o
=
)
S
<
i
9
S
1]
v
el
)
2

THE PLANT CELL 2022: 34: 2364-2382

Insights into polyamine metabolism: homospermidine
is double-oxidized in two discrete steps by a single
copper-containing amine oxidase in pyrrolizidine
alkaloid biosynthesis
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Abstract

Polyamines are important metabolites in plant development and abiotic and biotic stress responses. Copper-containing
amine oxidases (CuAQs) are involved in the regulation of polyamine levels in the cell. CuAOs oxidize primary amines to
their respective aldehydes and hydrogen peroxide. In plants, aldehydes are intermediates in various biosynthetic pathways
of alkaloids. CuAOs are thought to oxidize polyamines at only one of the primary amino groups, a process frequently
resulting in monocyclic structures. These oxidases have been postulated to be involved in pyrrolizidine alkaloid (PA)
biosynthesis. Here, we describe the identification and characterization of homospermidine oxidase (HSO), a CuAO of
Heliotropium indicum (Indian heliotrope), involved in PA biosynthesis. Virus-induced gene silencing of HSO in H. indicum
leads to significantly reduced PA levels. By in vitro enzyme assays after transient in planta expression, we show that this en-
zyme prefers Hspd over other amines. Nuclear magnetic resonance spectroscopy and mass spectrometry analyses of the re-
action products demonstrate that HSO oxidizes both primary amino groups of homospermidine (Hspd) to form a bicyclic
structure, 1-formylpyrrolizidine. Using tracer feeding, we have further revealed that 1-formylpyrrolizidine is an intermediate
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IN A NUTSHELL

Background: Alkaloids are a group of often structurally complex natural products that are produced by various
plants as part of their defense against herbivores. The toxic pyrrolizidine alkaloids (PAs), for example, occur in
several species of the borage family and are characterized by a bicyclic structure. Polyamines, simple
nitrogen-containing molecules, are involved in alkaloid formation. They are substrate for a class of enzymes, the
copper-containing amine oxidases (CuAOs), which convert polyamines to their respective aldehydes and release
hydrogen peroxide. We know little about the enzymes involved in PA formation, especially, how the bicyclic ring
system is formed. The ring formation requires two independent oxidations and cyclization, suggesting that several
enzymes, including CuAOs, might be involved in this step.

Question: Are one or more CuAOs involved in the formation of the bicyclic ring system of PAs? Do the resulting
aldehydes cyclize spontaneously or is the cyclization an enzyme-controlled process? For our studies we used
Indian heliotrope (Heliotropium indicum, borage family) as model that produces PAs in the leaves.

Findings: We identified a CuAO, now named homospermidine oxidase, that is involved in PA biosynthesis, as its
downregulation resulted in reduced alkaloid levels in the plant. Biochemical characterization of this enzyme
revealed that it catalyzes not only both oxidations of the substrate polyamine, that is, homospermidine, but also
controls the cyclization. The product is the bicyclus, the pyrrolizidine, in its aldehyde form. This can easily be fur-
ther oxidized, if the hydrogen peroxide produced by the CuAO is not removed during the enzyme reaction.

Next steps: Studies should explore the molecular mechanism by which a single enzyme oxidizes homospermidine
twice and controls the cyclization of the resulting aldehydes in two discrete steps. Identifying the pathway inter-
mediate will pave the way for deciphering the subsequent reaction steps and understanding the evolution of this

plant defense.

in the biosynthesis of PAs. Our study therefore establishes that HSO, a canonical CuAQ, catalyzes the second step of PA
biosynthesis and provides evidence for an undescribed and unusual mechanism involving two discrete steps of oxidation
that might also be involved in the biosynthesis of complex structures in other alkaloidal pathways.

Introduction

Diamines and polyamines are aliphatic molecules possessing
two or more amino groups. Putrescine (Put), spermidine
(Spd), and spermine (Spm) are the most common di- and
polyamines in seed plants (Chen et al, 2018), whereas
others, such as homospermidine (Hspd), are detectable only
in small amounts in most angiosperms (Ober et al, 2003).
Polyamines are involved in central processes, such as cell
growth and proliferation, the regulation of gene expression
and translation, membrane stabilization, and apoptosis
(Seiler and Raul, 2005; Michael, 2016). Moreover, in plants,
polyamines are involved in cell signaling and in response to
abiotic and biotic stresses (Chen et al, 2018; Sobieszczuk-
Nowicka et al., 2019).

All of these processes require the stringent control of
polyamine levels, which are regulated by enzymes including
copper-containing amine oxidases (CuAOs, EC 1.4.3.22, for-
merly called “diamine oxidases”). CuAOs are a group of
ubiquitous enzymes that catalyze the oxidative deamination
of primary amino groups into their corresponding aldehydes
with the concomitant formation of hydrogen peroxide and
ammonia (Figure 1A) (Lunelli et al, 2005). The hydrogen
peroxide produced is responsible for a plethora of secondary

effects. In plants, these effects include cell-wall reinforce-
ment, lignification during maturation, and stress response
reactions, because hydrogen peroxide is part of stress-
induced signal transduction (Gross et al,, 2017).

The activation of CuAOs requires that a specific tyrosine
residue is posttranslationally modified to topaquinone
(TPQ) by a self-catalytic process involving enzyme-bound
Cu(ll) (Johnson et al, 2007). Thus, CuAOs are sensitive to in-
hibition by carbonyl-group reagents such as hydroxyethylhy-
drazine or other substituted hydrazines that interact with
the TPQ cofactor (Nagakubo et al., 2019).

CuAOs are described as accepting structurally diverse sub-
strates ranging from histamine in animals to cadaverine (Cad)
and further polyamines in plants. In several cases, the amino-
aldehydes resulting from the CuAO-mediated oxidation of
polyamines cyclize spontaneously to form products that have
been shown to be important intermediates in various plant
pathways (Wanner and Koomen, 1999; Aniszewski, 2007). For
example, CUAO-mediated deamination of Put yields 4-amino-
butanal that can be further metabolized to y-aminobutyric
acid (GABA) (Figure 1B). Further examples include the
oxidative deamination of N-methylputrescine to 4-methylami-
nobutanal, which spontaneously cyclizes to the N-
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Figure 1 Oxidation of di- and polyamines by CuAOs and subsequent
cyclization of the resulting aldehydes. A, Reaction of primary amines
with CuAOs. Their oxidative deamination releases the corresponding
aldehyde with parallel production of ammonia and hydrogen perox-
ide. B, Formation of GABA, a plant signaling molecule, from oxidation
of Put. C, Biosynthesis of tropane alkaloids and nicotine requires the
oxidation of N-methylputrescine. D, Oxidation of Cad is the first step
in the biosynthesis of quinolizidine alkaloids. E, Proposed oxidation of
Hspd by CuAOs to 4,4-iminodibutanal, an intermediate postulated to
cyclize to the characteristic bicyclic pyrrolizidine structure of the
necine base moiety in PA biosynthesis.

Cyclization

methylpyrrolinium cation, an important intermediate in the
biosynthesis of nicotine (Heim et al, 2007; Katoh et al, 2007)
and tropane alkaloids (Hashimoto et al, 1990) (Figure 1C).
Similarly, aminopentanal resulting from the oxidation of Cad
is incorporated after cyclization into the biosynthetic route to
give quinolizidine alkaloids (Yang et al, 2017) (Figure 1D), ly-
copodium alkaloids (Ma and Gang 2004), and piperidine
alkaloids (Gerdes and Leistner, 1979). In all these cases, mono-
cyclic structures are formed after the oxidation of a single pri-
mary amino group.

Zakaria et al.

CuAO:s are also thought to be involved in the biosynthesis
of pyrrolizidine alkaloids (PAs). PAs are secondary metabo-
lites that are, like many other alkaloids, part of the chemical
defense of plants against herbivores and are produced in
various unrelated lineages of angiosperms (Reimann et al,
2004; Kaltenegger et al., 2013). They are esters having a bicy-
clic necine base with one or more necic acids (Ober and
Hartmann, 2000). In the first specific step of PA biosynthesis,
an aminobutyl moiety of Spd is transferred to Put to yield
Hspd, a reaction catalyzed by Hspd synthase (HSS) (Ober
and Hartmann, 1999). In the following steps, CuAOs have
been proposed to be involved in the oxidation of Hspd at
both primary amino groups resulting in an intermediate
postulated to cyclize spontaneously to the characteristic
bicyclic pyrrolizidine of the necine base moiety (Bottcher
et al,, 1993) (Figure 1E). The main arguments in favor of
this process are the type of reaction (Khan and Robins,
1985), the inhibition of this step in PA biosynthesis by
hydroxyethylhydrazine (Bottcher et al, 1993; Frolich et al,
2007), and a biomimetic experiment in which the incuba-
tion of Hspd with a CuAO of pea (Pisum sativum) seed-
lings resulted in detectable amounts of a pyrrolizidine
(Robins, 1982).

CuAOs are encoded by small gene families in plant
genomes, with 10 annotated genes having been predicted in
Arabidopsis thaliana (Fraudentali et al, 2019). To identify can-
didates for an Hspd oxidizing CuAO, co-expression with HSS
has been analyzed based on the assumption that the biosyn-
thesis of the PA backbone is restricted to specific cells (Moll
et al, 2002; Anke et al, 2004). Of note, HSS shows a highly
specific expression pattern in various PA-producing lineages
(Moll et al, 2002; Anke et al, 2004, 2008; Niemdiller et al,
2012; Kruse et al, 2017). In the model plant studied here,
namely  Heliotropium  indicum  (Indian  heliotrope,
Heliotropiaceae), HSS has been localized exclusively in the
cells of the lower leaf epidermis and in the epidermis of
shoots, whereas no expression has been observed in the up-
per leaf epidermis (Niemdiller et al, 2012). Based on these ex-
pression data, the transcriptome of the upper epidermis has
been subtracted from that of the lower epidermis resulting in
a transcriptome enriched in PA-specific transcripts (Sievert
et al, 2015). This transcriptome has been used in this study
to screen for candidate CuAOs involved in PA biosynthesis.

Here, we show that one of the CuAOs identified from the
subtracted transcriptome is the previously hypothesized
Hspd oxidase (HSO) of PA biosynthesis. This enzyme is co-
expressed with HSS and its downregulation by virus-induced
gene silencing (VIGS) results in significantly reduced PA lev-
els. HSO resulting from expression in Nicotiana benthamiana
exhibits a substrate preference for Hspd. In-depth in vitro
analyses with affinity-purified enzyme and tracer feeding
experiments have revealed that HSO oxidizes Hspd at both
primary amino groups leading to the formation of the pyr-
rolizidine backbone of PAs.
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Results
A putative HSO is co-expressed with HSS

Five partial transcripts encoding CuAO-like proteins
(CuAO1-5) have been identified in a subtracted transcrip-
tome previously described of H. indicum (Sievert et al,
2015). To quantify the co-expression of these candidates
with the gene encoding HSS, cells of the upper and lower
leaf epidermis were isolated by laser-capture microdissection
microscopy for reverse transcription quantitative polymerase
chain reaction (RT-gPCR) analyses.

The transcript levels for the gene encoding CuAO1 were
approximately 16-fold higher in the lower leaf epidermis
than in the upper leaf epidermis, a pattern similar to that
observed for the transcript levels of the gene encoding HSS
(98-fold difference), suggesting CuAO1 as a potential
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candidate for HSO (Figure 2A). Transcript levels of the genes
encoding CuAO2-CuAO5 only differed in the lower and up-
per epidermis by a factor no higher than 2. One of these
genes, cuao2, was selected for inclusion into further charac-
terization as a control and for comparative reasons.

The partial transcripts of hso and cuao2 from the tran-
scriptome were validated and completed by 5'- and 3'-
rapid amplification of cDNA ends PCR techniques. The
open reading frames were shown to be 1,986 and 2,304 bp
long, respectively. According to the SignalP-5.0 server
(Almagro Armenteros et al, 2019b) and the TargetP-2.0
server (Almagro Armenteros et al, 2019a), the HSO pro-
tein was predicted to possess an N-terminal signal pep-
tide of 21 amino acids in length directing it to the
secretory pathway. A signal peptide was not predicted for
CuAO2 (Figure 3A).
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Figure 2 Relative expression profile of the genes encoding CuAOs in leaves of H. indicum wild-type plants and plants subjected to VIGS. A, Heat
map of the relative expression levels (RT-qPCR; average, n = 3 technical replicates) of the genes encoding CuAOs in upper (control) and lower epi-
dermis of H. indicum leaves were compared. cudo expression levels were normalized using the geometric mean of three internal reference genes
(encoding actin, ubiquitin, elongation factor 1a). The cuao expression level in the lower epidermis is illustrated by a transformation of the NRQ to
the control group (upper epidermis, NRQ control = 1.0) from blue NRQ = 1 to red NRQ = 100. B, VIGS of HSO. The transcript levels of the genes
encoding HSO and HSS correlate and ACt 1,5,/ACt 155 are shown. Per plant individual, three leaves were separately analyzed. In total, three wild-
type, five mock, and three VIGS individuals were analyzed in this experiment. Bar graphs represent the mean +sp of triplicate PCRs from single
leaves. The median ACy 1,50/ ACt 1ss from wild-type and mock control leaves is given as a horizontal dotted line. The observed high ratios in the
wild-type (832 and 196) and mock leaves (2,190) are attributable to extremely low HSS transcript levels (Supplemental Figure S1). The PA content
in the analyzed leaves is given by blue dots. Statistically significant differences in transcript and PA levels between wild-type and mock against
VIGS individuals are indicated with the color-coded asterisks. C, VIGS of CuAO2. Analogous to B, except that the transcript levels of the genes
encoding CuAO2 (ACt cua02) and HSS (ACt 1) are plotted and the median of ACt 40, Of wild-type leaves is given as a horizontal dashed line.

Cong, concentration; DW, dry weight; Ind, individual.
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Figure 3 Structural properties of HSO and CuAO2. A, Amino acid alignment of HSO and CuAO2. Identical amino acids and amino acid with a
similar residue type (according to the Blosum62 cost matrix) are labeled with black and gray boxes, respectively. The N-terminal signal peptide
and the predicted glycosylation sites of HSO are labeled in green and by violet arrowheads, respectively. The tyrosine residue that is modified to
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ties of three independent transient expression experiments.

HSO is involved in PA biosynthesis

VIGS was used to test the involvement of HSO in PA bio-
synthesis. Young leaves of 10-week-old H. indicum plants
were inoculated with Agrobacterium tumefaciens harboring
the VIGS-construct for HSO or the empty vector as a nega-
tive control (mock). After 14 days, the relative transcript lev-
els of the genes encoding HSO and HSS were estimated in
three individual leaves per plant (Figure 2B). hss transcript
levels varied substantially between wild-type and mock con-
trol individuals and even between the leaves of the same in-
dividual, indicating the high variability in the activity of PA
biosynthesis in H. indicum leaves. The same variability was
observed for PA levels (Supplemental Figure S1). Of note,
despite this high variability, transcript levels of the hso gene
strongly correlated with that of hss (P = 0.0003, Pearson’s
product-moment  coefficient r =0.678) indicating co-
expression as anticipated for genes involved in the same
pathway. By relating hso to hss transcript levels (ACt p0f
ACt ), low hso transcript levels resulting from the VIGS-
mediated effect were discriminated from those that were at-
tributable to the low expression of the whole pathway.
Leaves of individuals exhibiting successful knockdown
showed significantly lower ACy 1,,/ACt 1 levels than the
leaves of wild-type plants and controls (Figure 2B) (wild-
type plus mock versus VIGS plants P < 0.0001 Mann-
Whitney test, mock versus VIGS plants P < 0.0001 Mann-
Whitney test). These individuals also possessed significantly
lower alkaloid levels in the leaves that we analyzed (wild-
type plus mock versus VIGS plants P = 0.015 Welch test,
mock versus VIGS plant P = 0.0003 Welch test).

In contrast, in a control experiment (Figure 2C), transcript
levels of the gene encoding CuAO2 analyzed in leaves of
wild-type plants showed no significant correlation with
those of hss (P =0.056, Pearson’s product-moment coeffi-
cient r = 0.655). In VIGS plants, the transcript levels of the
gene cuao2 were significantly reduced in comparison to
wild-type plants (Figure 2C, P < 0.0001, Mann-Whitney
test). This was also observed when cuao2 transcript levels
were normalized to hss (Supplemental Figure S1B,
P < 0.0001, Mann-Whitney test). PA levels were not signifi-
cantly affected by the VIGS-mediated downregulation of the
gene encoding CuAO2 (P = 0.588). However, PA levels were
in general lower compared to the HSO VIGS experiment. An
explanation for these differences might be the different sea-
sons at which the two experiments were performed. While
the HSO VIGS experiment was performed during summer,
CuAO2 VIGS experiment was performed during early spring.

Transient expression in N. benthamiana results in
active HSO with a preference for Hspd

Heterologous expression in Escherichia coli following strate-
gies described earlier for a CuAO of plant origin, that is the
N-methylputrescine oxidase from N. tabacum (tobacco;
Heim et al, 2007; Katoh et al, 2007), failed to provide
active HSO protein. Thus, a transient expression system
with N. benthamiana was established. Quantification of tran-
script levels in infiltrated N. benthamiana leaves by RT-qPCR
and of protein levels by gel blot analysis suggested that Days
4 and 6 after infiltration were the optimal time points for
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the protein extraction of HSO and CuAQ?2, respectively
(Supplemental Figure S2, A and B). Additionally, a photo-
metric assay for enzyme activity confirmed that the highest
activity occurred in desalted crude protein extracts of HSO-
and CuAO2-expressing N. benthamiana leaves at Days 4 and
6, respectively (Supplemental Figure S2C). These crude
extracts were used to screen the substrate preferences of
HSO and CuAQ2 (Figure 4A). The activity of the HSO-
containing crude extract was highest when incubated with
Hspd, as was expected for an HSO. However, it also showed
activity with the other tested substrates Cad, Put, Spd, and
Spm, with activity being weakest with Put (Figure 4A). In
contrast, the activity of the CuAO2-containing crude extract
was highest when incubated with Put, the favored substrate
for many CuAOs thought to be involved in plant primary
metabolism (Ghuge et al, 2015; Tavladoraki et al, 2016).
This extract showed weak activity with tri- and tetramines.
Interestingly, both crude extracts were active with histamine,
an amine that contains a monocyclic ring system and that
is a known substrate of CuAOs in vertebrates (Hough and
Leurs, 2006). The extracts from leaves infected with the
empty vector showed no detectable activity with any of the
tested substrates (Figure 4A).

Affinity-purified enzyme preparations were used to esti-
mate kinetic properties. As purification resulted in an ex-
tremely low yield, we only tested substrates described as
being possible metabolites of interest for PA biosynthesis in
H. indicum, that is, Hspd, Spd, and Put (Frolich et al., 2007).
Lineweaver—Burk plot approximation with substrate concen-
trations up to 9mM resulted in Ky-values of 80 UM for
HSO with Hspd and 4.9 mM for CuAO2 with Put (Figure 4,
B and C Supplemental Table S1). Of note, HSO showed
strong inhibition for Put at concentrations higher than
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150 UM (Supplemental Figure S3). To allow rough compari-
sons of the kinetic efficiency and substrate preferences of
HSO, the (k../Km) values denoting the specificity constant
were calculated using both linear and nonlinear regression
models. In both models, HSO showed the best efficiency
with Hspd and substrate preference for Hspd. Additional ki-
netic parameters for HSO and CuAO2 are summarized in
Supplemental Table S1.

Posttranslational modifications (PTMs) are
important prerequisites of active HSO

To gain additional insights into the reaction mechanism of
HSO and to determine whether HSO was a canonical
CuAO, we further analyzed by liquid chromatography -
mass spectrometry (LC-MS) tryptic peptides of HSO purified
from HSO-expressing N. benthamiana leaves. These analyses
confirmed the presence of the predicted N-terminal signal
peptide, because only peptides were detected that corre-
spond to the protein starting with amino acid 21
(Figure 3A). Electrospray ionization tandem MS (ESI-MS/MS)
of the peptides resulting from trypsin-digested HSO sup-
ported that tyrosine 405 (“°Y) was modified to TPQ. An
unmodified and a dihydroxylated octadecapeptide
(TVLTLSN*®YDYVIDYEFKK), possibly representing an inter-
mediate of TPQ formation (Rinaldi et al, 1998), were
detected (Supplemental Figure S4, A and B). To verify the
modification of “°Y to TPQ, HSO was treated with the in-
hibitor phenylhydrazine, which binds irreversibly to TPQ
(Sebela and Sayre, 2009), before digestion with trypsin. An
analysis of the resulting peptides detected the same octade-
capeptide as before with the expected mass increment of
120 characteristic for the phenylhydrazine adduct of “*°Y
(Supplemental Figure S4C). Evidence for the need of TPQ
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Figure 5 Identification of reaction products resulting from incubation of HSO with Hspd. For the incubations, affinity-purified HSO (A-D) and
desalted crude protein extracts of HSO-expressing N. benthamiana leaves (E) have been used. A, Conversion of Hspd by HSO analyzed by 1D pro-
ton NMR (in D,O) at various time points of the enzyme reaction (0, 24, 48, and 72 h). Spectra are shown for the region of 1.40-4.10 ppm. At the
start of the enzyme reaction (0 h), the spectrum shows the hydrogen atoms (1.65-1.70 and 2.90-3.00 ppm) of Hspd. Protons of Hspd in similar
chemical environments and the corresponding proton signals in the spectrum are indicated by color-coded circles and diamonds. At the end of
incubation (72 h), no hydrogen atoms of Hspd were detectable. Instead, the complex multiplet signals indicate the formation of the pyrrolizidine
backbone. The tentative assignment is given in Supplemental Figure S6C. B, '"H NMR spectrum of the HSO reaction product mixture (in CDCl5)
displaying typical aldehyde signals at 9.68 and 9.78 ppm in a ratio of about 10:1, respectively, for the two isomers of 1-formylpyrrolizidine. C, GC-MS
total ion chromatogram (TIC) of the purified HSO reaction product mixture after 72 h of incubation showing four peaks, namely two early eluting
peaks with a specific m/z of 139, and two later eluting peaks with m/z of 155, consistent with the two stereoisomers of 1-formyl- and 1-carboxypyrro-
lizidine, respectively. The arrows point to the minor isomers. D, GC-MS TIC as in C, but the HSO-catalyzed conversion of Hspd occurred in the
presence of catalase (a). Only the two isomers of 1-formylpyrrolizidine are detectable, which could be converted to 1-carboxypyrrolizidine by
addition of H,0, (b). E, GC-MS TICs of various reaction set-ups of HSO with Hspd after 1 and 20 h incubation with and without catalase. In addition
to 1-formylpyrrolizidine and 1-carboxypyrrolizidine, an early eluting peak is detectable that represents the deprotonated pyrrolinium ion resulting
from cyclization after the oxidation of Hspd at only one of the two primary amino groups. F, Fragmentation pattern of the deprotonated pyrrolinium
ion (CgH16N,) with m/z of 140 determined by GC-EI-HRAMS.

formation for the enzymatic activity of HSO was provided by In addition, N-glycosylation was detected by ESI-MS/MS
the observation that both the replacement of “°Y by phe-  for HSO. From five potential N-glycosylation sites within
nylalanine (Figure 3, B and C) and the incubation with 2- HSO (asparagine residues at position 48, 52, 492, 576, and
hydroxyethylhydrazine resulted in an inactive enzyme. 603; Figure 3A), MangGIcNAc, structures were detected at
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least at positions 48, 52, and 576, in addition to other high-
mannose-type N-glycans, as the prominent type of glycosyla-
tion (Supplemental Figure S5). The peptide containing the
predicted position 492 was only found in an unmodified
state, whereas the glycosylation status of position 603 could
not be determined unambiguously with the method
applied.

HSO is sufficient for the formation of the
methyl-pyrrolizidine backbone

To identify HSO reaction products in vitro, 1D proton nu-
clear magnetic resonance spectroscopy (NMR) was used in a
reaction set-up with affinity-purified HSO. The NMR spectra
of the HSO reaction showed full turnover after 72 h and in-
dicated the formation of a pyrrolizidine skeleton (Figure 5A).
Data from 2D NMR experiments supported this interpreta-
tion and suggested the product to be a mixture of 1-formyl-
pyrrolizidine and 1-carboxypyrrolizidine in an approximate
ratio of 2:1, respectively (Supplemental Figure S6). An 'H,"*C
heteronuclear single quantum correlation (HSQC) spectrum
of the 2D NMR that was performed in an aqueous buffer
system indicated the presence of the hydrated aldehyde for
the signal at 5.00 ppm ('H) and 90.9 ppm ("*C), respectively
(Supplemental Figure S6A). A coupling of this signal at
5.00 ppm with a proton of the broad multiplet at 2.27 ppm
was found in the HH-COSY spectrum, indicating a correla-
tion with the pyrrolizidine backbone (Supplemental Figure
S6B). 1D proton NMR and HSQC spectra of the purified re-
action product reconstituted in CDCl; displayed typical al-
dehyde signals at 9.68 ppm ('H) (Figure 5B) and 202.3 ppm
("*C) (Supplemental Figure S7), respectively. Of note, the 1D
proton NMR spectrum of the purified product indicated the
presence of another minor aldehyde signal at 9.78 ppm re-
lated to the pyrrolizidine structure (Figure 5B). As the pyrro-
lizidine backbone possesses two stereocenters at C1 and C8,
respectively, this signal is interpreted as being derived from
a second stereoisomer. These two stereoisomers occur in a
ratio of approximately 10:1. No signals interpretable as being
derived from further stereoisomers were detected. '>C-NMR
confirmed the presence of a quaternary carboxylic acid func-
tion at the C9 group of the pyrrolizidine, in addition to the
pyrrolizidine with the aldehyde group (Supplemental Figure
S8A).

To confirm that the HSO-catalyzed oxidation resulted in
the deamination of the two terminal primary amino groups,
>N-"H heteronuclear multiple-bond correlation spectros-
copy (HMBC) experiments were performed with fully la-
beled [">N]Hspd (Supplemental Figure S9). Only a signal of
one N atom was detected as a part of the pyrrolizidine after
incubation with the HSO (Supplemental Figure S10). This N
atom was derived from the secondary amino group of Hspd,
whereas the signal derived from the two primary amino
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groups disappeared through the HSO-catalyzed double
oxidation.

Gas chromatography—-MS (GC-MS) analyses of the puri-
fied product mixture were conducted to verify the NMR
interpretations (Figure 5C). Four peaks could be detected.
The two early eluting peaks had a specific mass-to-charge
ratio (m/z) of 139, whereas the two later eluting peaks had
an m/z of 155, consistent with 1-formyl- and 1-carboxypyr-
rolizidine, respectively. The two pairs of signals represented
the two stereoisomers in an approximate ratio of 10:1, con-
sistent with the NMR data. 1-Formylpyrrolizidine was the
major reaction product.

The molecular masses of the reaction products, deter-
mined by GC-Electron Impact-High Resolution Accurate
MS (GC-EI-HRAMS), were 139.09970 and 155.09463 u, in
precise agreement with the calculated masses of 1-formyl-
pyrrolizidine (CgH;3NO, 139.09971) and 1-carboxypyrrolizi-
dine (CgH13NO,, 155.09463), respectively.

The functional groups of these reaction products were ad-
ditionally confirmed by derivatization with methoxyamine
(MOX) hydrochloride and N-methyl-N-(trimethylsilyl)tri-
fluoroacetamide (MSTFA), followed by GC-MS analyses.
Signals were detected with an m/z of 168, corresponding to
the oxime of 1-formylpyrrolizidine, and an m/z of 227, corre-
sponding to the trimethyl silylated 1-carboxypyrrolizidine
(Supplemental Figure S11). Of note, the stereoisomers were
also detected.

Hydrogen peroxide resulting from the HSO-
catalyzed reaction is responsible for in vitro
oxidation of 1-formylpyrrolizidine

The formation of 1-carboxypyrrolizdine as a reaction prod-
uct following the in vitro incubation with HSO was unex-
pected as, according to the canonical reaction mechanism
of CuAOs, the oxidative deamination of polyamines should
result in an aldehyde (Medda et al,, 2009; Figure 1). To de-
termine whether the acid was a result of the direct catalytic
activity of HSO or attributable to a nonenzymatic reaction
of the aldehyde with hydrogen peroxide accumulating as
part of the HSO-catalyzed in vitro reaction, product identifi-
cation was set up as described above, except that catalase,
as an enzyme eliminating hydrogen peroxide, was added re-
peatedly to the reaction mixture. Product analysis by >C-
NMR showed almost identical spectra to those described for
incubation without catalase, but lacked the signal for the
carboxyl group (Supplemental Figure S8B). Of note, the sig-
nal at 91 ppm that was interpreted to result from the hy-
drated aldehyde group of 1-formylpyrrolizidine was still
detectable. The interpretation that 1-formylpyrrolizidine was
the sole product resulting from the HSO reaction was con-
firmed by GC-MS analyses of the purified product
(Figure 5D). Additional evidence for artificial conversion was
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provided by the observation that 1-carboxypyrrolizidine was
detected when purified 1-formylpyrrolizidine was incubated
with hydrogen peroxide (Figure 5D).

HSO-catalyzed double-oxidation of Hspd involves a
monocyclic intermediate

To characterize the HSO-catalyzed reaction further for possi-
ble early intermediates of the reaction, GC-MS analyses of
reactions with Hspd in the presence and absence of catalase
were performed after incubation times of only 1 and 20h.
Desalted crude protein extracts of HSO-expressing N. ben-
thamiana leaves and of leaves infected with the empty vec-
tor control were used instead of purified protein in order to
reduce the manual steps in the experimental set-up. The

previously identified reaction products of 1-formylpyrrolizi-
dine and 1-carboxpyrrolizidine could be detected after only
1h of incubation, with 1-formylpyrrolizidine being the
prominent peak in the incubation with catalase (Figure 5E).
After 20h of incubation, Hspd was completely converted,
and 1-carboxypyrrolizidine was the dominating product in
both reactions, irrespective of the addition of catalase.
Furthermore, an early eluting peak was detectable in all
incubations with a m/z of 140 and a specific fragmentation
pattern matching the deprotonated form of the N-(4-ami-
nobutyl)pyrrolinium ion (Figure 5F). Its identity was con-
firmed by GC-EI-HRAMS, which revealed a mass of
140.13077, matching the calculated mass of 140.13080 u for
the deprotonated pyrrolinium ion (CgH¢gN,). This N-(4-ami-
nobutyl)pyrrolinium ion resulted from the cyclization taking



Homospermidine oxidase

place after the oxidation of Hspd at only one of the two pri-
mary amino groups and was detected in its deprotonated
form because of the alkaline sample preparation, an observa-
tion described earlier (Houen et al,, 2005).

1-Formylpyrrolizidine is a pathway intermediate
and incorporated into PAs

Feeding experiments with ['>C]-labeled substrates were per-
formed to study the HSO-catalyzed reaction in planta.
Putative intermediates and products of PA biosynthesis
were analyzed by GC-MS (Figure 6A). Non-natural isotopic
shifts in the MS spectra allowed the tracking of the incorpo-
ration of the tracer into the various intermediates. After the
feeding of ['*C]Hspd to fully developed leaves of H. indicum,
[*CJHspd was only detectable in the leaves after 24h
(Figure 6B). [">C]Trachelanthamidine was determined in
leaves after 24, 48, and 72 h, with the strongest signal after
48h. [ClIndicine and its 3'-acetyl derivative, the main PAs
in H. indicum (Frolich et al, 2007), could be found as early
as 24h after feeding. The size of the peaks of these PAs
steadily increased until the maximum incubation time
of 72h (Figure 6C). Traces of 1-carboxypyrrolizidine were
observed only after 48 h of incubation (Figure 6B, arrow).
1-Formylpyrrolizidine, the product of in vitro incubations
of HSO with Hspd, was undetectable. Instead, the N-(4-
aminobutyl)pyrrolinium ion was detected with the stron-
gest signal being found after 24h followed by a decrease
with longer incubation times (Figure 6B).

The feeding of *C-labeled 1-formylpyrrolizidine and 1-car-
boxypyrrolizidine, respectively, confirmed the incorporation
of each of the substrates into trachelanthamidine after 72 h
(Figure 6D). Of note, 1-formylpyrrolizidine was incorporated
at a higher rate, being completely converted by the end of
the experiment, whereas 1-carboxypyrrolizidine, although be-
ing taken up into the leaf, remained detectable (Figure 6D).
Labeled indicine and its 3'-acetyl derivative were only ob-
served after the feeding of 1-formylpyrrolizidine (Figure 6E).

Taken together, these results suggest that the monocyclic
N-(4-aminobutyl)pyrrolinium ion and 1-formylpyrrolizidine
are the native in vivo intermediates in PA biosynthesis.

Discussion

Polyamines are interconnected with almost all aspects of
plant growth, development, and responses to stress
(Moschou et al, 2012). CuAOs oxidizing di- and polyamines
are key players in polyamine action, not only in primary me-
tabolism but also in several biosynthetic pathways of alka-
loids. For example, the biosynthetic routes of tropane
alkaloids and quinolizidine alkaloids start from simple dia-
mines like Put and Cad (Lichman, 2021). The early steps in
their pathway are the most crucial as they act as a gateway
to a new chemical space and direct the metabolic flux away
from primary and into specialized metabolism (Lichman,
2021). For PA biosynthesis, the involvement of CuAOs in
the oxidation of Hspd was postulated several decades ago
(Robins, 1982; Khan and Robins, 1985). Taking these ideas
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and findings as our base, we have been able to identify an
HSO involved in PA biosynthesis in the PA-producing plant
H. indicum. The identified enzyme has all characteristics of a
typical CuAO. The enzyme oxidizes Hspd at both primary
amino groups to form 1-formylpyrrolizidine, a compound
readily incorporated into PAs as shown by tracer-feeding
experiments.

HSO has posttranslational modifications
characteristic for CuAOs

The heterologous expression of plant CuAOs seems to pro-
vide a challenge, as the protocols given in the literature are
exceptionally diverse and optimized for each particular en-
zyme (Koyanagi et al, 2000; Heim et al, 2007; Katoh et al,
2007; Zarei et al,, 2015). Our successful in planta expression
of HSO suggests that the PTMs that are possible in a eu-
karyotic expression system have a positive effect on the
proper folding and activity of the recombinant protein. One
such PTM characteristic for CuAOs is the formation of a
TPQ that we have been able to detect at tyrosine 405 in the
HSO. By replacing this tyrosine with phenylalanine, we have
shown that this PTM is essential for the activity of HSO
(Figure 3). Furthermore, extensive glycosylations have been
described for the CuAOs of various organisms, with esti-
mates that up to 14% of the total molecular weight is at-
tributable to carbohydrates (Tipping and McPherson, 1995;
Lunelli et al, 2005). For the HSO of H. indicum, we have
shown that at least three of the five predicted glycosylation
sites are glycosylated with high-mannose-type N-glycans,
structures also reported for other plant CuAOs (Franc et al,
2013). The observed glycosylation pattern results from heter-
ologous expression in N. benthamiana leaves; however, we
assume them to be similar to the native glycosylation be-
cause of the high conservation of complex N-glycan modifi-
cations across angiosperms (Strasser, 2016).

HSO is a CuAO with substrate preference for Hspd

Plant CuAOs are known to accept a wide range of sub-
strates with a preference for diamines having a short chain
length of 5-7 carbon atoms (Pietrangeli et al, 2007
Tavladoraki et al, 2016). In this study, we have demon-
strated that the preferred substrate of HSO is Hspd, whereas
that of CuAO2 is Put, although all other tested substrates
are also accepted by HSO (Figure 4A). Such a preference for
polyamines that are not part of the polyamine pool of pri-
mary metabolism has also been reported for CuAOs in-
volved in other alkaloid biosynthetic pathways (Hashimoto
et al, 1990; Yang et al, 2017). Differences in the preference
for the various substrates become more obvious from our
kinetic analyses. Our data show that HSO is inhibited sub-
stantially by Put concentrations higher than 150 pM,
whereas with Hspd, no inhibition is detectable for concen-
trations up to 9 mM. Substrate inhibition has been previ-
ously described for various CuAOs and is thought to be
attributable to a binding of cationic substrates to the re-
duced, catalytically incompetent enzyme form that results
from the reductive half reaction (Bardsley et al, 1973;
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Figure 7 Proposed pathway for the biosynthesis of the necine base
moiety of PAs starting with the HSO-catalyzed oxidation of Hspd
according to the current work. HSO catalyzes the oxidation of one of
the primary amino groups of Hspd giving the corresponding aldehyde
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Ignesti, 2003). However, the inhibition observed with Put in
concentrations as low as the micromolar range is remark-
able, because other CuAOs typically show inhibition only
with substrate concentrations in the millimolar range
(Ignesti, 2003). Furthermore, based on kinetic analyses of pig
kidney CuAO with one- and two-substrate reactions, CUAOs
have been postulated to have two substrate-binding sites,
only one of which is catalytic (Ignesti, 2003). Whether HSO
of H. indicum shows such characteristics has not been evalu-
ated in this study. However, as a consequence, the use of
the Michaelis—Menten approximation is not recommended
for CuAOs (Ignesti, 2003). Nevertheless, the use of various
kinetic models to determine variable kinetic parameters
with lower substrate concentrations, well before inhibition
becomes prominent, has enabled us to confirm the highest
specificity and catalytic efficiency of HSO for Hspd over all
other tested substrates.

Biosynthesis of the pyrrolizidine backbone involves
two oxidations in two discrete steps

The formation of the bicyclic pyrrolizidine backbone of PAs
requires the oxidative deamination of both primary amino
groups of Hspd. Therefore, one or two CuAOs might be in-
volved in the oxidation of Hspd. Our data show that a single
CuAO, that is HSO, catalyzes the oxidation at both ends of
Hspd with the subsequent formation of 1-formylpyrrolizi-
dine as a direct product. Here, we demonstrate that the two
oxidative reactions of HSO require the binding of two quite
different substrates, namely Hspd and a monocyclic pyrroli-
nium ion. We are aware of only one other case involving
the oxidation of a polyamine at both primary amino groups,
that is, the oxidation of Spm, a reaction catalyzed by a
CuAO in lentil (Lens culinaris) seedlings, with no hints of
subsequent cyclizations (Cogoni et al.,, 1991).

Based on our data, we propose a mechanism with two
discrete subsequent oxidations catalyzed by HSO (Figure 7).
Our hypothesis is supported by the detection of the mono-
cyclic N-(4-aminobutyl)pyrrolinium ion, an intermediate
resulting after the oxidation of Hspd at only one of the two
primary amino groups, in the in vitro assays of HSO and in
planta after the feeding of ["*C]Hspd to fully developed
leaves of H. indicum. Furthermore, the in vitro and in planta
experiments show that, with longer incubation times, the
pyrrolinium ion is consumed to form the bicyclic intermedi-
ates of PA biosynthesis. This agrees with earlier studies de-
scribing  this  pyrrolinium ion as being efficiently
incorporated into PAs (Kelly and Robins, 1988). Of note, the
pyrrolinium ion has also been detected as the end product
of the incubation of Hspd with the bovine serum amine oxi-
dase (BSAO) (Houen et al,, 2005). In these experiments, the
monocyclic N-(4-aminobutyl)pyrrolinium ion was not a sub-
strate for BSAO so that the second primary amino group of
Hspd was not oxidized. In contrast, HSO accepts the pyrroli-
nium ion as a substrate and oxidizes the second primary
amino group to form the characteristic bicyclic pyrrolizidine
backbone. We conclude that HSO should have a substrate
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channel that allows the binding of both Hspd and the
monocyclic pyrrolinium to the active site to enable the two
oxidations. This interpretation is based on structural data
published for the CuAOs of pea (P. sativum) seedlings and
of other eukaryotes that support the interpretation of
Ignesti (2003) that CuAOs have only one catalytic site per
subunit that is defined by the TPQ and the copper ion
(Kumar et al, 1996; Li et al, 1998; Lunelli et al, 2005).
Moreover, we have found no evidence for the occurrence of
4,4'-iminodibutanal, an intermediate postulated in the for-
mation of the bicyclic pyrrolizidine backbone (Schramm
et al, 2019), ruling out this alternative biosynthetic route
(Figure 7). Our observations indicate that the second oxida-
tion step is fast, as the pyrrolinium ion can only be detected
as a minor intermediate in both in vitro assays and in planta
incubations.

As a product of the HSO-catalyzed conversion of Hspd
and as a further intermediate in PA biosynthesis, we have
identified 1-formylpyrrolizidine (Figure 7). We provide evi-
dence that the hydrogen peroxide resulting from the CuAO
reaction mechanism is responsible for the nonenzymatic oxi-
dation of 1-formylpyrrolizidine to 1-carboxypyrrolizidine.
Such an oxidation of the aldehyde has also been described
for other CuAOs with histamine as the substrate (Hough
and Leurs, 2006). In the case of 1-formylpyrrolizidine, this
nonenzymatic reaction seems to be relatively slow in vitro,
as (1) 1-formylpyrrolizidine is the major product after the
full oxidation of Hspd in the in vitro incubation with
affinity-purified HSO and (2) even the addition of external
hydrogen peroxide to 1-formylpyrrolizidine does not result
in its complete conversion to T-carboxypyrrolizidine. An
open question is whether this nonenzymatic conversion is
merely an in vitro artifact or occurs also in planta. In our
tracer feeding experiments, we have found only trace
amounts of 1-carboxypyrrolizidine, suggesting that 1-formyl-
pyrrolizidine is converted so efficiently by successive
enzymes of the pathway that hydrogen peroxide has only a
minor effect. However, 1-carboxypyrrolizidine is incorpo-
rated, although with low efficiency, into trachelanthamidine.
The finding of methyl derivatives of 1-carboxypyrrolizidine,
for example, chysin, in some other PA-producing plants
(Lang et al, 2001; Woldemichael and Wink, 2002) suggests
that the oxidation of 1-formylpyrrolizidine is also possible in
planta.

HSO controls stereospecific cyclization

In various alkaloid biosynthetic pathways, for example, tro-
pane biosynthesis, the oxidation of amine precursors is fol-
lowed by spontaneous cyclization (Hashimoto et al, 1990)
(Figure 1). Moreover, spontaneous cyclization of the amino-
aldehyde resulting from the oxidation of Hspd has been pro-
posed for the formation of the pyrrolizidine backbone
(Robins, 1982; Poupon et al, 2011; Lichman, 2021). This
spontaneous cyclization might be involved in the formation
of the monocyclic N-(4-aminobutyl)pyrrolinium ion.
However, such spontaneous cyclization reactions occurring
during the formation of the pyrrolizidine backbone with
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two stereocenters (at C1 and C8) would result in a mixture
of four diastereomers. Our data show that the HSO-
catalyzed oxidation of Hspd results in the formation of only
two stereoisomers of 1-formylpyrrolizidine, and that these
are present in a ratio of about 10:1. This observation agrees
with the finding that the PA structures described from a
particular plant species are usually characterized by a necine
base of only one defined stereochemical configuration
(Cheng et al,, 2011; Wesseling et al, 2017; Stegemann et al,
2018b). For instance, PAs extracted from H. indicum have
retronecine, a derivative of (-)-trachelanthamidine, as the
necine base, whereas in grasses, PAs have been identified
that have isoretronecanol as the base (Koulman et al., 2008).
This stereochemical specificity supports an enzyme con-
trolled mechanism, as postulated recently (Schramm et al,
2019; Lichman, 2021). As the two stereocenters at positions
C1 and C8 along the pyrrolizidine backbone result from cy-
clization, we are tempted to conclude that the HSO controls
the stereospecificity of the cyclization reaction without the
involvement of any other enzyme. Future research should
be directed to unraveling the molecular basis for the ob-
served stereochemistry and to elucidating whether the de-
scribed occurrence of PAs with a different stereochemistry
in the necine base can be explained by a different stereo-
specificity of HSO. Furthermore, the impact of CuAOs on
the biosynthesis of other natural compounds with complex
cyclic structures has to be evaluated. For example, CuAOs
have been postulated to be involved in the stereospecific
formation of the bicyclic ring system of quinolizidine alka-
loids (Golebiewski and Spenser, 1985 Wanner and Koomen,
1996).

Possible compartmentalization of PA biosynthesis

In H. indicum, Hspd production by HSS is restricted to the
lower leaf epidermis and to the epidermis of the shoots
(Niemdiller et al, 2012). In other tissues and in other non-
PA-producing plants, Hspd is found only in traces and is
regarded as a side-product of deoxyhypusine synthase, a
paralog of HSS (Ober and Hartmann, 1999; Ober et al,
2003). However, although HSS has the capacity to produce
substantial amounts of Hspd (Abdelhady et al, 2009), the
accumulation of Hspd in the leaves of H. indicum is ob-
served only after the inhibition of HSO (Frolich et al., 2007).
Of note, the accumulated Hspd is exclusively incorporated
into the PA indicine N-oxide after the inhibition of HSO is
released (Frolich et al, 2007). This observation suggests that
(1) HSO is not the rate-limiting step of PA biosynthesis, as it
efficiently converts Hspd and (2) the accumulating Hspd
does not act as a substrate for other enzymes of polyamine
metabolism, suggesting strict compartmentalization, at least
for this early step in PA biosynthesis. Further evidence for
the compartmentalization of PA biosynthesis results from
experiments with hairy roots of Symphytum officinale in
which traces of Hspd, but not PAs, have been detected after
the knockout of the HSS-coding gene (Zakaria et al, 2021).
These low amounts of Hspd, most likely produced by deoxy-
hypusine synthase, are no substrate for PA biosynthesis in S.
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officinale, thus supporting the concept of the compartmen-
talization of PA biosynthesis. The N-terminal signal peptide
predicted to head HSO for vesicular transport indicates the
localization of HSO in membrane-enclosed compartments.
Further studies should clarify the role of the compartmental-
ization of HSO and of PA biosynthesis, especially with re-
spect to the transport processes of polyamines that might
be involved in the regulation of PA biosynthesis (Fujita and
Shinozaki, 2014).

Materials and methods

Plant material and growth conditions

Heliotropium indicum was grown in a greenhouse under
conditions as described previously (Kruse et al,, 2017). Seeds
of N. benthamiana were sown in pots containing TKS2 soil
(Floragard, Germany) mixed with lava stones in a 3:1 ratio
topped for germination with TKS1 soil. Nicotiana benthami-
ana plants were grown in a climate chamber (Johnson
Control, Mannheim, Germany) equipped with ceramic metal
halide lamps (CMT360LS WBH EYE Iwasaki Electric Co,
Japan) at 25°C, 65% humidity, and a 16/8-h light/dark cycle
(206 pmol m™' s7"). After 3weeks, plants were fertilized
(0.3%, v/v, Wuxal Top N fertilizer, Aglukon, Germany) and
treated with Novo Nem F (ORE Bio-Protect, Schwentinental,
Germany) for biological pest control until harvest.

Relative transcript quantification

RNA extraction, cDNA synthesis, and RT-qPCR analysis of
the genes of interest (GOI) encoding HSS, HSO, CuAO?2,
CuAO3, CuAO4, and CuAO5 were performed as described
previously (Sievert et al, 2015) from H. indicum leaf epider-
mis sampled by laser capture microdissection microscopy.
RT-qPCRs were performed in triplicate. The genes encoding
actin, ubiquitin, and elongation factor 1ot were used as refer-
ence genes. Calculations of relative quantities, validation of
reference genes, and normalization of the data followed
(Remans et al, 2014). The geometric mean of the normal-
ized relative quantities (NRQs) of the three reference genes
was used as sample-specific factor to normalize the data of
our GOls. The average (n = 3 RT-qPCR replicates) of NRQs
of the GOls relative to the upper epidermis (control group)
was used to create the heat map in Figure 2A, illustrating
expression differences between upper and lower epidermis.
To test for effects in the VIGS experiments and to quantify
the transcript level of the gene encoding the viral coat pro-
tein, RNA was extracted and used for cDNA synthesis and
relative transcript quantification according to a method de-
scribed by Kruse et al. (2019). As reference, the gene encod-
ing ubiquitin was used, as it showed the most homogenous
expression. The comparative C; method was employed to
calculate the transcript levels (Schmittgen and Livak, 2008).
To determine the optimal time point for transient expres-
sion in N. benthamiana leaves, the gene encoding actin was
used as a reference and the comparative C; method was
employed. Primer sequences are given in Supplemental
Table S2.
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VIGS in H. indicum

VIGS experiments were conducted according to Dinesh-
Kumar et al. (2003). Briefly, a sequence of ~300 bp in length
from the end of the open reading frame and the adjacent
3-UTR was amplified using the primer pairs P33/P34 and
P35/P36 for the cDNA encoding HSO and CuAO2,
respectively (Supplemental Table S2), thereby introducing
overhangs that allowed restriction cloning into the Xhol/
Ncol-linearized pTRV2 vector. The resulting constructs, an
empty vector control, and the pTRV1 vector were trans-
formed independently into A. tumefaciens strain GV3101.
Later developing leaves of H. indicum have a characteristic
wrinkled surface structure (Supplemental Figure S1C). One
to two of these leaves of 10-week-old plants (usually having
approximately 7-8 well-developed leaves) were infected
with a 1:1 mixture of two A. tumefaciens cultures that had
been transformed with the pTRV2-based construct and the
pTRV1, respectively. VIGS experiments were performed in
two rounds. In Experiment 1 (performed in summer), the si-
lencing effect of the HSO pTRV2 construct and an empty
vector control (mock) was analyzed (three wild-type plants,
three VIGS plants, and five mock plants) and in Experiment
2 (performed in early spring), the silencing effect of the
CuAO2 pTRV2 construct was analyzed by comparing three
wild-type plants with three VIGS plants. Three individual
leaves that had not been used for the infection were har-
vested per plant and separately analyzed 1, 7, and 14 days af-
ter infection. Harvested leaves were ground in liquid
nitrogen with a mortar and pestle to give a fine powder
that was later used for RNA and alkaloid extraction. To test
for systemic plant infection, the relative abundance of the
TRV viral coat protein transcript was monitored according
to Broderick and Jones (2014) with primer pair P18/P19 in
RT-qPCRs. Mean +standard deviation (sp) of the log trans-
formed ACy of the gene encoding the viral coat protein (cp)
from triplicate PCRs were calculated (Supplemental Figure
S12). TRV coat protein was detected after 7days and was
slightly elevated after 14 days. Therefore, to study a possible
silencing effect, the transcript levels of hso and hss (experi-
ment 1) and cuao2 and hss (experiment 2) were determined
in the leaves harvested 14 days after infection. For quantifi-
cation of the hso and cuao2 transcripts, primer pairs were
used that did not bind to that part of the sequence used
for the VIGS construct (P7/P9 and P10/P11, respectively). All
primer sequences are given in Supplemental Table S2. First,
meanstSD of the log transformed AC; of hss, hso, and
cuao? from triplicate RT-qPCRs were calculated. ACy of hss
served as reference gene to monitor PA biosynthesis. Thus,
in a second step, the AC; of hso and cuao2 were normalized
relative to ACy of hss (ACt pso/ ACt hse ACT cugoa! ACT hss)-
To calculate the spb of these ratios, Gaussian error propaga-
tion was employed. Pearson’s product correlation was used
for correlation testing between hss and hso as well as hss
and cuao? transcript levels. In parallel, PA concentration was
analyzed in the leaves harvested 14 days after infection. Due
to the limited plant material per leaf, PAs were quantified in
a single assay by GC-MS as described previously
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(Stegemann et al, 2018b). To test for differences between
transcript levels and PA content in the groups “wild-type,”
“mock,” and “VIGS” for the HSO construct (Experiment 1)
and “wild-type” and “VIGS” for the CuAQO2 construct
(Experiment 2), normal distribution in the samples was
tested by applying the Shapiro—Wilk test. The Welch 2 sam-
ple t test and the t test were used to compare samples with
heterogeneity and homogeneity of variance, respectively. If
normal distribution did not apply for a sample, comparisons
were performed with the Mann-Whitney test. Statistical
analyses were performed with XLSTAT (version 21.1.1,
Addinsoft, New York, NY, USA) and RStudio (version
1.2.5019, RStudio Team, Boston, MA, USA). The detailed
results of the statistical tests are provided in Supplemental
Data Set 1.

Identification of complete open reading frames of
HSO and CuAO2 and transient protein expression

in N. benthamiana

Of the five transcripts of DAO-like sequences (CuAO1 to
CuAO5) identified by a subtractive transcriptomics ap-
proach (Sievert et al, 2015), CuAO1 (=HSO) and CuAO2
were selected for transient expression in N. benthamiana
plants. To obtain the full-length open reading frame, the
3'-end and the 5'-end of cDNA encoding HSO and CuAQ?2,
respectively, were identified using the rapid amplification of
cDNA ends approaches as described (Nurhayati et al,, 2009).
Primers are given in Supplemental Table S2. For the predic-
tion of N-terminal signal peptides, the SignalP-5.0 server
(Almagro Armenteros et al, 2019b) and the TargetP-2.0
server (Almagro Armenteros et al, 2019a) were used. For
the prediction of N-glycosylation sites the GlycoEP server
(Chauhan et al,, 2013) was used. The complete ORF of HSO
(CuAO1) and CuAO2 were amplified using primer pairs
P24/P25 and P26/P27, respectively, introducing attB1 and
attB2 recombination sites, a Kozak sequence (Kanagarajan
et al, 2012) directly in front of the start-ATG, and C-termi-
nal Strep-tag Il sequences (IBA, Gottingen, Germany). The
resulting fragments were cloned into the binary vector
pH7WG2D.1 (Karimi et al,, 2007) using pDONR221 (Thermo
Fisher Scientific Waltham, MA, USA) as the entry vector.
The resulting expression constructs were transformed into
A. tumefaciens strain GV3101/pMP90 (Koncz and Schell,
1986) by electroporation, as were the empty pH7WG2D.1
vector as a control and the pBIN61-P19 vector that was
used to minimize posttranslational silencing effects by
co-infecting the N. benthamiana plants.

For transient protein expression in N. benthamiana, sy-
ringe agroinfiltration was performed using a method de-
scribed by Broghammer et al. (2012) with modifications.
Briefly, the infiltration medium (50 mM MES buffer, 2 mM
NazPO, 0.5% glucose, 200 UM acetosyringone, pH 5.6) was
employed to resuspend the pelleted agrobacterium harbor-
ing the vector plasmids before they were incubated for 2.5 h
at room temperature. After diluting each culture to an opti-
cal density at 600 nm of 0.3, each of the cultures harboring
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the expression vector was mixed with the culture harboring
the pBING61-P19 vector at a ratio of 3:1 for the infiltration of
the leaves. The abaxial surface of the leaves was gently
scratched with a syringe needle, and about 2-mL agrobacte-
rium suspension was infiltrated into each leaf. For up to 50
plant individuals, several leaves per individual were infil-
trated. Afterwards, plants were placed into a climate cham-
ber (25°C, 65% humidity, and a 16/8-h light/dark cycle
(206 pmol m™" s7'). Infiltrated leaves were harvested at
4days (HSO) and 6days (CuAQ2) after infiltration and
pooled for protein extraction. The optimal time point for
harvest had been determined by quantifying transcript lev-
els, protein levels, and enzymatic activity of the genes under
study (Supplemental Figure S2).

Protein extraction and purification

All steps were performed at 4°C if not stated otherwise. Leaf
samples were frozen in liquid nitrogen and ground to a fine
powder from which 1g was extracted in 5 mL extraction
buffer (100 mM Tris—HCl pH 8, 150 mM NaCl, 5% (w/v)
polyvinylpyrrolidone, 2.5% (w/v) sodium ascorbate, 1% (w/v)
activated charcoal, 2% (v/v) Biolock to prevent binding of
biotin to the affinity matrix) for 15 min at 4°C. After filtra-
tion of the extract via Miracloth (Merck-Millipore,
Burlington, MA, USA), the extract was centrifuged at
20,000g for 20 min at 4°C. The extract was re-buffered by
using centrifugal filter units of 30kDa (Amicon, Merck,
Darmstadt, Germany) to the assay buffer (30 mM potassium
phosphate buffer, pH 7.2) or, for affinity purification, by us-
ing PD-10 desalting columns (GE Healthcare) to the purifica-
tion buffer (100 mM Tris—HCl pH 8, 150 mM NaCl) before
application onto a Strep-Tactin XT Superflow (IBA,
Gottingen, Germany) with a flow rate of 7drops/min. The
protein concentration in the desalted crude protein extract
was estimated using the method of Bradford (1976) or, in
the case of purified protein, by direct absorption at 280 nm
with the Nanodrop 2000 UV-Vis Spectrophotometer
(Thermo Fisher Scientific).

Protein gel blot analysis

Samples of 20 pg desalted crude protein extract were sepa-
rated via sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). The blotting step onto a
polyvinylidenefluoride membrane (Immobilon P; Merck
Millipore, Burlington, MA, USA) and the detection of the
Strep-tag Il by the Strep-Tactin AP conjugate (IBA,
Gottingen, Germany, catalog # 2-1502-001) were performed
as described by the manufacturer with the modification that
the membrane was blocked overnight at room temperature
with Tris-buffered saline supplemented with 0.1% (v/v)
Tween-20, 0.1% (v/v) Triton, and 3% (w/v) bovine serum al-
bumin and later incubated in Strep-Tactin AP Conjugate
overnight at 4°C.

Microsequencing of HSO
Affinity-purified HSO was separated by SDS-PAGE (0.5 g
per lane), cut from the gel after it had been stained with
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Coomassie blue, and washed three times with water.
Following digestion with trypsin, the resulting peptides were
subjected to ESI-MS/MS as described previously (Roth et al,
2018).

Photometrical assay for CuAO

An amount of 20 pg purified enzyme in a total volume of
0.5mL or 500 ng desalted crude protein extract in a total
volume of 0.75mL was incubated for 5 and 15min, respec-
tively, in assay buffer (30 mM potassium phosphate buffer,
pH 7.2) with 1TmM of each polyamine substrate (Hspd, Put,
Spd, Spm, histamine, and Cad) at 30°C. Activity was quanti-
fied by the monitoring of hydrogen peroxide formation by
color development (Allain et al, 1974). In the presence of
horseradish peroxidase (5U/mL, Carl Roth, Karlsruhe,
Germany), the produced hydrogen peroxide oxidizes 4-ami-
noantipyrine, which couples to sodium 4-hydroxybenzene-
sulfonate dihydrate (25mM, Sigma-Aldrich, St Louis, MO,
USA) to form quinoneimine dye (Agsg = 5.54mM' cm™)
(Vojinovi¢ et al., 2004). Color formation was monitored con-
tinuously for 10 min by Swift-ll software (GE Healthcare) to
ensure linear product formation. Analyses with desalted
crude protein extract were performed in comparison with
extracts of leaves infected with empty vector as control.

Site-directed mutagenesis

For site-directed mutagenesis, the construct containing the
full ORF of HSO in the pDONR221 entry vector was ampli-
fied with the primer pair P31/P32 (Supplemental Table S2)
by a method described previously (Liu and Naismith, 2008)
to substitute the codon TAC by TTT, resulting in the re-
placement of tyrosine by phenylalanine. The modified se-
quence was introduced into the pH7WG2D.1 destination
vector before being expressed as described for the unmodi-
fied sequences.

Preparation of Hspd, ['>C]Hspd, and ["°N]Hspd

Hspd was prepared biosynthetically using the heterologously
expressed bacterial HSS of Blastochloris viridis in E. coli
(Tholl et al, 1996). In a total volume of 50 mL potassium
phosphate buffer (50mM, 2 mM DTT, 2 mM NAD", pH
8.6), 5 mg affinity-purified bacterial HSS was incubated with
5 mmol Put at 37°C overnight. Once the reaction had been
stopped by the addition of 55mL of 1.4 M hydrochloric
acid, Hspd was purified using ion exchange resin as de-
scribed previously (Ober et al, 2003), and the sample was
tested for the complete removal of substrate by thin layer
chromatography (Frolich et al, 2007). Following evaporation
of the solvent, Hspd trihydrochloride powder was washed
three times with methanol at 4°C to remove minor impuri-
ties. The identity and purity of Hspd were confirmed by 1D
proton NMR, HMBC, and HSQC in CDCl; (Carl Roth,
Karlsruhe, Germany). The identical procedure was used to
prepare [>CJHspd and ["N]Hspd using fully labeled
[*C]Put (Eurisotop, France) and fully labeled ["°N]Put
(Sigma-Aldrich), respectively, as substrates.
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Identification of the products of the HSO reaction
For the NMR-based identification of the product of the
HSO-catalyzed conversion of Hspd, a protocol was chosen
that had been described earlier for the identification of reac-
tion products of BSAO (Houen et al., 2005). Briefly, 0.2 mg
affinity-purified HSO (added in aliquots of 50 g every 12h
of incubation) was incubated in a total volume of 0.75mL
in potassium phosphate buffer (10mM, pH 7.2) that was
supplemented with 60 pL D,O and that included 1 mM
Hspd as a substrate, for 72 h at room temperature. In a sec-
ond reaction, this protocol was modified with 40,000 U cata-
lase (Carl Roth, Karlsruhe, Germany) being added to the
reaction mix before the incubation was started and at each
time point when HSO aliquots were also added (in total
160,000 U catalase) to catalyze the decomposition of hydro-
gen peroxide to water and oxygen. Enzymes were added re-
peatedly to the reaction mix to minimize the effects of
protein denaturation and to increase product yield. The re-
action was monitored via 1D proton NMR in 24-h time
intervals.

For the GC-MS-based identification of the HSO reaction
products, desalted crude protein extracts (5mg) were incu-
bated in a total volume of 1TmL in potassium phosphate
buffer (30 mM, pH 7.2), which included 1 mM Hspd either
with or without catalase (160,000 U/mL) at room tempera-
ture. The reaction was stopped at various time points by be-
ing flash-frozen in liquid nitrogen. For sample clean-up, the
reactions were centrifuged (after being thawed) at
14,000 x g for 5min at room temperature and applied to a
Retain-SPE-CX  cartridge (1mg/3mL, Thermo  Fisher
Scientific) according to the manufacturer’s protocol. Of
note, preacidification to pH 1-2 using 0.1N sulfuric acid
(Carl Roth, Karlsruhe, Germany) allowed the binding of all
products of the various HSO-incubations, whereas the use
of potassium phosphate buffer (30 mM, pH 7.2) allowed the
binding of the 1-formylpyrrolizidine only. To exclude any im-
pact on the conversion of Hspd by N. benthamiana proteins,
the same set-up was repeated with an empty vector control.

To test the effect of hydrogen peroxide on the product
composition of the HSO reaction, purified 1-formylpyrrolizi-
dine was resuspended in potassium phosphate buffer
(30mM, pH 7.2) containing 2 mM hydrogen peroxide (Carl
Roth, Karlsruhe, Germany) and incubated for 1h at room
temperature. After preacidification to pH 1-2 using 0.1N
sulfuric acid (Carl Roth, Karlsruhe, Germany), 1-formylpyrro-
lizidine and 1-carboxypyrrolizidine were purified via a
Retain-SPE-CX  cartridge (1mg/3mL, Thermo  Fisher
Scientific). For unequivocal product identification, the prod-
ucts resulting from the incubation of Hspd with purified
HSO were derivatized with MOX and MSTFA to confirm
the presence of the aldehyde group and the carboxy group
in 1-formylpyrrolizidine and 1-carboxypyrrolizidine, respec-
tively. Thus, the purified reaction products were reconsti-
tuted in methanol, dried under an air stream, and then
reconstituted in 30puL MOX reagent (Thermo Fisher
Scientific) and incubated for 1h at 37°C. After the addition


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac068#supplementary-data

Homospermidine oxidase

of 15uL MSTFA (Thermo Fisher Scientific), the sample was
incubated for another 30 min at 37°C.

NMR Analyses

1D and 2D proton NMR spectra for observation of the reac-
tion process were recorded using a Bruker Avance Il 300
NMR spectrometer (Bruker, Rheinstetten, Germany) operat-
ing at 300 MHz for 'H, 75.5 MHz for ">C, and 30.4 MHz for
>N, a Bruker Avance Ill 400 NMR spectrometer operating at
400 MHz for '"H and 101 MHz for °C, a Bruker Avance Il
500 NMR spectrometer operating at 500 MHz for 'H,
126 MHz for "°C, and 50.7 MHz for N, or a Bruker Avance
600 spectrometer with CryoProbe operating at 600 MHz for
'H, 151 MHz for ">C, and 60.8 MHz for ">N. Measurements
were performed at 298K, and the temperature was cali-
brated with a methanol-d; solution. For each sample, auto-
matic tuning and matching of the probe were performed, in
addition to automatic shimming. Standard pulse programs
of the manufacturer’s pulse program library were used.

Tracer-feeding experiments

For tracer feeding a method described earlier was used
(Stegemann et al, 2018a) with [°*C]Hspd and the two prod-
ucts of the HSO reaction, that is, ['°C]1-formylpyrrolizidine
and ["C]1-carboxypyrrolizidine, as tracers. To enhance
[*C]1-formylpyrrolizidine formation, catalase was added,
and the product was purified by means of potassium phos-
phate buffer (30 mM, pH 7.2) to allow the binding of the
1-formylpyrrolizidine only as described above. To obtain
['3C]1-carboxypyrrolizidine, an HSO incubation without cat-
alase using desalted crude protein extract for 20h (see
above) was used for another incubation with 2 mM hydro-
gen peroxide for 60 min in order completely to oxidize the
[*C)1-formylpyrrolizidine before purification as described
above. Pathway intermediates and PA patterns were identi-
fied by GC-MS as described earlier (Stegemann et al,
2018b).

GC-EI-HRAMS

The exact molecular weight and molecular formula of the
HSO reaction products were determined using a QExactive
GC-Orbitrap instrument (Thermo Fisher Scientific, Dreieich)
with the electron-impact ion source temperature at 280°C.
Scans (100-200 m/z) were performed at a resolution of
60,000 (at 200m/z) and 70eV. GC parameters were as fol-
lows: SSL injector temperature: 280°C, carrier gas helium
with a flow of 1.2 mL/min; split flow: 25 mL/min, transferline
temperature: 280°C; oven program: 45°C hold 1min, 35°C/
min to 300°C, 300°C hold 2 min; GC column: TG-5 SilMS
30m, 0.25mm, 0.25 um.

Accession numbers

Sequence data from this article have been deposited with
the GenBank data library under the following accession
numbers: Heliotropium indicum HSO (MT597432), CuAO2
(MT627598), CuAO3 (MT627599), CuAO4 (MT627600), and
CuAO5 (MT627601).
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Relative expression profile of
CuAO:s in leaves of H. indicum wild-type plants and plants
subjected to VIGS.

Supplemental Figure S2. Estimation of expression levels
after transient infection of N. benthamiana leaves in days
post infection.

Supplemental Figure S3. Kinetic properties of HSO.

Supplemental Figure S4. Detection of the posttransla-
tionally synthesized cofactor TPQ of HSO.

Supplemental Figure S5. Detection of N-glycosylation of
HSO exemplified for the second glycosylation site.

Supplemental Figure S6. 2D NMR with HSQC and H,H-
COSY spectra of the reaction products of HSO with Hspd as
substrate.

Supplemental Figure S7. HSQC spectrum of the purified
reaction product resulting from incubation of HSO with
Hspd after repetitive addition of catalase.

Supplemental Figure S8. 126 MHz 'H decoupled "C-
NMR spectra of an incubation of HSO with Hspd without
and with addition of catalase.

Supplemental Figure S9. Characterization of ['>N]Hspd.

Supplemental Figure S$10. Characterization of the amino
groups of the substrate Hspd and the HSO reaction
products.

Supplemental Figure S11. Derivatization of HSO-reaction
product mixture with MOX and MSTFA.

Supplemental Figure S12. Relative TRV coat protein
transcript abundance (AC; ,) in leaves of H. indicum
infected with A. tumefaciens carrying VIGS constructs.

Supplemental Table S1. Kinetic data of HSO and CuAO2
analyzed using different models in GraphPad Prism (version
8.4.3 (686), San Diego, CA, USA).

Supplemental Table S2. Primer sequences.

Supplemental Data Set 1. Test statistics for VIGS
Experiments 1 and 2.
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