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Alternaria alternata Crofton-Weed Toxin: a Natural Inhibitor of
Photosystem Il in - Chlamydomonas reinhardti -~ Thylakoids
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The action site of Alternaria alternata Crofton-weed toxin (AAC-toxin), isolated first from Alternaria
alternata (Fr.) Keissler, was investigated in Chlamydomonas reinhardftii thylakoids. The results revealed
that AAC-toxin inhibited photophosphorylation in a concentration-dependent pattern. Similarly, toxin
inhibited uncoupled, basal electron flow and photosystem Il (PSll) electron transport as well. However,
toxin did not affect photosystem | (PSI) activity or the partial reaction of electron transport from H,O
to silicomolybdic acid (SiMo). Therefore, the action site of toxin was located at Qg level. In addition,
the toxin may behave as an energy-transfer inhibitor at high concentrations by inhibiting phospho-
rylating electron transport and Mg?+tATPase activity. Chlorophyll a fluorescence induction and JIP
test corroborated the inhibition at Qg level. Through observations of the different sensitivity of toxin
on D1 mutants of C. reinhardtii, evidence further confirmed that AAC-toxin inhibited electron transport
by displacing the Qg on the D1 protein, and the mode of action was similar to phenol-type PSII
inhibitors.
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INTRODUCTION H o

Crofton weed Eupatorium adenophorunSpreng) is a - H3
troublesome invasive weed in Chirfdternaria alternata(Fr.) Hg o
Keissler is a natural pathogenetic fungus isolated from Crofton CHs N

weed for the first time, which caused a brown diseased leaf
spot and produced a secondary metabolitesrnaria alternata
Crofton-weed toxin (AAC-toxin) 1). The chemical structure
of AAC-toxin is shown adrigure 1. The capability of AAC-
toxin to kill the seedlings of many mono- and dicotyledonous
weeds even at low concentration®) (makes it a possible
candidate for the development of a biological herbicide.
However, not much is known about the mechanism of its action.
Primary work has indicated that the action of AAC-toxin was Therefore, in this paper, we investigate in detail the action site
likely to inhibit electron transport of PSII3]. But a more and mode of AAC-toxin by measuring ATP synthesis; O
detailed and systemic study is needed in order to understandevolution or uptake, Chd fluorescence induction transient, and
precisely the target and mode of toxin action. In addition, the the resistance or sensitivity of D1 mutants@f reinhardtii.
influences of toxin on photophosphorylation, noncyclic electron
transport, and ATPase activity have not yet been investigated.
The eukaryotic unicellular green algzhlamydomonas rein-
hardtii resembles higher plant cells (4) and constitutes a  Chemicals and ReagentsAll reagents and solvents were analytical
powerful experimental model system for study of the photo- grade. DCMU (D-7763), DCIP (D-1878), DBMIB (271993), SiMo
synthetic machinery. It can be used to isolate numerous (383368), MV (856177, 98%), sodium ascorbate (B13011), and PMS
photosynthetic mutants, which have helped to examine the (P-9625) were purchased from Sigma Chemical Co. (St. Louis, MO).

Figure 1. Chemical structure of AAC-toxin.

yet available. So, herbicide-resistant or -supersensitive mutant
is used to identify amino acids in the target that were involved
in herbicide binding §). By analyzing D1 mutants of.
reinhardtii for their sensitivity toward different inhibitors, we
can gain useful insight into their inhibitor binding modé&3. (

MATERIALS AND METHODS

function of the photosynthetic apparatus (5). It is well-known
that the herbicide binding protein is the D1 protein of the RC
of PSII, but the X-ray structure of PSII at high resolution is not
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Bovine serum albumin (J0014), HEPES (B2012), and Tricine (D20031)
were obtained from Ameresco (Solon, OH). Nats purchased from
Chemical Reagent Co. (Shanghai, China). Luciferin/luciferase (dry
powder) kit was from Chinese Academic of Science (Shanghai, China).
ADP and NaHPO, were purchased from Fluka (Steinheim, Germany).
Other reagents, including methanol, ethanol, sucrose, M&TITA,
glycerol, NaCl, FeCy, KKPO,, NH4CI, PD, trichloroacetic acid,
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sorbitol, KCI, MnCh, and NaEDTA, were prepared from Shanghai  Taple 1. Effect of AAC-Toxin on Photophosphorylation of C. reinhardtii
Chemical Co. Ltd. (Shanghai, China). Thylakoids?

AAC-Toxin Purification and Treatment Procedures. AAC-toxin
was isolated and purified from the culture Af alternataisolate 501 activity (%)
by the procedures previously report&iZ), and dissolved in methanol.

conen noncyclic photophosphorylation, cyclic photophosphorylation,

In order to avoid solvent-induced damage to photosynthetic membranes, (ugimL) Water to FeCy water to PMS
the final concentration of methanol in the thylakoid suspension was
kept well below 1% (v/v) in all measurements, and the results showed 0 100+ 0.00 Aa 100+ 0.00 Aa
the effect of methanol was negligible (data not shown). Thylakoids 48 %'gfgig Q(B:E g‘OD 4+352Bb
treated with different concentrations of AAC-toxin were first preincu- 80 65:3 + 2:97 cd 78:2 + 1:09 Ce
bated for 10 min in the dark and then were added to reaction medium 15, 27.2 +1.11 De 68.4 + 2.08 Dd
to make a final Chl concentration of 2@/mL. The treatment for Chl 160 115 + 0.03 Ef 37.5 + 1.40 Ee
a fluorescence induction is described below.
Cultivation of C. reinhardtii Cells. C. reinhardtiicells were obtained a Other conditions are described under Materials and Methods. Control values

from the Chlamydomonas Genetic Center (Department of Botany, Duke t; noncyclic and cyclic photophosphorylation are 27.19 + 0.76 and 55.39 + 1.12
University, Durham, NC). The. reinhardtiiwild type (CC-124) and ~ ymo| of ATP (mg of Chi)~* h2, respectively. Data are expressed as mean + SE

five mutants of D1 protein (D1-V219l, D1-F255Y, D1-S264A, D1- (o 35 repjications. Values followed by different capital letters are significantly
L275Y, and D1-G256D) were cultivated mixtrophically in liquid TAP  gitterent at P < 0.01, while those followed by different lowercase letters are different
medium at 25°C, with a light/dark cycle of 12/12 h and constant 4 p < 0,05 (Tukey's HSD test). ND, not determined.

shaking. The growth rate of wild type and the mutant was determined

by measuring the optical density of the cells in the TAP culture medium

at 750 nm §). The cells in the second hour of the light phase during and was stopped by the addition of 3% trichloroacetic adifi).(

the log phase of their optimal growth conditions were harvested and Inorganic phosphate content was determined according to Taussky and

used for subsequent measurements. Shorr (16). . . .
Thylakoid Preparation and Chlorophyll Determination. The Chl a Fluorescence Induction. Chl a fluorescence induction

thylakoid preparation was as described ear@mith some modifica- transients were registered by using a plant efficiency analyzer (Handy

tions. The log-phase cells were centrifuged at 2000 4 min at 4°C. PEA, Hansatech Instruments, U.K.) at room temperature. Experiments

The pellet was washed twice with a buffer containing 350 mM sucrose, Were performed in 1_-cm diameter vials containing 0.5 mL of reaction
20 mM HEPES (pH 7.5), and 2.0 mM MggIThe cells were medium [0.1 M sorbitol, 20 mM HEPES (pH 7.0), 10 m_M MgCl0
resuspended in the above buffer 4.5 mg of Ch/mL and were ~ MM KCI, and 0.1 mM NHCI], which contained thylakoids at a Chl
sonicated slightly. The broken cells (thylakoids) were centrifuged at concentration of g/mL (9). The reaction medium was dark-adapted
100000gfor 20 min at 4°C. The pellet was resuspended in a buffer for_lO min; at the e_nd of the period, different concentratlo_ns of AAC-
containing 400 mM sucrose, 20 mM HEPES (pH 7.5), 5.0 mM MgCl  toxin were added in the dark, followed by gentle shaking. After a
5.0 mM EDTA, 1.0 mg/mL bovine serum albumin, and 20% (v/v) 10 min dark |ncubat|o.n,_ mgluctl_on kinetic curves were recorded for a
glycerol. It was briefly centrifuged at 100gr 10 s to remove the ~ Period of 1 s at actinic irradiance of 30Q@mol m™? s™*. Each
unbroken cells. The supernatant containing the thylakoids was recen-fluorescence induction curve was a mean of 6—8 repetitions.
trifuged at 14006 for 1 min. The pellet was resuspended in the above- ~ Determination of AAC-Toxin Resistance or Sensitivity. The
described buffer to a Chl concentration-el mg/mL. The aliquots of ~ resistance or sensitivity was determined as described by De Prado et
resuspension were quickly frozen in liquid nitrogen until use. Chl @l (17) with a few modifications. The reaction medium contained
determinations were performed according to Arnon’s method (10). 25 MM Tricine-NaOH (pH 7.6), 1 mM MgGJ 1 mM MnCk, 2 mM
Photophosphorylation Determination. Photophosphorylation of ~ N&EDTA, 0.4 M sorbitol, 3 mM FeCy, and 2.5 mM NBI. ECs
thylakoids was measured as described by Wei et.a). (The reaction value (_the concentra_tlon that |nh|b|_ts the_ Hill reaction by 50%) was
medium with a final volume of 1 mL contained 50 mM Tricine-NaOH  determined. The resistance factor is defined as Risfecs. In
(pH 8.0), 5 mM NaCl, 5 mM MgGl, 1 mM FeCy for noncyclic thl_s paper, R represen_ts the I?l protein mutant€.afeinhardtii, and
photophosphorylation or 56M PMS for cyclic photophosphorylation, S iS the wild-typeC. reinhardtii. , o
and thylakoids. After 1 min of preincubation, the reaction was initiated D&t Analysis. ECso values were calculated on the basis of logistic
by addition of 1 mM ADP and 2 mM N&PQ,. ATP content was regression Wl'th SAS software_(versmn 813). Tuke_y’s HSD testyvas_
measured by the luciferin/luciferase luminescence assay (12). p_erformed with SPS_S statistical softvv_are, version 13.0, to identify
Photosynthetic Electron Transport Measurement Photosynthetic ~ differences among different concentrations.
noncyclic electron flow from water to MV was determined with a Clark-
type electrode (Chlorolab2, Hansatech, U.K.) at a light intensity of RESULTS AND DISCUSSION

500uE m~2 s and temperature of 25 (13, 14). The basal electron Inhibition of AAC-Toxin u .
. . X - pon Photophosphorylation.
transport reaction medium contained 50 mM HEPES (pH 7.6)M0 Photosynthetic phosphorylation encompasses both cyclic pho-

MV, 2 mM NaN;, 5 mM MgCh, and 10 mM NaCl. Both phosphory- . . . .
lating and uncoupled electron transport were the same as basal electroﬁophosphorylatlon, which is concerned only with PSI, and

transport except that 1 mM ADP plus 3 mM KPO; or 5 mM NH.CI noncyclic photophosphorylation, which is concerned with both

was added, respectively. PSI and PSII. Phosphorylation rates®freinhardtiiwere lower
The measurement of PSI and PSII electron transport was similar to than those of higher plants (19), which was confirmed in our

that of noncyclic electron flow. For uncoupled PSI electron flow, the result. As shown irTable 1, both noncyclic photophosphory-

reaction medium contained 50 mM HEPES (pH 7.6), 5 mM MgCl lation from water to FeCy and cyclic photophosphorylation from

10 mM NacCl, 5uM DCMU, 0.2 mM DCIP, 2 mM sodium ascorbate,  water to PMS in thylakoids of. reinhardtii were inhibited in

2 mM NaNs, 50 4uM MV, and 5 mM NHCI. For uncoupled PSIl 5 concentration-dependent manrier<{ 0.01). Moreover, higher

electron flow, the reaction medium contained 50 mM HEPES (pH 7.6), inhibition of noncyclic photophosphorylation was observed at

5 mM MgCh, 10 mM NaCl, 1uM DBMIB, 5 mM NH.CI, 1 mM PD, the same time (E& values were 85.02 and 142:.&/mL for

and 4 mM FeC_y. For the part[al reaction of uncoupled electron transport noncyclic and cyclic photophosphorylation, respectively)

from H;O to SiMo, the reaction medium was the same as uncoupled L . ! 7

Inhibition upon Photosynthetic Electron Transport. It is

PSII electron flow in the absence of PD and FeCy, except that =
2004M SiMo and 104M DCMU were added. well-known that ATP synthesis is coupled to electron flow. The

Mg?*ATPase Activity Assays. Thylakoids were preincubated in  inhibition of ATP synthesis could be due to uncoupling ATP
25 mM Tricine/NaOH (pH 8.0), 5 mM MgG| and 25% ethanol at ~ synthesis from electron transport, blocking electron transport,
37 °C. Then the reaction was started by the addition of 5 mM ATP or blocking the phosphorylation reaction itse2f)j. In order to
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Table 2. Effects of AAC-Toxin on Noncyclic Electron Transport of C.
reinhardtii Thylakoids from Water to MV

Table 3. Effects of AAC-Toxin on Uncoupled PSIl and PSI Electron
Transport and Partial Reaction of Uncoupled PSII2

activity (%) activity (%)
conen (ug/mL) uncoupled basal phosphorylating uncoupled PSII uncoupled PSI

0 100 + 0.00 Aa 100 +0.00 Aa 100 +0.00 Aa conen electron transport electron transport
5 95.3+0.42Bb 96.8+0.80AaBb  99.1+0.82 Aa (uglmL) H,0 to PD/FeCy H,0 to SiMo? DClIPyeq to MV
10 92.8+0.85Cc 95.2+2.95 ABb 98.5+1.42 Aa 0 100 £ 0.00 Aa 100+ 0.0 Aa 100 + 0.00 Aa
20 89.8 +1.50 Dd 93.8+£0.22BbCc  98.0+1.81 Aa

5 94.2+1.79Bb ND 100 + 2.07 Aa
40 85.4+1.77 Ee 88.8+1.63Cd 94.9 + 1.56 ABb

10 90.5+1.52Cc 98.4 +3.20 Aa 99.5 + 0.86 Aa
100 41.8 +1.60 Ff 71.6 £ 2.56 De 76.5+1.36 Cc

20 86.1+1.61Dd ND 98.8 +2.10 Aa
120 265+125Gg  62.8+0.69 Ef 54.6 +0.16 Dd 40 711+ 108 E 97.7+2.64 A 992 + 161 A
200 0.0 +0.00 Ff 47.4+091Fg 13.5+1.00 Ee e Jradnia cronna

100 28.4+1.02 Ff 99.2+1.71 Aa 86.7+1.17Bb

@ QOther conditions are described under Materials and Methods. Control values
of basal, phosphorylating, and uncoupled electron transport are 23.94 + 0.51, 28.2
+ 0.46, and 30.35 + 0.65 mmol of O, (mg of Chl)~1 h~1, respectively. Data are
expressed as mean + SE for 3-5 replications. Values followed by different capital
letters are significantly different at P < 0.01, while those followed by different
lowercase letters are different at P < 0.05 (Tukey's HSD test).

2 Other conditions are described under Materials and Methods. Control values
for uncoupled PSII, uncoupled PSI, and partial reaction are 52.9 + 0.86, 48.2 +
0.12, and 20.2 + 0.62 mmol of O, (mg of Chl)~1 h~1, respectively. Data are
expressed as mean * SE for 3-5 replications. Values followed by different capital
letters are significantly different at P < 0.01, while those followed by different
lowercase letters are different at P < 0.05 (Tukey’s HSD test). ND, not determined.
b partial reaction of uncoupled PSII.
study the inhibition of photophosphorylation by AAC-toxin, we

determined the effect of toxin on basal, phosphorylating, and 160 -

uncoupled electron transport from water to MV. The one-way 140 L _}

ANOVA analysis (Tukey’s HSD) showed that both uncoupled

and basal electron flow were inhibited as concentrations of toxin 120 _I_

increased B < 0.01). However, phosphorylating electron <100 | B

transport was not affected until the concentrations of toxin < T

reached 40ug/mL (P > 0.05, Table 2). In addition, the T 80

inhibitory effect on uncoupled electron transport was greater 2 60 L

than on basal and phosphorylating electron transportsd EC

values were 81.8, 188.5, and 127.8/mL, respectively). 40

Electron transport activity decreased to 26.5%, 62.8%, and 0 L

54.6% for uncoupled, basal, and phosphorylating electron

transport, respectively, at the concentration of lapmL 0 ! : ' : : ! :
compared to the control. The results suggested that the action 0 5 o 20 40 8 100 120
site of AAC-toxin was exposed when the thylakoid was Concentration (pg/mi)

unenergizgd (uncoupled state) but was partially Puried during Figure 2. Effect of AAC-toxin on Mg2*ATPase activity of C. reinhardtii
the energlz_atlon of the membrane (ph_ospho_rylatlng and I:)("‘S""lthylakoid in the presence of 25% ethanol. Control value is 170.22 + 2.40
sta_lte). At high concentrations, greater inhibition of phosphory- umol of P; (mg of Chl)~* h~%. Other conditions are described under
lating electron transport was observed compared t0 basalyerals and Methods. Data are expressed as mean + SE for 3-5
electron transport. So, toxin might affect the phosphorylation replications.
reaction itself. By comparison of uncoupled and basal electron
flow, it was thought that the toxin has slight or even no effect j,creased 37% at Hg/mL. This suggested that the effect of
on uncoupling ATP synthesis from electron transport. Alto- tqxin on uncoupling property was slight and could be related
gether, inhibition of ATP synthesis was mainly induced by the {4 the Jight perturbation of thylakoid membranes caused by the
block of electron transport. lipophilic character of toxin (1422, 23). However, the toxin
Subsequently, we measured the effect of AAC-toxin on PSII inhibited ATPase activity at high concentrations, which cor-
and PSI electron transport. The results showed that the AAC- responded with the inhibition of phosphorylating electron
toxin inhibited uncoupled PSII electron transport frosCHto transport. The inhibitors blocking the phosphorylation reaction
PD/FeCy in a concentration-dependent pattern, and significantare frequently referred to as energy transfer inhibitors, which
differences were detected among concentratiBns 0.01). The blocked the M§*ATPase (20). So, AAC-toxin could behave
activity of electron transport decreased to 28.4% at the highestas an energy transfer inhibitor at high concentrations. Accord-
concentration of 10@g/mL compared to the controlT @ble ingly, the AAC-toxin might have inhibited MgATPase at high
3). However, uncoupled PSI electron transport from Dl concentrations, but further work will be needed to clarify it.

MV was not affected, although slight inhibition was detected
at 100ug/mL (P < 0.01), as described previously by others
(21). At the same time, the partial reaction of uncoupled PSII
electron transport from # to SiMo was not inhibited
(P > 0.05). It is known the partial reaction from,@ to SiMo
measures bD to Qu electron flow. Therefore, the action site
of AAC-toxin was located at the Qlevel of PSIlI electron
transport.

Influence on Mg2tATPase Activity. As shown inFigure
2, toxin tended to mildly stimulate the ATPase activity at
concentrations lower than 2@g/mL, with enzyme activity

Effects on Fast Chla Fluorescence Kinetics.Fast Chla
fluorescence transients of thylakoids fr@n reinhardtiiincu-
bated with different concentrations of AAC-toxin for 10 min
were measured-{gure 3). The control curve showed two steps
J (about 2 ms) and | (about 30 ms), between O and P, with J
more clearly observed than | at the light intensity used. The
toxin significantly affected the CHd fluorescence induction in
a concentration-dependent manner. First, the increase of the J
level was observed. Second, although all treatments were kept
in complete darkness, after the addition of AAC-toxin, the initial
fluorescence (f of toxin-treated sample was higher than that
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4500F  160ugml Table 4. R/S Values of AAC-Toxin in D1 Mutants of C. Reinhardtii
n R t! S04 . . o
= 4000 100ug/ml :—%& "f:f:’ P strains RIS value resistance or sensitivity
= ml 3:.0
Z 3soop e e ) Val219lle 187 R
Z ve/m 5 g Gly256Asp 1.67 R
g 3000F  sugmi . Leu275Phe 213 R
8 sk Comol O Ser264Ala 0.88 S
5 138 .
% 2000k * + ssssrmmntt iii 38 Phe255Tyr 0.81 S
g o § et
=]
< 1s00f ¥ O however, mutants Val219lle, Gly256Asp, and Leu275Phe
5 1000k showed slight resistance (R/S values were 1.87, 1.67, and 2.13,
respectively). It was suggested that the amino acid sites 275,

5005 TG 07 T TE T 2_19,_ and 256 of D1 protein were Iikc_ely to participate i_n toxin
Time (ms) g!ndllng.cl}l:urr]thermoreﬁ thDei,e resu_lts Jl_nr(l:ilcat_ed _tha}totﬁ;(ln surely
Fqre 3. Efects of noeased concenvatons of AGAoin on g pESCTS BT 10 T B e fac
quorescenge trans!ents of C. remhard_tl( thylakoids. leferen_t concer_nratlons that the Ser264Ala mutant is not tolerant to phenol-type
are shown in the figure. Others conditions are described in Materials and herbicides, in contrast to the classical on@8)( Accordingly,
Methods. the mode of action of AAC-toxin was similar to that of phenol-
type herbicides.
of the control. Finally, no K peak (300s) was observed. As Many natural products and derivatives, which inhibit photo-
shown inFigure 3, with the increase of concentrations, AAC- synthesis, have been studied widely in order to develop new
toxin tended to elevate the amplitude of J-step fluorescencebiodegradable and environmentally safe herbicides. And the
progressively. Thereafter, the magnitude of J-step fluorescenceresults indicated that these inhibitors have multiple actions in
yield was readily saturated at the highest concentration thylakoid membranes. The target can be located at different
(160 ug/mL), thus transforming the OJIP transient into an OJ levels in the electron transport chain: (1) the OEC complex
sequence. (31—-33,22); (2) the span of &y to Qa (32, 33); (3) the @
Strasser and Govindje@4) had suggested that the O step level (33,34); (4) the plastoquinone po@%); or (5) the Cytb6f-
was minimal Chla fluorescence vyield (highest yield of PC level (14). Otherwise, these inhibitors can behave as
photochemistry); the J step reflected an accumulation of uncouplers (31) or energy transfer inhibito®6) or as both

Qa~ Qg form; the | step was an accumulation of QQg~ form; uncoupler and energy transfer inhibitor at the same titdg. (
and the P step was an accumulation of QQg2~ form. AAC-toxin was a natural product isolated frof alternata.
Therefore, upon treatment with AAC-toxin, the increased J level According to our studies witkC. reinhardtii thylakoids, toxin
accounted for the lower rate of electron flow betweenapd was a photosynthetic electron transport inhibitor, and the target

Qs (25). As for the rise of level, it had been observed earlier was located at the Qlevel. In addition, toxin may behave as
(26). The explanation was that when, @as fully oxidized in an energy transfer inhibitor, which needs further study.
dark-adapted control thylakoidsg was attained. After addition PSII inhibitors, including numerous compounds and many
of the toxin in the dark, @ was replaced and an electron was herbicides, inhibited the electron transport at the acceptor side
transferred to @ from the reaction centers inhshus leading of PSII by competing with the native plastoquinong. @ can
to increased fluorescence (27). In addition, Briantais et al. (28) be grouped two families, that is, the classical triazine-urea
thought that a decreased quantum efficiency of PSIl photo- herbicides and the phenol-type group, by the different modes
chemistry and a disconnection of a minor antenna complex of action in the @ binding site (30). The classical herbicides
(containing a small percentage of total PSII chlorophyll), not orient themselves preferentially toward Ser 264 of the D1
the LHCII b, could also increase tl& level. The JIP test allows  protein, whereas the binding of phenolic herbicides is toward
it (unpublished data). The K peak was attributed to inactivation His 215 (§. That is, the classical diuron-type herbicides mostly
of the OEC 29); no K peak in the induction curves indicated interacted with Ser264. When Ser264 was substituted by another
that AAC-toxin did not affect the donor side of PSII (data not amino acid (Ala), mutants became tolerant to the classical
shown). On the basis of the results, it can be concluded thatherbicides but were sensitive to phenol-type herbicides. AAC-
AAC-toxin mainly inhibited electron transport fromaQo Qg toxin, a natural PSII inhibitor, was sensitive to Ser264Ala. So,
on the acceptor side of PSII, as demonstrated by the JIP testts mode of action was similar to that of phenol-type PSII
(unpublished data). Afterward, the action mode of toxin was inhibitors. However, the resistance to mutants Val219lle,
discussed in detail. Gly256Asp, and Leu275Phe suggested that binding of toxin in
Studies with D1 Mutants of C. reinhardtii. The D1 protein the @ niche has a close correlation with amino acids 275, 219,
is the herbicide binding protein. Different amino acid substitu- and 256 of D1 protein, and it displaced; @deed. Next, we
tions that confer resistance to many herbicides are clustered inwill focus on computer models, with the aim to further specify
the @ binding region between helices IV and V from residue the correct orientation of toxin toward a particular amino acid
211 to 275 of the D1 subunit of PSI6). The five D1 protein residue in the binding niche of theg@ite. On the other hand,
mutants ofC. reinhardtiiin our paper were resistant to many the competitive binding method can be generally used for the
common herbicides. So, we examined the sensitivity profile of identification of a common binding site and mechanism of two
AAC-toxin on the Hill reaction rate for five D1 mutants and different PSII inhibitors 87). Therefore, we will also employ
wild type. In the case of resistance, the R/S value (resistanceradioactive labeling methods to study the competing binding
factor) is always> 1. In the case of supersensitivity or negative of the toxin, so as to understand the mode of toxin more clearly.
cross-resistance, the R/S valuesig (6). The results are shown  In conclusion, our aims were to study the mechanism of action
in Table 4. Mutants Ser264Ala and Phe255Tyr were not tolerant of AAC-toxin completely and, furthermore, to synthesize more
against AAC-toxin (R/S values 0.88 and 0.81, respectively); potent analogues to generate commercially viable herbicides.
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ABBREVIATIONS

PSI, photosystem [; PSII, photosystem Il; Chl, chlorophyll;
Qa, primary bound plastoquinone;sQsecondary bound plas-
toquinone; TAP, Tris—acetate—phosphate; DCMU, 3-(3,4-
diclorophenyl)-1,1-dimethylurea; DCIP, 2,6-dichloroindophenoal;
DBMIB, 2,5-dibromo-3-methyi-6-isopropy-benzoquinone;
FeCy, KsFe(CN}; PD, phenylenediamine; SiMo, silicomolybdic
acid; RC, reaction center; MV, methyl viologen; PMS, phena-
zine methosulfate; OEC, oxygen evolution complex; LHCII,
light-harvesting complex 1l; HEPES\-(2-hydroxyethyl)pip-
erazineN'-ethanesulfonic acid; EDTA, ethylenediaminetetraace-
tic acid; ANOVA, analysis of variance.
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