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In Arabidopsis thaliana, transamination steps in the leucine biosynthetic and catabolic pathways and the methionine (Met) chain
elongation cycle of aliphatic glucosinolate formation are catalyzed by branched-chain aminotransferases (BCATs) that are
encoded by a small gene family of six members. One member of this family, the plastid-located BCAT3, was shown to participate
in both amino acid and glucosinolate metabolism. In vitro activity tests with the recombinant protein identified highest activities
with the 2-oxo acids of leucine, isoleucine, and valine, but also revealed substantial conversion of intermediates of the Met chain
elongation pathway. Metabolite profiling of bcat3-1 single and bcat3-1/bcat4-2 double knockout mutants showed significant
alterations in the profiles of both amino acids and glucosinolates. The changes in glucosinolate proportions suggest that BCAT3
most likely catalyzes the terminal steps in the chain elongation process leading to short-chain glucosinolates: the conversion of
5-methylthiopentyl-2-oxo and 6-methylthiohexyl-2-oxo acids to their respective Met derivatives, homomethionine and dihomo-
methionine, respectively. The enzyme can also at least partially compensate for the loss of BCAT4, which catalyzes the initial step
of Met chain elongation by converting Met to 4-methylthio-2-oxobutanoate. Our results show the interdependence of amino acid

and glucosinolate metabolism and demonstrate that a single enzyme plays a role in both processes.

Plants de novo synthesize many compounds that
cannot be made by humans or animals and that have
to be taken up as essential compounds in the diet. For
instance, several amino acids, products of primary
metabolism, make an important contribution to a
healthy nutrition. Many other plant compounds, mostly
secondary metabolites, are not essential but have ben-
eficial impacts on human health. For instance, glucosi-
nolates, a group of about 120 different metabolites seem
to play a role in the prevention of certain types of cancer
(Smith etal., 2003; Keck and Finley, 2004). Glucosinolates
are derived from various amino acids; thus their bio-
synthesis is initiated from products of primary metab-
olism (Wittstock and Halkier, 2002; Grubb and Abel,
2006; Halkier and Gershenzon, 2006). Although enor-
mous progress has been made in understanding plant
biochemical pathways in recent years, the interdepen-
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dence of primary and secondary metabolism is not fully
understood.

Val, Leu, and Ile, the small group of branched-chain
amino acids (BCAAs), are essential for humans (Singh,
1999; Binder et al., 2007). In plants the first three steps in
the two parallel pathways toward Val and Leu or Ile are
each catalyzed by single enzymes, resulting in the
generation of 3-methyl-2-oxopentanoate (3MOP) that
is transaminated to Ile, or of 3-methyl-2-oxobutanoate
(3MOB) that is either transaminated to Val or that serves
as substrate for the biosynthesis of Leu. The latter
requires four additional reactions including a final
transamination reaction converting 4-methyl-2-oxopen-
tanoate (4AMOP) to Leu. All of the final transamination
steps are catalyzed by the pyridoxal-5'-phosphate-
dependent branched-chain aminotransferases (BCATs;
Mehta and Christen, 2000; Binder et al.,, 2007). In
Arabidopsis (Arabidopsis thaliana), these enzymes are
encoded by a small gene family of six transcribed
members (Diebold et al., 2002). BCAT1 is imported
into mitochondria and is most likely involved in the
degradation of Leu (Schuster and Binder, 2005). BCAT2,
BCAT3, and BCAT5 are targeted to plastids (Diebold
et al.,, 2002) and are accordingly assigned to the biosyn-
thesis of BCAAs (Singh, 1999; Binder et al.,, 2007).
Surprisingly, the cytosolic BCAT4 has a completely
different function acting at the interface between pri-
mary and secondary metabolism (Schuster et al., 2006).
This promiscuous enzyme exhibits highest activities
with Met and its 2-oxo acid, 4-methylthio-2-oxobuta-
noate (MTOB), whereas of the standard substrates only
Leu and 4MOP are converted at substantial rates. The
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protein catalyzes the committed step of the Met chain
elongation pathway;, the first part of the biosynthesis of
Met-derived aliphatic glucosinolates. Thus the mem-
bers of the BCAT protein family can function in differ-
ent pathways.

In our analysis of BCATs in Arabidopsis, we have
now analyzed the plastid-located BCAT3. In vitro
activity tests and metabolite profiling of bcat3-1 single
and bcat3-1/bcat4-2 double knockout mutants reveals
that this protein is involved in the biosynthesis of
BCAAs, but at the same time it is also active in Met
chain elongation. In the latter it seems to have a
function in the transamination of short-chain keto
acids to the respective Met derivatives. However,
BCAT3 can also partially compensate for the function
of BCAT4 by initiating the Met chain elongation path-
way in plastids.

RESULTS

Expression Pattern Analysis Suggests That BCAT3 Is
Like BCAT4 Involved in Glucosinolate Biosynthesis

Recently we found that BCAT4 (At3g19710) cata-
lyzes the transamination of Met to MTOB, the com-
mitted step in the Met chain elongation pathway, the
first part of the biosynthesis of Met-derived glucosi-
nolates (Schuster et al., 2006). This pathway includes
several transamination steps and it is clear that at least
one other aminotransferase is required for the gener-
ation of Met derivatives with different chain lengths
(Halkier and Gershenzon, 2006).

To identify another aminotransferase active in Met
chain elongation, we reexamined the promoter activity
of BCAT3 (At3g49680). A very weak activity of this
promoter had previously been observed in the basal
part of the leaf petiole directly at the site where the leaf
was detached (Schuster and Binder, 2005). This obser-
vation suggested an induction of the promoter by
wounding similar to the pattern found for BCAT4. To
follow this issue, leaves of transgenic plants contain-
ing a BCAT3 promoter:GUS construct were wounded
by removing the tip of a rosette leaf with scissors and
by piercing the leaf blade with a needle. These treat-
ments activated the BCAT3 promoter in leaf veins close
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to the site of physical treatment (Fig. 1, A and B)
suggesting promoter activity in the vascular bundles, a
pattern typical for genes and proteins involved in the
formation of Met-derived glucosinolates (Chen et al.,
2003; Grubb et al., 2004; Levy et al., 2005; Schuster and
Binder, 2005; Schuster et al., 2006). A cross section
through the leaf blade confirmed the BCAT3 promoter
to be active in the phloem cells as had been observed
for BCAT4. Furthermore BCAT3 is diurnally expressed
in phase with BCAT4 and MAM1 as shown in previ-
ously published transcript profiling analyses (Bldsing
et al.,, 2005; Supplemental Fig. S1). Thus the spatio-
temporal expression pattern of BCAT3 identifies this
protein as a strong candidate for an aminotransferase
active in the Met chain elongation cycle.

BCAT3 Exhibits a Strong Substrate Preference for the
Keto Acids of Leu, Ile, and Val

The biochemical abilities of BCAT3 were analyzed in
vitro with the recombinant protein without the puta-
tive chloroplast targeting signal (amino acids 1-60; for
details see “Materials and Methods”). Protein activi-
ties were assayed in a coupled enzyme test that had
been applied in previous studies of BCATs from plants
(Schadewaldt and Adelmeyer, 1996, Schuster and
Binder, 2005; Schuster et al., 2006). To establish optimal
ranges for substrate specificity tests, kinetics of this
enzyme were followed with the keto acids of Val
(3MOB), Leu (4MOP), Ile (3MOP), and Met (MTOB;
Supplemental Figs. 52-55). The analysis of substrate
concentration and reaction velocities revealed that
BCAT3 exhibits Michaelis-Menten kinetics with all
tested compounds. Highest affinities were seen toward
4MOP (K,,, 0.14 = 0.04 mMm) and 3MOP (K, 0.14 *
0.3 mm). V., was twice as high for 4MOP (27.42 + 2.09
pmol (min mg)f1 as for 3MOP (13.33 = 0.68 umol [min
mg]~'; Table I). A substantially lower affinity and
maximal velocity was measured for 3MOB, the keto
acid of Val (K, 1.38 = 0.10 mm; V., 1479 = 0.35
umol [min mg]™!). These values are in the range of
those found for MTOB (K, 1.92 + 0.27 mm, V., 21.01 *
0.93 pumol [min mg]fl). Based on these results, sub-
strate specificity tests were performed at two substrate
concentrations, 0.1 and 2.0 mm.

Figure 1. BCAT3 promoter activity is found in vascular bundles. Histochemical GUS staining of leaves from transgenic Arabidopsis
plants containing a BCAT3 promoter:GUS construct. The leaves were wounded with scissors (A) or a pin (B), both inducing promoter
activity in vascular bundles in areas close to the physical treatment. A cross section through a leaf vein reveals BCAT3 promoter activity
in the phloem (C). MC, Mesophyll cell; Sc, sclerenchyma; X, xylem; and P, phloem.
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Table I. K, and V,,,. values of recombinant BCAT3 with

max

different substrates
KIC, Ketoisocaproate; KMV, ketomethylvalerate; KIV, ketoisovalerate.

Substrate K., Viax
mm umol (min mg)fl
4MOP (KIC) 0.14 = 0.04 27.42 = 2.09
3MOP (KMV) 0.14 = 0.03 13.33 £ 0.68
3MOB (KIV) 1.38 = 0.10 14.79 = 0.35
MTOB 1.92 = 0.27 21.01 = 0.93

We used MTOB as standard substrate and the ac-
tivity measured with this substrate was arbitrarily set
to 100%. As expected from the kinetic data, highest
activities were found with 4MOP (1,565%/353% at
0.1/2 mm substrate concentrations) and 3MOP (865% /
328%), whereas the activity with 3MOB (182%/136%)
was about 10 times lower compared with 4MOP. In
contrast to these standard substrates for a BCAT, lower
activities were found with keto acids from the Met
chain elongation cycle, 5-methylthio-2-oxopentanoate
(MTOP; 109%/112%), followed by MTOB (100%/100%)
and 6-methylthio-2-oxohexanoate (MTOH; 62%/86%;
Table II).

No activities were detectable with a control lysate
purified from Escherichia coli expressing an empty
pET32a vector, demonstrating that the measured ac-
tivities originate from the overexpressed BCAT3 and
not from any copurified E. coli protein.

In summary, BCAT3 shows a strong preference for the
standard substrates of a BCAT, but the enzyme also
exhibits substantial activities with the keto acids of Met
and Met derivatives. These activities suggest a function of
BCAT3 in the biosynthesis of BCAAs, but do not exclude
the involvement of this enzyme in the Met chain elonga-
tion cycle, as suggested by the gene expression data.

Distinct Changes in the Levels of Free Amino Acids and
Glucosinolates Are Observed in a bcat3-1 T-DNA
Insertion Mutant

To gather more information about the particular role
of BCAT3 in amino acid and/or glucosinolate biosyn-
thesis in vivo, we analyzed amino acid and glucosino-
late metabolites of a BCAT3 T-DNA insertion mutant
obtained from the GABI-Kat collection (002A11; Rosso
etal., 2003). The insertion of the T-DNA at the predicted
location in exon 4 was confirmed by PCR and sequenc-
ing of a PCR product covering the T-DNA and the
respective flanking sequence at the left border (Fig. 2A).
Plants homozygous for the bcat3-1 allele and for the bcat3
wild-type allele (from the GABI-Kat collection) were
further examined by northern-blot and reverse tran-
scription (RT)-PCR analyses. In wild-type RNA a probe
covering the 5’ terminal region of the BCAT3 cDNA
detects an approximately 1.5-kb mRNA, whereas in the
T-DNA insertion mutant only a very weak and slightly
larger signal was detected (Fig. 2B). In addition, an RT-
PCR analysis with primers bcat3ue.BamHI and 3314.2
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flanking the T-DNA insertion was performed. As ex-
pected a 0.85-kb cDNA fragment was amplified from
wild-type RNA, whereas no such product was obtained
from RNA of the homozygous mutants demonstrating
the T-DNA to cause a knockout (Fig. 2C). This was further
confirmed by another RT-PCR covering the BCAT3
mRNA upstream of the insertion (data not shown).

From the progeny of both wild-type and mutant
plants, levels of free amino acids were measured in
rosette leaves of about 3-week-old plants and in seeds
(data not shown). In the latter no significant differ-
ences were observed in the levels of free amino acids.
This also holds true for most amino acids in rosette
leaves with the exceptions of Val, Ser, and Thr, which
are significantly reduced in the mutant by about 30%,
20%, and 10%, respectively (Table III).

Because the recombinant enzyme also reacts with
keto acids of Met and its derivatives, a glucosinolate
profiling was done in leaves and seeds of wild-type
and bcat3-1 knockout plants. In leaves of bcat3-1 plants
the levels of total Met-derived glucosinolates were
increased 1.2-fold (Table IV). The most substantial
change was observed for 5-methylsulfinylpentylglu-
cosinolate (5MSOP; 5.8-fold increase in the mutant),
which accounts for the major part of the increase of
Met-derived glucosinolates. Significant increases were
also measured for 6-methylsulfinylhexylglucosinolate
(6MSOH; 3-fold) and 7-methylsulfinylheptylglucosi-
nolate (7TMSOH; 2.4-fold). In addition, the Leu- or
Val-derived aliphatic glucosinolates 4-methylpentyl-
glucosinolate (4MP) and 5-methylhexylglucosinolate
(bMH), usually barely detectable in ecotype Columbia
of Arabidopsis (Col-0), were found in considerable
quantities in rosette leaves in the mutant. Minor var-
iations were seen in indole glucosinolates (Table IV).

In contrast to rosette leaves, no significant difference
was observed in the total contents of Met-derived glu-
cosinolates between wild-type and mutant seeds.
However, besides minor statistically significant changes,
substantial elevations were seen in the content of the
pentylglucosinolates (SMTP; 2.8-fold increase) and
SMSOP (2.9-fold increase). Among the other glucosi-
nolate types, indol-3-ylmethylglucosinolate (I3M) was
reduced by 50% (Table V).

In summary, the metabolite profiling studies show
that BCAT3 is involved in both the biosynthesis of
Met-derived glucosinolates and the biosynthesis of

Table 1. Relative substrate specificities of recombinant BCAT3

Relative Activity

Substrate
0.1 mm 2 mm

%

4MOP (KIC) 1,565 (+ 4.4/3.3) 353 (* 4.2/7.9)
3MOP (KMV) 875 (% 10.7/5.7) 328 (+ 8.6/4.8)
3MOB (KIV) 182 (= 1.4/1.4) 136 (= 11.2/7.1)
MTOP 109 (= 5.2/3.4) 112 (= 4.4/6.2)
MTOB 100 (= 4.5/5.6) 100 (* 4.3/7.3)
MTOH 62 (£ 6.4/10) 86 (£ 4.2/2.4)

Plant Physiol. Vol. 146, 2008
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Figure 2. Characterization of a bcat3-1 T-DNA insertion mutant. A, The structure of the BCAT3 gene is depicted with exons indicated
as black boxes. The T-DNA insertion is located in exon 4. Primers used for the generation of the probe used in the northern
hybridization (bcat3N.1/bcat3N.2) or for cDNA analysis (bcat3ue.BamHI/3314.2) are indicated as bent arrows. B, Northern analysis
of total RNA from a wild-type plant (no. 1) and a plant homozygous for becat3-1 (no. 2), both isolated from the seed pool obtained from
GABI-Kat. A 1.5-kb BCAT3 mRNA is detected in the wild-type RNA. Equal loading is inspected by a hybridization with
oligonucleotide P18SrRNA (5'-AAGCATATGACTACTGGCAGQ) detecting 18S rRNA (bottom). C, RT-PCR analysis of BCAT3 mRNA
with primer pair bcat3ue.BamHI/3314.2 (BCAT3) flanking the T-DNA insertion. The expected fragment of 854 bp can only be
amplified on cDNA from wild type (wt), but not from RNA isolated from the plants homozygous for bcat3-1 (3—1). A control PCR
amplifying a 500-bp cDNA fragment from the ubiquitin 10 mRNA corroborated the integrity of the RNA and cDNA as well as the use
of equal amounts of template (UBQ10). Lengths of DNA marker fragments (lane M) are given in kilobase pair.

BCAAs. Although the total amounts of amino acids
and glucosinolates are more or less identical in both
the wild-type and the bcat3-1 mutant, significant
changes were found for individual amino acids and
glucosinolate species. Because only a single knockout
allele was investigated here, we also analyzed plants
homozygous for bcat3-1 and the beat4 wild-type allele,
which were obtained in the F, generation after cross-
ings of bcat3-1 and bcat4-2 (see below). These plants
correspond de facto to an F, generation of an out-
crossing of bcat3-1. These showed the same chemotype
as described above, confirming the observed alter-
ations in the metabolite profile to be the results of the
BCAT3 knockout (data not shown). This is further
supported by the chemotype of the bcat3-1/bcat4-2
double knockout plants (see below) and the charac-
teristics of the recombinant enzyme.

Long-Term Feeding of BCAAs Triggers the Biosynthesis
of 4MP and 5MH

So far our studies suggest that BCAT3 is active in
biosyntheses of both BCAAs and Met-derived gluco-
sinolates. The interdependence of the BCAA biosyn-
thesis and the synthesis of aliphatic glucosinolates is
also indicated by the occurrence of the unusual 4MP
and 5SMH in the bcat3-1 mutant. We speculated that the
enhanced levels of these glucosinolates might be trig-
gered by imbalances in BCAA metabolism, assuming
that the formation of 4MP and 5MH contributes to
homeostasis of this class of amino acids. Thus mutant
plants were fed with BCAAs over different time pe-

Plant Physiol. Vol. 146, 2008

riods to determine their effect on amino acid and
glucosinolate composition.

Amino acid profiling 4.5 h after administration of
2 mMm Val, Leu, or Ile clearly showed the uptake of the
respective amino acid. In rosette leaves of both geno-
types (wild type and bcat3-1) the given amino acid was
elevated, although major differences were seen in the
resulting variations (Supplemental Tables S1 and S2).
Lowest increases (X2.6 in wild type/X3.6 in bcat3-1)
are found after feeding of Val followed by Leu (X7.5/
X8.2). The latter also leads to a slight decrease of free
Val. Highest values were found after the addition of Ile
(X14.7/X21.8) accompanied by a weak, significant
increase in Thr (X1.3/X1.5). Almost no variation was
seen in the glucosinolate profile with the exception
of 1-methoxyindol-3-ylmethylglucosinolate, which is

Table IlIl. Significant differences in the levels of free amino acids found
in rosette leaves from the wild type and the bcat3-1 knockout plants

Concentrations of amino acids were measured in at least three
independent experiments and are given with the corresponding sp (*).
According to t tests, the contents of these amino acids are significantly
different (P < 0.01).

Amino Acid Content
Amino Acid

bcat3-1 Col-0 Wild Type t Test

nmol/mg dry wt
Total amino acid 147.92 = 7.73 158.82 = 8.13 0.02445

Ser 7.37 = 0.52 9.21 = 0.32  0.00000
Thr 5.70 = 0.42 6.32 = 0.31 0.00832
Val 0.67 £ 0.03 0.98 £ 0.07 0.00000
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Table IV. Glucosinolate profile in rosette leaves of homozygous
bcat3-1 plants

The wild type used in this analysis was selected from the seed probe
provided by GABI-Kat for line 002A11. GS, Glucosinolates; Total Met
GS, total Met-derived glucosinolates; 3MSOP, 3-methylsulfinylpropyl-
glucosinolate; 8MSOQO, 8-methylsulfinyloctylglucosinolate; TMOI3M,
1-methoxyindol-3-ylmethylglucosinolate; 4MOI3M, 4-methoxyindol-
3-ylmethylglucosinolate. For other abbreviations, see text.

Glucosinolate Content

GS Type
bcat3-1 Col-0 Wild Type t Test
wmol/g dry wt
Total Met GS 41.25 * 5.57 33.93 = 3.66 0.01321
Total GS 46.51 £ 6.13 37.38 = 3.98 0.00626
3MSOP 2.26 £ 0.33 2.87 £0.34 0.00542
4MTB 0.05 £ 0.03 0.09 £ 0.02 0.01481
4MSOB 26.51 = 3.79 25.94 = 3.02 0.76094
5MSOP 6.97 = 0.98 1.20 = 0.12 0.00000
6MSOH 0.46 £ 0.05 0.15 £ 0.02 0.00000
7MSOH 1.34 £0.14 0.56 £ 0.08 0.00000
8MSOO 3.67 £ 0.36 3.11 £0.47 0.02942
4MP 1.32 £ 0.16 0.04 = 0.01 0.00000
5MH 0.54 £ 0.06 0.02 £ 0.00 0.00000
I13M 2.58 £ 0.34 2.23 £ 0.31 0.06553
TMOI3M 0.54 £ 0.07 0.89 £ 0.25 0.00374
4MOI3M 0.29 £ 0.03 0.26 £ 0.02 0.09043

very moderately, but significantly increased upon
feeding of Ile (data not shown).

A different pattern of changes is seen in the amino acid
profile of leaves after repeated administration of BCAAs
to 2-week-old wild-type and bcat3-1 plants, respectively
(for details see “Materials and Methods”). In both geno-
types feeding of Val and Leu provoked an increase of
total amino acids, an effect not seen when Ile was added.
In wild-type plants these increases are predominantly
attributed to significantly elevated levels of Gln, but
higher amounts are also observed for Ala, Asp, Asn, and
Glu (Supplemental Table S3). A very similar profile is
seen in the bcat3-1 mutant. However, compared with
control plants no significant changes were seen in the
Asp and Glu contents (Supplemental Table 54). Surpris-
ingly in both genotypes no or only very moderate
increases of the administered amino acids are seen.

When glucosinolates were analyzed in these plants,
no significant changes were found for most of these
secondary compounds (Supplemental Tables S5 and
S6). However, in wild-type plants addition of Leu
triggered the accumulation of 4MP and 5MH and all
BCAAs moderately increased the levels of 7MSOH
and 8MSOO. Similar alterations were found in mutant
plants. An increase of 4MP and 5MH is seen upon
feeding of Leu or Ile. Likewise the 8MSOO level is
higher after addition of these amino acids.

We furthermore investigated the seeds of plants,
which were grown for 3 weeks under normal condi-
tions and which were then repeatedly fed with amino
acids until seed set began (details are given in “Mate-
rials and Methods”’). No substantial changes in amino
acid profiles were observed in seeds of both wild-type
and bcat3-1 plants with respect to control plants, which
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were treated identically without adding amino acids
(data not shown). Likewise no substantial variations of
standard glucosinolates were seen in these plants (data
not shown). However, distinct changes were again
observed in the levels of 4MP and 5MH (Table VI).
Although no difference to control plants is detectable in
4MP levels after feeding of Val, the levels of this
glucosinolate species increases slightly upon addition
of Ile in wild-type (2.1-fold) and bcat3-1 plants (1.7-
fold). Particularly strong increases are observed after
supplementation of Leu. With respect to control plants,
4MP increased about 13.8- and 4.9-fold in wild type and
the BCAT3 knockout, respectively. The increases of
4MP in wild type are much stronger, although they do
not reach the absolute levels of bcat3-1 plants, which
have higher amounts of these glucosinolate species per
se (Table VI, left). A slightly different picture emerges
for 5SMH. Here administration of Ile has no effect,
whereas the feeding of Val leads to increases of 5SMH
predominantly in bcat3-1 (5-fold). But again the stron-
gest increases were seen after feeding of Leu, raising
5MH 25-fold in beat3-1 and to 0.37 umol /g seed from an
undetectable amount in wild type. In contrast to 4MP,
the increases of 5MH are stronger in bcat3-1 than in
wild type (Table VI, right).

These experiments demonstrate that a long-term
administration of Leu and to a lesser extent Ile and Val,
results in the generation of the unusual glucosinolates
4MP and 5MH. This indicates that the generation of
these glucosinolates may be a strategy to reduce long-
term excess of Leu, and to a lesser extent Ile and Val.

Striking Changes in Amino Acid and Glucosinolate
Profiles in the bcat3-1/bcat4-2 Double Knockout

Our data imply that besides the cytosolic BCAT4 the
plastid-located BCAT3 is also involved in glucosinolate

Table V. Glucosinolate profile in seeds of the wild-type and the
bcat3-1 knockout plants

30HP, 3-Hydroxypropylglucosinolate; 8MTO 8-methylthiooctylglu-
cosinolate. For other abbreviations, see text.

Glucosinolate Content

GS Type
bcat3-1 Col-0 Wild Type t Test
wmol/g seeds
Total Met GS 73.45 £ 6.79 75.66 = 7.97 0.54308
Total GS 78.59 = 6.89 85.84 + 8.57 0.07038
30HP 0.53 £ 0.08 0.58 = 0.13 0.36318
3BZO 4.63 = 0.43 5.37 = 0.60 0.00984
40HB 2.85 £ 0.22 3.81 = 0.59 0.00054
4MTB 23.66 * 3.43 27.87 £ 4.50 0.04432
4BZ0O 14.31 £ 0.84 16.15 £ 0.52 0.00003
4MSOB 0.71 = 0.17 0.90 = 0.32 0.14931
5MTP 8.21 = 0.76 2.95 £0.28 0.00000
5MSOP 0.43 = 0.07 0.15 = 0.04 0.00000
7MTH 5.43 £ 0.95 4.13 £ 0.78 0.00571
7MSOH 1.23 £ 0.28 0.90 = 0.25 0.01555
8MTO 5.14 = 0.72 5.88 £ 0.95 0.08754
8MSOO 6.31 £ 0.82 6.96 = 1.13 0.19237
I13M 5.14 = 2.65 10.19 £ 1.18 0.00006
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Table VI. 4MP and 5MH levels in seeds of wild-type and bcat3-1 plants grown in the presence of BCAAs

4MP 5MH
Added Amino Acid
bcat3-1 Wild Type bcat3-1 Wild Type
umol/g seeds umol/g seeds
Leu 1.86 = 0.26 1.10 £ 0.19 0.50 £ 0.06 0.37 £ 0.06
lle 0.65 = 0.12 0.17 * 0.03 0.03 £ 0.03 0.02 £ 0.02
Val 0.43 = 0.06 0.00 = 0.00 0.10 £ 0.02 0.04 £ 0.02
Control 0.38 = 0.04 0.08 = 0.03 0.02 * 0.03 0.00 £ 0.00

biosynthesis. This raises the question of whether these
enzymes could at least partially complement each
other. In particular, we speculated whether BCAT3
could be responsible for the remaining Met-derived
glucosinolate biosynthesis in bcat4 knockout plants,
where the total Met-derived glucosinolate content is
reduced to 50% (Schuster et al., 2006). Thus plants
homozygous for bcat3-1 and bcat4-2 alleles were
crossed and individuals homozygous for both alleles
were identified in the F,; progeny. Offspring of these
plants were then subjected to glucosinolate and amino
acid profiling (Tables VII-X).

Many significant changes are found in the amino acid
profile in rosette leaves of the double knockout plants
(Table VII). Besides several moderate increases the most
striking elevations were observed for the levels of Met
(25-fold) and for S-methyl-methionine (SMM), which is
Met carrying a second methyl group on the sulfur atom.
This amino acid is raised from undetectable amounts in
wild type to 1.16 = 0.33 nmol/mg dry weight in the
double knockout mutant. In contrast, the level of Gln is
lower in the double knockout mutant (72% of the wild-
typelevel), which accounts for the lower amount of total
amino acids in the mutant. In addition, Val is reduced as
seen in bcat3-1 plants.

Severe changes were also found in the amino acid
contents in seeds (Table VIII), where the amount of
total amino acids is 4-fold elevated. With the exception
of Glu and Phe, all amino acids measured are in-
creased. The most dramatic rise is seen for SMM,
which with 15.57 umol/g seeds is the most abundant
free amino acid in this tissue. Arg (10-fold), His (18.4-
fold), and Ile (22.1-fold) are also highly increased.

Remarkable changes were also found in the levels
of glucosinolates both in leaves and seeds (Tables IX
and X). In both tissues the levels of total Met-derived
glucosinolates were strongly reduced to 44% (leaves)
and 28% (seeds) in comparison with wild type. In
leaves almost all standard species of this class of
glucosinolates were lowered, the sole exception being
5MSOP, which was increased 3-fold in the double
knockout mutant. 4MP and 5MH were even more
increased than in the bcat3-1 single knockout mutant.
In the beat3-1/bcat4-2 double knockout these compounds
are among the most abundant aliphatic glucosinolates
with a 5MH level reaching 75% of the most dominant
leaf glucosinolate 4-methylsulfinylbutylglucosinolate
(4MSOB). Much less fluctuation was seen for the
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indolic glucosinolates, with either slight decreases or
up to 2.6-fold increases (Table IX).

Other alterations were found in seeds, where the
main 4-methylthiobutylglucosinolate (4MTB) is se-
verely reduced to about 10% of the wild-type level. In
contrast to leaves, several standard glucosinolates are
increased. For instance, the C; group of glucosinolates
derived from trihomo-Met is increased with the most
remarkable elevation seen for 5MSOP (11.8-fold). In
addition 2-methylsulfinylethylglucosinolate (2MSOE),
which is directly synthesized from Met, and the BCAA-
derived glucosinolate 5MH were measured at consid-
erable amounts in this double knockout mutant. Both
glucosinolate species are usually undetectable in seeds
of Col-0 (Brown et al., 2003).

These data show that in the bcat3-1/bcat4-2 double
knockout Met-derived glucosinolate levels are even
more reduced than in the bcat4-2 single knockout

Table VII. Amino acid content in rosette leaves of a bcat3-1/bcat4-2
double knockout mutant

The wild-type plant used in this analysis was selected from the seed
probe provided by GABI-Kat for line 002A11 (bcat3-1). Almost iden-
tical results were obtained with wild-type plants isolated from the seed
pool obtained for line GABI-Kat 163D11 (bcat4-2; data not shown).

Amino Acid Content

Amino Acid

bcat3-1/bcat4-2  Col-0 Wild Type t Test

nmol/mg dry wt
Total amino acid 236.76 = 20.88 270.04 = 13.51 0.00832

Ala 9.16 x 1.45 10.00 £ 0.81 0.24389
Arg 1.74 = 0.46 0.82 £ 0.09 0.00072
Asn 10.08 = 1.01 10.56 = 0.86 0.39513
Asp 22.24 = 1.41 18.88 £ 1.16  0.00115
Gin 113.12 £ 11.92 159.84 = 10.23 0.00003
Glu 44.64 * 3.14 43.68 = 1.80 0.53032
Gly 5.48 = 1.12 6.24 = 1.08 0.25931
His 1.02 = 0.26 0.40 = 0.06  0.00020
lle 0.36 £ 0.19 0.24 = 0.00 0.14493
Leu 0.60 £ 0.11 0.36 £ 0.00 0.00027
Lys 0.82 £ 0.14 0.70 £ 0.09 0.10861
Met 3.04 £0.79 0.12 = 0.00 0.00000
Phe 0.58 £ 0.09 0.38 £ 0.05 0.00076
Ser 13.76 £ 0.78 11.52 £ 0.61 0.00025
SMM 1.16 = 0.33 0.00 = 0.00 0.00001
Thr 7.48 = 1.44 4.84 £ 0.51 0.00174
Trp 0.02 £ 0.05 0.00 = 0.00 0.34089
Tyr 0.18 £ 0.10 0.14 £ 0.05 0.40103
Val 0.82 * 0.09 1.04 = 0.10 0.00235
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Table VIII. Amino acid content in seeds of the bcat3-1/bcat4-2
double knockout mutant

The wild-type plant used in this analysis was selected from the seed
probe provided by GABI-Kat for line 002A11 (bcat3-1). Almost iden-
tical results were obtained with wild-type plants isolated from the seed
pool obtained for line GABI-Kat 163D11 (bcat4-2; data not shown).

Amino Acid Content
Amino Acid

bcat3-1/bcat4-2  Col-0 Wild Type t Test

pmol/g seeds

Total amino acid  51.41 = 6.09  13.13 = 1.42  0.00000
Ala 1.44 = 0.41 0.90 = 0.51 0.03173
Arg 6.82 = 1.48 0.68 = 0.09  0.00000
Asn 5.89 = 0.87 2.81 £ 032 0.00000
Asp 2.01 £0.26 1.34 £ 0.22  0.00006
Gin 2.38 £ 1.85 0.43 = 0.21 0.01438
Glu 3.90 £ 0.68 4.46 £ 0.72 0.11948
Gly 1.40 = 0.40 0.37 = 0.11  0.00001
His 1.84 = 0.38 0.10 = 0.02  0.00000
lle 3.64 £ 0.98 0.16 = 0.03  0.00000
Leu 0.69 £ 0.16 0.09 = 0.03  0.00000
Met 0.22 £ 0.06 0.05 = 0.02  0.00001
Phe 0.31 £ 0.04 0.31 £ 0.05 0.99727
Ser 2.64 £ 0.49 0.52 = 0.06  0.00000
SMM 15.57 £ 2.08 0.00 = 0.00  0.00000
Thr 0.76 £ 0.44 0.25 = 0.05 0.00871
Trp 0.44 £ 0.13 0.27 = 0.05 0.00644
Tyr 0.18 £ 0.03 0.08 = 0.03  0.00000
Val 1.29 = 0.24 0.29 = 0.05 0.00000

mutant (Schuster et al., 2006). This strongly suggests
that BCAT3 can act as a backup of BCAT4 by trans-
aminating Met to MTOB and thus contributes to the
overall biosynthesis of Met-derived aliphatic glucosi-
nolates, which is probably localized in plastids.

DISCUSSION

BCAT3 Has a Dual Function in the Biosynthesis of
BCAAs and the Met Chain Elongation

With the identification of the crucial roles of the
methylthioalkylmalate (MAM) enzymes and of BCAT4
in the Met chain elongation pathway it became apparent
that proteins active in this part of Met-derived aliphatic
glucosinolate biosynthesis are encoded in the same gene
families as enzymes of Leu biosynthesis (Kroymann
etal., 2001; Textor et al., 2004; Schuster et al., 2006; Binder
et al., 2007; Textor et al., 2007). This is particularly
documented for the four members of the isopropyl-
malate synthase gene family, which encodes two “real”
isopropylmalate synthases active in Leu biosynthesis
(IPMS1, Atl1gl8500 and IPMS2, Atlg74040) and two
MAM synthases (MAM1, At5g23010 and MAM3, At5g
23020) catalyzing the condensation reactions in the Met
chain elongation pathway (Kroymann et al., 2001; Field
et al., 2004; Textor et al.,, 2004; de Kraker et al., 2007;
Textor et al., 2007).

Now the investigation of BCAT3 demonstrates that
this enzyme cannot be assigned exclusively to one of

1034

these pathways, but rather has a dual function in both
primary and in secondary metabolism. Several argu-
ments support the function of BCAT3 in the Met chain
elongation pathway. First, the expression pattern of
BCAT3 is very similar to MAM1 and BCAT4, two impor-
tant enzymes of Met chain elongation pathway (Fig. 1;
Supplemental Fig. S1). Second, the glucosinolate profile
of the beat3-1 mutant shows distinct alterations from that
of the wild type (Tables IV and V). Third, in the bcat3-1/
beat4-2 double mutant (Tables IX and X), the knockout of
BCATS3 has a striking additive effect on the reduction of
total Met-derived glucosinolate content in comparison to
the beatd-1 or beat4-2 single knockout mutants. Fourth,
the BCAT3 protein exhibits substantial activity with
substrates of the Met chain elongation pathway. These
are in the range of the activity with the standard substrate
3MOB, the keto acid of Val. Fifth, BCAT3 and BCAT4 as
well as other proteins active in Met chain elongation are
under positive regulatory control of Myb28 (PMG1; Hirai
et al., 2007).

We find similarly strong arguments for the function of
BCATS3 in the final transamination steps of BCAA bio-
synthesis. First, the substrate specificity spectrum of
recombinant BCAT3 shows a clear preference for 4AMOP,
3MOP, and 3MOB, the standard substrates of BCATs
involved in the formation of Leu, Ile, and Val (Tables I
and II). Second, the enhanced levels of 4AMP and 5MH in
the beat3-1 knockout mutant, both being usually present
at very low levels in Arabidopsis Col-0, indicates an
imbalance in BCAA biosynthesis in these plants (Table
II). This conclusion is supported by the results of the
feeding experiments performed in this investigation,
which shows that a continuous excess of Leu and Ile
triggers the generation of 4MP and 5MH. This may
represent a mechanism for achieving homeostasis of
these amino acids (Table VI). This result together with

Table IX. Glucosinolate content in rosette leaves of the bcat3-1/
bcat4-2 double knockout mutant

The wild-type plant is identical to the one described in Table VII.
40HI3M, 4-Hydroxy-indol-3ylmethylglucosinolate.

Glucosinolate Content

GS Type
bcat3-1/bcat4-2 Col-0 Wild Type t Test
wmol/g dry wt
Total Met GS 17.32 £ 3.61 39.38 = 2.50 0.00000
Total GS 40.42 * 9.52 46.61 * 2.67 0.15375
3MSOP 1.17 £ 0.27 3.48 £ 0.25 0.00000
4MTB 0.59 £ 0.12 1.38 = 0.21 0.00000
4MSOB 11.69 £ 2.45 29.88 = 1.81 0.00000
5MSOP 3.01 £ 0.64 0.97 = 0.06 0.00001
7MSOH 0.09 = 0.02 0.48 = 0.04 0.00000
8MSOO 0.65 = 0.17 3.13 £ 0.22 0.00000
4MP 3.91 £ 1.10 0.00 = 0.00 0.00000
5MH 8.76 * 2.59 0.00 = 0.00 0.00001
I3M 8.89 x 1.82 5.28 £ 0.45 0.00066
TMOI3M 0.92 £ 0.39 1.22 = 0.24 0.13413
4MOI3ZM 0.62 = 0.11 0.73 £ 0.06 0.05430
40HI3M 0.12 = 0.05 0.04 = 0.03 0.00771
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Table X. Glucosinolate content in seeds of the bcat3-1/bcat4-2
double knockout mutant

The wild-type plant is identical to the one described in Table VII.

Glucosinolate Content
GS Type

bcat3-1/bcat4-2 Col-0 Wild Type t Test
umol/g seeds
Total Met GS 23.51 = 4.34 83.09 = 8.92 0.00000
Total 29.70 £ 4.75 86.06 * 8.83 0.00000
2MSOE 1.53 = 0.20 0.00 = 0.00 0.00000
30HP 0.22 = 0.07 0.85 = 0.14 0.00000
3BZO 0.54 £ 0.17 4.25 * 0.49 0.00000
40HB 1.17 = 0.31 512 = 0.73 0.00000
4MTB 3.30 £ 0.83 33.83 = 4.57 0.00000
4BZO 2.75 = 0.68 14.08 = 0.94 0.00000
4MSOB 2.70 £ 0.72 1.83 = 0.26 0.02288
5MTP 5.00 = 0.71 3.51 = 0.46 0.00096
5BZO 0.20 = 0.04 0.14 £ 0.03 0.01079
5MSOP 3.02 £ 0.51 0.27 = 0.04 0.00000
6MSOH 0.09 = 0.01 0.12 £ 0.03 0.01310
7MTH 0.38 = 0.05 4.08 = 0.73 0.00000
7MSOH 0.11 = 0.03 1.07 = 0.26 0.00000
8MTO 0.81 = 0.16 5.94 = 0.80 0.00000
8MSOO 1.68 = 0.23 7.90 = 1.25 0.00000
5MH 2.30 =037 0.02 = 0.00 0.00000
I13M 3.71 £ 0.42 2.95 £0.12 0.00173
4MOI3M 0.18 = 0.04 0.10 = 0.02 0.00149

the reduced level of free Val in the bcat3-1 mutant (Table
II) supports a role of BCAT3 in amino acid biosynthesis.

In summary these data show that this enzyme does
not participate exclusively in one of the two pathways.
BCATS3 is clearly active in both the BCAA and the
Met-derived glucosinolate biosyntheses.

BCAT3 Is Important for the Generation of Val

Although the participation of BCAT3 in BCAA bio-
synthesis can be clearly documented, the assignment
to the synthesis of a certain amino acid is difficult.
Considering the results of the in vitro assays, the
enzyme has the potential to catalyze transamination
reactions forming all BCAAs. The lower affinity toward
3MOB in comparison with 4AMOP may help assure that
some 3MOB is available for the biosynthesis of Leu,
rather than all of it being transaminated to Val. The
enzymes of the first step of the Leu pathway, IPMS1 and
IPMS2, which condense 3MOB with acetyl-CoA, have
K., values for 3MOB of 0.3 and 0.28 mw, respectively,
which are about 20% of that of BCAT3 for 3MOB (1.38
mM; de Kraker et al., 2007).

The reduction of Val in the bcaf3-1 mutant suggests
BCAT3 to be active in the formation of Val. This is
supported by the appearance of the Val- or Leu-derived
4MP and 5MH glucosinolates in this mutant (Table IV)
and in the feeding experiments (Table VI) that might be
consequences of reduced Val formation according to the
following scenario. The reduced rate of Val biosynthesis
in the bcat3-1 mutant should lead to an enhanced syn-
thesis of Leu. Because this amino acid is deleterious to
plants at much lower levels than Ile and Val (Lee et al.,
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2007), it can be expected that plants would have a
mechanism to reduce an excess of Leu. As a short-term
response, feedback inhibition of both acetohydroxyacid
synthase and isopropylmalate synthase by Leu could
shut off or slow down biosynthesis of this amino acid. At
the same time the inhibition of these enzymes also
restricts the biosynthesis of Ile and particularly Val
(Hagelstein and Schultz, 1993; Singh, 1999; Binder et al.,
2007). Such a feedback effect is indeed seen after the
addition of Leu, which leads to a reduction of Val
(Supplemental Table S3). Consequently feedback inhibi-
tionby Leu, triggered either by the lack of BCAT3 activity
or by ongoing administration of Leu, might cause a long-
term depletion of Val and Ile.

Another mechanism for reducing excessive Leu is
its conversion to glucosinolates. This might explain the
occurrence of 4MP and 5MH in the bcat3-1 mutant and
the accumulation of these glucosinolates in leaves and
seeds after direct Leu feeding. With this interpretation,
the occurrence of 4MP and 5MH after feeding Val and
Ile might also be ascribed to increased Leu biosynthe-
sis under these conditions.

In this context it is interesting to note that degradation
of Leu in mitochondria might notbe available as a means
to avoid Leu excess in the BCAT3 mutant. The expres-
sion of enzymes involved in amino acid degradation in
plants is induced principally by carbohydrate starvation
(Binder et al., 2007), and so may not occur under the
normal conditions used for Arabidopsis cultivation.

BCAT3 Is Responsible for the Transamination of Keto
Acids to Met Derivatives

Our results clearly indicate the involvement of
BCAT3 in the biosynthesis of Met-derived aliphatic
glucosinolates. But which transamination reaction(s) of
the chain elongation cycle is (are) catalyzed by this
enzyme? In the bcat3-1 knockout mutant the total
amount of aliphatic glucosinolates is either significantly
increased by about 30% in rosette leaves or is un-
changed in seeds. In both tissues of the mutant the
pattern of aliphatic glucosinolates is altered with ele-
vated levels of glucosinolate species with five or more
carbon atoms. Glucosinolates with shorter side-chain
lengths are uniformly (in seeds) or partially (leaves)
reduced. These results indicate that BCAT3 is involved
in the generation of Met derivatives extended by one or
two methylene groups. The stepwise chain elongation
of Met involves a three-part elongation cycle at the level
of the respective keto acids (Graser et al., 2000). As
elongated keto acids are formed, they can be trans-
aminated to form chain-extended Met derivatives
(which are then converted to glucosinolates), or pro-
ceed through additional rounds of elongation (Fig. 3).
Hence an increase in the extent of elongation, as seen by
the shift toward longer chain glucosinolates in the
beat3-1 mutant suggests a decreased rate of transami-
nation of shorter keto acids (Table IV). This is consistent
with preferential transamination of shorter keto acids
by BCAT3 in wild-type plants.

1035



Knill et al.

Val / lle Biosynthesis

Pyr + Pyr 20B + Pyr
|
2AL 2A2HB
|
) . i ani 2,3DH3MB 2,3DH3MP
Met Chain Elongation Pathway AL
l BCAT4 l
MTON <- ': MTOO «-- MTOHP = - 5 MTOHX <~ -, MTOP «----~ MTOB Acetyl-CoA 3MC\)B 3MOP
[ ! Ll 1 1 1L r
[mawms}; LILE MAM3J§ MAM3]s W R ] ey il 5CATS
! ~
R o B (CE N T I o
1 1 1]
2-Mal-Der |  2-Mal-Der !  2-Mal-Der : 2Mal-Der , 2-Mal-Der 1 2-Malate Derivative  2-IPM val lle
: 1 H ] L}
[owr] ¢ [owe] | : i E
v ! ¥ ! ! ' '
3-Mal-Der :  3-Mal-Der ! 3-Mal-Der ,  3-Mal-Der ! 3-Mal-Der \ 3-Malate Derivative  3-IPM
1 1 1 ' ! ! '
[ewon] 1 [ewon} i ' : l
' k ! h i
MTOD  '--- MTON  '--- MTOO  i--- MTOHP  i-zooMTOHX  teouwoo- MTOP amop
1 1
[®c)ar?] [ec)aTd Bc,m chs
Hexahomo-Met Pentahomo-Met Tetrahomo-Met Trihomo-Met Dihomo-Met Homo-Met Leu
C8 Gs C7Gs C6GS C5Gs C4Gs C3GSs

Core Biosynthesis and Side-chain Modification

Figure 3. Model of the Met chain elongation and BCAA biosynthesis pathways. Enzymes are given in boxes. BCAT3 and BCAT4
are highlighted by black boxes. For clear distinction the Met chain elongation pathway is shaded in middle gray, the Leu
biosynthesis pathway in dark gray, and the pathways leading to Val and lle are highlighted in light gray. Abbreviations for
enzymes not already defined in the text are as follows: AHAS, Acetohydroxyacid synthase; DHAD, dihydroxyacid dehydratase;
IPMI, isopropylmalate isomerase; IPMDH, isopropylmalate dehydrogenase; KARI, ketolacid reductoisomerase; MAM1/2*
indicates that either MAMT1 (in Col-0) or MAM2 (in Landsberg erecta) catalyze condensation reactions leading to the preferential
accumulation of C, (in Col-0) and C, (in Landsberg erecta) glucosinolates. Abbreviations for metabolites not defined in the text
are: Pyr, pyruvate; 20B, 2-oxobutyrate; 2AL, 2-acetolactate; 2A2HB, 2-aceto-2-hydroxybutyrate; 2,3DH3MB, 2,3-dihydroxy-
3-methylbutyrate; 2,3DH3MP, 2,3-dihydroxy-3-methylpentanoate; IPM, isopropylmalate; MTOHX, 4-methylthio-2-oxohexa-
noate; MTOHP, 4-methylthio-2-oxoheptanoate; MTOO, 4-methylthio-2-oxooctanoate; MTON, 4-methylthio-2-oxononanoate;
MTOD, 4-methylthio-2-oxodecanoate; Mal-Der, malate derivative.

The direct function of BCAT3 in transamination of
intermediates of the Met chain elongation pathway
was confirmed by in vitro assays. The recombinant
enzyme converts MTOP to homo-Met and MTOH to
dihomo-Met, whereas less activity of the enzyme is
measured for 4-methylthio-2-oxohexanoate, which is
converted to trihomo-Met (Table II). Thus the results of
the in vitro substrate specificity tests are consistent
with the in vivo profiling data.

Among the increased glucosinolates with longer
side chains SMTP and SMSOP (both C; glucosinolates)
show the strongest increase whereas C,, C,, and Cg are
only moderately increased. This might be explained by
the preferential transamination of 7-methylthio-2-oxo-
heptanoate to trihomo-methionine by an additional
BCAT. The presence of such an enzyme has to be
postulated considering that there is still some residual
biosynthesis of Met-derived glucosinolates in the
beat3-1/bcat4-2 double knockout mutant. Further stud-
ies will clarify this issue.

1036

The functional analysis of the plastid-located BCAT3
and its assignment to the Met chain elongation path-
way show that the transamination of at least certain
keto acids, like MTOP and MTOH occurs in plastids,
where MAM3 and most likely MAML1 are also located
(Diebold et al., 2002; Textor et al., 2007). Thus these
reactions are physically separated from the initial
transamination of Met yielding MTOB by BCAT4 in
the cytosol (Schuster et al., 2006). The biosynthesis of
Met-derived aliphatic glucosinolates therefore re-
quires at least two transport steps: the transport of
MTOB into plastids, and the translocation of Met
derivatives from these organelles back into the cytosol.

BCATS3 Partially Compensates for the Loss of
BCAT4 Activity

The glucosinolate profile observed in the bcat3-1/
beat4-2 double knockout cannot be explained by the
simple addition of the chemotypes of the single bcat3-1
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(Tables IV and V) and bcat4-2 knockouts (Schuster et al.,
2006). The additional reduction of total Met-derived
glucosinolates from 50% of wild type in leaves and seeds
of two bcat4-1 and beat4-2 knockout mutants to 44% of
wild type in leaves and 28% in seeds in bcat3-1/bcat4-2
double mutants suggests that BCAT3 might have a
function equivalent to BCAT4, ie. in catalyzing the
formation of MTOB from Met. Although this function
cannot be deduced from the results of the glucosinolate
profiling of the bcat3-1 mutant, such a role of BCAT3
seems feasible considering the in vitro substrate speci-
ficity of this enzyme as shown here (Tables I and II).

This compensatory function of BCAT3 might only
be obvious or even relevant in the BCAT4 knockout
plants. A further complication is that BCAT3 is not the
sole backup to BCAT4 as seen by the residual gluco-
sinolate biosynthesis in the double mutant. Thus either
another aminotransferase converts Met to MTOB (for
instance BCAT2 or BCATS5), or perhaps MTOB or the
chain elongated Met derivatives are recruited from
other pathways.

Interdependence and Relationship of Amino Acid and
Glucosinolate Metabolism in Arabidopsis

The close involvement of amino acid and glucosino-
late metabolism had been indicated by the investiga-
tion of other Arabidopsis mutants, where alterations in
the glucosinolate profile were found to have profound
effects on amino acid composition (de Kraker et al.,
2007; Field et al., 2004). The tight connection of gluco-
sinolate and amino acid metabolism is also clear in this
study particularly in the double knockout mutant,
which shows unanticipated changes in both classes of
metabolites, especially in seeds. One example is the
accumulation of 2MSQOE, a nonelongated glucosinolate
directly derived from Met, which is not detectable in
Col-0 wild type. The formation of this glucosinolate
species presumably results from the severe reduction
in the rate of Met chain elongation in the double
mutant, which is accompanied by the accumulation
of Met and SMM. Thus, the synthesis of this glucosi-
nolate species can be viewed as a means of lowering the
levels of free Met and SMM, in analogy to the synthesis
of 4MP and 5MH as a means of responding to imbal-
ances in levels of free BCAAs. And indeed, in the
double knockout mutant, 4AMP and 5MH accumulate to
very high amounts in rosette leaves and 5MP is even
detectable in seeds, whereas these abnormal glucosi-
nolates are not detected in the bcat3-1 plants. This
finding suggests that the double knockout mutant has
to deal with even higher Leu levels than bcat3-1, which
may mean that BCAT4 is also involved in Leu metab-
olism in addjition to its function in Met elongation. Such
a hypothesis is consistent with the observed substrate
preference of this enzyme in vitro, which shows activ-
ity with Leu and its keto acid 4MOP, but not with Val,
Ile, and the respective keto acids (Schuster et al., 2006).
However, the potential role of BCAT4 in Leu metabo-
lism is not obvious in the BCAT4 knockout plants, and
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so requires further investigation. In contrast, the data
reported here unequivocally demonstrate the dual
function of BCAT3 in amino acid and glucosinolate
biosynthesis. Our findings show that in Leu biosyn-
thesis and Met chain elongation pathway enzymes are
not only encoded by members of the same gene fam-
ilies (Schuster et al., 2006; de Kraker et al., 2007), but one
enzyme (BCAT3) acts in both pathways. Thus there is
not necessarily a rigid barrier between primary and
secondary metabolism in plants when it comes to
enzyme sharing.

MATERIALS AND METHODS
Plant Material and Cultivation

Arabidopsis (Arabidopsis thaliana) plants ecotype Col-0 were grown under
controlled conditions as recently described (Schuster et al., 2006). The geno-
types of progeny of GABI-Kat line 002A11 were examined by PCR with
BCAT3-specific primers 3314.1 (5'-GCTGGTGTACTCAACTATGG) and
3314.2 (5'-ACATTCCGTTCCTCCACCTG) and an oligonucleotide annealing
in the T-DNA (LB-GabiKat, 5'-ATATTGACCATCATACTCATTGC). The cor-
responding allele was designated bcat3-1. Crossing of bcat3-1 and bcat4-2
plants was done following standard protocols (Weigel and Glazebrook, 2002).
The genotype of double mutants was confirmed by respective PCRs as
described above and previously (Schuster et al., 2006). In these crossing
experiments, the F, generation was also screened for plants homozygous for
beat3-1 and homozygous for the beat4 wild-type allele. These plants were
included in the metabolite profiling and showed a chemotype identical to the
original beat3-1 plants.

Enzyme Activity and Substrate Specificity Assays

For the generation of recombinant mature protein a BCAT3 ¢cDNA was
amplified with oligonucleotides bcat3.ue.BamHI (5'-TAGGATCCTGCAA-
CGCTGTTTCGTCC) and bcat3ue.R (5'-TAGTCGACTTAACTAAGATTCA-
CAG) on a previously established cDNA clone as DNA template (Diebold
et al., 2002) using the Advantage 2 polymerase mix (CLONTECH Laborato-
ries) supplied with the respective buffer system with the following conditions:
1 min at 94°C, 1 min at 50°C, and 1 min at 68°C. The amplified cDNA
corresponds to 353 amino acids excluding the potential chloroplast targeting
signal (60 amino acids). The cDNA fragment was digested with BamHI and
Sall cloned into the respective site in pET32 overexpression vector (Novagen).
After complete sequence analysis, overexpression and enrichment of recom-
binant BCAT3 on S-Tag agarose was done as described in the manufacturer’s
manual. For release from the S-Tag agarose recombinant BCAT3 was digested
with recombinant enterokinase removing the S-Tag from the polypeptide and
leaving a few additional amino acids at the N terminus. The amount of
recombinant BCAT3 in the enriched fraction was determined as described
previously (Schuster et al., 2006) and found to be at least 13.7%.

Kinetics and substrate specificity tests were done following established
protocols (Schadewaldt and Adelmeyer, 1996; Schuster and Binder, 2005;
Schuster et al., 2006). Calculations were done using the Origin 7.0 software
(OriginLab). Substrates were purchased from Sigma-Aldrich or from Applichem.

Expression Analysis

Northern-blot and RT-PCR analyses as well as histochemical GUS staining
were done as described before (Hull and Devic, 1995; Schuster and Binder,
2005; Schuster et al., 2006). The probe for the northern hybridization was
amplified with primers bcat3N.1 (5'-GAGAGAAAGCCTCCGTCTCC) and
bcat3N.2 (5'-GGAAGAAGAATGCTGAAG). RT-PCR analysis was done with
Advantage 2 polymerase mix following the recommendations of the manu-
facturer (CLONTECH Laboratories). After cDNA synthesis initiated with
oligo(dT) primer dTXSC, a PCR was done with primer pair bcat3ue.BamHI/
3314.2. To check the integrity of the RNA and cDNA, respectively, a control
reaction was done with primers UBQI0.H (5'-GATCTTTGCCGGAAAA-
CAATTG)/UBQI10.R (5'-CGACTTGTCATTAGAAAGAAAGAG) amplifying
a 500-bp fragment of the ubiquitin 10 gene.
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Glucosinolate and Amino Acid Profiling

Glucosinolates were extracted and measured from rosette leaves of ap-
proximately 21-d-old plants and from mature seeds as described previously
(Brown et al., 2003). Profiles of free amino acids were determined as described
before (Roth, 1971; Sarwar and Botting, 1993; de Kraker et al., 2007).

Feeding of Amino Acids to Arabidopsis Plants

For determining glucosinolate and amino acid in seeds and leaves, single
Arabidopsis plants (ecotype Col-0) were grown under normal conditions in
pots.

For glucosinolate and amino acid profiling after short-term feeding, plants
were grown under normal conditions for 3 weeks. Then 33 mL of a 2 mm
amino acid solution in double distilled water was added to each pot and
rosette leaves were harvested 4.5 h after administration.

To study the effects of repeated administration of BCAAs on amino acid
and glucosinolate profiles, plants were grown for 2 weeks under normal
conditions. Amino acid solutions as indicated above were given every second
day until leaves were harvested when plants were 20-d-old. Harvesting was
done 48 h after the final feeding.

For glucosinolate and amino acid profiling in seeds, feeding was started
after 3 weeks of growth of the plants under normal conditions. The supple-
ment was repeated 16 times until seed set about 3 weeks before harvest.
Control plants were treated identically by adding water instead of amino acid
solutions. Seeds were harvested from about 10-week-old plants. Glucosino-
lates and amino acids were profiled as described above.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Time-resolved expression of BCAT3.
Supplemental Figure S2. Kinetic of BCAT3 with 3MOB.
Supplemental Figure S3. Kinetic of BCAT3 with 4MOP.
Supplemental Figure S4. Kinetic of BCAT3 with 3MOP.
Supplemental Figure S5. Kinetic of BCAT3 with MTOB.

Supplemental Table S1. Amino acid contents in leaves of Col-0 wild-type
plants 4.5 h after administration of BCAAs.

Supplemental Table S2. Amino acid contents in leaves of bcat3-1 plants
4.5 h after administration of BCAAs.

Supplemental Table S3. Amino acid contents in leaves of Col-0 wild-type
plants after repeated administrations of BCAAs.

Supplemental Table S4. Amino acid contents in leaves of bcat3-1 plants
after repeated administrations of BCAAs.

Supplemental Table S5. Glucosinolate contents in leaves of wild-type
Col-0 plants after repeated administrations of BCAAs.

Supplemental Table S6. Glucosinolate contents in leaves of bcat3-1 plants
after repeated administrations of BCAAs.
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