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Cyperin is a natural diphenyl ether phytotoxin produced by several fungal plant pathogens. At high concentrations, this
metabolite inhibits protoporphyrinogen oxidase, a key enzyme in porphyrin synthesis. However, unlike its herbicide structural
analogs, the mode of action of cyperin is not light dependent, causing loss of membrane integrity in the dark. We report that
this natural diphenyl ether inhibits Arabidopsis (Arabidopsis thaliana) enoyl (acyl carrier protein) reductase (ENR). This enzyme
is also sensitive to triclosan, a synthetic antimicrobial diphenyl ether. Whereas cyperin was much less potent than triclosan on
this target site, their ability to cause light-independent disruption of membrane integrity and inhibition of ENR is similar at
their respective phytotoxic concentrations. The sequence of ENR is highly conserved within higher plants and a homology
model of Arabidopsis ENR was derived from the crystal structure of the protein from Brassica napus. Cyperin mimicked the
binding of triclosan in the binding pocket of ENR. Both molecules were stabilized by the 77 stacking interaction between one
of their phenyl rings and the nicotinamide ring of the NAD™. Furthermore, the side chain of tyrosine is involved in hydrogen
bonding with a phenolic hydroxy group of cyperin. Therefore, cyperin may contribute to the virulence of the pathogens by

inhibiting ENR and destabilizing the membrane integrity of the cells surrounding the point of infection.

Interactions between pathogenic fungi and their
host plants involve complex physical and chemical
communications that lead to a series of biochemical
actions and reactions by both the infecting microor-
ganisms and the plants being infected (Vera-Estrella
et al.,, 1994; Fray et al., 1999; Pedras et al., 2001). The
virulence of an organism is sometimes enhanced by its
ability to produce phytotoxins that kill cells in the
tissue surrounding the point of infection (Baker et al.,
1997). Fungi and other microorganisms that produce
such biochemical compounds are being studied as
potential biocontrol agents for weed management
(Duke et al., 1996). These studies have led to the
discovery that many pathogenic organisms, such as
Preussia fleischhakii, Phoma sorghina, and Ascochyta
cypericola, produce cyperin (Fig. 1; Weber and Gloer,
1988; Stierle et al., 1992; Venkatasubbaiah et al., 1992).
These natural toxins are thought to play important
roles in inhibiting the physiological processes in the
plant cells surrounding the point of infection, enabling
the spread of the disease (Feys and Parker, 2000;
Staskawicz et al., 2001).
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Cyperin is a natural diphenyl ether toxin with
structural similarities with diphenyl ether herbicides
(i.e. acifluorfen and oxyfluorfen), but it is not a strong
inhibitor of the molecular target site of this chem-
ical class, the enzyme protoporphyrinogen oxidase
(Harrington et al., 1995; Dayan and Allen, 2000). More-
over, the mechanism of action of cyperin appears to be
light independent (Harrington et al., 1995), whereas
diphenyl ether herbicides require light to cause their
phytotoxic effect (Dayan and Duke, 1997). These ob-
servations suggest that cyperin acts by another mech-
anism than that associated with protoporphyrinogen
oxidase-inhibiting herbicides.

It was recently reported that enoyl (acyl carrier pro-
tein) reductases (ENRs) of the type Il fatty acid synthase
(plants and prokaryotes) were sensitive to the diphenyl
ether triclosan (Fig. 1, McMutrry et al., 1998; Roujeinikova
et al., 1999). Inhibition of ENR interrupts the critical
process of fatty acid elongation. It has also been re-
ported that this compound can intercalate itself within
the lipid bilayer and compromise the functional integrity
of the cell membranes of microorganisms (Villalain
etal., 2001; Paul et al., 2004). The objective of this study
was to determine whether cyperin had the same molec-
ular target site as triclosan. We report that cyperin also
causes light-independent loss of membrane integrity
and inhibits plant ENR. The binding orientation of this
reversible inhibitor to the catalytic site of ENR is
similar to that of the irreversible inhibitor triclosan.
We conclude that ENR may be a good target site to
develop new natural product-derived herbicides.
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Figure 1. Structures of the fungal phytotoxin cyperin and the synthetic
antimicrobial diphenyl ether triclosan.

RESULTS
Phytotoxicity of Cyperin and Triclosan

Cyperin was phytotoxic to Arabidopsis (Arabidopsis
thaliana) and inhibited growth in a dose-dependent
manner (Fig. 2), with an I, of 38.4 um (Table I). The
effect was most evident on root length, but the leaves
were also small and chlorotic at the higher concentra-
tions. Triclosan was much more active on Arabidopsis
than cyperin, with an I, of 0.08 uM. Both cyperin and
triclosan caused loss of membrane integrity of cucum-
ber (Cucumis sativus) cotyledons in the absence of light,
resulting in electrolyte leakage measured as increased
conductivity of the medium (Fig. 3). The rate of
electrolyte leakage was similar for the two com-
pounds, when tested at 333 and 10 uM for cyperin
and triclosan, respectively. After 8 h of incubation in
the dark, the level of electrolyte leakage was equiva-
lent to approximately 75% of the total leakage mea-
sured after boiling the leaf discs (Table I), suggesting
a significant membranotropic effect of these com-
pounds. Similar results were obtained when the ex-
periment was carried out in the presence of light (300
umol m™2 s~ of light), indicating that the mode of
action of these compounds was not modulated by
photon flux or light-dependent physiological or bio-
chemical processes (data not shown).

Levels of C18:3 and C18:2 fatty acids were signifi-
cantly lower in Arabidopsis exposed to sublethal
concentrations of cyperin and triclosan (33 and 0.03
uM, respectively) than in control treatments (Table II).
These phenotypic responses suggest that both of these
phytotoxic diphenyl ethers share a similar mode of
action.

Biochemical Characterization of Arabidopsis
ENR Inhibition

Arabidopsis ENR was overexpressed with a poly-
His tag in Escherichia coli and purified using a nickel-
activated column. The activity of ENR was measured
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spectrophotometrically by monitoring oxidation of
NADH in the presence of crotonyl-CoA. Both cyperin
and triclosan inhibited ENR catalytic activity (Fig. 4).
However, as observed in vivo and with the electrolyte
leakage experiment, triclosan was much more active
than cyperin on this enzyme, with Iy, values of 0.046
and 89.0 uM, respectively (Table I).

Examination of the reaction curves of the time-
dependent assays revealed a clear difference be-
tween the inhibition of ENR activity by triclosan
and cyperin (Fig. 5). The initial inhibition of ENR
activity in the presence of 8.5 nm triclosan was
similar to that observed in the presence of 20 um
cyperin, at 72.7% and 71.7% inhibition relative to
control. However, inhibition of ENR activity by
triclosan increased over the duration of the assay
(88.5% inhibition at the end of the assay), which
indicates that triclosan binds irreversibly to the
enzyme. On the other hand, inhibition of ENR cata-
lytic activity by cyperin remained constant during
the entire assay (74.1% inhibition at the end of the
assay), suggesting that this natural product is a
reversible inhibitor of ENR.

This difference in binding mechanism to ENR was
confirmed by titrating ENR concentration with or
without inhibitors (Fig. 6). The convergence of the
regression lines of the assays performed with and
without cyperin is indicative of reversible inhibition of
ENR (Fig. 6A). The parallel lines observed in the case
of the experiments performed with and without tri-
closan are typical of slow tight-binding inhibitors.
Kinetic analysis determined that ENR had a K of
288 = 97 uM for crotonyl-CoA and that the binding of
cyperin was noncompetitive with respect to crotonyl-
CoA, with a K of 13.6 = 2.2 um (Fig. 7).
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Figure 2. Dose-response curves of triclosan (@) and cyperin (W) against
the root growth of Arabidopsis. Error bars = *1 sp. Curves were
analyzed with the drc add-on package for dose-response curves in R
version 2.2.7 (R Development Core Team, 2005) using a four-parameter
logistic function.
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Table 1. Physiological and biochemical characterization of the effects of cyperin and triclosan on

Arabidopsis and its ENR

Compound Cyperin Triclosan
Inhibition of root growth I5, (um)® 384 £3.8 0.08 * 0.007
Electrolyte leakage % of total 77.7 68.6
Inhibition of ENR I (uM)® 89.0 = 15.1 0.046 + 0.005
Mechanism of inhibition Reversible noncompetitive

K (um)

13.6 = 2.2

Slow tight binding

?l5, values were obtained from the regression curves of dose-response experiments analyzed with R
version 2.2.1. K; value was obtained using the enzyme kinetic module of SigmaPlot version 10. Each value

is the mean of three independent measurements followed by sp.

PPercentage of total is calculated as

the electrolyte leakage caused by the treatment divided by the electrolyte leakage after boiling samples
(complete loss of membrane integrity) multiplied by 100.

Modeling of Arabidopsis ENR and Binding of Cyperin to
the Catalytic Site

The homology between the amino acid sequence of
Arabidopsis ENR and nine other plant ENRs ranged
from 63.5% to 94.9% amino acid identity. The sequence
homology was significantly less with the ENR se-
quences of nonplant origin (four protozoal and 12
bacterial species), ranging from 32.0% to 68.2% amino
acid identity. However, the catalytic domain of ENR is
highly conserved across all species (Table III).

The homology model of Arabidopsis ENR derived
from the crystal structure of Brassica napus was ana-
lyzed to assess its structural quality. The geometry and
stereochemistry, solvent-accessible surface areas, side
chain conformational probabilities, and backbone and
side chain conformation were checked. No major dis-
crepancies were found. A Ramachandran plot of the
model indicated that, as expected, most ® angles are
negative and ¥ angles are positive. The few outliers
with positive ® were mostly Gly residues that are not
subject to the strong conformational constraints due to
a lack of side chain. Analysis of the Ramachandran plot
showed 95% of the non-Gly residues in most favored
regions. Alignment of the homology model to crystal
structure of ENR B. napus has a root mean square
distance of 0.872 A, underlining the high degree of
similarity between the two enzymes (Fig. 8A).

Binding of triclosan and cyperin modeled by
FlexiDock provided an estimation of the position of
the ligands in the catalytic site. Most of the amino acid
residues found in the binding site are conserved across
all species known (Table III). The amino acid residue
Tyr-199 in the catalytic pocket is known to be involved
in hydrogen bonding with the phenolic hydroxy
group of triclosan. This residue also participated in
the stabilization of cyperin. The tetrasubstituted hy-
droxyphenyl ring of cyperin is also stabilized via -7
stacking with the nicotinamide ring of the NAD" (Fig.
8B) in a manner similar to that observed with triclosan.
Modeling of cyperin and triclosan showed that these
two structures share some structural similarities, such
as their diphenyl ether backbone and molecular vol-
umes (Fig. 9, A and B; Table IV). However, the pres-
ence of several hydroxy groups on cyperin renders it
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much more hydrophilic than triclosan (Fig. 9, C and D;
Table IV).

DISCUSSION

The ability of a pathogen to infect and invade a
compatible host may be facilitated by the production
of toxins that induce cell death in the proximity of the
invading organism (Baker et al., 1997; Dangl and
Jones, 2001). Because several microbial disease agents,
such as P. fleischhakii, P. sorghina, and A. cypericola,
produce cyperin (Weber and Gloer, 1988; Stierle et al.,
1992; Venkatasubbaiah et al., 1992), it is possible that
this natural diphenyl ether may also play a role in the
virulence of these organisms.

Previous work showed that cyperin was an inhibitor
of protoporphyrinogen oxidase (Harrington et al.,
1995), the penultimate step in the production of por-
phyrin that is the target of certain diphenyl ether
herbicides. However, the mechanism of action of pro-
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Figure 3. Electrolyte leakage caused by 10 um triclosan (@) and 333
uM cyperin (M) on Arabidopsis leaf discs, as compared to the solvent
control (O). Error bars = =1 spb. The dotted line indicates maximal
conductivity in the bathing medium following complete lysis of the
membranes by boiling the samples.
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Table Il. Fatty acid analysis of Arabidopsis as expressed as percentage of total fatty acid extracted

Each value is the mean of three independent measurements followed by sb. Numbers in columns followed by the same letter are not different at

P < 0.05 according to Duncan multiple range analysis test.

C16:0 C16:1 C16:3 C18:0 C18:1 C18:2 C18:3
Control 25.3 £ 45a 3.7 x04a 7.0x15a 1.4+ 0.6 a 1.5+05a 15.6 = 1.8 a 29.2 £ 6.2 a
Triclosan 313+ 54a 4.8 £ 0.9 ab 5.5+ 0.6 ab 1.6 £ 0.1a 1.7 £0.1a 13.6 = 1.5ab 21.1 +£33b
Cyperin 303 1.7 a 49 +02b 47 +0.1b 1.6 £ 0.1 a 1.2 +02a 124 *+03b 19.5 0.7 b

toporphyrinogen oxidase inhibitors is light dependent
(Dayan and Duke, 1997), whereas cyperin caused loss
of membrane integrity in darkness, indicating that its
mode of action in plants was light independent (Fig.
3). Therefore, the primary mode of action of cyperin
cannot be directly related to inhibition of protopor-
phyrinogen oxidase, although this molecular target
site may still be inhibited at higher concentrations.
Triclosan is a relatively small antimicrobial diphenyl
ether that is absorbed via diffusion into the bacterial
cell wall and causes light-independent disruption of
the cellular membranes (Guillén et al., 2004; Paul et al.,
2004). The first evidence that this diphenyl ether is a
strong inhibitor of fatty acid biosynthesis came when
genetic analysis of an E. coli strain resistant to triclosan
linked the resistance to the type Il fatty acid synthase
gene, which encodes for ENR (McMurry et al., 1998).
ENR is an NAD"-dependent enzyme involved in
the reduction of a trans-2,3 enoyl moiety to a saturated
acyl chain. Functional plant ENR is a homotetramer
and each polypeptide chain forms a single domain
consisting of a seven-stranded parallel B-sheet sur-
rounded by seven a-helices (Rafferty etal., 1995). Such
a Rossmann fold structural motif is often present in
NAD™-binding proteins (Rao and Rossmann, 1973).
Subsequent extensive biochemical and structural
studies have confirmed that triclosan is a specific
inhibitor of ENR in plants and bacteria (Heath et al.,
1998, 1999; Levy et al., 1999; Stewart et al., 1999; Ward
et al., 1999), and several synthesis efforts are under
way to discover new inhibitors of ENR (Heath et al.,
1998; Stone et al., 2004; Rafi et al., 2006; Nicola et al.,
2007). Phylogenetic analysis of the known ENR se-
quences indicates that the catalytic domain of ENR is
highly conserved species (Table III). Additionally, an
overlay of the crystal structures of ENR-triclosan
complexes available (Helicobacter pylori, E. coli, Myco-
bacterium tuberculosis, B. napus, and Plasmodium falciparum)
illustrates the highly conserved tertiary structure of
these enzymes and nearly identical orientations of
triclosan binding (Qiu et al., 1999; Roujeinikova et al.,
1999; Kuo et al., 2003; Pidugu et al., 2004; Lee et al., 2007).
The structural similarity between cyperin and the
antimicrobial diphenyl ether triclosan (Fig. 1), and the
fact that both diphenyl ethers cause light-independent
disruption of membrane integrity (Fig. 3) and similar
changes to the fatty acid profile of Arabidopsis (Table
II), suggest that these two molecules may share the
same molecular target site. Cyperin inhibited purified
Arabidopsis ENR. Its potency was much lower than

Plant Physiol. Vol. 147, 2008

that of triclosan (Fig. 4), but was commensurate with
its in vivo activity (Fig. 2). Time-dependent enzyme
assays indicated that cyperin inhibited ENR reversibly,
whereas triclosan behaved like a slow tight-binding
inhibitor (Fig. 5). This difference in binding mecha-
nism was confirmed by enzyme titration assays (Fig.
6). Kinetic analysis determined that cyperin was a
reversible inhibitor of ENR and its binding is non-
competitive with respect to crotonyl-CoA, with a K; of
13.6 £ 2.2 um (Table I). The lethality of inhibiting plant
ENR with natural diphenyl ether cyperin is similar to
that observed in the modl Arabidopsis mutant line,
which is deficient in MOD]1, a gene encoding an ENR
(Mou et al., 2000; Serrano et al., 2007).
Knowledge-based modeling enabled the construc-
tion of a three-dimensional (3-D) model of Arabidop-
sis ENR. It is established that the root mean square
deviation of the Cag atoms for protein sharing 40%
amino acid identity is approximately 1 A for 90% of
backbone atoms (those having the most influence on
the secondary and ternary conformation; Chothia and
Lesk, 1989; Sali et al., 1995). Considering the high
similarity of the amino acid sequences of B. napus and
Arabidopsis ENR (94.9%) and the absence of signifi-
cant conformational problems in the model, it is
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Figure 4. Inhibitory activity of triclosan (@) and cyperin (W) against
purified Arabidopsis ENR. Error bars = =1 sp. Curves were analyzed
with the drc add-on package for dose-response curves in R version
2.2.1 (R Development Core Team, 2005) using a four-parameter logistic
function.
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Figure 5. Time-dependent inhibition of Arabidopsis ENR by 8.5 nm
triclosan (@) and 20 um cyperin () relative to uninhibited control (O).
Control sample received equivalent volume of solvent. This experiment
was repeated three times with similar results.

anticipated that the structure of the Arabidopsis ENR
may be similar to a low-resolution crystal structure of
this enzyme. Furthermore, residues in the catalytic
sites are extremely conserved across all living organ-
isms (Table III; identical between Arabidopsis and B.
napus), and the regions where the model differs from
the crystal structure are relatively distant from the
catalytic site (Fig. 8A). The resolution of such models is
generally sufficient to compare the binding of a sub-
strate and an inhibitor.

The orientation of cyperin in the binding pocket of
ENR obtained using the FlexiDock method is similar
to that of triclosan in the B. napus catalytic site (Fig. 8B).
Only minor shifts in the conformation of the amino
acid side chains are necessary to accommodate the
binding of the inhibitor. Cyperin appears to interact
noncovalently with the Arabidopsis protein and the
NAD" cofactor in the substrate binding site. As with
triclosan, cyperin appears to mimic the structure of the
enoyl moiety of the substrate, and the oxygen atom of
the ether bridge of cyperin is positioned where the
carbonyl oxygen of the thioester of the substrate is
normally localized (Pidugu et al., 2004).

The presence of one of the phenolic hydroxy groups
on cyperin is in an identical position as in triclosan,
which may provide some stabilization of the natural
product via hydrogen bonding with Tyr-199 amino
acid. Indeed, the presence of the hydroxy group of
triclosan is essential for activity. It forms hydrogen
bonds with the hydroxy group of Tyr-156 in E. coli that
corresponds to Tyr-199 in higher plant ENR (Heath
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et al., 1999). Removing this hydroxy group decreases
the affinity by more than 10,000-fold (Ward et al.,
1999). As well, the tetrasubstituted hydroxyphenyl
ring of cyperin is also stabilized via -7 stacking with
the nicotinamide ring of the NAD " with an interplanar
distance of 3.48 A (Fig. 8B). This interplanar distance
was 3.4 A in the case of triclosan (Heath et al., 1999).

Whereas cyperin and triclosan have some structural
similarity and both caused light-independent loss of
membrane integrity (Fig. 3), there was a large differ-
ence in their potency (Table I). The absence of chloro
groups on cyperin may also contribute to the lower
inhibition of ENR and the difference in their binding
mechanism. The 5-chloro group of the phenolic moiety
of triclosan is known to be very important for tight
binding and removal of this group reduced the bind-
ing 450,000-fold (Sivaraman et al., 2003, 2004). The low
enzyme inhibitory activity and reversible binding of
cyperin to ENR is probably due to the absence of
similar halogen functionality.

In addition, cyperin is much less lipophilic than
triclosan (Fig. 9; Table IV). Consistent with the analysis
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Figure 6. Representative plot of the effect of ENR concentration upon
the oxidation of NADH in the presence of 8.5 nm triclosan (®) and
20 uM cyperin (m) relative to uninhibited control (O). Control sample
received equivalent volume of solvent.
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Figure 7. Dixon plot showing noncompetitive inhibition of Arabidop-
sis ENR by cyperin in the presence of 100 (O) and 50 um (@) crotonyl-
CoA. Control sample received equivalent volume of solvent. Each point
represents the average of three independent observations and error
bars = =1 sp. Kinetic parameters obtained are K, of 288 = 97 um for
crotonyl-CoA and a K; of 13.6 = 2.2 um for cyperin.

of several ENR crystal structures (Lee et al., 2007), the
Arabidopsis ligand-binding pocket adjacent to the
NAD+ cofactor is composed of hydrophobic residues
(Ala-214, Tyr-264, Ile-265, Ala-266, Ile-271, and Phe-
246); therefore, the ability of this polar phytotoxin to
interact with ENR may be reduced relative to the
nonpolar triclosan, although still sufficient to induce
electrolyte leakage in the absence of light at high

Fungal Phytotoxin Inhibits Plant Enoyl Reductase

concentrations. Furthermore, the lower clogP of cy-
perin may hinder its intercalation into the lipid bilayer
(relative to triclosan), but may still be involved in the
nonspecific perturbation of subcellular membrane
structure as was reported with triclosan (Paul et al.,
2004; Gomez Escalada et al., 2005).

CONCLUSION

The biochemical interactions between pathogenic
microorganisms and their host plants are very intricate,
often resulting from a dynamic and continually evolv-
ing process. The ability of certain pathogenic fungi to
produce the natural diphenyl ether cyperin in the
tissues of infected plants is likely to contribute to the
virulence of these disease agents. Whereas the mech-
anism(s) by which the producing organisms are not
affected by cyperin remains to be determined, this
article suggests that ENR may be a valid target for the
development of new natural product-based herbicides.

MATERIALS AND METHODS
Materials and Synthesis

Cyperin [2-(3-hydroxy-5-methylphenoxy)-5-methoxy-3-methyl phenol; CAS:
33716-82—4; Fig. 1] was synthesized (>95% purity) according to the method
reported by Harrington et al. (1995). The structure was confirmed by com-
paring 'H-NMR and mass spectrometry data with literature values. Triclosan
[5-chloro-2-(2,4-dichlorophenoxy)-phenol; CAS: 3380-34-5] and all other re-
agents were purchased from Sigma-Aldrich.

Phytotoxicity of Cyperin and Triclosan

Arabidopsis (Arabidopsis thaliana Columbia [Col-0] wild type; Lehle Seeds)
seeds were surfaced sterilized in a solution of 2.5% (v/v) sodium hypochlorite
with 0.05% (v/v) Tween 20 for 10 min and rinsed four times with sterile
deionized water. Twenty seeds per dish were plated onto square culture

Table 11l. Homology between amino acid residues involved in the binding pocket of ENR of Arabidopsis
with respect to the sequence of this enzyme in other organisms®

Residue numbers are based on the sequence from Arabidopsis mature protein.

Residue Conservation Other Residues at That Position
%

Ala-139 90 Gly in Salmonella, E. coli

Asn-140 65 Phe in seven bacteria

Gly-141 50 Ala in P. falciparum and seven bacteria, and Ser in

Chlamydophila and Chlamydia

Val-144 55 Asp, Glu, or lle in nine bacteria

Tyr-189 100 -

Tyr-199 100 -

Met-203 100 -

Lys-207 100 -

Pro-236 100 -

Phe-247 65 Gly or Asp in seven bacteria

Ile-248 70 Phe in six bacteria

Search for sequence homology using the BLASTp function in the NCBI protein database yielded seven
higher plant sequences (two monocotyledonous and five dicotyledonous), one alga, and one cyanobac-
terial sequence, three protozoal parasite sequences, and eight bacterial sequences. GenBank accession
numbers of the sequences and complete alignment are available as Supplemental Figure S1. Protein
sequences were aligned by using the ClustalW program (Thompson et al., 1994) running under the
software Lasergene version 6 (DNASTAR), with default parameters (gap penalty 10, gap length penalty 0.2).

Plant Physiol. Vol. 147, 2008
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A

Figure 8. A, Overlay of the homology model of Arabidopsis ENR (light-green) and the crystal structure of B. napus ENR
(magenta). Amino acids in Arabidopsis that differ from those of B. napus are shown in dark green to identify their positions
relative to the highly conserved catalytic site where cyperin and NAD™ are located (top center of protein model). B, Homology
model of Arabidopsis ENR catalytic site showing the position of the cofactor NAD* and cyperin. Cyperin was prepositioned in
the catalytic site based on the coordinates of the bound pharmacophore in the crystal structure of B. napus. Cyperin was then
docked to the catalytic pocket using FlexiDock as described in ““Materials and Methods.” Notice the -7 stacking interaction

between one of the rings of cyperin and NAD™.

dishes (L100 X W100 X H15 mm) containing one-half-strength Murashige and
Skoog growth medium in agar (2.7 g L") with concentrations ranging from 3
to 1,000 uM for cyperin and from 0.01 to 3 uM for triclosan. Controls received
equivalent amounts of acetone (0.1% [v/v]). Plates were placed vertically in a
CU-32 L plant growth chamber (Percival Scientific) at 21°C with a 16-h day
photoperiod (approximately 300 umol m ™2 s™%). Root lengths of 15 seedlings
were measured for all treatments after 12 d of growth. The experiment was
repeated three times.

Effect of Cyperin and Triclosan on Fatty Acid Profile

Arabidopsis seeds were surfaced sterilized as before and placed in six-well
culture plates containing 5 mL of medium (Murashige and Skoog) per well
containing either 0.03 uM triclosan or 33 um cyperin. The control contained a

EEEEEEEEEE
oo

0.
0.
0.
0.
0.

similar amount of acetone (0.1% [v/v]). Plates were cultured for 15 d as
described above. Approximately 60 mg of tissue from each well was harvested
for extraction. Total fatty acids were extracted according to Sasser (1990) and
samples were analyzed on a Hewlett-Packard 5890 series II gas chromatograph
with a cross-linked 5% phenyl methyl siloxane column (25-m X 0.2-mm X 0.3-um
film thickness; Agilent Technologies).

Effect of Cyperin and Triclosan on Membrane Integrity
and Photosynthetic Efficiency

Tissues were treated with 333 uM cyperin or 10 uM triclosan and their effect
on membrane integrity was tested by monitoring electrolyte leakage as
described by Kenyon et al. (1985). Fifty 4-mm cucumber (Cucumis sativus)
cotyledon discs (approximately 0.1 g fresh weight) were placed in a 6-cm-

’ g

Figure 9. A and B, 3-D conformation of cyperin (A) and triclosan (B) showing the similarity in carbon skeleton between the two
diphenyl ethers. C and D, Lipophilic maps of cyperin (C) and triclosan (D) showing the large difference in lipophilic properties
between the two molecules. Lipophilic potentials ranged from 0.07 to 0.25 for more hydrophilic (blue) to more lipophilic
(brown) values, respectively. The 3-D conformation of triclosan and cyperin are based on the bioactive conformation of triclosan
within the crystal structure of B. napus followed by minimization as described in “Materials and Methods.”
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Table IV. Molecular properties of cyperin and triclosan

Connollyyg ume: Connolly solvent-accessible surface volume as calculated by Connolly (1983); cLogP,
calculated log value of the octanol/water partition coefficient, as described in www.biobyte.com; LP,,,4
and LPy,,, maximum and minimum lipophilic potentials calculated by Ghose et al. (1988); EP,,,x and

EP,yn, Mmaximum and minimum electrostatic potentials.

Parameters Cyperin Triclosan
Molecular weight 260.29 289.54
Connollyyo e A 211.7 196.5
Dipole, Debye 2.12 2.11
lonization potential, eV 8.95 9.21
cLogP 3.75 5.53
LPyiax —9.31 -9.15
LPyyn ~0.42 -0.19
EPyyay, €V 32.32 35.93
EPyy €V —40.67 -32.93

diameter disposable petri dish containing 5 mL of 2% (w/v) Suc and 1 mm
MES (pH 6.5) with or without the test compounds. Test compounds were
dissolved in acetone. Control tissues were exposed to the same amount of
acetone as treated tissues, but without the test compounds. The final concen-
tration of acetone in the dishes was 1% (v/v). The cotyledon discs were
incubated at 25°C in darkness. Cellular damage was determined over time by
measuring electrolyte leakage into the bathing medium with a conductivity
meter (model 1056; Amber Science) capable of assaying 1 mL of bathing
medium (Kenyon et al., 1985). All measurements were done under dim green
light (5 umol m™? s7). Because of differences in background conductivity
between different treatment solutions, results are expressed as a change in the
conductivity. All treatments for electrolyte leakage measurements were in
triplicate and the experiment was repeated.

Cloning and Purification of ENR

Total RNA was extracted from Arabidopsis leaves using TRIzol reagent
and converted to first-strand cDNA using Superscript II RNase H— reverse
transcriptase according to the manufacturer’s instruction (Invitrogen). The
open reading frame of fabl was amplified from the cDNA by using PCR. The
PCR reaction was performed using PfuTurbo DNA polymerase (Stratagene)
according to the manufacturer’s instructions with upstream primer
5'-ctagccATGGCTGAATCCAGTGAAAACAAGGC-3' and downstream primer
5'-ccgctcgag ATTCTTGCTGTTAAGGTCTTTGAAC-3". The PCR product was
digested with Ncol and Xhol that were introduced into the primers at the 5’
and 3’ ends of the primers, respectively, and cloned into similarly prepared
pET28b. The clone was sequenced to confirm without errors. This plasmid
was named pETFab and transformed BL21(DE3) cells for expression.

Cells were collected by centrifugation, resuspended in cold lysing buffer
(50 mm Tris-HCI, pH 7.5, 1 M NaCl, 5 mm imidazole, 10% [v/v] glycerol, 1 ug
mL ™! leupeptin), and lysed with a French Press (SIM-AMINCO). Benzonase
(1 kL mL™" of 25 units L") and 1 mm phenylmethylsulfonyl fluoride were
added immediately to the lysate. After 15-min incubation at room tempera-
ture, the lysate was centrifuged in a Sorvall S534 rotor at 15,000¢ for 20 min.
The supernatant was saved for purification of ENR.

A HisTrap HP column (GE Healthcare Bio-Sciences) was activated with
2 mL of 0.1 M NiSO, and washed column with 10 mL of distilled water. The
column was equilibrated with 10 mL of buffer A (20 mm Tris-HCI, pH 8.0, 500
mm NaCl, 5 mm imidazole). ENR was eluted from the column with elution
buffer (20 mm Tris-HCI, pH 8.0, 500 mm NaCl, 250 mm imidazole). The ENR-
containing fraction was desalted on a PD-10 column equilibrated with cold
desalting buffer (10 mm sodium phosphate, pH 7.2, 10 mwm dithiothreitol, 10%
[v/v] glycerol). Protein concentration was determined using Bio-Rad protein
reagent.

Assay of ENR and Inhibition Kinetics

The assay buffer consisted of 10 mm sodium phosphate, pH 7.2. The I,
values (concentration of inhibitor required for 50% inhibition of activity) of
cyperin and triclosan on Arabidopsis ENR were determined by testing the
inhibitors at concentrations ranging from 0.1 to 1,000 um for cyperin and 0.001
to 3 uM for triclosan. All inhibitors were dissolved in acetone and control
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samples received equivalent amounts of acetone (1% [v/v] final concentra-
tion). ENR (24 nm or 1 ng mL™!) was incubated with the compounds in the
presence of 100 um NAD™ for 30 min at room temperature prior to assay.
Crotonyl-CoA (100 um) was added to the mixture and the reaction was
initiated by the addition of 100 um NADH. The time-dependent and enzyme
titration experiments were performed with 240 nm ENR (10 ng mL™") and 200
M each of crotonyl-CoA, NADH, and NAD™. The kinetic study to determine
the K, of crotonyl-CoA and the K; of cyperin was done with 120 nm ENR (5 ng
mL ") and 100 um of NADH and NAD". The experiment was carried out in
the presence of 2, 4, 6, and 8 uM cyperin with either 50 or 100 uM crotonyl-CoA
using the enzyme assay conditions described by Sivaraman et al. (2004). The
kinetic parameters were calculated from a Dixon plot. The reactions were
started by addition of NADH. The oxidation of NADH was monitored for 60 s
by measuring change in A, in a Shimadzu model UV3101PC spectropho-
tometer with the cell thermostabilized at 25°C. Spectrophotometric measure-
ments were converted to concentrations of NADH oxidized using ¢ = 6.3
mM ' em™! (Ward et al., 1999).

Binding Mechanism of Cyperin and Triclosan to
Arabidopsis ENR

The time dependence of ENR inhibition by cyperin and triclosan was
determined by conduction enzyme assays over 6 min. The nature of the
interaction between cyperin and triclosan and their binding site on ENR was
further investigated by modifying the method of Ellis et al. (1995). This was
done by incubating various concentrations of ENR for 5 min with either 20 um
cyperin or 8.5 nM triclosan at room temperature prior to conduction ENR
assay as described above.

Modeling of Arabidopsis ENR and Binding of Cyperin
and Triclosan

The National Center for Biotechnology Information (NCBI) Arabidopsis
genomic database was searched using BLAST (http://www.ncbi.nlm.nih.
gov/BLAST) with sequence of Brassica napus (GenBank accession no. P80030)
as query. Twelve cDNA sequences were identified by this search. Analysis of
these sequences with the software MegAlign (DNASTAR) showed that 11
were identical. One sequence (GenBank accession no. NM_126612) was used
for this study.

The x-ray crystal coordinates of B. napus ENR/NAD" /triclosan complex at
a resolution of 1.9 A from Roujeinikova et al. (1999) were obtained from the
Brookhaven Protein Database (1D70.pdb). The significant sequence homol-
ogy between B. napus ENR (Roujeinikova et al., 1999) and ENR of other
organisms (as discussed later) enabled the construction of a homology model
of the Arabidopsis ENR using the biopolymer functions of the computer
modeling software Sybyl 7.2 (Tripos Associates) on a Silicon Graphics O,
250 MHz R10000 workstation. A total of 11 amino acid substitutions were
introduced to the B. napus ENR to obtain a homology model corresponding
to the Arabidopsis ENR sequence. The amino acid substitutions made (based
on the numbering of the B. napus sequence) were Val-109 to Ala, Pro-160 to
Ala, Ala-177 to Thr, Arg-197 to Lys, GIn-198 to Lys, Ser-244 to Arg, Phe-291 to
Tyr, GIn-297 to Ser, Ala-331 to Gly, Val-230 to Ala, and Ser-370 to Ala. Pro &
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angles were fixed at 70°, side chain amides were checked to maximize
potential H-bonding, side chains were checked for close Van der Waals con-
tacts, and essential hydrogens were added. The model was checked for con-
formational problems using the module ProTable from Sybyl. Ramachandran
plot, local geometry, and the location of buried polar residues/exposed
nonpolar residues were examined. The model was then subjected to energy
minimization following the gradient termination of the Powell method for
3,000 iterations using Kollman united force field with NB cutoff set at 9.0 and
the dielectric constant set at 4.0.

The 3-D structure of triclosan was obtained from its x-ray crystal coordinates
found in the 1D70.pdb file. The structure of cyperin was derived from the
coordinate of triclosan. The binding of either cyperin or triclosan was adjusted
within the binding site using the FlexiDock module of Sybyl 7.2. The ligands
were prepositioned in the binding pocket by using the coordinates of triclosan
in the crystal structure of B. napus ENR. The binding pocket was defined by
selecting all the residues within a 4 A boundary around the ligand. Briefly,
partial charges were assigned to the atoms. All donor and receptor atoms and
rotatable bonds were selected in the binding pocket and the ligands to optimize
the interaction. The distances between atoms involved in hydrogen bonding in
the ligand-receptor interaction were measured in the resulting models.

Statistical Analysis

Data from dose-response experiments were analyzed with the add-on
package for dose-response curves (drc; Ritz and Streibig, 2005) for R version
2.2.1 (R Development Core Team, 2005) using a four-parameter logistic
function. Means and sb were obtained using the raw data, and Iy, values
were one of the parameters in the regression curves. The regression curves
were imported into SigmaPlot version 10 (Systat Software). The kinetic
analysis was performed with the enzyme kinetic module of SigmaPlot version
10. Statistical analysis of the fatty acid profiles was performed using SAS
version 9.1 (SAS, 2004).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers P80030 and NM_126612.

Supplemental Data

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

Supplemental Figure S1. ENR sequence alignment of 20 organisms.
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