-GGATTGAGCTTCATCGCC-3’ 55 °C
hes2.Q.5 5'-CCAGTTGGTTCAGTTTGTGTCTCTGATATCCAGT-3’ 60 °C
hes2.Q.3 5'-GGCACTACTCGACCATCTTCCATTTCTAAT-3’ 60 °C
hes1.Q.5 5'-CCAGTTGGTTCAGTTTGTGTCACTGATATCCAGT-3' 64 °C
hes1.Q.3 5'-GGCACGACTCGACCATCTTCCATTTCTAGA 64 °C
E2.AA 5'-CACTCACGATGTTGTTTCTCATAA-3’ 50 °C
E2.TT 5'-CACTCACGATGTTGTTTCTCATTT-3' 50 °C
E4.al 5'-AAGACAACCTTTTGGAGATTCCCAA-3’ 50 °C
E8.GG 5'-AAAATGTTGTGACTATCCAGGG-3’ 50 °C
E8.CT 5'-AAAATGTTGTGACTATCCAGCT-3’ 50 °C
E10 5'-GTTCACCAAAAGATGCTTC-3’ 50 °C
cacl cloning and expression
5'-CAC1 5'-GGTTAGTACTGGATCCTCATCAAATGCTGC-3'
3'-CAC1 5'-CAGAGAATGAATTTACTCGAGCTTCTTTTCTCC-3’

“ The annealing temperature used for the real-time PCR reactions is indicated.

EXPERIMENTAL PROCEDURES

Media, Bacterial Strains, and Chemicals—b-[8,9-°H]Biotin (33 Ci/
mmol) was purchased from Amersham Bioscience Inc. Isopropyl-1--D-
galactopyranoside was obtained from Bioprobe Systems. All other bio-
chemicals were obtained from Sigma Chimie SARL.

Temperature-sensitive E. coli birA215 mutant (strain BM4050) was
generously provided by Dr. A. M. Campbell. Mutations in the birA gene
affect the biotin ligase function of the BirA protein resulting in biotin
auxotrophy. The mutant had been lysogenized with the helper phage
(ADE3) harboring a copy of the T7 RNA polymerase gene, using the
ADE3 lysogenization kit from Novagen (11). The resulting E. coli
birA215 (DE3) could be used to express target cDNAs cloned in the pET
vector under the control of the T7 promoter.

Plant Material—A. thaliana (ecotype Wassilewskija) plants were
grown in soil under greenhouse conditions (23 °C with a 16-h photope-
riod, and a light intensity of 200 wmol of photons m™2 s ') until
harvested for analysis.

Synthetic Oligonucleotides—The oligonucleotide primers utilized in
this study are listed in Table I.

Cloning of Arabidopsis hcs2 and hesl cDNAs—Poly(A) mRNAs from
Arabidopsis leaves were prepared using the Straight A’s mRNA Isola-
tion System, according to the manufacturer’s instructions (Novagen).
First strand ¢cDNA was synthesized from 250 ng of mRNA in a final
volume of 20 ul using Oligo(dT),, primers (Thermoscript RT-PCR Sys-
tem, Invitrogen). PCR reaction was then conducted using 1-ul aliquots
of the RT reaction and hcs2- or hesl-specific primer, in the presence of
1 unit of Pwo polymerase (Roche Molecular Biochemicals). Hes2-specific
oligonucleotides (hes2.met, hes2.stop) and hes1-specific oligonucleotides
(hesl.met, hesl.stop) were chosen according to hcs2 gene (accession
number AC007505.4, AAF19230) and hcsI ¢cDNA (9) sequences. RT-
PCR products were cloned into pPCRscript (Stratagene) and sequenced.

Identification of hesl and hes2 Transcription Start Site—The tran-
scription start site of Acs1 and hes2 was determined by 5'-RACE using
Arabidopsis leaves cDNAs (GeneRacer Kit, Invitrogen). Two sequential
PCRs were performed with two pairs of nested adaptator primers and
gene-specific primers in exon 3 of hcs2 (Hes2.E3) and gene-specific
primer in exon 4 of hcsI (Hes1.E4). The resulting PCR products were
cloned into pPCRscript and sequenced.

Cloning and Analysis of the Arabidopsis hesl and hes2 Genes—Full-
length hcsI and hcs2 genes were amplified by PCR from Arabidopsis
leaves total DNA extracted by the CTAB method (12). Hes1 was ampli-
fied using hes1l.met and hes1.stop primers and hcs2 using hes2.met and
hes2.stop primers. The resulting PCR products were cloned into
pCR4Blunt-TOPO vector (Invitrogen) and sequenced. Partial ~cs2 gene
fragment was amplified by PCR using hes2.exon7 and hes2.stop prim-
ers and used for further restriction pattern polymorphism analysis
(Hpall and BstNI digestions).

Sequencing and Analysis of Data—DNA sequencing was performed
on both strands using the Prism Kit with fluorescent dideoxynucleo-
tides (Applied Biosystems, Genome Express, Meylan, Grenoble, France)
and T3 and Reverse universal primers. In addition, specific oligonucleo-
tide primers were used for further sequencing. VectorNTI (InforMax)
software package was used for sequence analyses.

Real-time PCR—Relative quantification experiments were done by
real-time PCR using Lightcycler System (Roche Biomolecular Bio-
chemicals) and Lightcycler-Faststart DNA Master SYBR Green I kit.
For each measurement 1 ul of DNA preparation was used as a template
in a standard 10-pl LightCycler PCR with appropriate primers (used at
a final concentration of 1 uM) and convenient MgCl, concentration (3
mM for amplification of genomic DNA and 5 mM for amplification of
c¢DNA). Amplification and detection were performed using the following
profile: 95 °C/8 min followed by 40 cycles of 95 °C/10 s, X °C/5 s and
72 °C/5 s. The annealing temperature (X °C) which is primer dependent
is indicated in Table I. The specificity of the reaction was verified by
melting curve analysis obtained by increasing temperature from 55 to
95 °C (0.1 °C/s).

Hes2 Alleles Quantification—The relative quantity of hcs2-ag and
hcs2-gg alleles in a DNA solution prepared from a mixture of Arabidop-
sis plants was determined by real-time PCR using the PCR primers
SNP.5 and SNP.ag.3 (hcs2ag allele specific) and SNP.5 and SNP.gg.3
(hes2gg allele specific) (Table I). DNA preparations from plant 1 (hcs2gg
allele) and DNA preparations from plant 7 (hcs2ag allele) were used as
standards for quantification.

hesl and hes2 Expression—Poly(A) mRNAs from different organs
(leaves, stems, roots, flowers, siliques, seeds) of Arabidopsis were pre-
pared using Straight A’s mRNA Isolation System according to the
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ATG1 ATG2 TGA
hesl
—h———-—_—_—_—. . - i—
1 2 3 4 5 6 7 8 9 10
k52 ATG TGA
—-———-—_—_—_—- i + i—
1 2 3 4 5 6 7 8 9 10
FiG. 1. The genomic structure of the 500 bp
hes1 and hes2 genes. A, schematic dia-
gram of hesl and hes2 loci. Boxes and
lines are exons and introns. The transla-
tion start site (ATG) and stop codon
(TGA) are indicated. B, amino acid se-
quence comparison between Arabidopsis
HCS1 (accession number AAC49706) and
HCS2 (conceptual translation of the puta- B
tive mRNA). Identical amino acids are . Lo = — P
shaded in yellow. Region I corresponds to HC82 MDID: o yeA 22
the catalytical core domain. Boxed amino
acids are implied in biotin binding (iden- - N E—
tified in BirA, E. coli) (17). Region II, i =l 3 : it o
shaded in green, corresponds to the Sty i
i i HCS1 v o1k EMEI VPLI
P];)GNSF domain conserved in all eukary- ol ii;wnmuummsn takxabe e v
otic HCS. =
HCS1 QYVVSLAVTEAVEDVCDEKGL PY I DVKI KWPNDLYVNGLKVGGIL vsvig 240
HCs2 orv ver NDVKIKWPNDLYLNGLK G LCTSTYRSRKFL 202
HCS1 = PTTCLNAVLKGMAPESNLLKREET JLEMDG EELY 300
HCS2 g L JGAFFK LFMEQGFESLEELY 262
HCS1 YRTWLHSEQRVIVEDEVEDQVVONVVTIQGCLTSSCYLLAY 360
HCs2 ¥RTCLHSGORVIAEERNEDQVVONVVTIO -~~~ —————————————— 322
-
HCS1 GLVERKI 367
HCS2 GLVRRKL 310

manufacturer’s instructions (Novagen). First strand cDNA was synthe-
sized from 1 pug of mRNA in a final volume of 20 ul using Oligo(dT),,
primers (Thermoscript RT-PCR System, Invitrogen). The relative
amount of hcsl and hes2 mRNAs was determined by real-time PCR
using the PCR primers hes2.Q.5, hes2.Q.3, hes1.Q.5, and hes1.Q.3 (Ta-
ble I). Dilutions of linear plasmid pPCRscript-hcsI and pPCRscript-
hes2 were used as standards for quantification. Amplification of actin
c¢DNA (accession number U39449) with actin.3 and actin.5 primers was
used as internal standard of mRNA integrity and ¢cDNA preparation.

Hes2 Splicing Variants Quantification—Poly(A) mRNAs from leaves
of plant line Ws-0-1 and plant line Ws-0-7 of Arabidopsis were pre-
pared. First strand cDNA was synthesized and used for real-time PCR
analyses as described above. Exon2/exon3 splicing variants were dis-
criminated using E2.AA/E4 and E2.TT/E4 primers. Exon8/exon9 splic-
ing variants were discriminated using E8.GG/E10 and E8.CT/E10
primers (Table I). Dilutions of linear pPCRscript-hcs2a and
pPCRscript-hes2d were used as standards for quantification.

Activity Measurements—Samples of Arabidopsis plants were har-
vested, ground in liquid nitrogen with a mortar and pestle, and homog-
enized in 1 volume of chilled buffer A composed of 20 mm Tris-HCI (pH
7.5), 1 mm EDTA, 1 mm dithiothreitol, 5 mM e-aminocaproic acid, 1 mm
benzamidine-HCl, and 1 mM phenylmethylsulfonyl fluoride. After 15
min centrifugation (18,000 X g), the supernatant was collected and
used for further analysis. The protein concentration of the extract was
determined using the method of Bradford (13). HCS activity in the
protein extracts was measured according to the protocol described by
Tissot et al. (14) using purified CAC1 as the apocarboxylase substrate.

Cloning, Expression, and Purification of Recombinant Apo-CAC1
Substrate—The pET-29a+-CAC1 plasmid encoding the Arabidopsis bi-
otin carboxyl carrier protein was constructed by means of PCR using
the pYES-R ¢cDNA library (15). Primers used for amplification (5'-CAC1
and 3'-CAC1) were synthesized in accordance with the published cDNA
sequence (Ref. 16, accession number U23155). They introduced a
BamHI restriction site and a Xhol restriction site. After digestion with
BamHI and Xhol, the PCR fragment was subcloned into pET29a+
vector (Novagen) digested with the same enzymes. This construct en-
codes a fusion protein containing the CAC1 protein devoid of the chlo-
roplast transit peptide and a 32-residue S-Tag presequence. The E. coli

birA215(DE3) strain transformed with pET29-CAC1 was grown and
induced at 37 °C in Luria-Bertani medium supplemented with kana-
mycin (50 pg/ml). When Ay, reached 0.6, 1 mM isopropyl-1-B-D-galac-
topyranoside was added and growth was continued at 37 °C for 3—4 h.
Cells were collected by centrifugation and resuspended in buffer A.
They were then disrupted by sonication for 15 min at 0 °C and lysates
were centrifuged at 40,000 X g for 15 min. Supernatant was incubated
with S-protein-agarose in batch processing for 1 h at 25 °C with gentle
shaking. Purification of the recombinant protein by cleavage of the
leader sequence was achieved with a biotinylated thrombin according to
the manufacturer’s instructions (Novagen).

RESULTS

Isoforms of hcs2 mRNA—The systematic sequencing of the
Arabidopsis genome revealed a second hcs gene (hcs2, acces-
sion number AAF19230) which presents strong homologies
with the gene encoding the plastidial HCS (hcsl, accession
number AAD31371), confirming our prediction of the occur-
rence of distinct HCS isoforms in the plant kingdom (9, 11). The
genomic organization of hcs2 is very close to that of hcsI (Fig.
1A). Like hesl, the hes2 gene is predicted to be divided in 10
exons. The putative protein resulting from the conceptual
translation of the putative hcs2 mRNA shares strong similar-
ities with HCS1 (displaying 82% amino acid identity) and pos-
sesses the conserved domains of biotin ligases (Fig. 1B). More-
over, it does not present any predictable transit peptide. It
could then catalyze the cytosolic HCS activity. To obtain the
messenger resulting from the transcription of the hcs2 gene,
mRNAs were isolated from Arabidopsis leaves and analyzed by
RT-PCR. Specific oligonucleotide primers (designed hcs2.met
and hcs2.stop in the 5’ and the 3’ ends of the hcs2 gene, and
chosen according to ORF prediction and homologies with AcsI
gene) were used to amplify the product of hcs2 gene. Surpris-
ingly, we noticed the occurrence of multiple cDNAs for hcs2.
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FiG. 2. Cloning of cDNAs encoding
Arabidopsis HCS2 isoforms. A, sche-
matic representation of 2cs2 mRNAs and
their gene organization. The positions
and directions of the primers used for RT-
PCR analyses are indicated on the bot-
tom. 5’ and 3’ variable regions are boxed.
B, Hcs2 isoforms variations in the 5’ ter-
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PCR-assisted cloning enabled us to isolate eight distinct cDNAs
(Fig. 2A). They exhibited sequence deletions or additions com-
pared with the predicted hcs2 mRNA and were distinct from
each other in 5’ and 3’ ends. The central part of the cDNA
sequence was invariant. Six cDNAs were found to encode a
family of putative HCS2 proteins designated HCS2a to HCS2f.
Two of these cDNAs (hcs2 g and hes2 h) did not present any
ORF. Sequence alignment of the putative HCS2 proteins shows
that they all share the central sequence (from exon 3 to exon 8)
corresponding to the catalytic core, whereas their COOH-ter-
minal and NH,-terminal are divergent. Fig. 2B shows the
complex structure of the NH,-terminal from the HCS2 protein
family. HCS2a and HCS2d protein sequences corresponded to
the predicted one. But, HCS2b and HCS2e differed from this
sequence. Indeed, in hcs2b and hcs2e ¢cDNA, we observed a
10-nucleotide insertion at the beginning of exon 3 from the
sequence of intron 2 (according to the predicted structure of
hes2 gene). This created a frameshift and resulted in the pro-
duction of a shorter ORF, the first initiating Met being local-
ized at the end of exon 2. The putative HCS2f protein presented
a large deletion in the NH,-terminal. Indeed, the entire exon 2
sequence was absent from the hcs2f cDNA sequence. The first
Met to initiate the hcs2f mRNA was localized in exon 1. Finally,
HCS2c presented an original sequence in the NH,-terminal.
Indeed, 197 nucleotides were deleted from exon 2 (position
39-235 of the exon 2). The first Met to initiate the hcs2c mRNA
was at the beginning of exon 1 and the first 35 amino acids
(exon 1-exon 2a) were completely different from those of other
HCS2 putative protein sequences. None of the observed HCS2

Exon | Exon 2a Exon 3
—— - —

230

Exon 10]“*
=m

fidifkelverkl®

Exon 10
—1

COOH-terminal corresponded to the predicted one. Indeed, the
hes2 cDNA sequence surrounding exon 9 was different from the
expected one. Two HCS2 putative protein families were iden-
tified (Fig. 2C). The first one comprised HCS2a, HCS2b, and
HCS2c¢ and the second, HCS2d, HCS2e, and HCS2f. Indeed, 28
nucleotides at the beginning of exon 9 of hcs2a, hes2b, and
hes2¢ cDNAs were missing in hes2d, hes2e, and hes2f cDNAs.
This resulted in a frameshift and created a premature termi-
nation signal in exon 9. Thus, the resulting putative proteins
were shorter and they did not present the PDGNSF domain
conserved among eukaryotic biotin ligases.

Besides these large variations which modify the 3" and the 5’
ends of the hcs2 ¢cDNAs and resulting ORF's, we observed a
number of SNP. Hes2d and hes2e sequences were in agreement
with hcs2 gene sequence referenced in the data bank whereas
hes2a, hes2b, hes2e, and hes2f presented SNP compared with
these sequences. Indeed, within the sequenced cDNA region, 12
polymorphic sites were observed (listed in Table II). Of these,
six resulted in silent substitutions, two involved conservative
amino acid change, three involved nonconservative amino acid
changes, and one resulted in a change from a Trp (TGG, posi-
tion 235, exon 2) to a termination triplet (TAG). This last
modification, observed in hcs2g cDNA, precluded the determi-
nation of an ORF for this sequence.

The diversity of hcs2 mRNA splice variants contrasts with
the occurrence of only one hcsI mRNA isoform previously iso-
lated by functional complementation of E. coli mutants (9). To
investigate the possible occurrence of other mRNA isoforms of
hesl, we intended to clone its corresponding cDNA by means of
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TaBLE II
Nucleotide polymorphism at hes2 cDNA
Nucleotides are numbered beginning at the start of each indicated exon. cDNAs possessing the same nucleotide as putative cDNA sequence are
marked by dots at that site. Nucleotide changes are indicated by the appropriate letter and nucleotide deletion by a “d.” For partial cDNA
sequences, absence of data is indicated by a “n.s.” (not sequenced). The putative cDNA sequence used as reference is reported according to the

systematic sequencing of Arabidopsis genome (18).

c¢cDNA Exon 1 Exon 2 Exon 4 Exon 5 EXGOH Ex70n Exson E)éon
21 39 8 97 235 3 119 14 114 118 39 9 46

Putative G G T A G A T A C G G G G
hes2 a . . . . . . . . C A A
hes2 b C C A C C T T T . A A
hes2 ¢ C d d C C T T T A A
hes2 d . . . . . . . .
hes2 e . . . . . .
hes2 f d . d d d . .
hes2 g . . C . AS C C n.s n.s n.s n.s n.s n.s
hes2 h . . C d d C C T n.s n.s n.s n.s

“ A, indicates the occurrence of a termination signal.

PCR. mRNAs were isolated from Arabidopsis leaves and ana-
lyzed by RT-PCR, as described for hcs2. Specific oligonucleotide
primers (designed hcsl.met and hesl.stop in the 5 and the 3’
ends of the hcsI gene) were used to amplify the product of the
expression of hcsl gene. Interestingly, under these conditions
we did not evidence any other AcsI mRNA form than that
previously characterized.

Identification of hcs2 Transcription Start Site—To accu-
rately determine the translation initiation of Acs2, we intended
to clone the entire 5’ sequence of hcs2 mRNA from the tran-
scription start. By means of a 5'-RACE experiment we cloned
hes2 5’ end (Fig. 3B). This analysis evidenced two additional
exons before the first ATG but did not reveal any other up-
stream ATG. To complete hcs1 and hes2 mRNA studies, we also
determined the Acsl transcription start by 5'-RACE (Fig. 3A).
Surprisingly, we observed an hcsI 5’ end different from the one
previously characterized (entire hcsI cDNA isolated by means
of functional complementation (9)). A 101-nucleotide sequence
from the 5’-untranslated region was absent in the clone ob-
tained by RACE. The borders of this deleted sequence matched
with the GT/AG rules of splicing in the Acs1 gene. As a conse-
quence, two different 5'-untranslated regions of hcsI are gen-
erated by alternative splicing of the same hcs1 pre-messenger
RNA.

Are Sequence Variations of hcs2 mRNA Generated by Alter-
native Splicing?—We determined the 5’ donor and 3’ acceptor
splice sites of each of the hcs2 cDNA clones identified (listed in
Table III). The sequence of the introns was obtained from the
hes2 gene sequence (accession number AAF19230). The nucle-
otide sequence at the 3" acceptor splice sites of intron 2 (posi-
tion 559) and intron 2’ (position 549) demonstrated that both
sites are consistent with canonical GT/AG rules. This strongly
suggests that hAcs2a and hes2b mRNAs are generated by alter-
native splicing events. We could put forward a similar alterna-
tive splicing mechanism to explain the occurrence of hcs2f
mRNA. The splicing of a cryptic intron (intron 2bis) inside exon
2 could explain the deletion of 197 nucleotides of the exon 2.
But, the 3" acceptor splice site (position 437) of the intron 2bis
do not match the AG/GT rule. Moreover, the occurrence of both
3’ ends of hes cDNA clones could be explained by an alternative
use of two 3’ acceptor splice sites in intron 8 (positions 2055
and 2083 in the hcs2 gene). However, the first one (tccgg?®®”)
does not match the consensus sequence (Table III). The 3’
splice site (GT) and 5’ splice site dinucleotides (AG) are almost
invariable in higher plant introns (19). As a result, we could not
explain all the nucleotide variations observed, by alternative
mRNA splicing mechanisms.

Identification of Allelic Variants of hcs2 Gene—To under-
stand the origin of the unusual spliced mRNAs, we decided to

study in more detail the sequence of the hcs2 gene. Specific
oligonucleotide primers (designed hcs2.E7 and hes2.stop, Table
I) were used to amplify from genomic DNA, a 844-nucleotide
fragment of the hcs2 gene, including the nonconsensual intron
8/exon 9 border. After cloning and sequencing, we identified
two different sequences, designated hcs2gg (type I 844-nucleo-
tide fragment) and hcs2ag (type II 844-nucleotide fragment)
(Fig. 4A). These two sequences provided us an explanation for
the occurrence of two different 3’ ends of ~cs2 ¢cDNA. Indeed, a
SNP in intron 8 of hcs2ag created a new 3’ acceptor splice site
(TCCGG sequence in hcs2gg gene became TCCAG in hcs2ag
gene) 28 nucleotides upstream from the former. This modifica-
tion accounts for the unusual splicing event observed in Acs2a,
hes2b, and hes2¢ ¢cDNAs. Consequently, hes2a, hes2b, and
hes2c mRNAs should result from the transcription of a second
hes2 gene (hes2ag) presenting some SNP compared with the
first form (hcs2gg). To identify the relationship between hcs2ag
and hcs2gg, we analyzed the distribution of these two hcs2
forms in an Arabidopsis population. We used the endonuclease
restriction profile polymorphism created by the GG/AG SNP
(Fig. 4B). We analyzed 11 different Arabidopsis plants. Among
these 11 plants, four presented the type I digestion pattern and
seven presented the type II digestion pattern. None of them
presented a mixed digestion pattern. As a consequence, all the
analyzed plants presented only one of the two Acs2 gene iso-
forms evidenced. Systematic sequencing confirmed that there
was only one Acs2 gene copy in Arabidopsis genome. We could
then conclude that the two different isoforms of hcs2 gene are
allelic hcs2 variants. Moreover, 11 inbred lines (Ws-0-1 to Ws-
0-11) were generated from the Ws-0 accession for further anal-
ysis by planting self-seeds from the original Ws-0. We verified
that each of the resulting lines preserved the digestion pattern
of the parental plant. Besides, we measured the relative dis-
tribution of these alleles by real-time quantitative PCR. In a
preparation of genomic DNA from a population of Arabidopsis
plants, we quantified 45% of hcs2ag allele (data not shown).
This ratio confirmed the nearly equal distribution of hcs2ag
and hcs2gg in the Arabidopsis seed stock analyzed.

To evidence the effect of hcs2 gene polymorphism on Acs2
mRNA splicing, we studied the relative distribution of exon 9
splicing variants resulting from the use of two 3’ splicing ac-
ceptors (splicing type I and II, Fig. 5A). Using the real-time
RT-PCR approach, we quantified each of them (Fig. 5B). In a
preparation of mRNAs from whole Arabidopsis plants ground
from our seed stock, we detected both splicing types but type II
was slightly in the majority representing ~70% of hcs2 mRNA.
We analyzed the relative amount of each of these transcripts in
different organs of Arabidopsis plants, with similar results
(data not shown). In plant Ws-0-1 (hcs2gg allele), type II
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hesl

datcagoeca gagottggoo |8

Fic. 3. The 5-upstream region of
Arabidopsis hesl and hes2 genes ob-
tained by 5'-RACE. 5’ sequences of hcs1
(accession number AAD31371) and hcs2
(accession number AAF19230) genes are

exonl
! : gtteg
attaggacat gtattttatt gaagtttcat gatttaattg
atagagttct tggttttgtt
exon2
atccatctc
gatctgtttt ot
1 gt 1 X .- exon3
gagttttttt gaccaatttt ggattagata
aaacttgaaa ctctgtgtgt aattgatgaa exond

reported. Sequences obtained by RACE
are shaded. Arrows indicate the experi-
mentally obtained transcription start B
sites. The oligonucleotide primers used

for RACE experiments are in bold. The hes2

initiation codons are boxed. A, nucleotide
sequence of the 5'-untranslated region
and of the first four exons of the hcsI
gene. Two first in-frame ATG codons are
boxed. The intron localized in the 5'-un-
translated region is underlined. B, nucle-
otide sequence of the 5'-untranslated re-
gion and of first three exons of hcs2 gene.
Initiation codon is boxed.

ttaataggag ctgccattgt gtgttgattg 7

taaatccaaa

agtottg téagtaattg ttcfctﬁtgc.ggt:ttaggt
taattgttet gtgttcogtgt taccttgaga tgtatgatat
tacttttatt cctc

tatcatcatt catcaaagot » tcaattggta ttttttatat

éttgaaaaca gagcttgatc aattgotgaa aatagagett gaaacttect ttgotttatt
tgattcaaat cttaagctct ctgaattggg actgtatata tgtgtttggt tgtgattatt

tgtgaattgg aattttcagg gacttagttc tagttattet tgggaaaacec tgttaaagta
aaazaaattg caccaagtet cattagtcat tagacgtgaa totacttcoag tttbttteottt

t
t

atcttgtata

taag

gaaaatgata tacaaaaact tagtttacca
a togoog ttgtttcact exonl

] a tttaaataat ctttgcccat
aa a oo cgt at = attaa attttgaaac

ttttegtgt tttgttttga

exon2

tota ttecteottta aggtttgett atottttatg

tattgaaatc
agotttttta gtttetttca ofieg Jtate exond
TaBLE IIT

Exon-intron junction sequence of the Arabidopsis hcs2 gene
The nucleotide sequences flanking the 5’ donor and 3" acceptor splice sites of ~cs2 are shown. These arrangements were deduced by comparing
the ¢cDNA sequences with the sequence of hcs2 gene referenced in the data bank. Exon sequences are indicated by capital letters and intron
sequences by lower-case letters. Consensus introns bordure sequences are underlined. Sequences marked by an asterisk indicate sites at which
consensus is not respected. Nucleotides flanking the introns are numbered.

Exon 5’ Donor splice site Intron 3" Acceptor splice site Exon Occurrence in cDNA
1 AG®°/gtaage 1 tttag?°%/CC 2 All
2 CA*""/gtaage 2’ tttag®t/TT 3 hcs2b, 2e
2 CA*""/gtaage 2 ttcag®/TA 3 hes2a, 2¢, 2d, 2f, 2g, 2h
2a TG?*/gtaaat 2bis *tttgg?®T/TC 2b hes2c, 2h
3 AG®?Y/gtaagt 3 tgecag™?/GC 4 All
4 AG®"/gtatge 4 tteag™* /GG 5 All
5 TG%%/gtaata 5 tgeag!®?/GT 6 All
6 AG5%/gtaate 6 ttcag!*63/GT 7 All
7 AGY%/gtaatg 7 cgeag'®’/TG 8 All
8 AG™/gtagga 8 gctag?®®?/CT 9 hes2d, 2e, 2f
8 AGY¥/gtagga 8’ *teegg?®/GG 9 hes2a, 2b, 2¢, 2g, 2h
9 AG***/gtgata 9 tacag?'®?/TT 10 All

amount reached 90% of total hcs2 mRNA, whereas splicing
type I level did not exceed the background noise of PCR. Thus,
in “hes2gg” plants, there was only one detectable splicing event
that created a premature termination signal. On the contrary,
in Ws-0-6 plants (hcs2ag allele), splicing type I was signifi-
cantly detected. Its relative amount exceeded the level of splic-
ing type II and raised 60% of total hcs2 mRNA. As a result, in
“hes2ag” plants, the intron 8 SNP (nucleotide 2055) created a
new splice site which entitled the detection of splicing type I of
exon 9 in hcs2 mRNA. The second splice site (the only one used
in hcs2gg plants) kept on being used and explained the detec-
tion of splicing type II of exon 9 in hcs2 mRNA. Consequently,
in these plants and contrarily to hcs2gg plants, alternative
splicing of exon 9 created two different mRNA 3’ ends and
hence, two different putative NH,-terminal HCS2 proteins. In

summary, a nucleotide polymorphism at the Acs2 gene created
an allele-dependent splicing of exon 9. To quantify this poly-
morphism, we sequenced the entire hcs2 gene.

Polymorphism at hcs2 Gene—A total of 2322 nucleotides of
the hcs2 gene were sequenced for five inbred lines of A. thali-
ana Ws ecotype (Ws-0-1, Ws-0-4, Ws-0-5, Ws-0-6, and Ws-0-10).
This encompassed the 2251 nucleotides containing the HCS2
protein coding region plus nine introns and a portion of the
flanking DNA including 23 nucleotides at the 5’ end and 48
nucleotides at the 3’ end of the ORF. We confirmed the results
obtained by restriction patterns and obtained three different
hes2 sequences (Ws-0-4/Ws-0-6/Ws-0-10, Ws-0-1, and Ws-0-5).
Furthermore, within the entire sequenced region, 21 polymor-
phic sites were observed. The position of all nucleotide changes
found among the Ws-0-4 and Ws-0-5 hes2 genes (hes2.ag allele)
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A

I (hes2gg)
Intron 7

FiG. 4. Analysis of the 3’ terminal of
the hes2 gene. A, schematic representa-
tion of the two 3’ sequences of the hcs2
gene and their corresponding spliced
mRNA. A 844-nucleotide PCR fragment
(from the beginning of intron 7 to the ter-
mination signal) was cloned and se-
quenced. Two different sequences were
evidenced: type I sequence (hcs2gg allele)
and type II sequence (hcs2ag allele). The
¢cDNA clones matching the putative
mRNA sequence are indicated at the be-
ginning of the sequence. Lines and boxes B
in the hcs2 gene represent exons and in-

1 (hes2ag)

Intron 7

(hes2d, hes2e and hes2f)

(hes2a, hes2b and hes2c)

10441

Intron § GG

Intron9

Intron 8' Intron9

trons, respectively. Arrowheads indicate
sites of polymorphism. B, schematic rep-
resentation of type I and type II fragment
digestion profiles. Genomic DNA was ex-
tracted from 11 individual Arabidopsis

Type I fragment

Type I fragment
BstNI Hpall BstNI BstNI

plants. For each of these plants, a 844- BstNI 19

(494}\ ( (576) [494)\ ( (577)

350 BsiI L) 83 267

nucleotide PCR fragment was tested for Hpall
BstNI and Hpall digestion. The size of the
theoretical digested fragment is indi-
cated. The digestion patterns correspond-
ing to the Ws-0-3 plant and Ws-0-5 plant
are presented. For each of them, other
plants presenting the same profile are
indicated.

576 268 844

Hpall BstNI

Ws-0-3

Hpall

Same
digestion
pattern for:
Ws-0-1,
1000 Ws-0-2,
Ws-0-3,
Ws-0-7,
298 Ws-0-8,
Ws-0-9,
Ws-0-11.

Hpall BsiN]

Same
digestion
1000 pattern for:
Ws-0-4,
Rio Ws-0-5,
298 Ws-0-6,
Ws-0-10.

516

Ws-0-5

Exon 9' Exon 10
TR

Exon 100
E10
B ;
I Yo type |
” 7 vatypell
1
2 B0f
=
oy 60 -
2
2 40
&
£ 20

mixture Ws-(-1 Ws-0-6

Fic. 5. Real-time RT-PCR quantification of spliced variants of
exon 9. A, a schematic representation of E8.GG, E8.CT, and E10
oligonucleotides positions on exon 8/exon 9 junction and on exon 10.
E8.GG oligonucleotide enabled the quantification of type I splicing
event. E8.CT primer oligonucleotide enabled the quantification of type
II splicing event. B, real-time RT-PCR experiment on poly(A)* RNA
from Arabidopsis aerial parts from a mixture of plants, from Ws-0-1 and
Ws-0-6 plants using splicing type-specific primers. Data (percentage of
the total amplification) are means of three independent experiments
performed with four cDNA dilutions = S.D. B-Actin has been used as
internal standard of RNA integrity and quantity.

is listed in Table IV. Ws-0-6 and Ws-0-10 Acs2 genes presented
the same 20 polymorphic sites than those reported in Ws-0-4.
Of the 21 SNP observed, 11 were present in intron sequence

and 10 were observed in coding sequence. Of these, five re-
sulted in silent substitutions, three involved conservative
amino acids changes, one involved nonconservative amino acid
change (substitution of Ile with Asn), and one resulted in a
change from a Trp to a stop codon (position 437 (exon 2)). Two
SNP resulted in the creation of splice sites (position 437 (exon
2) and 2055 (intron 8)). These observations elucidated the un-
explained splicing of exon 2 (in hcs2¢) and unexplained splicing
of exon 9 (hes2a, hes2b, and hes2¢). The Ws-0-1 hes2 gene did
not present any polymorphism compared with the Col-0 Acs2
gene sequence. The polymorphisms observed in the entire hcs2
gene sequence are consistent with the previously observed
polymorphisms in ~cs2 cDNA sequences. Indeed, the hcs2 gene
from Ws-0-4 type plants presented the same exonic SNP that
those previously observed in hcs2a, hcs2b, and hes2¢ cDNA
clones (see Table II).

To determine whether hcs2 gene polymorphism only re-
flected non-selective genomic variations inside the Ws ecotype
or if it was hcs2 gene-specific, we investigated hcs1 gene poly-
morphism. A total of 2385 nucleotides of the hcsl gene were
sequenced in Ws-0-1 and Ws-0-6 plants. Ws-0-1 hcsI gene
sequence was identical to the Col-0 hcsI gene sequence. Within
the entire sequenced region, only two polymorphic sites were
observed in Ws-0-6 hcs2 gene. Only one was observed in coding
sequence (position 83 in exon 1), and resulted in a conservative
amino acid change (substitution of His with Arg). As a result,
0.084% of nucleotides are polymorphic within Acs1 and 0.04%
of the observed polymorphisms result in a change in amino acid
composition. By way of comparison, 0.9% of nucleotides are
polymorphic within Acs2 and 0.17% of the observed polymor-
phisms result in a change in amino acid composition.

We measured HCS activity in Ws-0-1 to Ws-0-11 plant lines.
Although hcs2 gene sequence polymorphism have severe con-
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TaBLE IV
Nucleotide polymorphism at hcs2 gene
Nucleotides are numbered beginning at the start of the ORF. The position of the nucleotides is indicated, I1: intron 1, E2: exon 2. When the site
of polymorphism is exonic, its position in the exon is specified above. Nucleotide changes are indicated by the appropriate letter. The Col-0 hcs2
gene sequence is used as reference and reported according to the systematic Arabidopsis genome sequencing (18).

104 158 210 437% ggp T14 830 951 1051 yy,5 1270 y33¢ 1439 1452 1480 1788 1881 1215 9050 20550 2102

Ecotype 1 11 E2 E2 3 E4 E4 E5 E5 5 E6 6 6 E7 7 7 E8 8 8 E9
8 235 3 119 14 114 118° 9° 46°

Col-0 T G T G A T A C C G T C G G A A G G G

Ws0-4 A T C A C C C T T A T
Ws0-5 A T C A C C C T T A T

A T A G G C A G A A
A T A A G C A G A A

“ Nucleotides marked indicate sites at which splice site changes occur.

® Nucleotides marked indicate sites at which amino acid changes occur in the deduced protein sequence. These changes occur at position 14 of
exon 5 (substitution of Asn with Ile), position 118 of exon 6 (substitution of Lys with Asn), position 39 of exon 7 (substitution of Cys with Trp),
position 9 of exon 8 (substitution of Arg with Lys), and position 46 of exon 9 (substitution of Val with Ile).

A hest
W hcs2

=

mRNA quantity
(relative units)
S
S

o]

“mnllln

Fic. 6. Expression of hesl and hes2 genes. Real-time RT-PCR
experiment on poly(A)* RNA from various Arabidopsis organs (roots
(R), stems (St), leaves (L), flowers (F), siliques (Si), and seeds (S)) using
hes1- and hes2-specific primers (A). Data are means of three independ-
ent experiments performed with four ¢cDNA dilutions * S.D. B-Actin
has been used as internal standard of RNA integrity and ¢cDNA prep-
aration. HCS activity measurement has been performed on protein
extracted from the same organs (B).

(nmol/min/mg protein)

o
]
&)

sequences on hcs2 mRNA splicing and COOH-terminal HCS2
protein sequence, the in vitro assay performed with CAC1 as
acceptor substrate did not evidence any significant variation of
total HCS activity correlated with the nature of hcs2 allele
(data not shown). Moreover, plants had no discernible pheno-
type, whatever Acs2 allele they bore.

Expression of hcs Genes—To have insight into the physiolog-
ical function of each hcs gene, we intended to study their
expression patterns in various plant organs. By means of quan-
titative RT-PCR measurements, we evaluated hcsl and hcs2
transcripts abundance (Fig. 6A). HesI and hes2 mRNAs were
detected in all analyzed organs (roots, stems, leaves, siliques,
flowers, and seeds). HcsI mRNA amount was relatively con-
stant except in the seeds where it was twice that in other
organs. Total hcs2 mRNA level was also constant in vegetative
organs, but was increased in flowers and seeds. The relative
amount of hcsI mRNA was greater (about 4-fold higher) than
that of total hcs2 mRNA. The hcs1/hcs2 mRNA ratio was
slightly different in flowers and seeds where there was only
twice as many hcsI mRNA as hcs2. Interestingly, the higher
level of Acs2 mRNA in flowers was correlated with an increase
of HCS activity in these organs (about 3-fold, Fig. 6B).

To determine more accurately the hcs2 expression profile, we
studied the distribution of the two alternative splice variants of
intron 2/exon 3 border (Fig. 7). Two different 3’ acceptor splice

A
11
v
Exon 2 Exon 3 Exon 4
E2TT E4.al
B
2 % type 111
B B % uwpe
El A % type IV
=
5
=
C

B Y typelll
A % type IV

% splicing type

Ws-0-1 Ws-0-6

mixture

Fic. 7. Real-time PCR quantification of spliced variants of
exon 3. A, a schematic representation of E2.AA, E2.TT, and E4.al
oligonucleotide positions on exon 2/exon 3 junction and on exon 4.
E2.AA oligonucleotide enabled the quantification of type III splicing
event. E2.TT oligonucleotide enabled the quantification of type IV splic-
ing event. B, real-time RT-PCR experiment on poly(A)* RNA from
various Arabidopsis organs (aerial parts (M), roots (R), stem (St), leaves
(L), flowers (F), siliques (Si), and seeds (S)) using splicing type specific
primers. Data (percentage of the total amplification) are means of three
independent experiments performed with four ¢cDNA dilutions + S.D.
B-Actin has been used as an internal standard of RNA integrity. C,
real-time RT-PCR experiment on poly(A)* RNA from Arabidopsis aerial
parts from a mixture of plants, from Ws-0-1 and from Ws-0-6 plants
using splicing type-specific primers. Data (percentage of the total am-
plification) are means of three independent experiments performed
with four ¢cDNA dilutions = S.D. B-Actin has been used as internal
standard of RNA integrity.

sites distant from 10 nucleotides are alternatively used. We
quantified each of the resultant messengers by way of real-time
PCR. Surprisingly, type III was the most abundant splicing
type, resulting in the creation of a 10-nucleotide longer exon 3
(exon 3') and in a frameshift (see Fig. 2). The putative proteins
associated with this splicing are NH,-terminal truncated
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A Group 1
[Catalyticcore [ 2 ] thermoantotrophicum
Group 11 DNA himll'ngir domain
Catalytic core ? E.coli
Group 111 Organelle tar%cling sequence
[27T Catalyticcore [ 7 K] 4. thaliana, HCS1

Group IV

Fic. 8. Comparison of Arabidopsis
HCS2 putative proteins and HCSs
from various organisms. A, classifica- B
tion of HCSs (adapted from Ref. 20). HCSs

Y, A—CT T s

shown (organism, accession number) are
as follows: Methanobacterium thermoau-

totrophicum strain AH, AAB86373; E.
coli, M101123; A. thaliana, AAC49706;
and Homo sapiens, P50747. ?, the func-
tion of this region is unknown. The trian-
gle represents the PDGNSF domain. B,
relative classification of HCS2 proteins.
The associated allele is indicated. The pu-
tative subcellular localizations are predic-
tions from chloroP and targetP prediction
servers.

Putative HCS2 protein Related group Putative localization
HCS2b
I A 2 Vesicular pathway
e Vaer alleles [HES2C
Hes2ag alleles [ | I - Cytosol
HCS2a .
- - i Syl
HCS2e
I:I:l 1 Vesicular pathway
HCS2d
Hes2gg alleles | | | | ? Cytosol
HCS2f : p
1 [ ] 2 Mitochondria

(HCS2b and HCS2e). This splicing distribution did not vary
with the tissue experienced (Fig. 7B) and was not dependent on
the hes2 gene allele (Fig. 70).

DISCUSSION

When making an inventory of the parties involved in bio-
tinylation, we observed a peculiarly complex situation in
plants. HCS activity had been detected in three subcellular
compartments (9) and the systematic sequencing of Arabidop-
sis genome revealed the occurrence of two hcs genes (hesl and
hes2) (18). Hesl was previously characterized and found to
encode plastidial isoform (9, 11). Here, we focused our attention
on the hes2 gene and its products. The salient facts of our
investigation are (i) hcs2 gene is expressed and subjected to
alternative splicing; (i1) hcs2 gene is characterized by high level
of nucleotide polymorphism inside Ws ecotype; (iii) the level of
polymorphism at Acs2 locus contrasts sharply with that ob-
served at hcsl locus; (iv) the observed polymorphism affects
splicing of hAcs2 mRNA but does not have any effect on HCS
activity level in whole plant extracts nor on plant phenotype;
(v) total hcs2 mRNA level is 4-fold lesser than Acs1 mRNA; and
(vi) the most abundant hcs2 mRNA spliced variant should
encode a truncated protein.

Are HCS2 Putative Proteins New Forms of Eukaryotic
HCS?—We evidenced different isoforms of hcs2 mRNA which
could encode putative proteins variable in amino- and carboxyl-
terminal. We were not able to test the occurrence of these
proteins in a cellular extract of Arabidopsis although we had at
our disposal the HCS1 antibody. This antibody cross-reacted
with HCS2 recombinant proteins (data not shown) but the HCS
proteins concentration in plant extracts was too low to be
accurately detected. These putative proteins can be classified
according to their domains organization (20) (Fig. 84). What-

ever hes2 allele, the most represented putative HCS2 protein
(according to its corresponding mRNA relative abundance
(hcs2b for hes2ag and hes2e for hes2gg)) should be NH,-termi-
nal truncated. It is an original eukaryotic HCS organization
and this NH,-terminal structure is related to some bacterial
ligases which do not present the helix-turn-helix domain of
BirA (involved in DNA fixation and biotin operon regulation)
and present no more than the catalytic core domain in NH,-
terminal. We evidenced two different putative COOH-terminal
HCS2 protein sequences. One presents the PGDNSF eukary-
otic specific domain (observed in HCS2a, HCS2b and HCS2c¢)
while the other is devoid of this conserved sequence. This
partition is allele-dependent, as far as hcs2gg allele plants
could not produce the COOH-terminal complete HCS2 protein.
The function of this domain is not determined nor its exact
involvement in HCS activity, but human HCS deleted of its last
31 amino acids (comprising the PDGNSF sequence) lost all
activity (21). However, for the Arabidopsis enzyme, which is
closer to its bacterial counterpart, the HCS2 proteins depleted
from this sequence (HCS2d, -e, and -f) could remain active.
The significance of several splice variants of hcs2 is un-
known. As this alternative splicing affects the 5’ of ~ics2 mRNA
and should modify the NH, terminus of HCS2 protein, it could
produce proteins with different subcellular distributions (Fig.
8). Indeed, prediction programs such as Psort, chloroP, and
mitoP give putative HCS2a, HCS2¢, and HCS2d a cytosolic
localization and HCS2f a mitochondrial localization. These
supposed localizations are in good agreement with HCS activ-
ities found in plant cell cytosol and mitochondria (9) and
matches well with sites of accumulation of some biotin-contain-
ing proteins in plant cells (10). According to the prediction
programs, HCS2b and HCS2e should present a vesicular path-
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way localization (Fig. 8). It is interesting to notice that in
Arabidopsis, two “cytosolic” ACCase isoforms have been de-
scribed (22). The corresponding gene sequences are very close,
but one of them (accession number AAG40564) should present
a NH,-terminal extension which is predicted to be membra-
nous. Moreover, prediction programs (targetP, chloroP) give
this protein a reticular localization. Thus, the HCS2 NH,-
terminal truncated isoform could be its specific ligase.

Alternatively, the active domain of the hcs2 gene could come
down to the sequence between exon 3 and exon 9. So, exon 2
and exon 10, subjected to deleterious alternative splicing could
be useless in HCS2 protein. This would give the HCS2 protein
peculiar properties (substrate specificity and kinetic proper-
ties) different from HCS1. It could influence substrate specific-
ity of each of them, in particular with respect to biotinylation
sites different from the consensus one. Indeed, a cytosolic seed-
specific biotinylated protein (SBP65) with no carboxylase ac-
tivity had been evidenced in pea (23). This protein presents an
atypical biotinylation site. A SBP65 homologue has been found
in Arabidopsis seeds (24). It is also possible that other original
biotinylated proteins exist in Arabidopsis that could explain
the diversity of HCS isoforms in plant cells.

Hcs2 Gene Presents a Nucleotide Polymorphism—When com-
paring Col-0 and Ws-0-4 hcs2 sequence, 0.9% of nucleotides are
different and 0.17% of the observed polymorphisms result in a
change in amino acid composition. It is a significant level of
intraspecific sequence polymorphism. By way of comparison,
such level of polymorphism was found within the RPS2 gene
(1.26%) (25) or at the RPP5 disease resistance locus (26). These
are examples of sequence polymorphism affecting plant Resist-
ance (R) genes which are currently subjected to such genetic
variation (27). Bergelson et al. (28) examined levels of polymor-
phism for three nuclear genes within and among the population
of Arabidopsis. For these nuclear genes, the average nucleotide
diversity was 0.04% within the Arabidopsis population and
0.14% between populations. The polymorphism observed in the
hes2 gene could have deleterious effects on HCS protein integ-
rity because of its effect on hcs2 mRNA splicing. Despite these
severe consequences on hAcs2 mRNA and HCS2 protein se-
quences, the ratio of each hcs2 alleles was found to be around
50% in the Ws population we had at our disposal, and all the
plants analyzed were homozygous for this trait. Moreover,
there were no apparent consequences of this allelic diversity on
HCS activity and plant phenotypes, which probably indicate
relatively week functional constraint on the hcs2 gene. A pos-
sibility is that protein HCS2 function is redundant with that of
HCS1. These two genes have very close sequence homology.
Thus, one cannot exclude that hcs2 could be an inactive pseu-
dogene in Arabidopsis. It would be the relic of a former dupli-
cation event of the Acs gene consistent with the general dupli-
cation of Arabidopsis genome (18) leaving, after evolution, only
one resulting copy (hcsI) active. This possibility would be con-
sistent with the observation that some of the spliced HCS2
isoforms are allele-dependent (HCS2a, -c, -d, -f; Fig. 8B). We
have isolated by RACE experiment, an hecsI mRNA 5’ end
different from the formerly studied. The observed deletion
could influence the ATG choice. Indeed, two in-frame ATG can
be used as initiation codons (9) in the hcsI mRNA (see also Fig.
2A). In the present case, the observed deletion covered a zone of
repeated sequence that can create some secondary structure.
The structure of the 5'-untranslated region can influence the
initiation of translation (29). The first ATG gives HCS1 a
plastidial localization (11), the second could give HCS1 a cyto-
solic localization. As a result, hcs1 gene could be sufficient to
explain cytosolic and plastidial HCS activities. This situation
had been observed in human, where only one hcs gene and two
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subcellular localizations of HCS activity (mitochondrial and
cytosolic) were evidenced (6).

Another possibility is that HCS2 is useful on occasion, but
such occasions may not occur during the lifetime of the average
plant. For example, Arabidopsis adh is a nonessential gene
that is thought to be subjected to balancing selection for two
haplotypes (30). Likewise, Henikoff and Comai (31) observed
an allelic diversity of CMT1, some of the alleles presenting
deleterious mutations. They put forward such an hypothesis to
explain the maintenance of both alleles. In our case, hcs2 could
encode an isoform implied, for example, in specific activation of
cytosolic ACCase, committed in flavonoids or long chain fatty
acid synthesis, restricted in the epidermal cells. As a result,
HCS2 deficiency could have any effect apart from the occur-
rence of an environmental stress such as UV exposition or
pathogen attack.

Studies of the biochemical and kinetic properties of HCS2
recombinant proteins and of their subcellular localization in
the plant cell, which are currently in progress in our labora-
tory, will entitle us to have insight into their physiological
function. Moreover, reverse genetic studies and particularly
characterization of knockout Acsl and hecs2 mutants, which
have been initiated, will give us some elements to unravel the
role of each of Arabidopsis hcs gene in the realization of protein
biotinylation.
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