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The first committed step in the biosynthesis of indole glucosinolates is the conversion of indole-3-acetaldoxime into an
indole-3-S-alkyl-thiohydroximate. The initial step in this conversion is catalyzed by CYP83B1 in Arabidopsis (S. Bak, F.E.
Tax, K.A. Feldmann, D.A. Galbraith, R. Feyereisen [2001] Plant Cell 13: 101-111). The knockout mutant of the CYP83B1 gene
(rnt1-1) shows a strong auxin excess phenotype and are allelic to sur-2. CYP83A1 is the closest relative to CYP83B1 and
shares 63% amino acid sequence identity. Although expression of CYP83A1 under control of its endogenous promoter in the
rnt1-1 background does not prevent the auxin excess and indole glucosinolate deficit phenotype caused by the lack of the
CYP83B1 gene, ectopic overexpression of CYP83A1 using a 35S promoter rescues the rntl-1 phenotype. CYP83A1 and
CYP83B1 heterologously expressed in yeast (Saccharomyces cerevisiae) cells show marked differences in their substrate
specificity. Both enzymes convert indole-3-acetaldoxime to a thiohydroximate adduct in the presence of NADPH and a
nucleophilic thiol donor. However, indole-3-acetaldoxime has a 50-fold higher affinity toward CYP83B1 than toward
CYP83A1. Both enzymes also metabolize the phenylalanine- and tyrosine-derived aldoximes. Enzyme kinetic comparisons
of CYP83A1 and CYP83B1 show that indole-3-acetaldoxime is the physiological substrate for CYP83B1 but not for CYP83A1.
Instead, CYP83A1 catalyzes the initial conversion of aldoximes to thiohydroximates in the synthesis of glucosinolates not
derived from tryptophan. The two closely related CYP83 subfamily members therefore are not redundant. The presence of
putative auxin responsive cis-acting elements in the CYP83B1 promoter but not in the CYP83A1 promoter supports the
suggestion that CYP83B1 has evolved to selectively metabolize a tryptophan-derived aldoxime intermediate shared with the
pathway of auxin biosynthesis in Arabidopsis.

Indole-3-acetic acid (IAA) is the primary plant
auxin. The biosynthetic routes resulting in IAA pro-
duction and the mechanism securing an optimal IAA
concentration at the cellular level are poorly under-
stood. Several biosynthetic pathways have been pro-
posed. Mutant studies have provided some knowl-
edge of IAA and indole metabolism, and have led to
a current picture of a metabolic grid consisting of
several redundant pathways operating at different
developmental stages (Normanly and Bartel, 1999).
Trp-dependent as well as -independent pathways
have been proposed to occur in Arabidopsis seed-
lings based on the ability of the Trp auxotrophic
mutants trp3-1 and trp2-1 to accumulate increased
levels of IAA conjugates despite reduced Trp synthe-
sis (Normanly et al., 1993). However, pleiotropic ef-
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fects caused by these mutants renders it difficult to
draw conclusions with respect to IAA synthesis un-
der normal growth conditions. Thus, mature frp3-1
plants accumulate high levels of indole-3-
glycerophosphate and increased levels of Trp-
derived indole glucosinolates and indole-3-
acetonitrile (IAN), whereas the level of free TAA is
normal (Miiller and Weiler, 2000). The latter obser-
vations question the operation of the proposed Trp-
independent IAA pathway because indole-3-
glycerophosphate is nonenzymatically converted to
IAA under the alkaline conditions used to hydrolyze
IAA conjugates (Miiller and Weiler, 2000). Super-
root2 (sur2) was described in 1998 as an auxin mutant
that accumulated elevated levels of free IAA and less
conjugated IAA (Delarue et al., 1998). Based on these
observations, the sur2 gene was predicted to encode
a protein involved in homeostasis of IAA by control-
ling auxin conjugation. It has been shown recently
that sur2, which is allelic to rnt1-1, encodes a cyto-
chrome P450, CYP83B1 (Barlier et al., 2000; Bak et al.,
2001), involved in the conversion of indole-3-
acetaldoxime to S-alkylthiohydroxymates in the bio-
synthesis of indole glucosinolates (Bak et al., 2001).
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Cytochromes P450 are monooxygenases catalyzing
key steps in numerous metabolic pathways (Kahn
and Durst, 2000). CYP83B1/RNT1/SUR2 catalyzes
the initial conversion of indole-3-acetaldoxime, a pro-
posed intermediate in IAA biosynthesis, to the cor-
responding S-alkylthiohydroxymate. This is the first
committed step in the biosynthesis of indole glucosi-
nolates, e.g. glucobrassicin (Bak et al., 2001). Indole-
3-acetaldoxime thus constitutes a metabolic branch
point in IAA and indole glucosinolate biosynthesis
and the level of IAA can be regulated by the flux of
indole-3-acetaldoxime through CYP83B1. IAN gener-
ally has been assumed to be a product of indole-3-
acetaldoxime metabolism in IAA biosynthesis (e.g.
Normanly et al.,, 1995; Bartel, 1997; Normanly and
Bartel, 1999; Hull et al., 2000). However, the nitl-1
mutation that renders Arabidopsis seedlings insensi-
tive to the IAA effects of exogenously applied IAN
(Normanly et al., 1997) is unable to mitigate the auxin
phenotype of rnt1-1 in double mutants (Bak et al.,
2001). This evidence argues against a role for IAN as
a direct metabolite of indole-3-acetaldoxime (Bak et
al., 2001). Instead, IAN may be regarded as a degra-
dation product derived from turnover of indole glu-
cosinolates that are hydrolyzed by a nitrilase belong-
ing to the NIT1-3 group (Andersen and Muir, 1966;
Ludwig-Miiller et al., 1999; Bak et al., 2001; Vorwerk
et al., 2001).

The postoxime-metabolizing enzymes in IAA bio-
synthesis in Arabidopsis still await identification.
The closest homolog to CYP83B1 in the Arabidopsis
genome is CYP83A1, showing 63% sequence identity
and 78% sequence similarity at the amino acid level
(Paquette et al., 2000). Both CYP83B1 and CYP83A1
transcripts are expressed in roots, leaves, stems,
flowers, and siliques (Mizutani et al., 1998; Xu et al.,
2001). However, although CYP83B1 is preferentially
expressed in roots and induced by wounding or by
dehydration, CYP83A1 is preferentially expressed in
leaves and wounding reduces its expression (Mizu-
tani et al., 1998; Reymond et al., 2000). CYP83B1
transcription was shown recently to be induced by
IAA as well (Barlier et al., 2000), strengthening the
connection between indole glucosinolate and IAA
synthesis.

The present study was carried out to elucidate the
function of CYP83A1 in the metabolic grid of IAA
and indole glucosinolate biosynthesis. We asked
whether the two genes were functional equivalents,
ie. redundant genes. We studied the functional
complementation of the CYP83B1 knockout mutant
of Arabidopsis by ectopic overexpression of the
CYP83A1 c¢cDNA and we compared the catalytic
properties and biochemical characteristics of each
protein expressed in a heterologous system. The re-
sults show that overexpression of CYP83A1l does
compensate for the total lack of CYP83B1. However,
the expression patterns of the two genes are different
and the two enzymes operate on different substrates
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in vivo, thereby serving different purposes. Thus, the
CYP83A1 and CYP83B1 genes are not redundant.

RESULTS

CYP83A1 Functionally Complements
CYP83B1 in Rntl-1

To determine whether CYP83A1 is a functional
homolog of CYP83B1, CYP83A1 ¢cDNA was ectopi-
cally expressed in rntl-1 under control of the ubiq-
uitous 35S cauliflower mosaic virus promoter
(CaMV; Fig. 1). Plants heterozygous for knock out of
CYP83B1 (rnt1-1/RNT1) were used for transforma-
tion because the homozygous plant is not optimal for
transformation due to its severe phenotype (Bak et
al.,, 2001, Fig. 1). Out of 26 primary transformants, 15
were viable. These 15 primary transformants were
selfed, and the seeds were germinated on double
selection plates to select for lines containing both the
35S:: CYP83A1 construct and the T-DNA insertion in
CYP83B1. Out of these 15 original viable lines, five
lines did not display the characteristic rnt1-1 seedling
phenotype in an rnt1-1/rnt1-1 background (Fig. 1).

Lines complemented by CYP83A1 under control of
the 355 CaMV promoter displayed significantly
shorter hypocotyls and nonepinastic cotyledons as
compared with 1-week-old rntl-1 seedlings (Fig. 1).
When compared with wild-type seedlings, the hypo-
cotyls of the CYP83Al-complemented lines were
shorter. This had also been observed in rntl-1 seed-
lings complemented with a genomic clone compris-
ing the CYP83B1 gene (Bak et al., 2001, Fig. 1). The
appearance of primary roots of 1-week-old rntl-1,
wild-type, or complemented seedlings did not differ.
However, the characteristic extensive proliferation of
root hairs and secondary roots from the primary root
as well as the development of secondary roots from
the vascular tissue in the hypocotyl in 2-week-old
rntl-1 seedlings (Delarue et al., 1998; Bak et al., 2001)
were abolished in the complemented lines (Fig. 1).

The visual phenotypes of the complemented seed-
lings were very similar, whereas changes were ob-
served in mature plants (Fig. 1). Some of the comple-
mented lines appeared slightly bigger than wild type
as shown for the lines 2.8.6 and 2.9.5, whereas other
lines such as 2.24.3 were characterized by being
shorter and bushier compared with e.g. the lines 2.8.6
and 2.9.5. In the latter line, up to 20 inflorescences
could be observed. In addition, this line exhibited
flower abnormalities and many of the siliques con-
tained none or only a few seeds (data not shown).

Indole-3-acetaldoxime is the metabolic branch
point in Trp-dependent IAA and indole glucosinolate
biosynthesis. We previously have shown molecular
complementation of rntl-1 using a 5.5-kb genomic
fragment comprising the CYP83B1 gene (Bak et al.,
2001). In accordance with our hypothesis that indole-
3-acetaldoxime is the metabolic branch point, the
functionally complemented rnt1-1 lines ectopically
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Figure 1. Complementation of rnt7-1: compar- 1 week
ison of wild type (wt), rnt71-1, molecularly com-
plemented rnt7-1 (mol compl), and three inde-
pendent rnt1-1 lines functionally complemented
by ectopic overexpression of CYP83A1 (2.8.6,
2.9.5, and 2.24.3). Seedlings were analyzed af-
ter 1 week and after 2 weeks (bar = 3 mm);
mature plants were analyzed after 6 weeks
(bar = 10 cm). Hypocotyl lengths of 1-week-old
seedlings: wt, 2.6 = 0.1 mm; rnt1-1, 3.6 = 0.2
mm; mol compl, 2.1 = 0.1 mm; 2.8.6, 1.7 = 0.1
mm; 2.9.5, 1.8 = 0.1 mm; and 2.24.3, 1.7 *
0.1 mm. Hypocotyl lengths are given with their
ses of mean (n = 20).

2 weeks

6 weeks

expressing CYP83A1 cDNA complement both the
high IAA phenotype and the deficiency in indole
glucosinolates (Figs. 1 and 2).

CYP83A1 and CYP83B1 Metabolize Indole-3-
Acetaldoxime with Different Affinity

We have shown previously that CYP83B1, when
co-expressed in yeast (Saccharomyces cerevisiae) with
Arabidopsis NADPH cytochrome P450 reductase,
metabolizes indole-3-acetaldoxime in the presence of
thiol compounds to S-alkyl-thiohydroxymates (Bak
et al., 2001). The nature of the initially monooxygen-
ated product of CYP83B1 catalysis is not formally
known, but it has been proposed to be an aci-nitro
compound, 1-aci-nitro-2-indolyl-ethane originating
from N-hydroxylation of indole-3-acetaldoxime (Et-
tlinger and Kjeer, 1968; Bak et al., 2001). This pro-
posed aci-nitro compound is a strong electrophile
that nonenzymatically reacts preferentially with thiol
compounds to form S-alkylthiohydroximate adducts
(Fig. 3). In the absence of B-mercaptoethanol, the
enzymatic reaction is inhibited: less indole-3-
acetaldoxime is metabolized (Fig. 3A). Because the
conjugate formed in the absence of a nucleophile
does not migrate on thin-layer chromatography
(Fig. 3A), it most likely represents the conjugate
formed by the electrophilic product of the enzy-
matic reaction with the nucleophilic sites of the
enzyme, thereby leading to the inactivation of the
enzyme (Fig. 3).

110

Wild type mt1-1

mol. compl 286

To determine if CYP83A1 metabolizes indole-3-
acetaldoxime in a similar manner to CYP83B1,
CYP83A1 was produced in yeast cells. Reconstitu-
tion experiments using yeast microsomes in the
presence of thiol compounds showed that yeast
microsomes containing CYP83A1 also metabolizes
indole-3-acetaldoxime leading to thiohydroximate
adducts (data not shown). Kinetics with indole-3-
acetaldoxime as substrate and using Cys as thiol
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Figure 2. Ectopic expression of CYP83A1 cDNA in rnt1-1 comple-
ments the indole glucosinolate deficiency in the CYP83B1 knockout.
Indole glucosinolates were measured colorimetrically as thiocyanate
(SCN™). Data are represented as mean = st calculated per milligram
fresh weight, n = 10 seedlings. The corresponding mean indole
glucosinolate level per individual seedling are: wild type, 1.46 =
0.05 nmol; rntl1-1, 0.62 = 0.03 nmol; 2.8.6, 1.48 = 0.15 nmol;
2.9.5, 1.60 = 0.07 nmol; and 2.24.3, 1.15 = 0.10 nmol.
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Figure 3. Products of CYP83B1 metabolism of [5-*H]indole-3-acetaldoxime in the presence and absence of nucleophiles.
Reaction mixtures were analyzed by thin-layer chromatography. The components applied at the origin were focused (2 cm)
in 100% methanol before development in chloroform:methanol:water (85:14:1, v/v). A, In the absence (—) of a nucleophile
CYP83B1 catalysis is inhibited, and the radioactivity accumulates as an aggregate at the origin of application. In the presence
(+) of B-mercaptoethanol, an adduct is formed («<-). Samples were analyzed after 0 and 15 min incubation in MOPS
[3-(N-morpholino)-propanesulfonic acid] buffer. B, Various structurally different nuceophiles form adducts with similar
turnover. 1, B-Mercaptoethanol; 2, ethanthiol; 3, 1-thio-B-d-Glc; 4, I-Cys; 5, reduced glutathione. Samples were incubated
for 15 min in the absence (—) or presence (+) of NADPH in Tris buffer. «<—, The position of the adduct. Due to the volatility
and immiscibility of ethanthiol in aqueous solutions adducts were identified at both the origin (e ) as well as with the buffer

Tris (*).

donor were compared for both enzymes (Fig. 4).
CYP83BlhadaK,,0f3.1 04 umanda V,,, of 52 =
2 min ! (Bak et al., 2001), whereas the corresponding
Values for CYP83A1 were 150 = 15 um and 140 = 10
min ™!, respectively. Based on these apparent enzyme
parameters, CYP83B1 exhibits a 50-fold lower K, and
a 20-fold better catalytic efficiency (V,../K,,) com-
pared with CYP83AL.

Interaction with Ligands

To characterize the topology of the active sites of
CYP83A1 and CYP83B1, we have taken advantage of

60

)

v (Min

o 2‘0 4‘0 éO 80
uM indole-3-acetaldoxime

Figure 4. CYP83A1 and CYP83B1 metabolize indole-3-
acetaldoxime with different affinity. Kinetics with indole-3-
acetaldoxime as substrate and using Cys as thiol donor were com-
pared for both CYP83A1(®) and CYP83B1 (M). Computed regression
curves as well as the experimental data points are shown. The
correlation coefficients (°) for CYP83B1 and CYP83AT regression
analyses are 0.985 and 0.999, respectively.
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the ability of nitrogen-containing ligands like pri-
mary amines to produce type II spectra with cyto-
chrome P450 enzymes by binding to the active site
bringing the electron lone pairs of the amine group in
close vicinity to the heme iron (Jefcoate, 1978). This
gives rise to a characteristic spectrum with a trough
around 390 nm and a peak around 425 nm. We have
previously reported that tryptamine is a ligand that
binds to the active site and inhibits metabolism of
indole-3-acetaldoxime by CYP83B1 (Bak et al., 2001).
Similar results were obtained with CYP83A1 (S. Bak,
unpublished data). Likewise, type II spectra were
observed for CYP83B1 and CYP83A1 with
n-octylamine and the amines corresponding to Phe
(B-phenylethylamine), and Tyr (tyramine; Fig. 5).
IAN did not produce a type II spectrum, showing
that the nitrogen atom of the indole ring system does
not contribute (data not shown). Introduction of a
hydroxyl group at the 5 position of tryptamine (5-
OH-tryptamine/serotonin) abolished binding. Tyra-
mine similarly produced a weak type II spectrum,
whereas 3-OH-tyramine (i.e. dopamine) and hista-
mine (data not shown) did not. This indicates that
introduction of hydroxyl groups or an electronega-
tive group in the aromatic ring causes significant
reduction of ligand binding to the active site. Based
on the sizes of the amplitudes of the type II spectra
recorded using 200 uM ligand, the relative affinity for
ligand binding to CYP83B1 is tryptamine >=> B-phe-
nylethylamine > n-octylamine > tyramine. CYP83A1
shows a different affinity for the same amines:
n-octylamine >> B-phenylethylamine = tryptamine >
tyramine. The observed difference in affinity for the
amines tested argues that although the same ligands
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Figure 5. Spectral characterization of CYP83A1 and CYP83B1. Type Il spectra were recorded with 0.15 um of CYP83A1 or
0.44 pum of CYP83B1 using 200 um of ligands. 1, Tryptamine; 2, B-phenylethylamine; 3, tyramine; 4, n-octylamine; 5,

5-OH-tryptamine; 6, 3-OH-tyramine; B, baseline.

bind to CYP83B1 and CYP83A1, the topology of their
active site differ.

By titrating the amplitude of the type II difference
spectra with increasing concentrations of ligand,
K, values were determined for tryptamine and (-
phenylethylamine (Fig. 6). K, values of 18 = 5 um and
240 = 180 um were calculated for tryptamine for
CYP83B1 and CYP83A1l, respectively. K, values of
540 = 180 puMm and 390 = 70 um were estimated for
B-phenylethylamine binding to CYP83B1 and
CYP83A1, respectively. In accordance, CYP83B1 binds
tryptamine 13-fold stronger compared with CYP83A1.
Compared with B-phenylethylamine, tryptamine is a
30-fold stronger ligand for CYP83B1. In contrast,
CYP83A1 displays similar high binding constants for
tryptamine and B-phenylethylamine. Due to high ab-
sorbance and low amplitude of the type II spectra, K
values could not be determined for tyramine.

Interaction with Oximes

Indole-3-acetaldoxime is a substrate for CYP83B1
and CYP83A1 as shown by heterologous expression
studies and by the ability of CYP83A1 to functionally
complement CYP83B1 in rntl-1. Substrates for cyto-
chromes P450 often give rise to the formation of a
type I or reverse type I spectrum upon binding, de-
pending on the spin state of the heme iron (Jefcoate,
1978). Besides CYP83A1 and CYP83B1, the only
other plant cytochrome P450 known to metabolize
an aldoxime is CYP71El from sorghum (Sorghum
bicolor). CYP71EL1 is involved in the biosynthesis of
the Tyr-derived cyanogenic glucoside dhurrin and
catalyzes the conversion of p-hydroxyphenylacetal-
doxime to p-hydroxymandelonitrile (Kahn et al.,
1997, 1999; Bak et al., 1998a). The substrate binding
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spectra obtained using p-hydroxyphenylacetaldo-
xime as a substrate for sorghum CYP71E1 were not
trivial and prone to peculiar artifacts (Kahn et al.,
1997, 1999). Spectral analysis of a cytochrome P450
in rat liver microsomes similarly displayed peculiar
binding spectra with aryl and alkyl aldoximes
(Boucher et al., 1994). Only a weak reverse type I
spectrum was recorded upon indole-3-acetaldoxime
binding to CYP83B1 (Bak et al., 2001). In accordance,
a K value of 0.2 um for indole-3-acetaldoxime bind-
ing to CYP83B1 was determined by exploiting the
ability of indole-3-acetaldoxime to displace the li-
gand tryptamine from the active site of CYP83B1
(Bak et al., 2001). In that approach, CYP83B1 was first
saturated with 100 uM tryptamine. Tryptamine was
subsequently displaced from the active site by titra-
tion with increasing amounts of indole-3-
acetaldoxime, causing a gradual appearance of a re-
verse type Il spectrum. It is unfortunate that a similar
approach could not be used for CYP83A1 because: (a)
much higher levels of tryptamine (1,000 um) are re-
quired to saturate CYP83A1, giving rise to interfering
levels of ligand absorbance (Fig. 5); (b) the amplitude
of the type II spectra produced by tryptamine bind-
ing to CYP83A1 is much weaker than for CYP83B1
(Fig. 5); and (c) indole-3-acetaldoxime absorbance
interferes significantly at concentrations higher than
1 pm.

In addition to the ability to wuse indole-3-
acetaldoxime as a substrate, we conducted reconsti-
tution experiments to compare the ability of
CYP83A1 and CYP83B1 to metabolize other oximes.
The putative substrates tested were p-hydroxyphenyl-
acetaldoxime derived from Tyr and phenylacetald-
oxime derived from Phe. In all studies, B-mercapto-
ethanol was the thiol donor. After incubation in the

Plant Physiol. Vol. 127, 2001
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Figure 6. CYP83AT and CYP83B1 have different affinity for
tryptamine and B-phenyletylamine. CYP83A1 (0.15 um) or CYP83B1
(0.44 pm) were incubated with increasing amounts of either
tryptamine (@) or B-phenylethylamine (M) and the difference in
amplitude of the type Il difference spectra were plotted as a function
of concentration of ligand. To compensate for ligand absorbance, the
experimental data were fitted to a hyperbolic curve using the equa-
tion A= A, X X/(K; + X) + C X X, where A is the amplitude of the
spectra, X the concentration of ligand, and C the contribution from
ligand absorbance. The computed regression curve is shown as well
as the experimental data points. Correlation coefficients (r?) for
CYP83B1 interaction with tryptamine and B-phenylethylamine are
0.983 and 0.987, respectively, and for CYP83A1 interaction with
tryptamine and B-phenylethylamine 0.933 and 0.989, respectively.

presence or absence of NADPH, reaction mixtures
were extracted with ethyl acetate, and the ethyl
acetate phase containing both substrate and product
was lyophilized, silylated, and analyzed by gas
chromatography-mass spectrometry (GC-MS) as pre-
viously described (Bak et al., 2001; data not shown).
As expected, the turnover of indole-3-acetaldoxime
was lower using CYP83A1 compared with CYP83B1
under the experimental conditions applied (Table I).
The turnover of p-hydroxyphenylacetaldoxime con-
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versely was higher using CYP83A1 compared with
CYP83B1. Phenylacetaldoxime was identified as a
substrate for CYP83A1 as well as for CYP83B1 but the
turnover numbers were low (Table I).

DISCUSSION
CYP83A1 and CYP83B1 Are Not Redundant Enzymes

In Arabidopsis, indole-3-acetaldoxime is a meta-
bolic branch point in JAA and indole glucosinolate
biosynthesis and the level of IAA can be regulated by
the flux of indole-3-acetaldoxime through CYP83B1
(Fig. 7, Bak et al.,, 2001). In the present study, we
demonstrate that ectopic expression of CYP83Al
cDNA can functionally complement CYP83B1 by
suppressing the high IAA phenotype and deficiency
in indole glucosinolate of rnt1-1.

Knockout of CYP83BI1 results in plants character-
ized by increased apical dominance and elongated
hypocotyls (Fig. 1; Barlier et al., 2000; Bak et al., 2001)
due to an increase of free IAA (Delarue et al., 1998;
Barlier et al., 2000). Ectopic overexpression of
CYP83B1 cDNA using the 35S promoter in wild-type
Arabidopsis also showed a bushier phenotype in
three out of 13 transformants (S. Bak, unpublished
data). Bushy phenotypes similarly were seen in two
out of 18 rnt1-1 lines molecularly complemented with
a genomic fragment comprising the CYP83B1 gene
(Bak et al., 2001; S. Bak, unpublished data). Multiple
insertions as well as position effects may result in
lines that phenotypically resemble overexpression
lines. The phenotype of plants like 2.24.3 is similar to
the phenotype of strong alleles of axr1, characterized
by decreased apical dominance and reduced hypo-
cotyl length and fertility as a result of reduced sens-
ing of auxin (Estelle and Sommerville, 1987; Lincoln
et al., 1990; Leyser et al., 1993; Collett et al., 2000).
Arabidopsis seedlings overexpressing the bacterial
enzyme Trp monooxygenase (izaM) have up to 4-fold
higher IAA levels than wild type and are character-
ized by having elongated hypocotyls (Romano et al.,
1995). Plants that overexpress iaal. conversely have
reduced levels of free IAA and shorter hypocotyls
due to increased conjugation of IAA to Lys (Romano
et al., 1991; Jensen et al., 1998).

Although functional complementation of CYP83B1
in rntl-1 by overexpression of CYP83A1 under the
control of the 355 promoter was demonstrated, the
CYP83A1 gene is not redundant compared with
CYP83B1 because CYP83A1 cannot prevent the rnt1-1

Table I. CYP83A1 and CYP83B1 have overlapping substrate and ligand affinity in vitro

K, Indole-3- Turnover, Indole- Turnover, p-Hydroxyphenyl- Turnover, Phenylethyl- K for K for B-
acetaldoxime 3-acetaldoxime acetaldoxime acetaldoxime Tryptamine Phenylethylamine
uM min uM
CYP83B1 3.1 26 9.8 15 18 540
CYP83A1 150 10 25 7.2 240 390

Plant Physiol. Vol. 127, 2001
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amino acids +

chain elongated forms tryptophan
CYP79s CYP79B
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glucosinolates glucosinolates TAA

Figure 7. CYP83A1 and CYP83AT1 are not redundant enzymes.
CYP83B1 is primarily involved in biosynthesis of indole glucosino-
lates, whereas CYP83A1 is involved in glucosinolates not derived
from indole-3-acetaldoxime. The use of a separate CYP83 for indole
glucosinolate biosynthesis ensures a tight control of the flux of the
shared Trp-derived intermediate, indole-3-acetaldoxime, for IAA and
indole glucosinolate biosynthesis.

phenotype when expressed under the control of its
native promoter in the rnt1-1 background.

Indole-3-Acetaldoxime Metabolism by
CYP83A1 and CYP83B1

In accordance with the in planta complementation
results, indole-3-acetaldoxime was identified as a
substrate for recombinant CYP83A1. Oximes are gen-
erally unstable and considered toxic compounds that
do not accumulate in the cell. To optimize and con-
trol catalytic activities, most biosynthetic enzymes
have K,s in the range of the concentration of their
substrate. The in vivo concentration of indole-3-
acetaldoxime in Arabidopsis is not known. However,
in the related cruciferous plant Chinese cabbage
(Brassica campestris), the indole-3-acetaldoxime con-
centration has been reported to be less than 50 pmol
g ' fresh weight (Helminger et al., 1985). Indole-3-
acetaldoxime constitutes a metabolic branch point
between IAA and indole glucosinolate biosynthesis,
and we have concluded previously that enzymes in
indole glucosinolate and IAA biosynthesis utilize the
same indole-3-acetaldoxime pool (Bak et al., 2001).
This implies that an enzyme working in such a
branch point must have a K, in the same range as
CYP83BL1 to efficiently compete for the substrate. The
50-fold higher K, of CYP83A1 relative to CYP83B1
thus argues that indole-3-acetaldoxime is not a sub-
strate for CYP83A1 under normal conditions.

Overexpression of CYP83A1 c¢cDNA in the rntl-1
background did not result in elevated indole glucosi-
nolate levels as compared with wild-type seedlings
(Fig. 2). This is in contrast to overexpression of
CYP83B1 ¢cDNA (Bak et al., 2001), which resulted in
increased levels of indole glucosinolates. These data
imply that CYP83A1 cannot to the same extent as
CYP83B1 compete with an indole-3-acetaldoxime-
metabolizing enzyme in IAA biosynthesis. Low lev-
els of indole glucosinolates are present in rnt1-1 seed-
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lings (Bak et al., 2001; Fig. 2). This may imply that in
rntl-1, indole-3-acetaldoxime accumulates to levels
that become available to CYP83A1 and permits a low
level of indole glucosinolate production. A more
likely explanation is that at least some of the indole
glucosinolates present in the seedlings may not orig-
inate from de novo synthesis, but by translocation of
indole glucosinolates from the seed.

There are two reasonable explanations for the abil-
ity of the CYP83A1 cDNA to functionally comple-
ment rnt1-1: (a) In rntl-1, indole-3-acetaldoxime ac-
cumulates to levels that makes it available to
CYP83A1; or (b) ectopic expression of CYP83A1 re-
stores the channeling of indole glucosinolate biosyn-
thesis by restoring a supra molecular enzymatic com-
plex with e.g. CYP79B. The latter explanation
satisfies the observation that increased levels of in-
dole glucosinolates was not seen in the functionally
complemented lines (Fig. 2).

The catalytic mechanism by which CYP83B1 and
CYP83A1 convert aldoximes is not known. We spec-
ulate that the oxygen atom of the oxime function
lodges between the heme iron and the P450 I-helix,
thereby replacing a water molecule as sixth ligand to
the heme iron. This replacement of water by the
oxime may explain the absence of a strong type I
binding spectrum. Subsequent introduction of an ad-
ditional hydroxyl group at the nitrogen atom of the
oxime function generates a highly reactive aci-nitro
compound. The a-carbon atom of the aci-nitro com-
pound is a target for a nucleophilic attack from a
sulfhydryl group, resulting in the formation of
indole-3-S-alkylthiohydroxymate with a dehydration
reaction taking place either before or after adduct
formation. An aci-nitro compound previously has
been proposed as an intermediate in glucosinolate
biosynthesis (Ettlinger and Kjeer, 1968). Liver micro-
somes have been suggested in a similar manner to
catalyze the conversion of n-butyraldoxime to nitro-
butane via an aci-nitro compound (DeMaster et al.,
1992). The observed ability to form S-alkylthiohy-
droximate adducts with a wide range of structurally
very different thiol compounds in vitro suggests that
formation of the adduct proceeds nonenzymatically
outside the active site (Fig. 3). In accordance with this
proposed mechanism, indole-3-acetaldoxime metab-
olism in the absence of a nucleophile eventually in-
activates the enzyme (Fig. 3A).

CYP83B1 has recently been shown to be induced by
IAA (Delarue et al.,, 1998). In accordance, we ana-
lyzed in silico 2.5 kb upstream of the start codon of
CYP83B1 for cis-acting elements (Higo et al., 1999;
http:/ /www.dna.affrc.go.jp/htdocs/PLACE), and
identified four putative auxin-responsive cis-acting
elements (AuxREs; Guilfoyle et al., 1998; Ulmasov et
al., 1999). We have previously shown that a 5.5-kb
genomic fragment comprising this putative CYP83B1
promoter is sufficient to achieve molecular comple-
mentation of rntl-1 (Bak et al., 2001). In a converse

Plant Physiol. Vol. 127, 2001



manner, no AuxREs could be identified 2.5 kb region
upstream of CYP83A1. In accordance, cDNA micro
array data show that in rnt1-1 seedlings CYP83A1
transcripts are not induced but down-regulated 3.5-
fold (W. Xu and D.W. Galbraith, personal communi-
cation). This suggests that CYP83B1, but not
CYP83A1, is under the regulation of auxin.

CYP83A1 and CYP83B1 Have Overlapping
Substrate Specificity

Indole-3-acetaldoxime, phenylacetaldoxime, and
p-hydroxyphenylacetaldoxime are all substrates for
CYP83A1 and CYP83B1 in vitro. Based on the turn-
over numbers using high substrate concentrations (1
muM), p-hydroxyphenylacetaldoxime is the preferred
substrate for CYP83A1 as compared with CYP83BI.
Arabidopsis contains at least 24 glucosinolates de-
rived from Trp and chain-elongated homologs of Phe
and Met (Hogge et al., 1988; Petersen et al., 2001). In
Arabidopsis, seven functional CYP79 homologs and
six CYP79 pseudogenes (http://www.biobase.dk/
P450) have been identified. These CYP79s most likely
catalyze the conversion of amino acids and chain-
elongated amino acids to their corresponding aldo-
ximes (Bak et al., 1998b), as has been documented for
CYP79A2, CYP79B2, CYP79B3, and CYP79F1 (Hull et
al., 2000; Mikkelsen et al., 2000; Wittstock and
Halkier, 2000; Hansen et al., 2001; Reintanz et al.,
2001). These CYP79 homologs are highly substrate
specific and are thought to determine the substrate
specificity of glucosinolate biosynthesis. In contrast,
only two CYP83 homologs are present in the Arabi-
dopsis genome (http://www.biobase.dk/P450). The
substrate specificity of these two enzymes toward
aliphatic aldoximes is an open question. Detailed
biochemical analysis of the recombinant enzymes is
hampered by lack of aldoxime substrates. Glucosino-
late profile analysis of CYP83A1 and CYP83B1 over-
expression lines as well as of molecularly and func-
tionally complemented rnt1-1 plants are in progress
and should serve to clarify the substrate specificity of
CYP83A1 and CYP83B1 toward naturally occurring
aldoximes and their effect on glucosinolate profiles.

We propose that CYP83B1 is primarily involved in
the biosynthesis of indole glucosinolates, whereas
CYP83A1 is involved in biosynthesis of those glu-
cosinolates that are not derived from Trp (Fig. 7). Use
of a separate CYP83 for indole glucosinolate biosyn-
thesis insures tight control of the flux of the shared
intermediate, indole-3-acetaldoxime, for indole glu-
cosinolate and IAA biosynthesis as is also indicated
by the presence of putative AuxREs in the CYP83B1
but not in the CYP83A1 promoter. The evidence
now available demonstrates that CYP83s and other
postoxime enzymes have a low substrate specificity.
Thus, cell suspension cultures of Brassica juncea
produce artificial and novel glucosinolates from
p-nitrobenzaldoxime (Grootwassink et al., 1990).
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Likewise, ectopic expression of sorghum CYP79A1
catalyzing the conversion of Tyr to p-hydroxyphenyl-
acetaldoxime resulted in Arabidopsis plants with
high levels of Tyr-derived p-hydroxybenzylglucosino-
late, which is not a naturally occurring glucosinolate
in this species (Bak et al., 1999).

It has often been suggested that glucosinolate bio-
synthesis has evolved from a cyanogenic predisposi-
tion (e.g. Ettlinger and Kjeer, 1968; Poulton and
Moller, 1993; Halkier and Du, 1997). In contrast to
glucosinolates that are primarily found in the order
Capparales, cyanogenic glucosides are widespread in
nature and represent an evolutionary ancient trait.
Cyanogenic glucosides are derived from the precur-
sor amino acids Val, iso-Leu, Phe, and Tyr and have
an oxime as intermediate just as in glucosinolate
biosynthesis. Likewise, the amino acid to aldoxime
conversion is catalyzed by a CYP79 homolog (Halkier
et al., 1995; Andersen et al., 2000; Nielsen and Mpoller,
2000). It is striking that no cyanogenic glucosides are
known to be derived from Trp. An explanation may
be that for a natural product biosynthetic pathway to
share an intermediate in the biosynthesis of an essen-
tial hormone, a tight and controlled regulation is
mandatory. CYP83B1 fulfills these requirements and
this may be a clue to the predominance of glucosino-
lates in cruciferous plants.

MATERIALS AND METHODS
Plants

Plants were grown at a photosynthetic flux of 100 to 120
pmol photons m™? s~ ! and 70% humidity, 22°C for a 12-h
photoperiod. For morphometric analyses, seedlings were
grown vertically on Murashige and Skoog agar plates with-
out addition of antibiotics and grown for a 16-h photo-
period. Morphometric analyses are shown with their se of
the mean.

The molecularly complemented rnt1-1 line used in this
study was line 3.25.11 (Bak et al., 2001). For functional
complementation of rnt1-1, overexpression constructs com-
prising the CYP83A1 cDNA under control of a CaMV 35S
promoter and polyadenylation site were made in pPZP221
(Hajdukiewicz et al.,, 1994). Primary transformants were
selected on Murashige and Skoog plates supplemented
with 2% (w/v) Suc, 0.9% (w/v) Bacto agar, 50 pg mL ™'
kanamycin, and 200 ug mL ' gentamycin. Lines homozy-
gous for the T-DNA insertion in CYP83B1 and homozy-
gous for the introduced 355::CYP83A1 construct were iden-
tified by cosegregation analysis on selective Murashige and
Skoog agar plates.

Indole glucosinolate content in 10-d-old seedlings grown
as described for the morphometric analyses were quanti-
fied colorimetrically as the degradation product thiocya-
nate as previously described by Bak et al. (1999, 2001).

115



Bak and Feyereisen

Analysis of Recombinant CYP83A1 and
CYP83B1 Enzyme

Microsomes from yeast (Saccharomyces cerevisiae) WAT11
cells expressing the CYP83A1 and CYP83B1 cDNA using
the pYeDP60 vector were isolated and the amount of func-
tional enzyme quantified essentially according to Pompon
et al. (1996). Indole-3-acetaldoxime and radiolabeled
indole-3-acetaldoxime were prepared as described by Bak
et al. (2001) and references therein. V. and K, were
determined as previously described using 2.2 nm of
CYP83A1 or CYP83B1 and 50 mm 1-Cys as thiol donor (Bak
et al., 2001). Type II spectra were recorded using 0.44 um
CYP83B1 or 0.15 um CYP83A1 and in the presence of 200
uM ligand and using a Lambdal9 spectrophotometer (Per-
kin Elmer, Shelton, CT). V.., K,,, and K, were calculated
using SigmaPlot 5.0 (SPSS Inc., Chicago). For analysis of
CYP83B1 activity in the presence or absence of thiol do-
nors, recombinant CYP83B1 was reconstituted and ana-
lyzed as previously described (Bak et al., 2001).

Identification and Quantification of Substrates and
Products by GC-MS

For structural analysis of the products of CYP83A1 and
CYP83BI catalysis, 0.5 uM recombinant enzyme was recon-
stituted using 1 mwm of either indole-3-acetaldoxime,
p-hydroxyphenylacetaldoxime, or phenylacetaldoxime and
incubated for 20 min at 28°C and analyzed using GC-MS
essentially as previously described (Bak et al., 2001). Turn-
over numbers were calculated based on the relative areas
under the substrate and product peaks. Silylated substrates
and products were identified by their fragmentation pat-
tern in both electron impact mode and chemical ionization
mode.

Fragments identified by chemical ionization mode were
as follows: silylated indole-3-acetaldoxime (15.447 min),
[M+H]" m/z 319, major fragmentation ion m/z 202; sily-
lated S-mercaptoyl-indole-3-acetaldoxime (21.032 min),
[M+H]" m/z 467, major fragmentation ions m/z 229, and
m/z 202; silylated (E+Z)- p-hydroxyphenylacetaldoxime
(11.860 and 11.942 min), [M+H]" m/z 296 major fragmen-
tation ion m/z 179; silylated S-mercaptoyl-p-hydroxy-
phenylacetaldoxime (17.433 min), [M+H]" m/z 444, major
fragmentation ions m/z 206 and m/z 179; silylated phenyl-
ethylacetaldoxime (11.066 min), [M+H]" m/z 209; and si-
lylated S-mercaptoyl-phenylacetaldoxime (14.666 min),
[M+H]" m/z 356, major fragmentation ions m/z 226, m/z
206, m/z 118, and m/z 91.
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