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ABSTRACT. Pigment-protein interactions play a significant role in determining the properties of
photosynthetic complexes. Site-directed mutantSyfechocystiPCC 6803 have been prepared which
modify the redox potential of the primary radical pair anion and cation. In one set of mutants, the
environment of P680, the primary electron donor of Photosystem II, has been modified by altering the
residue at D1-His198. It has been proposed that this residue is an axial ligand to the magnesium cation.
In the other set, the D1-GIn130 residue, which is thought to interact with the C9-keto group of the
pheophytin electron acceptor, has been changed. The effect of these mutations is to alter the free energy
of the primary radical pair state, which causes a change in the equilibrium between excited singlet states
and radical pair states. We show that the free energy of the primary radical pair can be increased or
decreased by modifications at either the D1-His198 or the D1-GIn130 sites. This is demonstrated by
using three independent measures of quantum yield and equilibrium constant, which exhibit a quantitative
correlation. These data also indicate the presence of a fast nonradiative decay pathway that competes
with primary charge separation. These results emphasize the sensitivity of the primary processes of PS
Il to small changes in the free energy of the primary radical pair.

The ability of higher plants, cyanobacteria, and algae to This state recombines to ground with time constants of
oxidize water during photosynthesis has led to their global approximately 20 and 50 n$8,(9).
proliferation. The splitting of water occurs in the multipro- Site-directed mutagenesis can be employed to change the
tein complex known as photosystem Il (P$.Il Following pigment-protein interactions in photosynthetic complexes
the transfer of excitation energy to the reaction center of PS (10—12). Cyanobacteria are convenient organisms to study,
Il, an ultrafast charge separation forms a primary radical pair in particular Synechocysti®CC 6803 andSynechococcus
state. This charge-separated state is then further stabilizedPCC 7002, because they are readily transform&) (Both
by the subsequent secondary electron-transfer reactipns ( of these cyanobacteria have a natural DNA uptake system

It is possible to isolate a PS Il reaction center complex that allows transformation by addition of exogenous DNA.
from thylakoid membranes consisting of just the D1, D2, The cyanobacteriurBynechocystiBCC 6803 has previously
and cytochrome b-559 polypeptide, 3). This is the  been used to study secondary electron-transfer reactions in
minimal charge-transferring complex of PS I, and is PSJ| (11) and to probe the function of the OEC2). More
generally accepted to bind 6 chlorophyll a, 2 pheophytin a, recently, we have looked at the effect of site-directed
2 -carotene and 1 cytochrome b-558 6). During the mutagenesis upon the primary charge separation in isolated
isolation procedure, both of the quinone electron acceptorsps || reaction centersld).
and the manganese-based oxygen-evolving complex (OEC) ' 14 date, the structure of the PS Il reaction center has not
are lost. The redox-active tyrosine is still present in this peen solved to atomic resolution. However the structures
complex, but it is nonfunctional. The primary radical pair - f reaction centers from the purple bactéRiaodopseudomo-
state is formed when P680, the primary electron donor in nas (Rps) viridis (15) and Rhodobacte(Rb) sphaeroides
PS1I, transfers an elgctron to the pheophytin primary electron (16) and PS | 17) are available. It has been noted that there
acceptor with a dominant time constant of 21 6s7). The g significant localized similarity in the primary structure
absence of the secondary electron acceptor means that thgenyeen the D1 and D2 polypeptides of the PS Il reaction
primary radical pair has a lifetime of tens of nanoseconds. canter and the L and M subunits in purple bactet®) (The

This study was financially sapported by the BESRC, BOC, RITE electron acceptor side _of_the_ reaction centers of PS 1l ar_ld
EU, and the Royal Society. J.R D. is a BBSRC Advanced Research purpl_e bacteria show similarities in the cofactors and their
Fellow. function (19).

5 * chrres?onfdligng r?uthotri Cgrgrﬁ f(_>rt Pf;otompllecc:u:l«’ir SCLiengeS. A comparison of the sequence of the D1 and D2 polypep-
epartments ot blochemistry and tnemistry, Imperia’ L0%ege, London, tiqes ofSynechocystiBCC 6803 with those of higher plants
SVYZ\SQZ'W;{;'nSF:aX,sS“ﬁ,li,l,{g’t%i'yi?S% E,Qg;agEdC',ktjfgé%f\}gK;ing reveals several significant differences. The residues at D1-
complex. GIn130 and D1-His198 are of particular significance to this
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paper. InSynechocystishe residue at D1-GIn130 is a In all of the experiments the samples were resuspended
glutamine, but inPisum satium (pea, a higher plant), itis in a buffer containing 50 mM Mes-NaOH, 20 mM sodium

a glutamate residue. This amino acid is likely to form a pyrophosphate, 1 mM-amino caproic acid, and 1 mM
hydrogen bond to the C9-keto group of the pheophytin benzamidine at pH 6.514). Anaerobic conditions were
primary electron acceptoR() as is the case in the analogous achieved by the addition of 5 mM glucose, 0.1 mg ThL
residue L-104 in the purple bacteriuRb. capsulatus The glucose oxidase, and 0.05 mg nilcatalase. The position
mutation of L-104 inRb. capsulatusrom a glutamate to a  of the chlorophyll Q band absorption maximum was used
glutamine or leucine residue causes the pheophytin Q as a monitor of the stability of the sample; this peak shifted
absorbance band to shift to the blue, but the charge separatioioy less than 1 nm during the course of the experiments,
rate was reported to remain unaffect@d)( When the D1- suggesting an activity loss of less than 108k (

GIn130 residue in the wild-typ8ynechocystiwas changed Nanosecond measurements were performed as described
to glutamate we observed a red shift in the pheophytin Q in ref 14. Briefly, the 500 ps pulse at 2 Hz, from a dye
transition. When the residue was changed to leucine, a bluelaser pumped by Nitrogen laser, was used to excite the
shift was observedld). These observations strongly sug- samples. The samples were excited using 680 nm excitation
gest that this residue binds to the pheophytin via a hydrogen (44 xJ/cn¥) which provided nonsaturating pulses. The probe
bond. wavelength was 820 nm, and the path length of the cell was

In the reaction centers froRb. sphaeroidesind Rps. 4 mm. All samples contained 2y of chlorophyll and had
viridis, the histidine residue at L-173 forms an axial ligand the same optical density at the excitation wavelength. The
to the magnesium atom in one of the chlorophylls which average of 100 flashes was analyzed to a sum of three
composes the primary donor. Drawing upon the ana|ogy exponential components. In these fits, one lifetime was fixed
between the purple bacteria and PS II, the D1-His198 residuet0 4.7us to represent the electronically filtered decay of the
is proposed to ||gate to the Corresponding Chiorophyii P68G state. All other parameters were free-running.
molecule in PS II. It has been shown that, in the D1- The single-photon counting apparatus has been fully
His198Ala mutant, the chlorophyll to pheophytin stoichi- described in reR5 A Modelocked Coherent YAG laser
ometry is unperturbed (Nixon and Diner, unpublished data). Synchronously pumps a DCM dye laser. The cavity dumped
It is therefore likely that, as in the case of the L-His173Gly output has a repetition rate of 5 MHz and an 8 ps pulse
in Rb. sphaeroideseaction centers2@), a water molecule ~ duration. The instrument response was measured to be 36
is the adventitious ligand that replaces histidine in this mutant PS using a LUDOX scattering solution. The biological
and binds to the magnesium atom. This cavity mutant Samples were excited at 684 nm, and the fluorescence was
L-His173Gly seemed to have little effect on the optical and monitored after a 720 nm high pass filter. The incident light
redox properties of the primary donor. intensity was 3.44x 10'® photons/s in a volume of 0.2 ém

We have previously reported a study of the effect of and the sample OD was equal to 0.1 at the excitation

mutations at the D1-130 residue upon the primary photo- Wavelength.. . ,

chemistry of the PSII reaction centdrj. In this paper we For the picosecond transient absqrp'uon spectroscopy, the
extended this work by the study of the D1-198 mutants. We Samples were resusperlcied to give a final chlorophyll
find remarkably similar effects on the primary photochem- concentration of 3kl mL™. Samples were mounted in a
istry for mutations at either site, and conclude that the CYlindrical cuvette (path length 2.5 mm) which was rotated

primary effect of these mutations is to moderate the free &t @ sufficient speed to exchange the excited sample volume
energy of the Rg"Ph radical pair state. between excitation pulses. The excitation pulses were chosen

for selective excitation of P680; for a more detailed discus-
MATERIALS AND METHODS sion refer to ref26. Samples were maintained atl0 EC
during each experiment and had an optical absorption of
Two strains ofSynechocystiPCC 6803 have been used between 0.5 and 1.0 at 676 nm.
to obtain reaction centers, TC31 and TC23)( These are Transient absorption data were collected as described
deletion mutants containing only one copy of the thpebA previously ). The instrument response was 250 fs
genes responsible for D1 synthegisli§A3. The genotype  depending upon probe wavelength. Zero time delay was
of both strains is identical. These two independent trans- determined using dye standards. Data were collected on a
formants were analyzed to investigate the degree of variation0—60 ps time scale at 150 time delays. All data was
in the preparation of the samples and also to give a measurecollected with the magic angle between pump and probe
of the spread of the data. Mutants at D1-GIn130 and D1- beams to avoid contributions from any depolarization
His198 residue were generated as described ii23ednd processes. The data were globally analyzed assuming
the PS Il reaction centers isolated, as described irl4ef multiexponential kinetics7).
Preliminary characterization of the D1-His198 mutants is  Analysis of Picosecond Transient Absorption Data and
described in reR4. The wild-type Synechocystiseaction Calculation of Thermodynamic Parameters: Optical Excita-

center contains #8 chlorophyll a, 2 pheophytins, A-car- tion Results in the Formation of the Singlet Excited State of
otene, and 1 cytochrome b-559. This composition is similar the Reaction Center, RC*.Primary charge separation
to that for the higher plant reaction centéy éxcept for -2 proceeds from this manifold of RC* states to generate the

extra chlorophylls and reduced carotenoid content. The primary radical pair state, RP.

preparation also contains some additional contaminating

polypeptides. The pigment stoichiometry for all of the RC* <= RP

mutant reaction centers was similar to that for Bgn-

echocystiswild type. This equilibrium is characterized by the equilibrium constant,
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K, where 0.0015
_ [RP]
TIRCH
e 0.0010 10
The equilibrium constant is related to the free-energy change ' N
of radical pair formatiomrAG. \\

AG=—kTInK

AOD

0.0005 -
The dominant time constant associated with the formation

of the primary radical pair state in PSIl reaction centers

isolated from peas is 21 p6,(7) with a small 3 ps component

also present. The data at early times3(ps) will therefore 0.0000

consist solely of a singlet state spectrum of the RC and

minimal RP formation. The data at 60 ps after excitation

will show the spectral changes associated with the equilib-

rium between RC* and RP. -0.0005 . ; :
The state spectrum for the excited singlet states and radical 520 540 560 580 600

pair spectrum for the Qregion can be extracted from the

data on theP. satbum re‘"ﬁ‘C“OT‘ center. This use of_the Ficure 1: The transient spectra at 60 ps for the isolated PSII

extracted spectra frof. satvumis clearly an gp_proxmat[on reaction centers fron®. satoum (—), SynechocystigC35 wild

and may account to some extent for the limited quality of type (- — ), the D1-His198Ala mutant- - —), and the D1-

the simulation obtained. However it is also clear from the His198GIn mutant-¢-).

results that the simulation is a reasonable fit, and it would

therefore seem that this approximation is valid. The singlet tions of the primary donor of PS Il have been modified by

state spectrum used in this simulatigX@Drc-) is theAOD altering the amino acid at D1-His198. This residue at D1-

at 1 ps following excitation. There is extensive energy His198 is thought to form an axial bond to the central metal

equilibration prior to charge separation, but by this time, the ion of a chlorophyll macrocycle. In the other set of mutants,

vast majority of equilibration is complete@7, 28). The the interactions of the pheophytin primary electron acceptor

AODgp spectrum corresponds to the absorbance changesare modified via the D1-GIn130 residue.

expected for unity radical pair formation (calculated from  Picosecond Transient Absorption Measuremehit& have

the 60 psAOD spectrum obtained fdP. satbum using an previously reported picosecond and nanosecond transient

equilibrium constant oK = 3 at this time 29). The transient  absorption data from PS Il reaction centers isolated from

spectrum at any given time consists of a linear combination TC31 wild type and D1-GIn130 mutant strains 8f/n-

of AODgrc+ and AODgp spectra. For all reaction centers, echocystis(14). The corresponding data for the D1-

the spectrum at 60 ps can then be fit using the following His198Ala and D1-His198GIn mutants are shown in Figures

relationship: 1 and 2. The previously published data from Ehesatvum

. B reaction center is also shown for comparisbd)( Figure 1
AODg ps= f*(AODgg) + (1 — S)(AODgc:) presents the picosecond transient absorption data collected

whereg is the percentage of the equilibrated ensemble found Petween 520 and 600 nm, the region of the chlorip Q
in the radical pair state at this time. The fitting procedure @0SOrption bands. Kinetic analysis of data collected on a
was performed to optimize the quality of fit over as much 0.—60 ps time scale d_etermlned that, the klnetlc_s of b_oth the
of the region of the pheophytin anion bleach and surrounding Wild type and D1-His198 mutanBynechocystiseaction
area as possible. In addition it is possible to simulate the cgnters are adequately fit by a monoexponential component
18-30 ps kinetic spectra of all of the preparations. The With & lifetime of between 18 and 30 ps, as we have reported
kinetic spectra are fit using the following equation: previously for the D1-130 mutanis. The transient spectra
following the decay of this component (time delay of 60 ps)
AOD,, = (singlet l0ss)AODg¢.) — SAODgp are shown in Figure 1. Itis not clear whether the spread of
lifetimes of the 18-30 ps component is genuine or (more
where singlet loss is the complete loss of singlet states fromjikely) reflects an imprecision due to the limited signal-to-
the system and\ODys is the amplitude of the simulated nojse ratio of the data. Moreover, tife satbum reaction
spectrum. centers show the presence of an additional small component
In the stimulated emission sideband, the total singlet stategf 1—3 ps 7). The poorer signal-to-noise ratio of the
loss from the system is monitored. By applying the same Synechocystidata presented here (due to limited quantities
principles employed for the fit to the nondecaying component of sample) precludes the detection of a sma#3lps
in the Q region, one can simulate these spectra. From this component.
fit to the data, the equilibrium constant 60 ps after excitation |, addition to shifts in the position of the,Q@bsorption

can be quantified. bleach between these samples, it is possible to simulate the
RESULTS differen_ces in amplitude .of this bleach_ relatiV(_e to thg positive

absorption changes attributed to excited/cation/anion states.

Two sets of site-directed mutants fr@dynechocystBCC This can be achieved by simulating these spectra as

6803 were studied. In one set the pigmeptotein interac- superpositions of spectra due to singlet excited states and

Wavelength (nm)
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Ficure 2: Nanosecond quantum yield measurements carried out FIGURE4: Results of a typical simulation of the transient data from
on the higher plant reaction center@—), SynechocystiEC35 type the D1-His198Ala mutant. The experimental nondecaying compo-
(= — —), the D1-His198Ala mutant—=), and the D1-His198GIn nent at 60 ps-) and the spectra of the 18 ps kinetic component
mutant ¢:+). The samples were excited using nonsaturating flashes. (— — —) are shown along with the simulated nondecaying com-
The data have been scaled to the same number of photons absorbe@onent () and kinetic spectra—+{@—).
and hence the amplitude of the signals is proportional to the
quantum yield of primary charge separation on this time scale. reproduce the essential features of the spectra, and in
particular the relative amplitudes of the pheophytina@d
0.0015 chlorophyll Q bleaches, and the amplitude of the positive
RC background.
The calculated\G values from this fit to the 60 ps data
0.0010 4 \ ya are presented in Table 1, column 4. The error of the
\ P R / simulation of percentage singlet states is estimated to be
N / N~ 7 +10%. It should be borne in mind that the free energy of
the radical pair state is likely to be time-dependent, with
0.0005 7 dynamic relaxation of the protein matrix being associated

with time constants of tens and hundreds of picoseconds.
/\ The free energies obtained by the simulation are only valid
0.0000 at 60 ps. Analysis of nanosecond single-photon counting

measurements has indicatedA&> of ~100 mV for P.
Satwum indicating a significant relaxation of the radical pair
-0.0005 free energy by this time scal@g).
\ The presence of singlet excited states can be monitored
N i by the stimulated emission sideband at 730 r88).( In
P680 Pheo common with the Q region, the data for all of the
-0.0010 ‘ ’ ' ! preparations can be fitted to a monoexponential lifetime of
520 540 560 580 600 between 18 and 30 ps and a nondecaying component (data
Wavelength (nm) not shown). The amplitude of the signal in the stimulated
FIGURE 3: The state spectra used in a linear combination to simulate emission sideband is determined by the equilibrium constant
the transient spectra and the kinetic spectra for in thee@ion. between the singlet excited states and the radical pair: the

The RC* spectrum- — —) is the transient spectrum at 1 ps, and ; e ;
the radical pair spectrum—) shows the absorbance changes larger the amplitude of the emission sideband, at 730 nm,

associated with 100% primary radical pair formation. The origin the greater the equilibrium constant. The amplitude of the
of the two spectra is discussed in the text. transient spectra at 60 ps differs in the mutants. The

amplitude of this feature is correlated with the nanosecond
radical pair states, as detailed in the materials and methodsgquantum yield of primary radical pairs previously reported
These spectra are shown in Figure 3. It is thus possible toin ref 14. This correlation is also evident in Table 1.
calculate the equilibrium constant between the singlet excited Significant shifts are obtained in the pheophytin Q
states and the primary radical pair from these transient absorption band upon the mutation of the D1-GIn130 residue.
absorption spectra at 60 ps. A typical fit to the transient The peak of the bleach in they@egion is changed by 1
data from the D1-His198Ala mutant is shown in Figure 4. nm from the higher plant reaction center upon mutation
The resulting percent proportions of radical pairs formed at of either the D1-GIn130 or the D1-His198 residue. Given
60 ps for each of the reaction center samples are shown Tableéhe high degree of spectral overlap at this wavelength and
1 (column 2). On the whole, this analysis is able to the extensive mixing of site energies caused by dipole

AOD
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Table 1: Summary of the Results Obtained by Picosecond and Nanosecond Transient Absorption Studies and Time-Correlated Single-Photon
Counting

nanosecond

radical pair statég(%) AG at quantum yield of  singlet states at __honradiative singlet state decay (%)
preparation Qregion Qregion 60 p$(meV) radical pairg(%) 804 30ps(%) at60ps from 18 to 30 ps componeht
D1-GIn130Leu 5 26 +74 46 59 36 45
D1-His198GIn 18 34 +37 46 48 34 13
wild-type TC31 28 45 +24 60 h h 27
wild-type TC35 32 38 +18 75 47 21 4
D1-His198Ala 54 68 -5 94 45 1 9
D1-GIn130Glu 65 60 —15 65 35 0 0
Pisum satium 75 75 =27 100 25 0 0

aFor all calculations the equilibrium constant in the isolated reaction centerRisam sattumat 60 ps was assumed to equal 3 (as established
previously).? Calculated from the fit to the 60 ps transient spect@alculated from the fit to the 60 ps transient spectra in theg@ctral region
(col 2). 4 Measured from the total amplitude of the nanosecond transient absorption eibtegsured by time-resolved fluorescenc€alculated
by the following: 1— (col 2) — (col 6). 9 Calculated from the 1830 ps kinetic spectra in the,Qegion." Data not available.

dipole coupling 81), this result is not altogether unexpected. emission sideband also correlates with the nanosecond

primary radical pair state absorbs at 820 nm. By using (€€ Table 1).

nanosecond transient absorption measurements with nonsat- The nanosecond transient absorption data indicates that
urating flashes, it is possible to obtain the relative quantum both strains of theSynechocystiwild-type reaction center
yield of radical pair formation at this wavelengtt4j. The show a nanosecond quantum yield, which is 0.60% that of
data collected from the D1-His198 mutants is shown in figure the higher plant reaction center. A similar level of activity

2 and is compared with wild-type TC35ynechocystiand was observed in th8ynechocystigeaction centers isolated
the higher plahP. satvum reaction centers by others on the basis of pheophytin anion photoaccumula-

The nanosecond transient absorption data were fitted tolion €xperiments 32). This yield is surprisingly low
three exponential components. In these fits, one lifetime was ¢onsidering that the quantum yield is approximately 1.0 in
fixed at 4.7us, to represent the electronically filtered decay 1€ higher plant reaction center and the reaction center from
of the P68O triplet state, while all other parameters were free- Chlamydomonas reinharditii.
running. The two free-running lifetimes were found to be ~ Time-Correlated Single-Photon CountingThe time-
in the ranges of 456.5 and 3550 ns. The nanosecond resolved fluorescence data collected from all preparations
components monitor the charge recombination of the primary iS presented in Figure 5. This technique has been used to
radical pair state. Either the initial absorbance change or make a quantitative comparison of the singlet state population
the amplitudes of the nanosecond components can be usetith the use of dye standards. The fluorescence yield (area
as a measure of the quantum yield of radical pair formation. under the curves) varies considerably between the different
The total amplitudes of the decays are presented in Table 1.preparations. The relative fluorescence amplitudes of these
These values have been normalized to 100% forgkein samples are tabulated in Table 1, column 6, for a time delay
the isolatedP. satvum reaction centerssj. of 80 ps. They have been calculated using the data ffom

The nanosecond measurements indicate that it is possible@tvum as a standardg]. This time delay corresponds
to enhance the yield of primary radical pair formation in Cl0Sely with the 60 ps time delay employed in the analysis
isolated reaction centers above that of the wild-type organism of the p|cosecond.tran3|ent gbsorpt_lon data.l In particles with
by site-directed mutagenesis. The nanosecond quantum yiel(fjl high quantum yield of radical pair format|0n., the ﬂuor(_es-
can be modified by changing the residue binding to either cence'yleld S.hOU|d be'smaller th.an'ln.those with a low yield
the primary electron donor or the primary electron acceptor, ©f radical pairs. We find that this is indeed the case. The

On modifying a proposed axial ligand to P680 at D1-His198, higher plant reaction center, with the largest quantum yield
the relative nanosecond quantum yieldPisum satium > of radical pair formation, is the least fluorescent. The D1-

Synechocysti®1-His198Ala> wild-type Synechocystis Slnh13OI}|eu mutant, Wit_?hthe [(ladwest quar;:um yield, has the
D1-His198GIn mutant (see Table 1). When the residue Mghest fluorescence. The wild-tysiynechocystiprepara-

attached to the Pheophytin electron acceptor is changed fromtion ‘$ approximately twice as fluorescent as the higher plant
glutamine to the glutamate residue, as found in the higher €action center.

plant reaction center, the efficiency of primary charge
separation is also enhanced. It has been demonstrated thA?ISCUSSK)N

the yield of primary charge separation upon mutation of the  pjcosecond and nanosecond transient absorption spectros-
D1-130 residue i. satvum > D1-GIn130Glu> wild- copy combined with time-correlated single-photon counting
type Synechocystis Synechocysti®1-GIn130Leu {4). have been employed to study two sets of site-directed mutants

The trends in the nanosecond quantum vyield are repro-from Synechocysti®CC 6803. In one set of mutants, the
duced in the picosecond data. The size of the pheophytinenvironment of P680, the primary electron donor of photo-
anion bleach in the Qregion is proportional to the system Il, has been modified by altering the residue at D1-
nanosecond quantum vyield of the B198 mutants (see  His198. In another set of mutants, D1-GIn130 residue, which
Figure 1. Also compare columns 2 and 5 of Table 1.). The binds the pheophytin primary electron acceptor, has been
equilibrium constant at 60 ps derived from the stimulated transformed.
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\ the fit to the 60ps spectral component in the Qy region (Table 1. col B}
200000 FiGURE 6. Correlation diagram showing the following data plotted
against the proportion of radical pair states calculated from the fit
to the 60 ps spectral component in ther@gion (Table 1, column
100000 3). It should be noted that the values in column 2 were used to
calculate some of the results shown in Table 1. Therefore column

3 has been used as the reference in this figure. (i) Proportion of
radical pair states calculated from the fit to the 60 ps spectral
component in the Qregion (Table 1, column 2),), and (ii)
proportion of radical pairs calculated from the time-resolved
FicURe5: Time-resolved fluorescence decays of mutants and wild- fluorescence data (Table 1, column 6), combined with the proportion
type Synechocystiseaction centers collected using the technique Of nonradiative singlet-state decay associated with the308ps

of single-photon counting. The data have been scaled to the samekinetic spectra (Table 1, column 8. (iii) Nanosecond quantum
number of photons absorbed and therefore indicate the relativeYield of radical pair states (Table 1, column @)( The linear fit
population of chlorin singlet states following excitation=)(D1- to the above data is shown-(— —), along with the functiory =
GIn130Leu mutant,lf) D1-His198GIn mutant, %) wild-type TC35 X (=)

%mgg?nggufs)(l‘j)isfni'g%?e'“ mutant, @) D1-His198Ala constant reported here from simulation of the transient
' ' absorption data. This equilibrium constant corresponds to
The results of our analysis are summarized in Table 1. A a free-energy gap between singlet and radical pair states of
correlation diagram showing all of the data is shown in 27 meV at this time. On longer, nanosecond, time scales
Figure 6. The data (shown in terms of radical pair popula- this AG increases te~100 meV @5). This increase il\G
tion) is plotted against the radical pair population calculated with time can most probably be attributed to a dynamic
from the fit to the 60 ps spectral component in ther€yion. relaxation of the radical pair free energ33( 34), although
A linear fit to the data is shown, and on comparison to the some influence from static disorder on the transient data
functiony = x, it is clear that four independent measurement cannot be ruled out. The variation in equilibrium constant
methods and analysis techniques (time-resolved fluorescencebetween the different reaction center preparations studied
nanosecond transient absorption, and picosecond transienhere can be attributed to the variation in radical pair free
absorption in two spectral regions) all agree quantitatively energy, resulting from shifts in the redox potentials of P680
regarding the relative concentrations of radical pair and and Ph.
singlet states. There is a slight discrepancy between the Picosecond and nanosecond transient absorption studies
results from the analysis of the 60ps component in the Q combined with time-correlated single-photon counting have
and the Qregions, (Table 1, columns 2 and 3). A possible all implied the same trends in the activity of the isolated PS
cause of this discrepancy could be due to the effect of varying Il reaction centers from mutant and wild-tySgnechocystis
contributions of PChl™ states. Studies involving simulations The yield of primary radical pair formation in the wild-type
of these data are in progress and will be reported in a future organism (either TC31 or TC35) is approximately half of
paper. Our analysis of the picosecond data is based uporthat observed in higher plant reaction centers.
the variations in the equilibrium constant between singlet  The primary radical pair is in equilibrium with the excited
states and radical pair states at 60 ps. This variation insinglet states of the reaction center. As we have discussed
equilibrium constant can be most easily rationalized in terms previously @8, 35), energy equilibration between these
of variations in the free energy of the primary radical pair singlet states occurs primarily on the subpicosecond time
state at this time. scales, with slower energy-transfer processes only playing a
We have previously considered in detail the singlet state/ minor role in the reaction center dynamics. This equilibrium
radical pair equilibria formed in PS Il reaction centers constant can be modified by changing the pigmearbtein
isolated from higher plants2@, 33). We have previously  interactions in the vicinity of the primary electron donor (via
found, on the basis of fluorescence up conversion data, thethe D1-His198 residue) as well as the ligand to the electron
equilibrium constant between singlet and radical pair statesacceptor (via the D1-GIn130 residue). Our findings are
at 60 ps to be 3:1, which is the same as the equilibrium summarized in Figure 7.

———— T T T T T |
5 10 15 20
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A is decreased (Figure 7). A similar effect has been found in
the reaction centers of purple bacteria and PSI. The work
— TP — of Allen et al. has probed the effect of adding either one,
two (36, 37), or three hydrogen bonds to the special pair in
7 S 46 Rb. sphaeroideé38). On adding hydrogen bonds to P870,
the free energy of the radical pair state is raised. When three
P new hydrogen bonds have been formed, the energy of the
‘ radical pair state is almost isoenergetic with the singlet
; 75 excited state. When the free energy of this radical pair state
AG 60 is raised, it is accompanied by a decrease in the quantum
yield of primary radical pair formation. This was attributed
v x ‘t — to a deactivation pathway from the excited state with a rate
= 65 constant of (75300 ps)®. Similarly, in photosystem I,
) == o when the histidine-656 ligand to P700 is replaced by serine,
me] an excited-state deactivation pathway has been proposed to
300 £ 200 ps -y Dm0 100 occur @9). The intrinsic decay time due to internal
conversion of excited singlet states (P*) in the LH(L131)
mutant which introduces a hydrogen bond between histidine
and one of the ring-V, 9-keto groups of primary donor in
theRb. Sphaeroideeaction center was estimated to be (75
ps) L. Inthe double mutant LH(L131) LH(M160), which

FIGURE 7: Variation of radical pair properties with cation and anion  introduces hydrogen bonds to both of the ring-V, 9-keto
ligands. ¢rp is determined from the amplitude of the long-lived groups of the primary donor, the intrinsic P* decay rate of
component on a nanosecond time scal@.is determined at 60 ps  (300ps)* was estimated37). In a mutant where the active
from the simulation of the picosecond data in ther€gion. The . : .

estimation of the intrinsic rate of P680* decay is described in the pheophytln Was_ absent, the excited-state decayed to ground
discussion. with a 190 ps time constan#().

If rapid internal conversion of P680* occurs in PSII, then

ield of imatel itv in the hiah lant i how rapid is this process? Moreover, are all of our
yield of approximately unity in the nigher piant reaction - q,4q . ations explained by the shift in the equilibrium

center g5). If one compares the difference between the total constant upon mutation and a fixed rate of RC* deactivation

singlet state loss from time-resolved fluorescence data (Table(due to subpicosecond equilibration between P680* and the
1, column 6) with the equilibrium population of radical pair P 9

states from the Qregion (column 2) there is a discrepanc other reaction center excited singlet states; these states are
g o pancy not distinguishable in the experiments reported here)? From

(column 7). In particles where the equilibrium population R S o

. . . i . a kinetic model based upon the scheme in Figure 7, it is
of the radical pair state is low, excited singlet states can be ossible to quantify the equilibrium constant dependence of
lost without the creation of concomitant radical pairs, for ﬁonradiativg singlet stateg loss for various intrirF:sic rates of
example, the D1-GIn130Leu mutant. In particles where the RC* deactivatio% The results of this kinetic modelin
yield of radical pair formation is higher, the singlet state loss sugaest that the.intrinsic lifetime of RGS chanaed b 9
and the extent of radical pair formation are comparable. ml?tgtion of the D1-His198 and D1-GIN130 sitesg We)::an
These findings suggest the presence of a nonradiative decay ive a crude estimate of the range of internal c-:onversion
pathway leading to the loss of the singlet states to ground,g i f RC* 1o be 306 200 ps d 9 di the identit
which competes with primary charge separation. In the rates o 0 be ps depending on the identity

reaction center fron®. satvum, which has efficient charge of :Eetatrr?lno acu;ls. Onelzc;mplllc'aﬂi)ln ?f theihklnetlc'?wofdelmg
separation, this route plays little or no role. IS that the quantum yield I slightly less than unity for the

: ; A .
It is possible to simulate the kinetic spectra (sometimes reactlon center fror®. satbum For an intrinsic rate of RC

called decay-associated spectra) associated with time Conlnternal_con_versmn of 300 PS, the quantum yield O.f c_harge
stants in the range &0 ps by assuming that they are a separa.tlon is 0.95'. This value is ywthm the error limits of
linear combination of kinetic spectra associated with radical (€ estimates available from the literatus)(
pair formation and kinetic spectra associated with internal ~ Although rapid internal conversion has been discussed
conversion of singlet states (see appendix). The results ofpreviously in detail for the special pair of the bacterial
these simulations reinforce the suggestion that there is areaction center, it has not previously been considered in detail
deactivation pathway in action in the PS Il reaction center for PSII. Itis indeed possible that this deactivation pathway
(Table 1, column 8). Although the precision of this analysis may play a role in the regulation of photosystem Il function.
is not very high, as it is based on parameters obtained fromGiven the small free changes associated with charge separa-
the fit to the nondecaying components, the general trend istion in PS Il 31, 33), small perturbations to these energetics
clear. may have a large effect. This is clearly exemplified in the
The nanosecond quantum yield of primary charge separa-results presented here, in which we demonstrate that small
tion in the isolated PS Il reaction center appears to be relatedchanges in the radical pair free energy result in a significant
to the average free energy of the radical pair state ai860 change in the radical pair yield due to changes in the yield
ps. As the equilibrium constant between the radical pair state of the internal conversion pathway from the RC* states. Our
and the singlet excited state is shifted toward the excited data therefore indicate a viable mechanism of regulation
state, the quantum yield of the primary radical pair formation function, which has not previously been addressed.

The primary radical pair state is formed with a quantum
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The most striking finding of this study, which has been 6. Hastings, G., Durrant, J. R., Barber, J., Porter, G., & Klug, D.
confirmed by three independent experimental techniques, is _ R. (1992)Biochemistry 317638-7647.
that in Synechocystithe quantum yield of primary charge 7. Klug, D. R., Rech, T., Joseph, D. M., Barber, J., Durrant, J.

. 0 R., & Porter, G. (1995Chem. Phys. 19433-442.
separation can be enhanced above that of the wild-type 8. Booth, P. J.. Crystall, B., Ahmad. .. Barber, J.. Porter, G., &

Synechocystiseaction center. This can be achieved by Klug, D. R. (1991)Biochemistry 307573-7586.
modifications either at the site of the pheophytin anionorin g crystall, B., Booth, P. J., Klug, D. R., Barber, J., & Porter, G.
the vicinity of the site of the chlorophyll cation. It is worth (1989) FEBS Lett. 24975-78.

noting that the cyanobacteriuBynechococcuBCC 7942 10. Carpenter, S. D., & Vermaas, W. F. J. (198Tysiol. Plant.
has two forms of PS Il that differ by 25 amino acids in the 77, 446-451.

D1 polypeptide. It has been postulated that this acts as part 11. Pakrisi, H., & Vermaas, W. F. J. (1992) he Photosys-

: ; ; tems: Structure, Function and Molecular Biolof®arber, J.,
of its regulatory mechanism. One form is expressed under Ed.) pp 231-257, Elsevier Science Publishers, New York.

low light and one under high-light. It has been suggested 12. Nixon, P. J., Chisholm, D. A., & Diner, B. A. (1992) Rlant

that the high light form is less easily photoinhibited than Protein EngineeringShewry, R. R., & Gutteridge, S., Eds.)
the low-light form, thus making a possible regulatory pp 93-142, Cambridge University Press, Cambridge, U.K.
mechanism. Moreover, it was demonstrated that the high- 13. Nixon, P., & Jansson, C. (1996) Molecular Genetics of

light form of PS Il exhibits a 25% higher yield than the low- Photosynthesi¢Andersson, B., Salter, A. H., & Barber, J.,

light form (ref 41, and references therein). This is particu- Eds.) pp 197224, University Press, Oxford, U.K.
14. Giorgi, L. B., Nixon, P. J., Merry, S. A. P., Joseph, D. M.,

larly interesting because one of the amino acids that changes 'Durrant, J.R., de-las-Rivas, J., Barber, J., Porter, G., & Klug,

between the two forms oSynechococcu®S Il reaction D. R. (1996)J. Biol. Chem. 2712093-2101.
center is the D+130 residue; in low light it is a glutamine, 15. Deisenhofer, J., Epp, O., Miki, K., Huber, R., & Michel, H.
while in high light it is a glutamate. (1985) Nature 318 618-624.

16. Allen, J. P., Feher, G., Yeates, T. O., Komiya, H., & Rees, D.
CONCLUSIONS C. (1987)Proc. Natl. Acad. Sci. U.S.A. 85730-5734.

17. Krauss, N., Schubert, W.-D., Klukas, O., Fromme, P., & Witt,
(1) Three time-resolved techniques have been employed  H. T. (1996)Nat. Struct. Biol. 3965-973.
regarding the effect of site-directed mutagenesis on the 18.Barber, J. (1987)rends Biochem. Sci. 1321-326.
primary photochemistry of PS Il. The four independent sets 19. Rutherford, A. W. (1986Biochem. Soc. Trans. 145-17.

of results from these measurements are quantitatively 20-HNiilf‘JSf;-mZOiiu(égpgsfgffl’_%en%dgﬂgiC}’z the BBSRC 2nd Robert

consistent with each other. . . 21.Bylina, E. J., Kiramaier, C., McDowell, L., Holten, D., &
(2) The nanosecond quantum yield of charge separation ~ vyguvan, D. C. (1988Nature 336 182—184.

can be increased or decreased by changing the free energy22. Goldsmith, J. O., King, B., & Boxer, S. G. (199Bjpochemistry

of the primary radical pair state. This can be done by 35, 2421-2428.

engineering either the cation or anion binding sites. 23. Nixon, P. J., Trost, J. T., & Diner, B. A. (199B)ochemistry

(3) Increasing the hydrogen bond strength to the anion 31, 10859-10871.

- : . 24. Coleman, W. J., Nixon, P. J., Vermaas, W. F. J., & Diner, B.
lowers the radical pair free energy, and weakening the A. (1995) in In Photosynthesis: from Light to Biosphere

hydrogen bonds increases the radical pair free energy, as (Mathis, P., Ed.) pp 779782, Kluwer Academic Publishers,
one would expect. Boston, MA.

(4) These results further emphasize the dominating effect 25. Booth, P. J., Crystall, B., Giorgi, L. B., Barber, J., Klug, D.

of the radical pair> Chl* equilibrium and the minor role Té’z& Porter, G. (1990piochim. Biophys. Acta 101841~

(if any) of S"?W energy tran_sfer_ in these complexes. » 26. Rech, T., Durrant, J. R., Joseph, D. M., Barber, J., Porter, G.,
(5) There is a fast deactivation pathway in competition & Klug, D. R. (1994)Biochemistry 3314678-14774.
with the primary charge separation. There is an inverse 27.Merry, S. A. P., Kumazaki, S., Tachibana, Y., Joseph, D. M.,
correlation between the radical pair free energy and the Porter, G., Yoshihara, K., Durrant, J. R., &Klug, D. R. (1996)
radical pair quantum yield. J. Phys. Chem. 1000469-10478.
28. Durrant, J. R., Hastings, G., Joseph, D. M., Barber, J., Porter,
G., & Klug, D. R. (1992)Proc. Natl. Acad. Sci. U.S.A. 89
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