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Introduction

An understanding of the mode of interaction of the photosyn-
thetic reaction center from Rhodobacter sphaeroides with herbi-
cides can reveal important information about the mechanism
of inhibition of photosynthesis in general, due to the close
structural homology of this reaction center with the photosys-
tem II (PSII) complex found in thylakoid membranes of photo-
synthetic eukaryotes and cyanobacteria.[1] A high-resolution
structure of PSII has not yet been determined;[2,3] however,
close homologies exist between the D1 and D2 proteins of PSII
with two subunits, named L and M, of the bacterial reaction
center complex.[4–12] Both the L and M subunits bind the elec-
tron donor (special-pair bacteriochlorophylls) and the electron
acceptor (quinone–iron complex)[9] of the electron-transfer
chain; the quinone site on the L subunit (which binds QB) is ac-
cessible to a variety of electron-transfer-blocking substances,
which can displace QB from its binding site.[13–17] On the contra-
ry, QA (the quinone on the quinone site of the M subunit) is
tightly bound and is more difficult to extract.[1, 18] A six-coordi-
nated FeII ion in a high spin state[16,19,20] is placed between the
QA and QB sites, with the quinone ligands belonging to both
the L and M protein subunits. Although direct involvement has
not been demonstrated so far, iron removal modifies the kinet-
ics without preventing the electron transfer.[1]

A well-defined QB site model has been provided by X-ray dif-
fraction analysis, which shed light on the structure of the inter-
mediates in the reductive reaction cycle.[21,22] In the same way,
several investigations have been performed on inhibitors
bound to the bacterial reaction center.[13, 17,23–26] These inhibi-
tors block the electron transfer from QA to QB and are widely
used as herbicides. A mechanism of competitive inhibitor
action at the QB site has therefore been proposed. However, it
has been noticed[25] that the light-induced formation of QA

�

enhances the dissociation constant of bound inhibitor ; since it
is known that the QA

�QB$QAQB
� step moves QB from a proxi-

mal (closer to FeII) binding site towards a distal (farther from
FeII) one, the inhibitor can be hypothesized to compete with
QB at the proximal site.

Here, we report on the interaction of two herbicides, aci-
fluorfen and paraquat, with the bacterial photosynthetic reac-
tion center (BRC) from Rhodobacter sphaeroides and show by
NMR spectroscopy that the herbicides bind in the vicinity of
the FeII ion and the QB site.

Acifluorfen (ACF) is a diphenylether herbicide belonging to
the first generation of the family of peroxidizers, which induce
inhibition of chlorophyll biosynthesis and photooxidative de-
struction of plant membranes, thus affecting the photosynthet-
ic pigment content.[27,28] Its interaction with the photosystem II
complex has previously been studied.[29–31]

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride, PAR) is
the active component of several commercial herbicides that
are used to destroy any type of weed. This chemical com-

The interaction of the herbicides acifluorfen and paraquat with
the photosynthetic reaction center from Rhodobacter sphaer-
oides has been studied by NMR relaxation measurements. Inter-
action in aqueous solution has been demonstrated by evaluating
motional features of the bound form through cross-relaxation
terms of protons at fixed distances on the herbicides. Contribu-
tions to longitudinal nonselective relaxation rates different from
the proton–proton dipolar relaxation were inferred, most proba-
bly due to paramagnetic effects originating from the high-spin

nonheme FeII ion in the reaction center. Paramagnetic contribu-
tions to proton relaxation rates were converted into distance con-
straints in order to build a model for the interaction. The models
place paraquat in the QB site, where most herbicides interact, in
agreement with docking calculations, whereas acifluorfen was
placed between the metal and the QB site, as also demonstrated
by the induced paramagnetic shifts. Acifluorfen could therefore
act to break the electron-transfer pathway between the QA and
QB sites.
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pound is adsorbed very fast on the leaves of any plant and
inhibits the photosynthesis process.[32]

Accumulated experience of NMR investigations of medium-
size ligands interacting with macromolecules[33–35] and the
long-range properties of the paramagnetic effect[36–38] originat-
ing from the FeII ion, the only paramagnetic species in the
dark in the BRC, have allowed us to structurally characterize
the bound form of the herbicide from study of its fast-ex-
changing free form and to dock it onto the reaction center.

Results and Discussion

Proton assignment

The 1H NMR spectra of acifluorfen (ACF; 7 mm in D2O at
pH 6.5) and of paraquat (PAR; 6.92 mm in H2O at pH 6.9), both
at 298 K, are shown in Figure 1 together with the molecular
structures of the two herbicides. In both cases, protons were
named according to their appearance order in the spectrum.

The proton assignments for the two molecules are reported in
Table 1.

The assignment of signals for paraquat was straightforward,
while for acifluorfen it was accomplished by COSY and NOESY
2D spectra (data not shown). An NMR assignment of this herbi-

cide had previously been reported.[39] The differences found for
the He and Hf protons are probably due to increased deproto-
nation of the carboxyl group at the higher pH value used in
that report.

Interaction with the bacterial reaction center

Upon addition of the reaction center to acifluorfen, a severe
broadening of lines is observed that increases with the
CBRC :CACF ratio (C= the analytical concentration, Figure 2). We
recorded a series of NMR spectra of the herbicide in the pres-
ence of BRC (CBRC :CACF=1:180) at different temperatures
(Figure 3), which show that the line broadening is increasing
with temperature. Due to the low stability of the reaction
center, we could not reach temperatures higher than 303 K.
The integrity of the sample was checked after any raise in tem-
perature.

The line broadening suggests interaction of the herbicide
with the reaction center, as also ratified by the observed shift
(detectable in Figure 2) and enhancement of selective relaxa-
tion rates (see below). The temperature dependence of the
line broadening strongly supports the idea that the exchange
between the free and bound states is approaching the fast-ex-
change limit (tM

�1>Dñ1/2) at the higher tested temperatures.
In fact, a raise in temperature would, by itself, narrow the line
of bound inhibitor, whatever the mechanism of interaction. Ex-
change between the free and bound forms of acifluorfen
slows down by lowering the temperature, thereby making de-
tection of the bound form difficult at low temperature. As the

Figure 1. NMR spectra and molecular structures of a) acifluorfen (7 mm in D2O
at pH 6.5) and b) paraquat (6.92 mm in H2O at pH 6.9), both at 298 K.

Table 1. 1H chemical shifts [ppm] of acifluorfen (7 mm in D2O at pH 6.5,
values uncorrected for the isotopic effect), both free (df) and in the presence
of increasing amounts of photosynthetic reaction center from Rhodobacter
sphaeroides (d), and of free paraquat (6.92 mm in H2O at pH 6.9; df). Chem-
ical shifts of acifluorfen bound to the reaction center (db) were calculated by
using Equation (1) with the assumption of xb=CBRC/CACF. Dd values are the
differences between the bound and free values. Missing values refer to pro-
tons for which severe overlap caused by broadening prevented the determi-
nation.

Proton df d(CBRC :CACF 1:360) d(CBRC:CACF 1:100) db Dd

acifluorfen
Ha 8.19 8.17 8.10 �2.8 �11.0
Hb 8.01 7.99 7.95 �1.5 �9.5
Hc 7.75 7.74 7.71 �0.3 �8.0
Hd 7.42 7.40 7.38 �0.9 �6.5
He 7.11 7.08 – �5.9 �13.0
Hf 7.03 7.04 – – –

paraquat
Ha 8.96
Hb 8.43
Hc 4.42
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exchange is linked to the line width of NMR signals,
we can estimate its value to be in the range of milli-
to microseconds.

Under fast-exchange conditions, the relationship
between NMR parameters in the bound and free
forms[33] is described by Equation (1), where F refers
to a generic NMR parameter, x is the molar fraction, f
and b subscripts refer to the free and bound states,
respectively, obs stands for observed, and tM is the
exchange time that is the residence time of the mol-
ecule in the adduct (the inverse of the ’off rate’).

Fobs ¼ xfFfþxb
1

F�1
b þtM

ð1Þ

Due to the small amount of reaction center and
the strength of the interaction (as indicated by the
large effect observed on the relaxation rates upon
addition of the reaction center in a ratio of 1:550,

see Table 2), we can safely assume xf�1 and xb=CBRC/Cherbicide.
Consequently, parameters of the bound form can be extracted
to get insight into the structural and motional features of the
interaction.

The value of the molar fraction of bound herbicide was used
to estimate the relaxation rates and shifts of the bound form
for both herbicides by using Equation (1). (Although paraquat
does not display any measurable shift, the relaxation rates
were significantly affected.) Relaxation data are shown in
Table 2. These values must be considered as lower limits of the
“real” value because tM was neglected. The change in the
values of selective relaxation rates for the free and bound
forms reflects the slowing of the reorientational motion caused
by the interaction.

The motional correlation time of the bound form, tR, was es-
timated through the Stokes equation [Eq. (2)] , where h is the
viscosity of the solvent (a value of 8.94M10�4 kgm�1 s�1 based
on the viscosity of water[40] was used), rH is the hydrodynamic
radius of the molecule, k is the Boltzmann constant, and T is
the temperature.

tR ¼
4phr3H
3kT

ð2Þ

The value of rH is estimated according to Equation (3), where
V is the specific volume of the reaction center (a value of
0.73M10�6 m3g�1 was used),[41] M is the molecular weight
(101.8 kDa) of the reaction center, NA is Avagadro’s number,
and rW is the hydration layer (we used a value of 0.16 nm,
which corresponds to one half of a hydration shell).[41]

rH ¼
ffiffiffiffiffiffiffiffiffiffiffi
3VM
4pNA

3

r
þ rW ð3Þ

We obtained a value for the rotational correlation time of
3.12M10�8 s. This value nicely agrees with previous measure-
ments.[42]

Figure 2. NMR spectra of acifluorfen (7 mm in D2O at pH 6.5) at 298 K in the
absence (bottom) and presence of BRC in CBRC :CACF ratios of 1:550 (middle) and
1:365 (top).

Figure 3. Temperature dependence of the NMR spectra of acifluorfen (7 mm in
D2O at pH 6.5) obtained in the presence of BRC at a CBRC :CACF ratio of 1:180.

Table 2. Nonselective (Rnsel), single-selective (Rsel), and double-selective (Rbsel) relaxation
rates of acifluorfen (7 mm in D2O at pH 6.5, value uncorrected for the isotopic effect) and
paraquat (6.92 mm in H2O at pH 6.9) in the presence (obs superscript) and in the absence
(f superscript) of the photosynthetic reaction center from Rhodobacter sphaeroides, with
a CBRC :Cherbicide ratio of 1:550 for acifluorfen and 1:180 for paraquat. Relaxation rates of
the two herbicides bound to the reaction center (b superscript) were calculated by using
Equation (1) with the assumption that xb=CBRC/Cherbicide.

Proton Rnsel
f

[s�1]
Rsel
f

[s�1]
Rbsel
f

[s�1]
Rnsel
obs

[s�1]
Rsel
obs

[s�1]
Rbsel
obs

[s�1]
Rnsel
b

[s�1]
Rsel
b [s�1] Rbsel

b

[s�1]

acifluorfen
Ha 0.27 0.22 0.26 0.60 3.62 2.32 182 1874 1135
Hb 0.16 0.16 – 0.52 2.13 – 198 1085 –
Hc 0.34 0.28 0.34 0.61 4.11 2.41 149 2111 1140
Hd 0.33 0.26 0.32 0.61 4.95 2.35 154 2586 1118
He 0.31 0.25 0.29 0.60 4.21 1.94 160 2183 909
Hf 0.15 0.13 – 0.56 2.54 – 226 1327 –

paraquat
Ha 0.33 0.28 0.32 0.37 0.33 0.36 7.88 10.27 7.96
Hb 0.32 0.29 0.35 0.38 0.36 0.41 10.53 13.59 11.52
Hc 0.65 0.60 – 0.70 0.65 – 11.07 9.49 –
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A way to experimentally evaluate the motional correlation
time of the bound form is to measure cross-relaxation terms,
although they may contain contributions from internal mo-
tions and exchange. Cross-relaxation terms were evaluated by
the difference of double- and single-selective relaxation
rates.[33] Such difference is independent of the occurrence of
relaxation mechanisms other than dipolar mechanisms; its
functional form, s, depends on the motional correlation time
as described by Equation (4), where Rbsel is the double-selective
relaxation rate, Rsel is the single-selective relaxation rate, m0 is
the permeability of vacuum, g is the proton magnetogyric
ratio, �h is the reduced Planck’s constant, r is the interproton
distance, w is the proton Larmor frequency.

s ¼ Rbsel�Rbsel ¼ 1=10

�
m0

4p

�2 g4�h2

r6

�
6tR

1þ4w2t2R
�tR

�
ð4Þ

In the presence of fast exchange, the cross-relaxation terms
of the bound form can be extracted from Equation (1). In the
case of acifluorfen, the residence time was demonstrated to be
rather long (in the range of micro- to milliseconds) and can
therefore prevent the measurement of the cross-relaxation rate
(Fb

�1). For paraquat, the cross-relaxation term between protons
at a fixed distance depends uniquely on the motion of the in-
terproton vector (no significant broadening was observed
upon addition of the reaction center) and we can measure the
correlation time of the motion on both rings by measuring the
cross-relaxation rate, s, of the Ha and Hb protons. The values
are reported in Table 3.

An average value of 7.35M10�9 s for tR was found for para-
quat, a result showing (by comparison with the overall tum-
bling time calculated above) the presence of significant contri-
bution from internal motion. The fact that the exchange is
much faster than with acifluorfen indicates a weaker interac-
tion.

When considering the values of relaxation rates of the
bound form (Table 2), it is quite clear that such high values (es-
pecially for acifluorfen) cannot be explained only by proton–
proton relaxation. Although selective relaxation rates and the

line broadening caused by transverse relaxation can be very
large due to the slow tumbling rate, nonselective relaxation at
this tumbling regime can only be very small (<0.74). Other
contributions to this value can arise from other protons on the
reaction-center surface brought near by the interaction, but
still the values found in Table 2 are difficult to explain if only
proton–proton relaxation is considered. (A maximum value of
0.74 was calculated by using the correlation time obtained
from Stokes’ law and imposing a proton–proton distance of
0.10 nm.)

Most probably, a sizeable effect from paramagnetic relaxa-
tion is present due to the high-spin FeII ion (S=2) placed be-
tween the L and M protein subunits in an octahedral environ-
ment.[16, 43] Location of many herbicides near this paramagnetic
center has been previously reported.[13] This center has also
been shown to have some role in mediating the electron
transfer from the ubiquinone in the QA site to the one in the
QB site.[1] A further confirmation of a paramagnetic effect on
the herbicide protons in the case of acifluorfen is provided by
the proton chemical shifts induced for acifluorfen upon addi-
tion of the reaction center (see Table 1). The paramagnetic
shift (Dd in the table) appears to be negative for protons Ha–
He. (The shift of the Hf proton is too small to be meaningful.)
Since the paramagnetic shift depends on both the distance
from the paramagnetic center and the orientation with respect
to the magnetic susceptibility tensor,[36] a direct correlation of
the position of the protons with respect to the metal is only
possible when an independent estimate of the distances is
provided. However, the sign of the shifts only depends on the
orientation. In our case, we can extract distances from the par-
amagnetic relaxation rates by using the Solomon and Curie
equations[36] (see below). As calculated proton–proton dipolar
contributions to nonselective relaxation rates are all very small,
nonselective relaxation rates of the bound form reported in
Table 2 are a direct measure of paramagnetic contributions.
Table 3 contains distances of each proton from the paramag-
netic center calculated from Equation (5), where mo is the per-
meability of vacuum, mB is the electron Bohr magneton, ge is
the free-electron g factor, gI is the proton magnetogyric ratio,
S is the spin quantum number of the paramagnetic species, wI

and wS are the proton and electron precession frequencies, re-
spectively, tc1, tc2, and tc are correlation times, tr is the rota-
tional correlation time of the protein, tM is the lifetime of the
protein–herbicide adduct, and te1 and te2 are the longitudinal
and transverse electronic relaxation times of the metal ion, re-
spectively. Contact contributions on protein nuclei were con-
sidered to be negligible, with the iron center not being directly
accessible.

Rdip ¼ RSolomon þ RCurie ¼ 2=15

�
m0

4p

�2

m2
B g

2
e g

2
I ðSðSþ1ÞÞ 1

r6

�
tc2

1 þ ðwI�wSÞ2t2c2
þ 3tc1

1 þ w2
I t

2
c2

þ 6tc2
1 þ ðwI þ wSÞ2t2c2

�

þ 2=5

�
m0

4p

�2 m4
B g

4
ew

2
I ðS2ðSþ1Þ2Þ

ð3kTÞ2r6

�
3tc

1þw2
I t

2
cÞ

�
ð5Þ

Table 3. Cross-relaxation rates (s) were measured as the difference between
double-selective and single-selective relaxation rates and were used to esti-
mate the correlation time “tR from s” by using Equation (4). Distances from
the FeII ion (r) were calculated through Equation (5), by using the value of tR
obtained from Stokes’ law, tR=3.12K10�2 ms, for both herbicides (see text
for details).

Proton Ha Hb Hc Hd He Hf

acifluorfen
r [nm] 0.40 0.39 0.41 0.41 0.41 0.38

paraquat
s [s�1] �2.31 �2.07 –
“tR from s” [ms] 7.75M10�3 6.94M10�3 –
r [nm] 0.68 0.65 0.64

1240 D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2004, 5, 1237 – 1244

G. Valensin et al.

www.chembiochem.org


ðtc1Þ�1 ¼ ðte1Þ�1þðtrÞ�1þðtMÞ�1 ð6Þ

ðtc2Þ�1 ¼ ðte2Þ�1þðtrÞ�1þðtMÞ�1 ð7Þ

ðtcÞ�1 ¼ ðtrÞ�1þðtMÞ�1 ð8Þ

As for the determination of the correlation time, in the Solo-
mon part of the equation the electronic relaxation time domi-
nates over the exchange time (which is in the millisecond
range for aciflourfen and certainly larger than picoseconds in
any case) and the rotational correlation time, since it is much
smaller than both. For the Curie part of the equation, the pre-
viously calculated motional correlation time of the bound form
was used (3.12M10�8 s) for both herbicides. We chose to use
this value (and not the one extracted from the cross-relaxation
rate reported in Table 3 that contains the contribution from in-
ternal motions) because the dipolar interaction between the
paramagnetic center and each proton of the herbicide is little
affected by internal motions. However, the estimation of the
correlation time for the Curie contribution to the longitudinal
relaxation time is not critical, since for slow motions the Solo-
mon contribution dominates, especially at short distances.

Finally, in the dark, the only paramagnetic species present in
the system is the FeII center that is in the high-spin state and
displays electronic relaxation times of 10�12–10�13 s.[36] By using
these values, the distances of acifluorfen protons from the
metal vary quite dramatically ; all distances are in the ranges
0.39–0.42 nm with te1=te2=10�12 s and 0.31–
0.33 nm with te1=te2=10�13 s. The second set of dis-
tances appears to be too short, with the FeII ion
being hexacoordinated by the protein. For this
reason, an electronic relaxation time of 10�12 s was
used to evaluate the distances reported in Table 3.
Due to the presence of exchange on the micro- to
millisecond timescale in the case of acifluorfen, para-
magnetic contributions (1/T1

b) could be larger than
the values indicated by Table 2 (as mentioned
before). In cases where the exchange is of the same
order of magnitude as the paramagnetic relaxation
rates (T1

b) or larger, the measured paramagnetic con-
tributions are biased and, in particular, values of T1
shorter than tM are leveled off. For this reason, we in-
terpreted the corresponding distances in terms of
upper limit restraints. Such restraints were used for
structure calculations with the DYANA program[44]

(see Materials and Methods for details), with the
structure of the reaction center kept as determined
by X-ray crystallography.[8] Figure 4 shows some of
the conformations thus obtained for acifluorfen.

The calculation places acifluorfen near the metal,
although the structures obtained have a high value
of target function (a function proportional to the dif-
ference between imposed distances and those ob-
tained in the calculated structure), which indicates a

difficulty in satisfying the steric criteria (represented in the pro-
gram by van der Waals violations) together with the imposed
distances between the herbicide and the iron center given in
the input. This is most probably due to the fact that the pro-
tein has been kept fixed in the calculation, with side-chain re-
arrangements that may be needed for the interaction not
being allowed. Indeed, Figure 5, obtained by building the van
der Waals surface of the BRC structure, shows that there is
some empty space, accessible from outside, in the vicinity of

Figure 4. Possible conformations (within the best five structures) of acifluorfen
bound in the BRC as obtained from the DYANA program with the distance
restraints in Table 3. The orientation is such that the QA and QB quinone sites
(not shown) are on the left and right of the iron center, respectively.

Figure 5. a) Two global views, rotated by 180 degrees with respect to one another, of the
van der Waals surface of the bacterial reaction center. b) Detail of the region near the Fe2+

ion, on the side of the QB site, where in the left part colors range from yellow to dark brown
(through orange and red) with increasing distance from the iron center.
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the QB site of the reaction center, where the herbicide mole-
cule may place itself. This space would even enlarge if the iso-
leucine at position 229 was free to move; interestingly, this res-
idue has been shown, in Rhodobacter sphaeroides, to be in-
volved in a mutation leading to herbicide resistance.[45] More-
over, the observed paramagnetic shifts caused by the iron
center confirm its proximity to the herbicide.

Three main families of structures are found (shown in Fig-
ure 4a–c), one of which (b) places the carboxylate group of
the herbicide near the iron center and could thus be stabilized
by electrostatic interaction. Actually, no interaction was found
at low pH values (data not
shown) where the protonation
of this moiety could weaken the
binding. However, the absence
of paramagnetic effects under
these conditions could be due
to the low stability and/or pre-
cipitation of the reaction center
at low pH values. Another inter-
esting feature is that acifluorfen
is placed halfway between the
iron and QB centers and could
therefore act to block the elec-
tron transfer from QA to QB.

These findings are confirmed
by the results of a docking cal-
culation on the same system
(data not shown), although the
latter places the herbicide far-
ther from the metal than ex-
pected from the experimental
data. The reason is likely to be
the one already mentioned with
regard to the structure calcula-
tion with DYANA, that is, the
protein was also kept fixed in
the docking calculation and
side-chain rearrangements of
residues surrounding the QB site,
in particular Ile229, were not
allowed.

For paraquat the structure
calculation with DYANA is mean-
ingless, since this molecule, due
to its symmetry, contains several
protons that are quite far from
each other but that give rise to
indistinguishable signals; these,
therefore, also give distance
constraints that are averages of
the real ones for the single pro-
tons. In this case we only per-
formed a docking calculation, in
order to see if the experimental
distances were compatible with
a model of the interaction

based on theoretical affinity potentials for the various types of
atoms. The results (Figure 6) show possible structures on two
opposite sides with respect to the iron center and its ligands;
these correspond to the QA and QB sites of the BRC.

Judging from the distances in Table 3, paraquat approaches
the iron center with the methyl part first (this is indicated to
be the nearest) ; among the families of structures found, the
third one (Figure 6c) is in the best agreement with this, a
result suggesting that paraquat would prefer the QB site (Fig-
ure 6a–c) to the QA site (Figure 6d). The location of paraquat
in the QB site is confirmed independently by the fact that the

Figure 6. Results of the docking calculation for paraquat and the BRC. a–d) The four families of conformations found.
The orientation is the same as in Figure 4. e) The stereoview of the best structure (in terms of energy) for paraquat
bound on the QB site is shown with the surrounding residues of the reaction center.
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three lowest energy structure families obtained by the docking
calculation (Figure 6a–c), where no experimental constraints
were included, all place the herbicide in this site. Actually, the
quinone in the QA site is more tightly bound and more difficult
to displace.[1,18] Also, this location of the paraquat molecule in
the QB site (Figure 6a–c) strongly resembles that found for
other herbicides and for the quinone QB,

[4,8,12, 16,17] being sur-
rounded by the same amino acids. This is shown in Figure 6e,
which represents a stereoview of the lowest energy structure
(Figure 6a), with the surrounding residues of the reaction
center. In particular, the polar and acidic moieties of the L sub-
unit (such as SerL223, AspL213, and GluL212) which should be
involved in the proton transfer into the QB binding site[46] find
no oxygen to protonate; this could prevent the photosynthetic
reaction.

Conclusion

The interaction of the two herbicides under examination, aci-
fluorfen (ACF) and paraquat (PAR), with the photosynthetic re-
action center from Rhodobacter sphaeroides has been investi-
gated through NMR relaxation measurements. The interaction
has been demonstrated by evaluating motional features of the
bound form through cross-relaxation terms of protons at fixed
distance on the herbicides, while paramagnetic contributions
to relaxation rates of the herbicide protons, induced by the
high-spin nonheme FeII ion in the BRC, have been converted
into metal–proton distance constraints in order to obtain a
model of the protein–herbicide adduct. The models place both
herbicides in the vicinity of the FeII ion. In particular, ACF is lo-
cated halfway between the metal and the QB site, a result ex-
plaining its blocking action on the electron transfer between
the quinones in the QA and QB sites. For PAR the presence of
pairs of undistinguishable protons far from each other pre-
vents this direct procedure; however the comparison of a
docking calculation with experimentally obtained distances
leads to the conclusion that this molecule prefers the QB site
to the QA site, a conclusion in agreement with the fact that the
former is known to be more easily displaced by electron-trans-
fer-blocking substances.

Experimental Section

Acifluorfen and paraquat were purchased from Supelco Inc. and
were dissolved at basic pH values in D2O and H2O, respectively,
without further purification. The pH value was then adjusted to 6.5
with DCl in the case of acifluorfen and to 6.9 with HCl for para-
quat.

Bacterial reaction center preparations from Rhodobacter sphaer-
oides were obtained as described elsewhere.[47,48] After extraction
and purification the BRCs were dialyzed against TLE buffer com-
prising 0.1% n-dodecyldimethylamine N-oxide (LDAO), 15 mm

tris(hydroxymethyl)aminomethane (Tris)/HCl (pH 8), and 1 mm eth-
ylenediaminetetraacetate (EDTA). The obtained ratio of the optical
absorbance at 280/802 nm was 1.20 for the pure BRC preparation.
The BRCs were concentrated by membrane filtration (Amicon Cen-
tricon 30) to a final concentration of 1.6 mm, as determined by the
optical absorption at 802 nm.

NMR spectra were performed at 14.1T with a Bruker Avance
600 MHz spectrometer at controlled temperatures (298�0.1 K).
Chemical shifts were referenced to [2H4]-trimethylsilylpropanesulfo-
nate ([D4]TSP). The assignment was accomplished with COSY and
NOESY 2D experiments. NOESY spectra were obtained with stan-
dard pulse sequences and mixing-time values of 50–350 ms.
During all 2D experiments, water suppression was achieved by
means of the presaturation or excitation-sculpting method.[49]

Spin-lattice relaxation rates were measured with inversion-recovery
pulse sequences. The same sequence was also used to measure
the single- or double-selective relaxation rates by means of suita-
bly shaped p pulses, generated by the SHAPE TOOL module of the
Bruker program XWINNMR, instead of the usual nonselective p

pulse. All rates were calculated by regression analysis of the initial
recovery curves of longitudinal magnetization components and
had errors not larger than �3%.

T1 values were converted into distance constraints as described in
the Results and Discussion section. Simulated annealing in the tor-
sional angle space was performed by using the PSEUDYANA[50]

module of the program DYANA,[44] with 10000 steps and 300
random starting positions of the herbicide generated by the pro-
gram itself around the bacterial reaction center X-ray diffraction
structure,[8] from which we removed the two quinones because
quinone QB is known to be displaced by a series of herbicides.

Docking calculations were performed with the program Auto-
Dock 3.0.[51–53] A grid of 120 elements for each direction with a
spacing of 0.375 Q was used, centered near the iron atom. The cal-
culations were performed by using the Lamarckian genetic algo-
rithm. A population of 100 individuals was used, of which the best
10 in terms of energy survived at each generation, with a gene
mutation rate of 0.02, a crossover rate of 0.80, a maximum of
250000 energy evaluations and of 27000 generations, and a total
of 256 runs. In this case we also removed the two quinones from
the BRC structure.

Protein charges were assigned according to the GROMOS force
field,[54] with a +2 charge assigned to the Fe ion, while partial
charges of paraquat atoms were determined through an ab initio
calculation with the program GAUSSIAN98[55] by using the natural
bond orbital (NBO) procedure. The calculation was performed with
the restricted Hartree–Fock (RHF) method, by using the 6–31g(d,p)
basis for all atoms.
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