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In pea thylakoids, ['*Clatrazine is found to have two binding sites per active oxygen-evolving complex; one with
high-binding affinity and one with low-binding affinity. The high affinity site has a K, = 80 nM, is present at a
concentration of 120 nM (1 site /470 ChD; binds in less than 500 ms; and blocks the electron flow reaction,
Q. Q, — Q,Q, - The low affinity site has a K, = 420 nM; is present at a concentration of 120 nM (1 site /470 Chl);
binds with a half-time of 4 to 5 s; and partially inhibits the charge recombination reaction in Photosystem II,
5,+1Q. — 5,Q.. In the same thylakoids, the concentration of Photosystem II centers active in oxygen evolution is
100 nM (1 /540 Chl) and the concentration of those active in charge separation is 120 nM (1 /450 Chl). Therefore,
there are approximately two atrazine-binding sites per Photosystem II reaction center; one with high affinity and
one with low affinity. High-affinity labelling with [*Clazidoatrazine is associated with a 34.5 kDa protein, which is
identified as D1, using polyclonal antisera. Low-affinity labelling with ['*Clazidoatrazine is associated with a 30-32
kDa protein, which is identified as D2 with the monoclonal antibody FQC3. Our findings indicate that both high-
and low affinity sites are specific for Photosystem II function.

- Introduction
The mention of firm names or trade products does not imply that
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Agriculture over other firms or similar products not mentioned.
Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
atrazine, 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine; di-
noseb, (2-(1-methylpropyl)-4,6-dinitrophenol; terbutryn: 2-(tert-buty-
lamino)-4-(ethylamino)-6-(methylthio)-S-triazine; PUDF, polyvinyld-
ifluoride; SDS, sodium dodecyl sulfate; Q,, primary quinone accep-
tor in photosystem II; Q,, secondary quinone acceptor in photosys-
tem II; S, charge states of the oxygen-evolving system; Chl, chloro-
phyll; K, dissociation constant; TES, N-tris(Hydroxymethyl)methyl-
2-aminoethanesulfonic acid; PAGE, polyacrylamide gel elec-
trophoresis; PPO, 2,5-diphenyloxazole; kDa, kilo Dalton; SDS,
sodium dodecyl sulfate; PVDF, polyvinyldifluoride; BSA, bovine
serum albumin.
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Photosystem-specific herbicides hold many unique
advantages for studies of light-driven electron trans-
port. Their selective inhibition enables analysis of par-
tial photosynthetic reactions, and herbicide binding is a
well established tool in the quantitation of Photosys-
tem II reaction centers. Photoaffinity labelling tech-
niques allow identification of physiologically important
proteins associated with herbicide binding. Clearly, all
of these applications require rigorous understanding of
the physical and mechanistic characteristics of each
herbicide.

Izawa and Good [1] studied the binding of DCMU
and atrazine in whole chloroplasts and correlated bind-
ing to the inhibition of Hill reaction. Two binding
affinities were found, only one of which corresponded



to inhibition of electron flow. Tischer and Strotman [2]
investigated the binding of a large number of herbi-
cides to thylakoids (broken chloroplasts). They found
that many exhibited both high- and low-affinity binding
instead of a simple single-affinity binding. They called
high-affinity binding ‘specific’ because it correlated with
inhibition of electron flow; low-affinity binding was
designated ‘unspecific’ or, as others have designated it,
‘nonspecific’. The identification of multiple binding
affinities for many different herbicides has been re-
ported consistently [3-6].

The association of particular proteins with herbicide
inhibition sites became possible with the synthesis of
photoaffinity analogs, azidoherbicides, that combined
specific physiological action with chemical reactivity
sufficient to bind the herbicide covalently. Azidoatra-
zine [7] and azidomonuron [8] were bound primarily to
a 32 kDa protein. Azido-i-dinoseb was bound to pro-
teins in the 41 to 53 kDa range [9,10]. This association
of herbicide binding with a particular protein was
strengthened by study of plants that were resistant to
herbicides. The primary amino acid sequence of the 32
kDa protein was determined [11]. Eventually, specific
amino acid replacements were found to produce herbi-
cide resistance [12-16]. The 32 kDa protein is consid-
ered to be one of the Photosystem II reaction center
core proteins [17]. As such, quantitation of Photosys-
tem II becomes possible via herbicide binding studies.

In spite of very exciting developments that support
the concept of unique proteins with single binding sites
for herbicides, a number of inconsistencies have
emerged. Gressel [18] pointed out that the chemical
structure of azidoatrazine could allow covalent binding
to proteins other than those to which the herbicide
binds noncovalently. Affinity labelling with [*Clazido-
atrazine and ['*Clazidoplastoquinone suggested that
both agents bound to non-identical 32 kDa proteins
[19].

Proteins other than the 32 kDa reaction center
protein can bind herbicides such as the 41 kDa protein
for DCMU and i-dinoseb. Enzymatic digestion of many
photosystem II proteins will affect herbicide binding
[6,20]. Many herbicides are known to have multiple
sites of action, inhibiting reactions on the oxididizing as
well as reducing side of Photosystem 11 [21-24]. In our
study, we will correlate high and low affinity binding
with specific proteins and infer their physiological
function.

Correlations of herbicide binding and inhibition of
electron transport have not always taken into account
that the characteristics of herbicide binding change
with illumination [25]. Suspect correlations include
those in which the binding studies were carried out in
the dark or low light while the inhibition of electron
transport was determined under bright illumination. In
this work, methods were developed that allowed atra-

313

zine binding and the associated inhibition of photo-
synthetic reactions to be studied in dark-adapted sam-
ples. High-affinity binding (‘specific binding’) of atra-
zine was correlated with blockage of the Q;Q,—
0Q,Q; electron transfer reaction; this corresponded
with binding to a 34.5 kDa protein, and this protein
was identified as the D1 protein. Low-affinity binding
(‘unspecific binding’) of atrazine was correlated with
partial inhibition of the Q, recombination with oxygen
evolution S-states; this corresponded with binding to a
30 kDa protein, and this protein was identified with
the D2 protein. The concentration of both binding sites
was found to be approximately twice that of the Photo-
system II reaction center determined by oxygen evolu-
tion per flash or the absorption change of the quinone
acceptor. Thus, there are two atrazine-binding sites per
Photosystem II reaction center; one of high affinity and
one of low affinity.

Materials and Methods

Plant material

Dwarf pea seedlings ( Pisum sativum L. var. Progress
9) were grown in a growth chamber for approx. 4 weeks
(16 h day; 25° C/20° C; light intensity, 70 W /m?).

Thylakoid preparation

Thylakoids were prepared as previously described
[26] except for a change in the order of centrifugation.
Instead of a slow-speed centrifugation, a 5 min 5000 X g
centrifugation is done immediately after homogeniza-
tion and straining. This rapidly removes the thylakoids
from the grinding medium. This change in procedure
was found to give thylakoids with more reproducible
photosynthetic characteristics. The thylakoids were
suspended in a reaction media consisting of: 400 mM
sucrose, 50 mM Tes (pH 7.5), 10 mM NaCl, 5 mM
MgCl,. Within 1 h after preparation, the thylakoids
were frozen and stored in liquid nitrogen. As required,
thylakoids were rapidly thawed and used immediately.

Herbicide binding

Herbicide binding was performed on dark-adapted
samples as previously described [27], using ['*Clatra-
zine (Sigma, St. Louis, MO; 25 mCi/mmol). Since
illumination conditions were found to alter herbicide-
binding characteristics [25], all binding equilibrations
were done in the dark for 10 min or longer. In our
samples and experimental conditions, this is sufficient
time in the dark for less than 4.4% Q, to remain
reduced [28]. The herbicide binding affinity is signifi-
cantly decreased when ethanol concentrations exceed
1% (v/v) [29]. All of our herbicide additions were
made such that the ethanol concentration was < 1%
(v/v). The amount of bound inhibitor was calculated
from the difference in added inhibitor with respect to
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free inhibitor in the supernatant, following centrifuga-
tion of the sample. The resulting data were analyzed as
described in the Appendix. It should be noted that true
K, values are obtained only in the absence of any
competition. However, in thylakoids, Q,, the sec-
ondary quinone acceptor, is present and competes with
the herbicide for the binding site on D1. This caution
is not exclusive to the present work but holds for most
photosynthetic literature.

Fast herbicide mixing

In some experiments the sample and herbicide had
to be mixed rapidly and then followed by the measure-
ment of chlorophyll (Chl) a fluorescence. A mixing
apparatus was constructed that consisted of two 1 ml
syringes feeding into a common junction tube (Y’
tube), which passed the mixed sample into the measur-
ing cuvette, One syringe contained 1 ml of sample at 20
pg Chl/ml and the second syringe contained 1 ml of
atrazine at 20 wM, to give a final concentration of 10
pg Chl/ml and 10 uM atrazine. The syringes were
hand operated, and the fastest mixing time was about
0.5 s.

Fluorescence

The Chl a fluorescence yield was measured by the
two-flash method [30]. The actinic flash was provided
by a General Radio Strobotac 1538-A through a Corn-
ing CS 4-96 glass filter. The delayed analytic flash was
identical to the actinic flash, except that it was reduced
in intensity 99.5% by a 0.5% transmittant neutral den-
sity filter. Chl q fluorescence was detected by a Hama-
matsu R928 photomultiplier that was shielded from the
actinic light with a Corning CS 2-64 glass filter. The
photomultiplier was positioned at a right angle with
respect to the direction of the flash lamps. The analog
output of the photomultiplier was digitized by a
Biomation model 2805 waveform recorder. Digitized
data were transferred to a Hewlett Packard HPS87
minicomputer, which had been programmed to deter-
mine peak heights. For the measurement of Chl a
fluorescence light curves, the excitation flash lamp was
replaced with a tungsten lamp operated with a DC
power supply. The excitation intensity was altered with
neutral density filters and the level of fluorescence was
allowed to come to equilibrium. The analog output of
the photomultiplier was monitored with a digital volt-
meter.

Photoaffinity labelling

A special protocol was used in which the ultraviolet
illumination step was carried out on samples at a
temperature < 0°C. Ultraviolet illumination energizes
photosynthetic reactions, and this will alter the herbi-
cide binding characteristics [25]. We found that this
light-induced change in herbicide binding was greatly

slowed at temperatures < 0°C while the photoaffinity
reaction continued normally. Thylakoids were sus-
pended in reaction media at 50 ug Chl/ml. The sam-
ples were dark adapted for 5 min. [**C]Azidoatrazine
(Pathfinders Laboratories, St. Louis, MO; 10.26
mCi/mmol) was added and allowed to equilibrate at
room temperature in the dark for 5 min. The samples
were transferred to small reaction vessels, which were
either imbedded in blocks of ice or packed in dry ice,
and thermally equilibrated for 15 min in the dark.
Samples were then illuminated for 10 min under a
Spectroline shortwavelength ultraviolet lamp, 254 nm
(12-103 erg cm~2 s™1). Following the ultraviolet illu-
mination, the thylakoids were pelleted, solubilized and
electrophoresed.

Electrophoresis

Membrane proteins were separated by gel elec-
trophoresis in a modified Delepelaire and Chua [31]
system [32]. 25 wg of Chi was loaded per lane for
electrophoresis. Polyacrylamide gradients of 12 to 15%
were used, molecular weight markers were included
(Bio-Rad) on each gel. For urea gels, 6 M urea was
included in 10% sodium dodecyl sulfate (SDS) gels or
in 13 to 15% SDS step gels. Following electrophoresis,
Coomassie-stained gels were either treated with
PPO/DMSO and dried onto Whatman 3MM filter
paper where positions of the molecular weight markers
were indicated with radioactive ink and fluorographed
{33,34] at ~80°C for 1 to 12 weeks or the appropriate
bands were sliced from the gels, digested with NCS
(Amersham) and counted by liquid scintillation. When
the gel was to be digested, the protein bands from two
lanes or 50 ug Chl were collected for each ['*Clazido-
atrazine concentration.

Antibody detection

The identity of the D1 and D2 components were
verified immunologically. After electrophoresis, the
proteins were electrophoretically transferred [35] to a
PVDF membrane (Immobilon, Millipore). The mem-
brane was then blocked with 5% non-fat dry milk
dissolved in 10 mM Tris-HCl (pH 7.4) containing 150
mm NaCl (TS buffer) for 4 h at room temperature.
After extensive washing with TS buffer, sections of the
immunoblot were incubated with either an anti-D1
polyclonal antisera (diluted 1:4000 in TS buffer con-
taining 1% bovine serum albumin (BSA)) or an anti-D2
monoclonal antibody, FQC3 (diluted 1:2000 in TS
buffer containing 1% BSA). After incubation overnight
at room temperature, the immunoblots were washed
extensively with TS buffer and incubated with either an
anti-rabbit IgG-peroxidase conjugate (for the anti-D1
primary antibody) or an anti-mouse IgG-peroxidase
conjugate (for FQC3). Both of these secondary anti-
bodies were diluted 1:1000 in TS buffer containing 1%



BSA and incubated for 4 h at room temperature. After
incubation, the blots were washed extensively with TS
buffer and developed with 4-chloro-1-naphthol + H,0,
[36].

Results

The characteristics of atrazine binding as a function
of concentration are presented in Fig. 1. The double
reciprocal plot has a biphasic shape and is similar to
results reported by Tischer and Strotman (2]. This type
of plot will be linear if there is a single binding site and
curved or biphasic if there are multiple binding sites
with different dissociation constants [37]. To convince
ourselves of the nonlinearity of this data, many points
were taken at high concentration of atrazine and are
plotted in Fig. 2. A linear extrapolation of the high
affinity portion of Fig. 1 (12 to 40 nM free atrazine),
which is a presumption of a single binding site of high
affinity, is shown as a broken line and clearly is an
inadequate model for this data.

An analysis of the data in Fig. 1 was carried out as
described in the Appendix. From the ordinate inter-
cept, I,, the concentration of the total number of
binding sites was calculated to be 240+24 nM (1
site /240 Chl). The indicated uncertainty is the stan-
dard deviation for five repeat measurements. The best
fit to the data occurred with two binding sites of equal
concentration n, =n, =120+ 24 nM. One site had
high affinity with a K, =80 + 9 nM and the other site
had low affinity with a K, =420+ 100 nM. Fig. 3
shows the amount of atrazine bound to each of these
sites as a function of added atrazine concentration. At
the highest atrazine concentration in Fig. 2, which is
1.1 pm free atrazine, the high affinity site is 94%
saturated and the low affinity site was 77% saturated.
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Fig. 1. Binding of [!*Clatrazine to dark-adapted thylakoids at a
concentration of 50 pg Chl/ml. A plot of 1/bound to 1/free
atrazine is shown that allows the calculation of the number of
binding sites and the dissociation constants, see the Appendix for
details of this mathematical analysis.
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Fig. 2. Binding of ['*Clatrazine to dark-adapted thylakoids at a
concentration of 50 pug Chl/ml. A plot of 1/bound to 1/free
atrazine is shown for free atrazine concentrations above 200 nM.
Data are shown as plotted points. The broken line is a linear
extrapolation of the high affinity portion (12 to 40 nM free atrazine)
portion of Fig. 1. The solid line is the predicted data based on a
model having a high affinity site of concentration 120 nM and
dissociation constant of 80 nM and a low affinity site of concentra-
tion 120 nM and dissociation constant of 420 nM.

These curves were calculated by using Eqn. 1 of the
Appendix and the parameters for the high and low
affinity sites. When flash excitation methods [38] were
used with the same sample, the concentration of Pho-
tosystem II centers active in oxygen evolution was
100+ 6 nM (1/540 Chl) and the concentration of
centers active in charge separation was 120 + 7 nM
(1/450 Chl). From these data, we conclude that there
is one high-affinity and one low-affinity binding site for
atrazine per Photosystem II reaction center.
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Fig. 3. The percent of atrazine bound to each of two independent
sites versus the concentration of atrazine added. These plots were
calculated for sample concentration of 10 wg Chl/ml (11.1 nM),
using equation 1 in the Appendix and parameters derived from the
data in Fig. 1. The high-affinity site ( ) had a dissociation
constant of 80 nM and a concentration of 23.8 nM, and the low-affin-
ity site (—— —) had a dissociation constant of 420 nM and a
concentration of 23.8 nM. The concentration of added atrazine for
50% binding was 95 and 450 nM for the high- and low-affinity sites,
respectively.
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Fig. 4. The decay of variable Chl a fluorescence versus time after a
single flash. F(¢) is the fluorescence amplitude at time ¢ after a
flash, and F, is the fluorescence amplitude of a dark-adapted
sample. Decays are shown for control O 0); plus 350 nM
atrazine with (O O) or without (e ®) 5 uM hydroxyl-
amine; plus 10 M atrazine with (a A) or without
(a A) 5 mM hydroxylamine. The sample concentration was
10 ug Chi/ml, and the sample was dark-adapted for 10 min or
longer. When atrazine was added 2 min incubation time was allowed
before measurements were made.

In earlier work Tischer and Strotman [2] also found
that atrazine had two binding affinities denoted as
specific and unspecific binding. Their nomenclature
recognized two types of inhibitor interactions, but re-
lated inhibition of electron flow only to the high-affin-
ity or specific-binding site. The low-affinity site was
assumed to be unspecific binding, having no discernible
Photosystem 11 function. Our experience indicates that
binding data and atrazine inhibition of Photosystem II
reactions must be compared carefully in order to dis-
cover the function for the low-affinity binding. A major
difficulty in making such comparisons is that photo-
synthetic reactions are measured in light, and illumina-
tion alters herbicide-binding characteristics [25]. This
problem can be circumvented by using the decay of the
Photosystem Il-dependent variable component of Chl
a fluorescence as a measure of photosynthetic activity.
With this fluorescence technique, herbicide binding
comes to equilibrium in a dark-adapted sample just as
in the ["“Clatrazine-binding studies, and the effects of
binding of Photosystem II charge separation and elec-
tron flow are assessed by monitoring Chl a fluores-
cence, which is measured after a single saturating
excitation flash.

The level of variable Chl a fluorescence corre-
sponds to the extent of Q, reduction [39]. Fig. 4 shows
the decay of Chl a fluorescence, Q_ oxidation, with
time after a single flash under different experimental
conditions. Decay in the microsecond and millisecond
range corresponds to Q, reoxidation by electron trans-
port to Q,, Q; Q, — Q,Qy [40,41]. In the control, this
reaction occurs in all centers and most of the decay

takes place in less than 5 ms. With 350 nM atrazine
present, the decay is much slower with only a small
portion occurring at less than 5 ms, which corresponds
to unfilled binding sites, see Fig. 3. With 10 uM
atrazine present, 98% of the sites have atrazine bound
and as expected very little decay occurs at times less
than 5 ms.

Decay of Chl a fluorescence in the seconds range
corresponds to Q, reoxidation by charge recombina-
tion with oxygen evolution S-states, S,Q; — S,Q, [42-
45). The major component of this recombination reac-
tion has a 1 to 2 s half-time [44,45]. In Fig. 4, the
samples with 350 nM and 10 wM atrazine present have
decay components in the hundreds of milliseconds and
seconds range, which we believe are due to charge
recombination. This is shown in Fig. 4 by comparing
decay in the sample with 350 nM atrazine present with
(O 0) and without (e ®) hydroxylamine and
in samples with 10 uM atrazine present with
(a 4) and without (A A) hydroxylamine.
The generation of S-states is blocked by the presence
of hydroxylamine [46], which eliminates the S$,Q, —
S,Q, recombination reaction. The presence of
hydroxylamine slows the decay of Q. in the hundreds
of milliseconds and seconds range. The amount of
recombination, the difference between the decay with
and without hydroxylamine, is less in the sample with
10 uM atrazine present than in the sample with 350
nM atrazine present. This is interpreted to mean that
with 10 M atrazine present, when the low affinity site
is filled with atrazine, the recombination reaction is
partially blocked. In other words, it appears that the
higher concentration of atrazine acts like hydroxyl-
amine treatment in slowing the fluorescence decay in
the tens and hundreds of milliseconds range. We inter-
pret this to mean that the higher concentrations of
atrazine partially blocks the S, Q; — S5,Q, charge
recombination reaction.

The decay that occurs between 1 and 10 s in the
hydroxylamine plus 10 uM atrazine sample is likely
due to exchange of atrazine from the binding site
giving the following reaction: Q,I+ Q, » Q, + I+ Q,
- Q;Q,+1—-0Q,Q, +1. The half-time of this ex-
change of atrazine is estimated to be 32 s from the Chl
a fluorescence decay in Fig. 4.

The effect of atrazine on electron transport was
monitored by measuring Chl a fluorescence 100 ms
after a single actinic flash given to dark-adapted th-
ylakoids as a function of atrazine concentration (Fig.
5). The data can be described by a single binding site
with a dissociation constant of 80 nM ( ), which
misses points at low concentrations as expected from
the non-linear relationships between Q, and variable
fluorescence in thylakoids. A single binding site with a
dissociation constant of 420 nM (— — —) is a poor fit
of the data. From the data we conclude that only the
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Fig. 5. The variable Chl a fluorescence, AF(100 ms) = (F(100 ms)—
F, /Fy, measured 100 ms after a flash versus the concentration of
added atrazine. Atrazine was added to a dark-adapted sample and
allowed to equilibrate for 10 min in the dark prior to the measure-
ment of fluorescence. Fy is the Chl g fluorescence measured in the
dark-adapted sample prior to any flash excitation. The Chl a fluores-
cence, F(100 ms), is measured 100 ms after a single saturating-xenon
flash. The sample concentration was 10 g Chl/ml. The data points
are shown as O. Calculated curves are shown for the variable
fluorescence being a function of herbicide binding to various sites.
The solid curve ( ) is for a site with a dissociation constant of
80 nM and concentration of 1 site /480 Chl. The dashed curve
(— — —) is for a site with a dissociation constant of 420 nM and a
concentration of 1 site /480 Chl.

high-affinity site controls electron flow between Q, Q,,
- Q,Q,.

This idea of atrazine inhibition of electron flow and
charge recombination was further tested by measuring
variable fluorescence versus the intensity of applied
continuous light in the presence of 350 nM atrazine,
which blocks 75% of Q, Q, — Q,Q, but allows equi-
librium between the forward light reaction that pro-
duces Q, and high fluorescence and the backward
dark reaction (S,Q; — S,Q,) that produces Q, and
low fluorescence. Light curves are shown in Fig. 6, for
350 nM and 10 M atrazine. In 10 M atrazine, the
light curve is shifted to lower intensities, which is
consistent with complete blockage of Q_ Q, — Q,Q,
and inhibition of the §,Q, — $,Q, recombination.

The two binding sites have been distinguished by
their binding affinities in Figs. 1 and 2. Another possi-
ble difference between these sites might be the rate at
which atrazine binds to them. Accordingly, 10 uM
atrazine was added with rapid mixing, and Chl a fluo-
rescence was measured 100 ms after a flash given at
various times after the addition. Binding to the high-af-
finity site, which blocks Q,; Q, = Q,Q, and slows flu-
orescence decay (Fig. 4), was detected as a rise in Chl
a fluorescence. This technique was first used by
Lavergne [47] to determine the rate of DCMU binding.
Here, high-affinity binding was distinguished from
binding to the low-affinity site, which inhibits recom-
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Fig. 6. The level of Chl a fluorescence versus the intensity of applied
continuous light. F(I) is the fluorescence level at light intensity 7
and F(I=1) is the fluorescence level at full-light intensity. Light
curves are for a sample with 350 nM atrazine (W m), and 10
uM atrazine (a A) present. The sample was at a concentra-
tion of 10 pg Chl/ml.

bination, by using hydroxylamine-treated samples that
have millisecond and longer recombination blocked
[42,47]. The rapid rise in AF(100 ms) in Fig. 7 indicates
that atrazine is almost totally bound to the high-affinity
site within 1 s and thus binds to half of the sites in less
than 0.5 s. This is in good agreement with the 150 ms
half-time found for DCMU [47]. When a control (not
hydroxylamine-treated) sample is used, the AF(100 ms)
rises slowly to a maximum at about 1 min after atrazine
addition. Since recombination can take place in the
control sample, the data can be explained as follows.
At 1 s after 10 uM atrazine addition, the high-affinity
site has atrazine bound and the Q, Q, » Q,Q, reac-
tion is blocked, but the low-affinity site remains un-
bound, and the recombination reaction, S,,; Q, -
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. loglt). s

Fig. 7. The variable Chl a fluorescence, AF(100 ms) = (F(100 ms)—
F, / Fy, measured 100 ms after a flash, versus the logarithm of time,
t, after addition of 10 gM atrazine. Data are for a control sample
(a—---4) and a sample treated with 5 mM hydroxylamine in the
dark for 1 min (W ). All other symbols and conditions are
defined in the legend of Fig. 5.
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S,Q,, occurs. Therefore, at 1 s after addition, AF(100
ms) = 1.7 and is not maximal because the recombina-
tion reaction partially oxidizes Q.. At longer times
after atrazine addition, A F(100 ms) increases, reaching
a maximum of 2.2 at 1 min or longer. This rise in
AF(100 ms) from 1.7 to 2.2 between 1 and 30 s after
atrazine addition corresponds to an inhibition of the
recombination reaction as the low-affinity site becomes
bound with atrazine. The data of Fig. 7 show that the
low-affinity site is filled with a half-time of 4 to 5 s.

In 1981 Gardner [48] developed techniques for cova-
lent linkage of atrazine to thylakoid membrane pro-
teins using [*Clazidoatrazine under ultraviolet illumi-
nation. Such photoaffinity labels can appear to link
nonspecifically when the label concentration is high,
but correlations of labelling with physiological function
are reasonable when care has been exercised in the
labelling protocol. Mullet and Arntzen {49] correlated
herbicide binding to a 34 kDa protein with a block in
the Q; Q, — Q,Q, reaction. It is clear from Figs. 1 to
5 that another atrazine-binding site exists in photosys-
tem II. There are at least two possible ways to explain
multiple sites for the physical binding of atrazine with
thylakoid proteins. There may be more than one bind-
ing site on a single protein, or there may be more than
one protein with an atrazine-binding site. To test these
possibilities, we started with standard photoaffinity tag-
ging by [**Clazidoatrazine [48,7,50]. Fluorography of
separated thylakoid proteins (Fig. 8) indicated two
prominent bands, one at 34.5 kDa; the second at 30
kDa. There were also a few very light bands at 23 kDa.
The 34.5 kDa protein was most heavily labelled. Based
on the apparent molecular masses in SDS gels of these
two photoaffinity labelled proteins, the 34.5 kDa pro-
tein appears to be D1 and the 30 kDa protein appears
to be D2 [20,49].

This was confirmed by the different migration of
these two proteins in urea and non-urea containing
SDS-PAGE. It has been shown [20] that in SDS gels
without urea the D2 protein exhibits higher mobility
than the D1 protein. In SDS gels with urea, these
mobilities are reversed with the D1 protein migrating
faster than the D2 protein. Fig. 9A shows a fluoro-
graph of azidoatrazine-labelled proteins separated on a
10% SDS urea gel. It is clear that the heavily atrazine-
labelled band runs with a higher mobility in this urea
gel than the lightly-labelled band. This is the reverse of
what is found in the SDS gels without urea, Fig. 8, and
is evidence for identifying the heavily atrazine-labelled
band with the D1 polypeptide and the lightly-labelled
band with the D2 polypeptide.

Additional confirmation of this identification comes
from immunoblot analysis. Thylakoid proteins were
separated on a 12 to 15% step polyacrylamide gradient
gel containing 6 M urea. The proteins were elec-
trophoretically transferred to a PVDF membrane and
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Fig. 8. Photoaffinity labelling of pea thylakoids membranes‘'with 1.19
M [**Clazidoatrazine. Dark-adapted and -equilibrated samples were
thermally equilibrated at <0° before ultraviolet irradiation. The
labelled proteins were separated by electrophoresis with a 12-15%
SDS gradient-polyacrylamide gel. Left, a Coomassie stained gel;
right, a four week fluorograph of a similar gel. Molecular weight
standards: rabbit phosphorylase B, bovine serum albumin, hen oval-
bumin, bovine carbonic anhydrase, soybean trypsin inhibitor, and
hen lysozyme.

reacted with anti-D1 polyclonal antibody and a D2-
specific monoclonal antibody, FQC3 [51]. Fig. 9B and
C shows the D1 and D2 antibody labelling after sepa-
ration in urea-containing gels. The band with highest
mobility is labelled by the D1 antibody, and the band
with lower mobility is labelled by the D2 antibody.
There also is a band high on the gel that has very low
mobility and is labelled by both the D1 and D2 anti-
body. This band is a putative D1 /D2 heterodimer [51].

A standard binding curve generated with ['*Clazido-
atrazine was biphasic like that for atrazine (Fig. 1), but
dissociation constants for azidoatrazine (data not



shown) were higher than those determined for atra-
zine. Unfortunately azidoatrazine dissociation con-
stants for the high affinity and low affinity sites were
too similar to estimate 15, values for each site from the
binding curve. Based on K, values for [*Clazido-
atrazine should be higher than those for atrazine.

We also measured the concentration-dependence of
[*Clazidoatrazine binding to the 34.5 and 30 kDa
proteins. Illumination shifts the binding characteristics
of herbicides [25], so care was taken to develop a
covalent-labelling technique that would preserve the
characteristics of dark-equilibrated samples. This was
an important consideration since it was our intention
to compare binding affinities of the labelled proteins
with observed Photosystem Il-specific activities. By ir-
radiating samples that were frozen with solid CO, in a
dark-adapted and pre-equilibrated state, we were able
to achieve nearly identical equilibrium results for ultra-

Low affinity
H Jl-\ 'j!'f"TITy

B C

Fig. 9. Photoaffinity and monoclonal antibody labelled SDS urea
gels. (A) Thylakoid proteins that were photoaffinity labelled with
[“Clazidoatrazine were run on a 10% SDS, 6 M urea gel. A
fluorograph of this gel is shown. (B) D1 monoclonal antibody la-
belling of a poly(vinyldifluoride) membrane that had thylakoid pro-
teins electrophoretically transferred to it from a 13 to 15% step SDS,
6 M urea gel. (C) Same as B except D2 monoclonal antibody
labelling was done.
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Fig. 10. ["*C]Azidoatrazine concentration-dependent labelling of the
345 (m m) and 30 kDa (a A) proteins. The concen-
tration of ['*Clazidoatrazine was varied from 0.02 to 13.4 uM.
Foliowing covalent linkage the proteins were separated by SDS gel
electrophoresis. Appropriate bands were sliced out of the gels,
digested with NCS, and counted by liquid scintillation.

violet irradiated samples. Pea thylakoids were cova-
lently labelled in this manner, proteins were then sepa-
rated by gel electrophoresis, sliced from the gel, di-
gested and counted. Fig. 10 presents the results. The
scatter in the data of this figure does not allow strong
conclusions to be made. However, at 3 uM azidoatra-
zine, the 34.5 kDa protein is 95% saturated while at 13
uM the 30 kDa protein is still binding additional
azidoatrazine. The 34.5 kDa protein was the first site
to saturate with [**Clazidoatrazine. The apparent Iy,
was 200 nM. Binding at this site blocked the Q; Q, —
Q,Qy reaction. Thus, the 34.5 kDa appears to be the
D1 protein of Mullet and Arnzten [49]. Binding at the
low-affinity site indicates that the 30 kDa protein has
an apparent Iy, of 800 nM. Inhibition of the charge
recombination, S, ,Q; — S,Q,, is the Photosystem II
function for this site.

Discussion

Atrazine binds to whole algal cells [1] and thylakoids
[2,6] with high- and low-affinity. While much attention
has been devoted to high-affinity binding and the na-
ture of the high-affinity binding site (2,7,11,52,49,12],
low-affinity binding has been considered ‘unspecific’
[2] and accorded much less attention. Speculation re-
garding the nature of low-affinity binding has sug-
gested partitioning into lipophilic membranes [6], bind-
ing to LHCP proteins [49], and binding to the sides of
tubes [10]. We have found, however, that the low-affin-
ity site has a specific K, of binding, is associated with
a 30-32 kDa protein, and when bound with atrazine,
charge recombination with the oxygen-evolving S-states,
S,.:Q,Q,—S,Q,Q, is partially blocked. Atrazine,
bound at the low-affinity site, also blocks bicarbonate
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binding at one of its sites on photosystem II {53].
Therefore, we suggest that low-affinity binding is pho-
tosystem II specific.

The sites of high- and low-affinity binding have been
identified as being distinct. The high affinity site has a
K, =80 nM, is present at a concentration of 1 site /470
Chl, binds in less than 500 ms, blocks the electron flow
reaction Q, Q, — Q,Qy, and binds to the D1 photo-
system II protein. The low affinity site has a K, =420
nM, is present at a concentration of 1 site /470 Chl,
binds with a half time of 4 to 5 s, partially inhibits the
charge recombination reaction in photosystem II (S, ;
Q; —S,Q,), and binds to the D2 Photosystem II
protein. The identification of the high and low affinity
binding sites with the D1 and D2 Photosystem II
proteins is based on three pieces of evidence. The
migration on SDS gels of proteins with covalently bound
atrazine correspond to the molecular mass of the D1
and D2 proteins for the high-affinity and low-affinity
binding sites. When these proteins are run on SDS-urea
gels, their migration position reverses, which is charac-
teristic of the D1 and D2 proteins. The labelling of
these proteins with monoclonal antibodies is specific to
D1 and D2.

One possible difficulty in the assignment of azidoa-
trazine labelling of proteins could arise from the rapid
turnover of the D1 protein [54,55], which might pro-
duce large pools of D1 precursor. It could be argued
that the observed low-affinity binding we observe re-
sults from attachment of ['*Clazidoatrazine to precur-
sor-D1 molecules. This difficulty can be dismissed
based on recent work by Wettern [56], who found two
types of D1. A precursor type located in unstacked
thylakoid membranes, the stroma lamella, amounted to
30-35% of the total D1 protein, but did not bind
azidoatrazine [56]. Only fully incorporated D1 in the
stacked grana membranes binds azidoatrazine.

Another possible problem is that the 30 kDa la-
belled protein might be a degraded D1 protein product
in the membrane and not a second atrazine receptor.
Azidoatrazine does not bind to membrane-bound pre-
cursor D1 [56], and there is no evidence that azidoatra-
zine will bind to degraded D1 fragments. The possibil-
ity remains that azidoatrazine binds to intact D1 that is
subsequently degraded on handling or by in vivo mech-
anisms. This latter explanation for the 30 kDa protein
seems unlikely for the following reason. The reported
primary in vivo and in vitro degradation product of D1
is a 23.5 kDa protein [57,58]. We see very slight la-
belling in this molecular weight range (Fig. 8).

The binding of DCMU to a site that blocks Q_ Q,
— Q,Q; occurs with a 150 ms half-time [47]. We find
that 10 uwM atrazine binds to a high-affinity site and
blocks Q, Q, — Q,Q, with a half-time of less than 500
ms, Fig. 7. In addition, we find that 10 uM atrazine
binds to a low-affinity site, which partially blocks the

recombination reaction S,,,Q; — S,Q,, with a half-
time of 4 to 5 s, Fig. 7. The two binding sites can be
distinguished by binding time as well as binding affin-
ity.

This dual effect of atrazine is very similar to the
effect of anions at anion binding site II [59]. With no
anions added or bicarbonate added, the Q_Q,—
Q,Q,, reaction is rapid [59] and delayed fluorescence
(recombination) is high [60]. With the addition of many
anions other than bicarbonate, the Q, Q, - Q,Q, re-
action is greatly slowed [59] and delayed fluorescence
(recombination) is low [60}. The binding of atrazine or
anions other than bicarbonate thus change the Q,, Q,
environment in some way that slows electron transfer
as well as decreases charge recombination.

Investigations of physiological adaptation to envi-
ronment have given much attention to changes in the
stoichiometric ratio of photosystem I to photosystem
II. One method commonly used in measuring photosys-
tem II relies on atrazine binding. Erroneous estimates
can be made if the two binding sites are not taken into
account. Chow and Hope [61] found the concentration
of Photosystem II to be larger by a factor of 1.21 when
measured with atrazine binding as compared with esti-
mates derived from flash induced O, or H™ yield.
They did not find two atrazine binding sites for every
oxygen evolving center as we report here. We believe
their conditions (400 nM added atrazine, which is 270
nM free atrazine and 130 nM bound atrazine) would
be insufficient to saturate the low-affinity site, see Fig.
3. In our samples, 400 nM atrazine would result in 82%
binding to the high-affinity site and 47% binding to the
low-affinity site. With one high-affinity and one low-af-
finity binding site per active oxygen-evolving center,
400 nM atrazine would result in 1.3 atrazine bound per
oxygen-evolving center. This is reasonably close to the
value reported by Chow and Hope [61]. At higher
atrazine concentrations, high- and low-affinity sites
both become filled and measurable. We, thus, conclude
that there are two atrazine sites per Photosystem 11
center. This conclusion may extend to DCMU [3], for
which multiple-binding sites has been documented.

Chow et al. [29] have now reported results, using
higher concentrations of atrazine. They have found
that the appearance of the low-affinity binding was
variable in their samples and became more extensive if
their samples remained on ice for longer than 1 h.
They hypothesized that this was due to a change in
herbicide access to the low-affinity site with sample
treatment. In earlier work [28] the low-affinity binding
site for atrazine was not always apparent. However, in
our present samples that are on ice for less than 1 h,
we consistently find low-affinity atrazine binding. Dif-
ferences in our methods of thylakoid preparation must
cause this difference in atrazine accessibility to the
low-affinity site. Also we have now used higher concen-



trations of atrazine, which manifests the low-affinity
site.

Several studies associate the psbA gene product,
D1, with atrazine resistance [11,62,16,3,12], high-affin-
ity atrazine binding, and the inhibition of electron flow.
We propose that a low-affinity atrazine site, which can
regulate charge recombination, resides on the D2
counterpart of the D1 protein. Homology between D1
and D2 [17] supports this possibility. Further work is in
progress to test this thesis.
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Appendix

This is a mathematical description of binding to
multiple independent binding sites based on a more
thorough treatment by Klotz and Hunston [37].

For a single binding site, the following reaction
equation can be written: S+ 1 SI, where S is a
specific-bindiing site, I is the inhibitor and SI is the site
with the bound inhibitor. From this simple model the
following equilibrium equation can be written:

_ [n—BJIF]
[B]

where K is the dissociation constant, [n] is the concen-
tration of total binding sites, [F} is free inhibitor con-
centration and [B] is the concentration of inhibitor-
bound sites. Rearranging this equation, one obtains the
familiar equation:

n-[F] 1 K 1 1

Bl m " B~ W\

for a single specific-binding site. A plot of 1/[B] versus
1/[F] gives a straight line with an ordinate intercept of
1/n and an abscissa intercept of —1/K.

If multiple-binding sites are present with different
dissociation constants, then a plot of 1/[B] versus
1/[F] will give a multiple slope plot such as seen in Fig.
1. The equation for m multiple, independent binding
sites is the following:

‘“ ”i[F]
[B]=,§1 X +[F] (1)

where K, and n; are the dissociation constant and
concentration, respectively, of the i"-binding site.
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For a simple case of two independent-binding sites a
1/[B] versus 1/[F] plot will appear as shown in Fig. 11.
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Using the symbols I, §,, S, for intercept 2, slope 1
and slope 2, respectively, the following relationships
are useful:

From Eqns. 2 and 4 S, = (n, K, + n, K,X1,)*

(8y) _mKy (m+ n2)°S, _ n Ky

2 2
ny(1) na na iy

From Eqn. 3 K, K, = S{(n K, +n,K,)

K1[ (S2) _”1K1 —n, 1[ (S,) n K,

"2(12)2 2 ”2(12)2 ny

]+ n,8,K,

n (n)*s S 18,8
SR+ | nyS - - 2K
ny ny ny(1y) ny (L)

Various values of n; and n, are presumed and the
value of K, is determined from the quadratic equa-
tion, and K, is determined by using Eqn. 3 or 4. Using
these values of n,, n,, K; and K, and Eqn. 1, the
amount of bound atrazine could be predicted for val-
ues of free atrazine. The sum of differences and sum of
squared differences between the predicted and mea-
sured values for bound atrazine were calculated. The
values of n,, n,, K; and K, that give the least sum of
differences and least sum of squared differences are
taken as the binding parameters.
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