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Dependence of Tyrosine Oxidation in Highly Oxidizing Bacterial Reaction Centers
on pH and Free-Energy Difference
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ABSTRACT. The pH and temperature dependences of tyrosine oxidation were measured in reaction centers
from mutants of Rhodobacter sphaeroidesontaining a tyrosine residue near a highly oxidizing
bacteriochlorophyll dimer. Under continuous illumination, a rapid increase in the absorption change at
420 nm was observed because of the formation of a charge-separated state involving the oxidized dimer
and reduced primary quinone, followed by a slow absorption decrease attributed to tyrosine oxidation.
Both the amplitude and rate of the slow absorption change showed a pH dependency, indicating that, at
low pH, the rate of tyrosine oxidation is limited by the transfer of the phenolic proton to a nearby base.
Below 17 °C, the rate of the slow absorption change had a strong exponential dependence on the
temperature, indicating a high activation energy. At higher pH and temperature, the overall rate of tyrosyl
formation appears to be limited by a proposed conformational change in the reaction center that is also
observed in reaction centers that do not undergo tyrosine oxidation. The yield of tyrosyl formation measured
using electron paramagnetic resonance spectroscopy decreased significarfiy eampared to 20C

and was lower at both temperatures in mutants expected to have a slightly smaller driving force for tyrosyl
formation.

The primary process of photosynthesis, the conversion of residue, and oxidation of manganese, can be introduced into
light energy into chemical energy, is performed by pigment  bacterial reaction centers by genetic manipulati®nrj.
protein complexes termed reaction centers in purple photo- In biological systems, tyrosyl formation has been shown
synthetic bacteria and photosystems | and Il in plants, algae,to be coupled to the transfer of the phenolic proton to a
and cyanobacteridl(2). The reaction center and photosys- nearby baseg). Because the formation of protonated tyrosyl
tem Il are evolutionarily related and share structural similarity radicals is energetically unfavorable, the transfer of the
in that the core cofactors and subunits are symmetrically phenolic proton either precedes electron transfer or occurs
arranged into two branche8<5). Excitation of the bacte-  in a concerted manner with electron transfer. In both cases,
riochlorophyll dimer, P, in bacterial reaction centers, or the the rate of tyrosyl radical formation is dependent upon the
primary electron donor of photosystem llsgk? results in a rate of both electron and proton transfers. For the bacterial
unidirectional transmembrane electron transfer to the primary reaction center, the situation is complicated by the low yield
and secondary quinones, through one of the two branchesof tyrosyl radical formation, requiring the use of continuous
of cofactors. Despite these structural and functional similari- illumination to increase the amount of the tyrosyl radical.
ties, Rgo of photosystem Il has the unique ability to catalyze Earlier reports have shown that, when the charge-separated
the oxidation of water into molecular oxygen. The oxidization state involving the oxidized dimer and the reduced primary
of water in photosystem Il is achieved by three factors: the quinone (PQa~) is produced by continuous illumination,
high oxidizing potential of B, the ability of a key tyrosine  the lifetime of this state can increase up to 7000-fold with
residue, Y, to couple the transfer of electrons and protons, respect to the lifetime of the flash-induced charge-separated
and the presence of a manganese cluster that can store thetate 9—11). This dramatic effect was interpreted as arising
four electron equivalents required for the overall reaction. from conformational changes caused by prolonged continu-
Some of these attributes, such as a highly oxidizing P, ous illumination. Light-induced conformational changes
coupling of electron and proton transfer through a tyrosine associated with the secondary quinone have also been

reported in several other experiments, including X-ray
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Table 1: Mutants oRhodobacter sphaeroides

name OAG°2 (mV) mutationg
quadruple LH(L131) +  LH(M160) +  FH(M197) +  YW(M210)
Yo LH(L131)  + LH(M160)  + FH(M197)  +  YW(M210)  + RY(L135)
Yu 0 LH(L131) +  LH(M160) +  FH(M197) +  YW(M210) +  RY(M164)
Yu' —60 LH(L131) + FH(M197)  +  YW(M210)  + RY(M164)
Y -85 LH(M160) +  FH(M197) +  YW(M210) +  RY(M164)

a9AG° is the change in the free-energy difference for tyrosine formation in the mutants compared torthgant, assuming that this difference
is directly related to the expected change of the"Rffdpoint potential® Mutations are written with the first letter representing the amino acid in
the wild type, the second letter representing the residue in the mutant, and the position denoted in the parenthesis; for example, LH(L131) is the
Leu to His mutation at amino acid residue L131.

(17). Each of these mutations raises the midpoint potential absorption changes induced by continuous light illumination.
by a consistent amount when combined with other mutations, Because of the extensive photodegradation of the reaction
and a triple mutant containing all three was found to have a centers upon prolonged and high-intensity illumination,
P/P" midpoint potential of 0.76 VV compared to a potential nonsaturating, short, continuous illumination was used from
of 0.5 V for wild-type reaction centers. The triple mutant is an Oriel tungsten lamp with an 860 nm interference filter.
still capable of transferring an electron from P t@ @nd At room temperature, the illumination lasted no longer than
then to the secondary quinone, but the quantum vyield is 30 s, and the intensity was reduced to about one-third of the
decreased because of a decrease in the free-energy differencgaturating value of the wild type. At lower temperatures, the
for the initial charge-separated state8). The quadruple  protein degradation because of prolonged illumination was
mutant has an additional mutation of Tyr to Trp at M210, less pronounced, and therefore the illumination time was
resulting in the P/Pmidpoint potential being further elevated extended up to 45 s. The spectra were recorded using a fast
to above 0.8 V§). When tyrosine residues were introduced scanning rate of 900 nm/min. Flash-induced absorption
at L135 and M164 in reaction centers with these four transients were measured at 865 nm by a single beam
mutations, producing the Yand Yy mutants, respectively, spectrophotometer of local desig2?]. The reaction centers
the introduced tyrosines were found to serve as secondarywere excited at 532 nm wita 5 nslaser pulse using a ND:
electron donors, resulting in the formation of a tyrosyl radical YAG laser (Continuum), and the kinetic traces were analyzed
after exposure to lightg( 19, 20). Two additional mutants,  using exponential decomposition.

Ywm' and Yy'', do not have the leucine to histidine mutations ~ EPR SpectroscopyThe EPR measurements were per-
at M160 and L131, respectively, found in the, Ynutant. formed using a Bruker E580 X-band spectrometer with a
The removal of these mutations should result in 'P/P magnetic field modulation frequency of 100 kHz, an
midpoint potentials that are lower by 60 and 85 mV, amplitude of 0.4 mT, a microwave power of 10 mW, and a
respectively, compared to theyYmutant and in com-  microwave frequency of approximately 9.64 GHz. Reaction
mensurate decreases in the free-energy difference for tyrosineenters were concentrated for the EPR measurements in a
oxidation. In this study, we investigate tyrosyl formation in Centricon microconcentrator (Amicon) up to 3QMM.
these mutants by monitoring the light-induced changes in Samples were placed in a quartz standard EPR tube,
the optical spectra as the pH and temperature were variedilluminated at 4 or 20C, and the radicals were trapped by
The relative yield of tyrosyl formation was determined using immersing the sample tubes into an ethanol/dry ice bath. The
electron paramagnetic resonance (EPR) spectroscopy aspectra were obtained at 125 K by averaging several scans.

different temperatures. Determination of the relative radical populations in the EPR
spectra was performed by fitting the spectra to a linear
MATERIALS AND METHODS combination of the spectrum of the PPadical, represented
Construction of Mutants, Protein Isolation, and Sample DY the spectrum from the wild type, and the spectrum of the
Preparation.The construction of the quadruple, Yand Yy tyrosyl radical, as represented by the spectrum of the Y
mutants has been described previou€)y The Yy' and Yy’ mutant at pH 10.223).

mutants were constructed froRhodobacter sphaeroides RESULTS
using methods described previously’). Cells were grown

semiaerobically, and the reaction centers were prepared as Light-Induced Conformational Changd=or the quadruple
described earlier, except that Triton X-100 was used for the and the Y mutants, light-induced changes in the optical
ion-exchange chromatography step instead of lauryl di- spectra were measured in the 4BD0 nm region (Figure
methylamine oxideq1). The assay solution contained 0.03% 1). The spectrum of the quadruple mutant features a broad
Triton X-100, 1 mM EDTA, 100 mM NaCl, and 15 mM  positive band that is centered at 430 nm arising from the

Mes (2-(N-morpholino)ethanesulfonic acid), Hepes-[@- PTQa~ state. In the presence of the spectrally silent electron
hydroxyethyl]piperazineN'-[2-ethane]sulfonic acid), Tris  donor, diamino durene (DAD),*Pis rapidly reduced and
(tris(hydroxymethyl)aminomethane), or CHES (2-¢yclo- the spectrum has a positive band at 450 nm that is

hexylamino]ethane sulfonic acid), depending on the pH. characteristic of anionic semiquinones. For thenvutant,
Measurements were performed in the presence ofyM0 the spectrum shows the same positive band at 450 nm
terbutryne to block electron transfer to the secondary quinoneindicating the presence of the state PQuith the additional
unless stated otherwise. features of an absorption decrease at 420 nm and an increase
Measurement of Absorption ChangésCary 5 spectro- around 407 nm that were not present in the spectrum of the
photometer (Varian) was used to measure the optical quadruple mutant. Spectra measured for themttant (data
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Ficure 1: Light-minus-dark difference optical spectra of the 8
guadruple and Y mutants at pH 9.0 in the 466600 nm spectral <
region. The absorption changes at 420 nm (vertical dashed line)
are in the opposite direction in the quadruple and themvtants, At=02s
indicating the presence of different redox states. In the quadruple
mutant, the broad positive band around 430 nm is characteristic of
the PrQa~ state (upper trace). In the presence of the spectrally silent
secondary electron donor DAD, the features ofdfe no longer
detectable. The band at 450 nm represents thid@, difference AA=2x10°
spectrum (middle trace). In the Y¥mutant, Tyr L135 donates an ) ) ) ) )
electron to P, revealing the spectral features of the tyrosyl radical 0 20 40 60 80
at 420 and 407 nm together with those ofQat 450 nm. .
Conditions: 1.5:M reaction center in 0.03% Triton X-100, 15 time (ms)
mM Ches at pH 9.0, 1 mM EDTA, 100 mM NaCl, and 1M Ficure 3: Dependence of the kinetics of the flash-induce@p-
terbutryne. — PQu charge recombination on the delay timgt) between the
flashes in reaction centers from the quadruple mutant at pH 9. Upper
v quadruple @ panel shows the algorithm by which the traces in the lower panel
were collected. A total of 50 traces were averaged, Ahdvas
varied from 1 to 0.2 s. Al s delay time, the charge recombination
6 was monophasic with a 15 ms lifetime. As the delay time was
. Jaa=2x10° decreased to 0.5 and 0.2 s, the charge recombination became
< M biphasic and another much slower component with an approxi-
< 8 mately 60 ms lifetime was accumulated during the averaging of
the traces. Conditions of the assay solution were the same as
indicated in the Figure 1 caption.

9
b v . j recorded at 865 nm, where only” Rontributes (data not
00 05 10 40 shown).

o Time {min) _ The measurements were performed in the presence of
Ficure 2: Kinetic traces of the light-induced absorption changes terbutryne, which blocks transfer to the secondary quinone;

at 420 nm measured in the quadruple mutant at different pH values. - ;
The arrows show the time when the light was turned on and off. therefore, the FQa™ state was rapidly formed because of

Two kinetic phases can be distinguished during illumination. The the illumination. The slow increase in absorption at 420 nm
fast absorption change, which is not resolved, is assigned toduring illumination arises from a slow increase in the total
formation of the PQ,~ state from the dark-adapted conformation. amount of reaction centers in a charge-separated state after
The slow absorption change during the illumination is associated tha fast, initial formation. The two kinetic phases should

with reaction centers in a different, light-adapted conformation. . : :
Conditions are the same as indicated in the Figure 1 caption, excep{epresent two different populations of the reaction centers

that Mes, Hepes, Tris, or Ches was used as the buffer, dependinghat are both in the FQ,~ state. The two populations can
on the pH. be attributed to the reaction centers having two conformations

with significantly different lifetimes. The same kinetics of a
not shown) were similar to that of thg Yhutant. The spectral ~ rapid absorption increase followed by a slow absorption
features at 407 and 420 nm have been identified as indicatorancrease is observed at 865 nm in both the quadruple mutant
of the presence of a' Q. state 6, 19, 24). and wild-type reaction centers. In the wild type, the slow

For the quadruple mutant, the kinetics of the light-induced increase at 865 nm has previously been attributed to the
absorption changes at 420 nm upon a short illumination were presence of a light-induced conformational change that results
measured at different pH values (Figure 2). Upon exposurein a long-lived PQa~ state @—11). Thus, our results for
to light, the absorption at 420 nm increased because of thethe quadruple mutant indicate that such a long-lived state is
formation of the PQa ™ state, and this signal fully recovered also formed in the quadruple mutant.
in the dark. The initial absorption increase was too fast to  To confirm the presence of a long-lived component in the
be resolved using the spectrophotometer. This initial rise waskinetics, the response of the quadruple mutant to a series of
followed by a slower increase during the illumination. After light pulses was measured with different delay times between
the illumination was stopped, the absorption increase decayedpulses (Figure 3). After a single flash, the@~ — PQa
fully in a biphasic manner. A similar kinetic profile was charge recombination process occurs with a 15 ms time
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constant compared to 100 ms for the wild type, consistent
with the increase in the P/Amidpoint potential §, 17). An
exponential decrease in the absorption change that is
completed within 50 ms after the flash is seen in the averaged
trace with a 1 sdelay between the flashes. As the delay
between the flashes was made shorter to 0.5 and 0.2 s, the
kinetics of the charge recombination became biphasic.

This altered behavior can be understood with the assump-
tion that there are at least two different states of the reaction
center. One is the dark-adapted state that has a 15 ms lifetime,
and the second is a long-lived, conformationally changed
state. As has been previously proposed for the wild t@pe ( , ‘
11), the long-lived conformationally changed state is gener- 00 05 10 40
ated from the charge-separated state. Upon illumination of Time (min)
dark-adapted reaction centers by a single flash, tH@.P FIGURE 4: Representative kinetic traces of the light-induced

state is formed. Competing with the decay of the short-lived absorption changes at 420 nm measured in thentant at different
PTQa~ state is the slow formation of a conformationally pH values at room temperature. The arrows show the time when

changed PQ,~ state. Once formed, the conformationally the light was turned on and off. Conditions are the same as indicated
changed PQa~ state first decays to a conformationally ™ he Figure 2 caption.

changed neutral PQstate and subsequently decays to the . . .
9 Qs q y y oxidation from the long-lived FQ,~ state. Measurement at

original dark-adapted PQstate. When the time between 865 der simil diti h b i h
flashes is long, the charge recombination reactions have time nm under simiiar conditions Shows absorption changes

to fully occur and the small fraction of the reaction centers Fhat |_nd|9ate a slow decrease in th‘? total amour.‘m”‘ﬁ’f'”g

that underwent the conformational change has time to recover'lIum'nat'on (data not shown), consistent with this assignment
to the dark-adapted state. Thus, the reaction centers will peof the slow absorption decrease at 420 nm under illumination
all in the dark-adapted state upon illumination by the second as being associated with tyrosyl formation. Comparable

flash, and the recovery after the second flash will match the Kinetics seen in proton release and e'ec”oﬂ paramagnetic
original kinetics. When the time between flashes is decreased€sonance meas.uremenfs (7’. 20). also confirm a slow
the conformationally changed reaction centers have time to accur_nulat_lon .Of Y_durlng lllumination. The ?hafp decrease
recover to a neutral state but do not have time to recover toafter illumination is due to charge recombination from the
the original dark-adapted state. Thus, the second flash will dark-adapted FQa™ state as has been measured at 865 nm
illuminate both the dark-adapted reaction centers and a smalUsing a smgle_ laser flash ((_jata not ShOV.V”)- The gubseqqent
fraction of neutral conformationally altered reaction centers, slow absorption change in the Qark IS assomatedﬁ with
which will form the conformationally altered®,~ state. recovery from bth the conformationally changeticik
This situation generates heterogeneity in the population of state and the Qa™ state.
the reaction centers and in the charge recombination kinetics. Based upon previous studie (9, 24), the P'Qa~ state
As the time between the flashes becomes shorter, more ofiS favored over the Q4™ state at low pH. For example, at
the conformationally altered reaction centers are observed.PH 6.5, the extent of the slow absorption decrease during
Similarly, the use of continuous illumination in these illumination that is attributed to the Qa~ state is small
experiments would drive a significant part of the reaction compared to the absorption increase because of it P
centers into the longer-lived, conformationally changed State. Upon increasing the pH, the extent of the slow
P*Qa~ state. The kinetics of the decays shown are highly absorption decrease becomes larger, reflecting an increasing
dependent upon the time between the flashes, and so théontribution of the YQ.™~ state. At pH 9.8, P is mostly
lifetime of the light-adapted states cannot be determined from reduced by Tyr L135, so that at the end of the illumination
these traces but must be measured using steady-state ilthe Y'Qa™ state dominates, and there is no measurab@P
lumination conditions, as has been discussed elsewBere (  State, indicated by the lack of a sudden decrease as the light
11). is switched off. The rate of the slow absorption decrease
Kinetics of Tyrosyl Radical Formatioim general, during ~ during illumination was observed to become faster with
illumination of the Y, mutant, an initial absorption increase  increasing pH. The i mutant shows similar behavior to
at 420 nm was followed by a slow absorption decrease the Y. mutant, although the pH dependence is shifted.
(Figure 4). After the light was switched off, a rapid The strong dependence on pH of the amplitude of the slow
absorption decrease was followed by a slow recovery. The component of the absorption change under illumination at
sharp absorption increase at the beginning of the illumination 420 nm in the quadruple, Y and Yy mutants showed
arises from formation of the ,~ state from the dark-  systematic patterns (Figure 5A). For the quadruple mutant,
adapted conformation. While under illumination, the reaction the amplitude of the slow phase was always positive with a
centers can undergo a conversion to the long-lived confor- minimal value near pH 8. This pH dependence profile of
mationally changed Q. state, and accumulation of this the slow component is similar to that measured at 865 nm
state would result in a slow increase in the absorption at in the carotenoid-less R-26 straib(j. For the Y and Yy
420 nm. The reaction centers can also form th@aY state, mutants, the amplitude of the slow phase was always negative
leading to a decrease in the absorption at 420 nm. The slowand became more negative with increasing pH. The ampli-
absorption decrease under illumination can be assigned tatude of the slow phase could be characterized with single
formation of the YQa~ state, presumably by tyrosine Henderson-Hasselbalch-type curves, witiKpvalues of 6.8

Ao
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i " / i FIGURE 6: Temperature dependence of the formation of the slow
001 4 ! 3 kinetic component during illumination in reaction centers of the
(R = R R R - quadruple @), Y. (O), Yum (&), and Yy' (<) mutants at pH 9.0.
6 7 8 9 10 The dependence below 2T was much steeper than above’Cy
pH with the slopes of Arrhenius plots yielding activation energies of

125+ 10 and 36+ 5 kJ/mol, respectively, for the combined data
for the Y, and Yy mutants. For the quadruple mutant, the fit yielded
an activation energy of 3Z 4 kJ/mol that presumably is associated
with the proposed conformational change of theQR~ state.
Conditions are the same as indicated in the Figure 1 caption.

Ficure 5: Amplitude change at 420 nm\Agow, and rate of
formation, ko, Of the slow kinetic component measured at different
pH values in the Y (O), Yu (4), and quadruple®) mutants. (A)
Amplitude change is the change in absorption at 420 nm during
the illumination time after the initial rise because of the fast

component. The solid curves are Hendersbiasselbalch-type fits tants had h ker d d the t t
using single protonatable residues witkypvalues of 6.83+ 0.12 mutants had a much weaker dependence on the temperature,

and 8.43% 0.10 for the ¥, and Y, mutants, respectively. (B) Rate ~ With an activation energy of 3 5 kJ/mol. This dependence
of formation of the slow kinetic component was determined from matched that of the quadruple mutant.
a single-exponential fit of the change in absorbance at 420 nm The rate of formation of the slow component was

during illumination after the initial rise. The dashed line represents measured in the ¥ mutant at pH 9. The amplitude was
a slope of 1 order of magnitude change in rate over 1 pH unit.

Conditions are the same as indicated in the Figure 2 caption. ~ Small compared to the w and Y. mutants, and the
temperature dependence could only be measured above 20

and 8.4 for the \; and Y, mutants, respectively. Thes&p °C because at lower temperatures during the illumination
values are similar to those obtained from previous determi- N0 Slow absorption decrease at 420 nm was observed in the

nations of light-induced changes of the optical spectra optical kinetic traces. In this mutant, the rate was significantly
associated with tyrosyl formatior6,(19). slower than that of the 3¢ and Y. mutants, with rates of 1.6
The pH dependence of the rate of formation of the slow * 107210 5.0 x 1072 s™* from 20 to 30°C, compared to
phase also showed distinct features (Figure 5B). For thefates of 1.5x 10~ to 2.0 x 107" s for both of the other
quadruple mutant, the pH dependence of the rate was weakW0 mutants in this same temperature region (Figure 6).
with values of 2.6x 10t and 2.1x 10~ s™* at pH 6 and Yield of Tyrosyl Radical FormatiorThe relative ampli-
10, respectively, and a minimal value of 210! s* near tudes of the Yand P species were determined in light-
pH 8. In contrast, for both the,Yand Yy mutants, increasing ~ Minus-dark EPR spectra of theuYYw', and Yy" mutants
the pH resulted in a sharp increase in the rate, up to a pHat 4 and 20°C at pH 9. At the lower temperature in the,Y
corresponding to theiy, determined from the fit of the pH ~ Mutant, the spectra shifted to lower values (data not
dependence of the amplitude. For lower pH values, the slopeShown), compared to spectra that have been assigned to a
of the increase was close to 1 order of magnitude over 1 pH tyrosyl radical and are observed at higher temperaties (
unit, suggesting the involvement of a proton in the reaction. 19), indicating the retardation of the tyrosyl radical formation

At pH values above they, the measured rates in the Y  at lower temperatures with a resulting increase in the relative
and Yy mutants were essentially identical to the rate amount of P. The ratio of Y/P" was similar for the three

measured for the quadruple mutant. mutants at £C, with values ranging from 0.78 to 1.0 (Figure

The temperature dependence of the formation rate of the/)- The measurements at 20 showed pronounced differ-
slow component of the light-induced absorption changes at €"ces among the mutants with values for thé&Yratio of
420 nm was determined in the mutants at pH 9.0 between 40-89, 1.32, and 4.26 for thewf', Yw', and Yy mutants,
and 30°C (Figure 6). For the quadruple mutant, the rate 'eSPectively.
decrgased as the temperature decreased, fo_llowmg an expoy s SSION
nential dependence, suggesting an Arrhenius relationship
with an activation energy of 3 4 kJ/mol. The Y and Yy Bacterial reaction centers with highly oxidizing bacterio-
mutants showed a behavior that was similar to each otherchlorophyll dimers are able to specifically oxidize nearby
and that was more complex than observed for the quadrupletyrosine residues6]. Tyrosine oxidation in this bacterial
mutant. Below 17°C, the rate was much more strongly system is sensitive to pH and to the identity of the proton-
dependent upon temperature than in the quadruple mutantaccepting bases( 19). The phenolic proton is either released
A fit of the combined data from both the ¥and Yy mutants to the bulk or retained within the protein, depending upon
using an Arrhenius-type dependence yielded an activationthe position of the introduced tyrosin2Q; 24). In this work,
energy of 125+ 10 kJ/mol. Above 17C, the Y. and Yy the rate of formation of tyrosyl radicals in bacterial reaction
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10 - [ Therefore, the most likely pathway involves initially the

transfer of the phenolic proton to a nearby base, followed

by the transfer of the electron from the tyrosine ta Por

this process, after transfer to the closest or primary proton
acceptor of the phenolic proton, there may be subsequent

CF transfer steps involving a set of protonatable residues

transferring the proton away from the tyrosinate.

L The observed rate constaki,y, the rate of the slow

-80 -60 40 -20 0 component of the absorption changes under illumination,
3AG (meV) decreased with decreasing temperature (Figure 6). For the

FicUre 7: Dependence of the ratio of P in EPR spectraonthe  quadruple mutant, the rate constdgt, was only weakly

changes in the free-energy difference for tyrosyl formation at 4 dependent upon temperature and the activation energy was

0O) and 20°C (®). The changes in the free-energy difference are ; : ;
g.s)sumed to be( e)qual oo tha ost 0 el changes ir?)tlﬁeﬂdboint small and presumably associated with the conformational

potentials of the ¥, and Yy' mutants compared to theyYmutant change. For the Y and Yy mutants, the temperature
(Table 1). The data points represent the average of severaldependence dfso, Was more pronounced at low tempera-
independent measurements, and the individual error bars are showntures than at room temperature. At@, the dependence of
. the rate upon temperature suggests that proton transfer or

centers was found to be sensitive to pH, temperature, andine conformational change is rate-limiting because of the
the midpoint potential of the dimer. _ _ large activation energy of 125 kJ/mol. The larger activation

Because of the relatively slow rate of formation, continu- energy indicates an unfavorable protonation equilibrium,
ous light is used to observe tyrosyl radical formation in \yhich might involve elongation of the distance between the
bacterial reaction centers. After single flash excitation, the tyrosine and the proton acceptor or disruption in the proton-
stable PQa~ charge pair undergoes charge recombination conducting network of protonatable residues as the protein
with a lifetime of 14-17 ms, depending on the mutant and g ¢qoled. An alternative explanation for the larger activation
pH (Figure 3). Decreasing the time between the flashes Ol energy in the Y and Yy mutants compared to the quadruple
the use of continuous illumination (Figure 2) makes the ., tant is that the conformational change in theand Yu
recovery kinetics of the oxidized dimer biphasic. The altered |, ;tants is different than in the quadruple mutant. However,

behavior arises from the formation of a long-lived form of o conformational change is associated with &nd the
the P'Qa"~ state, probably representing a conformationally 4mino acid environment and spectral properties of P are

altered state. At room temperature and at pH values higher,,changed in the three mutants. Thus, the activation energy
than the K, of the proton acceptor base, the rate of tyrosine aggqciated with the conformational change should be the
oxidation for the ¥ and Y. mutants is the same as the raté g5 me for these mutants, and the most likely interpretation is
of the proposed conformational change (Figure 5). ThiS yhat the differences in the activation energies arise because

observation strongly suggests that the limiting precursor ¢ e proton-transfer associated with the tyrosine oxidation
reaction in the tyrosine oxidation is the light-induced process in the Yand Yy mutants.

conformational rearrangement of the reaction-center protein. h dd q f th i0 oPY h
In the wild type or carotenoid-less R-26 strain, the lifetime hT € meashure epen en(ég of the “?“Oh on the
of the charge-separated state can increase up to 7000-foldchange in the free-energy difference in the mutants was

depending upon the illumination conditior@-(11). These strikingly different at 4 and 20C (Figure 7). Neither set of
earlier reports suggested that during continuous illumination, data showed the dependence on the free-energy difference

the local environment of Por Qa~ changes, resulting in a expected for a_ltrue equ_ilibrium. Interpretation of the observed
substantially longer lifetime of the oxidized dimer compared d€éPendence is complicated because the concentrations are
to its lifetime in the dark-adapted conformation. The actual determined under steady-state illumination conditions and
effect of such a conformational change on tyrosine oxidation e Populations reflect the combination of several forward
in the mutants is not known, but the conformational change and reverse reactions. At 2(1,_an activated eIectron-tra_nsfer
appears to be a necessary precursor to tyrosine oxidationProcess may limit the formation of th_e tyrosyl radical in the
For tyrosine oxidation, once the reaction centers have beenMutants with a small free-energy difference. At@, the
poised in the putative conformationally altered state by the 'ati0 iS independent of the free-energy difference, suggesting
use of continuous illumination, both a proton and an electron that the formation of the tyrosyl radical is limited by a
transfer must occur to produce a stable neutral tyrosyl radical. différent reaction, such as proton transfer, which is not
At low pH values, the protonated base near the tyrosine expected to depend on the fr'ee—energy dlﬁerenge, rather than
presumably retards the proton transfer, consistent with the©®n a@n electron-transfer reaction. Any interpretation must also
slower overall rate of tyrosyl formation in theyYand Y, assume that the calculated changes in free-energy dlfference
mutants compared to the rate of the conformational change@re the correct values and that they do not change with
seen in the quadruple mutant (Figure 5). However, at pH €mperature.
values above the associateld,pthe deprotonated base can Although rates of tyrosine oxidation in photosystem I,
accept the phenolic proton. This electrgoroton coupled  10? and 10 s™* for Yp and Yz, respectively 29), are faster
reaction can proceed by several different possible pathwaysthan the rates reported for the #nd Yy mutants, the relative
(25, 26). One possibility is for electron transfer to precede order of the electron and proton transfers is probably similar.
proton transfer. However, this would require the transient Formation of the tyrosyl radical in Mn-depleted photosystem
formation of a protonated tyrosyl radical, which is energeti- 1l has been modeled as arising from intermediate formation
cally extremely unfavorable at room temperatu2&, (28). of a tyrosinate by proton transfer followed by electron
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transfer 26). For artificial systems, the process of oxidation 7.
of tyrosine by ruthenium has been modeled as arising from
a concerted proces8(). In both of these other systems, the
observed rates are several orders of magnitude faster than
those reported here, presumably because of the rate-limiting
step of the conformational change in the reaction center,
which must precede tyrosine oxidation in these mutants. The
pH-dependent pattern of the rates of tyrosyl radical formation
determined in this study is remarkably similar to that
measured in photosystem Il or related artificial systeB@s (
31). In all systems, including this one, the observed rates of
tyrosine oxidation at room temperature increase steeply up L
to approximately the Ig, of the putative proton acceptors.
The slope of this increase was close to 1 order of magnitude
per 1 pH unit in both the ¥ and Y. mutants. The value of
the slope suggests the necessity of the removal of the
phenolic proton upon the reaction. Once the light-adapted
conformation is formed, at low pH, the tyrosine oxidation
reaction is limited by the proton transfer, while at higher
pH values only the conformational change is the rate-
determining step.

In conclusion, the formation of the tyrosyl radical in the
reaction centers depended in systematic ways upon the pH,
temperature, and the PiPnidpoint potential. The yield of
tyrosyl formation increased as the pH increased from 6 to
10, demonstrating the coupling to proton transfer. The overall ¢
process of tyrosyl formation, including a precursor confor-
mational change, exhibited a strong activation energy,
consistent with a decrease in the yield of tyrosyl formation
at lower temperatures for theyYmutant. At low tempera-
tures, the yield was similarly limited for mutants with
different driving forces. However, at higher temperatures, a
distinct dependence of the yield on the driving force was
observed. We speculate that this difference in the driving
force dependence is due to a change in the relative rates of
proton and electron transfers with temperature. One possible
mechanism consistent with the data is an initial conforma-
tional change, followed by rapid proton transfer and subse-
quent rate-limiting electron transfer at room temperature,
while at low temperatures, proton transfer is rate-limiting.
The highly oxidizing reaction centers are a useful model
system for studying tyrosine oxidation because certain key
parameters, such the free-energy difference, can be system-
atically altered in the bacterial system.
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