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ABSTRACT: The Cl- channel blocker NPPB (5-nitro-2-(3-phenylpropylamino) benzoic acid) inhibited
photosynthetic oxygen evolution of isolated thylakoid membranes in a pH-dependent manner with aKi of
about 2µM at pH 6. Applying different electron acceptors, taking electrons either directly from photosystem
II (PS II) or photosystem I (PS I), the site of inhibition was localized within PS II. Measurements of
fluorescence induction kinetics and thermoluminescence suggest that the binding of NPPB to the QB

binding site of PS II is similar to the herbicide DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea). The
effects of different arylaminobenzoate derivatives and other Cl- channel inhibitors on photosynthetic
electron transport were investigated. The structure-activity relationship of the inhibitory effect on PS II
shows interesting parallels to the one observed for the arylaminobenzoate block of mammalian Cl- channels.
A molecular modeling approach was used to fit NPPB into the QB binding site and to identify possible
molecular interactions between NPPB and the amino acid residues of the binding site in PS II. Taken
together, these data give a detailed molecular picture of the mechanism of NPPB binding.

Compounds that block ion channels are important tools
for characterizing the behavior and physiological function
of ion channels. A few cation channel inhibitors have
established specificity and well-understood blocking mech-
anisms (1), but there is less detailed knowledge of anion
channel blockers. An anion channel blocker widely used in
plant (2) and animal cells (3) is the arylaminobenzoate NPPB
(5-nitro-2-(3-phenylpropylamino)-benzoic acid).1 NPPB was
discovered by comparing the structure-activity relationship
of 219 arylaminobenzoate derivatives concerning their ability
to block Cl- fluxes across the basolateral membrane of the
thick ascending limb of the loop of Henle (3). In this system,
the Cl- conductance is inhibited with aKi of 80 nM (3). A
few other Cl- transporters in animal cells show a comparable
high affinity for NPPB (4, 5). Other types of Cl- channels
such as CFTR (6), ClC type Cl- channels, and band 3 in
erythrocytes require higher concentrations (g100 µM) for
inhibition, and unspecific inhibition by higher NPPB con-
centrations was reported for different cation channels and
even soluble enzymes (7). In different plant cells, plasma

membrane anion channels are blocked by NPPB with aKi

between 4 and 7µM (2, 8). Whereas the molecular nature
of many low affinity NPPB-binding proteins is known, none
of the high affinity NPPB-binding Cl- channels have been
cloned and sequenced so far. This lack of knowledge of the
molecular nature of high affinity NPPB binding sites has
hampered a detailed molecular analysis of the mechanism
of NPPB binding.

Looking for a high-affinity ligand for the Cl- channel of
the thylakoid membrane (9, 10), we observed that photo-
synthetic electron transport was inhibited by arylaminoben-
zoates. Since the molecular nature of the membrane proteins
of the thylakoid membrane is well-established and three-
dimensional structures are known for some membrane protein
complexes, the photosynthetic membrane is a good model
system to study the molecular mechanism of NPPB binding.
The binding of herbicides to the photosynthetic membrane
was extensively studied, and the molecular details of the
structure of some binding sites were characterized (11, 12).
One of the best-investigated herbicide classes are urea
herbicides such as DCMU (diuron) affecting the acceptor
side of PS II. They bind to the D1 protein subunit of PS II,
competing with quinone for binding to the QB site, and
therefore inhibit the electron transport from the primary
quinone acceptor QA to the secondary quinone acceptor QB.
For the reaction center ofRhodopseudomonasViridis, which
is highly homologous to the D1 protein, the binding of
herbicides to the QB site was explored in detail by X-ray
crystallography (13-15).

In the present study, we investigated the effect of several
arylaminobenzoate derivatives, especially NPPB, and some
other Cl- channel inhibitors on the photosynthetic electron
transport chain. We measured photosynthetic oxygen evolu-
tion, fluorescence induction kinetics (16, 17), and thermolu-
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minescence curves (18, 19) to localize the NPPB binding
site. We determined the structure-activity relationship of
different arylaminobenzoate derivatives. Finally, we applied
molecular modeling to characterize possible molecular
interactions between NPPB and amino acid residues of the
binding site.

MATERIALS AND METHODS

Thylakoid membranes were isolated from spinach (Spina-
cia oleracea) or pea (Pisum satiVum) leaves according to
Polle and Junge (20). The chlorophyll concentration was
determined according to Arnon (21). Oxygen evolution was
measured with a Clark-type electrode (Bachhofer, Germany)
at saturating white light (4000µmol quanta m-2 s-1), in 300
mM sucrose, 20 mM KCl, 10 mM MgCl2, 30 mM buffer
(MES pH 6.0-6.5, MOPS pH 6.8-7.6, tricine pH> 7.6)
with a chlorophyll concentration of 20µM and 1 µM
nigericin as uncoupler. Ferricyanide (2 mM) or DCBQ (500
µM) was used as electron acceptor.

The Cl- channel blockers DIDS and SITS (nos. 26 and
27 in Table 1) were purchased from Sigma, the other
inhibitors were synthesized as described by Wangemann et
al. (3). The Cl- channel blockers, DCBQ and nigericin were
dissolved in ethanol or DMSO. The final solute concentration
was kept below 1.0% in the assay, a concentration that was
shown by control experiments not to affect photosynthetic
oxygen evolution by itself.

Fluorescence induction curves were measured at pH 6.0
with a PAM chlorophyll fluorometer (Walz, Effeltrich,
Germany) using a light intensity of 170µmol quanta m-2

s-1 and a chlorophyll concentration of 30µg/mL. F0 was
determined with a measuring light with a pulse frequency
of 1.6 kHz automatically switched to 100 kHz upon the onset
of actinic illumination.

Thermoluminescence measurements were performed at pH
7.5 with an apparatus as described by Demeter and Vass
(22). Thermoluminescence was charged by giving a single
turnover flash at-15 °C and was recorded during heating
to 70 °C at a heating rate of 20°C/min. The samples
contained a chlorophyll concentration of 30µg/mL; 30%
glycerol was added as cryoprotectant. Fresh formate was
obtained by adding NaOH to formic acid.

Data fitting (nonlinear regression analysis) was done with
Grafit (Erithacus Software, London, U.K.) using a least-
squares fit routine based on the Marquardt algorithm. For
molecular modeling, the program Insight II (Molecular
Simulations Inc., Munich, Germany) was used. Using the
stereoviewing facility of Insight II, NPPB and other inhibitors
were manually placed into the QB binding pocket according
to the quinone position (15). Afterward, energy minimization
and dynamics were performed using a consistent valence
force field, where partial charges and potentials were
assigned. Dynamics were run with 50 000 steps of 1 fs each
step.

RESULTS

As shown in Figure 1, NPPB inhibited the photosynthetic
oxygen evolution of isolated thylakoid membranes. The
concentration dependence was identical for thylakoids from
pea and spinach. For a quantitative analysis, we assumed a
simple Michaelis-Menten type of inhibitor enzyme interac-

tion with a single noncooperative binding site. This results
in the following equation:

where Inh is the inhibition of photosynthetic oxygen evolu-
tion in percent (Y axis of Figure 1), [NPPB] is the applied
inhibitor concentration (X axis of Figure 1), Max is the
theoretical maximum inhibition, andKi is the concentration
where half of the binding sites are occupied, reflecting the
affinity between the enzyme and the inhibitor. The nonlinear
regression analysis shown in Figure 1 resulted in aKi value
of 1.8 µM indicating a high-affinity binding of NPPB. It is
worth mentioning that the second parameter determined by
fitting, Max, which is expected to be 100% at complete
inhibition, within error limits came close to the theoretical
value of 100%. This is a good indication that the model of
a simple binding isotherm formulated by eq 1 correctly
describes our data.

It is most likely that the observed inhibition of photosyn-
thetic oxygen evolution in the presence of NPPB is due to a
blockage of photosynthetic electron transport. To test where
NPPB is binding, we applied different electron acceptors
taking electrons either directly from PS II or from PS I. The
site of inhibition was localized within PS II, since O2

evolution was blocked by NPPB with all electron acceptors
tested (Figure 1). Moreover, oxygen evolution of PS II-
enriched membrane fragments isolated according to Berthold
et al. (23) was inhibited by NPPB as well, corroborating a
binding of NPPB to PS II.

To further investigate the binding of NPPB to PS II, the
pH dependence ofKi values in the pH range 5.5 to 8.0 was
determined. As shown in Figure 2, for thylakoid membranes
from pea and spinach,Ki values increased with increasing
pH values. For a quantitative analysis, we assumed a simple
titration, described by the following equation

FIGURE 1: Effect of NPPB on photosynthetic oxygen evolution of
isolated thylakoid membranes from pea (circles) and spinach
(diamonds). As an electron acceptor, either ferricyanide (2 mM)
or DCBQ (500 µM) was used. The maximum rate of oxygen
evolution at pH 6.0 was 199µmol of O2 mg-1 h-1 in the presence
of DCBQ and 145µmol of O2 mg-1 h-1 in the presence of
ferricyanide. Oxygen evolution rates in the absence of NPPB were
set to 100%, and the percentage of inhibition was plotted as mean
( SD as a function of the NPPB concentration. Since data sets
measured with different electron acceptors did not differ signifi-
cantly, the data were pooled for pea (n ) 4, negative error bars)
and spinach thylakoids (n ) 7, positive error bars), respectively.
The solid line shows the raw data fitted by eq 1, resulting in a
Ki ) 1.8 ( 0.1 µM and Max) 96.4 ( 1.4%.

Inh )
Max[NPPB]

Ki + [NPPB]
(1)
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where Ki gives the affinity between the enzyme and the
inhibitor (Y axis of Figure 2), pH is the applied pH (X axis
of Figure 2),Ka is the minimumKi value at very acidic
conditions, Kb is the maximumKi value at very basic
conditions, and pK gives the pH value at which every second
proton binding site is protonated. The nonlinear regression
analysis, shown in Figure 2, resulted in a pK value of 7.1
and a maximumKi value ofKb ) 22 µM at basic pH values.
The minimumKi value Ka at acidic pH values could not
reliably be determined but is probably below 1µM. With
the data from spinach thylakoids, this three-parameter fit
could not be performed, since the existing data points do
not indicate the region of steepest slope (turning point of
titration curve). Since photosynthetic oxygen evolution is
inhibited at pH values above 8.0, no quantification of the
NPPB-dependent inhibition is possible above this value.
Figure 2 shows that the pK value approaching pH 8.0 for
spinach thylakoids is nearly one pH unit higher than for pea
thylakoids.

For a more detailed localization of the NPPB binding site
within PS II, fluorescence induction curves (16, 24) were
recorded in the presence and in the absence of NPPB (Figure
3). In the absence of an inhibitor, the classical three-phasic
fluorescence rise kinetics were observed (16). In the presence
of NPPB, the fluorescence induction was accelerated and
the maximal fluorescence level was slightly quenched. The
same fast induction kinetics are obtained in the presence of
DCMU, a well-known inhibitor of the acceptor side of PS
II (16). The similar effect of DCMU and NPPB on
fluorescence induction curves (Figure 3) indicates that NPPB
is binding to the acceptor side of PS II, probably at the QB-
binding site of the D1 subunit of PS II where DCMU is
acting.

To further characterize the inhibitory effect of NPPB,
thermoluminescence measurements were performed (18, 19).
Figure 4 shows thermoluminescence bands of spinach

thylakoid membranes after one saturating single turnover
flash in the absence of inhibitors and in the presence of
NPPB, DCMU, or formate. In thermoluminescence, the
emitted light originates from charge recombination of trapped
charge pairs. The charge pairs can be identified by their
emission temperatures, which strongly depend on the redox
potentials of the charge pairs involved. The B and the Q-band
are most important thermoluminescence bands for investigat-
ing inhibitory effects of herbicides on the electron transfer
from QA to QB in PS II. The recombination of the S2 or S3

states of the manganese cluster of the oxygen-evolving
complex at the donor side of PS II with the semiquinone
QB

- at the acceptor side yields the B band at approximately
30 °C. A S2QA

- recombination results in the Q-band at
approximately 0-5 °C (18). Without any addition (control),
the B band had a maximum emission temperature at about
30 °C. In the presence of NPPB or DCMU, the thermolu-
minescence emission was shifted to a lower temperature of
about-2 °C (NPPB) or 2°C (DCMU), which indicates a
blockage of electron transfer from QA to QB. Formate also
acts as an inhibitor on the acceptor side of PS II, but it
competes with HCO3- at the non-heme iron-binding site (25).
In the presence of formate, the B band emission temperature
is increased from approximately 30°C to approximately 38
°C (Figure 4, bottom). Additionally, a small shoulder at about
48 °C might reflect a C band, which is assigned to a
TyrD

+QA
- recombination (26).

In addition, thermoluminescence intensities were measured
as a function of the number of excitation flashes in the
presence and absence of NPPB (data not shown). In the
absence of NPPB, the B-band oscillates with a period of four

FIGURE 2: The pH dependence of inhibition of photosynthetic
oxygen evolution by NPPB for pea thylakoids (circles) and spinach
thylakoids (diamonds). Measurements were performed as described
in Figure 1. The maximum rate of oxygen evolution at pH 6.0,
6.5, 7.0, 7.5, 8.0 was 199, 246, 327, 303, and 252µmol of O2 mg-1

h-1 in the presence of DCBQ, respectively, and 145, 188, 195, 164,
and 130µmol of O2 mg-1 h-1 in the presence of ferricyanide,
respectively. TheKi values estimated by data fitting as shown in
Figure 1 for each pH value are plotted as a function of pH. For
pea thylakoids, mean values from six experiments are given. Three
experiments were performed with spinach thylakoids. The raw data
from pea thylakoids were fitted by eq 2 (solid line), resulting in
Ka ) 0.1 ( 0.9 µM, Kb ) 22.1 ( 1.7 µM, pK ) 7.1 ( 0.1.

Ki )
Ka + Kb10(pH - pK)

10(pH - pK) + 1
(2)

FIGURE 3: Fluorescence induction curves of spinach thylakoid
membranes without an inhibitor (control) and in the presence of
1.8 µM NPPB or 1µM DCMU, starting from theFo level. The
arrow indicates the onset of actinic illumination (170µmol quanta
m-2 s-1).
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representing an active electron transport chain. In the
presence of NPPB, no such oscillation was observed as
expected for a Q-band indicating blocked electron transfer
between QA and QB. The thermoluminescence data provide
strong evidence for a similar mode of action of NPPB and
DCMU at the acceptor side of PS II.

We evaluated the structure-function relationship of vari-
ous arylaminobenzoate derivatives and other Cl- channel
blockers by comparing their effects on oxygen evolution.
For each substance that caused a significant inhibition of
photosynthetic electron transport, measurements were per-
formed with ferricyanide as well as with DCBQ. In each
case, O2 evolution was inhibited to the same degree with
both electron acceptors, indicating that inhibition was due
to binding to the acceptor side of PS II for all inhibitors
tested. As a quantitative basis for a discussion of the
structure-activity relationship,Ki values for the different
substances (summarized in Table 1) were determined as in
Figure 1.

DISCUSSION

The results of the present study show that several Cl-

channel inhibitors of the arylaminobenzoate type are able to
inhibit the electron transfer in PS II at low concentrations
and, therefore, to act as effective herbicides. Although the
experiments presented here were performed with isolated
thylakoids, NPPB being rather lipophilic (3) also blocks
photosynthetic electron transport in intact plant cells. Obvi-

ously, in green plant cells NPPB is not specific for plasma
membrane anion channels. The affinity of PS II for NPPB
(Ki ) 1.8µM) is even higher than the affinity of plant plasma
membrane Cl- channels (4-7 µM) (2, 8). Therefore, effects
of NPPB on intact cells or whole plants must be interpreted
with great care and do not necessarily indicate the involve-
ment of plasma membrane anion channels.

The data presented in Figures 3 and 4 indicate that NPPB,
comparable to DCMU, blocks electron transfer from QA to
QB at the electron acceptor side of PS II. An inhibition of
photosynthetic water splitting at the donor side of PS II as
observed in the presence of so-called ADRY reagents
(acceleration of thedeactivation reactions of the water-
splitting enzyme systemY) can be excluded. These ADRY
reagents significantly diminish the intensity of thermolumi-
nescence bands (27), and the initial, fast phase of fluores-
cence induction curves is suppressed (24, 28). None of those
effects was observed in the presence of NPPB.

Another possible candidate for NPPB binding could be
the non-heme iron at the acceptor side of PS II. In active PS
II, one coordination site of this non-heme iron is occupied
by bicarbonate. NPPB containing a carboxyl group with a
pK value of 4.5 (3, 5) was deprotonated under our measuring
conditions and thus might have competed with bicarbonate.
However, the thermoluminescence curve in the presence of
NPPB was clearly different from that in the presence of
formate (Figure 4), which effectively competes with bicar-
bonate (25, 29), indicating that NPPB did not act as a ligand
for the non-heme iron by replacing bicarbonate.

The inhibitory effect of NPPB on photosynthetic oxygen
evolution decreases with increasing pH values (Figure 2) with
pK values of 7.1 and 8.0 for pea and spinach, respectively.
The pK of NPPB itself is about 4.5 (3, 5) so that its carboxy
group is deprotonated at all pH values used here. Moreover,
a protonation/deprotonation of NPPB would hardly show a
significant species-specific difference. Thus, a protonation/
deprotonation of one or more amino acid residues at the
acceptor side of PS II likely affects NPPB binding. A
comparable species-specific difference between pK values
was reported for the kinetics of the pH-dependent electron
transfer from QA to QB (30, 31). The pK value of the
inhibition of oxygen evolution by a phenolic herbicide for
spinach was the same as reported here (32). The only amino
acid with a pK in the range between pH 7 and pH 8 is
histidine with a pK value between pH 4 to pH 8 depending
on the intramolecular environment. Possible candidates are
His D1 215 and/or His D1 272 located at the top of the QB

binding site (33) (see below).
A pH-dependence between pH 7 and pH 8 is well within

the physiological range. The pH value in the chloroplast
stroma of darkened leaves is pH 7.5 to pH 8.0. Upon
illumination, the chloroplast stroma is alkalized by 0.1 to
0.6 pH units (34, 35). The titration curves for both pea and
spinach are steep (Figure 2) in the pH range where light-
dependent pH changes in the stroma occur.

The data summarized in Table 1 identify which structural
elements of arylaminobenzoate derivatives are required
to block electron transport in PS II. The negatively
charged carboxylate group of the benzoate moiety seems
to be of utmost importance for the inhibitory effect. Substitu-
tion of the carboxylate group of NPPB (no. 13, numbers
refer to numbering in Table 1) with a sulfonyl group

FIGURE 4: Thermoluminescence measurements of spinach thylakoid
membranes with no addition (control), in the presence of 10µM
NPPB, 10µM DCMU, or 20 mM formate, respectively.
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Table 1: Inhibition of Photosynthetic Oxygen Evolution by Cl- Channel Blockersc
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Table 1: (Continued)
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(NPPS or no. 17) increased theKi value more than 25-fold
even though the negative charge is conserved. Replacing the
carboxylate group by an uncharged benzamid moiety (no.
18) increased theKi value by more than 2 orders of
magnitude. Similarly, substitution by an uncharged sulfamoyl
group (no. 19) nearly abolished the inhibitory effect on
PS II.

Another essential element for arylaminobenzoate binding
to PS II seems to be an additional negative partial charge in
para or meta position to the carboxylate group. All potent
inhibitors have either -NO2 in the 5-position or -Cl in the
4-position of the benzoate moiety. Whereas no. 4 to no. 7
lack an additional electronegative group and had little
inhibitory effect, no. 9 with -NO2 in 5-position, displayed a
high affinity (Ki ) 6 µM). Although the different substituents
at the second ring might also contribute to the different
affinities (see below), the -NO2 group is probably most
important. Additional electronegative groups in 4-position
of the benzoate moiety (and on the phenyl ring) increase
the binding affinity more than 4-fold (no. 3 as compared to
no. 8).

The secondary amino group represents another functionally
important component of the molecule. As compared to no.
1 and no. 2, no. 3 (DPC) has a higher affinity for PS II due
to the amino group between the two phenyl rings. This
secondary amino group carries a partial positive charge. The
stabilization of this positive partial charge by electronegative
groups on the second ring might contribute to the good
affinity of no. 8 and no. 9.

The secondary amino group connects the nitrobenzoate
moiety to a hydrophobic side chain. This side chain is
indispensable for inhibition of photosynthetic oxygen evolu-
tion, since its removal results in an inactive substance (no.
20). Within the hydrophobic side chain, an increase in the
spacing between the secondary amino group and the second
ring (no. 11 to no. 14) increases the inhibitory potency
remarkably. As compared toKi ) 13µM with a -CH2- spacer
(no. 11, NPMB), the affinity increased by 1 order of
magnitude with a -(CH2)4- spacer (no. 14, NPBB). From no.
10, it is apparent that a cyclooctyl ring can substitute for a
-C4H8- spacer plus phenyl ring, since no. 10 has nearly the
same high affinity as no. 14 (NPBB). The inhibitory effect

on PS II seems to depend on a relative bulky hydrophobic
side chain. With a -(CH2)4- spacer separating the secondary
amino group from the second ring as in NPEB (no. 12),
additional groups on the second ring like in no. 15 and no.
16 seem to have little effect on the binding affinity, although
the affinity increases with the size of the substituent bound
to the secondary amino group.

Summarizing, four characteristic elements of arylami-
nobenzoates are necessary for binding to the QB binding
niche of PS II: (i) the anionic carboxylate group; (ii) the
negative partial charge in meta (or para) position to the
carboxylate group; (iii) the amino “bridge” carrying a positive
partial charge; and (iv) the bulky hydrophobic side chain.

On the basis of these characteristic elements, one can
understand why photosynthetic electron transport is inhibited
by NPPB but not by other established drugs binding to Cl-

transporters (nos. 20 to 28). Furosemid (no. 21) in principle
has all the characteristic elements mentioned above, and it
is probably the large sulfamoyl group in meta position to
the carboxylate group that causes some sterical hindrance
preventing binding. All other sulfamoylbenzoates (no. 22 to
no. 24) also carry this sulfamoyl group and in contrast to
furosemide do not display all the characteristic elements
mentioned above. Torasemide (no. 25), DIDS (no. 26), SITS
(no. 27), and ethacrynic acid (no. 28) have structures
completely different from those of arylaminobenzoates.

As compared to the original study discovering NPPB as a
potent Cl- channel inhibitor (3), there is a very significant
degree of correspondence in the structure-activity relation-
ship (Table 1). The same four sites of arylaminobenzoates
interact with the Cl- channel in mammalian kidney: (i) an
anionic carboxylate group; (ii) a negative partial charge on
a nitro substituent in 5-position to the carboxylate; (iii) an
amino “bridge” that carries a positive partial charge; and (iv)
a hydrophobic site represented by a phenyl, cycloalkyl,
pyrrol, or pyrrolidino ring (3). Nevertheless, some differences
exist: as compared to PS II, the affinity of the mammalian
kidney Cl- channel for NPPB is higher (Ki ) 80 nM). NPBB
(no. 14), for example, was more effective than NPPB (no.
13) in PS II, whereas it is 20-fold less effective in kidney
Cl- channels (3). Because of the high overall agreement in
the structure-activity relationship, it is tempting to speculate

Table 1: (Continued)

a WhereKi values( SE are given, the binding affinity was determined by nonlinear regression analysis with complete concentration dependencies
as shown in Figure 1. For those chloride channel blockers with a lower affinity, an approximateKi was estimated or it is indicated that theKi is
larger than 100µM. “No inhibition” means that within the testable concentration range no significant inhibition of photosynthetic oxygen evolution
could be detected.b For comparison,Ki values from the publication discovering NPPB as Cl- channel blocker in kidney cells (3) are given; n.t.)
not tested. The numbering refers to the numbers in the text.c Oxygen evolution was measured at pH 6.0 with either ferricyanide (2 mM) or DCBQ
(500 µM) as electron acceptor yielding maximum rates of 145µmol of O2 mg-1 h-1 or 199µmol of O2 mg-1 h-1, respectively.
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that the binding sites for NPPB in these two different
systems, kidney Cl- channels and PS II, share a common
molecular architecture.

For the cAMP-dependent Cl- current in guinea pig
ventricular myocytes, it was reported that increasing the
length of the carbon chain between the benzoate and the
second ring increased the potency of the drug block (5). Ki

values decreased from 47µM for NPMP (no. 11) to 17µM
for NPEB (no. 12) and to 4µM for NPPB. Moreover a pH-
dependence was observed with decreasing NPPB affinities
at alkaline pH (5). Both observations are comparable to the
results presented here. In a structure-activity study with the
CFTR Cl- channel, it was observed that theKi value
increases from 166 to 815µM upon removal of the 5-nitro
group from NPPB (6).

To further investigate the binding of NPPB to PS II, we
applied molecular modeling to fit NPPB into the QB binding
site. For PS II that binds NPPB, no structure exists with a
high enough resolution to assign the binding of herbicides
to the QB site. However, the structure of the D1 and D2
subunits of PS II strongly matches the structure of the L
and M subunits of the bacterial photosynthetic reaction center
(33, 36), which are investigated up to a resolution of 2.3 Å
for RhodopseudomonasViridis (13, 15, 37). Especially at
the QB binding site, some amino acids are conserved from
purple bacteria to cyanobacteria and higher plants. Whereas
the R. Viridis wild type is insensitive to DCMU, the T4
mutant (Tyr L222f Phe) is sensitive to DCMU (38). NPPB
inhibits the QA to QB electron transfer in the T4 mutant as
we could show by measuring the P+QB

- or P+QA
- recom-

bination kinetics, respectively, by flash-induced absorption
changes in the near infrared (data not shown). Therefore,
we used the structure of the T4 mutant as the modeling basis.
X-ray crystallographic analysis (14, 39) showed that the
different herbicide affinities of the wild-type and the T4
mutant of the bacterial reaction center are not attributable
to significant structural changes within the QB binding pocket.
Rather, there is a conformational change at the junction of
the L and M subunits (14, 39), possibly due to an H bond
between Tyr L222 and Asp M43 as determined by the surface
complementarity approach of Sobolev et al. (40). This H
bond cannot be established in the T4 mutant due to the
mutation of Tyr L222 to Phe L222. In good agreement,
energy minimization calculations for the isolated wild type
L subunit resulted in nearly the same size and shape of the
binding site as the simulated mutant L subunit. Once one of
the ligands is modeled into the binding pocket, the extent
and the shape of the pocket change within ranges of about
1 Å.

The most important feature of this modeling is to show
that NPPB fits into the QB binding site in a similar way as
the quinone does. The total potential energy of the L subunit
NPPB complex as determined by molecular modeling was
approximately 900 kJ/mol. A snapshot (one out of 5000
calculations) of the molecular dynamics is shown in Figure
5. NPPB fits very tightly into the QB binding site, and the
carboxylic group of NPPB is able to build H bonds to Asn
L213, Ser L223, Ile L224, and Ala L226. As compared to
this, putative hydrogen bonds between QB and the L subunit,
determined based upon the surface complementarity approach
developed by Sobolev et al. (40), involve His L190, Ser
L223, Ile L224, and Gly L225. In the model (Figure 5),

NPPB is in close contact to His L190 (corresponding to His
D1 215), whereas there is no direct contact to His L230
(corresponding to His D1 272). With respect to the observed
pH dependence of NPPB binding (Figure 2), this could
indicate that His D1 215 is involved. However, considering
an amino acid identity between spinach and pea of 98.9%
in the D1 and 96.9% in the D2 subunit, a species-specific
difference of the pK values of about one pH unit comes as
a surprise. Yet, an inspection of the few varying amino acids
shows a difference in the neighborhood of His D1 215. At
position D2 269, there is a histidine in spinach but a thyrosine
in pea. According to current models (41), the amino acid at
D2 269 is in direct contact to His D1 215.

In the model shown in Figure 5, the second aromatic
substituent of NPPB is placed outside the binding pocket.
NPEB (no. 12) was fitted into the binding site (not shown)
in a similar orientation resulting in a total potential energy
of about 1700 kJ/mol. Because of the reduced alkyl spacer
length it was difficult to place the second aromatic substituent
outside the binding pocket. Only a few positions without
sterical hindrance at the edge of the binding site could be
realized. This is a possible explanation for the lower affinity
of NPEB (no. 12) as compared to NPPB (no. 13).

Finally, DCMU was fitted into the QB binding site of
the T4 mutant ofR. Viridis. The total potential energy of
the protein inhibitor complex was determined to be ap-
proximately 2000 kJ/mol. In the resulting model, DCMU
was not able to form H bonds to the protein. The position
of DCMU within the binding side obtained by molecular
modeling was in good agreement to X-ray crystallographic
data (14, 39, 42).

In conclusion, the present report provides evidence that
arylaminobenzoate derivatives are efficient inhibitors of
photosynthetic electron transfer (Figures 1 and 2) at the
acceptor side of PS II (Figures 3 and 4). The structure-
activity relationship (Table 1) shows which structural ele-
ments of arylaminobenzoates are important for binding and
the molecular modeling shows (Figure 5) which amino acids

FIGURE 5: NPPB fitted into the QB binding pocket of the T4 mutant
of RhodopseudomonasViridis. The protein inhibitor complex was
oriented to give a view down into the QB binding pocket. The ribbon
indicates the backbone of the L subunit, and all amino acids with
a distance of less than 7 Å from the center of NPPB are displayed.
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interact with the inhibitor. Together these data for the first
time characterize a high-affinity NPPB binding site at the
molecular level. The structural similarities between the
compounds found to inhibit both PS II activity and Cl-

channel activity in mammalian cells strongly suggest that
the molecular mode of action of arylaminobenzoates is
comparable in both systems.
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