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Abstract

The arabinose-sensitiagal-1mutant ofArabidopsids deficient in arabinose kinase activity. A candidate for the
ARAlgene,ISA] has been previously identified through thebidopsisgenome sequencing initiative. Here we
demonstrate that (1) teRA1gene coincides witlSAlin a positional cloning strategy; (2) there are mutations in
thelSAlgene in both th@ral-1 mutant and an intragenic suppressor mutant; and (3arhe-1and suppressor

mutant phenotypes can be complemented by the expression ¢&AiecDNA in transgenic plants. Together

these observations confirm thi@Alis the ARAl1gene.ARAlis a member of the galactose kinase family of
genes and represents a new substrate specificity among this and other families of sugar kinases. A second gene
with similarities to members of the galactose kinase gene family has been identified in the EST database. A
1.8 kb cDNA contained an open reading-frame predicted to encode a 496 amino acid polypepti@ALThe

cDNA was expressed in@alK mutant ofEscherichia coliandin vitro assays of extracts of the strain expressing
GAL1confirmed that the cDNA encodes a galactose kinase activity. 84ihl andARAlcross-hybridise at low
stringency to other sequences suggesting the presence of additional members of the galactose kinase gene family.

Introduction be synthesisede novofrom UDP-glucose via a se-

ries of interconversion reactions [8]. In addition, there
Plant cell walls contain numerous polysaccharides are, for many sugars, ‘salvage’ pathways which can
which consist of a wide range of different sugar convertfree sugars into NDP sugars via a phosphory-
residues. An analysis oArabidopsis for example, lated intermediate by the sequential action of a sugar
identified the sugars glucose, rhamnose, galactose, xy-kinase and a nucleotide triphosphate pyrophospho-
lose, arabinose and galacturonic and glucuronic acidsrylase. Salvage pathways for L-fucose, L-arabinose,
as the major sugar constituents of the cell wall [27]. D-galacturonic D-glucuronic acid, and D-galactose
In plants, NDP sugars, particularly UDP and GDP have been identified in plants [8]. The evidence to sup-
sugars, are the immediate precursors of polysaccha-port the existence of salvage pathways ranges from the
ride biosynthesis. Most UDP sugars, for example, can ability of plant cells or tissues to incorporate exoge-
_ nous labelled sugar into polysaccharides [7, 8, 21] and

The nucleotide sequence data reported will appear in the

EMBL, GenBank and DDBJ Nucleotide Sequence Databases under t.he Ident.lflcatlon of salvage. pat_hwgy enzyme activi-
the accession number AF0246Z3AL1). ties, particularly the sugar kinasés vitro [3, 17, 18].
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For both D-galactose and L-arabinose, for example, stock number NW6262), respectively, on medium
sugar kinase activities, which phosphorylate the sugar containing 30 mM L-arabinose as described previ-
at the C1 position, have been identifiedsitro [3]. ously [5]. OnlyARAL/ARAThomozygous individuals
In plants the primary role of the sugar salvage survive and were scored for the wild-typ€EA pheno-
pathways is presumed to be in the recycling of sug- type (eight recombinants from 240MRA1/ARATF,
ars derived from the turnover of macromolecules such progenyy = 0.17%) orCOP9phenotype (26 recom-
as polysaccharides, galactolipids and proteoglycans,binants from a total of 4390/progeny;r = 1.2%),
which have sugar components. Numerous bacterial, respectively, to identify recombinant individuals.
fungal and mammalian sugar kinase genes have been
isolated. Comparisons of amino acid sequences cou-Isolation of clones of the chromosome walk

pled with biochemical data defining functionally im- The chromosome walk was initiated using the

portant regions of the enzymes have led to the identi-

fication of three evolutionarily distinct gene families: yUP3F7R _a_nd EWZ.OB3L .YAC end clqn_es. _Clones

the hexokinase, ribokinase and galactokinase fami- were identified by high-stringency hybridisation to a
' genomic library of the Columbia ecotype in the cos-

Ilclaas [i] .c:]nfrgnrtzlgﬁzecfa?;gr? d(;?gg%gggiﬁg;ﬂ;ﬁg mid vector pOCA18 [19] in most cases. Where clones
play Y could not be identified from this library a Columbia

been .|dent|f|ed [11]. Rgcently, Kaplaet &.ll' [12.] AGEML11 library (obtained from C. Somerville) or, in
described a galactose kinase gene frrabidopsis .
) . ; one case, a Landsbeagecta EMBLA4 library (ob-
However, genes encoding sugar kinases with other . ;
e . P tained from D. Smyth) was used. Overlapping clones
sugar specificities have not been identified in plants. : o e . L
were identified by hybridisation using restriction frag-

We have previously identified an L-arabinose- . lanoi .
sensitive mutantaral-1, of Arabidopsig7]. This mu- ments anq were con irmed as overlapping by restric-
§ tion mapping with the enzymeScoRI, BanH| and

0 e :
L?S;?:Z;?Jﬁ 12;; forigi\t/:Liéﬁiéer\;eelfagt)ﬁ;?r?gfoji Clal. The direction of the walk was confirmed by the
Y hybridisation of some clones to YAC EW20B3.

ogenous arabinose presumably because of the block in

_the arabinos_e salvage pathway. In view of these datap,cleotide sequencing of taeal-landaral-1supl

it appeared likely thafRALis the structural gene for ) ,q1es

arabinose kinase. In the presence of high levels of ex-

ogenous arabinose, the sensitive phenotype probablyThe entire wild-type,aral-1 and aral-1 supl al-

results from the intracellular accumulation of arabi- leles were amplified in a ca. 8 kb fragment of

nose due to the inability of the mutant to metabolise DNA using genomic DNA and the Elongase En-

this sugar. Here we describe the isolation of AA1 zyme Mix (Gibco-BRL) according to the man-

gene through a map-based cloning strategy. ufacturer’s instructions using primers with the
sequences: 'STAAACTCTCTTGCTGCTGCTGC-3
and B-TACTACCCATCTTTCCACTTGC-3. The

Materials and methods amplified products were purified by gel electophore-
sis using the GeneClean Kit (BIO101). Nucleotide
Genetic mapping of tharal-1mutation sequencing reactions were performed by using the

double-stranded templates and the dye-terminator
Sixty-three 3 families derived from a cross be- cycle-sequencing AmpliTaq kit (ABI) with a series
tween thearal-1 mutant (Columbia ecotype) and  of primers specific for the amplified product spaced
the Ler ecotype were analysed for the arabinose- at 300-400 bp intervals. Sequence products were re-
sensitive phenotype as previously described [7] and solved on a 373 DNA sequencer (ABI). Any uncertain-
for their genotype with respect to the RFLP markers tjes in the sequence were resolved by using primers
m326, m226, m557, m600 and m272 [4]. Recom- specific for the opposite strand. The two differences
binants between thdRAland FCA, or ARAland observed between the wild type and mutant sequences

COP9 loci were identified by germinatingfrogeny  \vere determined from both strands in two independent
from a cross between theral-1 mutant and either  pCR products.

the late-flowering mutanfca-1 (Ler ecotype, NASC
stock number NW52) or a plant heterozygous for the
seedling lethatop9-1mutation (Ws ecotype, NASC



Transformation oArabidopsis

The ISA1cDNA was ligated into pBI121 (Clontech)
downstream of the CaMV 35S promoter and trans-
formed intoAgrobacteriunstrain GV3101/pMP90 by
electroporation. The construct was transformed into
mutant plants by the vacuum infiltration procedure [1].

Isolation and nucleotide sequence analysis of cDNA
clones

The APRL2 cDNA library (Stock CD4-7) which is
constructed in théZip-Lox vector was obtained from
the Arabidopsis Biological Resource Center, Colum-
bus, Ohio. The inserts of the positively hybridising
clones were recovered in the pZL1 plasmid within the
AZip-Lox vector by anin vivo excision protocol de-
scribed by the suppliers of the vector (Gibco-BRL).
Nucleotide sequencing of both strands of the cDNA
was performed as described above from various sub-
clones ligated into the Bluescript SKvector (Strata-
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a DNA probe (see above) and washed in 3SPE
(30 min) and % SSPE/0.1% SDS (30 min) at 2&.
The conditions for high-stringency hybridisation were
similar except that the hybridisation solutions con-
tained 50% v/v formamide and the washes, including
0.1x SSPE (15 min), were done at 66.

Results

Mapping theARA1 locus

The aral-1arabinose-sensitive mutant is deficient in
arabinose kinase activity andRAlis likely to be

the structural gene for arabinose kinase. We aimed to
isolate theARAlgene through a map-based cloning
strategy. Previous mapping #&fRAlhad indicated a
position on chromosome 4 between the markeps
andcer2 [5]. To more accurately mapRAl RFLP
markers were used as described in Materials and meth-
ods. The results showed thaRAllies between the

gene). Sequence analysis and comparisons were dong, o kers m326 and m557 and is close to m226 (Fig-

through the Australian National Genomic Information
Service, Sydney.

Expression of th6&AL1 cDNA InE. coli

The 1.8 kb cDNA was excised from the vector in
which the clone was isolated, pZL1, by using the
restriction enzymeSma and Xbd and religated be-
tween theSmad and Xbd sites of the Bluescript K$
vector. This construct, pk&(GAL1), was confirmed

ure 1A). No recombinants betwe@&RAland m226
were observed.

The FCA locus maps between m326 and m226
[16]. To position ARAL with respect toFCA, re-
combinants between these two loci were isolated as
described in Materials and methods. To determine
the relative order ofFCA and ARA1 with respect
to flanking RFLP markers the genotype of each of
eight ARA1-FCArecombinant lines was determined

by restriction enzyme digests and nucleotide sequencefor markers m326, m226 and m557. Using these

determination of the '5fusion junction. TheE. coli
galK mutant CA190 galK35, relAl, spoT) was ob-
tained from theE. coli Genetic Stock Center, Yale
University, New Haven, CT. The assay of galac-

data, combined with the RFLP mapping 8RA1
and the observation th&CA mapped between m326
and m226 [16], the marker order could be unequiv-
ocally determined as m328RAXFCA-m226-m557

tose kinase activity was based on assays described by(Figure 1A). In addition, 26 recombinants between the

Sherman and Adler [25] and Robrish and Thompson
[22].

Southern analysis

Arabidopsiggenomic DNA was isolated using a mod-
ification of the method of Dellaportet al. [6]. South-

COP9and ARALlloci were isolated. Using flanking
RFLP markers the order of the three loci was shown to
beCOP9-ARA1-FCA

Positional cloning of théRA1 locus

To further define the position cARAland to iso-

ern transfer was essentially as described by Sambrooklate the ARA1gene, a chromosome walk extending

et al. [23]. For low-stringency hybridisation, South-
ern filters were pre-hybridised at 3T (30% v/v
formamide, 5 SSPE, &% Denhardt’s solution, 1%
w/v dried milk powder, 0.1% w/v SDS). The filters
were hybridised (30% formamidex5SSPE, X Den-
hardt’s solution, 0.1% w/v SDS, 9% w/v dextran sul-
phate, 10Qwg/ml salmon sperm DNA) at 37C with

over 200 kb was conducted in this region of the
genome. End-clones derived from previously mapped
YAC clones, EW20B3 and yUP3F7 [16], were used
as starting points for the walk (Figure 1B). The po-
sitions and derivations of some of the clones isolated
are illustrated in Figure 1C. Each clone identified one
or more RFLPs between the Columbia and Landsberg
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Figure 1. Physical mapping of thARA1locus. A. The genetic distances in cM betweRAland other markersQOP9 FCA, CER2and

RFLP markers) determined in this or previous [5] studies are shown for each marker (error values have not been indicated). The markers are

shown in their known order on the chromosome. The map is not to scale. The relative map distances of MG afrdm ARAlare
discussed further in the text. B. Two YAC clones in thiRA1-FCAregion [24]. End-clones derived from these YACs are indicated by R and L.
C. The clones of the chromosome walk include cosmid (c-prefix and CL48E9) and lampdfik) clones. All clones are from the Columbia
ecotype with the exception of CL48E9 ahdtl.1 which are from LandsbergAtl.1 is a chimeric clone as indicated by the dashed line. The

positions of clones in the walk which hybridise to the YAC end-clones are indicated by connecting lines. D, E. The positions of recombination

events between theRAlandFCA (D) andCOP9andARAL(E) relative to RFLPs detected by various clones. The numbers of recombination

events within a particular interval defined by RFLPs detected by particular clones are indicated. The precise boundaries of each interval are

uncertain because the exact positions of polymorphic restriction sites have not been determined. F. The region contsit¥xidoities and
the known location oFCA[16] are indicated. G. The restriction maps of clones cAt4.5 and cAtl.1 which sp&Rth&locus: B,BanHl; C,

Clal; E, EcaRl. A5 kb scale is indicated. The four recombination events in the corresponding interval shown in (D) lie between RFLPs detected

by the 0.8 kbBanHI fragment {) and the yUP3F7R clone indicated by R. H. The position of the candidaRa, ISA], is indicated.

(for FCA) or Ws (for COP9 ecotypes. These were
used to determine the genotype of each of AlRAL-
FCA and COP9-ARAITrecombinants for each RFLP,
thus allowing the position of each recombination event
to be determined (Figure 1D, E). Seven of the eight
ARAL-FCArecombination events were clustered in
two distinct regions as illustrated in Figure 1E. From
these data we anticipated tha€CA would lie to the
right of, and close to, clone CL48E9. This expectation
has been confirmed fdfCA which is located within
clone cAtA2 [16]. Similarly ARAlwas expected to lie

to the left of the 0.8 kiBanHI fragment of cAt1.1 and

to the right of three different RFLPs detected by clone
cAt4.5 (Figure 1D, E, G). This placed the gene within
the adjacent, overlapping clones cAt4.5 and cAt1.1, in
an interval of about 20 kb (Figure 1F, G, H).

Identification of a candidate for theRA1 gene

ESSA genome sequencing program. Within this re-
gion we have previously identified a gen8AL with
similarities to the galactose kinase family of sugar
kinases [9]. The position dfSA1within cAt4.5 and
CAtl.1 is indicated in Figure 1. Neither clone con-
tains the entire gene. Thé &nd ofISAllies within

the 0.8 kbBarrHI fragment of cAtl.1 and is immedi-
ately adjacent to the leftmost cluster of recombination
events betweeARAland FCA. Given thatARALis
believed to encode an arabinose kinase and in view of
the map position oARAldetermined above, this gene
was a likely candidate foARAL1 The nucleotide se-
guence of a 3.36 kb cDNA corresponding to this gene
has been determined [9] (accession number Y14404)
and contains within it an open reading frame which
would encode a protein of 988 amino acids. The C-
terminal half of this protein contains regions which
are similar to the seven conserved signature sequence
blocks (A to G) used by the BlockSearch algorithm

We have determined the nucleotide sequence of a[10] to define the galactose kinase gene family (Fig-

14 kb segment within cAt4.5 and cAtl1.1 as part of the

ure 2). The N-terminal 450 amino acid sequence of the



1007

ISAL protein is similar to a hypothetical protein from pothesis that thédRA1 gene encodes the arabinose
a Synechocystispecies which does not also contain a kinase activity. It is not yet clear why this mutation
region similar to galactose kinases [9]. The function of suppresses the sensitive phenotype although we have
this domain of the protein is unknown. speculated that the ARA1 gene product may also play
Anticipating that SAlis indeed théARA1gene, we arole in arabinose transport [5].
determined the nucleotide sequencé®Alfrom the
aral-1mutant. The sequence derived from dral- Complementation of th@ral-landaral-1supl
1 mutant was identical to the sequence derived from mutants with théSA1 cDNA
the cAt4.5 and cAtl.1 clones as part of the ESSA
project except for 2 bp. One of these lay within in- To test for complementation of tle@al-1mutant phe-
tron 22 of the gene while the second was in exon 21. hotype byISAlthe cDNA was cloned downstream
Although cAt4.5 and cAtl.1 and tharal-1 mutant of the CaMV 35S promoter in the binary vector
are derived from the Columbia ecotype it is possible PBI121 to form pBHSAL The T-DNA regions of both
that there exist polymorphisms between different lab- PBI121 and pBIlSAlwere transformed into theral-
oratory stocks of this ecotype. To investigate this the 1 mutant by using the vacuum infiltration technique
nucleotide sequences of the regions containing these@s described in Materials and methods. Kanamycin-
two differences were also determined for our own resistant primary transformants were selected and the
Columbia wild type from which theral-1 mutant ~ Progeny of six independent primary transformants (A
is derived. In this case the wild-type sequence of in- t0 F) for each of the constructs in treral-1 mu-
tron 22 was identical to that determined for #ral-1 tant were scored for resistance to kanamycin (Table 1)
mutant, while the sequence of exon 21 was identi- and for sensitivity to both 3 mM (data not shown)
cal to the sequence determined from the clones andand 10 mM L-arabinose (Table 1). Segregation of
different from that ofaral-1 This latter mutation is  kanamycin resistance and sensitivity was observed for
a G-to-A transition which would result in a substitu- all the transformants and indicated a single segregating
tion of the wild-type glutamate at position 655 in the transgenic locus in most (10/12) cases. The remain-
predicted protein product by an oppositely charged ly- ing two lines exhibited more complex segregation
sine residue (Figure 2). This residue is immediately Patterns. The progeny of the pBI121 transformants
adjacent to Block C of the galactose kinase signature Of aral-1 were uniformly sensitive to 10 mM L-
sequences and is conserved in 8 of 11 galactose kinaseirabinose and were indistinguishable from &nal-1
sequences obtained from the databases. In the remainParentstrain. In contrast, the progeny of each of the six

ing three examples and in thrabidopsisgalactose ~ PBI-ISAl transformants ofaral-1 were segregating
kinase there is a branched-chain amino acid at this for individuals with increased resistance to arabinose

position. It is likely that this is theral-1mutation, ~ compared with tharal-1parent and the control trans-
reinforcing the expectation thi8Alis ARAL formants (Table 1) To further test the |inkage between

Suppressors of tharal-1arabinose-sensitive phe- the transgene and complementation of t@l-1

notype have been isolated previously [5]. The sup- arabinose-sensitive phenotype, 20 progeny of the pBI-
pressor mutants, while resistant to arabinose, can belSAltransformants A and C were grown for seed and

distinguished from the wild type by a low capac- re-tested for the kanamycin and arabinose resistance
ity to incorporate exogenous labelldH-L-arabinose ~ Phenotypes. For transformant A, three families were
into ethanol-insoluble polysaccharide material using a uniformly kanamycin- and arabinose-sensitive, twelve
semi-quantitative assay. These second-site mutationssegregated for both resistance and sensitivity, while
were closely linked to theral-1 mutation and in five were uniformly resistant for both phenotypes. For
one case the suppressor mutant, supl, had no deiransformant C these classes were represented by 4,
tectable arabinose kinase activity [5], suggesting the 13 and 3 families, respectively. Thus, co-segregation
suppressor might lie within tharal-1 mutant allele.  ©of the two was observed in every case.

To confirm this we have determined the sequence of ~ In addition, pBI121 and pBISA1 were trans-
theARA1gene from the sup1 mutant. In addition tothe formed into thearal-1 supl mutant. Segregation
original aral-1mutation there was a second mutation Of kanamycin resistance among the progeny of
(Figure 2) which would result in premature termina- kanamycin-resistant transformants indicated the pres-
tion of translation and consequently a complete loss €nce of one or, in some cases, two transgenic loci
of kinase activity. This observation reinforces the hy- (Table 2). As expected all progeny were arabinose-
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Figure 2. An alignment of the predicted amino acid sequences of the C-terminal region of the ARA1 gene product and of the GAL1, galactose
kinase, protein. Gaps indicated by (.) have been introduced to maximise the alignment. Identical amino acids are highlighted. The blocks
identified by BlockSearch as signature sequences for galactose kinases are heavily underlined and marked A to G. The positions of 37 amino
acids within these blocks which are absolutely conserved bet@eédrl and 11 other galactose kinase sequences are indicated by asterisks.
Nine of these residues, five of which are within Block A, differ in the ARA1 sequence (large asterisks). The positions of the E to K amino acid
substitution identified in tharal-1 mutant and the additional nonsense mutation in the intragenic suppressor, supl, are indicated above the
ARAL sequence. A region of the predicted GAL1 amino acid sequence which differs from the previously published sequence [12] is indicated
(light underline).

Table 1. Complementation of tharal-1mutant with thdSA1cDNA.

Strain Kanamycin L-arabinose
R S x2(P) number of R | S x2(P) number of
loci loci
wild type 0 53 88 0 0
aral-1 0 99 0 0 123
aral-1pBl121 -A 97 29 0.26%£0.5) 1 0 0 161
aral-1pBI121 -B 110 34 0.15%0.7) 1 0 0 136
aral-1pBl121 -C 99 31 0.09%0.7) 1 0 0 143
aral-1pBl121 -D 159 4 >2 0 0 130
aral-1pBI121 -E 121 37 0.2140.5) 1 0 0 135
aral-1pBl121 -F 98 29 0.32%0.5) 1 0 0 163
aral-1pBI-ISA1 -A 64 26 0.73¢0.3) 1 17 0 67 1.02%0.3) 1
aral-1pBI-ISA1 -B 151 4 >2 32 0 92
aral-1pBI-ISA1 -C 82 24 0.31£0.5) 1 33 0 83 0.74%0.3) 1
aral-1pBI-ISA1 -D 104 27 1.35%£0.2) 1 0 0 99
aral-1pBI-ISA1 -E 109 39 0.41£0.7) 1 30 64 41 2.16X0.3) 1
aral-1pBI-ISA1  -F 42 14 0.0£0.9) 1 36 0 19 2.67%0.01) 1

Progeny of kanamycin-resistant transformants were germinated on medium containing kanamyayin{fQor L-arabinose

(10 mM). In the presence of kanamycin the ratio of resistant (R) to sensitive (S) individuals was used to estimate the number
of segregating transgenic loci. In the presence of L-arabinose the phenotype was compared with wild-typea(&)-ar(8)

controls. Among progeny of tharal-1pBI-ISALE transformant, seedlings with an intermediate (l) resistance phenotype were
observed. Where the segregation of the sensitive and resistant (and intermediate) phenotypes approximated a 1:3, 3:1 or 1:2:1
ratio a2 value based on the expected ratios was calculated as shown.



resistant, as was tharal-1 supl mutant parent. To
test for complementation, progeny from each trans-
formant were assayed f8H-L-arabinose metabolism.
Wild-type andaral-1supl mutant controls incorpo-

rate greater than 10% and less than 1%, respectively,

of exogenousH-L-arabinose. All progeny of pBI121
control transformants showed mutant levelSHEL-
arabinose incorporation. In contrast, the progeny of
five of the six pBliSAltransformants segregated for
both wild-type and mutant levels 6H-L-arabinose
incorporation (Table 2). Thus th8RA1cDNA is able

to complement both the arabinose-sensitaral-1
phenotype and the phenotype of IGW-L-arabinose
incorporation of tharal-1supl intragenic suppressor
mutant.

Identification of a putativérabidopsigyalactose
kinase cDNA clone

For comparison with théARA1 gene we have also
characterised a galactose kinase gene ffoabidop-

sis A cDNA clone, clone 46A8T7 (NCBI ID 35035;
GenBank ID T14052), exhibiting sequence similar-
ity to various yeast and human galactose kinases
was identified in the EST database. This clone was
used to identify a putative full-length cDNA from the
APRL2 cDNA library (Stock No. CD4-7), referred
to as GALY, the nucleotide sequence of which was
determined (accession number AF024623). The se-
guence of a similar cDNA isolated from the Landsberg
er ecotype has previously been published [12]. To
confirm the predicted function oBAL1 the cDNA
was expressed as a fusion protein from I/ pro-
moter and translation initiation signals in the Blue-
script KSt+ vector. When transformed into tite coli
galactose kinase mutant strain CA19@IK35, relAl,
spoT1 obtained from thde. coli Genetic Stock Cen-
ter, Yale University, New Haven, CT), this construct,
pKS+(GALY), unlike the pKS- control, was able

to complement the inability of CA190 to metabolise
galactose. Furthermore, the activity of galactose ki-
nase in crude whole-cell extracts from the CA190
pKS+(GALY strain and the control was assayed
in vitro [22, 25]. For the control, essentially no galac-
tose kinase activity was detected@.1+ 0.1 pmol
D-galactose-1-phosphate per minute per mg total pro-
tein), while in extracts from the CA190 pKSGALY)
strain galactose kinase activity of26+ 1.7 pmol
min—! mg~! D-galactose-1-phosphate was observed.
The map position ofGAL1 was determined by us-
ing the recombinant inbred lines described by Lister
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and Dean [15]. These data indicat€d\L1 mapped
on chromosome 3, near the m583 marker between
positions 8.4 and 9.6.

Genomic sequences relatedARA1 andGAL1

The GAL1andARA1cDNAs were hybridised succes-
sively to a Southern blot of genomic DNA digested
with the restriction enzymeScaRl or EcaRV at high

and low stringency (Figure 3). From the restriction
map of theARAlregion, three and six bands were
anticipated for theARA1 cDNA hybridised at high
stringency toEcoRI- and EcoRV-digested genomic
DNA, respectively. At least one additional band was
observed in each digest at high stringency and further
additional bands appeared at low stringency.GAtL 1

at high stringency a single band was detected for each
enzyme indicating thaGAL1 is a single-copy gene.

In contrast, hybridisation at low stringency detected a
number of additional bands in both digests indicating
the presence of related sequences in the genome. The
bands detected by th@AL1clone did not correspond

to those detected bARAL In addition, three non-
overlapping clones which contain sequences which
hybridise toGAL1at low, but not high, stringency have
been isolated from a genomic library (not shown). To-
gether these data indicate the presence of additional
genomic sequences related to eitA&Alor GALL

Discussion

The positional cloning of thRA1, arabinose kinase
gene has led to the identification of a new member
of the galactose kinase family of sugar kinases. Fine-
scale recombinational mappingARAlcoupled with

the analysis of sequences derived from Alrabidop-

sis genome sequencing initiative led to the identifica-
tion of a candidate foARAL ISAL1 The experiments
described here, showing that both theal-1 and
aral-1supl mutants have mutations witHBAland

that thelSA1cDNA is able to complement the mu-
tantaral-landara-1-1supl phenotypes, demonstrate
clearly thatISAlis the ARAlgene. Transformation

of the aral-1 mutant with thelSA1cDNA comple-
mented both the arabinose-sensitive phenotype and
the ability of transformants to metabolise exogenous
L-arabinose. In addition, we have isolated a cDNA
encoding a galactose kinase and have extended the ob-
servations of Kaplaet al. [12] by demonstrating the

in vitro galactose kinase activity of tHeAL1 cDNA
expressed in a heterologous organism.
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Table 2. Complementation of tharal-1supl mutant with théSA1cDNA.

Strain Kanamycin 3H-L-arabinose incorporation
R S x2(P) number of H L total
loci

wild type 0 82 10 0 10
aral-lsupl 0 116 0 10 10
aral-1supl pBI121 -A 106 2 >2 0 20 20
aral-1supl pBI121 -B 99 32 0.0240.8) 1 0 20 20
aral-1supl pBI121 -C 105 7 0.0>0.9) 2 0 20 20
aral-1supl pBHSAL1 -A 153 10 0.01£0.9) 2 16 4 20
aral-1supl pBI4SA1 -B 106 30 0.63£0.3) 1 9 3 12
aral-l1supl pBI{SA1 -C 102 38 0.34£0.5) 1 0 20 20
aral-1supl pBHSA1 -D 108 32 0.34%£0.5) 1 6 14 20
aral-1supl pBI{SA1 -E 129 7 0.28£0.5) 2 10 10 20
aral-1suplpBHSAl -F 143 8 0.23£0.5) 2 12 8 20

Progeny of kanamycin-resistant transformants were germinated on medium containing kanamyayn{0 The

ratio of resistant (R) to sensitive (S) individuals was used to estimate the number of segregating transgenic loci. Where
the segregation of the sensitive and resistant phenotypes approximated a 3:1 or 15:1xfatialee based on the

expected ratios was calculated as shown. In the presence of L-arabinose all seedlings tested were arabinose-resistant
(not shown). Unselected individual plants were assayedHek-arabinose incorporation [5] and compared with wild

type (high, H;> 10% incorporation of label) and tfal-1supl mutant (low, L< 1% incorporation of label).

A Rl KY Hl BY H EY HI Y RI
?_I —" -
il —
B] m— -
il =—
mar
AL —
A -
-
s— - N
141 =—

—

Figure 3. Southern analysis dA. thalianagenomic DNA. A Southern blot of genomic DNA digested with restriction enzyBaR| (RI)

and EcaRV (RV) was hybridised with the labelleARA1(A) and GAL1 (B) cDNA clones, respectively, under low-stringency (right) and
high-stringency (left) conditions. The positions of size markers (kb) are indicated. In A, bands corresponding to fragment sizes predicted from
the genomic DNA sequence are indicatéjl (n the EcaRV digest an additional fragment of 0.3 kb is expected (not shown) and iBdtRI

digest a fragment of 5.6 kb is expected but not observed. This difference may arise from RFLP differences between strains.
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While the RFLP mapping of thARA1locus was encodes an arabinose kinase activity can be inferred
clearly able to define a small region containing the from the fact that tharal-1mutant is deficient both
gene, two noteworthy anomalies were observed. Thein the ability to metabolise exogenous L-arabinose
first of these was the apparent clustering of the re- and in L-arabinose kinase activity [7]. Whether ARA1
combination events betweeARA1 and FCA. The is specific for L-arabinose or may also utilise other
left-hand cluster of 4 recombination events occurred substrates has not been determined. To confirm the
within a region of about 10 kb. This can be inferred activity of theARAlgene product, we have attempted,
from the distance between the 0.8 BanHI frag- without success, to express tARALcDNA in both
ment of cAtl.1 and thé&carl fragments of cAtl.1 E. coli and yeast to detect arabinose kinase activity.
which represent yUP3F7(R), although the precise po- Early studies of the arabinose kinase activity of mung
sitions of the polymorphic restriction sites detected by bean indicated it was a membrane-associated activity,
these probes have not been determined. The right-handn contrast to galactose kinase which appeared to be a
cluster of 3 recombination events occurred within an soluble protein [3]. We have speculated previously that
interval of ca. 25 kb and between these two clusters the ARAlgene product may interact with an arabinose
was about 80 kb of DNA containing a single recom- transporter [5]. If this were true it may explain why ex-
bination event. While these data are derived from a pression of arabinose kinase activity in a heterologous
limited set of recombinants it does appear to illustrate organism was not successful, in contrast to our ex-
the non-uniformity of distribution of recombination periments and the experiments of others [12] with the
events across a relatively small region of the genome. galactose kinase. This remains a focus for further ex-
This may reflect localised differences between the perimentation. The most apparent difference between
genomes of the Columbia and Landsberg ecotypes orthe GAL1 and ARAL proteins irabidopsisis that
may simply reflect sequence-dependentrecombinationthe latter contains a large N-terminal region of about
hot-spots. 450 amino acids which is not present in the former.

A considerable anomaly was observed in mapping Only the C-terminal region of ARA1 can be aligned
ARAZ1with respect taCOPQ The recombination dis-  with the galactose kinase. The N-terminal region is not
tance observed between these two loci was 1.2 cM. similar to any protein in the databases of a known or
This is surprising because the physical location of predicted function.

COP9is between markers mi128 and mi279 both of Arabinose is almost exclusively found in plants
which are to the left of m326 [24]. Marker mi279 is and genes encoding kinases with specificity for arabi-
1.1 cM from m326 and 6.2 cM from m226 [15]. The nose have not been previously identified. The isolation
comparison of these genetic distances and the obser-and characterisation of the arabinose kinase gene in
vation that all theCOP9-ARAIrecombination events  this study adds a new specificity to the galactose ki-
lay to the right of m326 would sugge€tOP9 might nase family of sugar kinases. A closer comparison of
also lie to the right of m326. Both theral andcop9 the ARA1 amino acid sequence with those of the var-
mutant phenotypes segregated in a Mendelian ratio ious galactose kinases gives some indication of amino
(data not shown) discounting the possibility of a bias acids which may confer the substrate specificity of the
in the recombinant classes selected. Tohp9allele kinase activity. A comparison of the seven conserved
used in this experiment was a T-DNA insertion [26]. blocks defined by BlockSearch in 11 galactose kinase
A likely explanation for the mapping data obtained is sequences available in the GenPept database shows 38
that the presence of the T-DNA insertion suppressed amino acids are absolutely conserved. Of these, 37
local recombination events. are conserved in GAL1 while only 29 are conserved

Previous comparisons of sugar kinase genes fromin ARAL (Figure 3). It is likely that the amino acids
various organisms have indicated the existence of which differ between the two play a role in substrate
three evolutionarily independent gene families: the specificity. Five of the nine differences occur in Block
hexose kinase family (with specificities for glucose, A suggesting that this region may have a particular
fructose, ribulose, xylulose and fucose); the ribose role in substrate recognition. Further studies on the
kinase family (with specificities for ribose and fruc- specificities of both the arabinose and galactose kinase
tose); and the galactose kinase family (with specificity enzymes fronArabidopsianay allow a precise defini-
for galactose, N-acetylgalactosamine) [2, 20]. Amino tion of the determinants of substrate binding in the two
acid alignments indicate ARA1 is a member of the enzymes.
galactose kinase family of sugar kinases. TARA1
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