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ABSTRACT: The photosynthetic reaction center from the purple bacteriumRhodobacter sphaeroideshas
been modified such that the bacteriochlorophyll dimer, when it becomes oxidized after light excitation,
is capable of oxidizing tyrosine residues. One factor in this ability is a high oxidation-reduction midpoint
potential for the dimer, although the location and protein environment of the tyrosine residue appear to
be critical as well. These factors were tested in a series of mutants, each of which contains changes, at
residues L131, M160, M197, and M210, that give rise to a bacteriochlorophyll dimer with a midpoint
potential of at least 800 mV. The protein environment was altered near tyrosine residues that are either
present in the wild type or introduced by mutagenesis, focusing on residues that could act as acceptors
for the phenolic proton of the tyrosine upon oxidation. These mutations include Ser M190 to His, which
is near Tyr L162, the combination of His M193 to Tyr and Arg M164 to His, which adds a Tyr-His pair,
and the combinations of Arg L135 to Tyr with Tyr L164 to His, Arg L135 to Tyr with Tyr L144 to Glu,
and Arg L135 to Tyr with Tyr L164 to Phe. Radicals were produced in the mutants by using light to
initiate electron transfer. The radicals were trapped by freezing the samples, and the relative populations
of the oxidized dimer and tyrosyl radicals were determined by analysis of low-temperature electron
paramagnetic resonance spectra. The mutants all showed evidence of tyrosyl radical formation at high
pH, and the extent of radical formation at Tyr L135 with pH differed depending on the identity of L144
and L164. The results show that tyrosine residues within approximately 10 Å of the dimer can become
oxidized when provided with a suitable protein environment.

The photosynthetic reaction center from the purple bac-
teriumRhodobacter sphaeroidesis an integral membrane-
protein pigment complex responsible for conversion of elec-
tromagnetic energy into chemical energy (1). It contains three
subunits called L, M, and H, with the L and M subunits
forming the core that binds the cofactors with a 2-fold sym-
metry (2). After excitation by light, an electron is transferred
from the bacteriochlorophyll dimer, P,1 forming the oxidized
state, P+, to a bacteriopheophytin, HA, and then to a primary
and secondary quinone electron acceptor. The bacteriochlo-

rophyll dimer possesses a midpoint potential of approxi-
mately 0.5 V, while, in contrast, the primary electron donor
from photosystem II operates at a midpoint potential of
approximately 1.1 V (3). The latter possesses the capability
to oxidize specific tyrosine residues, which have midpoint
potentials of approximately 0.7 and 1.0 V (4, 5). In R.
sphaeroides, protein interactions have been identified that
affect the redox potential of the primary donor and, in
particular, that increase the midpoint potential substantially
(6-8). For example, by specific alteration in the hydrogen
bond pattern of the bacteriochlorophyll dimer achieved
through introducing histidine residues at positions L131,
M160, and M197, the midpoint potential can be raised by
approximately 0.26 V (7). Other studies have shown that
replacement of Tyr M210 with Trp results in an increase in
the midpoint potential of the dimer by approximately 0.06
V (6). Combination of these four changes that increase the
redox potential in the so-called quadruple mutant provides
the dimer with enough redox capability to oxidize tyrosine
residues when they are introduced at M164 and L135 in the
YM164 and YL135 mutants, previously referred to as the YM

and YL mutants, respectively (9). The introduced tyrosines
are located at positions corresponding to those of the redox-
active tyrosines of photosystem II (10-12).

The redox-active tyrosine YZ in photosystem II has been
shown to play a significant role in the water oxidation process
through transfer of both electrons and protons (13-17). In
these models, oxidation of YZ is coupled to proton transfer
to yield a neutral tyrosyl radical. Reduction of this residue
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teriopheophytin in the active branch of cofactors; P, bacteriochlorophyll
dimer; quadruple, mutant with high P/P+ midpoint potential; YL135,
mutant with high P/P+ midpoint potential and redox-active tyrosine at
residue L135; YL135 + YH(L164), mutant with high P/P+ midpoint
potential, redox-active tyrosine at residue L135, and Tyr to His mutation
at residue L164; YL135 + YH(L164) + YE(L144), mutant with high
P/P+ midpoint potential, redox-active tyrosine at residue L135, Tyr to
His mutation at residue L164, and Tyr to Glu mutation at residue L144;
YL135 + YF(L164), mutant with high P/P+ midpoint potential, redox-
active tyrosine at residue L135, and Tyr to Phe mutation at residue
L164; YL162 + SH(M190), mutant with high P/P+ midpoint potential,
redox-active tyrosine at residue L162, and Ser to His mutation at residue
M190; YM164, mutant with high P/P+ midpoint potential and redox-
active tyrosine at residue M164; YM193 + RH(M164), mutant with high
P/P+ midpoint potential, redox-active tyrosine at residue M193, and
Arg to His mutation at residue M164.
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by the manganese cluster may be coupled to protonation via
water molecules bound to the cluster. Formation of the
tyrosyl radical occurs with the aid of a nearby histidine
residue that acts as a proton acceptor to the phenolic proton
(18, 19). Generation of the tyrosyl radical is highly dependent
on pH, most likely because of the protonation state of
residues that act as proton acceptors of the phenolic proton
upon formation of the radical. For example, in the reaction
center, His M193 is likely the major proton acceptor for the
redox-active tyrosine at M164 while Glu M173 apparently
interacts weakly with the tyrosine (20). Radical formation
at Tyr L135 occurs with a well-defined transition at pH 8.3,
higher than the pKa of 6.9 observed for radical formation at
Tyr M164, showing the influence of the different protein
environments (9, 21). Two nearby residues, Tyr L164 and
Tyr L144, may play a role in accepting the phenolic proton
of Tyr L135 (Figure 1).

To test the effect of altering the protein environment on
the oxidation of tyrosine residues by high-potential bacte-
riochlorophyll dimers in the reaction center fromR. sphaeroi-
des, five mutants were constructed and compared to the YL135,
YM164, and quadruple mutants (Table 1). The YL162 +
SH(M190) mutant is designed to provide a proton acceptor
to Tyr L162, located approximately 6.5 Å away from the
edge of the dimer (Figure 1). This tyrosine is present in the
wild type and in the quadruple mutant located near a glycine
residue, two asparagine residues, and Ser M190. Insertion
of a His at M190 may form a hydrogen bond to a Tyr L162
and so provide a pathway for proton transfer of the phenolic
proton upon oxidation of the tyrosine. In the YM193 + RH-
(M164) mutant, placing a tyrosine at position M193 and a
histidine at position M164 creates another possible tyrosine-
proton acceptor pair. In three mutants based on the YL135

mutant, residues Tyr L164 and Tyr L144 were altered to
change the environment near Tyr L135. In one of these
mutants Tyr L164 was replaced with His, and a second
mutant combined the replacement of Tyr L164 with His and
the replacement of Tyr L144 with Glu. These mutants should
make the environment more similar to that in the M-side
tyrosine mutants since L164 and L144 are symmetry related
to His M193 and Glu M173, respectively. In the third mutant,
Tyr L164 was replaced with Phe, effectively removing the

proton-accepting capability at this position. Previous mea-
surements of tyrosyl radical formation in reaction centers
were performed using both optical and electron paramagnetic
resonance (EPR) spectroscopy at room temperature (9, 20,
22). In this work, the light-induced formation of a tyrosyl
radical in these mutants at different pH values was probed
by low-temperature electron paramagnetic resonance spec-
troscopy of samples in which the radicals were generated at
room temperature and trapped by freezing.

MATERIALS AND METHODS

Construction of Mutants and Protein Isolation.The qua-
druple, YM, and YL mutants (Table 1) have been described
previously (9). Here the YM and YL mutants will be referred
to as the YM164 and YL135 mutants, respectively, to distinguish
them from mutants with tyrosyl radicals at other positions.
The mutants YL162 + SH(M190) and YM193 + RH(M164)
contain the four mutations in the quadruple mutant and the
additional mutations Ser to His at M190 in the YL162 +
SH(M190) mutant and His to Tyr at M193 plus Arg to His
at M164 in the YM193 + RH(M164) mutant. The mutants
YL135 + YH(L164), YL135 + YH(L164) + YE(L144), and
YL135 + YF(L164) contain the five substitutions in the YL135

mutant plus the additional alterations Tyr to His at L164,
Tyr to His at L164 and Tyr to Glu at L144, and Tyr to Phe
at L164, respectively. Construction of these mutants was
achieved by oligonucleotide-directed mutagenesis and by
genetic manipulation of restriction fragments (7). Wild-type
reaction centers were those isolated from the strain∆LM1.1
containing a plasmid carrying the genes for the wild-type L
and M subunits (23). Cell growth and reaction center iso-
lation were as described earlier (23) except that 0.05% Triton
X-100 was used as the detergent in the DEAE chromatog-
raphy. Samples were concentrated, and the pH was changed
by using 0.05% Triton X-100 and 15 mM Tris-HCl with
the pH adjusted with either 1 M NaOH or 1 M HCl.

Preparation of Trapped Radicals.Reaction center samples
were concentrated to 185µM using a Centricon microcon-
centrator (Amicon). Illumination was achieved through a 1
cm diameter fiber optic coupled to an Oriel tungsten lamp

FIGURE 1: View of the bacteriochlorophyll dimer (red), nearby
amino acid residues of the L subunit (yellow), Arg L135, Tyr L144,
Tyr L162, and Tyr L164, and nearby amino acid residues of
the M subunit (blue), Arg M164, Ser M190, and His M193, in
wild-type reaction centers fromR. sphaeroides. Arg L135 is lo-
cated approximately 10 Å from the edge of the bacteriochloro-
phyll dimer, 3 Å from Tyr L164, and 5 Å from Tyr L144. Arg
M164 is located approximately 10 Å away from the edge of the
dimer and 3 Å from the M193 site. Tyr L162 is located ap-
proximately 6.5 Å away from the edge of the dimer and 4.3 Å
away from Ser M190.

Table 1: Mutants ofRhodobacter sphaeroides

namea
redox

mutationsb
tyrosine
positionc

proton acceptor
positionc

quadruple quadruple
YL135 quadruple Tyr L135 Tyr L164, Tyr L144
YL135 + YH(L164) quadruple Tyr L135 His L164, Tyr L144
YL135 + YH(L164)

+ YE(L144)
quadruple Tyr L135 His L164, Glu L144

YL135 + YF(L164) quadruple Tyr L135 Phe L164, Tyr L144
YL162 + SH(M190) quadruple Tyr L162 His M190
YM164 quadruple Tyr M164 His M193, Glu M173
YM193 + RH(M164) quadruple Tyr M193 His M164

a The position of the targeted tyrosine in each mutant is denoted by
the subscript. For mutations, the first letter designates the wild-type
residue, the second letter designates the amino acid residue substitution,
and the residue position is in parentheses. The YL135 and YM164 mutants
have been referred to in previous publications as the YL and YM mutants,
respectively (9, 20-22). b The quadruple mutant contains the changes
LH(L131) + LH(M160) + FH(M197)+ YW(M210), which together
result in an increase of over 0.3 V in the P/P+ midpoint potential. The
other mutants also all contain these four changes.c Tyrosines and proton
acceptors have either been introduced by mutagenesis or are present
in the native reaction center sequence.
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with a 10 cm water filter (9, 20). The samples were illumi-
nated at low light levels for 24 s at room temperature.
Following the illumination, the samples were immediately
plunged into an ethanol/dry ice bath (200 K) in the dark.
The samples were stored in liquid nitrogen.

EPR Spectroscopy.EPR measurements were performed
in a Bruker E580 X-band spectrometer. EPR spectra were
recorded at 125 K; the temperature was regulated with a flow
of cold nitrogen gas. Spectral conditions were as follows: a
microwave frequency of 9.4008, a field modulation of 100
kHz, an amplitude of 0.4 mT, a microwave power of 10
mW, a modulation amplitude of 4 G, and 50 scans per
spectrum.

RESULTS

EPR Spectra of Trapped Radicals.Derivative-shaped
signals were observed in light-minus-dark EPR spectra of
reaction center samples from wild type and all of the mutants
(Figures 2 and 3). These light-induced signals of frozen
samples were similar to spectra of the YM164 and YL135

mutants previously taken at room temperature (9, 20). The
trapped signals were stable for many months. The widths of
the signals ranged from 9 to 11 G. Theg values, measured
with an estimated error of(0.0001, were between 2.0024
and 2.0051 (Table 2). At pH 6.3 all of the mutants exhibited
signals predominately characteristic of the P+ radical. The
g value of the spectra from the quadruple mutant did not
change with pH, while theg values measured for the other
mutants became higher with increasing pH.

Identification of Radicals.Three species in the wild-type
bacterial reaction center could give EPR signals withg values
between 2.0020 and 2.0050, P+, the reduced quinones, and
the reduced bacteriopheophytin (HA

-). The quinones are
coupled to a non-heme iron that broadens the signal;
moreover, this signal can only be observed at temperatures
below 10 K. In studies on the wild type, an EPR signal from

HA
-, which normally rapidly transfers an electron to the

primary quinone acceptor, is only observed when the quinone
acceptor is reduced with dithionite before illumination (24).
Other conditions used for generating a stable HA

- state
include the presence of cytochrome as a secondary donor,
continuous saturating illumination at room temperature, and
trapping at low temperature. In the experiments reported here,
the nonsaturating illumination conditions with no dithionite
present minimize the probability of forming the HA

- state.
EPR spectra attributed to tyrosyl radicals have been observed
in these types of reaction center mutants in other studies (9,
20). Thus, for these conditions, we assume that the only
species giving rise to an EPR signal in this region are P+

and Y•. Theg value of the P+ radical is centered at 2.0025
( 0.0001 and is independent of the pH (25). Reportedg
values for tyrosyl radicals in other systems are between
2.0040 and 2.0050, with the amplitude of the signal highly
dependent on pH due to the presence of a proton acceptor

FIGURE 2: Normalized light-induced EPR spectra of reaction center
samples from the quadruple, YL162 + SH(M190), and YM193 +
RH(M164) mutants at pH 6.3 (dotted line) and pH 11.0 (solid line).
Samples were illuminated at room temperature, the radical was
trapped at 200 K, and the spectra were measured at 125 K.

FIGURE 3: Light-induced EPR spectra of reaction center samples
from theYL135 (A), YL135 + YH(L164) (B), YL135 + YH(L164) +
YE(L144) (C), and YL135 + YF(L164) (D) mutants at pH 6.3 (dotted
line), pH 8.0 (dash dot line), pH 9.0 (dash dot dot line), pH 10.2
(dashed line), and pH 11.0 (solid line). Samples were illuminated
at room temperature, the radical was trapped at 200 K, and the
spectra were measured at 125 K.

Tyrosyl Radicals in Bacterial Reaction Centers Biochemistry, Vol. 43, No. 45, 200414381



(26). The difference in theg values between P+ and Y•

constitutes a downshift in the field of approximately 4 G.
Determination of Radical Populations.If only P+ and Y•

give rise to an EPR signal at this temperature, then the signals
centered atg values of 2.0024-2.0026 can be assigned to
the P+ radical, while signals centered at 2.0040-2.0050
should be comprised of Y•. Signals withg values between
2.0025 and 2.0040 will contain a mixture of both radicals.
Representative spectra of these two radicals can be used to
determine the concentrations of each species at anyg value
between theg values of these two species. For this purpose,
a spectrum of wild-type reaction centers, with ag value of
2.0025, was taken as a representative signal for the P+

species. The signal for the pure Y species in the reaction
center is more difficult to determine. A YM164 spectrum at
pH 10.2 with ag value of 2.0043 was used as a representative
signal, although its spectrum may not be comprised of pure
tyrosyl signal (9). To avoid additional introduction of error
due to baseline drifts or poor signal to noise ratio, truncation
of the spectra to the region of the single derivative signal
was employed. The spectra of the mutants with intermediate
g values were fit as a linear combination of the representative
P+ and Y• spectra (Figure 4).

DISCUSSION

The factors required for tyrosyl radical formation in
reaction centers were explored in a series of mutants ofR.

sphaeroides. In this series of mutants, the position of the
tyrosine and the identity of residues that may act as pro-
ton acceptors were varied. Previous evidence for tyrosyl
formation in reaction center mutants included a correlation
between room temperature EPR spectra that showed an
increase in theg value from that associated with P+ in the
wild type and optical spectra that showed distinct new
features (9, 20, 22). Due to the low quantum yield of the
charge-separated states in mutants with high P/P+ mid-
point potentials, the light-induced changes in both the op-
tical and EPR spectra are limited. EPR measurements at
low temperature, which are intrinsically more sensitive than
at room temperature, were performed on the mutants re-
ported here. Trapping of the radicals in these samples also
allowed calculation of the relative populations of the radicals
present. While a high-potential oxidant is clearly necessary
for tyrosyl radical formation, it is apparently not sufficient.
The results point to a limited sphere of locations favorable
for tyrosine oxidation and an important role for the proton
acceptor.

The EPR spectra of reaction centers from the quadruple
mutant show the presence of the oxidized bacteriochlorophyll
dimer, and these spectra do not change with pH. These results
are consistent with previous studies using optical spectros-
copy that reported no evidence of a tyrosyl radical in this
mutant but rather signals comparable to the wild-type reaction
center (9). Although the bacteriochorophyll dimer in this
mutant has a high midpoint potential, apparently none of
the tyrosine residues in the vicinity become oxidized. The
evidence for tyrosine oxidation in the other mutants can thus
be attributed to the effect of one or two amino acid residues
that differ from the quadruple mutant.

Upon examination of the structure of the bacterial reaction
center, several tyrosine residues are found less than 15 Å
away from the edge of the bacteriochlorophyll dimer (Table
3) (27). Of these, Tyr M210 and Tyr L162 are the closest,
at less than 7 Å away, whereas the next closest tyrosine
residues are found at least 10 Å away from the bacterio-
chlorophyll dimer. In all of these mutants Tyr M210 has been
changed to Trp, precluding examination of its oxidation. The
lack of tyrosine oxidation in the quadruple mutant indicates
that Tyr L162 is not redox active. To test whether a proton
acceptor is necessary to “activate” this tyrosine residue, a
histidine residue, intended to provide a proton acceptor, was
inserted nearby at M190 in the YL162 + SH(M190) mutant.
The results indicate that this mutant produces a tyrosyl
spectrum at pH 11.0, demonstrating the role of the proton
acceptor as key in tyrosine oxidation. A similar Tyr-His
pair at residues M193 and M164, respectively, is found in
the YM193 + RH(M164) mutant, which also showed the
capability of producing a tyrosyl signal at pH 11.0. The
different environment compared to the YM164 mutant, with
Tyr at M164 and His at M193, does not appear to hinder
formation of the tyrosyl radical. Even in the absence of a
clear pathway for the proton, tyrosyl radical formation was
observed when a tyrosine residue was introduced at L167,
which is located 5 Å from the dimer, in the YL167 mutant
(22).

To generate a neutral tyrosyl radical, both electron and
proton transfer from the tyrosine must occur, since generation
of the tyrosyl cation radical or the anion radical is energeti-
cally unfavorable (28, 29). Previous studies have suggested

Table 2: Summary ofg Values for the Mutants at Various pH
Values

g value

strain pH 6.3 pH 8.0 pH 9.0 pH 10.2 pH 11.0

quadruple 2.0026 2.0026 2.0025 2.0025 2.0024
YL135 2.0024 2.0025 2.0035 2.0040 2.0043
YL135 + YH(L164) 2.0025 2.0030 2.0043 2.0051

2.0030
2.0031

YL135 + YH(L164) 2.0028 2.0030 2.0033 2.0038
+ YE(L144) 2.0030 2.0038 2.0040

2.0034
YL135 + YF(L164) 2.0029 2.0036 2.0036 2.0037

2.0032 2.0038 2.0039 2.0043
YL162 + SH(M190) 2.0028 2.0041
YM164 2.0043
YM193 + RH(M164) 2.0029 2.0041

FIGURE 4: Comparison of the spectrum of theYL135 + YH(L164)
+ YE(L144) at pH 10.2 (dotted line) and the simulated spectrum
(solid line) obtained by a linear combination of the spectrum of
wild type at pH 8.0 (dash dot line) and the spectrum of the YM164
mutant at pH 10.2 (dashed line). The fit yields a fraction of Y• of
0.63 ( 0.02 and the sameg value of 2.0038 as found in the
measured spectrum.
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that when P+ is reduced by electron transfer from the
tyrosine, a nearby residue acts as a proton acceptor to the
phenolic proton (9, 20, 21). In this model, the formation of
a tyrosyl radical is highly dependent on the capability of
donating the proton to a nearby residue. At pH values much
lower than the pKa of the putative proton acceptor, the tyrosyl
radical will not be generated, leaving P+ and its characteristic
signal located at ag value of 2.0025( 0.0001. At pH values
above its pKa, the proton acceptor can accept the phenolic
proton upon tyrosyl formation. The tyrosyl is then able to
reduce P+ forming P, an EPR-silent species. This results in
the neutral tyrosyl radical and a shift in the EPR spectra to
g values between 2.0040 and 2.0050. Alternatively, the
tyrosine itself can become deprotonated at high pH prior to
electron transfer.

The EPR spectra showed a distinctive pH dependence in
all of the mutants containing tyrosyl radicals (Table 2). The
pH dependence was investigated more fully in the mutants
with Tyr at L135, and the changes resulting from the
replacement of residues with different biochemical properties
indicate that the protein environment plays a key role in the
formation of the tyrosyl radical. The extent of the tyrosyl
signal formed in the YL135 mutant can be fitted to a
Henderson-Hasselbalch equation with an observed pKa of
approximately 8.9 (Figure 5A). The most likely proton
acceptor for Tyr L135 in the YL135 mutant is Tyr L164. The
pKa of 8.9 in the YL135 mutant is similar to the pKa of 8.3
obtained from optical measurements of tyrosyl formation in
this mutant (9). Changing this putative proton acceptor to
His in the YL135 + YH(L164) mutant resulted in a pKa of
approximately 8.5 (Figure 5B). The shift to a slightly lower
pKa in this mutant is consistent with the inherently lower
pKa of histidine compared to tyrosine. An increase in the
pKa for tyrosyl formation was also observed upon replace-
ment of the proton acceptor His M193 with Tyr in theYM164

mutant, although the pKa value of the YL135 + YH(L164) is
higher than the pKa of approximately 7 observed in the YM164

mutant (9, 20).
More extensive alterations in the pH dependence of tyrosyl

radical formation at L135 were observed after the addition
of Glu nearby in the YL135 + YH(L164) + YE(L144) mutant,
which may modify the interaction of Tyr L135 with His
L164, and after changing Tyr L164 for Phe in the YL135 +
YF(L164) mutant, which should result in the loss of the
ability of the L164 site to act as a proton acceptor (Figure
5C,D). The extent of tyrosyl formation in these mutants
appears to be limited, even at the higher pH values. This
effect is reminiscent of the observation that removal of the
putative major proton acceptor for the YM164 mutant results
in a decrease in the extent of tyrosyl formation (20). It is
also possible that the tyrosyl radical decays rapidly in these
mutants, so that it cannot be trapped. The measurable
formation of the tyrosyl signal at lower pH values is also
different than what was observed for the YL135 mutant.
Although a pKa value was not obtained for the pH depen-
dence in these mutants, the clear alteration in the behavior

Table 3: Location of Native and Introduced Tyrosine Residues in
the Vicinity of the Bacteriochlorophyll Dimer in the Reaction
Center fromR. sphaeroides

location
proton

acceptor
distance

(Å)a tyrosyl radical formation

M210 4.5 not testedb

L167 4.5 in YL167 mutant (22)
L162 His M190 6.5 in YL162 + SH(M190) mutant
L135 Tyr L164 9.4 in YL135 mutantsc

M164 His M193,
Glu M173

10.0 in YM164 mutantsd

M193 His M164 10.6 in YM193 + RH(M164) mutant
L164 10.7
L169 Glu M111 12.4
L148 Tyr L128 14.0
L128 Tyr L148 14.2
M198 Asp L155 14.2
L67 14.9
L144 16.0
M295 17.1

a Distances calculated from the edge of the bacteriochlorophyll dimer
to the phenolic oxygen of M210, L162, L164, L169, L148, L128, M198,
L67, L144, and M295, theδ-carbon atom of the benzene ring of the
native Phe L167, theε-amine group of the native Arg L135 and Arg
M164, and the ring of the native His M193, using the structure of
McAuley et al. (27). b The residue Tyr M210 was changed to Trp in
all of the mutants studied.c Also observed in the YL135 + YH(L164),
YL135 + YH(L164) + YE(L144), and YL135 + YF(L164) mutants.d Also
observed in mutants with alterations at M193 and M173, the putative
proton acceptor positions (20).

FIGURE 5: Extent of formation of the tyrosyl radical as a func-
tion of pH for the YL135 (A), YL135 + YH(L164) (B), YL135 +
YH(L164) + YE(L144) (C), and YL135 + YF(L164) (D) mutants.
The lines are fits to a Henderson-Hasselbalch equation.
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resulting from mutations in nearby residues demonstrates the
influence of the environment on tyrosyl radical formation.

In conclusion, evidence for partial or nearly complete
tyrosyl radical formation has now been found for tyrosine
residues located at five positions in the reaction center: L135,
L162, L167, M164, and M193 (Table 3). The role of the
proton acceptor in the formation of the radical is demon-
strated by the pH dependence of the mutants. Differences in
the L and M sides also point to the role of the protein
environment in stabilizing the tyrosyl radical. Overall, these
results demonstrate that the location of a tyrosyl radical in
the reaction centers is not uniquely constrained to the
positions analogous to those in the photosystem II but that
a combination of distance and protein environment enables
radical formation at several locations.
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