Photosystem II Inhibition by Phloroglucinol Derivatives
Having Both Phenol and Urea Functionalities
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Esters of 3-nitrophloroglucinecarboxylic acid were found to be active photosystem II (PS II)
inhibitors, as were the amides, indicating that, in their structures, the substituted phlorogluci-
nol nuclei themselves plays a major roles in PS II inhibition. Among the phenylureidoalkyl
esters tested, 3,4-dichlorophenylurea compound having two amino hydrogen atoms showed
high activities. Optimal activity was associated with compounds in which the oxygen atom and
the urea structure in the ester side chain were connected via an ethylene group.

Introduction

Phloroglucinol derivatives such as grandinol
and homograndinol, potent PSII inhibitors in
Eucalyptus grandis [1], amides (I) and thioamides
(II) of 3-nitrophloroglucinecarboxylic acid have so
far been developed as the most active compounds
(Fig. 1) [2, 3] in the studies on photosystem II
(PS II) inhibition. The (thio)amides have a phloro-
glucinol nuclei and an NH group, so can be re-
garded as both phenol and urea/triazine type PS II
inhibitors. Biochemical studies on their mode of
inhibition have shown, moreover, that these com-
pounds have characteristics of both types of inhib-
itors [4], suggesting that the amide group and the
phloroglucinol nucleus (possibly the phenolic hy-
droxyl(s)), may interact with different amino acid
residues of the D 1 protein.

In fact, since all N,N-disubstituted-3-nitro-
phloroglucinecarboxamides tested were weak in-
hibitors (p/s, < 5.0) [3], the free amino hydrogen
atom would also be involved in the binding of the
(thio)amides. However, phloroglucinol derivatives
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without the amide moiety, such as grandinol and
homograndinol, are active PS II inhibitors [5, 6]
and their modes of inhibition were similar to that
of the (thio)amides [4]. This indicates that, in the
structures of the (thio)amides, the phloroglucinol
nuclei plays major role in the binding with the re-
ceptor site, and that the free hydrogen atom on the
amide nitrogen seems to improve the fit, possibly
by forming a hydrogen bond between the amino
hydrogen atom and some amino acid residue in the
binding niche. Accordingly, if a side chain at-
tached to the phloroglucinol nucleus allows an
optimal interaction with some specific amino acid
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Fig. 1. Chemical structures of 3-nitrophloroglucinecar-
boxylic acid derivatives.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fur Naturforschung in cooperation with the Max Planck Society for the

@ROIS)

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht: Advancement of Science under a Creative Commons Attribution-NoDerivs
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland 3.0 Germany License.
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung”) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu ermdglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



160 I. Honda er al. - Phenol-Urea Compounds as PS II Inhibitors

residues in the binding niche, such a compound
may be expected to be an active PS II inhibitor.

Based on this idea, nitrophloroglucinol deriva-
tives having a phenylurea structure in the side
chain (IV) (Fig. 1) were synthesized, since phenyl-
ureas are potent PS II inhibitors and their struc-
tures seem to have a high affinity to the receptor
site. In this study, the phenylurea moieties are con-
nected to the phloroglucinol nuclei via alkoxycar-
bonyl groups, and thus the resulting compounds
have ester instead of amide functions.

Materials and Methods
Chemicals

All melting points (m.p.) are uncorrected.
'H NMR and IR spectra were obtained with a
Bruker p-300 and JASCO FTIR-5000 spectrome-
ter, respectively. Satisfactory analytical data were
obtained for all the compounds.

Synthesis of 1-(2-hydroxyethyl)-3-phenylurea

In a 100ml flask, 610mg (10 mmol) of
2-hydroxyethylamine was dissolved in 50 ml of
dichloromethane and was cooled in an ice bath. To
the solution, 1.19 g (10 mmol) of phenyl isocya-
nate in 50 ml of dichloromethane was added slow-
ly. After being stirred for 30 min, the precipitate
was collected by filtration, and air-dried. M.p.
115-116°C; 'H NMR 3§, (CDCl;/MeOH-d,)
ppm: 3.3 (3H,t,J = 6 Hz), 3.6 3H, t, J = 6 Hz),
7.0-7.5(5H).

Synthesis of 2-(3-phenylureido)ethyl 3-nitrophloro-
glucinecarboxylate (1)

To a mixture of 3-nitrophloroglucinecarboxylic
acid (10 mmol) and 1-(2-hydroxyethyl)-3-phenyl-
urea (10 mmol) in 50 ml of THF, dicyclohexylcar-
bodiimide (10 mmol) in 10 ml of THF was added
at 0 °C. After being stirred for 30 min at room
temperature, the precipitated urea was removed by
filtration. The filtrate was concentrated in vacuo
and the residue was purified by silica gel column
chromatography to give 1 in a 60% yield. M.p.
125-127°C; IR v, (KBr) em™': 3390, 1660,
1600, 1560, 1320, 1230, 1160; 'H NMR 3,
(DMSO-dy) ppm: 3.7 (2H, d, t, J = 6 Hz, 6 Hz),

44 (2H,t,J=6Hz). 6.1 (1H,s),63(1H,t,J =
6 Hz), 6.8—7.4(5H), 8.9 (1H,s).

C16H15N308
Caled C5093 H4.01 O11.14%,
Found C51.01 H4.12 0 10.86%.

All the compounds tested in this study were pre-
pared in a similar manner.

Compounds having 2—4 methylene groups be-
tween the oxygen atom and the phenylureido
moiety were examined in this study. 1-Hydroxy-
3-phenylurea and 1-hydroxymethyl-3-phenylurea
derivatives could not be prepared due to the insta-
bility of intermediates.

PS Il inhibition assay

PSII inhibitory activities of the compounds
were determined by DCIP photoreduction method
[7], and the compounds’ activities are expressed as
pls, values which indicate the negative logarithms
of the concentration (M) of the compounds to
show 50% inhibition of electron transport.

Results and Discussion

Fig. 2 shows PSII inhibitory activities of
straight chain alkyl derivative of both the amide
and the ester (III) derivatives (Fig. 1) of 3-nitro-
phloroglucinecarboxylic acid. In general, the ac-
tivity of the esters is /in that of the corresponding
amides and seems to depend largely on the lipo-
philicity of the side chain, as is the case in other
phloroglucinol derivatives.

Although the methyl ester is a weak inhibitor
(plsy = 4.7), further lengthening of the alkyl chain
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Fig. 2. PS II inhibition of amides (I) and esters (IIl) of
3-nitrophloroglucinecarboxylic acid in spinach chloro-
plasts. p/y, of ethyl and butyl esters were below 4.0.
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produces a reduction in activity (p/s, < 4.0) until
chain length reaches C¢. In the amides, also, the
N-propyl derivative is less active than N-ethyl
which is comparable to the N-butyl derivative.
Such changes in activity can not be explained
merely by increase in lipophilicity.

As reported earlier [2—4], the structural require-
ments for PS II inhibition in phloroglucinol deriv-
atives were very similar to those proposed by
Trebst et al. [8] for phenol type inhibitors. In the
structures of nitrophloroglucinol derivatives, the
nitro group should be regarded as the strongly
electron-withdrawing substituent in their model.
The ester or the amide group may be then be re-
garded as either the slightly electron-withdrawing
group with strict steric requirements, or the lipo-
philic group without steric requirements in the
model. Presumably in the esters, only the methyl
group could conform to the strict steric require-
ments. C,—C, alkyl groups may be too bulky to fit
the steric requirements, and furthermore their
lipophilicity may not be high enough to be consid-
ered as the lipophilic substituent. The rather unu-
sual changes in activity of the amides carrying
short N-alkyl groups can be interpreted in a simi-
lar manner. In fact, Trebst and Draber reported
that the receptor site for phenol type PS II inhibi-
tors could recognize one ortho-substituent from
another and that such recognition of substituent
would vary depending on the shape or bulkiness of
the substituent [8].

Since the ester showed moderate PS II inhibito-
ry activities, we introduced a phenylurea structure
into the ester group so as to produce a better fit to
the receptor site by forming additional hydrogen
bonding(s) between the urea and some amino acid
residue(s) in the binding niche.

In a preliminary experiment, PS II inhibitory ac-
tivities of 1-(w-hydroxyalkyl)-3-phenylureas were
examined (data not shown). Only 1-(2-hydroxy-
ethyl)-1-methyl-3-(3,4-dichlorophenyl)urea show-
ed moderate activity (ply, = 6.1) and the other
ureas were inactive (p/y, < 4.0). These results were
in good agreement with those reported for phenyl-
urea PS II inhibitors [9].

PS II inhibitory activities of phenylureidoalkyl
3-nitrophloroglucinecarboxylate are listed in
Table I. Considering the length of phenylureido
substituent as that of C; straight alkyl chain, com-
pound 1 (p/5, = 5.5) was less active than the corre-
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Table I. PS II inhibitory activities of phenylureidoalkyl
3-nitrophloroglucinecarboxylate (IV) in spinach chloro-
plast.

OH O 0 =z N
—Y
o/(CH’)"\NJ\N N
X H
HO' OH

NO,
No n X p pls,
1 2 None 5:5
2 2 H 3,4-Cl, 75
3 2 Me 3,4-Cl, 6.6
4 3 3.4-Cl, 6.2
5 4 H 3.4-Cl, 6.4
DCMU* 7.2

* Positive control.

sponding alkyl ester derivative (p/sy, = 6.3). This
decrease in the activity may be attributable to the
decreased lipophilicity brought about by the in-
troduction of a hydrophilic urea moiety, since the
activity of phloroglucinol derivatives depends
largely on the lipophilicity of the substituents.
Nevertheless, nearly 100-fold activity enhance-
ment (p/s, = 7.5) was achieved by the introduction
of two chlorine atoms into the phenylurea moiety
(2), being more active than the corresponding
straight alkyl ester. This activity enhancement can
not be explained merely by the increased lipophil-
icity, and some specific interactions between the
3,4-dichlorophenyl structure and the receptor site
seem to improve the affinity to the site.

A free amino hydrogen atom may be needed for
activity as in the case of the amide derivatives [4],
because N-methylation decreased the activity to i
3) (pl;, = 6.6). However, the position of the
amino hydrogen atom relative to the nuclei in the
urea-phloroglucinol derivatives is different from
that in the amide-phloroglucinol derivatives, and
thus the corresponding hydrogen bond acceptors
and amino acid residues of the D1 protein in-
volved in the binding to the site would be different
in these two types of phloroglucinol derivatives.
PS II inhibitory activities of 4 (p/y, = 6.2) and S
(pIs, = 6.4), which has 3 and 4 methylene groups
respectively, were lower than the 2 methylene-
analogue (2), indicating that the urea structure
should be separated by 5 bonds from the phloro-
glucinol nucleus for an optimal activity.
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Table II. R/S values of 3.4-dichlorophenylureidoethyl
3-nitrophloroglucinecarboxylate (2) in the chloroplasts
from herbicide-resistant plants.

Plant Bra*! Di22%*2 Tob*3
compound

No. R/S*4

2 1.2 0.8 1.0
DCMU 2.9 1093.0 24.0
Atrazine 1453.0 1.7 457.0
Toxynil 0.5 0.9 0.9

Herbicide-resistant plant: *! Brassica napus [10]; ** cyano-
bacterium Di22 [11]; *? tobacco [12]. ** R/S value = I
resistant//q-susceptible.

To analyze the mode of action of the most active
urea-phloroglucinol 2, its inhibitory activities on
PS Il in thylakoids from several herbicide-resistant
plants were examined (Table II). Since R/S values
(I5-resistant//5,-susceptible) of 2 were very similar
to that of the phenol type PS II inhibitor ioxynil, 2
can be classified as a phenol type inhibitor. These
results suggest that the phloroglucinol nucleus of 2
would interact strongly with the binding domain
for phenol type PS II inhibitors.
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An amino acid residue His,,s of the D 1 protein
is proposed as being involved in the binding of
phenol type PSII inhibitor [13]. Recently, Oett-
meier et al. have shown that azido-ioxynil bind to
Val,y of the D1 protein [14]. Thus, the nuclei of
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the 3.4-dichlorophenylurea moiety of 2 would also
point towards to this region.

Further study is needed to clarify the actual
binding site for the phloroglucinol derivatives in-
cluding 2, and biochemical study on their modes of
action is now in progress.
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