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ABSTRACT

The search for potent, selective bioherbicides has been the focus of numerous studies for several
decades. Developing an economically viable total chemical synthesis procedure has been the
challenge for commercial-scale application of these nature-derived chemicals. An efficient and low-
cost total synthesis of an allelopathic and antitumor N-trans-cinnamoyltyramine (NTCT) first
reported in rice (Oryza sativa L) was successfully achieved by one-step amidation from trans-
cinnamic acid and tyramine. The synthesized NTCT inhibited root and hypocotyl growth of cress
(Lepidium sativum L.) and barnyardgrass (Echinochloa crus-galli L) at concentrations as low as
0.24 uM. The means of EDs (the effective dose required for 50% plant growth inhibition) levels of
the compound on cress and barnyardgrass hypocotyl and root elongations were 0.96 and 0.73 pM,
respectively. Potential mechanisms underlying NTCT growth inhibition and its biosynthesis pathway
were also suggested. The developed synthesis strategy could permit production of this synthesized
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allelochemical at a commercial scale as a bioherbicide.

Introduction

For more than 70 years, synthetic herbicides have been devel-
oped to meet the weed control needs of agronomic and hor-
ticultural crops in industrialized nations. Since the late 1990s,
many weed biotypes have evolved resistance to one or more
herbicide modes of action (Beckie et al. 2000) limiting effec-
tive options for growers. In addition, the misuse of several
synthetic herbicides has negative implications for human,
animal, and environmental health (Vyvyan 2002; Macias
et al. 2006; Macias et al. 2007). Development of novel herbi-
cide modes of action has been lacking for more than 16 years;
this, combined with more frequent selection of herbicide-
resistant weeds, suggests a need to develop weed control tech-
nologies based upon natural products (Fiirstner 2004).
Allelochemicals are structurally complex and can pose sig-
nificant challenges for synthesis by organic chemists (Dayan
& Duke 2014). Isolation, structural elucidation, and synthesis
of natural products are paramount to identification of new
molecules with biological activity for controlling weeds
(TAKIKAWA 2006). In some instances, the source for allelo-
chemicals can be found in crops for which weed control can
be challenging. For example, cultivated rice Oryza sativa
L. ‘OM 5930’ is allelopathic against barnyardgrass, a trouble-
some weed in rice production (Thi et al. 2014a). Among the
many compounds isolated from rice, f-phenylethylamine as
N-trans-cinnamoyltyramine (NTCT) from OM 5930 was
identified as a potent plant growth inhibitor (Thi et al
2014b). The f-phenylethylamines have been detected in a
wide variety of different plant species, as well as fungi and
bacteria (Kim et al. 2012). These compounds result from dec-
arboxylation of phenylalanine, and are known to have impor-
tant roles in plant-plant, plant-pathogen, plant-insect, and

plant-environment interactions (Negrel et al. 1993; Schraud-
ner et al. 1993; Lajide et al. 1995; Cutillo et al. 2003).
Compound NTCT was also reportedly found in night-
shade (Lycianthes biflora) and exhibited inhibitory effects
on a murine P388 leukemia line (Yang et al. 2002). More
recently, compound NTCT has been isolated in UV-treated
rice leaves as a potent anti-cancer agent (Park et al. 2013).
Potential development of compound NTCT for field-scale
applications must address the lack of economically viable
methods for synthesis. This challenge is common for com-
mercial-scale development of many naturally based allelo-
pathic chemicals (Bhadoria 2010). The objectives of this
study were to: (i) develop an efficient, low-cost, and scalable
synthesis of compound NTCT; (ii) evaluate the allelopathic
activity of synthetic compound NTCT; and (iii) describe
possible inhibition mechanisms and a biosynthesis pathway.

Materials and methods
General experimental procedures

Compounds  2,3,N,N'-dicyclohexylcarbodiimide  (CgH;.
NI9CINC4H;;) and 4-(dimethylamino) pyridine(C;H;,N,)
were purchased from Sigma-Aldrich and used without
additional purification. 'H and 'C NMR spectra were
recorded at 400 MHz on a Varian Mercury-VX spectrometer
with DMSO-dg as the solvent and tetramethylsilane as the
internal standard. High performance liquid chromatography
(HPLC) was performed with a C;3 HPLC column (4.6 mm
i.d.x150 mm, Kinetex 2.6 um C8 100A; Phenomenex Co.,
Golden, CO, U.S.A) on a Shimadzu CBM-20A HPLC system
coupled with a Shimadzu LC-20AT pump, SPD-20AV
UV/VIS detector, CTO-20A column oven and LC-20AT
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microfractionation system (Shimadzu Co., Columbia, MD,
U.S.A).

Liquid chromatography-mass spectrometry coupling with
electrospray ionization (LCMS-ESI) analysis was conducted
on a Shimadzu LCMS 2010A using an Acclaim 120 C18
reversed-phase LC column (4.6 x 50 mm) (Thermo Scienti-
fic) with a gradient of 10-95% CH;CN-H,O (v/v) (with
0.1% trifluoro acetic acid) at a flow rate 0.8 mL min~" in 10
min. Compound NTCT was dissolved in DMSO and the
UV detector was set at 300 nm.

Synthesis of NTCT

Synthesis was achieved by a one-step amidation procedure
revised from that described by Yang et al. (2011) (Scheme 1).
A solution of trans-cinnamic acid (0.98 g, 6.6 mmol) in dry
dichloromethane (300 mL) was pre-activated with N,N'-dicy-
clohexylcarbodiimide (1.50 g, 7.3 mmol) (Scheme 1) in the
presence of the base 4-(dimethylamino) pyridine (C,H;(N,)
(0.033 g, 0.3 mmol) at room temperature for 30 min. The
solids resulting from this reaction were dissolved in dichlor-
omethane; tyramine (1.36 g, 9.9 mmol) (Scheme 1) was
then added to initiate amidation. The solution was stirred
overnight at room temperature and volatiles were removed
under reduced pressure. The residue was purified via normal
phase flash chromatography with ethyl acetate/CH,Cl, (1:5)
as an eluent. Eluent fractions with the desired product were
collected and concentrated on a rotary evaporator to afford
NTCT (1.14 g, 64.3% yields) as a white solid. Compound
NTCT was further purified by analytical reversed-phase
HPLC using CH;CN/H,0 (20:80), (30:70), (55:45) and sub-
sequently (20:80) over a period of 35 min at the flow rate
of 1.0 mL min ", yielding compound NTCT with high purity
(>95% by HPLC). A sample of NTCT was run on silica thin-
layer chromatography developed with ethyl acetate/CH,Cl,
(1:5) (R¢=0.23). Examination of the purified synthesis
product NTCT by NMR provided the following results: 'H
NMR (500 MHz, CDCl;) of NTCT: 8 (ppm) 7.60 (d, 1H,
J=15.5Hz), 7.46-7.48 (m, 2H), 7.33-7.30 (m, 3H), 7.08
(d, 2H, J=8.5Hz), 6.79 (d, 2H, J=8.5Hz), 6.30 (d, 1H,
J=155Hz), 554 (s, 1H), 475 (s, 1H), 3.61 (t, 2H
J=7Hz), 281 (&, 2H, J=7Hz). "C NMR (125 MHz,
CDCl;) of NTCT: 8 (ppm) 165.81, 154.26, 141.12, 134.80,
130.94, 129.95, 129.68, 128.80, 127.78, 120.53, 115.54, 40.96,
and 34.75 (Figures S1 and S2, Supporting Information).

Bioassay

NTCT (5 mg) was dissolved in 5 mL methanol, and concen-
trations of 0.024, 0.048, 0.24, 0.48, 0.96, 2.4, and 4.8 uM were
added onto a sheet of filter paper in the wells of 24-well plates
(Corning HTS transwell-24 systems, 0.33 cm®/well, Thermo
Fisher Scientific Ltd. Co, U.S.A). The bioassays on cress
and barnyardgrass were conducted twice using a completely
randomized design with four replications following the bioas-
say procedure described by Thi et al. (2014b).

Statistical analysis

The analysis followed the method described by Thi et al.
(2014b). Brietly, all root or hypocotyl length data were trans-
formed to a percentage of control as determined by the fol-
lowing formula: Percentage of control R = L/L ynro1X100%,
where R represents the length ratio, Leontor represents the
average length of roots or hypocotyls of control plants, and
L represents the average length of roots or hypocotyls of trea-
ted plants. Three-parameter logistic equation F(x) = d/{1+exp
[b(log(x)-log(e)]}F(x) = d/{1+exp[b(log(x)-log(e))]} from
dose-response curve package was used to identify EDs,
where F displays the growth inhibition (%), xindicates the
concentration (uM), and e represents the EDs, (Knezevic
et al. 2007).

Duncan’s multiple range tests at P <.001 were conducted
to separate treatment and EDs, for the biological activity of
compound NTCT.

Results and discussion
Synthesized and natural NTCT

The synthesized NTCT was characterized relative to the natu-
ral NTCT isolated by Thi et al. (2014b) using 13C NMR spec-
troscopy (Figures S1 and S2, Supporting Information) and
LCMS-ESI analysis. LCMS-ESI analysis confirmed that the
retention time of the synthesized NTCT is 3.595 min (the
same as the natural one) with m/z 268 [M+H]" (C;;H;,NO,,
267.3) (Figures S3 and S4, Supporting Information). Charac-
terization by '>C NMR spectroscopy revealed general
agreement of 17 carbon positions between synthesized
NTCT (A) and natural NTCT (B) isolated from rice as fol-
lows: C1 (A =1544; B=154.3); C2 (A=115.5; B=115.5);
C3 (A=129.9; B=129.9); C4 (A=130.9; B=130.9); C5
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Scheme 1. Synthesis of N-trans-cinnamoyltyramine (1) from trans-cinnamic acid (2) and tyramine (3).



(A=129.9; B=129.9); C6 (A =115.5 B=115.5); C7 (A =347,
B=348); C8 (A=409; B=41.0); C9 (A=165.6; B=165.3);
Cl0 (A=120.6; B=1205); Cl1 (A=141.0; B=141.1); Cl2
(A=1348; B=1348); C13 (A=127.8; B=127.8); Cl4 (A=
128.8; B=128.8); C15 (A=129.6; B=129.7); C16 (A=128.8;
B=128.8); and C17 (A =127.8; B=127.8) (Table 1). Compari-
sons of LCMS-ESI and °C NMR analyses for the synthesized
and natural NTCT revealed identical structures. Therefore, the
two sets of data are in reasonable agreement.

Compound NTCT (Figure 1) was chemically synthesized
by one-step amidation from trans-cinnamic acid and tyra-
mine (Scheme 1). However, biosynthesis of NTCT in rice
seedlings as proposed in Scheme 2 is more complex; several
steps to synthesize trans-cinnamic acid and tyramine from
phenylalanine and tyrosine are required, followed by
activation by cinnamoyl CoA, and finally conjugation by
tyramine N-(hydroxycinnamoyl)-transferase (THT). Com-
pound NTCT is likely derived from metabolites of the aro-
matic amino acid phenylalanine and tyrosine, which are
produced in the shikimate pathway (Herrmann 1995). As
illustrated in Scheme 2, phenylalanine ammonia-lyase con-
verts phenylalanine into cinnamic acid by deamination (Mac-
Donald & D’Cunha 2007). Cinnamoyl CoA is then generated
by CoA ligases (Klempien et al. 2012). Tyrosine decarboxy-
lase catalyzes the decarboxylation of tyrosine, which results
in tyramine (Hosoi et al. 1970). The final step in the proposed
scheme is the conjugation of cinnamoyl CoA and tyramine
catalyzed by the enzyme THT, but THT activity is not specific
to cinnamoyl CoA and tyramine. Previously, plant defense
compounds, such as coumaroyltyramine and feruloyltyra-
mine (Figure 2), have been shown to be synthesized in

Table 1. The C NMR spectroscopic data for the natural N-trans-
cinnamoyltyramine and the synthesized N-trans-cinnamoyltyramine.

Position § P
Natural Synthetic

1 1544 154.3

2 115.5 115.5

3 129.9 129.9

4 130.9 1309

5 Same as 3 Same as 3
6 Same as 2 Same as 2
7 34.7 34.8

8 409 41.0

9 165.6 165.8
10 120.6 120.5

1 141.0 141.1

12 134.8 134.8
13 127.8 127.8
14 128.8 128.8
15 129.6 129.7
16 Same as 14 Same as 14
17 Same as 13 Same as 13

Note: *C NMR spectra of both natural and synthesized NTCT were recorded at
500 MHz on a Bruker Avance DRX500 and AV800 spectrometers equipped
with HCN (hydrocyanic acid) triple-resonance cryogenic probe and Z-gradient
coil with CDCl; (deuterated chloroform) as the solvent.

25 values are reported in ppm using solvent as internal standard. For numbering,
see Figure 1.
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Figure 1. N-trans-cinnamoyltyramine.
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Scheme 2. Proposed biosynthesis pathway of N-trans-cinnamoyltyramine.

response to pathogen infection and plant wounding. These
compounds are conjugated by THT from hydroxycinna-
moyl-CoA and tyramine (Back 2001), which could be similar
to the reactions that generate NTCT.
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Figure 2. Analogs of N-trans-cinnamoyltyramine.



54 (&) H.LTHIETAL

Allelopathic activity of synthetic NTCT

Inhibition of hypocotyl and root growth of cress and bar-
nyardgrass seedlings was detected with the synthesized
NTCT at concentrations as low as 0.24 uM (Figures 3 and
4). At 4.8 uM, inhibition of hypocotyl and root growth
reached 92.4% and 95.3% for cress (Figure 3) and 90.6%
and 95.6% for barnyardgrass seedlings (Figure 4), respect-
ively. In comparing activities of the natural versus NTCT
on the same test plant species (Thi et al. 2014b), the syn-
thesized NTCT was 7.6% and 4.7% less active on cress hypo-
cotyl and root growth than the natural NTCT. One possible
explanation for differences in activity is a detected trace
impurity in the synthesized NTCT (Materials and methods).
For barnyardgrass, the activity of synthesized versus NTCT
on hypocotyl growth was 4.8% lower, but inhibitory activity
was similar for root growth. The EDs, values of the com-
pound for cress hypocotyls and roots were 0.56 and

Shoot
100
A
° 715
=
8 2
“ R?=0.99
° 5
X
< EDso = 0.564
=1 1038
{ e
(0]
-

25 Y=, J(1180g-00564)

0 E
I 9 S B8 88
o O N ¥ O T ®©
o o o o o N <

Concentration (uM)

0.36 uM (Figures 3 and 5), respectively. The EDs, values of
the compound for barnyardgrass hypocotyls and roots were
1.35 and 1.11 pM, respectively (Figures 4 and 5). Root
elongation was more sensitive to the synthesized NTCT
than shoot elongation and cress was more sensitive to the
compound than barnyardgrass (Figures 5 and 6).

The response of plant species to an allelochemical under
laboratory conditions principally depends upon the physio-
logical and biochemical properties of each species. It was
reported that the sensitivity of a receiver plant to phytotoxic
extracts from a donor plant (allelochemical) is a function of
plant organs and growth stage (Wolf et al. 1984; Hasegawa
et al. 1992; Suzuki et al. 2001; Igbal et al. 2002). The allelo-
pathic activity of NTCT on cress and barnyardgrass appears
similar based upon symptomology and EDs, values. Root
growth is more sensitive to NTCT than shoot growth, and
cress is more sensitive to NTCT than barnyardgrass

Root
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Figure 3. Effects of N-trans-cinnamoyltyramine on hypocotyl (shoot) and root growth of cress seedlings. EDsq values represent the effective dose to reduce the
representative parameter (shoot or root growth) by 50%. Means followed by the same letter are not significantly different using Duncan’s multiple range test at

P <.001).
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Figure 4. Effects of N-trans-cinnamoyltyramine on hypocotyl (shoot) and root growth of barnyardgrass seedlings. EDsq values represent the effective dose to reduce
the representative parameter (shoot or root growth) by 50%. Means followed by the same letter are not significantly different using Duncan’s multiple range test at

P <.001.
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Figure 5. EDsq values of N-trans-cinnamoyltyramine on shoot and root growth
of cress and barnyardgrass seedlings (results of repeated studies using four
replications). Vertical bars indicate the standard error of the means. Means fol-
lowed by the same letter are not significantly different using Duncan’s multiple
range test at P <.001.

(Figure 5). This might be because roots initially absorb allelo-
chemicals from the environment and the permeability of alle-
lochemicals into root tissue is higher than that in shoot tissue
(Nishida et al. 2005). Other explanations could include differ-
ences between enzyme profiles in shoots versus roots (Dam
et al. 2008).

Possible inhibition mechanisms and a biosynthesis
pathway

In the presence of NTCT, inhibition of cress and barnyard-
grass may result from reduced cell division and/or expansion,
the two principle components controlling growth (Tefera
2002). Although details of the biochemical mechanism
underlying inhibition are lacking, inhibition of enzymes con-
tributing to plant growth by allelochemicals has been
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reported (Sato et al. 1982; Santos et al. 2004). Interspecific
differences may result from many reasons, including from
variable responses in membrane potential, auxin dynamics
or tyrosine phosphorylation. Plant symptomology in
response to NTCT provides clues concerning the mechan-
isms of action. However, to date, the mechanism of activity
for NTCT has not been established. Nonetheless, precursors
to NTCT (Figure 2), such as cinnamic acid and benzoic
acid derivatives, alter membrane potential, mineral uptake,
chlorophyll content, photosynthesis, carbon flow, and phyto-
hormone activity (Einhellig 1994; Blum et al. 1999). Phenolic
acids, such as cinnamic acid, could play a key role because
different phenolic acids strongly inhibit seed germination
(Blum et al. 1999). Einhellig (1994) and Blum et al. (1999)
proposed that phenolic acids depolarized the cell membrane,
affecting membrane ATPase activity and ion flux. However,
substituted cinnamic acid amide analogues (Figure 2),
which lose their negative charge on the hydroxyl groups,
result in greater inhibition of radish (Raphanus sativus) ger-
mination than substituted cinnamic acid alone (Vishnoi et al.
2009). Inhibition of substituted cinnamic acids (3-hydroxy, 4-
hydroxy, 2-nitro, 3-nitro, 4-nitro, 3-chloro, and 4-methoxy)
and four different types of substituted anilines (H, 2-
chloro,4-methy,4-nito) on radish germination is similar
(Vishnoi et al. 2009). Therefore, it appears likely that
NTCT does not act by depolarizing the cell membrane;
rather, other mechanisms underlying root and hypocotyl
elongation are impacted.

Several of the cinnamic acid amines exhibit both cytotoxic
and phytotoxic properties. In one study, compound NTCT
was identified as one of the major cytotoxic agents induced
in UV-treated rice leaves (Park et al. 2013). Induction of
‘free’ cinnamic acid amines in response to stress factors (anti-
microbial, allelopathic) has been reported in different species,

Figure 6. Effects of N-trans-cinnamoyltyramine on hypocotyl and root growth of cress (A) and barnyardgrass (B) seedlings following 48 hours of incubation at various

concentrations.
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including pepper (Capsicum annuum L. cv. Early Calwonder)
(Newman et al. 2001), tomato (Solanum lycopersicum L.)
(Lépez-Gresa et al. 2011) and canola (Brassica napus L.)
(Jahangir et al. 2009). Since synthesis of various phenolic
acids and NTCT can be induced by certain stresses (Pitts
et al. 1998; Bibikova & Gilroy 2003), it may also be possible
that NTCT accumulates in response to stresses resulting
from competition (biological, chemical, or physical).

Auxin is a potent hormone that impacts root hair develop-
ment (Bibikova & Gilroy 2003), and aberrations in auxin
availability or signaling can cause defects in root hair growth
and morphology (Liu et al. 1993; Ni et al. 1999). Compound
cinnamic acid is also proposed to inhibit polar auxin trans-
port by blocking the transport at the efflux carrier (Ni et al.
1999). In turn, reduced availability of auxin decreases root
hair growth.

The tyramine moiety in NTCT (Scheme 2) may mimic the
activity of tyrosine. Hydroxycinnamic acid amides, including
coumaroyltyramine and feruloyltyramine (Figure 2), which
contain tyramine moieties, inhibit tyrosinase (enzyme pre-
sent in plant and animal tissues that catalyzes synthesis of
melanin) (Feng et al. 1993; Tregear et al. 1996; Rudrabhatla
et al. 2006; Wu et al. 2012). As a tyrosine mimic, NTCT
may have both a beneficial and detrimental effect on tyrosine
kinase. Dual-specific kinases (act as both tyrosine kinase and
serine/threonine kinase) have been reported in many plants,
including Arabidopsis thaliana ATN1 and soybean GmPK6
(Feng et al. 1993; Tregear et al. 1996; Rudrabhatla et al.
2006; Wu et al. 2012). Therefore, it is possible that the tyra-
mine moiety of NTCT could block phosphorylation by
dual-specific kinases, ultimately suppressing weed seedling
growth.

Differential responses between cress and barnyardgrass
as well as among specific tissues (shoot and root) were
observed. The specific mechanism(s) of growth inhibition
by NTCT are not known to date. However, based upon
available literature, NTCT may affect membrane potentials,
auxin dynamics and/or could inhibit phosphorylation.
Differences in membrane potentials, auxin dynamics or
tyrosine phosphorylation may explain variable responses
by different species and among tissues within species. The
concentration necessary to effectively inhibit plant growth
with NTCT approaches the herbicidal activity of dinitroani-
lines, a family of herbicides that arrest cell division at pro-
metaphase (Smeda & Vaughn 1994). Further research is
necessary to elucidate if there is a specific mechanism of
action of NTCT on plant growth processes.

In conclusion, an efficient one-step synthesis of the natu-
rally occurring allelopathic NTCT was successfully achieved
using two commercial precursors. Synthesized NTCT inhib-
ited root and hypocotyl growth of cress and barnyardgrass
at micromolar concentrations. Potential modes of action of
this compound including effects on membrane potentials,
auxin dynamics and/or phosphorylation were proposed.
Further research is needed to determine the molecular mech-
anisms of action and to study selectivity and suitability of
bioherbicide.
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