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SUMMARY
The biosynthetic pathway for the cyanogenic glucoside dhurrin in sorghum has previously been shown to
involve the sequential production of (E)- and (Z)-p-hydroxyphenylacetaldoxime. In this study we used microsomes prepared from wild-type and mutant sorghum or transiently transformed Nicotiana benthamiana to
demonstrate that CYP79A1 catalyzes conversion of tyrosine to (E)-p-hydroxyphenylacetaldoxime whereas
CYP71E1 catalyzes conversion of (E)-p-hydroxyphenylacetaldoxime into the corresponding geometrical
Z-isomer as required for its dehydration into a nitrile, the next intermediate in cyanogenic glucoside synthesis. Glucosinolate biosynthesis is also initiated by the action of a CYP79 family enzyme, but the next enzyme
involved belongs to the CYP83 family. We demonstrate that CYP83B1 from Arabidopsis thaliana cannot convert the (E)-p-hydroxyphenylacetaldoxime to the (Z)-isomer, which blocks the route towards cyanogenic
glucoside synthesis. Instead CYP83B1 catalyzes the conversion of the (E)-p-hydroxyphenylacetaldoxime into
an S-alkyl-thiohydroximate with retention of the configuration of the E-oxime intermediate in the final
glucosinolate core structure. Numerous microbial plant pathogens are able to detoxify Z-oximes but not
E-oximes. The CYP79-derived E-oximes may play an important role in plant defense.
Keywords: E- and Z-oxime metabolism, oxime dehydration, nitriles, microbial Z-oxime-nitrile pathway, cytochrome P450, CYP79A1, CYP71E1, CYP83B1, Sorghum bicolor, Sinapis alba.

INTRODUCTION
Cyanogenic glucosides and glucosinolates are two classes
of specialized bioactive plant products serving multiple
functions, including involvement in plant defense (Halkier
and Gershenzon, 2006; Møller, 2010a,b; Neilson et al.,
2013; Gleadow and Møller, 2014). Cyanogenic glucosides
are ancient compounds registered as present in more
than 3000 plant species ranging from ferns and gymnosperms to angiosperms, and are thought to have arisen
at least 300 million years ago (Bak et al., 2006; Zagrobelny
et al., 2008). Glucosinolates are evolutionarily younger
and only found in angiosperms, predominately in the
Brassicaceae family (http://eol.org/pages/4219/names) and
possibly in a few other families (Rodman et al., 1998;
Fahey et al., 2001; Tattersall et al., 2001; Halkier and Ger558

shenzon, 2006; Møller, 2010a; Frisch and Møller, 2012;
Frisch et al., 2014). Both classes of compounds are produced from amino acids and the biosynthetic pathways
leading to their formation show striking resemblance, with
involvement of cytochromes P450 (P450s) of the CYP79
family catalyzing the multistep conversion of the parent
amino acids, or their chain elongated forms, into the corresponding oximes, the key intermediate of both pathways (Sibbesen et al., 1994, 1995; Koch et al., 1995;
Andersen et al., 2000; Mikkelsen et al., 2002; Chen et al.,
2003) (Figure 1). It has thus often been speculated that the
glucosinolate biosynthetic pathway has arisen in plants
predisposed to produce cyanogenic glucosides (Bak et al.,
1998; Halkier and Gershenzon, 2006; Takos et al., 2011;
Frisch and Møller, 2012).
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unresolved (Bak et al., 2001; Geu-Flores et al., 2011; Hirai
et al., 2005). The conjugate formed is initially processed by
the action of c-glutamyl peptidase (Geu-Flores et al., 2009,
2011) and converted into the final glucosinolate structure
by a C–S lyase (SUR1) (Boerjan et al., 1995), S-glucosyl
transferase (Grubb et al., 2014) and a sulfotransferase (Piotrowski et al., 2004).
Cyanogenic glucoside biosynthesis involves initial formation of an E-oxime intermediate, which is then converted to the Z-isomer (Halkier et al., 1989). This is then
converted in a dehydration reaction into the corresponding
nitrile. Whereas the dehydration reaction is known to be
catalyzed in sorghum by CYP71E1, it has not been investigated whether the isomerization reaction immediately preceding the dehydration reaction is catalyzed by CYP79A1
or CYP71E1. In this study we demonstrate that CYP71E1 is
the enzyme catalyzing the E- to Z-isomerization reaction in
cyanogenic glucoside synthesis. In contrast, the second
P450 in glucosinolate metabolism, as exemplified by
CYP83B1 from Arabidopsis thaliana, is not able to catalyze
such an isomerization reaction but is able to utilize
E-oxime as its substrate in the formation of S-alkyl-thiohydroximate. This prevents nitrile formation and signifies the
bifurcation towards glucosinolate production.
Figure 1. The biosynthetic pathways of cyanogenic glucosides and glucosinolates.
The biosynthetic pathways of cyanogenic glucosides and glucosinolates
have oximes as common intermediates. The molecular mechanisms preventing parallel synthesis of cyanogenic glucosides and glucosinolates
within the same plant species have remained obscure.

Cyanogenic glucoside synthesis has been extensively
studied in sorghum, which contains the tyrosine-derived
cyanogenic glucoside dhurrin. Two P450s, CYP79A1 and
CYP71E1, each catalyze multistep reactions resulting in the
conversion of tyrosine into p-hydroxymandelonitrile with
N-hydroxytyrosine, N,N-dihydroxytyrosine, (E)-p-hydroxyphenylacetaldoxime (Z)-p-hydroxyphenylacetaldoxime
and p-hydroxyphenylacetonitrile as intermediates (Møller
and Conn, 1979; Halkier et al., 1989; Halkier and Møller,
1990; Kahn et al., 1999). The final conversion of p-hydroxymandelonitrile into dhurrin is catalyzed by the UDPG-dependent glucosyltransferase, UGT85B1 (Jones et al., 1999).
p-Hydroxyphenylacetaldoxime is also an intermediate in
the biosynthetic pathway of the glucosinolate sinalbin (phydroxybenzyl glucosinolate) present in Sinapis alba and
several other glucosinolate-producing plants (Wittstock
and Halkier, 2000; Agerbirk et al., 2008). In glucosinolate
synthesis, the oxime produced by the action of a CYP79 is
converted into a glutathione conjugate by the action of a
CYP83. The precise nature of this reaction with respect to
the involvement of glutathione-S-transferase and nitrile-oxide or aci-nitro compound intermediates has remained

RESULTS
CYP79A1 catalyzes conversion of L-tyrosine into phydroxyphenylacetaldoxime
In initial experiments, the combined enzymatic activity of
CYP79A1 and CYP71E1 was analyzed in the well-established
microsomal in vitro system isolated from etiolated sorghum
seedlings. In the presence of 2 mM dithiothreitol (DTT)
(+SH) (Figure 2A), incubation of the microsomes with
14
L-[ C]-tyrosine in the presence of oxygen and the co-factor
NADPH demonstrated efficient conversion into p-hydroxymandelonitrile, which was visualized as its dissociation product p-hydroxybenzaldehyde using TLC (Figure 2) (Møller
and Conn, 1979). Only a trace amount of p-hydroxyphenylacetaldoxime was detected, demonstrating the previously
reported efficient channeling of the pathway (Møller and
Conn, 1980; Nielsen et al., 2008). Inactivation of CYP71E1 by
preparation and overnight dialysis of the microsomes in the
absence of DTT ( SH) (Møller and Conn, 1979, 1980)
resulted in accumulation of p-hydroxyphenylacetaldoxime,
demonstrating the catalytic property of CYP79A1 (Møller
and Conn, 1980). The TLC system does not permit separation of the E- and Z-oxime isomers formed.
CYP79A1 catalyzes the specific production of (E)-phydroxyphenylacetaldoxime
The separation of the E- and Z- geometrical isomers of phydroxyphenylacetaldoxime was enabled by liquid
chromatography (LC)-MS. Nuclear magnetic resonance of
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Figure 2. Analysis of the biosynthetic capacity of microsomal preparations assayed by autoradiography-TLC using L-[UL-14C]-tyrosine as a substrate.
(A) Microsomes prepared from etiolated sorghum seedlings [wild type (WT) and the tcd1 sorghum mutant] prepared in the presence or absence of dithiothreitol
(DTT) (SH). WT+SH: CYP79A1 and CYP71E1 catalyzed formation of p-hydroxymandelonitrile monitored as its dissociation product p-hydroxybenzaldehyde.
WT–SH: CYP79A1 catalyzed formation of p-hydroxyphenylacetaldoxime. tcd1+SH: no product was formed because the mutated CYP79A1 is catalytically inactive.
(B) Microsomes prepared from transiently transformed tobacco leaves in the presence of DTT. Empty vector: leaves transiently expressing the empty vector control, i.e. no product formation. CYP79A1: CYP79A1-catalyzed accumulation of p-hydroxyphenylacetaldoxime. CYP79A1+CYP71E1: CYP79A1- and CYP71E1-catalyzed accumulation of p-hydroxyphenylacetaldoxime and p-hydroxybenzaldehyde.
Abbreviations: Nitrile, p-hydroxyphenylacetonitrile; Aldehyde, p-hydroxybenzaldehyde; Oxime, p-hydroxyphenylacetaldoxime; ?, contaminant present in tracer;
Acid, p-hydroxybenzoic acid; Tracer, [14C]-tyrosine.

a chemically synthesized mixture of the two geometrical
isomers and of the pure Z-isoform verified their respective
LC elution positions (Møller, 1977, 1978; Halkier et al.,
1989). The E-isomer is expected to be more hydrophilic,
with the hydroxyl group of the oxime function being more
exposed to the aqueous medium in comparison with the
Z-isomer, and in accordance with this the E geometrical
isomer eluted ahead of the Z geometrical isomer. Initial
incubation of WT(wild type)+SH microsomes harboring the
combined activity of CYP79A1 and CYP71E1 with L-tyrosine
demonstrated production of p-hydroxybenzaldehyde (a
dissociation product of p-hydroxymandelonitrile) and only
barely detectable amounts of (E)-p-hydroxyphenylacetaldoxime (Figure 3A). The specific catalytic properties of
CYP79A1 were analyzed using the sorghum microsomal
system prepared and dialyzed in the absence of DTT ( SH)
(Figure 2). When CYP71E1 (WT SH) was inactivated
almost no p-hydroxybenzaldehyde was formed, being
replaced by the production of (E)-p-hydroxyphenylacetaldoxime (Figure 3B). The small amounts of (Z)-p-hydroxyphenylacetaldoxime observed were derived from a slow
non-enzymatic isomerization reaction going towards a
chemical equilibrium ratio between E/Z-oxime of 58:42
(Halkier et al., 1989).
CYP71E1 catalyzes the isomerization of (E)-phydroxyphenylacetaldoxime into (Z)-phydroxyphenylacetaldoxime
The sorghum tcd1 (totally cyanide deficient 1) mutant harbors a P414L mutation in CYP79A1. This mutation resulted
in full inactivation of the cytochrome enzyme (Blomstedt
et al., 2012). Accordingly, incubation of microsomes pre-

pared from seedlings of the tcd1 mutant with L-tyrosine
resulted in no product being formed (Figure 3C,D). When
these microsomes were prepared in the presence of DTT
(+SH) they contain active CYP71E1, enabling analysis of its
catalytic function without interference from CYP79A1. Incubation of microsomal preparations from WT sorghum and
the tcd1 mutant was investigated using either (E)/(Z)-p-hydroxyphenylacetaldoxime (Figure 4A) or (Z)-p-hydroxyphenylacetaldoxime (Figure 4B) as substrates. WT+SH
microsomes exhibiting a fully active CYP79A1+CYP71E1
enzyme system showed efficient conversion of both oxime
geometrical isomers to p-hydroxybenzaldehyde (Figure 4Aa,Ba). A parallel study with tcd1+SH microsomes
showed conversion of (E)- as well as (Z)-p-hydroxyphenylacetaldoxime into p-hydroxybenzaldehyde with the Zoxime being the preferred substrate (Figure 4Ac,Bc). Following incubation of WT–SH microsomal preparations in
which CYP71E1 is inactivated, no oxime metabolism took
place except for a low level of non-enzymatic isomerization
(Figure 4Ab,Bb). The same result was obtained using –SH
microsomal preparations from the tcd1 mutant, which
exhibited neither CYP79A1 nor CYP71E1 activity (Figure 4Ad, Bd). These experiments documented that
CYP71E1 was responsible for catalyzing the rearrangement
reaction of E-oxime into Z-oxime, the following dehydration reaction into p-hydroxyphenylacetonitrile and final
hydroxylation into p-hydroxymandelonitrile. The fact that
CYP71E1 is the enzyme catalyzing conversion of E-oxime
into Z-oxime and not the CYP79A1, leads to an alteration
of the previously envisioned steps in the pathway for cyanogenic glucoside synthesis catalyzed by CYP79A1 and
CYP71E1 (Figure 5).
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Figure 3. Liquid chromatography (LC)-MS analysis of the catalytic properties of CYP79A1 and CYP71E1 in sorghum microsomes following incubation
with L-tyrosine in the presence of NADPH.
(A) WT+SH: CYP79A1- and CYP71E1-catalyzed formation of p-hydroxymandelonitrile monitored as its dissociation product p-hydroxybenzaldehyde.
(B) WT–SH: CYP79A1-catalyzed formation of (E)-p-hydroxyphenylacetaldoxime.
(C), (D) tcd1SH: no product formation occurred because the mutated
CYP79A1 is catalytically inactive.
The traces represent extracted ion chromatograms (EICs) of m/z 152.0 corresponding to the [M+H]+ adduct of (E)- and (Z)-p-hydroxyphenylacetaldoxime
(blue) and of m/z 123.0 corresponding to the [M+H]+ adduct of p-hydroxybenzaldehyde (green). In general, p-hydoxybenzaldehyde has poor ionization compared with p-hydroxyphenylacetaldoxime, which explains the use
of different scales on the y-axis in this and other figures. Chromatograms
are Gauss-smoothed once.
Abbreviations: (E)-oxime, (E)-p-hydroxyphenylacetaldoxime; (Z)-oxime, (Z)p-hydroxyphenylacetaldoxime; Aldehyde, p-hydoxybenzaldehyde.

CYP83B1 from Arabidopsis thaliana specifically
metabolizes (E)-p-hydroxyphenylacetaldoxime into an Salkyl-thiohydroximate
The second cytochrome P450 involved in glucosinolate
biosynthesis belongs to the CYP83 family. In this study
we investigated the ability of CYP83B1 from A. thaliana
to metabolize oximes (Bak et al., 2001). CYP83B1 is
known to metabolize oximes derived from phenylalanine,
tyrosine and preferentially tryptophan (Bak et al., 2001).
Like the CYP71E1 enzyme from sorghum, the CYP83s
belong to the CYP71 clan of P450s (Werck-Reichhart and
Feyereisen, 2000; Nelson and Werck-Reichhart, 2011).
However, in contrast to the CYP71 enzymes in cyanogenic glucoside synthesis, the CYP83s in glucosinolate
synthesis are suicidal enzymes when incubated with oximes unless a thiol compound is present as a co-sub-

strate, which results in the formation of an S-alkylthiohydroximate. The mechanistic reason for the suicidal
effect is not fully understood (Bak and Feyereisen, 2001),
but would be expected to result from covalent chemical
modification of catalytic residues in the catalytic site by
the reactive aci-nitro compound or nitrile oxide intermediate, which in the absence of a thiol compound would
be final products of CYP83B1. Accordingly, the activity of
CYP83B1 towards (E)-p-hydroxyphenylacetaldoxime and
(Z)-p-hydroxyphenylacetaldoxime cannot be monitored
directly in the absence of a thiol compound. b-Mercaptoethanol had previously been shown to be an excellent
co-substrate (Bak et al., 2001). To obtain proper reference
compounds, chemical synthesis of the b-mercaptoethanol
adducts of (E)- and (Z)-p-hydroxyphenylacetaldoxime,
S-alkyl-thiohydroximate, was carried out (see Method S1
and Figure S1).
As for (E)- and (Z)-p-hydroxyphenylacetaldoxime, and
verified by NMR, the geometrical isomer of the S-alkylthiohydroximate corresponding to the configuration of (E)p-hydroxyphenylacetaldoxime eluted before the other form
following separation on a Zorbax SB-Aq column (Figure 6).
Notice, however, that the S-alkyl-thiohydroximate corresponding to the configuration of the (E)-p-hydroxyphenylacetaldoxime based on chemical nomenclature would be
designated as the Z geometrical isomer because the introduced sulfur atom has a higher nomenclature ranking
compared with the p-hydroxyphenyl-containing substituent at the a-carbon atom of the oxime functional
group. Incubation of CYP83B1, obtained following heterologous expression in yeast, with the mixture of (E)- and (Z)p-hydroxyphenylacetaldoxime as substrates in the presence of b-mercaptoethanol and NADPH, demonstrated that
CYP83B1 showed absolute specificity towards (E)-p-hydroxyphenylacetaldoxime as a substrate, and that the (Z)S-alkyl-thiohydroximate formed maintained the structural
configuration of the oxime function as in the (E)-p-hydroxyphenylacetaldoxime substrate (Figure 6). When the incubation mixture was acidified by the addition of 1 M HCl at
the end of the incubation period, the (Z)-S-alkyl-thiohydroximate then formed slowly started to isomerize into the
E geometrical isomer. The elution and fragmentation pattern of the two geometrical isomers of the S-alkyl-thiohydroximate match the properties of the chemically
synthesized authentic standard (Figure 6).
Complementary studies using tobacco plants transiently
expressing either CYP79A1 alone or in combination with
CYP71E1
The studies on oxime metabolism were also carried out in
planta following transient expression of CYP79A1 alone or
in combination with CYP71E1 in Nicotiana benthamiana.
To verify that the experimental plants were indeed
expressing the target genes, microsomal preparations
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Figure 4. Liquid chromatography (LC)-MS analysis of the catalytic properties of CYP79A1 and CYP71E1.
The LC-MS analysis of the catalytic properties of CYP79A1 and CYP71E1 in sorghum microsomes following incubation with a mixture of (E)- and (Z)-p-hydroxyphenylacetaldoxime (A) or pure (Z)-p-hydroxyphenylacetaldoxime (B) and NADPH.
(a) WT+SH: CYP79A1- and CYP71E1-catalyzed formation of p-hydroxymandelonitrile monitored as its dissociation product p-hydroxybenzaldehyde.
(b) WT–SH: CYP79A1 does not catalyze conversion of the (E)-p-hydroxyphenylacetaldoxime into the (Z)-p-hydroxyphenylacetaldoxime structural isomer and vice
versa.
(c) tcd1+SH: CYP71E1 is metabolizing the two oxime structural isomers converting both into p-hydroxymandelonitrile monitored as its dissociation product phydroxybenzaldehyde.
(d) tcd1-SH: CYP71E1 is catalytically inactivated and neither interconversion between the structural oxime isomers nor production of p-hydroxymandelonitrile is
observed.
The traces represent extracted ion chromatograms (EICs) of m/z 152.0 corresponding to the [M+H]+ adduct of (E)- and (Z)-p-hydroxyphenylacetaldoxime (blue)
and m/z 123.0 corresponding to the [M+H]+ adduct of p-hydroxybenzaldehyde (green). Chromatograms are Gauss-smoothed once. In general, p-hydoxybenzaldehyde has poor ionization compared with p-hydroxyphenylacetaldoxime and thus gives a lower signal.
Abbreviations: (E)-oxime, (E)-p-hydroxyphenylacetaldoxime; (Z)-oxime, (Z)-p-hydroxyphenylacetaldoxime; Aldehyde, p-hydoxybenzaldehyde.

were prepared and assayed using TLC following administration of L-[UL-14C]-tyrosine in the presence of NADPH
(Figure 2B). Microsomal preparations from transformed
plants expected to express CYP79A1 converted tyrosine
into p-hydroxyphenylacetaldoxime, while those from
plants expected to express CYP79A1 and CYP71E1 in combination produced p-hydroxybenzaldehyde, demonstrating
that the heterologously expressed genes were functional.
In the latter experiment, p-hydroxyphenylacetaldoxime
was detected as the main product, indicating an unbalanced expression level of the two P450s or that product
channeling from CYP79A1 to CYP71E1 was not as efficient
as seen with the microsomal enzyme system isolated from
sorghum – maybe because of the lack of co-expression of
UGT85B1 (Figure 2A).
Analyses of metabolite extracts from N. benthamiana
leaves transiently expressing CYP79A1 were carried out
using LC-MS (Figure 7A). The ratio between the E and Z
geometrical isomers of p-hydroxyphenylacetaldoxime was
found to be 2.7 as determined from analysis of six individual plants corresponding to the presence of 73% E-oxime
and 27% Z-oxime. This showed that CYP79A1 gives rise to
the formation of (E)-p-hydroxyphenylacetaldoxime and that
some of it is non-enzymatically isomerized to (Z)-p-hy-

droxyphenylacetaldoxime. A range of glycosylated compounds were also detected in the CYP79A1-expressing
tobacco leaves (Figure 7B). These included the two glucosylated p-hydroxyphenylacetaldoximes with the glucose
attached to the p-hydroxy group (Figure 7C) (Bak et al.,
2000). The ratio between the glucosylated E- and Z-oxime
was close to the chemical equilibrium ratio between E- and
Z- oxime which has been determined as 58/42 and established over a few days at room temperature (Halkier et al.,
1989). The higher E/Z ratio found for the free oximes is
expected to reflect that these represent oximes that were
synthesized shortly before the leaves were extracted. On the
other hand, the glucosylated forms were produced at earlier
time points following the plant transformation event and
thus have had time to equilibrate. Numerous other glucosylated products derived from the oximes were also observed,
further complicating assignment of (E)-p-hydroxyphenylacetaldoxime as the direct product formed by CYP79A1 based
on the results from the in planta studies. Additional glucosylated metabolites derived from the action of CYP71E1 and
from hydrolysis of the dhurrin formed were also identified
(Figures 8 and 9). Some of these had been observed previously following stable transformation of Nicotiana tabacum
cv. Xanthi (Bak et al., 2000).
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Figure 5. Biosynthetic pathway for dhurrin formation.
Biosynthetic pathway for dhurrin formation illustrating the catalytic properties of CYP79A1 and
CYP71E1 with respect to production and further
metabolism of the (E)-p-hydroxyphenylacetaldoxime and (Z)-p-hydroxyphenylacetaldoxime intermediates involved.
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Figure 6. Liquid chromatography (LC)-MS analysis
of the ability of CYP83B1 to catalyze the conversion
of (E)- and (Z)-p-hydroxyphenylacetaldoxime into
the corresponding S-alkyl-thiohydroximate.
(A) CYP83B1 catalyzed specific conversion of (E)-phydroxyphenylacetaldoxime into an S-alkyl-thiohydroximate with retention of the configuration of the
oxime function.
(B) Acidification of the reaction mixture at the end
of the incubation period results in acid-catalyzed
isomerization of the oxime and S-alkylthiohydroximate. The Z isomer of the S-alkyl-thiohydroximate
that only formed following acid treatment is marked
by an arrow.
(C) Chemically synthesized mixture of (E)/(Z)-p-hydroxyphenylacetaldoxime.
(D) Chemically synthesized mixture of the two
structural isomers of the S-alkyl-thiohydroximate.
(E) Scheme illustrating the expected reaction catalyzed by CYP83B1.
The traces represent extracted ion chromatograms
(EICs) of m/z 152.0 corresponding to the [M+H]+
adduct of (E)- and (Z)-p-hydroxyphenylacetaldoxime (blue) and of m/z 228 corresponding to the
[M+H]+ adduct of the structural isomers of the Salkyl-thiohydroximate (red).

(A)

(B)

(C)

(D)

(E)

(A)

(B)

(C)

Figure 7. Nicotiana benthamiana leaves transiently expressing CYP79A1 as analyzed by liquid chromatography (LC)-MS.
(A) Accumulation of the (E)- and (Z)-p-hydroxyphenylacetaldoxime as monitored by the extracted ion chromatogram (EIC) of m/z 152.0 corresponding to the
[M+H]+ adduct of p-hydroxyphenylacetaldoxime. The pie chart illustrates the ratio of 2.7 between the E and Z structural isomers of p-hydroxyphenylacetaldoxime. The two constituents marked with * represent glucosylated p-hydroxyphenylacetaldoxime, which when ionized produces an aldoxime fragment. The
chromatogram is Gauss-smoothed once.
(B) The EIC of m/z 336.0 corresponding to the [M+Na]+ adduct of accumulated glucosylated (E)- and (Z)-p-hydroxyphenylacetaldoxime.
(C) Chemically synthesized authentic standards of glucosylated (E)- and (Z)-p-hydroxyphenylacetaldoxime with the glucose moiety linked to the OH-group of the
oxime function.
Abbreviations: (E)-oxime, (E)-p-hydroxyphenylacetaldoxime; (Z)-oxime, (Z)-p-hydroxyphenylacetaldoxime.

DISCUSSION
Involvement of CYP79A1 and CYP71E1 in production of
(E)- and (Z)-p-hydroxyphenylacetaldoxime in cyanogenic
glucoside metabolism
The current study advances our mechanistic understanding of the reactions catalyzed by CYP79A1 and CYP71E1
with respect to the structure of geometrical isomer of the

p-hydroxyphenylacetaldoxime produced. In previous studies, it was demonstrated by radiolabeling experiments
that the dhurrin pathway included both the E and Z
geometrical oxime isomers as obligatory intermediates
and that E-oxime was produced first and subsequently
converted into the Z-oxime isomer (Halkier et al., 1991).
However, in studies using isolated CYP79A1 reconstituted
in liposomes, E- as well as Z-oxime were observed as
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Figure 8. Glucosylated products formed in Nicotiana benthamiana plants.
Glucosylated products formed in N. benthamiana wild type plants (A) and
in plants transiently expressing CYP79A1 (B) or CYP79A1 and CYP71E1 in
combination (C) as analyzed by liquid chromatography (LC)-MS. The formation of constituents not present in the wild-type plants is displayed by the
corresponding extracted ion chromatograms at m/z 334, 336, 323, 340, 309,
307, 469, 337 and 477. The numbers assigned to the different constituents
are the same as used for the identified compounds shown in Figure 9.
* and ** are unknown constituents.

products (Halkier et al., 1989, 1991). In the present study,
improved technologies and faster experimental conditions
enabled us to demonstrate that the CYP79A1 enzyme
specifically produces the E structural isomer, although a
minute amount of the Z structural isomer was always
detected (Figures 3 and 4). The formation of the Z structural isomer is the result of a non-enzymatic isomerization
reaction which, if allowed to continue for a period of 1 to
2 days, results in an equilibrium mixture with an E/Z ratio
of 58/42 (Halkier et al., 1989). Using experiments with
microsomal preparations from WT sorghum seedlings
prepared in the presence (+SH, i.e. both CYP79A1 and
CYP71E1 are active) or absence ( SH, i.e. only CYP79A1
is active) of DTT as well as from the tcd1 mutant
(CYP71E1 active) we demonstrate that it is the CYP71E1
enzyme that specifically catalyzes the conversion of (E)-phydroxyphenylacetaldoxime into (Z)-p-hydroxyphenylacetaldoxime (Figures 3 and 4). This offers a mechanistic
explanation why the dhurrin pathway from tyrosine
involves initial formation of E-oxime and its subsequent
conversion into Z-oxime (Halkier et al., 1989).
Cytochrome P450-catalyzed conversion of (Z)-p-hydroxyphenylacetaldoxime into a nitrile: the dehydration reaction
in cyanogenic glucoside biosynthesis
The CYP71E1-catalyzed dehydration reaction converting
Z-oxime into the corresponding nitrile in sorghum, and by

other CYP71 clan enzymes in other cyanogenic plants (Jørgensen et al., 2011; Takos et al., 2011), is an unusual reaction for a P450 to catalyze because these are known and
classified as monooxygenases. However, a similar reaction
has been reported for a P450 present in human and rat
liver (DeMaster et al., 1992; Boucher et al., 1994; Hart-Davis
et al., 1998), for CYP71B40 and CYP71B41 in poplar (Irmisch et al., 2014) and for CYP71A13 involved in camalexin
biosynthesis in A. thaliana (Nafisi et al., 2007; Klein et al.,
2013). Other members of the large CYP71 family function
as typical monooxygenases.
CYP3A4 is the main P450 present in human liver (Boucher et al., 1994) and the catalyzed dehydration reaction
is specific for Z-oximes, as reported in the present study
of the CYP71E1-catalyzed dehydration reaction in the
dhurrin pathway. In rat and human liver, the dehydration
reaction is thought to proceed by a Beckmann rearrangement reaction with the nitrogen atom of the oxime function bound to the ferrous form of the heme iron. Thus
the reaction was demonstrated to be supported by the
presence of sodium dithionite and not dependent on the
presence of molecular oxygen (Hart-Davis et al., 1998). In
a similar manner, the CYP71E1-catalyzed dehydration
reaction is not dependent on the presence of NADPH and
P450 oxidoreductase (POR) (Bak et al., 1998). In poplar
(Populus trichocarpa), CYP71B40 and CYP71B41 were
found to catalyze conversion of a range of aliphatic as
well as aromatic E- and Z-oximes to the corresponding
nitriles. As for the CYP71E1 enzyme, the conversion was
independent of the presence of NADPH and POR (Irmisch
et al., 2014). In A. thaliana, CYP71A13 catalyzes the conversion of indole-3-acetaldoxime into the corresponding
nitrile (Nafisi et al., 2007; Klein et al., 2013).
CYP83B1 metabolizes E-oximes
The evolution of the glucosinolate pathway in the Brassicaceae family has often been speculated to be based on
a predisposition to produce cyanogenic glucosides (Tattersall et al., 2001; Halkier and Gershenzon, 2006; Møller,
2010a; Frisch and Møller, 2012; Gleadow and Møller,
2014). While the CYP79 family enzyme has remained
functional in the formation of both cyanogenic glucosides
and glucosinolates, the post-oxime enzyme activity found
in cyanogenic glucoside biosynthesis has not. In glucosinolate-producing species, the CYP71 enzyme activity catalyzing conversion of the E-oxime intermediate into the
corresponding Z-oxime has been lost. The glucosinolate
pathway instead involves a CYP83 family enzyme. The
CYP71E1 and CYP83B1 enzymes show distinct differences
in stability. When sorghum microsomes are prepared in
the absence of a reducing agent (2 mM DTT), the enzyme
is inactivated overnight (Møller and Conn, 1980). In contrast, CYP83B1 is stable in the absence of a reducing
agent as long as no substrate is present to initiate the
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Figure 9. Glucosylated products detected in leaves of Nicotiana benthamiana plants.
Glucosylated products detected in leaves of N. benthamiana plants transiently expressing CYP79A1 or CYP79A1 in combination with CYP71E1 as detected by
liquid chromatography (LC)-MS observed in electrospray ionization mode (blue text) and APCI mode (red text). The number assigned to each structure corresponds to the numbers used in Figure 8.
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suicide reaction (Bak and Feyereisen, 2001; Bak et al.,
2001). In our current study we found that CYP83B1 stored
in the absence of a reducing agent at 80°C for 15 years
remained fully active. Phylogenetic analyses did not
reveal the basis for the differences in enzyme stability
and catalytic properties. Molecular modeling was not carried out because the different activities of the CYP71E1
and CYP83B1 enzymes were expected to reflect minute
shifts of the positioning of the oxime substrate in the
binding pocket, as observed with the soluble bacterial
aldoxime dehydratases, different types of heme-containing enzymes that do not belong to the P450 family
(Kobayashi et al., 2005; Sawai et al., 2009).
All known glucosinolates have preserved the same
configuration around the oxime functional group as the
E-oxime intermediate in cyanogenic glucoside synthesis.
The CYP83 post-oxime-catalyzed step in glucosinolate
biosynthesis is remarkable because the aci-nitro compound or nitrile oxide intermediate formed harbors an
electrophilic a-carbon which acts as an irreversible suicide inhibitor of the CYP83 enzyme by covalently reacting with essential nucleophilic side chains in the CYP83
catalytic site (Bak and Feyereisen, 2001; Bak et al., 2001).
This suicide reaction is prevented in the presence of
thiol compounds like glutathione or cysteine. In our
in vitro microsomal studies we used b-mercaptoethanol
as the nucleophile because the resulting S-alkyl-thiohydroximate formed is easy to analyze by LC-MS (Figures 6
and 7). In planta, the adduct is made with glutathione
(Hirai et al., 2005), the most abundant low-molecularmass thiol present in the cytosol of plant cells. In glucosinolate-producing plants, no other general enzyme
catalyzed dehydratase activity (e.g. provided by other
P450s belonging to the CYP71 clan or by other types of
dehydratases) has been reported to operate in parallel to
CYP83 activity, although no inherent physiological mechanisms prevent co-occurrence of cyanogenic glucosides
and glucosinolates within the same species, as shown in
transgenic A. thaliana plants expressing the dhurrin pathway genes (Tattersall et al., 2001). This raises the issue
of whether mutation(s) in a specific CYP71 enzyme from
the CYP71 clan involved in cyanogenic glucoside synthesis at some point gave rise to the altered catalytic properties of the CYP83, or whether the CYP83 arose by an
independent neo-functionalization. The enzyme able to
metabolize the S-alkylated thiohydroximic acid formed
then initiated evolution of the glucosinolate pathway.
Alternatively, evolution of the glucosinolate pathway
may have led to subsequent elimination of the cyanogenic glucoside pathway from glucosinolate-producing
plants. A recent example of the metabolic plasticity
between the cyanogenic glucoside and glucosinolate
pathways is the apparent formation of the c-hydroxynitrile glucoside alliarinoside from degradation products of

the glucosinolate sinigrin (Cipollini and Gruner, 2007;
Frisch et al., 2014).
Enzyme-bound intermediates
In glucosinolate synthesis, the CYP83-catalyzed reaction
involves formation of an intermediate harboring a symmetrical aci-nitro or nitrile oxide functional group, which
in a chemical reaction with a nucleophile thiol compound
would result in formation of a mixture of the two S-alkylthiohydroximate geometrical isomers. In this study we
demonstrate that CYP83B1 catalyzes the specific formation of a single geometrical isomer, which has retained
the configuration of the original E-oxime substrate. This
demonstrates that the nucleophilic attack of the thiol
must take place while the E-oxime, as well as any oxidized transient electrophilic intermediates, remains bound
in the active site of the CYP83B1 enzyme. This offers a
mechanism explaining why all hitherto isolated glucosinolates have retained the same fixed stereochemical configuration of their characteristic oxime function. In
cyanogenic glucoside synthesis, the catalytic reactions
catalyzed by CYP79A1 also includes a symmetrical functional group, the N,N-dihydroxy group in the N,N-dihydroxytyrosine intermediate (Halkier et al., 1991). The
functionality of the two sequentially introduced hydroxyl
groups would at first hand be expected to be identical.
Nevertheless, in the conversion of N,N-dihydroxytyrosine
into p-hydroxyphenylacetaldoxime, biosynthetic experiments using 18O2 and tyrosine and N-hydroxytyrosine as
substrates demonstrated that the oxygen atom initially
introduced in the conversion of tyrosine into N-hydroxytyrosine is specifically lost (Halkier et al., 1991). This shows
that all intermediates involved have been retained, bound
in the active site of CYP79A1, preventing free rotation
around the C–N single bond in the course of the entire
reaction sequence.
In this study it is demonstrated that CYP83B1 is able to
bind (E)-p-hydroxyphenylacetaldoxime in its catalytic site
but lacks the ability to catalyze the conversion of the
E-oxime to the Z-oxime that CYP71E1 is able to do. This
therefore represents a block of the cyanogenic glucoside
pathway. Dehydration of the oxime into the nitrile proceeds as a Beckmann rearrangement reaction and is highly
stereospecific with the group trans to the hydroxyl group
of the oxime that migrates. Upon binding an E-oxime in
the active site, the substituent trans to the hydroxyl group
is not a hydrogen atom, preventing a dehydration reaction
from taking place. Inability of the bound E-oxime to
undergo dehydration may result in prolonged binding in
the reactive site, resulting in an additional hydroxylation of
the E-oxime and production of either an aci-nitro compound or a nitrile oxide. The outcome of the CYP83-catalyzed reaction is thus an S-alkyl thiohydroximate instead
of a nitrile compound.
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In planta studies of oxime metabolism monitored by
transient expression of CYP79A1 and CYP71E1 in
Nicotiana benthamiana
The discussion presented above is based on results
obtained using microsomal preparations harboring P450
enzymes. The catalytic activities of CYP79A1 and CYP71E1
were also assessed by transient expression in N. benthamiana (Figures 7–9). Using this in planta experimental
system it was indeed possible to demonstrate that
CYP79A1 produces the E-oxime (Figure 7). However, the
analyses performed on metabolite accumulation in intact
plants are less diagnostic. First of all, the plants are analyzed 4 days after the transformation event, which gave
the oxime formed in the first half of this period ample
time to undergo chemical rearrangement reactions to
reach the equilibrium ratio of 58/42 (Halkier et al., 1989).
Secondly, the oximes are stabilized by glucosylation and
the identity and specificity of the UDPG-glucosyltransferases involved with respect to glucosylation of E- and
Z-oxime remains unknown. Thirdly, the oximes are
metabolized to numerous other products (Figures 8 and
9). Some of these are envisioned to arise by transoximation reactions, resulting in aldehydes that may be either
oxidized into carboxylic acids or reduced into alcohols
and subjected to further glucosylations. Investigation and
elucidation of the specific catalytic abilities of the
CYP79A1 and CYP71E1 enzymes in relation to E- and Zoxime metabolism using in planta experimentation is
therefore difficult.
This study demonstrated that CYP79A1 and CYP71E1
can be transiently expressed and synthesized as active
enzymes in N. benthamiana leaves. Previous studies of
heterologously expressed CYP79A1 and CYP71E have been
conducted with stable transformed transgenic N. tabacum
or A. thaliana plants expressing CYP79A1, CYP79A1+CYP71E1 or CYP79A1+CYP71E1+UGT85B1 (Bak et al., 2000;
Tattersall et al., 2001; Kristensen et al., 2005). In the current
study, transient expression of CYP79A1 alone and in
combination with CYP71E1 in N. benthamiana leaves was
confirmed by the accumulation of (E)/(Z)-p-hydroxyphenylacetaldoxime and dhurrin, respectively. Further, it proved
that the heterologously expressed CYP79A1 and CYP71E1
are capable of carrying out their catalytic activity solely
using the endogenous L-tyrosine, PORs and NADPH
present in the N. benthamiana leaves. In studies using
transgenic A. thaliana expressing CYP79A1, p-hydroxyphenylacetaldoxime was effectively metabolized via the
pre-existing glucosinolate pathway into the tyrosinederived glucosinolate sinalbin, a glucosinolate that does
not naturally occur in A. thaliana (Bak et al., 2000; Kristensen et al., 2005). The formation of a novel glucosinolate
underpins the resemblance between the biosynthetic pathway of cyanogenic glucosides and glucosinolates, and

documents that no inherent physiological barriers prevent
co-occurrence of cyanogenic glucosides and glucosinolates. The fact that the pre-existing glucosinolate pathway
in A. thaliana can utilize tyrosine-derived CYP79A1-synthesized (E)-p-hydroxyphenylacetaldoxime, substantiates that
the E-oxime is indeed the bifurcation point between
biosynthesis of cyanogenic glucosides and glucosinolates.
Dhurrin was the main product obtained in the samples
from N. benthamiana leaves transiently expressing
CYP79A1 and CYP71E1 in combination (Figure 8C). A prerequisite for the formation of dhurrin is that the CYP79A1–
CYP71E1 complex in N. benthamiana catalyzes formation
of the aglucone, p-hydroxymandelonitrile. Further, formation of p-hydroxymandelonitrile must be accompanied by
rapid glycosylation, to avoid dissociation of the cyanohydrin into p-hydroxybenzaldehyde and HCN (Bak et al.,
2000). Thus, one or several endogenous N. benthamiana
glycosyltransferases are capable of glucosylating p-hydroxymandelonitrile, giving rise to dhurrin. Although p-hydroxybenzaldehyde was not detected in any of the
analyzed samples, it has indeed been produced, as shown
by its conversion into p-hydroxybenzoic acid (peaks 8 and
9) (Figure 8). Thus the activity of the endogenous N. benthamiana glycosyltransferases involved may be limiting.
Alternatively, the N. benthamiana glycosyltransferases
show less affinity to CYP79A1 and CYP71E1 preventing
metabolon formation (Nielsen et al., 2008). Dhurrin was not
produced in transgenic A. thaliana expressing CYP79A1
and CYP71E1 (Bak et al., 2000) unless UGT85B1 was co-expressed (Tattersall et al., 2001; Kristensen et al., 2005).
The biological function of CYP79s
From the multitude of plant species that have now had
their genomes sequenced, it has become clear that all
plants in the evolutionary tree beyond the ferns possess
CYP79 encoding genes (Nelson and Werck-Reichhart,
2011). All available evidence shows that CYP79s catalyze
the conversion of amino acids into the corresponding oximes, as also demonstrated in the recent detailed studies in
poplar (Irmisch et al., 2013a,b, 2015). The functional role of
the CYP79s in poplar is clearly to catalyze initial key steps
in volatile production. The CYP79s involved in cyanogenic
glucoside biosynthesis have always been found to show a
high substrate specificity (Kahn et al., 1999; Andersen
et al., 2000; Nielsen et al., 2002; Takos et al., 2011). The
studies on volatile formation in poplar have identified
CYP79s with broader substrate specificity (Irmisch et al.,
2013a). Analysis of reconstituted recombinant poplar
CYP79s showed that, depending on the parent amino acid
substrates, some CYP79s led to detection of mainly the Eisomers, some to equal mixtures of the two isoforms and
some to preferentially Z-isoforms (Irmisch et al., 2013a).
These studies did not address whether the detected
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occurrence of both structural isomers of the oximes was
influenced by non-enzymatic isomerization reactions. In
volatile formation, the oximes produced are further metabolized into nitriles, nitro compounds and most likely also
aldehydes and alcohols. This is similar to the additional
products observed in this study in the experiments with
N. benthamiana transiently expressing CYP79A1 (Figures 8
and 9). In poplar, separate CYPs from the CYP71 clan have
evolved to catalyze conversion of oximes into the corresponding nitriles without the ability to carry out subsequent hydroxylation of the nitriles into cyanohydrins
(Irmisch et al., 2014). The catalytic properties of these
CYP71s thus contrasts with those of the multifunctional
CYP71s involved in cyanogenic glucoside synthesis. It is to
be noted that when assayed in the absence of POR and
NADPH, CYP71E1 only catalyzes the dehydration reaction
(Bak et al., 1998). In glucosinolate-producing A. thaliana,
CYP71A13 catalyzes the conversion of indolacetaldoxime
into indolacetonitrile as part of the biosynthesis of camalexin without catalyzing a subsequent hydroxylation reaction (Hart-Davis et al., 1998; Nafisi et al., 2007). In plants
like barley (Hordeum vulgare) and Lotus japonicus, a-, band c-hydroxynitrile glucosides are produced by the action
of P450s not necessarily evolved from the CYP71 or CYP83
family enzymes in cyanogenic glucoside and glucosinolate
metabolism (Nielsen et al., 2002; Forslund et al., 2004;
Bjarnholt and Møller, 2008; Bjarnholt et al., 2008; Saito
et al., 2012).
The differential biological importance of E- and Z-oximes
in plants response to environmental challenges
The involvement of two different geometrical oxime isomers in the biosynthesis of cyanogenic glucosides may
serve to further diversify the responses of plants to environmental challenges, for example with respect to their
ability to attract herbivore predators. As part of their indirect defense system, the E/Z ratio of fatty acid-derived
green leaf volatiles released from N. attenuata is
increased as a result of Manduca sexta infestation and
herbivory, and this change in the bouquet of emitted
plant volatiles triples the foraging efficiency of Geocoris
species herbivore predators (Allmann and Baldwin, 2010).
The E/Z ratio of accumulated oximes may likewise be
biologically important and serve as a determinant of
resistance. Oximes are generally unstable toxic compounds that do not accumulate in plant cells (Bak and
Feyereisen, 2001; Bak et al., 2001; Møller, 2010b). Oximes
inhibit mitochondrial oxidase activity in a dose-dependent
manner, thereby promoting lipid peroxidation and the
production of toxic reactive oxygen species (Sakurada
et al., 2009; Møller, 2010b). Because mitochondrial oxidases are key enzymes of the respiratory chain that play
an essential role in generating ATP (Sakurada et al.,
2009), specific chemically synthesized oximes are used as

fungicides (Sakurada et al., 2009; Møller, 2010b). CYP71E1
is very sensitive towards oxidation (Møller and Conn,
1980), thus following an oxidative burst associated with
fungal attack, CYP71E1 may be inactivated, resulting in
an accumulation of the E-oxime functioning as an
endogenous fungicide (Møller, 2010b). In this context it is
interesting that some bacteria and fungi contain oximemetabolizing enzymes able to specifically convert Z-oximes into the corresponding nitriles (Kato et al., 2000a,
2007; Kato and Asano, 2005; Pinakoulaki et al., 2011).
This ability was found to be widely distributed in bacteria
(e.g. actinomyces) and fungi (e.g. some yeasts) (Kato
et al., 2000b). None of these dehydratases were P450s
but some were found to contain loosely bound protoheme IX as a prosthetic group in spite of their simple
catalytic activity (Kato and Asano, 2005). The head blight
fungus of wheat and barley, Fusarium graminearum, produces an oxime dehydratase (Oxd) converting (Z)-phenylacetaldoxime
into
phenylacetonitrile
and
binds
protoheme IX as a prosthetic group. The enzyme also
shows activity towards the Z-isoforms of aliphatic oximes, such as n-butyraldoxime, isobutyraldoxime, n-valeraldoxime and isovaleraldoxime (Kato and Asano, 2005),
which all display high structural identity to the oxime
intermediates involved in the synthesis of cyanogenic
glucosides present in wheat and barley (Nielsen et al.,
2002). Fusarium graminearum also possess a nitrilase
(nit) and amidase converting the nitriles formed into the
corresponding amides and carboxylic acids. Thus the
head blight fungus of wheat and barley possess a mechanism to detoxify Z-oximes released from the cyanogenic
glucoside pathways in its host plants but is apparently
not able to detoxify the corresponding E-oximes. The ‘Zaldoxime–nitrile pathway’ appears widespread among
microorganisms (Kato et al., 2000b; Sawai et al., 2009).
The crystal structure of the heme-containing aldoxime
dehydratase of Rhodococcus sp. N-771 has been determined in the presence and absence of substrate (Sawai
et al., 2009). With the heme ion in the ferric state, an
inactive dead-end form of the enzyme is obtained where
the oxygen atom of the oxime function is bound directly
to the ferric ion. With the heme in the ferrous state, the
coordination structure of the aldoxime–heme complex is
changed so that the nitrogen atom of the oxime function
now binds to the ferrous ion. The position of the aldoxime is prefixed by a hydrogen-bond network. Although
the Rhodococcus aldoxime dehydratase shows no
sequence similarity to CYP71E1, the proposed reaction
mechanism based on binding of the nitrogen atom to the
ferrous state of the enzymes is shared (Hart-Davis et al.,
1998; Sawai et al., 2009). The ability of a plant to switch
between production of cyanogenic glucoside and E-oxime
would offer the plant the flexibility to specifically target
fungal and insect attacks.
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EXPERIMENTAL PROCEDURES
Plant material
Nicotiana benthamiana plants were grown under a 16-h light
(24°C)/8-h dark (17°C) regime. Plants with four to six leaves were
used for Agrobacterium tumefaciens-mediated transient expression studies. To optimize product formation, the plants were
moved to 16-h light (28°C)/8-h dark (25°C) 1–2 days prior to agroinfiltration. N. benthamiana leaves were transiently transformed
using three different vectors: pPZP111, pPZP111.79 and
pPZP111.79.71E1. pPZP111.79 was designed to contain the coding
sequence of CYP79A1 (Bak et al., 1999). pPZP111.79.71E1 was
designed to contain the coding sequence of CYP79A1 and
CYP71E1 (Bak et al., 2000). The plasmid pPZP111 was included in
the experimental set-up as an empty vector control. Prior to plant
transformation, the transformation vectors were transformed into
Escherichia coli in order to verify the gene insertion by PCR using
gene-specific primers. The plasmids were purified from the transformed E. coli and transformed into the Agrobacterium strain
AGL1, which subsequently facilitated the transient transformation
of tobacco leaves following verification of the presence of the
genes of interest by sequencing. The transformed agrobacteria
(AGL1.pPZP111, AGL1.pPZP111.79 and AGL1.pPZP111.79.71E1)
were cultivated at 28°C to an OD600 of 1.5–2.5. Cells were harvested and re-suspended in infiltration buffer [10 mM 2-(N-morpholine)-ethanesulfonic acid (MES), 10 mM MgCl2, 100 lM
acetosyringone] to a final concentration of OD600 = 0.8 and introduced into tobacco leaves by agroinfiltration. After infiltration the
plants were returned to the greenhouse (28°C day/25°C night) for
4 days to recover and express the proteins before samples were
collected. To hinder post-transcriptional gene silencing (PTGS),
and optimize the expression efficiency of the genes of interest,
AGL1.p19 containing the coding sequence of p19 was always coinfiltrated. Two leaves from each of three different N. benthamiana plants were infiltrated with each construct, resulting in six
samples per construct. In addition, all plants had one control-leaf
infiltrated with AGL1.p19 alone. In total, 27 leaves were transiently
transformed and extracted and analysed separately.
Seedlings of sorghum (Sorghum bicolor (L.) Moench) (Pacific
seeds, http://www.pacificseed.com/) and of an ethyl methanesulfonate (EMS)-derived TILLING mutant that contained the amino
acid change P414L in CYP79A1 designated tcd1 (totally cyanide
deficient 1) (Blomstedt et al., 2012) were used in this study. The
seeds were imbibed in tap water (28°C for approximately 2 h),
sown in trays on moist vermiculite and covered with a 0.5-cm
thick layer of vermiculite. Trays were placed at 28°C in total darkness and left to grow for approximately 64 h before being harvested for preparation of microsomes.

Microsomal preparations
Microsomal preparations from etiolated wild-type and tcd1 mutant
seedlings were prepared (4°C) in the presence and absence of
2 mM DTT (SH) as previously reported (Møller and Conn, 1979).
The upper portions of etiolated seedlings (60–100 seedlings, 20–
80 mg) were homogenized in isolation buffer (7 ml; 250 mM
sucrose, 100 mM Tricine [N-TRIS(hydroxymethyl)-methylglycine]
(pH 7.9), 50 mM NaCl, one tablet Complete/50 ml (Complete Protease Inhibitor Cocktail Tablet, Roche Applied Science, http://
www.roche.com/), 1 mM phenylmethanesulfonylfluoride (PMSF)
and 2 mM DTT) using a mortar and a pestle. Polyvinylpolypyrrolidone (PVPP) (0.1 g g 1 fresh weight seedlings) was added before
homogenization. The homogenate was filtered through nylon
cloth (22 lm, two layers) and centrifuged (10 min, 10 000 g, 4°C),

to remove tissue debris. The supernatant was centrifuged (1 h,
200 000 g, 4°C) and the microsomal pellet re-suspended in re-suspension buffer [50 mM Tricine (pH 7.9), 20 mM NaCl with or without 2 mM DTT], homogenized in a Potter–Elvehjem glass
homogenizer and centrifuged (1 h, 200 000 g, 4°C). The pellet was
re-suspended in re-suspension buffer (2 ll per etiolated seedling)
with or without 2 mM DTT. Samples prepared with DTT (+SH) were
flash frozen in liquid nitrogen and stored at 80°C. Samples prepared without DTT ( SH) were stored for 2 days at 4°C in order to
inactivate CYP71E1 before being flash frozen and stored at 80°C.
Microsomes from N. benthamiana leaves transiently expressing
CYP79A1 or CYP79A1 and CYP71E1 in combination were obtained
5 days after separate leaves (approximately 300 mg) were agroinfiltrated
with
AGL1.pPZP111,
AGL1.pPZP111.79
or
AGL1.pPZP111.79.71E1. The leaves were weighed and homogenized to a fine powder in liquid nitrogen. Isolation buffer (10 ml)
and 0.1 g PVPP/g fresh weight leaf were added to the frozen powder, incubated (5 min, 0°C) and filtered through nylon cloth. From
this step the procedure was carried out as for the preparation of
sorghum microsomes except that (i) an additional washing step of
the microsomal pellet with re-suspension buffer was introduced
to remove traces of endogenous metabolites and (ii) the microsomes prepared in the absence of DTT ( SH) were incubated for
4 days at 4°C to inactivate CYP71E1 before flash freezing and storage at 80°C.

Cytochrome P450 activity assays
Microsomal assays using radiolabeled L-tyrosine as the substrate
were analysed by TLC. Reaction mixtures (total volume 20 ll for
sorghum/26 ll for tobacco) contained microsomes (4 ll sorghum
microsomes/10 ll
N. benthamiana
microsomes),
0.25 lCi
[UL-14C]-L-tyrosine (specific activity 486 mCi mmol 1), 1,5 mM
NADPH and Tricine buffer (100 mM, pH 7.9) and were incubated
(30 min, 30°C, 400 r.p.m.). At the end of the incubation period, the
entire reaction mixture was applied directly on the TLC plate for
analysis.
Microsomal assays with CYP79A1/CYP71E1 and unlabelled
substrates [L-tyrosine, (Z)-p-hydroxyphenylacetaldoxime or (E/Z)p-hydroxyphenylacetaldoxime] were analysed by LC-MS. The
reaction mixtures (total volume 35.4 ll) contained microsomes
(8 ll sorghum microsomes/10 ll tobacco), 200 lM substrate, 1 mM
NADPH and 100 mM Tricine buffer (pH 7.9). Following incubation
(30 min, 30°C, 400 r.p.m.), assays were terminated by adding acetonitrile (70% final concentration) to denature and precipitate proteins. Following centrifugation, aliquots (60 ll) were transferred to
LC vials, flushed with nitrogen until total dryness, re-dissolved in
10% acetonitrile and analysed by atmospheric pressure chemical
ionization (APCI) mode LC-MS.
Yeast microsomes harboring recombinant CYP83B1 were previously reported (Bak et al., 2001). The reaction mixtures (total
volume 35.4 ll) contained microsomes (4 ll), 200 lM (E/Z)-p-hydroxyphenylacetaldoxime, 1 mM NADPH and phosphate buffer
(100 mM, pH 7.4). Following incubation (30 min, 30°C, 400 r.p.m.),
assays were terminated by adding acetonitrile (70% final concentration) to denature and precipitate proteins and analysed by LCMS as described above.

Extraction of metabolites
Nicotiana benthamiana leaf disks (10 mm) were harvested,
weighed, frozen in liquid nitrogen and stored at 80°C. Without
thawing, leaf disks were roughly crushed and cold 70% methanol
(MeOH; 300 ll) added. After grinding and incubation (5 min, 0°C),
the extract was centrifuged (1 min, 14 000 g) and the supernatant
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stored at 20°C in a glass vial. Before analysis, samples were
diluted with water (20% MeOH, final concentration), filtered by
centrifugation [0.45 lm membrane filter (Millipore, http://
www.emdmillipore.com/), 2000 g before analysis of metabolite
content by LC-MS in ESI and APCI mode.

Chemical synthesis
A detailed description of the chemical synthesis is given in Methods S1 and Figure S1.

Analytical methods
All TLC analyses were carried out using aluminum sheets coated
with silica gel 60F254 (0.2 mm thickness; E. Merck, http://www.merckgroup.com/). Analyses of the radiolabeled compounds formed
was carried out by drying the developed plates followed by exposure (2–4 days) to a phosphorimaging screen (Amersham Biosciences Cassette, http://www.fishersci.com.) before scanning
(Storm 860, Molecular Dynamics, http://www.gelifesciences.com)
to visualize the formation of radiolabeled compounds. Unlabeled
standards were co-applied and their positions visualized by their
UV absorbance.
Determination of p-hydroxybenzaldehyde, (E)- and (Z)-p-hydroxyphenylacetaldoxime and S-alkyl-thiohydroximates was carried
out by LC-MS using an 1100 Series LC (Agilent Technologies,
http://www.agilent.com/) coupled to a HCT Ultra ion trap mass
spectrometer (Bruker Daltonics, https://www.bruker.com/). Separation was achieved using a Zorbax SB-Aq column (Agilent; 2.1 mm
9 150 mm, 3.5 lm) maintained at 35°C and at a flow rate of 0.2 ml
min 1. The mobile phases were: A, 2 mM ammonium acetate; B,
MeOH. Two different gradients were used: a short one lasting
20 min (0–1 min, 25% B; 1–11 min, linear gradient 25–60% B; 11–
12 min 98% B; 12–20 min, 25% B) and a long one lasting 40 min
(0–1 min, 8% B; 1–22 min, linear gradient 8–22% B; 22–24 min
98% B; 24–40 min, 8% B). The spectrometer was run in positive
APCI mode. Use of authentic p-hydroxyphenylacetaldoxime
and p-hydroxybenzaldehyde standards demonstrated that the
aldehyde was difficult to ionize, and on a molar basis typically
gave a significantly reduced signal in comparison with the oxime.
In the extracted ion chromatograms shown, the intensity scale for
the aldehyde was adjusted accordingly (Figures 3 and 4).
Glucosides (dhurrin, oxime glucosides, etc.) were determined
using the same LC-MS equipment running the spectrometer in
positive electrospray ionization (ESI) mode. Separation was
achieved using a Zorbax SB-C18 (Agilent; 2.1 mm 9 50 mm,
1.8 lm) maintained at 35°C and at a flow rate of 0.2 ml min 1. The
mobile phases were: A, water with 0.1% formic acid and 50 lM
NaCl; B, acetonitrile with 0.1% formic acid. The gradient program
was: 0–0.5 min, 2% B; 0.5–7.5 min, linear gradient 2–40% B; 7.5–
8.5 min, linear gradient 40–90% B; 8.5–11.5 min, 90% B; 11.5–
18 min, 2% B. The flow rate was raised to 0.3 ml min 1 in the
interval 11.2–13.5 min. The LC-MS data were analysed using the
BRUKER DATA ANALYSIS 4.0 software.
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