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Biosynthesis of the allelopathic alkaloid gramine in
barley by a cryptic oxidative rearrangement
Sara Leite Dias', Ling Chuang®3t1, Shenyu Liu?3t, Benedikt Seligmann?, Fabian L. Brendel’,

Benjamin G. Chavez!, Robert E. Hoffie?, Iris Hoffie*, Jochen Kumlehn*, Arne Biiltemeier®>,
Johanna Wolf?, Marco Herde, Claus-Peter Witte®, John C. D’Auria’*, Jakob Franke?>*

The defensive alkaloid gramine not only protects barley and other grasses from insects but also
negatively affects their palatability to ruminants. The key gene for gramine formation has remained
elusive, hampering breeding initiatives. In this work, we report that a gene encoding cytochrome

P450 monooxygenase CYP76M57, which we name AMI synthase (AMIS), enables the production of
gramine in Nicotiana benthamiana, Arabidopsis thaliana, and Saccharomyces cerevisiae. We reconstituted
gramine production in the gramine-free barley (Hordeum vulgare) variety Golden Promise and
eliminated it from cultivar Tafeno by Cas-mediated gene editing. In vitro experiments unraveled that
an unexpected cryptic oxidative rearrangement underlies this noncanonical conversion of an amino acid
to a chain-shortened biogenic amine. The discovery of the genetic basis of gramine formation now
permits tailor-made optimization of gramine-linked traits in barley by plant breeding.

ereal crops show substantial vulnerabil-

ity to biological stress because of genetic

uniformity, intensive farming practices,

and a lack of physical barriers such as

woody tissues. Chemical defenses are
therefore essential to endow grasses with pro-
tection from insects, grazing animals, and
pathogens. In grasses of the family Poaceae
(Gramineae), an important defensive molecule
is the allelopathic indole alkaloid gramine (1)
(Fig. 1) (1, 2). Despite its structural simplicity,
gramine has a broad spectrum of activities
against aphids, fungi, viruses, and other plants
(3-5). It is found not only in wild grasses such
as Phalaris spp. (6) but also in barley (Hordeum
vulgare), the world’s fourth most-widely cul-
tivated cereal crop, according to FAOSTAT
Food and Agriculture Data from the Food
and Agriculture Organization of the United
Nations. Although gramine confers benefi-
cial protective properties, it can also negatively
affect its usability as fodder because of its
ruminant antifeedant properties (7, 5, 6). Hence,
manipulating gramine levels in Poaceae through
plant breeding could allow fine-tuning of the
positive and negative traits associated with
this alkaloid. Although gramine has been known
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for more than 60 years, elucidation of the
complete genetic basis of gramine biosynthe-
sis has not been successful so far, hampering
modern breeding efforts (6).

Early studies using radiolabeled precursors
determined that gramine is derived from the
amino acid tryptophan (2), with aminomethy-
lindole (AMI) (3) being the key intermediate
(Fig. 1) (7, 8). AMI is methylated twice by a
previously described N-methyltransferase
(NMT) to yield gramine via the intermediate
N-methylaminomethylindole (MAMI) (4) (9).
Labeling studies suggested that AMI retains
the nitrogen of the o-amino group as well
as C-3 of tryptophan, whereas C-1 and C-2 are
lost (8, 10, II). To date, neither the enzymatic
basis nor the mechanism for this highly un-
usual rearrangement are known. It has been
proposed that an enzyme that uses the co-
factor pyridoxal phosphate (PLP) might carry
out this reaction (fig. S1) (77, 12), but no such
enzyme has yet been identified. In this work,
we show that this elusive transformation is
performed not by a PLP-dependent enzyme
but by a cytochrome P450 monooxygenase,
CYP76M57, which we name AMI synthase
(AMIS). Using a combination of bioinformatics
and heterologous expression, we show that the
genes encoding CYP76M57 and NMT form a
gene cluster in barley that correlates with
the presence of gramine and are sufficient to
produce gramine in Nicotiana benthamiana,
Arabidopsis thaliana, baker’s yeast (Saccharomyces
cerevisiae), and a gramine-free barley cultivar.
Knockout of AMIS in a gramine-producing
barley cultivar prevented the production of
gramine (1). In vitro experiments with yeast
microsomes demonstrate how a cryptic oxi-
dative rearrangement converts tryptophan (1)
into AMI (3) via an iminium intermediate. Our
results reveal the genetic and enzymatic basis
of an unusual biosynthetic chain-shortening
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process of an amino acid that enables further
biotechnological applications of this alkaloid,
which is crucial for defense in cereals.

Results
Discovery of a clustered cytochrome P450
monooxygenase gene

To initiate our search for the missing gene(s)
involved in gramine biosynthesis, we analyzed
the recently released pan-genome of barley
that covers chromosome-scale assemblies of
20 varieties (13). Based on the previous hypoth-
esis proposing a dependence on the cofactor
PLP (fig. S1), our original intention was to select
gene candidates that encode PLP-dependent
enzymes. We noted a previous study that sug-
gested the possibility of gene clustering in
gramine biosynthesis (14). With this scenario
in mind, we analyzed the genomic context
of the previously reported NMT gene (9).
Only one gene encoding a protein typical
for specialized metabolism was found in the
vicinity of NMT, namely a cytochrome P450
monooxygenase gene (CYP) at a distance of
681 kb. The cluster region also includes short
sequences annotated as “transposon protein”
and “nonspecific serine/threonine protein
kinase” (Fig. 2A). By contrast, the closest gene
encoding a PLP-dependent enzyme is located
almost 5 Mb away.

Among the 20 barley lines included in the
pan-genome vl (13), six do not contain gram-
ine (1) or contain only traces, whereas the
others produce gramine (1) in the range of
700 to 6600 pmol/mg fresh weight (FW) in the
leaves (15) (Fig. 2B). Genome analyses focused
on CYP and NMT revealed that the presence of
both genes is largely consistent with the pro-
duction of gramine. All gramine-producing
varieties contain both CYP and NMT, whereas
Golden Promise and Morex produce neither
gramine (1) nor AMI (3) and contain neither
CYP nor NMT. Apparent exceptions are repre-
sented by the four accessions Du-Li Huang
(ZDM_01467), Igri, Hockett, and Barke. Du-Li
Huang (ZDM_01467) contains a CYP with a
single nonconserved amino acid change [Ser’"—
Trp (S211W)]. Lines B1K-04-12 and HOR3081
contain other single nonconserved amino acid
changes, namely Met?°°—Ile (M300I) and
Met**®—Ile (M4591), respectively (table S1);
however, this does not seem to affect gramine
production. For Igri, Hockett, and Barke, the
annotated coding sequences of CYP are 100%
identical to CYP from HOR10350, yet none of
these varieties produce gramine. Further analysis
on the genomic level revealed that the CYP al-
leles in Barke, Hockett, and Igri are all annotated
to include the insertion of an intron, whereas
all other accessions analyzed consist of a single
exon containing the full open reading frame
(fig. S2). According to the genome annotation
(13), the corresponding introns include a long-
terminal repeat retrotransposon (fig. S2). The
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Fig. 1. Gramine (1) is a defensive alkaloid from barley (H. vulgare) and other Poaceae members. Gramine (1) conveys desirable as well as undesirable traits for
breeding. It is derived from tryptophan (2) and produced by an uncharacterized enzyme. SAM, S-adenosyl methionine. [Part of the figure was created with BioRender.com]

presence of a transposon inside the CYP gene
may contribute to altered expression levels be-
cause regions with these elements are often si-
lenced (16). Taken together, this bioinformatics
analysis indicated a correlation between gram-
ine (1) production and CYP, suggesting that it
might play a key role in gramine biosynthesis.

CYP76M57 is required for gramine biosynthesis

To test if this cytochrome P450 monooxygenase
with the systematic name CYP76M57 is in-
volved in gramine biosynthesis, we transiently
expressed CYP76M57, NMT, and a combina-
tion of both in N. benthamiana (17). The ex-
pression of CYP76M57 led to the production of
a new compound with a retention time, mass,
and ultraviolet (UV) spectrum consistent with
AMI (3) (Fig. 3A). Coexpression of CYP76M57
and NMT resulted in a compound consistent
with gramine (1) based on a comparison of re-
tention time, mass, and UV spectra to a refer-
ence compound (Fig. 3A). To further corroborate
the identity of heterologously produced metab-
olites, we isolated AMI (3) (3.2 mg/g dry weight)
and gramine (1) (6.6 mg/g dry weight) and
confirmed their identity by nuclear magnetic
resonance (NMR) spectroscopy, a technique
used for the structural characterization of
organic compounds, in comparison to refer-
ence compounds (figs. S3 to S6 and tables S2
and S3). This suggested that CYP76M57 con-
verts tryptophan (2) into AMI (3) and conse-
quently completes the biosynthetic pathway of
gramine (1). We therefore renamed CYP76M57
to AMI synthase (AMIS).
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Our next goal was to investigate whether
AMIS and NMT enable the reconstitution of
gramine biosynthesis in other organisms. We
chose the model plant A. thaliana because of
the ease of the genetic transformation system
that is available. After stable transformation,
selected T1 plants constitutively expressing the
genes AMIS, NMT, or a combination of both
were tested for the presence of AMI (3) and
gramine (1) by reversed-phase ultraperfor-
mance liquid chromatography fluorescence de-
tection (RP-UPLC-FLD) (I15). More than 88%
(N = 82) of the herbicide-resistant progeny of
all plants transformed with the AMIS construct
(N = 92) exhibited AMI (3) concentrations
above the limit of quantification. Likewise,
46% (N = 47) of herbicide-resistant plants
transformed with the construct containing
both transgenes (N = 102) produced gramine
(1) in levels above the limit of quantification. If
limits of detection are considered, 93% (IV =
86) of the plants transformed with the AMIS
construct produced AMI (3), and 60% (IV = 61)
of the plants transformed with the construct
containing both transgenes produced gramine
(1). NMT+ransformed plants (V = 43), as well as
control plants (N = 16), did not contain de-
tectable levels of AMI (3) or gramine (1) (Fig. 3B).

To show that AMIS and NMT also enable
gramine production in a nonplant organism,
we integrated both genes either individually or
in combination into the genome of S. cerevisiae
(Fig. 3C). The strains further contained genes
encoding Catharanthus roseus cytochrome
P450 reductase (CPR) and cytochrome b (CYB5)
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(18) to support cytochrome P450 monooxy-
genase activity. Yeast strains expressing AMIS
produced 11.7 mg/liter of AMI (3). When both
AMIS and NMT were expressed, 3.2 mg/liter
of gramine (1) were produced, in addition to
3.8 mg/liter of AMI (3). Another new peak
was observed in this strain, which occurred
only when both AMIS and NMT were expressed.
Based on a synthetic reference compound, we
identified this compound as the previously re-
ported monomethylated intermediate MAMI
(4) (9), produced at a titer of 11.0 mg/liter. The
total alkaloid titer of 18.0 mgy/liter in the AMIS
+NMT strain was slightly higher than the AMI
(3) levels in the AMIS strain. With this yeast
system, we also tested the effect of the AMIS
mutant S211W that we noted in the barley cul-
tivar Du-Li Huang (ZDM_01467) (Fig. 2B). In-
deed, this mutation resulted in a complete loss
of AMIS activity in yeast (fig. S7), which ex-
plains why we could not detect AMI (3) or
gramine (1) in this cultivar despite the presence
of the AMIS and NMT genes (Fig. 2B).

To corroborate the native role of AMIS, we
tested it in its host plant barley (H. vulgare).
For this, we introduced the gramine biosynthetic
genes into the gramine-free variety Golden
Promise and produced AMIS knockouts of the
gramine-producing variety Tafeno. To provide
the necessary genetic complementation for
Golden Promise plants to produce AMI (3) and
gramine (1), a construct for the integration of
HoAMIS (“HvAMIS p6i-d35S”) and one for
the integration of HoNMT (“HVINMT p6i-d35S”)
were generated and used together in an
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Agrobacterium-mediated cotransformation ap-
proach to transfer both constitutive expression
cassettes into Golden Promise. To confirm
transformation events during transgenesis, we
performed polymerase chain reaction (PCR)
and carried out a chemical analysis to inves-
tigate the effect of the transgenes (Fig. 3D).
Thirty-seven out of the 39 transformants that
exclusively carried the AMIS gene produced
AMI (8) in amounts that averaged around
2204.05 pmol/mg FW. We also generated
10 plants that successfully integrated both
AMIS and NMT and produced, on average,
40.22 pmol/mg FW of AMI (3) and 1028.77 pmol/
mg FW of gramine (1).

To generate knockout plants, guide RNA
(gRNA) targets based on the mRNA coding
regions of AMIS were designed and used for
targeted Cas9-mediated mutagenesis in the
gramine-producing cultivar Tafeno. A vector
with three specific gRNAs and a Cas9 coding
sequence was built using the CasCADE sys-

tem (19), and two Agrobacterium-mediated
transformation experiments (brh104-and brh104A)
were conducted. In total, seven plants were
regenerated. Genotyping revealed that five of
them (brh104Ela to brh104Elc, brh104E2, and
brh104AE1) were homozygous mutants ascrib-
able to three independent mutation events,
whereas two (brh104AE2 and brh104E3, re-
spectively) were unmutated or carried hetero-
zygous mutations and were therefore excluded
from the chemical analysis reported in Fig. 3E.
Homozygous deletions consisted of a 47-base
pair (bp) deletion between target motifs 3 and
2 or a 34-bp deletion between target motifs
1 and 2 (see fig. S8). The 47-bp deletion creates
a shift of the reading frame, resulting in a pre-
mature stop codon and a truncated protein of
44 amino acid residues. In addition to the 34-bp
deletion, plant brh104AE1 also carried a biallelic
1-bp insertion at target motif 3, resulting in the
alteration and deletion of a total of 16 amino
acid residues (fig. S8). All transgenic plants

showed a positive signal in the Apt-specific PCR
results. AMI (8) and gramine (1) concentra-
tions in the plants that resulted from the three
independent transformation events using the
knockout construct were below limits of quan-
tification, whereas the wild-type control plants
(N = 5) produced an average amount of
2109.13 pmol/mg FW of gramine (1) (Fig. 3E).
Altogether, the results of targeted knockout of
AMIS in barley cv. Tafeno and the expression
of AMIS and NMT in plants and yeast demon-
strate that the two enzymes AMIS and NMT,
possibly supported by endogenous cytochrome
P450 reductases as redox partners, are suffi-
cient to produce gramine (1).

AMIS catalyzes a rearrangement to an
iminium intermediate

The process of forming AMI (3) from trypto-
phan (2) is mechanistically unusual because
no apparent oxidation takes place that could
explain the necessity of an oxidative enzyme.
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Fig. 2. The formation of gramine (1) and AMI (3) correlates with a distantly clustered cytochrome P450 monooxygenase gene in barley. (A) Loci of CYP
(CYP76M57, AMIS) and NMT on chromosome 1H of H. vulgare cv. HOR10350. Arrow segments in zoomed-in regions indicate coding regions of exons. (B) Correlation of AMI
(3) and gramine (1) levels with the CYP and NMT gene content across the 20 accessions of the barley pan-genome v.1.0. The published genetic distance between accessions
based on long-terminal repeat retroelements (13) is shown. Accessions with apparent mismatches (underlined) are discussed in the main text. AA, amino acid.
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Fig. 3. AMIS (CYP76M57) and NMT are sufficient for gramine (1) bio-
synthesis in plants and baker’s yeast. (A) Transient expression of AMIS and
NMT in N. benthamiana leaves. DAD, diode array detector; TIC, total ion
chromatogram. (B) Metabolite levels in T1 A. thaliana leaves stably expressing
AMIS and NMT. Data are shown as violin plots for control (N = 16), NMT (N = 43),
AMIS (N = 92), and AMIS+NMT (N = 102) plants. (C) Metabolite levels after
genomic expression of AMIS and NMT in baker's yeast (S. cerevisiae). The bar
plot shows means +SD and data points of three biological replicates. The diamond
symbol indicates the total alkaloid level [AMI (3) + MAMI (4) + gramine (1)].

We therefore isolated microsomes from yeast
expressing AMIS, CPR, and CYB5 to study the
mechanism of AMIS. Incubation of AMIS with
1-tryptophan (2) resulted in the formation of

Dias et al., Science 383, 1448-1454 (2024)

Tafeno plants. In (B), (D),

AMI (3), whereas no AMI (3) was found in
empty-vector controls (Fig. 4A). In the absence
of t-tryptophan (2), small amounts of AMI (3)
could be detected for microsomes containing

29 March 2024

Gramine-producing variety

Tafeno

(D) Metabolite levels of TO plants of H. vulgare cv. Golden Promise, a cultivar that does
not produce gramine, transformed with AMIS and NMT. Data are shown as violin
plots for control (N = 8), NMT (N = 35), AMIS (N = 39) and AMIS+NMT (N = 10) Golden
Promise plants. (E) Metabolite levels of three independent transgenic H. vulgare cv.
Tafeno plants carrying a knockout construct for AMIS. Tafeno is a gramine-producing
variety. Data are shown as violin plots for control (N = 5) and knockout (N = 3)

and (E), boxes and whiskers represent interquartile ranges

and minimum and maximum values, respectively, combined with kernel density
plots. [Part of the figure was created with BioRender.com]

AMIS. We propose that this background AMI
(3) was either copurified during microsome
isolation or formed by activity of AMIS with
copurified r-tryptophan (2) before the start of
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of yeast microsome assays with AMIS that confirm -tryptophan (2) as its
substrate. EV, empty vector. (B) Activity of AMIS depends on L-tryptophan (2) as
the substrate and NADPH. (C) Proposed mechanism for the AMIS reaction.

(D) AMIS reaction with L-tryptophan-2,3,3-d3 (2-d3) demonstrates that no loss
of deuterium label and therefore no oxidation occurs at C-3. M130 represents
the in-source fragment [M-NH3z+H]" of AMI (3). (E) Glyoxylic acid (6) (GA) is
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produced as a by-product from L-tryptophan (2) by AMIS. Detection was
carried out after conversion to GA-phenylhydrazone (7) by high-performance
liquid chromatography at 324 nm. (F) Trapping of iminium intermediate 5
with NaBH4 from AMIS enzyme reactions with L-tryptophan (2), which results
in the formation of trapped intermediate 8. The data shown are total ion
chromatograms (TICs) from single-ion monitoring (SIM) mode combining
m/z 227 to 230 and 130 to 133 for maximum sensitivity. All bar plots show
means +SD and data points of three replicates. *p < 0.05, ***p < 0.001, and
n.s. is not significant by Student's t test.

the assay. Assays containing p-tryptophan (99%
optical purity) showed no increase in AMI (3)
formation compared with those performed
using controls without any substrate (Fig. 4B).
We next wanted to confirm that AMIS is truly
a cytochrome P450 monooxygenase. When
NADPH (reduced form of nicotinamide ade-
nine dinucleotide phosphate), the common
electron donor for cytochrome P450 mono-
oxygenases, was omitted, the activity was

Dias et al., Science 383, 1448-1454 (2024)

indistinguishable from that of the negative
control (Fig. 4B). This dependency on electron
transfer was also supported in yeast; yeast
strains that lacked genes for the redox part-
ners C. roseus CPR and CYB5 only produced
44% of AMI (3) compared with strains that
included these genes (fig. S9A). We also per-
formed microsome assays in oxygen-depleted
conditions, which was achieved by flushing
the assay mixtures with nitrogen. Under these

29 March 2024

conditions, AMI (3) production dropped to
21% compared with the positive control but
could be restored to 98% by flushing the assay
with pressurized air (fig. S9B). Finally, we pro-
duced a truncated and tagged soluble version
of AMIS (tAMIS) in N. benthamiana that
lacked amino acids 2 to 23 to eliminate the
N-terminal membrane anchor typical of cyto-
chrome P450 monooxygenases and that con-
tained a hemagglutinin (HA) and Strepll
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tag for affinity purification (fig. S10, A and
B). Purified tAMIS contained approximate-
ly equimolar amounts of heme (fig. S10C).
Taken together, our data confirm that AMIS
is, despite its unusual net reaction, a canonical
cytochrome P450 monooxygenase that con-
tains heme and depends on NADPH, redox
partners, and oxygen.

According to our data, AMIS catalyzes an
oxidative reaction. We therefore hypothesized
that the nitrogen of tryptophan is oxidized to
trigger a 1,2-rearrangement of the bond be-
tween C-3 and C-2 toward the nitrogen, lead-
ing to iminium intermediate 5 (Fig. 4C). This
proposal is in line with previous isotope-labeling
experiments in plants that show that the
nitrogen and C-3 of tryptophan (2) are re-
tained in AMI (3), whereas C-1 and C-2 get
eliminated in the form of an unknown mo-
lecular species (10). The oxidation could occur
by multiple possible mechanisms (fig. S11). Hy-
drolysis of iminium intermediate 5 would then
release AMI (3) as well as glyoxylic acid (6).

To verify this proposed mechanism, we per-
formed enzyme assays with isotopically labeled
tryptophan (2). Because AMI (3) shows com-
plete in-source fragmentation under loss of
NHj; (10), we analyzed the isotope composition
of this fragment at a mass/charge ratio (m/2)
of 130. Assays carried out with tryptophan-
2,3,3-d; (2-d3) showed a clear +2 mass shift
for the fragment of AMI (3) but no increased
+1 signal (Fig. 4D). This is consistent with
our hypothesis and supports the previous mod-
el (11) that no oxidation occurs at C-3.

We next wanted to confirm that glyoxylic
acid (6) is the by-product of AMIS. We used
derivatization with phenylhydrazine to phenyl-
hydrazone adduct 7, which is more readily
detected (fig. S12) (20). Assay analysis was
again complicated by a persistent background
of glyoxylic acid (6) that was copurified during
microsome preparation or produced before
the assay started. Nonetheless, we detected a
statistically significant increase in glyoxylic
acid (6) levels in the presence of AMIS and
tryptophan (2) compared with controls (Fig. 4E).
We also independently quantified glyoxylic
acid (6) levels in N. benthamiana after tran-
sient expression; overexpression of AMIS re-
sulted in a significant increase in glyoxylic acid
(6) levels in planta (fig. S13).

If AMIS oxidizes the amino group of trypto-
phan (2), N-hydroxy-tryptophan (9) could be a
possible intermediate. Alternatively, N-hydroxy-
tryptophan (9) might also occur as a by-product
of AMIS upon premature release of an oxi-
dized but not yet rearranged intermediate. To
test these possibilities, we synthesized 9. Al-
though N-hydroxy-tryptophan (9) was not stable
in solution, we did not observe spontaneous con-
version of 9 to AMI (3). N-hydroxy-tryptophan
(9) could also not be detected as a by-product
from enzyme reactions (fig. S14). Likewise, en-
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zyme assays using N-hydroxy-tryptophan (9)
as a substrate did not lead to increased for-
mation of AMI (8) compared with those using
controls without substrate (fig. S14,).

To corroborate that AMIS directly catalyzes
an oxidative rearrangement, we sought to trap
the proposed iminium intermediate with the
reducing agent NaBH,, which would lead to
secondary amine 8 (Fig. 4F). Assays carried
out in the presence of NaBH, showed a new
peak with a retention time and tandem mass
spectrometry (MS/MS) spectrum consistent
with a synthetic reference of 8 (Fig. 4F and
fig. S15). This trapped intermediate 8 could
not be detected when either NaBH,, AMIS, or
tryptophan (2) were omitted. Also, it was not
detected when NaBH, was added after termi-
nation of the reaction by removal of microsomal
proteins, supporting that iminium intermediate
5 is a true enzymatic intermediate (Fig. 4F).
When the AMIS reaction was carried out with
I-tryptophan-2,3,3-d; (2-ds) as a substrate, a
+3 mass shift was observed for trapped inter-
mediate 8, providing further evidence that
AMIS does not carry out an oxidation at C-2
or C-3 (fig. S16). Assays with r-tryptophan-
5N, (2-°N,) suggested that both nitrogen
atoms are not separated during the reaction
catalyzed by AMIS, which supports an intra-
molecular reaction (fig. S17). Taken together,
our experiments indicate that iminium inter-
mediate 5 is a true intermediate from the AMIS-
catalyzed cryptic oxidative rearrangement of
L-tryptophan (2).

Discussion

Although the biological relevance of gramine
as a defense alkaloid in barley and other grasses
is well recognized (I, 6), the genetic and enzy-
matic basis of its formation has remained
elusive. This in turn has hindered modern
molecular breeding programs that focus on
sustainable pest management and sustain-
able agriculture. Labeling experiments led to
the hypothesis that an enzyme dependent on
the cofactor PLP is responsible for the forma-
tion of AMI (3) from tryptophan (2) (fig. S1)
(11, 12). This would have also been in line with
the canonical model of alkaloid biosynthesis,
which starts with the conversion of an amino
acid into a biogenic amine by a PLP-dependent
decarboxylase (21). In this work, we reveal that,
unexpectedly, a cryptic oxidative rearrange-
ment plays a key role in gramine biosynthesis.
A single cytochrome P450 monooxygenase,
CYP76M57, which we name AMIS, converts
tryptophan (2) into AMI (3) to complete the
gramine biosynthetic pathway in barley. The
two genes required for gramine biosynthesis
form a gene cluster, which confirms the earlier
hypothesis that only two colocalized genes
are required for gramine biosynthesis (74).
The improved availability and quality of plant
genome data has accelerated the discovery of
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biosynthetic gene clusters in plants (22, 23).
The large intergenic distance of 681 kb be-
tween AMIS and NMT is unusual, though. It is
possible that this serves a special regulatory
function (24, 25). Future plant genome-mining
approaches should therefore consider the pos-
sibility of distant gene clustering (22).

AMIS belongs to the CYP76 family of cyto-
chrome P450 monooxygenases. More than 30
CYP76s from specialized plant metabolic path-
ways have been characterized (fig. S18), mostly
from terpenoid biosynthesis (26). This includes
CYP76s from the AMIS-containing subfamily
CYP76M as well as from other subfamilies.
Notably, CYP76M7, CYP76M8, and CYP76M14
are involved in the biosynthesis of diterpe-
noids such as momilactone and other phytoa-
lexins in rice (27). Only two characterized
CYP76s accept amino acid-derived substrates—
CYP76AD6 and CYP76AD1 in betalain bio-
synthesis, which oxidize tyrosine and the re-
lated amino acid 1-dopa (28). In contrast to
AMIS, these enzymes act on the aromatic part
of their amino acid substrate. The discovery of
AMIS highlights that the substrate and reac-
tion scope of the CYP76 family is broader than
previously described and emphasizes the over-
all plasticity that is well known for cytochrome
P450 monooxygenases in general (29, 30).

The direct rearrangement of an unmodified
amino acid as catalyzed by AMIS is atypical. In
the biosynthesis of glucosinolate-derived phy-
toalexins, superficially similar transformations
occur en route to brassinin and related phy-
toalexins (31, 32). However, these are based on
Lossen-type rearrangements of thiohydroximate-
O-sulfonates to isothiocyanates (33) and re-
quire multiple enzymatic steps to achieve the
required reactivity. Enzymatic modifications
of amino acids also occur in pathways of nat-
ural products that contain nonproteinogenic
a- or B-amino acids (34, 35). However, none of
these enzymes performs a rearrangement like
AMIS. Conceptually, the AMIS reaction resem-
bles the Stieglitz rearrangement, which re-
quires prior activation of the nitrogen and
typically involves aromatic substituents (36).
An oxidative variant of the Stieglitz rearrange-
ment for primary amines has been reported in
chemical synthesis (37). AMIS now provides a
direct enzymatic connection of an amino acid
to a chain-shortened biogenic amine; this reac-
tivity enabled by an unusual cytochrome P450
monooxygenase-mediated cryptic oxidation lies
outside of the scope of PLP-dependent amino
acid decarboxylases, the canonical entry point
into alkaloid biosynthesis (21). As such, our dis-
covery will facilitate new avenues in synthetic
biology to generate non-natural amines and
alkaloids that might possess desirable biologic-
al activities.

With the description of the structural genes
for gramine biosynthesis complete, it will now
be possible to undertake targeted breeding
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efforts aimed at modulating gramine levels
or to introduce this metabolite into new host
plants by incorporating its biosynthetic path-
way (38). These approaches will be tailored
to the myriad biological interactions in which
gramine participates. Compared with many
other biosynthetic pathways for metabolites
of relevance to crop protection, which often
require 10 or more different genes (39), gram-
ine production is achieved by only two genes.
Hence, reaching the ability to genetically engi-
neer organisms to produce gramine seems an
achievable goal.
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