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Photosystem II reaction centres have been studied using time-correlated single photon counting to provide time-resolved
fluorescence information. Comparative quantum yield measurements suggest that up to 94% of the chlorophyll in these
preparations is coupled to the charge-separation pathway. Analysis of time-resolved fluorescence data suggests a
free-energy gap between the excited chlorophyll special pair and the primary radical pair of AG(P680 *Ph~-P680*) =
—0.11 eV at 277 K. Measurements of this free-energy difference between 277 K and 77 K show that between 220 K and
77 K the contributions of entropy and enthalpy are AS(P680*Ph -P680*)= +38-10"% eV-K~! and
AH(P680 *Ph™-P680*) = —5.0- 10 ~3 eV, respectively. Thus the charge transfer reaction is dominated by entropy
contributions between 77 K and 220 K, the ratio of entropy to enthalpy at 220 K being 17: 1. The relationship between
AG and temperature is non-linear over the range 220-270 K, which indicates that enthalpy and /or entropy are

temperature dependent in this region.

Introduction

The isolation [1,2] of the D1/D2 /cytochrome 5-559
complex that constitutes the Photosystem II reaction
centre has provided an opportunity to study the kinetics
of the charge-separated state without the complication
caused by the presence of subsequent quinone accep-
tors. The stabilisation of this labile particle [3] has
further facilitated spectroscopic studies.

The D1,/D2 complex contains 4 chlorophyll-a mole-
cules, 2 pheophytin-a molecules, 1 cytochrome 5-559
and some B-carotene, but it contains no measurable
quantities of plastoquinone [1,2].

Transient absorption spectroscopy of the D1/D2/
cytochrome b-559 reaction centre complex has indicated
the presence of a component decaying with a lifetime of
25-35 ns, assigned to the lifetime of the primary radical
pair [4,5]. Time-resolved fluorescence studies [6,7] have

Abbreviations: Ph, pheophytin; SPC, single photon counting; fwhm,
full width half maximum; DBMIB, 2,5-dibromo-3-methyl-6-isopro-
pyl-p-benzoquinone; BPh, bacteriopheophytin; PS II, Photosystem II.

Correspondence address: P.J. Booth, Photochemistry Research Group,
Department of Biology (East Wing), Imperial College, Prince Consort
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shown a lifetime of 25-35 ns which has been attributed
to the recombination of the primary radical pair. How-
ever, the fluorescence from this component was observed
to be less than 2% of the total light emitted. Further
time-resolved fluorescence measurements of stabilised
D1 /D2 reaction centres at 277 K have shown a lifetime
of 37 ns, contributing 44% of the total fluorescence,
which has been assigned to the singlet excited state of
P680 (P680*) in equilibrium with the primary radical
pair, P680*Ph™ [3]. The remainder of the fluorescence
is predominantly a 6.5 ns component attributed to
chlorophyll which is energetically uncoupled from the
process of charge separation.

P680* is formed when the D1/D2 /cytochrome b-559
reaction centre complex absorbs light. It is oxidised in
approx. 3 ps [8] and an electron transfer equilibrium
between P680* and the primary radical pair, (P680* =
P680* Ph™), is established. The singlet-state radical pair
initially formed may then undergo singlet-triplet mixing
to yield the triplet state of the radical pair. Charge
recombination from the triplet radical pair gives rise to
the P680 triplet state, which decays to the ground state
in the absence of oxygen with a lifetime of 1 ms [9).
Charge recombination of the singlet radical-pair state,
to form either P680 or P680*, competes with the recom-
bination of the triplet radical pair. P680* can decay to
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Fig. 1. Kinetic scheme in the D1,/D2 reaction centre. Values in brackets give the percentage yield of the particular pathway. ic, internal conversion;
kg, rate of charge recombination of radical pair directly to the ground state; F, fluorescence; Car, B-carotene. The dashed line indicates a possible
pathway for the formation of B-carotene triplet.

P680 by internal conversion or fluorescence. The domi-
nant deactivation pathways, however, seem to be via
triplet formation (the quantum yield of triplet forma-
tion is 0.3 [9]) and internal conversion. A possible
kinetic scheme in the D1/D2 reaction centre is shown
in Fig. 1.

The yield of the charge-recombination fluorescence
and the position of the Q, absorption peak have been
found to be useful measures of the activity of the
D1,/D2 complex [3,6,10]. Reduction in the yield of the
37 ns lifetime correlates with a blue shift in the position
of the Q, absorption band. It is assumed that a high
yield of charge-recombination fluorescence indicates a
high yield of radical-pair formation. It has been estab-
lished that removing oxygen from the sample signifi-
cantly improves the stability of the D1 /D2 preparation
[3,11]. Reduced stability in the presence of oxygen is
probably caused by oxygen quenching of the P680
triplet state, resulting in the formation of highly oxidis-
ing singlet oxygen [11,12].

In this paper, the free-energy difference between
P680* and the radical pair is calculated from time-re-
solved fluorescence data. Results are presented over the
temperature range 77 K to 277 K. These data provide
information about the contributions of entropy and
enthalpy to the free-energy difference between the re-
actants and products of the electron transfer reaction.

Materials and Methods

Sample preparation

Photosystem II reaction centre complexes were pre-
pared from pea chloroplasts as described by Chapman
et al. [13] with the following changes. Exchange to 2

mM dodecyl maltoside was carried out after the first
column purification in Triton X-100 by elution from a
DEAE-Fractogel ion-exchange column with a linear
NaCl gradient of 5 mM-ml™! in 50 mM Tris-HCl
buffer containing 2 mM dodecyl maltoside at pH 7.2. A
single protein peak was eluted and the samples were
stored at 277 K. Samples were suspended in a buffer of
50 mM Tris-HC1 (pH 8 at room temperature) contain-
ing 2 mM dodecyl maitoside to give a final chlorophyll
concentration of 10 pug-ml™! (unless otherwise stated).
Anaerobic conditions were achieved by adding 5 mM
glucose, 0.1 mg-ml~! glucose oxidase and 0.05 mg -
ml~!catalase to the sample in a sealed cuvette. Samples
were allowed to stand for 10 min before each experi-
ment to ensure maximum removal of oxygen. All ex-
periments were performed on anaerobic samples at a
temperature of 277 K, or below, unless otherwise stated.

Spectroscopy

Steady-state absorption and fluorescence measure-
ments were made using a Perkin-Elmer 554 spectro-
photometer and a Perkin-Elmer MPF-4 fluorimeter.

Fluorescence lifetimes were measured using time-cor-
related single photon counting (SPC) [14,15]. The ap-
paratus consisted of a modelocked Coherent Antares
YAG laser, synchronously pumping a cavity-dumped
rhodamine 6G dye laser. This provided a 3.7 MHz train
of 8 ps pulses. Emission wavelength was selected with a
0.3 m Hilger-Watts monochromator and detected using
a red-sensitive Hamamatsu R1564.U01 microchannel
plate photomultiplier tube. The instrument response
function was measured to be 120 ps (fwhm) using a
Ludox scattering solution. The SPC electronics con-
sisted of two Ortec 584 constant-fraction discrimina-



tors, an Ortec 457 biased time to amplitude converter
and a Tracor Northern EC1 multi-channel analyser with
512 channels. All samples were excited at 615 nm with
an average power of 20 mW. Samples were also stirred
in those experiments performed at 277 K.

Variable temperature measurements were made using
an Oxford Instruments DN 1704 liquid nitrogen cryo-
stat. This allowed the sample temperature to be reg-
ulated between 77 K and 277 K. Clear glasses were
obtained by the addition of 80% glycerol to the buffer
and cooling the samples slowly in the dark over a period
of 1or2h.

During data collection, the samples were subjected to
approx. 5 min of laser excitation at an average power of
20 mW. This yielded between 10000 and 20000 counts
peak channel. All samples showed a Q, band absorp-
tion peak of (675.9 + 0.2) nm before and after all time-
resolved measurements, unless otherwise stated.

The incident light intensity was 6.2 - 10'¢ photons -
s~ 1, over 0.1 cm’® of sample. The optical absorbance of
the samples is approximately 0.15 at 615 nm and 30% of
the quanta absorbed appear as P680 triplet states, which
decay with a 1 ms lifetime [9]. This means that the
incident light intensity gives a steady-state triplet popu-
lation of less than 2%, of the reaction centres present in
the illuminated volume of 0.1 ml. Stirring of the sample
reduces this proportion further. Less than 1 in 10 of
the reaction centres in the illuminated volume are ex-
cited by each pulse.

All errors are quoted as one standard deviation.

Analysis

Lifetimes were calculated by iterative re-convolution
based on the Marquardt fitting algorithm [16], assuming
multi-exponential decay kinetics. The quality of the fits
was judged using a reduced x? criterion and plots of
the weighted residuals. All of the fluorescence decays
from intact D1 /D2 samples were best represented by a
sum of four exponentials. Decays from samples with Q,
band absorption maxima below 673 nm were best repre-
sented by a two-exponential model.

It has previously been established that at 277 K, 85%
of the D1,/D2 fluorescence is due to the sum of the
charge-recombination component, and a 6.5 ns compo-
nent which is assigned to chlorophyll that is energeti-
cally uncoupled from the process of charge separation
[3]. The remaining emission is due to two components
of approx. 1.5 ns and 100 ps. All the decays were
measured on a scale of 180 ps per channel, over 512
channels. This helps to establish the value of the long
lifetime more accurately than using a shorter scale. The
time per channel used for data collection means that the
lifetimes for the two short decays cannot be accurately
established, although measurements on this timescale
will approximately indicate the relative initial ampli-
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tudes of these two components. No detailed interpreta-
tion can be attached to the short lifetimes in this
analysis, although they may genuinely represent ad-
ditional fluorescence decays from active reaction centres.

The amplitudes and lifetimes of the longest compo-
nent were found to vary little between x? values from
1.1 to 2.0. A random distribution of the residuals over
the latter part of the decay (after the laser pulse),
indicated that the model satisfactorily represented the
two longest components. When poor x? values were
obtained, they were found to be due to a non-random
distribution of the residuals over the first few channels
of the decay only, and this had little effect on the values
found for the two longer components.

All decays were analysed both with all parameters
free running, and also by fixing the value for the
lifetime assigned to the energetically uncoupled chloro-
phyll. The uncoupled chlorophyll lifetime was fixed at
three separate values, in order to determine the effect
that variation in this lifetime would have on the extrac-
tion of the recombination fluorescence parameters by
the curve fitting procedure. Fixed values chosen were 5
ns, 6.5 ns and 8 ns.

All yields of fluorescence components are quoted as
the time integral of the appropriate component of the
fluorescence decay.

Results

Experimental spread

The experimental errors in both the yield and life-
time of the charge-recombination component were de-
termined from the spread of measurements on different
samples from the same batch, at 277 K. The relative
fluorescence yield of this component was (45.4 + 2.4)%,
and the lifetime was (36.8 + 2.0) ns. Measurements on
samples from different batches showed a greater varia-
tion in the yield of the recombination fluorescence,
(44.5 + 4.0)%; while the variation in the long lifetime
between batches was found to be the same as that
within a batch; the value obtained was (37.0 + 2.0) ns.

The eluant from the final column was also collected
in 1 ml fractions. A study of these column fractions
(data not presented) indicated a systematic variation in
the value obtained for the yield of the recombination
component. The yields found for the first two fractions
from the column (43.9% and 43.0%) were the lowest.
The average value for the yield of the remaining frac-
tions was (49.9 + 1.4)%. The lifetimes found for the
recombination component did not show a systematic
variation, the average being (37.4 + 1.1) ns.

The spread of data within a batch probably indicates
the precision of the SPC experiments, while that be-
tween batches shows a genuine variation in sample
heterogeneity.
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Fig. 2. The steady-state fluorescence intensity of D1/D2 reaction
centres, under aerobic conditions at a chlorophyll concentration of 2
pg-ml~1, as a function of the Q, band absorption maximum. The
fluorescence intensity is the integral of the fluorescence band and is in
arbitrary units. The wavelength shifts of the absorption maximum to
the blue were caused either by exposure to light at 277 K (0), to a
temperature of 295 K in the dark (e) or by the addition of 1% Triton
X-100 to the buffer (in the dark at 277 K) (D).

Damaged reaction centres

Intact D1/D2 samples showed Q, absorption and
fluorescence maxima of (675.9 + 0.2) nm and (682.5 +
0.5) nm, respectively. Blue-shifts in these Q, absorption
and fluorescence maxima were induced by exposing the
samples (under aerobic conditions) either to light at 277
K, to a temperature of 297 K in the dark, or to different
concentrations of Triton X-100 (in the dark at 277 K).
Samples which had been exposed to light had steady-
state absorption maxima of approx. 672 nm after 30
min, while those exposed to heat showed a similar
absorption change after 36 h. Samples with 0.2% Triton
X-100 in the buffer showed an absorption maximum
below 673 nm after 3 h, but those with 1% Triton X-100
took only 45 min to reach this stage.

As the Q, band absorption maximum shifts to the
blue, the steady-state fluorescence intensity of D1,/D2
samples increases; this is shown in Fig. 2. This increase
in the fluorescence yield is also accompanied by a blue
shift in the emission peak.

Table I shows the effect that damaging the reaction
centres has on the time-resolved fluorescence. As the
steady-state absorption and fluorescence maxima shift
to the blue, the yield of the recombination fluorescence
decreases, while that of the uncoupled chlorophyll com-
ponent increases and the sample becomes more fluo-
rescent overall (see Fig. 2). When the sample shows an
absorption maximum of 670.0 nm, 98% of the fluores-
cence is due to uncoupled chlorophyll with a 6.3 ns
lifetime. This indicates that one of the effects of damag-
ing the complex is to decouple chlorophyll from the
charge-separation reaction. Damaging the reaction
centres by the methods described above results in ‘inac-

tive’ [10] samples. Samples which show a Q, band
absorption maximum less than 673 nm are termed
inactive. Fluorescence decays from these inactive sam-
ples are best represented by a sum of two exponentials
with at least 90% of the emission coming from uncou-
pled chlorophyll.

The isolated reaction centre complex is susceptible to
light damage, even when most of the oxygen has been
removed [3]). To reduce the effect of light induced
damage samples were only exposed to 5 min of laser
light during the SPC data collection. Indeed, if the
exposure of anaerobic samples was extended to 10 min,
at 277 K, the yield of the charge-recombination compo-
nent fell by (8.9 + 0.6)% while the lifetime was reduced
by (6.6 + 0.8) ns. The Q, band absorption peak shifted
from (675.9 &+ 0.2) nm to (675.8 + 0.2) nm.

Quantum yields of fluorescence components at 277 K

The calculation of the quantum yield of the charge-
recombination fluorescence assumes that all of the 6.5
ns component observed in D1,/D2 samples is due to
uncoupled chlorophyll (see Discussion) which has the
same fluorescence quantum yield as monomeric chloro-
phyll a in diethyl ether, 0.32 [17]. The fluorescence
quantum yield of monomeric chlorophyll a in solution
hardly varies with solvent [17]. Chlorophyll a in ether
exhibits a lifetime of 6.7 ns [15], which is similar to the
lifetime of the uncoupled chlorophyll present in D1 /D2
samples. This suggests that the chlorophyll in these
different conditions will have similar fluorescence
quantum yields.

The relative steady-state fluorescence yields of the
intact D1 /D2 complex and of monomeric chlorophyll a
in ether were measured at 277 K. Both samples had a
chlorophyll concentration of 10 pg-ml~! and were
excited at 405 nm, where they had the same optical
absorbance. The fluorescence yields were obtained by
integrating over the fluorescence bands, chlorophyll in
either was found to be (8.5 + 0.4)-times as fluorescent

TABLE 1

Time-resolved fluorescence measurements on intact and damaged D1 /D2
reaction centres

Aabs and Ag, are the Q) band absorption and fluorescence maxima,
respectively. r, is the lifetime and F; the relative yield of the
charge-recombination fluorescence component. 7, and F, are the
corresponding values for the 6.5 ns fluorescence component. * indi-
cates that the curve fitting procedure could not detect the presence of
a component with a lifetime longer than 6.5 ns. The fluorescence
decay curves with Q, band absorption maxima at 672.9 nm and 670.0
nm were best represented by a two-exponential model.

Agps (nm) Af, (nm) 7, (ns) 7, (ns) % F % F,
675.9 682.5 36.5 6.5 44 40
672.9 678.0 * 6.2 * 90
670.0 673.0 * 6.3 * 98
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Fig. 3. The effect of the addition of 25 M DBMIB to D1 /D2 cytochrome b-559 reaction centres, at 277 K. (A) shows the fluorescence decay of an
inactive sample, with a Q,, band absorption maximum at 672.9 nm, before the addition of the quinone. After the addition of 25 mM DBMIB there
was no change to the fluorescence decay. Both decays are best represented by a sum of two exponentials with 90% of the fluorescence resulting
from a component with a lifetime of 6 ns and the remainder being due to a component with a lifetime of approx. 1 ns. In (B) curve (1) shows a
typical fluorescence decay of an intact D1/D2 sample, with a Q,, band absorption maximum of 675.9 nm, before the addition of DBMIB. Analysis
of this decay gives a 44% yield of a 37 ns lifetime and a 40% yield of a 6.5 ns lifetime. Curve (2) is the fluorescence decay of an intact sample
containing 25 pM DBMIB. Analysis of this decay gives a 21% yield of a 23 ns lifetime and a 46% yield of a 6 ns lifetime. This sample had not
previously been exposed to laser light. Both curves (1) and (2) were best represented by the sum of four exponentials. The instrument response is
shown below the decay curves.

as the D1 /D2 sample. The fluorescence quantum yield
of D1 /D2 samples is found to be (0.040 + 0.003). How-
ever, 40% of the fluorescence from D1/D2 samples is
due to contaminant uncoupled chlorophyll, while 44% is
due to charge recombination. Therefore the fluorescence
yield due to the charge recombination can be estimated
to be (0.020 £+ 0.002) at 277 K.

The relative fluorescence yield of the uncoupled chlo-
rophyll suggests that it constitutes only 6% of the total
chlorophyll present and this means that 94% of the
chlorophyll in an active sample is associated with charge
separation.

The shortest lifetime obtained from the fits was
(0.1 £0.1) ns [3], the absolute quantum yield for this
component is approx. 0.05. If this component is as-
signed to prompt fluorescence then it should have a
lifetime of 3 ps, equal to the rate of charge separation
[8]; the lifetime we observe is limited by the time
resolution of the experiment. Using 19 ns as the natural
lifetime of P680 (see Discussion) and a lifetime of 3 ps
the theoretical value for the absolute quantum yield of
the prompt fluorescence is 1.6 - 10~%. However the ini-
tial amplitude of the 0.1 ns lifetime we observe is
dominated by scattered light so the quantum yield
obtained for this component is two orders of magnitude
greater than the theoretical value. Since the decays were
taken on a scale of 180 ps per channel, giving 92 ns full
scale, the lifetimes and amplitudes of the two longer
components (6.5 ns and 37 ns) are unaffected by this
scatter, since this occurs over a much shorter timescale.
The initial amplitudes of the longer components, which
result from the analyses, are effectively extrapolated
from a region of the decay curve where there is no
scatter present.

Addition of quinone to the reaction centres at 277 K

The effect of adding the quinone DBMIB was in-
vestigated. The quinone concentration of the stock solu-
tion in ethanol was altered between 100 mM and 2 mM.
In each experiment only 1 u} of the stock solution was
added to 2 ml of sample, to give DBMIB concentrations
between 50 uM and 1 pM. This was to minimise the
amount of ethanol added to the samples. The addition
of 1 pl of ethanol to 2 ml of D1 /D2 sample had no
effect on the time-resolved fluorescence.

Addition of DBMIB at a concentration of 25 uM to
an inactive D1/D2 sample has very little effect on the
total fluorescence yield. The inactive sample was pre-
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pared by subjecting a fresh sample to laser excitation
under aerobic conditions. After this the sample had a
Q, absorption maximum at (672.9 + 0.2) nm and a 6.2
ns lifetime represented 90% of the fluorescence. After
the addition of DBMIB to this sample, 90% of the
fluorescence had a 6.0 ns lifetime (see Fig. 3a). Addition
of 25 uM DBMIB was also found to have no effect on
the fluorescence yield of 10 pg- ml~! chlorophyll a in
ethanol (data not presented).

Addition of 25 uM DBMIB to active undamaged
D1/D2 samples results in a decrease in both the am-
plitude and lifetime of the 37 ns component, as shown
in Fig. 3b, with much less effect on the 6.5 ns compo-
nent. Fig. 4 shows that as the concentration of DBMIB
is increased, the relative yield of the 37 ns component
decreases and that of the 6.5 ns component increases.
The presence of 25 uM of DBMIB reduced the total
fluorescence yield of active samples by approx. 50%.

Temperature effects on the fluorescence from the reaction
centres

The addition of glycerol to the samples had no effect
on the position of the Q, band absorption maximum, or
on the yield of the recombination fluorescence. A 36.5
ns fluorescence component was shown to contribute
40% of the total emission of the D1/D2 particle in a
buffer containing 80% glycerol at 277 K. Cooling and
subsequent thawing of the samples did not affect their
activity. All active samples had Q, band absorption
maxima at (675.9 £ 0.2) nm both before and after all
SPC measurements.

The effect of temperature on the steady-state fluores-
cence yield of an active D1/D2 sample is shown in Fig.
5. The fluorescence peak of the D1/D2 sample was
(682.5 + 0.5) nm at all temperatures. From Fig. 5 it can
be seen that the steady-state fluorescence yield of an
intact D1/D2 sample increases as the temperature is
lowered to 180 K and then falls as the temperature is
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Fig. 6. The total fluorescence yield of an inactive D1 /D2 sample, with

a Q, band absorption maximum at 670 nm, as a function of tempera-
ture. The intensity scale is the same as in Fig. 5.

further decreased to 100 K. This effect is also seen in
the temperature dependence of the total fluorescence
yield observed for Rhodobacter sphaeroides reaction
centres {18], which have a fluorescence maximum at
around 200 K.

Fig. 6 shows the change in fluorescence yield with
temperature for an inactive D1,/D2 sample, with a Q )
band absorption maximum of (670.0 + 0.2) nm and a
fluorescence maximum of (673.0 + 0.5) nm. The in-
tensity scale is the same as in Fig. 5. The change in yield
is monotonic, and less than that in active samples (see
Fig. 5). SPC data from this sample indicated that ap-
prox. 98% of the fluorescence had a 6.3 ns lifetime.

From the time-resolved fluorescence data and the
charge-recombination fluorescence quantum vyield, it is
possible to calculate the equilibrium constant and the
free-energy difference for the (P680* = P680*Ph™)
equilibrium (see Discussion); these were determined
over the temperature range 77 K to 277 K.

Table II presents the results of time-resolved fluores-
cence measurements obtained over the range 77 K to

TABLE 11

Fluorescence decay kinetics and AG(P680* Ph~-P680* ) values for
D1/D2 reaction centres over the temperature range 277 K 10 77 K

7, Fi and ¢; are the charge-recombination fluorescence lifetime,
relative yield and quantum yield, respectively. F, is the relative yield
of the 6.5 ns fluorescence component. X is the equilibrium constant
for the (P680* == P680™ Ph™ ) equilibrium and AG is AG(P680* Ph—-
P680*). T is the temperature at which the values are determined.

TK) m(ms) %F F/F ¢ K ~ AG (eV)
£20  +40 1008 +0002 +128 +0.003
2717 375 478 120 0020 98.7 0.110
200 339 396 102 0019 939 0078
180 341 346 094 0018 1026 0.072
127 394 31.8 094 0018 1165 0.052
100 361 276 093 0018 106.7 0.040
77 405 9.0 049 0010 2220  0.036
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function of temperature.

277 X. Also shown are the values for the lifetime, 7,
and quantum yield, ¢,, of the recombination fluores-
cence, the equilibrium constant for the (P680* =
P680* Ph™) equilibrium, K, and free-energy difference
between P680* and the radical pair, AG(P680*Ph™-
P680*). The results shown in Table II are those from
analysis of the data with the uncoupled chlorophyll
lifetime fixed at 6.5 ns during the fits. Free-running fits
gave similar results. The x? values varied between 1.1
to 1.8. Analysing the data by fixing the uncoupled
chlorophyll lifetime at 8.0 ns or 5.0 ns altered the value
obtained for the free-energy change by only 4%.

An increase is observed in the relative fluorescence
yield of the shortest component as the temperature is
decreased from 277 K to 77 K (data not presented).
This is due mainly to an increase in the amount of
scattered light as the sample is frozen.

There is no clear correlation between the change in
the relative yield of any fluorescence component with
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Fig. 8. Comparison of the temperature dependence of the free-energy
gap between the excited special pair and the primary radical pair in
PS II and bacterial reaction centres. Curve A is the AG(P680* Ph™-
P680*) curve for D1,/D2 reaction centres, as shown in Fig. 7. Curve
B is that obtained by Woodbury and Parson, for the corresponding
frec-energy change in Rhodobacter sphaeroides (with chemically
reduced ubiquinone), with 7.3 pM reaction centres in 0.005%

Triton X-100.
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temperature (see Table II) and that of the overall fluo-
rescence yield (see Fig. 5). This implies that the origins
of the fluorescence components are not affected by
temperature but that the rates of non-radiative processes
are changing. This has the effect of reducing the num-
ber of singlet states as a whole.

Fig. 7 shows the variation of AG(P680" Ph™-P680*)
with temperature. The free-energy gap is negative over
the temperature range and decreases linearly with tem-
perature between 220 K and 77 K. Between 220 K and
277 K the AG curve is nonlinear, with a maximum AG
value occurring at approx. 260 K. In Fig. 8 this free-
energy curve is compared to results obtained by Wood-
bury and Parson [18] for the corresponding free-energy
change in Rb. sphaeroides reaction centres (with chem-
ically reduced ubiquinone).

Discussion

The assignment of the decay kinetics described below
confirms the assignment of the 37 ns component to
charge recombination, and also that the 6.5 ns compo-
nent is not connected with this process. This assignment
of the decay kinetics allows the equilibrium constant
and the free-energy difference between P680* and
P680"Ph~ to be calculated. The temperature depen-
dence of the free-energy difference allows the enthalpy
and entropy contributions to be determined.

Assignment of the fluorescence decay kinetics at 277 K

The 37 ns and 6.5 ns fluorescence components can be
shown to be independent of each other by damaging
reaction centres and by monitoring the effect of adding
the quinone DBMIB.

The effect of damaging reaction centres

It has already been established that aerobic samples
at 277 K are unstable when subjected to dye laser
excitation [3]. Damaged samples lose the 37 ns compo-
nent and this is accompanied by a significant increase
in the yield of the 6.5 ns component. A shift in both the
steady-state absorption and fluorescence maxima to the
blue accompanies the loss of the 37 ns component (see
Table I). Fig. 2 shows that the steady-state fluorescence
intensity of the D1/D2 complex progressively increases
as the sample is damaged. This increase in the yield of
the 6.5 ns component has already been reported [3,6],
and it is accompanied by an increase in the total
fluorescence intensity of the D1/D2 sample. This is
consistent with the assignment of the 6.5 ns lifetime 10
chlorophyll which is not coupled to charge separation.
The uncoupled chlorophyll has a much greater fluores-
cence quantum yield (approx. 0.32), than the D1/D2
sample which has a fluorescence quantum yield of ap-
prox. 0.04. It is therefore expected that, as the amount
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of uncoupled chlorophyll in the sample increases, the
overall fluorescence intensity of the D1/D2 sample will
also increase and Fig. 2 shows this to be the case.
Concomitant with this is the loss of the 37 ns lifetime
component, which reflects a reduction in the fluores-
cence due to charge recombination. This could be due
to the increased competition by other deactivation path-
ways (after charge separation), or it could indicate that
charge separation does not occur.

- The amount of uncoupled chlorophyll present in
D1/D2 samples is related to the absorption maximum
of the sample. A comparison of Figs. 5 and 6 at 277 K
shows that a sample with an absorption maximum of
670 nm is more fluorescent than an intact sample (with
a maximum at 676 nm) by a factor of approx. 8. This is
consistent with the uncoupled chlorophyll having simi-
lar fluorescent properties as monomeric chlorophyll a
in diethyl ether, since the latter is 8.5-times as fluo-
rescent as an intact D1/D2 sample (see Results). The
data presented in Fig. 2 seem to contradict this; a
sample with an absorption maximum at 672 nm is only
approximately twice as fluorescent as an intact sample.
However, for absorption maxima below 672 nm the
increase in the fluorescence intensity of the samples is
no longer linear with wavelength (Booth, P.J., unpub-
lished data). Samples with absorption maxima of 670
nm are approx. 6- to 8-times as fluorescent as intact
samples.

The origin of the 6.5 ns component may be heteroge-
neous; there could be contributions other than chloro-
phyll uncoupled from the charge-separation process.
One possibility is that it may arise from dimer chloro-
phylls, with different natural lifetimes and therefore
different fluorescence quantum yields. Another contri-
bution could be from charge-recombination fluores-
cence from radical pairs which exhibit a 6.5 ns lifetime,
possibly from damaged reaction centres, or from equi-
libration of singlet and triplet radical pairs on this
timescale. However, these processes are unlikely to con-
tribute significantly to this component, most dimers
tend to show shorter fluorescence lifetimes than mono-
mers therefore dimer chlorophylls are likely to show
lifetimes less than 6.5 ns. The effect of addition of
quinone to the reaction centres, described in the next
section, suggests that the 6.5 ns component is uncon-
nected with charge-recombination.

Higher plant complexes which have been studied by
SPC consistently show a variable amount of a compo-
nent with a lifetime of approx. 6 ns. Lifetimes of
5.5-6.5 ns have been assigned to unquenched chloro-
phyll a bound to protein in isolated Photosystem I
reaction centre preparations [19], to free chlorophyll a
in detergent micelles, in samples of the major light-
harvesting complex of PS II (LHCII) in conditions of
high detergent [15] and to chlorophyll energetically un-
coupled from the process of charge separation in Photo-

system II (PS II) core preparations, with approx. 20
chlorophyll a molecules per cytochrome 5-559 (Crys-
tall, B. and Booth, P.J., unpublished data). The amount
of this component (with a lifetime of approx. 6 ns)
present in the samples has also been found to depend
on the treatment of the sample, in the case of the
LHCII and PS II core samples the yield of this compo-
nent depended on the type and concentration of deter-
gent. The 6.5 ns component observed in D1,/D2 sam-
ples is therefore probably dominated by fluorescence
from chlorophyll which is uncoupled from the charge-
separation process and exhibits photophysical proper-
ties similar to that of monomeric chlorophyll a in ether.
This chlorophyll is likely to be monomeric and either in
a protein environment or a detergent micelle.

The effect of the addition of quinone to the reaction
centres

Quinones are known to quench chlorophyll fluores-
cence, and 16 mM duroquinone has been found to
reduce the fluorescence of 3 uM chlorophyll a in ethanol
by half [20]. We find that the low concentration of
DBMIB (25 uM) used for the experiments described in
this paper is insufficient to quench fluorescence from
isolated chlorophyll in ethanol. The fluorescence from
inactive D1/D2 samples is also unaffected by this
concentration of DBMIB. In active reaction-centre sam-
ples, the 6.5 ns component is essentially unaffected by
the addition of quinone; however, the addition of 25
#M quinone reduces both the lifetime and amplitude of
the 37 ns component. The different degrees of quench-
ing of the two fluorescence components suggests these
components originate from two different processes.
Quinone might be expected to accept an electron from
the reduced pheophytin of the radical pair, and so
prevent charge recombination. However, although the
data discussed above can be explained by this mecha-
nism, they do not prove that the quinone is accepting an
electron from the reduced pheophytin. The observed
quenching of the (P680* = P680* Ph ™) equilibrium may
be due to some trivial mechanism. Nevertheless, the
reduction in the lifetime of the recombination fluores-
cence on the addition of quinone is consistent with the
idea that the quinone is providing an additional
deactivation pathway from this equilibrium. This sug-
gests that of the two lifetimes, only the 37 ns compo-
nent is due to charge recombination.

Sample heterogeneity

The results obtained from the individual column
fractions indicate that the relative yields of the charge-
recombination and uncoupled chlorophyll components
vary systematically with position on the column. This
suggests that there is some heterogeneity in the samples
due to variations in the amount of uncoupled chloro-
phyll present. The fractions which come from the lead-



ing edge of the chromatographic peak have a higher
yield of the 6.5 ns component, and this may be due to
the presence of small amounts of contaminant poly-
peptides in this part of the column or to a higher
proportion of damaged reaction centres. This suggests
that the uncoupled chlorophyll may actually be bound
to the protein to some degree.

In summary, the 6.5 ns component is assigned to
chlorophyll which plays no role in the process of charge
separation. The 37 ns component is due to fluorescence
from P680* which is formed by charge recombination
of the primary radical pair, P680*Ph~, a concept origi-
nally proposed by Klimov et al. [21]. The physical
origins of these two fluorescence components are inde-
pendent of each other.

AG(P680* Ph~-P680*)

Time-resolved measurements indicate that the decay
kinetics assigned to P680* are predominantly mono-
exponential, with a lifetime of 37 ns. This suggests that
an equilibrium has been established between P680* and
the radical pair. The equilibrium constant, K, between
P680* and the radical pair can be shown to be related
to observable parameters as follows,

_ [P680*PhT). _ m

TR0 aim @
where 7, is the lifetime of the recombination fluores-
cence, 1, is the natural lifetime of P680* and ¢, is the
quantum yield of recombination fluorescence. The equi-
librium concentration of P680*, [P680*]., can be found
from the initial amplitude of the recombination fluores-
cence. The (P680* = P680*Ph~) equilibrium strongly
favors the charge-separated state. It is therefore possible
to calculate the concentration of the radical pair at
equilibrium, [P680*Ph™],, from the theoretical initial
amplitude of fluorescence from P680*.

The equilibrium constant can therefore be calculated
from the quantum yield (¢,) and lifetime (7;) of the
recombination fluorescence, and the natural lifetime of
P680* (7). AG(P680*Ph™-P680*) can then be calcu-
lated using the expression

AG = —kgT In K, %))

where kg is the Boltzmann constant. This gives an
equilibrium constant of (98.7 + 12.8) and a AG value of
—(0.110 £ 0.002) eV, at 277 K.

The accuracy of AG

The natural lifetime of P680* is taken as that of
chlorophyll a, which is approx. 19 ns [22]. It is con-
ceivable that a chlorophyll dimer will have a shorter
natural lifetime. The logarithmic relationship between
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AG and K (Eqn. 2) means that the determination of the
free energy is relatively insensitive to the value used for
the natural lifetime of P680*, as long as it is of the
order of tens of nanoseconds. Taking the natural life-
time as 8.5 ns instead of 19 ns only introduces a 10%
increase in the AG value. The natural lifetime for P680*
has recently been estimated using transient absorption
spectroscopy [9], and was found to be of the order of 19
ns. The natural lifetime was assumed to be
temperature-independent.

Analysis of the fluorescence decay data with the
uncoupled chlorophyll lifetime fixed to 5 ns or 8 ns
changed the AG value by only 4%. This also indicates
the insensitivity of the AG value to variations in the
value of this lifetime. However, the uncoupled chloro-
phyll lifetime is unlikely to differ from 6.5 ns by even as
much as 1.5 ns when the temperature is lowered to 77
K. The lifetime of monomeric chlorophyll in ethanol
changes only from (6.3 + 0.1) ns, at 298 K to (6.2 + 0.1)
ns at 77 K [23].

Some uncertainty in AG also comes from uncertain-
ties in the charge-recombination fluorescence quantum
yield and lifetime (¢, and 7, in Table II), giving a
AG = —(0.110 4+ 0.003) eV, at 277 K. However, the
dominant contribution to the uncertainty in AG is that
of the natural lifetime of P680*, at most this could
change AG from —0.11 eV to —0.12 eV, at 277 K.

Determination of the recombination fluorescence quantum
yield, ¢,

The quantum yield for the recombination fluores-
cence (¢,) from the D1/D2 particle at temperatures
below 277 K was calculated by using the quantum yield
of fluorescence of the uncoupled chlorophyll as an
internal marker, and by noting the relative fluorescence
yields of the uncoupled chlorophyll and charge-recom-
bination components of the fluorescence decays. The
fluorescence quantum yield of the uncoupled chloro-
phyll was taken as 0.32 (see Results). Fig. 6 shows that
the fluorescence yield of an inactive D1/D2 particle
increases linearly as the temperature is decreased. The
fact that most of the emission is due to a 6.3 ns lifetime
suggests that most of the chlorophyll in this sample is
essentially monomeric, either in a protein environment
or possibly free from the protein. These results indicate
that the fluorescence yield of the uncoupled chlorophyll
present in the active D1,/D2 samples may vary with
temperature in a similar way to that shown in Fig. 6.
This temperature dependence of the uncoupled chloro-
phyll fluorescence quantum yield was included in our
calculations of ¢,.

Enthalpy and entropy contributions to AG

Fig. 7 shows that the free-energy difference between
P680* and the radical pair has a linear dependence on
temperature from 220 K to 77 K. Using the expression
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AG = AH — TAS over this region allows values for AH,
the enthalpy change associated with the charge-sep-
aration step, and for AS, the accompanying entropy
change, to be determined. The enthalpy difference is
found from the intercept at 0 K to be —(5.0+0.3)-1073
eV and the entropy change is the gradient, + (3.8 + 0.3)
-10"*eV - K™, This indicates that the free-energy dif-
ference is dominated by the entropy contribution. (At
200 K, AG= —TAS = —(7.6 £ 0.2)- 10~ % eV.)

The free-energy difference shows a nonlinear temper-
ature dependence in the region 220 K to 277 K. This
may be because either the entropy difference is temper-
ature-dependent over this range or the enthalpy dif-
ference becomes significant and also temperature-de-
pendent. It was difficult to obtain data with high signal-
to-noise ratio in this region, as the fluorescence yield of
the D1/D2 sample dropped significantly when the sam-
ple was exposed to laser light. This was not observed
either at 277 K or below 220 K. Therefore the errors in
the AG values are larger in the nonlinear region.

Comparison of Photosystem Il and purple bacteria

Fig. 8 shows the variation of the free-energy dif-
ference between the excited bacteriochlorophyll special
pair, P*, and the primary radical-pair state,
AG(P*BPh~-P*) as determined by Woodbury and Par-
son for isolated reaction centres from Rb. sphaeroides
(with chemically reduced ubiquinone) [18]. This is re-
markably similar to the temperature dependence for the
corresponding free energy change discussed in this paper
for higher plant PS II reaction centres (Fig. 8). The
entropy change for the bacterial reaction centre is —6.5
-107*eV-K™! (for 7.3 uM reaction centres in 0.005%
Triton X-100). In addition, the temperature dependence
of the free energy is nonlinear over approximately the
same region. The authors observed that this nonlinear-
ity was dependent on the concentration of Triton X-100
in the buffer. The AG curve for the Rb. sphaeroides
reaction centre is displaced vertically from that of the
D1 /D2 particle, indicating a larger enthalpy difference.

The free energy difference between the excited spe-
cial pair and the primary radical pair is dominated by
the entropy change from 77 K to 200 K in both the
D1/D2 reaction centre and in Rb. sphaeroides. This
appears to disagree with results obtained from studies
of the magnetic field dependence of the triplet decay
kinetics in quinone-depleted Rb. sphaeroides reaction
centres [24,25). These conclude that AG(P*BPh™-P*) in
quinone-depleted Rb. sphaeroides reaction centres is
dominated by the enthalpy change. However, their mea-
surements were made only over the range 185 K to 290
K, which corresponds to the nonlinear region of AG for
both D1/D2 and Rb. sphaeroides. This suggests that
this nonlinearity may be due in part to an enthalpy
contribution. The conditions of the samples were also
not the same as in the study by Woodbury et al. [18],

the ubiquinone had been removed instead of chemically
reduced and the concentration of the detergent in the
buffer was higher, being 0.1% Triton X-100 in Ref. 25.

The presence of quinone in the reaction centres may
affect the energy of the radical pair. Woodbury et al.
[26] have measured AG(P*BPh -P*) to be —0.148 eV
in quinone-depleted Rb. sphaeroides reaction centres,
and —0.168 eV in quinone-reduced reaction centres, at
295 K. In contrast Horber et al. [27] determine these
free energies to be —(0.23 4+ 0.01) eV in the reduced,
and —(0.26 + 0.01) eV in the quinone-free case. They
obtain similar values for Rhodopseudomonas viridis.
However, Woodbury et al. [18,26] and Horber et al. [28)
used different kinetic models in their analyses. The
fluorescence from the bacterial reaction centres consists
of three components, of approx. 0.5 ns 2 ns and 12 ns.
Horber et al. propose that a proportion of the initial
charge separation occurs along the M branch as well as
the L branch [27-29] (the dominant path of the electron
transfer [30]). The longest lifetime and the —0.26 eV
free-energy change is assigned to charge-recombination
fluorescence due to the radical pair on the L branch and
the 2 ns lifetime to recombination fluorescence from the
M branch. The free-energy gap in the M branch is
calculated to be —(0.13+0.01) eV in both Rb.
sphaeroides and Rps. viridis. Woodbury et al. only con-
sider electron transfer down one branch and calculate
the free-energy gap from the initial amplitudes of all
three of the fluorescence components.

The model invoked by Horber et al. for both Rb.
sphaeroides and Rps. viridis in terms of parallel electron
transfer along the L and M branches gives a branching
ratio for the primary electron transfer rates, k| /ky; =6
for reaction centres lacking ubiquinone, or approx. 3 for
centres with reduced ubiquinone, at 295 K [28] (where
ky and k,, are the primary electron-transfer rates along
the L and M branches, respectively). Recent transient
absorption measurements have indicated branching
ratios, k| /ky = 200, for Rps. viridis reaction centres at
90 K [31] and k, /ky = 25 for Rb. sphaeroides reaction
centres at 80 K [32]. Since the rates of primary electron
transfer in Rb. sphaeroides and Rps. viridis reaction
centres increase only by factors of approx. 2 and 4,
respectively, from 295 K to 80 K [33], it is likely that
these branching ratios are similar to those at 295 K.
These measurements therefore suggest that at low tem-
peratures (and possibly at higher temperatures) electron
transfer along the M branch does not compete signifi-
cantly with that along the L branch. This suggests that
charge separation and subsequent recombination along
the M branch does not contribute to the fluorescence
kinetics.

If the results of Horber et al. are interpreted more
generally than in the specific case of parallel electron
transfer along the two branches then the free-energy
value of —0.23 eV for the initial charge-separation



reaction corresponds to a relaxed radical-pair state [24].
Analysis of the data obtained by Woodbury et al. using
only the longest fluorescence lifetime also yields a free-
energy value of —0.25 eV, in good agreement with that
obtained by Horber et al. The magnetic data [25] also
give a free energy of —0.263 eV, which is consistent
with the above. Woodbury et al. [18] obtain a free-en-
ergy value of —0.16 eV, it has been suggested that this
corresponds to a non-relaxed radical-pair state [18,24].

The multiexponential decay kinetics of the delayed
fluorescence observed from bacterial reaction centres
have not been unambiguously assigned. It is likely that
there is some contribution from nuclear relaxations of
the radical pair on a nanosecond timescale, as proposed
by Woodbury et al. [18]. This model has also been
found to be consistent with recent measurements of the
triplet quantum yield and decay kinetics, and delayed
fluorescence at very high magnetic fields [34]. The ap-
parent contradiction of the fluorescence data and the
magnetic data in terms of the entropy contribution to
AG(P*BP™-P*) does not appear to have been resolved.
However, great caution has to be taken when comparing
results from samples under different conditions, particu-
larly between reaction centres with reduced quinone
and those where the quinone has been removed (as
pointed out by Ogrodnik et al. [24]) and with respect to
temperature and detergent concentration.

The analysis of fluorescence data from the D1,/D2
complex discussed in this paper for the calculation of
the free-energy gap between P680* and the radical pair,
is comparable to the method of Horber et al. Only the
initial amplitude of the longest fluorescence component
was used to determine the free-energy change. This
method of analysis is independent of the model invoked
to explain the shortest lifetimes observed in the fluores-
cence kinetics. The results suggests that, in PS II the
free-energy gap of —0.11 eV, at 277 K, between the
excited special pair and the radical pair is approxi-
mately half that in the bacterial reaction centre.

Particularly good sequence homologies exist between
the D1 and D2 polypeptides of PS II and the L and M
subunits of purple bacteria [35-37]. The PS II reaction
centre is expected to show roughly the same symmetry
as that of purple bacteria. The D1 polypeptide is thought
to correspond to the L subunit and the D2 to the M
subunit. By analogy with the bacterial case, the domi-
nant path of electron transfer in PS II is likely to be
along the D1 polypeptide. However, in D1 /D2 reaction
centres without quinone present, it is likely that some of
the charge separation may occur along the D2 poly-
peptide. Charge recombination of the radical pair on
the D2 polypeptide to P680* may be the origin of one
of the short fluorescence lifetimes, possibly the 1.5 ns
component, which contributes to the D1/D2 fluores-
cence (see Analysis section). As yet there are no tran-
sient absorption data to indicate the branching ratio for
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primary electron transfer in PS II reaction centres, so
this model of parallel electron transfer has to be consid-
ered.

In the analysis of the fluorescence decays, the analy-
sis procedure assumes the decay to be the sum of two or
more exponentials. Although this may be the case, it is
possible that the decay actually represents a continuous
relaxation process where the equilibrium changes con-
tinuously over nanoseconds. In this case, treating the
data as a sum of exponentials can only be a crude
approximation to the real form of the fluorescence
decay. The D1/D2 decays are best represented by the
analysis program as the sum of four exponentials. The
shortest lifetime of 0.1 ns is probably due to a combina-
tion of prompt fluorescence and scattered light and the
6.5 ns lifetime is assigned to chlorophyll unrelated to
charge separation. The 37 ns lifetime is associated with
charge separation and it is possible that the remaining
lifetime, of approx. 1.5 ns, is also connected with this
process. These two lifetimes may be due to two inde-
pendent equilibria between P680* and different
radical-pair states, possibly due to electron transfer
along the D1 and D2 polypeptides, or to an initial
radical-pair state that relaxes to another state of lower
energy. The relaxations may be due to equilibration
between the singlet and triplet states of the radical pair
(see Fig. 1) or to nuclear relaxations. The former mecha-
nism has been ruled out for bacterial reaction centres.

Substituting the appropriate values for the 1.5 ns
component into Eqns. 1 and 2 allows AG(P680* Ph~-
P680*) over this time to be estimated as —0.07 eV at
277 K. This free-energy difference could be due to an
unrelaxed radical-pair state or to a radical pair on the
D2 polypeptide. Temperature dependence of this free-
energy difference indicates that the AG curve is ap-
proximately linear (Booth, P.J., unpublished data) with
an entropy difference of approx. —1.7-107% eV - K™!
and a zero enthalpy change. However, a further study is
required, using a shorter timescale, to determine these
values accurately.

By analogy with the bacterial reaction centre, the 37
ns lifetime may correspond to a relaxed radical pair,
while the 1.5 ns lifetime may correspond to an unre-
laxed state.

Conclusion

The majority of the fluorescence from D1,/D2 reac-
tion centres is from 6.5 ns and 37 ns components. The
yields of these decay components are (40 + 5)% and
(44 + 4)%, respectively. The 37 ns decay is assigned to
an equilibrium between P680* and the primary radical
pair, while the 6.5 ns component is due to contaminat-
ing chlorophyll which is uncoupled from the electron
transfer. The yield of the charge-recombination compo-
nent is a very sensitive measure of the integrity of the



152

D1/D2 complex. 94% of the chlorophyll present in the
intact D1/D2 samples is associated with charge sep-
aration.

The free-energy change associated with electron
transfer from P680* to the radical pair in PS II reaction
centres is —0.11 eV at 277 K. From 77 K to 220 K this
free-energy change is dominated by the entropy change,
which is 3.8-107* eV-K~'. Over this temperature
range, the enthalpy contribution to the free-energy
change is negligible, being only 6% of the total free-
energy difference at 200 K. The temperature depen-
dence of the free-energy difference between the excited
special pair and the primary radical pair is very similar
to that in purple bacteria, where the free-energy gap is
dominated by the entropy change from 77 K to 200 K.
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