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Abstract

Fully substituted phenolamide accumulation in the pollen coat of Eudicotyledons is a conserved evolutionary chemical
trait. Interestingly, spermidine derivatives are replaced by spermine derivatives as the main phenolamide accumulated in
the Asteraceae family. Here, we show that the full substitution of spermine in chicory (Cichorium intybus) requires the suc-
cessive action of two enzymes, that is spermidine hydroxycinnamoyl transferase-like proteins 1 and 2 (CiSHT1 and
CiSHT2), two members of the BAHD enzyme family. Deletion of these genes in chicory using CRISPR/Cas9 gene editing
technology evidenced that CiSHT2 catalyzes the first N-acylation steps, whereas CiSHT1 fulfills the substitution to give rise
to tetracoumaroyl spermine. Additional experiments using Nicotiana benthamiana confirmed these findings. Expression of
CiSHT2 alone promoted partially substituted spermine accumulation, and coexpression of CiSHT2 and CiSHT1 promoted
synthesis and accumulation of the fully substituted spermine. Structural characterization of the main product of CiSHT2
using nuclear magnetic resonance revealed that CiSHT2 preferentially catalyzed N-acylation of secondary amines to form
N°N"’-dicoumaroyl spermine, whereas CiSHT1 used this substrate to synthesize tetracoumaroyl spermine. We showed that
spermine availability may be a key determinant toward preferential accumulation of spermine derivatives over spermidine
derivatives in chicory. Our results reveal a subfunctionalization among the spermidine hydroxycinnamoyl transferase that
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was accompanied by a modification of free polyamine metabolism that has resulted in the accumulation of this new phe-
nolamide in chicory and most probably in all Asteraceae. Finally, genetically engineered yeast (Saccharomyces cerevisiae)
was shown to be a promising host platform to produce these compounds.

Introduction

Plants accumulate a wide array of specialized metabolites.
Historically defined as opposed to primary metabolites, these
molecules have long been called secondary metabolites be-
cause they were often considered as evolutionary enigma or
even waste products (Hartmann, 2007). Primary metabolites,
that is, central metabolites, referred to molecules that are re-
quired for the survival of the host and which biosynthesis is
fairly well conserved in all living organisms. Specialized metab-
olites include molecules that are dispensable for survival in an
optimal environment but confer a great advantage in specific
ecological niches and in the management of biological inter-
actions (Pichersky and Lewinsohn, 2011). Therefore, their syn-
thesis and accumulation are often distributed in a
taxonomically restricted manner with few exceptions. These
molecules are the basis of the extraordinary adaptability of
plants to their environment as well as the remarkable chemi-
cal diversity occurring in the biosphere (Pichersky and
Lewinsohn, 2011). Thus, terrestrialization of the green lineage
is often associated with the emergence of these new mole-
cules (Weng, 2014). They are involved in various ecological
functions notably plant interaction with its environment, for
example, pollinator attraction, symbiotic microorganism at-
traction, defense against pathogens and herbivores or envi-
ronmental stresses (Ahmed et al, 2017). At the molecular
level, the emergence of new metabolic pathways during plant
evolution mainly relies on gene duplication followed by ran-
dom mutations (Chae et al, 2014). These genetic events oc-
curring in the open reading frames or/and in the regulatory
parts of the genes can promote the appearance of new bio-
chemical paths leading to new metabolites associated with
new functions. This evolutionary scenario is called neofunc-
tionalization if one gene retains its ancestral function, whereas
the other evolves to promote a new function. If both genes
experience mutations and participate in a new function while
contributing together to the maintenance of their ancestral
function, this is called subfunctionalization (Kroymann, 2017;
Weng, 2014; Moghe and Last, 2015). Another model to ex-
plain the appearance of new metabolic pathways is escape
from adaptive conflict (Kroymann, 2011; Moghe and Last,
2015). In this model, a single gene evolved a new function at
the expense of the ancestral function. This gives rise to an
adaptive conflict that is solved through gene duplication
(Kroymann, 2011). In contrast to primary metabolism, in
which selection results in enzymes with high efficiency and
strict substrate specificity, enzymes from specialized metabo-
lism usually have broad substrate specificity but low catalytic
specificity, which favors the emergence of multiple new path-
ways during evolution (Weng et al, 2012). This enzymatic

promiscuity is thought to play a central role in evolution of
specialized metabolic enzymes and generation of chemical di-
versity (Weng et al, 2012).

Phenolics are specialized metabolites that are widely distrib-
uted in the plant kingdom and contribute to all aspects of
plant life. They are mostly derived from the phenylpropanoid
pathway. Products of this pathway, hydroxycinnamic acids,
are recruited to form majority of phenolic compounds includ-
ing lignin, tannins, suberin, and flavonoids. Hydroxycinnamic
acid moieties, for example, coumaric, caffeic, ferulic acid, or
sinapic acids are rarely accumulated under their free forms
but are often conjugated to acid alcohols, sugars or amines
to form esters, glycosides, or phenolamides, respectively. The
latter are also termed phenylamides or hydroxycinnamic acid
amides (Edreva et al, 2007, Roumani et al, 2021). These
polyamine-derived molecules are mostly known for their in-
volvement in floral induction or as defense compounds
(Bassard et al, 2010; Roumani et al,, 2021). Phenolic acids can
be conjugated to either aromatic amines like tyramine, trypt-
amine, octopamine, or anthranilate or aliphatic polyamines
like putrescine, spermidine, or spermine (Bassard et al, 2010;
Roumani et al,, 2021).

To date, all the enzymes involved in N-acylation of ali-
phatic polyamines belong to the superfamily of the BAHD
acyltransferases (Roumani et al, 2021). For instance, agma-
tine coumaroyl transferase (ACT) catalyzes N-acylation of
agmatine in barley (Hordeum vulgare) and Arabidopsis
(Arabidopsis thaliana; Burhenne et al, 2003; Muroi et al,
2009), and hydroxycinnamoyl-CoA:putrescine acyltransferase
(AT1) that of putrescine in Nicotiana attenuata
(Onkokesung et al, 2012). The triamine spermidine was
shown to be acylated by spermidine disinapoyl transferase
(SDT) and spermidine dicoumaroyltransferase (SCT) in
Arabidopsis (Luo et al, 2009), by hydroxycinnamoyl-
CoA:spermidine acyltransferase (DH29) in N. attenuata
(Onkokesung et al,, 2012) and by spermidine hydroxycinna-
moyl transferase (SHT) in the tapetal cells of Arabidopsis
and apple (Malus domestica; Grienenberger et al, 2009
Elejalde-Palmett et al, 2015). We have previously identified
and characterized two enzymes from chicory (Cichorium
intybus), called spermidine hydroxycinnamoyl transferase-like
proteins 1 and 2 (CiSHT1 and CiSHT2), closely related to
AtSHT and MdSHT. Both chicory enzymes were shown to
be involved in tetracoumaroyl spermine synthesis (Delporte
et al, 2018). The only enzymes characterized so far that
have the capability to acylate secondary amino groups to
synthesize fully substituted polyamines are SHTs (Pichersky
et al, 2006; Grienenberger et al,, 2009; Elejalde-Palmett et al,,
2015; Peng et al, 2016, 2019; Delporte et al, 2018; Perrin
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Full acylation of spermine requires two SHTs

et al, 2021). The accumulation of fully substituted spermi-
dine derivatives was shown to be restricted to the pollen
coat of Arabidopsis and apple tree and suggested as a
marker of the pollen exine of Eudicotyledons (Grienenberger
et al, 2009; Elejalde-Palmett et al, 2015). We provided evi-
dence that spermine-derived phenolamides constitute a
chemical signature of the pollen coat of the Asteraceae fam-
ily (Delporte et al., 2018). Both enzymes identified in chicory
acylated either spermine or spermidine in vitro in the pres-
ence of hydroxycinnamoyl-CoA and all intermediates were
detected, but, surprisingly the fully substituted polyamines
were not the major products. Additionally, heterologous ex-
pression of CiSHT2 in sht Arabidopsis mutants which do
not accumulate phenolamide in the pollen coat led to simi-
lar inconsistency that is, some phenolamides were accumu-
lated, but fully substituted phenolamides were not the main
phenolamides (Delporte et al, 2018). Similar results were
obtained when chicory hairy roots that did not accumulate
phenolamides naturally were engineered to overexpress
CiSHT2: no fully substituted phenolamides were detected
whereas partially substituted phenolamides were present
(Delporte et al,, 2018). Moreover, heterologous and homolo-
gous expression of CiSHT1 did not induce any phenolamide
accumulation.

In this report, we conducted in planta experiments in or-
der to clarify the roles of CiSHT1 and CiSHT2. In order to
know if both enzymes were required for the production of
tetracoumaroyl spermine in the tapetal cells, we generated
chicory plants silenced in the expression of either CiSHT1 or
CiSHT2 or both. Interestingly, Cisht1 and Cisht2 single mu-
tant plants have a different flower bud phenolamide pattern
than the wild-type (WT). Cisht1 single mutant also exhibits
a phenolamide profile different from that of the Cisht2 mu-
tant. The data suggest that both enzymes act sequentially
in vivo to synthesize tetracoumaroyl spermine. Heterologous
expression of these genes in Nicotiana benthamiana con-
firmed this assumption. We provided evidence that CiSHT2
acylates preferentially secondary amines using free or mono-
acylated polyamines as a substrate, whereas CiSHT1 uses the
already acylated polyamines to produce fully substituted
amines. Moreover, while this enzymatic system is able to ac-
ylate either spermine or spermidine in vivo and in vitro, fur-
ther investigation suggested that free polyamine availability
may contribute to direct the flux toward either spermidine
or spermine derivative production. Additionally, a bioconver-
sion system using yeast (Saccharomyces cerevisiae) as a chas-
sis to produce spermine derivatives was successfully
established but needs further improvement for the efficient
production of different isomers of acylated spermine.

Results

Generation of Cisht1 and Cisht2 chicory mutants
from genome-edited hairy roots

In order to decipher the functional roles of CiSHT1 and
CiSHT2 and try to understand the meaning of this apparent
biochemical redundancy, mutants have been generated. The

PLANT PHYSIOLOGY 2022: 189; 2029-2043 | 2031

genes CiSHT1 and CiSHT2 are 1,356-bp and 1,359-bp long,
respectively, and do not contain any introns (Delporte et al,,
2018). The target sequences were selected to induce breaks
at positions 550 and 663 for CiSHT1 and at positions 235
and 351 for CiSHT2 (Figure 1A). Three binary vectors were
prepared but only two gave rise to mutant plants
(PYLCRISPR-sgRNA1-sgRNA2-CiSHT2 was ineffective). The
first, named pYLCRISPR-sgRNA1-sgRNA2-CiSHT1, was
designed to generate a double mutation in CiSHTT and the
second, termed pYLCRISPR-sgRNA1-sgRNA2-SHT1/sgRNA1-
sgRNA2-SHT2, to generate a double mutation in both genes,
thus expressing four sgRNAs (Figure 1, B and C). Through
Agrobacterium rhizogenes-mediated transformation, 12 and 7
glufosinate-resistant hairy root lines were obtained with
pYLCRISPR-sgRNA1-sgRNA2-CiSHT1 and  pYLCRISPR-
sgRNA1-sgRNA2-SHT1/sgRNA1-sgRNA2-SHT2 vectors, re-
spectively. Genomic DNA was extracted from each resistant
line in order to determine the presence of mutations in the
target loci by high-resolution melting (HRM) curve analysis.
PCR products from plants with divergent melting curves
compared to the WT, were further sequenced in order to
confirm mutations and to characterize them. Seven lines
with biallelic mutations for each transformation event have
been identified and wused for further experiments
(Supplemental Figure S1). Three independent sht1 mutant
lines (8, 17, and 19; Supplemental Figure S1A) arising from
transformation with  pYLCRISPR-sgRNA1-sgRNA2-CiSHT1,
three independent sht2 mutant lines (21, 22, and 23;
Supplemental Figure S1B), and one sht1/sht2 double mutant
line (7; Supplemental Figure S1C) arising from transforma-
tion with  pYLCRISPR-sgRNA1-sgRNA2-SHT1/sgRNA1-
sgRNA2-SHT2 were generated. Most of the mutations oc-
curred at a position about 3-bp upstream the protospacer
adjacent motif (PAM) sequence, as reported in other studies
(Jinek et al, 2012). Editing types were either small deletion
or insertions, but sometimes the inter-guide fragment was
completely deleted as for the line SHT2 (23; Supplemental
Figure S1B), which is consistent with what was shown in our
previous study (Bernard et al, 2019). The target 1 of CiSHT1
was not effective in editing the target sequence with both
binary vectors. The fact that some targets are less effective
than others was already observed in apple (Nishitani et al,
2013). The frame shifts induced by the genome-editing in-
troduced an early stop on mRNA translation in all the mu-
tated hairy root lines (Supplemental Figure S2).

Metabolic analysis of genome-edited plants

To investigate whether mutations generated by the CRISPR/
Cas9 system had an impact on the phenolamide content of
chicory flower buds, plants were regenerated from hairy
roots. Flower buds from sht7 mutant lines, sht2 mutant
lines, sht1/sht2 double mutant line, and from plants trans-
formed with A. rhizogenes WT strain (thereafter these plant
lines are called WT) were collected. As shown previously
(Delporte et al, 2018), tetracoumaroyl spermine was the
main phenolamide in WT flower buds and both tricou-
maroyl spermine and tricoumaroyl spermidine were
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Figure 1 Schematic diagram of CiSHT1 and CiSHT2 gene structures and of vectors used to generate chicory mutants. A, Schematic diagram of
CiSHT1 and CiSHT2 gene structures (gray rectangles) and target sequences (red lines). The translation initiation codon (ATG) and termination co-
don (stop) are shown. The target sequence is shown in capital letters, and the PAM sequence is marked in red. B and C, Schematic diagram of the
pYLCRISPR-sgRNA1-sgRNA2-CiSHT1 and pYLCRISPR-sgRNA1-sgRNA2-SHT1/sgRNA1-sgRNA2-SHT2 vectors, respectively. Bar: Phosphinothricin
acetyltransferase. 35S: cauliflower mosaic virus 35S promoter. NLS: nuclear localization sequence. CiU6-1P: C. intybus U6-1p promoter. LB: left bor-

der. RB: right border. T1 or T2 stands for target 1 or 2.

accumulated at a lower level (Figure 2). In the flower buds
of sht2 mutant lines and of the sht1/sht2 double mutant, no
phenolamides were detected and both genotypes exhibited
identical metabolic profile (Figure 2). In the flower buds of
the sht1 mutant lines, only partially substituted spermine
that is, dicoumaroyl spermine and tricoumaroyl spermine,
were detected instead of tetracoumaroyl spermine. All to-
gether, these data suggest that both CiSHT1 and CiSHT2 are
required to promote the synthesis of the fully substituted
phenolamides in chicory flower buds. CiSHT2 would catalyze
the first N-acylation steps, whereas CiSHT1 would fulfill the
N-acylation to produce the fully substituted phenolamides.

Transient expression of CiSHT1 and CiSHT2 in

N. benthamiana leaves

In order to confirm the previous results, CiSHT1 and CiSHT2
were transiently expressed in leaves of N. benthamiana
where phenolamide-like compounds are not expected to ac-
cumulate. Leaves of N. benthamiana were infiltrated with
Agrobacterium tumefaciens containing constructs of CiSHT1
or CiSHT2 or with a mixture of both strains. As a control,
leaves were infiltrated with the void vector, pEAQ-HT. Four
days after infiltration, leaves were collected, and the phenolic
compounds were extracted before analysis. As expected, no

spermine or spermidine derivatives were detected in
N. benthamiana leaves infiltrated with bacteria containing ei-
ther the empty vector, pEAQ-HT and more interestingly
with the pEAQ-HT-DEST1-SHT1 (35S-CiSHT1) vector
(Figure 3). In leaves transiently expressing SHT2 (35S-
CiSHT2), a mixture of phenolamides was detected, notably,
mono- and di-coumaroyl spermidine as well as mono- and
di-coumaroyl spermine. However, no fully substituted phe-
nolamides could be detected or only in trace amounts.
Finally, leaves agroinfiltrated with the vector pEAQ-HT-
DEST1-SHT1 together with the vector pEAQ-HT-DEST1-
SHT2 (35S-CiSHT1 + 35S-CiSHT2) accumulated tricoumaroyl
spermidine, tricoumaroyl spermine, and tetracoumaroyl
spermine. The main fully substituted phenolamide was tri-
coumaroyl spermidine (Figure 3). Interestingly, the peaks
present in the chromatogram obtained with an extract of
leaf infiltrated with pEAQ-HT-DEST1-SHT2 alone disap-
peared. To deepen our knowledge about the reaction cata-
lyzed by both enzymes, an experiment was conducted in
order to characterize the different isomers and determine
their relative abundance. Eight independent N. benthamiana
plants were agroinfiltrated as already described and the me-
tabolite profiles analyzed by hierarchical clustering (Figure 4;
Supplemental Table S1). Three monocoumaroyl spermidine
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Figure 2 Stacked HPLC chromatograms of extracts obtained from flower buds at stages 13-15 isolated from WT, sht7 mutant, sht2 mutant or
sht1/sht2 mutant. The identity of the numbered peaks was confirmed by mass spectrometry: (1) tetracoumaroyl spermine, (2) tricoumaroyl sper-
midine, (3) tricoumaroyl spermine, and (4) dicoumaroyl spermine.

Absorbance (300 nm)

(7)
(2) w 35S-CiSHT1 + 35S-CiSHT2

3) (4)
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T
18.0 19.0 20.0 min

Figure 3 Stacked HPLC chromatograms of extracts obtained from agroinfiltrated N. benthamiana leaves. Plants were infiltrated with either the
empty plasmid, CiSHT1 (35S-CiSHT1), CiSHT2 (35S-CISHT2), or CiSHT1 plus CiSHT2 (35S-CiSHT1 + 35S-CiSHT2). The identity of the numbered
peaks was confirmed by mass spectrometry: (1) monocoumaroyl spermine, (2) monocoumaroyl spermidine, (3) dicoumaroyl spermine, (4) dicou-
maroyl spermidine, (5) tricoumaroyl spermine, (6) tricoumaroyl spermidine, and (7) tetracoumaroyl spermine.
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Figure 4 Heatmap of spermine and spermidine derived phenolamides
in N. benthamiana agroinfiltrated with CiSHT1, CiSHT2, or CiSHT1 plus
CiSHT2. Pick area means for each condition (eight plants) and for
each metabolite are expressed per mg of dry material (DM). Natural
logarithm of the means for each condition was used to conduct the
heatmap hierarchical clustering with the Ward’s method. Colors in
the heatmap are related to the sequential logarithmic scale presented
in the right panel. DiCSpd, dicoumaroyl spermidine; MonoCSpd,
monocoumaroyl  spermidine; DiCSpm, dicoumaroyl spermine;
TriCSpm, tricoumaroyl spermine; TetraCSpm, tetracoumaroyl sper-
mine; TriCSpd, tricoumaroyl spermidine.

isomers, two dicoumaroyl spermidine isomers, and one
dicoumaroyl spermine were detected when N. benthamiana
leaves were agroinfiltrated with CiSHT2. Traces of tricou-
maroyl spermidine were also detected. The main monocou-
maroyl spermidine (MonoCSpd isomer 1) had a RT of
2.5min in our chromatographic conditions (Figure 3) as also
shown in our previous in vitro experiments (Delporte et al,
2018). It gave a [M + H]" ion at m/z 292.2013 as estab-
lished by electrospray ionization high-resolution mass spec-
trometry (ESI-HRMS). Its molecular formula was determined
to be Ci6H,5N50, as expected for monocoumaroyl spermi-
dine. ESI-MS-HRMS was performed to attempt to determine
its precise structure. A previous study has shown that it was
possible to distinguish the three regioisomers using this ap-
proach (Hu et al, 1996). Fragmentation pattern of each iso-
mer was extensively examined by using either '°N labeling
or H/D exchange. Many fragments were common for all iso-
mers but the relative intensity of the ions at m/z 218 and
221 were shown to be a diagnostic value. For N'-monocou-
maroyl spermidine, the ion at m/z 221 was more intense
than that at m/z 218 whereas an opposite trend was ob-
served for N'°-monocoumaroyl spermidine. The ion at m/z
221 was slightly more intense than the ion at m/z 218 for
N°>-monocoumaroyl spermidine. Contribution of the ion at
m/z at 221 for N>-monocoumaroyl spermidine was attrib-
uted to an isomerization reaction responsible for the partial
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conversion of N°-monocoumaroyl spermidine into N'-
monocoumaroyl spermidine. In our analysis, ESI-MS-HRMS
spectra were similar to those reported by Hu et al. (1996)
confirming identical behavior toward fragmentation of the
isomers (Supplemental Figure S3). A structure has been
assigned to the three isomers and N°-monocoumaroyl
spermidine was shown to be the main isomer accumulated
in N. benthamiana leaves (MonoCSpd isomer 1;
Supplemental Table S1). The identity of the two dicou-
maroyl spermidine was not investigated further. Indeed it
was already shown that their discrimination based on tan-
dem mass spectrometry (MS/MS) data was not conclusive
(Bigler et al, 1996). The main spermine-derived products ac-
cumulated in N. benthamiana leaves expressing CiSHT2
(Figures 3 and 4; Supplemental Table S1) and accumulated
in chicory sht1 mutants (Figure 2) has a RT of 85 min in
our chromatographic conditions. The same dicoumaroyl
spermine isomer was synthesized by CiSHT2 in vitro as well
as accumulated in chicory hairy roots overexpressing CiSHT2
(Delporte et al., 2018). It was identified as one of the dicou-
maroyl spermine isomers by mass spectrometry. This com-
pound was purified from hairy root overexpressing CiSHT2
and precisely characterized. The purified compound analyzed
by ESI-HRMS gave a [M + H]" ion at m/z of 495.2971 and
the molecular formula predicted from the accurate mass
measurement was C,gH3sN4O;4 as expected for a dicoumaroyl
spermine isomer (Figure 5A). In addition, nuclear magnetic
resonance (NMR) analysis revealed 'H and ">C characteristic
signals consistent with a spermine derivative substituted with
coumaroyl groups (Table 1; Supplemental Figure S4). It
should be pointed out that the number of 'H and C signals
observed on the spectra were surprisingly halved indicating a
symmetry in the structure. Thus, spermine could be acylated
either on N' and N'* positions or on N®> and N'° positions.
Long range 'H-">C correlations were investigated by 2D NMR
using HMBC experiments to get more information about the
connectivity of the coumaroyl groups on the spermine. >Jyc
cross-peaks were observed between the protons H-4/H-11 (&
3.57ppm) and H-6/H-9 (8§ 3.59 ppm) of the spermine and
the equivalent quaternary carbons from coumaroyl groups (&
169.9 ppm) corresponding to carbonyl of an amide function.
These results suggest the grafting of coumaroyl units on sec-
ondary amines of spermine to give N°, N'°-dicoumaroyl sper-
mine (Figure 5C). In the ESI-HRMS spectrum, typical
fragments were observed at m/z 147.0441, 204.1019,
2751754, and 349.2600 confirming the identity of this com-
pound (Figure 5, A and B). From the precursor ion at m/z
495.2709, a first loss of NH; (—17 Da) gave a fragment with a
moderate intensity at m/z 478.2709. Loss of NH; from the
ions at m/z 349.2600 and 275.1754 gave ions with very low
intensities at m/z 3322321 and 258.1490, respectively. All
these NHj; losses are in accordance with the presence of free
primary amine functions in the dicoumaroyl spermine under
investigation. Moreover, the very low intensity fragment at
m/z 421.2117 confirm our structural determination. Indeed,
it can only arise from the precursor ion at m/z 495.2709 by
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Figure 5 ESI-MS-HRMS spectra of purified N°N'°-dicoumaroyl spermine. A, Fragmentation of purified N°,N'°- dicoumaroyl spermine. The posi-
tion of the coumaroyl moieties was deduced from RMN data (see Table 1; Supplemental Figure S4). B, Fragmentation scheme of N> N'’-dicou-
maroyl spermine. C, Chemical structure of N°, N'°-dicoumaroyl spermine as deduced from NMR data.
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Table 1 'H and ">C-NMR data of N°, N'°-dicoumaroyl spermine in
methanol-d,

Position Oc Oy (J in Hz) HMBC
‘| — — —_

2 37.6 2.88(t,) = 6.7) 3,4

3 26.7 194 (t,) = 6.7) 2,4

4 43.7 3.57 (m) 2,36

S —_ - _

6 486 3.59 (m) 4,8, CONH’
7 27.6 1.77 (m) 8,9

8 276 1.77 (m) 4,7

9 48.6 3.59 (m) 7,11, CONH”
10 - - -

1 43.7 3.57 (m) 9,12, 13
12 26.7 194 (t,) = 6.7) 11,13

13 37.6 2.88(t,) =6.7) 11,13
14 - - -

1 127.4 - 3,5, d
2’ 130.8 7.47 (d, ) = 8.4) 4,6, p
3 1166 6.79 (d,) = 8.4) 1,4,5
4 160.8 - -

5/ 116.6 6.79(d,) = 8.4) 1,3,4
6 130.8 7.47 (d,) = 8.4) 2,4, 8
o 113.8 687 (d,) =15.7) 1/, CONH’
p’ 145.0 759 (d,) = 15.7) 2,6, a/, CONH’
CONH’ 169.9 - -

-I// 127.4 _ 3//‘ 5//’ “//
2" 130.8 747 (d,) = 8.4) 46, B"
37 116.6 679 (d,) = 8.4) 1, 4", 5"
4" 160.8 - -

5" 116.6 6.79 (d, ) = 8.4) 1,37, 4"
6" 130.8 7.47 (d, ) = 8.4) 2", 4", "
o 113.8 687 (d,) = 15.7) 1", CONH”
p” 145.0 759 (d,) = 15.7) 2", 6", o', CONH"
CONH" 169.9 - -

Position refers to the position indicated in Figure 5C. d, doublet; J, chemical shift;
HMBC, heteronuclear multiple bond correlation; J, coupling constant; m, other mul-
tiplet; t, triplet.

successive losses of NH; at one end and a propylamine chain
at the other end (Figure 5B). To conclude, the main sper-
mine synthesized by CiSHT2 in vitro as well as in vivo was
N°,N"’-dicoumaroyl spermine. It is tempting to assume that
CiSHT2 would efficiently catalyze the N-acylation of second-
ary amines of spermine, while CiSHT1 would catalyze the N-
acylation of primary amines of N°, N'’-dicoumaroyl spermine.
Production of tricoumaroyl spermine by CiSHT2 was effective
but our data suggested that the capability of CiSHT2 to acyl-
ate the primary amine of dicoumaroyl spermine was less ef-
fective than that of CiSHT1.

Free polyamine availability controls the nature of
the final product

While CiSHTs were shown in vitro to be able to catalyze
spermidine and spermine N-acylation without apparent sub-
strate preferences (Delporte et al, 2018), N. benthamiana
and Arabidopsis transformed with the chicory SHTs mainly
accumulates spermidine derivatives, whereas the main com-
pound found in chicory flower buds is tetracoumaroyl sper-
mine. This observation prompted us to determine whether
the pools of available polyamines in a specific tissue could
be responsible for the production of a particular compound
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rather than the acyl acceptor specificity of the enzymes. In
Arabidopsis flower buds, the ratio of spermidine over sper-
mine is clearly in favor of spermidine (around 5 times more
spermidine than spermine; Fellenberg et al, 2012). We
quantified free polyamines in chicory flower buds as well as
in N. benthamiana leaves. In N. benthamiana leaves, spermi-
dine levels (1umol.g™" DW) were higher than that of sper-
mine (0.12pmol.g”’ DW). The ratio spermidine/spermine
was close to 8. In contrast in chicory flower buds, this ratio
was close to 0.8. Spermidine and spermine levels were 0.5
and 0.7 umol.g™' DW, respectively. These data suggest that
the plant pool of available polyamine (and more specifically
their relative abundance) likely plays a main role in deter-
mining SHTs product synthesis and accumulation.

Bioproduction of tetracoumaroyl spermine in

S. cerevisiae

The elucidation of CiSHTs coordinated and sequential ac-
tivities requirement for spermine derivative phenolamide
synthesis prompted us to initiate metabolic engineering
in yeast for the bioproduction of tetracoumaroyl sper-
mine. To this aim, a precursor-directed synthesis strategy
was employed. A yeast strain was first transformed with
At4Cl5 allowing CoA ester production from hydroxycinna-
mates added to the external medium as required for
BAHD acyltransferases activities (Perrin et al,, 2021). Then
CiSHT1 and CiSHT2 alone or combined were introduced
in the yeast chassis. The engineered yeasts were incubated
on medium supplemented with coumarate. After 48h,
yeasts were pelleted, phenolic compounds extracted, and
analyzed by liquid chromatography-ultraviolet (LC-UV)
(Figure 6). As expected, no phenolamide could be
detected when yeasts were transformed with At4CLS
alone and in yeast coexpressing At4CL5 and CiSHT1. In
yeast transformed with At4CL5 and CiSHT2, accumula-
tions of monocoumaroyl spermidine and tricoumaroyl
spermidine were evidenced. Partially substituted spermine
derivatives was only effective when spermine was added.
In S. cerevisiae grown in liquid medium, the spermidine/
spermine ratio was shown to be around 6 (Marshall et al.,,
1979). Thus, the endogenous pools of spermidine were
too important to support spermine-derived phenolamide
production which confirms what was evidenced above,
that is free polyamine pools determine the nature of the
end product. When At4CL5 and CiSHT2 were coexpressed
and yeasts incubated on medium supplemented with
both coumarate and spermine, accumulation of mono-
coumaroyl spermine, dicoumaroyl spermine, and tricou-
maroyl spermine occurred. In these conditions, yeasts
accumulated also the spermidine derivatives but the main
phenolamide was the N',N°-dicoumaroyl spermine eluting
at 8.5min confirming the data presented above. Finally, as
expected, the expression of At4CL5, CiSHT2, and CiSHT1
together promotes accumulation of tetracoumaroyl sper-
mine especially when coumarate and spermine were
added in the medium. Identity of tetracoumaroyl
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i At4CL5-CiSHT2 (coumarate + spermine)

At4CL5-CiSHT1 (coumarate + spermine)

At4CL5 (coumarate + spermine)
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Figure 6 Stacked HPLC chromatograms of extracts from transgenic yeast expressing different combinations of genes. Yeasts were transformed
with At4CL5 alone, with At4CL5 + CiSHT2 + CiSHT1, with At4CL5 + CiSHT1 or with At4CL5 + CiSHT2. The compounds added to the external
medium are indicated in brackets. The identity of the numbered peaks was confirmed by mass spectrometry: (1) monocoumaroyl spermine, (2)
monocoumaroyl spermidine, (3) coumarate, (4) dicoumaroyl spermine, (5) dihydrocoumaroyl dicoumaroyl spermine, (6) tricoumaroyl spermine,
(7) dihydrocoumaroyl dicoumaroyl spermidine, (8) tricoumaroyl spermidine, and (9) tetracoumaroyl spermine. Tetracoumaroyl spermine coeluted
with an unknown compound in our chromatographic conditions. Mass spectrometry analysis confirmed that tetracoumaroyl spermine was only
present in yeast co-expressing both chicory genes (see Supplemental Figure S5).

spermine was confirmed by MS (Supplemental Figure S5). In
these conditions partially acylated spermine derivative accu-
mulation decreased accordingly, and accumulation of sper-
midine derivatives was also effective. Two additional peaks
were detected when yeasts were engineered with CiSHT2 or
CiSHT2 and CiSHT1. They correspond to a dihydrocoumaroyl
spermidine derivative and a dihydrocoumaroyl spermine
derivative (ie. N-dihydrocoumaroyl, N/, N’-dicoumaroyl
spermidine and N-dihydrocoumaroyl, N/, N”-dicoumaroyl
spermine, Supplemental Figures S6 and S7). The yeast enoyl
reductase TSC13 (temperature sensitive CSG2 suppressor
protein 13) is known to reduce coumaroyl-CoA into
dihydrocoumaroyl-CoA which is further used, in our case, as
a substrate by CiSHTs and competed with coumaroyl-CoA
(Perrin et al,, 2021). This heterologous system confirms our
findings, that is both enzymes are needed for tetracoumaroyl
spermine accumulation in vivo and provide an efficient tool
for the bioproduction of phenolamides derived either from
spermidine or from spermine.

Discussion

The presence of fully substituted phenolamides in the outer
surface of male gametophytes is a common feature in
Eudicotyledons (Elejalde-Palmett et al, 2015). Two enzymes
AtSHT and MdSHT belonging to the BAHD acyltransferases
family were characterized and shown to be directly
responsible for the synthesis of trisubstituted spermidine in
the tapetum of anthers (Grienenberger et al, 2009;
Elejalde-Palmett et al, 2015). Thereafter the synthesized
compounds have to be exported out of the tapetal cells to
be deposited on the pollen surface. The mechanism respon-
sible for this deposition still needs to be described. A recent
study has shown that in the Asteraceae family the major
phenolamides found in the pollen wall are fully substituted

spermine conjugates, and that the presence of these unusual
compounds is linked to the activity of two new members of
the SHT family in chicory: CiSHT1 and CiSHT2 (Delporte
et al,, 2018). The biochemical and functional characterization
of these two enzymes has provided evidence of their in-
volvement in the biosynthesis of tetracoumaroyl spermine.
Nevertheless, in vitro and in vivo experiments suggested
that there might be some particular features in the tapetum
of chicory that act in favor of fully substituted spermine ac-
cumulation. Here, additional experiments were conducted
to deepen our knowledge of this biochemical pathway.

The CRISPR/Cas9 system was used to knockout CiSHT1
and CiSHT2 using the protocol set up by Bernard et al.
(2019). The metabolic analysis of mutant plants derived
from transformed hairy roots has highlighted that both
CiSHT1 and CiSHT2 are required and sufficient to promote
tetracoumaroyl spermine biosynthesis in chicory. The sht2
mutants did not produce phenolamides, whereas the sht1
mutants only produced dicoumaroyl and tricoumaroyl sper-
mine but not the fully acylated spermine. These data indi-
cate a role for CiSHT2 in the first N-acylation steps and for
CiSHT1 in the last steps. The results obtained with these
mutants are in accordance with the experiments done with
chicory hairy roots overexpressing either CiSHT1 and CiSHT2
(Delporte et al., 2018).

The requirement of both enzymes to synthesize the fully
substituted phenolamides was further confirmed using
N. benthamiana and yeast heterologous systems. Thus, no
phenolamides were produced when expressing only CiSHT1
while CiSHT2 expression only promoted partially substituted
spermine accumulation. The co-expression of both genes led
to the expected fully acylated phenolamide synthesis and ac-
cumulation. The main molecule produced in vitro or in vivo
by CiSHT2 is a dicoumaroyl spermine as determined by
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mass spectrometry. To determine the preferred N-acylation
sites of CiSHT2, this compound was purified and analyzed
by NMR. It was identified as N°N'°-dicoumaroyl spermine.
These data suggest that CiSHT2 may have a higher affinity
for secondary amines of spermine and N°- or N'%-monocou-
maroyl spermine, whereas CiSHT1 would prefer primary
amines of di- or tri-coumaroyl spermine.

Taken together these results suggest that CiSHT2 would
more efficiently promote dicoumaroyl spermine synthesis,
whereas CiSHT1 would perform the last N-acylation steps
toward fully substituted amine biosynthesis. A similar bio-
chemical mechanism was suggested in N. attenuata
(Onkokesung et al, 2012). An acyltransferase (DH29) was
shown to catalyze the first N-acylation step in dicaffeoyl
spermidine formation, whereas a second enzyme named
CV86 was suggested to act on monocaffeoyl spermidine syn-
thesized by DH29 to promote diacylated spermidine synthe-
sis. Position of caffeoyl moieties was not further investigated
but both enzymes belong to the BAHD acyltransferase
superfamily.

More detailed in vitro biochemical experiments are neces-
sary to assess this assumption, but this task is hampered by
the lack of commercial standards. Purification or chemical
synthesis of these compounds may be considered but their
high degree of diversity (number and position of substitu-
tions and nature of the amines) and their low amounts in
plant tissues render this work extremely challenging.
Optimization of the yeast bioproduction system described
in this study could help reaching this goal. The use of stand-
ards would also be of interest for absolute quantification
and to confirm structure assignments. For this last point,
very robust analytical experiments were conducted and we
are therefore quite confident in our structure determination.
For instance, for monocoumaroyl spermidine derivatives,
ESI-MS-HRMS fragmentation patterns revealed to be very
similar to those obtained with chemically synthesized stand-
ards (Hu et al, 1996). Likewise, for N>, N'%-dicoumaroyl sper-
mine, NMR evidenced unambiguously the grafting position
of coumaroyl residues on secondary amines, the symmetry
of the molecule being confirmed by the number of signals
halved. Moreover, ESI-MS-HRMS fragmentation study was in
agreement with this structural hypothesis. To conclude,
ESI-MS-HRMS and NMR experiments conducted were
proven to be very reliable analytical techniques for the
structure assignments of spermine or spermine-derived
phenolamides.

Recently an enzyme able to acylate spermine has been
identified in Solanum richardii, a wild relative of eggplant
(Peng et al, 2019). This enzyme named Spermine hydroxy-
cinnamoyl transferase (SrSpmHT) was shown to use exclu-
sively spermine as the acyl acceptor substrate and promote
monohydroxycinnamoyl spermine synthesis. The product of
the reaction was tentatively identified as N'-coumaroyl sper-
mine based on comparison with an authentic standard with
LC-UV . Thus, SrSpmHT would acylate primary amine of
spermine. SrSpmHT belongs to the BAHD family and is
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phylogenetically close to AtSDT and AtSCT and seems to
have emerged and evolved independently of SHT family
(Roumani et al, 2021). Like AtSDT and AtSCT, SrSpmHT
lacks the FYGN motif, which was shown to be a specific mo-
tif in amino acid sequences of the enzymes belonging to the
SHT family such as AtSHT, MdSHT, CiSHT1, and CiSHT2
(Delporte et al, 2018). Taken together, our data suggest that
in chicory fully acylated spermine synthesis relies on a two-
step mechanism. Furthermore, they confirm that the
enzymes belonging to the SHT subfamily of the BAHD acyl-
transferase superfamily are the only enzymes identified to
date, that are capable of acylating secondary amino groups
of polyamines.

CiSHT1 and CiSHT2 are both able to use spermine or
spermidine as acyl acceptors in vitro and in vivo.
Nonetheless in chicory flower buds, the main phenolamide
is tetracoumaroyl spermine. With no apparent preference
for the substrate, it was tempting to assume that the supply
of free polyamines could determine which phenolamide
would be the main accumulated conjugate. It was shown
that in Arabidopsis flower buds, the content of spermidine
was 5 times higher than that of spermine (Fellenberg et al,
2012). We have previously shown that in sht Arabidopsis,
mutant expressing CiSHT2 in the tapetal cells, spermidine
derivatives were the main phenolamides (Delporte et al.,
2018). Furthermore, in N. benthamiana leaves transiently
expressing CiSHT1 and CiSHT2 as well as in S. cerevisiae
transformed with both genes, tricoumaroyl spermidine was
the main product (this study). The measurement of free
polyamines has shown that the ratio spermidine/spermine
were 8 and 0.8 in N. benthamiana leaves and in chicory
flower buds, respectively. This shows that substrate availabil-
ity or substrate relative availability could determine the
identity of the final product. This observation suggests that
in the Asteraceae there are at least two evolutionary events
that led to the accumulation of these unusual spermine