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ABSTRACT: The temperature dependence for the reduction of the oxidized primary electron donor P680+

by the redox active tyrosine YZ has been studied in oxygen-evolving photosystem II preparations from
spinach. The observed temperature dependence is found to vary markedly with the S-state of the manganese
cluster. In the higher oxidation states, S2 and S3, sub-microsecond P680+ reduction exhibits activation
energies of about 260 meV. In contrast, there is only a small temperature dependence for the
sub-microsecond reaction in the S0 and S1 states (an activation energy of approximately 50 meV). Slower
microsecond components of P680+ reduction show an activation energy of about 250 meV which, within
experimental error, is independent of the oxidation state of the Mn cluster. By combining these values
with measurements of∆G for electron transfer, the reorganization energies for each component of P680+

reduction have been calculated. High activation and reorganization energies are found for sub-microsecond
P680+ reduction in S2 and S3, demonstrating that these electron transfers are coupled to significant
reorganization events which do not occur in the presence of the lower S-states. One interpretation of
these results is that there is an increase in the net charge on the manganese cluster on the S1 to S2 transition
which acts as a barrier to electron transfer in the higher S-states. This argues against the electroneutrality
requirement for some models of the function of the manganese cluster and hence against a role for YZ as
a hydrogen abstractor on all S-state transitions. An alternative or additional possibility is that there are
proton (or other ion) motions in the sub-microsecond phases in S2 and S3 which contribute to the large
reorganization energies observed, these motions being absent in the S0 and S1 states. Indeed charge
accumulation may directly cause the increased reorganization energy.

Photosystem II (PSII)1 catalyzes the electron-transfer
reactions from water to plastoquinone in oxygen-evolving
organisms (see1-7 for reviews). The process of water
splitting begins with the excitation of the primary electron
donor P680 by a photon and the rapid reduction of a
pheophytin molecule to form the charge-separated state
P680+Pheo-. Pheo- transfers its electron to bound plasto-
quinone QA, and finally to the mobile plastoquinone QB. QB

binds two protons along with two electrons from QA and
diffuses into the thylakoid membrane toward the rest of the
photosynthetic electron-transfer chain. Oxidized P680 is
reduced on a nanosecond to microsecond time scale by the
redox active tyrosine residue YZ on the D1 polypeptide of
photosystem II. Oxidized YZ abstracts electrons from a
cluster of four manganese atoms to which substrate water
molecules are bound. Successive removal of electrons from

the Mn cluster cycles it through a series of S-states, S0 to
S4, where the subscript indicates the number of oxidizing
equivalents stored on the cluster. The S4 state spontaneously
converts to S0 with the release of O2. During the S-state cycle,
four protons are released on the lumenal side of photosystem
II. The proton release stoichiometry is the subject of much
debate (see8, 9 for reviews). The main reason for this is
that proton release patterns are strongly preparation and pH
dependent, and may show noninteger release patterns due
to the additional release of electrostatically produced protons.
These are released due to changes in the pKs of amino acid
side chains which occur in response to charge deposition on
or around the Mn cluster. In the dark, all PSII centers are
converted to the S1 state through reactions with a second
redox tyrosine YD located on the D2 polypeptide and through
charge recombinations with the acceptor side (see10-12).

The reduction kinetics of P680+ are strongly dependent
on the redox state of the Mn cluster. It has long been known
that the majority of P680+ reduction occurs in a few
microseconds in active water oxidizing particles. Kinetic
components of about 20 ns in S0 and S1 and 50 and 250 ns
in S2 and S3 were originally observed (13). Some longer lived
microsecond components were also observed; it was postu-
lated that these were due to inactive particles (13-15) since
the data were insufficient to suggest otherwise. Since then,
further work by a number of other groups has demonstrated
that the microsecond components show oscillations with the
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S-state and therefore are at least in part due to active particles
(16-18). It has been observed by a number of groups that
there is no significant deuterium isotope effect on the
nanosecond phases of P680+ reduction in particles with an
intact manganese cluster (17, 19, 20). Recent work has shown
that H2O/D2O exchange causes a decrease in the reduction
rates in the microsecond domain (17). This suggests that
proton/hydrogen transfer is required to complete the reduc-
tion of P680+ through a shift in the YZ h P680 equilibrium.
This proton-coupled electron-transfer process has since been
confirmed by other researchers (18, 21).

The majority of P680+ reduction occurs faster in S0 and
S1 than in the higher S-states. The original explanation for
this was that the accumulation of a positive charge in the
Mn cluster upon transition S1 to S2 results in a Coulombic
attractive force, which slows down the transfer of the electron
to P680+ (13). This suggests that transitions S0 to S1 and S2

to S3 do not change the net charge on the cluster, and that
S2 and S3 are more positive than S0 and S1 by one charge.
For a 1:1:1:1 pattern of electron release from the complex,
this implies a proton release stoichiometry of 1:0:1:2, which
agrees with some reports on proton release from some PSII
preparations (e.g.22, 23), but by no means with all reports
(see8, 9 for discussion).

The rates of the S-state transitions are also highly
dependent upon the oxidation state of the Mn cluster, but
are significantly slower than those of P680+ reduction.
Lifetimes of 3µs (24) to 250µs (25) have been reported for
the S0 to S1 transition, although a more recent report found
a value of 40-60 µs (26). The S1 to S2 transition has a rate
constant of about 85µs (26, 27); the S2 to S3 transition has
been estimated to have a rate constant ranging from 150µs
(26) to 300µs (25, 28). The final transition, S3 to S0, has a
rate constant of about 750-850µs in thylakoids (26, 29) or
about 1.2 ms in PSII membranes (20, 25, 27). In PSII core
particles, this transition has a rate constant of more than 4
ms (20, 24, 27).

Only one group has studied the temperature dependence
of P680+ reduction by YZ in active PSII particles from
spinach (30, 31). They reported an activation energy of 10
kJ/mol (100 meV) for the fastest phase, a figure which is
widely quoted in the literature (e.g.,4, 32). This activation
energy was reported to be independent of S-state. Mn-
depleted PSII has also been the subject of study. Loss of
manganese converts the nanosecond phases of P680+ reduc-
tion into microsecond ones (33-35). The observed lifetime
ranges from about 2 to 44µs in chloroplasts and from 7 to
35 µs in PSII cores. Activation energies of 46 kJ/mol (480
meV) at pH 7 in chloroplasts (34) or 30 kJ/mol (310 meV)
at pH 5 in PSII cores from spinach (36) have been reported.
To our knowledge, a value for this activation energy in BBYs
has not been reported.

The interpretation of the 10 kJ/mol activation energy in
oxygen-evolving PSII was that the breaking of a hydrogen
bond, probably between the phenol group of YZ and a basic
group, is occurring during electron transfer (30). This
certainly seems reasonable, given that YZ is hydrogen bonded
with D1-His190 (1, 37-42), although hydrogen bonds in
proteins are normally of the order of 20 kJ/mol (see, e.g.,
43, p 175). The reason for the increase in activation energy
on loss of the manganese cluster is thought to be due to a
loosening of the protein structure, allowing more water into

the active site (44). This presumably leads to an increase in
the reorganization energy,λ (32), and a distortion of the
hydrogen bonding between YZ and His190 (38). In the
depleted system, the presence of the distorted bond requires
a concerted proton and electron transfer to occur for P680+

reduction. This manifests itself as a reduction in the rate of
electron transfer, an increase in the activation energy, and
an increased pH sensitivity with an apparent pK of 7 (36)
compared with about 5 for the intact system (15, 37). There
is also a higher kinetic isotope effect on P680+ reduction in
Mn-depleted particles: 2.5 compared with<1.1 in intact
particles (36).

The aim of this paper is to provide a reanalysis of the
temperature dependence of P680+ reduction in PSII-enriched
membrane fragments from spinach. Microsecond time scales
are analyzed alongside the nanosecond phases in order to
include those components which represent proton-coupled
electron transfer (17, 21, 37). Furthermore, the reorganization
energies which accompany the electron transfers are calcu-
lated, to aid assignment of the physical processes which
underlie P680+ reduction. The data presented here strongly
disagree with those previously published for this electron-
transfer reaction (30, 31).

MATERIALS AND METHODS

Materials. Oxygen-evolving PSII-enriched granal mem-
branes (BBYs) were prepared according to the method of
(45) with the modifications described in (25). Typical rates
of oxygen evolution measured using a Clark-type oxygen
electrode at 25°C were 500( 75 µmol of O2 (mg of
chlorophyll)-1 h-1. These rates were measured at 5µg of
Chl/mL in buffer containing 25 mM MES, pH 6.5, 10 mM
NaCl, 25 mM CaCl2, 0.3 M sucrose, 10 mM NaHCO3, and
5 mM NH4Cl, in the presence of 1 mM 2,6-dichlorobenzo-
quinone (DCBQ, Kodak) and 2 mM K3Fe(CN)6. Manganese
depletion of BBYs was achieved by incubating BBYs at 5
mg of Chl/mL at room temperature in SMNCB (25 mM
MES, pH 6.5, 10 mM NaCl, 5 mM MgCl2, 5 mM CaCl2,
and 0.3 M sucrose) with 50 mM NH2OH for 5 min. The
membranes were pelleted in an eppendorf centrifuge (5 min
at 15 000 rpm) and washed once with SMNCB before use.

Equipment.The reduction of P680+ formed by a flash from
a Q-switched frequency-doubled Nd:YAG laser (Continuum
Surelite,λ ) 532 nm, flash frequency 1-2 Hz, typical pulse
energy at sample 10 mJ/cm2) was probed with nanosecond
time resolution at 830 nm by a beam at right angles to the
excitation beam. The probe light source was a 35 mW
continuous wave diode laser (ML5415N, Mitsubishi). The
probe beam was focused onto a photodiode (EG & G
FND100). The signal from the photodiode was sent to a 100
MHz oscilloscope (Tektronix TDS 220, 1 Gs/s) and subse-
quently to a PC via an NI-488.2 instrumentation device and
GPIB (National Instruments). Data collection and averaging
were carried out using Labview 5.0.1 (National Instruments).
Data were collected on two timebases, 2500 channels at 1
ns or 20 ns per channel, giving 2.5 and 50µs time scales.
The instrument response of the system was approximately
10 ns. See (17) for full details of the experimental apparatus
used.

Samples.BBY samples were diluted to 80µg of Chl/mL
in SMNCB. To reduce light scattering by the membrane
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fragments, Triton X-100 was added from a 1% w/v stock
solution to a final concentration of 0.016%. This concentra-
tion did not affect the kinetics observed; it merely improved
the transmission at 830 nm of the sample by preventing
aggregation of membranes. The typical transmission of the
sample was 80%. The artificial electron acceptor DCBQ was
added to a concentration of 100µM. A fresh stock of DCBQ
was prepared prior to each experiment. Samples were
typically 250µL in a 4 mm× 4 mm cuvette. The temperature
of the sample was controlled using a combination water-
bath and circulator (Haake DC10) and a laboratory built
water-jacketed cuvette holder. The temperature in the cuvette
was measured using a K-type thermocouple attached to a
multimeter which was calibrated against a mercury ther-
mometer.

Data Analysis.Typically 20 sets of 21 flashes were
collected and averaged using Labview 5.0.1. Miss factors
were calculated according to (17). Data for flashes 2-21
were deconvoluted using procedures outlined in (17, 46). A
global analysis program written and developed in the
laboratory (“Look” v. 3.0 by T. Rech and M. Bell) was
used to fit the data to multiexponential decays using the
Marquardt algorithm for nonlinear least-squares fitting.
Typically three or four exponentials and an offset were
required to fit the data across both time scales. Global
analysis allows the determination of a single set of parameters
which fit data collected on different oscilloscope timebases.
This ensures that the data can be fitted to the minimum
number of exponentials: fitting the data from both time
scales separately may result in over-parametrization, due to
the presence of microsecond components in the shorter time
scale data which can only be resolved accurately in the longer
time scale data. The lifetimes arising from such fits cor-
respond toobserVedrates, not intrinsic ones. They are merely
a way of describing the kinetics, and should not yet be
assumed to be rate constants. This point will be discussed
in full as it arises.

RESULTS

Data were collected over a range of temperatures from 5
to 25°C. Above 25°C, the kinetics became anomalous and
the sample opaque, probably due to aggregation of membrane
fragments. The miss factors for the data sets were calcu-
lated: these ranged from 14 to 20%, being lowest at 15°C
and increasing as the temperature increased or decreased.
Data were deconvoluted as described under Materials and
Methods. Figure 1 shows the S-state deconvoluted P680+

reduction kinetics in BBYs from 5 to 25°C. There is clearly
a stronger temperature dependence in the sub-microsecond
domain in the S2 and S3 states than in the S0 and S1 states.
At first sight, it appears that the initial amplitude in S0 and
S1 is lower than in S2 and S3. This is a reflection of the faster
initial rate constant in the lower S-states. When the response
time of the instrumentation (10 ns) is deconvoluted from the
data, the initial amplitude is seen to be the same in all
S-states; that is, the quantum yield of P680+ formation is
independent of S-state (M. J. Schilstra and D. R. Klug,
unpublished data). The data presented here have not been
corrected for the instrument response, since in all experiments
the initial amplitudes observed were highly reproducible. The
shift toward lower initial amplitudes at higher temperatures
is indicative of an increase in the fastest rate constants, since

there is no evidence that the quantum yield of P680+

formation is temperature dependent.
Data for each S-state were globally fitted to a sum of three

exponentials and an offset. AmplitudesA1-A3 were linked
such that they remained constant over the range of temper-
atures studied, and all lifetimes and the offset were allowed
to vary with temperature. Allowing all amplitudes to vary
did not significantly improve the quality of the fit (ø2 )
2.21 for linked A1-A3, or ø2 ) 2.18 for all parameters
varied, for the S2 data set). Typical lifetimes and ampli-
tudes at 15°C are shown in Table 1. The activation energies
(∆E) calculated from Arrhenius plots to the lifetimes re-
sulting from these fits are shown in Table 2. Data were also
obtained for Mn-depleted BBYs from 5 to 25°C (data not
shown). These data could be fitted from 1 to 40µs to the
sum of a single exponential and offset of approximately equal
amplitude. The activation energy calculated from this fit was
343 ( 42 meV. On longer time scales, these kinetics are
clearly multiexponential (see, e.g.,38, 39), but for the time
scale studied here, a single exponential is sufficient to
describe the data.

From the data in Figure 1, estimates can be made for the
equilibrium constant (Keq) between YZ and P680 and hence
the free energy gap between these two redox components.
After about 40 µs, the reaction has reached a pseudo-
equilibrium state. Taking the value of the offset to be the
equilibrium concentration of P680+, Keq can be calculated
as being [P680]/[P680+], because the reaction is a reduction
where P680+ is the reactant and P680 is the product.
Therefore:

Values of the offset were taken from the average amplitude
from 40 to 43µs. The standard free energy gap,∆G°, was
calculated for each temperature according to

This procedure can be taken further. Using a value for
the pseudo-equilibrium constant at about 2µs, we can
calculate the∆G° associated with the electron transfers which
are not rate limited by proton motions (hereafter called
∆G°1), and the∆G° which is associated with the proton-
coupled electron transfers (∆G°2). In the same way that the
overallK was calculated,Keq for the sub-microsecond phases
can be calculated from the average amplitude from 2 to 2.5
µs:

It is reasonable to assume this pseudo-equilibrium constant
at about 2µs, since H/D exchange experiments have shown
that there is a clear distinction between the nanosecond and
microsecond phases (17, 18, 21). The average amplitude from
2 to 2.5 µs agrees well with the total amplitude for the
microsecond phases calculated from fits to the data, but was
found to be more consistent over repeat measurements. The
results of these analyses are shown in Table 3. It can be
seen that∆G°1 varies slightly with temperature, ranging from

Keq )
([P680+]t)0 - offset)

offset
(1)

∆G° ) -RT ln Keq (2)

Keq(subµs) )
([P680+]t)0 - A2-2.5µs)

A2-2.5µs
(3)
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about-30 to -40 meV. The typical variation in this free
energy across the S-states is about 10 meV. The free energy
associated with the proton-coupled phases of electron transfer
is smaller and less temperature dependent, ranging from
about-15 to -20 meV. The typical variation in this free
energy across the S-states is less than 5 meV. Although there
could be some systematic error in the absolute values of∆G°,
this will largely cancel out in the differences in∆G°. Even
so, errors in the absolute∆G°s are likely to be small (20%
maximum), based on estimation of the maximum concentra-
tion of Mn-depleted particles in the sample. We cannot rule
out further relaxations on a longer time scale due to
recombinations between QA

- and P680+ or YZ
ox.

To be sure that the results obtained from the observed rate
constants were comparable to intrinsic rate constants for a
simple sequential reaction scheme, the following check was
carried out. For a reaction of the AH B type with a
reasonably low equilibrium constant, the observed rate
constant (kobs) is the sum of the forward and backward rate
constants (k+ + k-). Hence:

The lifetimes quoted in this paper are onlyobserVed rate
constants. It was necessary to check whether the temperature
dependence observed could be due to a temperature effect
on Keq according to

whereA is a preexponential constant andkB is the Boltzmann
constant. The pseudo-equilibrium constant for P680+ YZ H
P680 YZ

ox is low, of the order of 8-12 at 40µs, and is

FIGURE 1: S-state deconvoluted P680+ reduction kinetics in BBYs over a range of temperatures. Data are the average of 20 excitations and
were collected on two time scales (1 ns/channel and 20 ns/channel). Solid lines represent the best fits of the data to overparametrized
multiexponential functions and are indicated merely to guide the eye. Symbols have been plotted to distinguish the curves: 5°C (squares),
10 °C (circles), 15°C (up triangles), 20°C (down triangles), 25°C (diamonds). For clarity, only one in five actual data points has been
shown.

Table 1: Lifetimes of P680+ Reduction in Oxygen-Evolving BBYs
Obtained from Global Fits to S-State Deconvoluted Data at 15°Ca

S-state τ1 (ns) A1 (%) τ2 (ns) A2 (%) τ3 (µs) A3 (%) A4 (%)

S0 51 53 438 18 11.9 17 12
S1 56 53 524 18 7.1 14 15
S2 91 41 624 33 9.1 15 12
S3 84 51 751 20 12.4 16 13
a Data for each S-state were fitted to a sum of three exponentials

and an offset. See text for details of fitting procedure. kobs) k+ + k- (4)

Keq )
k+

k-
(5)

Keq ) Ae-∆G°/kBT (6)
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dependent on temperature according to eq 6. Therefore, a
change inKeq with temperature may manifest itself as a
change in the observed rate constants. This can be addressed
by using eqs 4 and 5. Usingkobs from fitted data and
assumingKeq ) 10,k+ was calculated. This showed thatkobs

provided a fairly constant overestimate ofk+ (data not
shown), but that this does not cause a significant error in
the calculated activation energy. The difference between
∆E(kobs) and∆E(k+) is within the error from the Arrhenius
fits. In conclusion,kobs is an acceptable estimate ofk+, and
the observed∆Es are true activation energies with negligible
contributions from the temperature dependence of the equi-
librium constant.

DISCUSSION

General.The range of lifetimes for the reduction of P680+

by YZ obtained in this report agrees well with the published
results of other groups. It is widely agreed that the main
component in the sub-microsecond time domain has a
lifetime ranging from 20 to 60 ns for S0 and S1, while for S2

and S3, two nanosecond components of approximately 50
ns and 300 ns lifetimes are seen (13-16, 30). These lifetimes
are in good agreement with those reported here (Table 1),
with the fastest lifetimes being in the range of 40-100 ns,
and significantly faster for S0 and S1. However, the finding
of an early study in which the decay of P680+ in S1 can be
fitted to a single exponential in the nanosecond domain (13)
is not substantiated here. It seems clear that there are two
nanosecond components on all S-state transitions (Table 1).
This was also suggested by Lukins et al. (16), although no
allowance was made for the S-state dependence of the fastest
lifetime, nor did they deconvolute their data to correct for
misses. Consequently, the 40 ns and the 95 ns lifetimes they
observe for each S-state could be due to mixing of the states.
The phase of approximately 500 ns seen in S0 and S1 is a
consistently observed feature which appears regardless of
deconvolution parameters or fitting protocols. It is therefore
unlikely to be an artifact due to inadequate deconvolution
or fitting procedures. It seems reasonable to conclude that

there are two components with sub-microsecond lifetimes
present in the decay of P680+ in all S-states.

The general consensus is that the nanosecond components
of P680+ decay correspond to ‘pure’ electron transfer
(electron transfer which is not rate limited by any other
processes), while the microsecond components correspond
to electron transfer which is rate limited by proton transfer
(17, 18). A suggestion to explain the presence of two
nanosecond lifetimes in S2 and S3 has been proposed (15).
This took the explanation of the slowing down of the fastest
lifetime in the higher S-states being due to Coulombic
attraction one step further to explain the biphasic nature of
the decay in S2. The suggestion is that the protonation state
of a group with a pKa of 5.3 within the reaction center leads
to a discrete inhomogeneity, in which some of the electron
transfer occurs on a tens of nanoseconds time scale, and some
on a hundreds of nanoseconds time scale. This explanation
is reasonable, but implies that the protonatable group is only
present in the higher S-states, whereas the data presented
here, showing two sub-microsecond phases in each S-state,
imply that such a group would be present in all S-states.
Additionally, this group has not been identified, although it
is unlikely to be D1-His190 since changes in the protona-
tion state of this residue convert nanosecond phases to
microsecond ones (see, e.g.,38, 39). In the absence of an
identifiable group, no firm conclusions can be drawn. The
possibility of internal proton motions on a sub-microsecond
time scale cannot be ruled out; these could theoretically be
responsible for this biphasicity: although no kinetic isotope
effect has ever been observed in these phases (17, 19, 20),
this only means that proton motions are not rate limiting the
electron transfer. A reaction in which proton motions occur
which are not rate limiting for the electron-transfer step need
not show a kinetic isotope effect. Proton motions could still
affect the rate of reaction, however, via the reorganization
energy. The reorganization energy dictates the curvatures of
the reactant and product free energy surfaces (47). In this
instance, switching from H2O to D2O would not affect these
curvatures, since the parameters of the free energy surfaces
are statistical in nature. A proton motion which occurs faster
than the electron transfer will be averaged over all the modes
which go to make up the free energy surface. Consequently,
the slight change in mass from hydrogen to deuterium would
not affect the reorganization energy. Unfortunately, we
cannot determine whether a measured reorganization energy
arises from proton (or other ion) motions, or from the whole
protein’s response to charge rearrangements due to the
electron-transfer event.

Temperature Dependence.The temperature dependence
of P680+ reduction is dominated by the S2 and S3 states,
especially in the sub-microsecond time domain (Figure 1 and
Table 2). This means that upon the S1 to S2 transition, there
is some kind of change on the donor side which causes P680+

reduction to become more temperature dependent. Upon the
S3 to S0 transition, this change is reversed. Such a change
need not be purely structural, but could involve changes in
charge accumulation or distribution, or protonation/depro-
tonation reactions. These results disagree with previously
published data (30, 31, see the introduction). However, these
earlier reports are flawed in four ways. First, the data itself
are of a rather low signal/noise ratio, presumably due to
limitations of the equipment available at the time. Second,

Table 2: Activation Energies (meV) for the First Three Kinetic
Components of P680+ Reduction in Oxygen-Evolving BBYsa

S-state τ1 τ2 τ3

S0 60 ( 100 40( 40 270( 140
S1 40 ( 30 70( 70 300( 50
S2 250( 50 280( 50 210( 30
S3 30 ( 60 240( 80 220( 110

a Values were obtained from global fits to S-state deconvoluted data
as described in the text. Errors are the standard deviations of fits to the
Arrhenius plots.

Table 3: Values of the Standard Free Energy (meV) in the
Sub-microsecond Phases (∆G°1) and in the Microsecond Phases
(∆G°2) of P680+ Reduction in Each S-Statea

∆G°1 ∆G°2temp
(°C) S0 S1 S2 S3 S0 S1 S2 S3

5 -34 -36 -30 -28 -16 -16 -19 -19
10 -34 -38 -31 -30 -15 -16 -19 -20
15 -39 -38 -35 -31 -19 -17 -19 -20
20 -40 -49 -38 -35 -22 -11 -24 -22
25 -41 -45 -42 -40 -17 -18 -20 -20
a See text for details.
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only the decays following the first flash were included in
the analysis. The first flash tends to have anomalous kinetics
which are probably due to the presence of centers which
only undergo one S-state turnover and are then blocked on
the acceptor side (46). We do not include flash 1 data in out
deconvolution procedure. Third, the method of analysis was
somewhat limited, only fitting data for the fastest part of
the decay to an average rate constant. Full details of the fit,
including the precise time domain fitted over and the number
of exponentials which fitted the data best rather than using
a single rate constant, are not provided. Finally, only data
up to about a microsecond were collected, further limiting
the ability of the fitting procedures to fully describe the
kinetics.

The values of the standard free energies shown in Table
3 agree reasonably well with those of a previous report (48),
which found a∆G° at about 1µs of -50 meV in S0 and S1

and -20 meV in S2 and S3. Given that these values were
calculated at a different time point than those presented here,
it is not surprising that they give slightly different results.
The ∆G°1 values calculated here are about-40 and-30
meV for the lower and higher S-states, respectively, and are
in close agreement with this previous report. The values in
Table 3 disagree strongly with the values calculated by
Brettel et al. (13), who calculated a∆G°total of -80 meV in
S0 and S1 and-20 meV in S2 and S3. However, they derived
values for the equilibrium constant from fitting their data to
a model which involved two electron donors between the
Mn cluster and P680, rather than the currently accepted single
donor, YZ.

Equation 7 shows that the reorganization energy is related
to the free energy and the activation energy of a reaction
(47). Since the latter two parameters are observables, the
reorganization energy may be calculated.

Table 4 shows the calculatedλ values for P680+ reduction
for the sub-microsecond and microsecond phases in each
S-state. The microsecond phases show reorganization ener-
gies of about 1 eV, which within the error limits is inde-
pendent of S-state. This assumes, of course, that this phase
has minimal contributions from Mn-depleted particles. The
activation energy for P680+ reduction in Mn-depleted BBYs
is 343 ( 42 meV, which is close to but not equal to the
activation energies observed in the microsecond phases of
intact particles (Table 2). The microsecond phases in intact
BBYs cannot be entirely due to Mn-depleted particles since
they show strong period-4 oscillations (17, 18, 21). We
estimate a maximum of 10% Mn-depleted particles in a BBY
preparation from the amplitude of the oscillations observed

50 µs after excitation, given that the typical amplitude at
this time point is 10-12% of the total amplitude, and that
the amplitudes of the oscillations about this point are of the
order of 1-2% of the total amplitude. The fact that the
activation energies for the microsecond phases are, within
the error limits, the same for each S-state suggests that the
same processes are occurring in these phases regardless of
the oxidation state of the Mn cluster. Since proton motions
are known to be coupled to these electron transfers (17, 18,
21), it is reasonable to conclude that the reorganization
energies observed for the microsecond phases are due to
proton motions and the protein’s reorganization to accom-
modate such motions. Furthermore, the fact that the reor-
ganization energies are roughly equal in each S-state suggests
that these proton motions occur to similar extents regardless
of the oxidation state of the Mn cluster. The sub-microsecond
phases show reorganization energies of over 1 eV in S2 and
S3, but only about 300 meV in S0 and S1. To calculate these
values, the average∆E was used for the S0, S1, and S2 states,
since both sub-microsecond phases show similar∆Es in these
states (Table 2). For S3, ∆E was taken as that forτ2 (240(
80 meV), since the contribution of∆E for τ1 in this S-state
is negligible in comparison (Table 2). Note that P680+

reduction in S2 is particularly unique, as all phases of electron
transfer are highly temperature dependent. This implies that
the events occurring on a sub-hundred nanosecond time scale
are likely to be different in S2 than in the other S-states.
The reason for this is not known, but awaits further
investigation. The reorganization energies shown in Table 4
are within the range expected for electron transfers between
redox centers in relatively polarizable environments (47).
Scheme 1 shows a summary of the activation and reorga-
nization energies for P680+ reduction by YZ.

It is possible to check the approximate validity of the
results calculated above. Dutton and co-workers have
provided a simple expression which can be used to predict
rates of nonadiabatic electron transfer given cofactor to
cofactor distance,∆G, andλ (49):

whereF is the packing density, assumed to be 0.75 for most
proteins (49). From experiments and modeling, the edge-

Table 4: Calculated Values ofλ (meV) for Each S-State for the
Sub-microsecond Phases of P680+ Reduction (λsubµs) and for the
Microsecond Phases (λµs)a

S-state λsubµs λµs

S0 270( 210 1116( 560
S1 296( 150 1232( 200
S2 1130( 140 880( 120
S3 1025( 170 920( 440

a See text for details of calculation method.

∆E )
(∆G° + λ)2

4λ
(7)

Scheme 1

log ket ) 13 - [(1.2 - 0.8F)(R - 3.6)] - 3.1
(∆G + λ)2

λ
(8)
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to-edge distance (R) between P680 and YZ has been estimated
as 9.5 Å (32, 50, 51).

For the sub-microsecond phases of P680+ reduction in S2
and S3, eq 8 predicts rate constants of 675 and 328 ns,
respectively. The errors in the calculated rate constant are
quite large; for S2, the calculated rate constant one standard
deviation below that calculated is 250 ns, and the rate
constant one standard deviation above is 1.8µs. Note that
these error bars are asymmetric due to the logarithmic nature
of eq 8. The logarithmic nature of the equation also means
that reasonably small, e.g., 10%, errors inλ may give up to
a 2-fold error in the rate constant. Nonetheless, these
calculated rates agree reasonably well with those obtained
from fits to the data (Table 1). The predicted rate for the
microsecond phases does not agree so well with the observed
rate. For an averageλ of 1 eV and a∆E° of -20 meV, a
rate constant of 330 ns is predicted. Discrepancies may be
due to nonadiabacity in these reactions due to proton/
hydrogen motions or errors in the estimates of the Chl+ to
YZ distance.

The activation energies for the sub-microsecond phases
in the lower S-states range from 40( 30 to 60( 100 meV,
which is in approximate agreement with the value of 100
meV previously reported for S1 (30). Tommos and Babcock
used this value to show that eq 8 predicted the correct rate
of 20 ns for this electron transfer (32), but did not consider
the sensitivity of this to errors in the reorganization energy.
The calculatedλ for S0 predicts a rate constant of 1 ns (0.4
ns one standard deviation below, 7 ns one standard deviation
above). Similar values are obtained for the S1 state. These
values disagree with the observed rate constant by an order
of magnitude (Table 1). The reason for this discrepancy is
not known. The reorganization energies calculated here show
that the events occurring during P680+ reduction on a sub-
microsecond time scale are different in S0 and S1 than in
the higher S-states. In the higher S-states, there is a large
reorganization energy associated with the sub-microsecond
electron transfer. So what can be happening on the S1 to S2

transition to cause YZ to P680+ electron transfer to become
more temperature dependent?

One possibility has already been proposed. The original
explanation for the slower sub-microsecond reduction kinet-
ics of P680+ in S2 and S3 was that there is an increase in the
net charge on or around the manganese cluster on the S1 to
S2 transition which is reversed upon the S3 to S0 transition.
The increased charge retards electron transfer to P680+ in
the S2 and S3 states by a Coulombic effect (13). Although it
was not realized at the time, the presence of this extra charge
might be expected to affect the degree of reorganization
needed following electron transfer, thereby changing the
reorganization and activation energies observed. The in-
creased reorganization energies in S2 and S3 relative to S0
and S1 for the sub-microsecond phases presented in this paper
(Table 4) are clearly consistent with this charge accumulation
hypothesis. There is good evidence from EXAFS studies that
there is no major structural rearrangement on S1 to S2 (see
52 for review) and so any changes upon S2 formation are
likely to be charge distribution or hydrogen bonding changes.
The problem with this is that the concept of an increased
charge on the S1 to S2 transition has rather fallen out of favor.
This is because although it tied in well with the original
proton release data from PSII, further work has shown the

proton release pattern to vary significantly with preparation
and pH. There is currently much debate over what the
intrinsic proton release pattern really is. Additionally, the
popular hydrogen abstractor model invokes an electroneutral
Mn cluster (32, 42). In this model, YZ

ox abstracts a proton
and an electron on each S-state transition. Evidence in
support of this model includes EPR experiments showing
that YZ

ox is a neutral radical, at least in Mn-depleted core
particles (53). As a neutral radical, YZox could easily accept
a hydrogen atom from a donor. The observation that YZ is
in a mobile and hydrophilic environment relative to YD (41)
suggests that it may play a more complex role, since it might
be expected to be held in a fixed position for a pure electron
transfer in order to minimize nuclear motions and hence the
reorganization energy. That YZ is in a hydrophilic environ-
ment is also unexpected for an electron-transfer component.
Normally, the protein interior for electron transfer would be
of a low dielectric constant to provide a small reorganization
energy (41). The hydrogen bond network is also thought to
be more disordered in YZ than YD (54, 55, see also discussion
in 41). The hydrogen abstraction hypothesis was also based
upon the fast proton release (12µs) reported by Haumann
and Junge (56), which only occurs under nonphysiological
conditions of high concentrations of the pH-indicating dye
neutral red. Rapid proton release from YZ to bulk is needed
for the abstracted proton to leave PSII before the next S-state
transition occurs, but it has been shown that such proton
release is only rapid enough in Mn-depleted particles at low
pH (36).

So what is the balance of evidence? A recent paper
describes the measurement of the proton release pattern from
a highly resolved crystallizable oxygen-evolving PSII core
particle preparation using a pH electrode (23). This technique
eliminates artifacts which can arise from the use of pH-
indicating dyes such as neutral red, which accumulate at
biological membranes (57), and which affect the observed
proton release depending upon their concentration (see9).
The pH electrode data show an oscillating pattern of
1:0:1:2, and it seems likely that this represents the true proton
release pattern from substrate water. In less resolved prepara-
tions, or at varying pHs, this pattern is mixed with electro-
static deprotonations.

If this 1:0:1:2 pattern is that of protons from substrate
water, then there probably is charge accumulation on S1 to
S2. Chloride is essential for the S2 to S3 and S3 to S0

transitions (58), and it has been proposed that chloride may
act as a counterion, moving in response to charge movements
to maintainlocal electroneutrality (42), although as a whole,
the Mn cluster has an increased net charge. The hydrogen
abstraction model is confusing in this respect, as it invokes
chloride motions on these transitions without explaining why
this is necessary if no charge accumulation is occurring. A
1:0:1:2 proton release pattern is also suggested on the basis
of oscillations of the electrochromic shift (59, 60). A recently
proposed alternative model for water oxidation shows that
the 1:0:1:2 proton release pattern can fit experimental data
just as well as a 1:1:1:1 pattern (61).

To summarize, the results presented in this paper can be
explained by the proposal that there is net charge accumula-
tion upon the S1 to S2 transition, which alters the parameters
for electron transfer from YZ to P680+, resulting in a
temperature dependence for this reaction which is not seen

P680+ Reduction in Oxygen-Evolving Photosystem II Biochemistry, Vol. 41, No. 15, 20025021



in the lower S-states. This is observed in the previously
unstudied phases with lifetimes of several hundred nano-
seconds. The implication of these results is that the Mn
cluster does not remain electroneutral, that there is a 1:0:1:2
pattern of substrate proton release, and therefore there cannot
be hydrogen atom abstraction on each S-state transition. At
the moment, we cannot say whether the increase in reorga-
nization energy we observe is due to protein relaxations in
response to charge accumulation, or if it actually involves
proton (or other ion) movements which are undetectable by
hydrogen/deuterium exchange experiments.

Up until now, evidence in support of the charge accumula-
tion hypothesis has come from indirect sources such as the
pattern of proton release. To further investigate the possibility
of charge accumulation in the cluster, refinement or agree-
ment on the normal proton release pattern would be a helpful
starting point. Site-directed mutagenesis may make some
contributions, particularly once the crystal structure of PSII
(51) becomes more highly resolved, and potential ligands
to the Mn, Ca, and Cl atoms are identified. Mutants may be
found which can assemble the cluster but which show altered
oscillation patterns of proton release, P680+ reduction, and
so on. This could identify them as possible players in the
motion of charges around the cluster during the S-state cycle.

Conclusion.The temperature dependence of P680+ reduc-
tion by YZ is highly dependent upon the S-state. The S2 and
S3 states have a far greater activation energy for electron
transfer (260 meV) than the S0 and S1 states (50 meV). We
conclude that this is most likely indicative of an increase in
the net charge of the manganese cluster on the S1 to S2

transition which is then reversed upon S3 to S0. It may
alternatively represent the motion of positive ions such as
protons to neutralize this accumulation, which is then
exhibited via different reorganization energies. This implies
that the manganese cluster does not remain electroneutral
during the S-state cycle. This is inconsistent with the
hydrogen abstraction model for water oxidation.
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