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ABSTRACT: We have previously reported the thermodynamic data of electron transfer in photosystem I
using pulsed time-resolved photoacoustics [Hou et al. (2001)Biochemistry 40, 7109-7116]. In the present
work, using preparations of purified manganese-depleted photosystem II (PS II) core complexes from
Synechocystissp. PCC 6803, we have measured the∆V, ∆H, and estimatedT∆S of electron transfer on
the time scale of 1µs. At pH 6.0, the volume contraction of PS II was determined to be-9 ( 1 Å3. The
thermal efficiency was found to be 52( 5%, which corresponds to an enthalpy change of-0.9( 0.1 eV
for the formation of the state P680

+QA
- from P680*. An unexpected volume expansion on pulse saturation

of PS II was observed, which is reversible in the dark. At pH 9.0, the volume contraction, the thermal
efficiency, and the enthalpy change were-3.4 ( 0.5 Å3, 37 ( 7%, and-1.15( 0.13 eV, respectively.
The∆V of PS II, smaller than that of PS I and bacterial centers, is assigned to electrostriction and analyzed
using the Drude-Nernst equation. To explain the small∆V for the formation of P680

+QA
- or YZ

•QA
-, we

propose that fast proton transfer into a polar region is involved in this reaction. Taking the free energy of
charge separation of PS II as the difference between the energy of the excited-state P680* and the difference
in the redox potentials of the donor and acceptor, the apparent entropy change (T∆S) for charge separation
of PS II is calculated to be negative,-0.1 ( 0.1 eV at pH 6.0 (P680

+QA
-) and-0.2 ( 0.15 eV at pH 9.0

(YZ
•QA

-). The thermodynamic properties of electron transfer in PS II core reaction centers thus differ
considerably from those of bacterial and PS I reaction centers, which have∆V of ∼-27 Å3, ∆H of
∼-0.4 eV, andT∆S of ∼+0.4 eV.

Oxygenic photosynthesis in cyanobacteria, algae, and
higher plants involves the cooperation of two photosystems
(PS),1 PS I and PS II (1). PS II is an integral membrane
protein complex of more than 19 subunits and carries out
the initial step of oxygenic photosynthesis. It utilizes light
energy to generate oxidized primary electron donor P680

+ and
reduced quinone electron acceptor QA

-. P680
+ oxidizes

tyrosine YZ, which in turn oxidizes the Mn cluster, the site
of water oxidation to oxygen.

The first three-dimensional structure of a water-oxidizing
PS II complex fromSynechococcus elongatusat 3.8 Å
resolution provides direct information of detailed orientation

and interaction of cofactors and protein subunits (2). It shows
that the heart of PS II consists of the D1 and D2 proteins,
which bind P680 (primary electron donor), pheophytin
(primary acceptor), and QA and QB (quinone secondary
acceptors). YZ, the tyrosine electron donor to P680

+, is located
at the D1-161 position.

The kinetics of the electron-transfer steps in photosynthetic
reaction centers has been thoroughly investigated over the
complete time scale of femtoseconds to many seconds (3,
4). The early processes occurring in PS II revealed by
ultrafast spectroscopy can be divided into several steps: (a)
absorption of light quanta by antenna to form excited states
of pigments; (b) trapping of excitation energy by the primary
electron donor P680 in the reaction center on the picosecond
time scale; (c) primary charge separation from the singlet
excited state of P680 to the primary acceptor Pheo in about
3-20 ps; (d) stabilization of the separated charges from the
radical pair P680

+Pheo- on the acceptor side by electron
transfer to QA in about 200 ps and to QB on the hundreds-
of-microseconds time scale; and (e) on the donor side, an
electron is supplied to reduce P680

+ from a tyrosine residue
(YZ) on the nanosecond to microsecond time scale. It has
been reported that the electron transfer from YZ to P680

+ is
dependent on the ambient pH of the PS II preparations (5,
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6). The rate of electron transfer of this step is between tens
to hundreds of nanoseconds in intact PS II at physiological
pH and hundreds of nanoseconds in apo-PS II at pH 9.
However, at acidic pH this rate in apo-PS II is slowed about
10-100-fold, i.e., to>10 µs. There are no studies on the
thermodynamic properties of these intermediates.

Photoacoustic (PA) measurements have proven to be a
useful tool for the study of the thermodynamics of electron
transfer in chemical and biological systems (7-9). Although
it is the free energy which determines the equilibrium of a
chemical reaction, decomposition of this energy into terms
of enthalpy and entropy allows an initial separation of the
driving forces of the reaction: bonding or interaction energies
and entropic or available states of the system. This decom-
position is particularly important for reactions involving
proteins where entropic changes can be large and can
characterize the often hypothesized but rarely observed
changes in conformation.

By use of pulsed time-resolved photoacoustics (PTRPA)
one can measure directly the volume change (∆V), the
enthalpy (∆H), and, via the free energy (∆G), the entropy
(T∆S) in electron-transfer reactions (8). We have previously
measured these parameters in the photosynthetic reaction
center complexes fromRhodobacter sphaeroides(9). In the
preceding paper (10), our study of the thermodynamics of
electron transfer in the PS I trimer complex fromSyn-
echocystisPCC 6803 similarly revealed a large negative
volume change, a small enthalpy change, and thus a
significant positive entropy change on electron transfer. It
is of interest to explore these issues in PS II using the same
technique. In this work PTRPA was used to obtain the
thermodynamic parameters of flash-induced electron-transfer
reaction of the purified PS II core complexes from cyano-
bacteriumSynechocystissp. PCC 6803.

MATERIALS AND METHODS

Preparation of the Purified PS II Core Complexes. Purified
oxygen-evolving PS II core complexes were prepared from
the WT cyanobacteriumSynechocystis6803 as previously
described (11, 12). The Mn cluster was removed by treating
the core complexes for 30 min at∼300 µg/mL with 5 mM
NH2OH plus 1 mM EDTA in buffer II (50 mM Mes, pH
6.0, 25% glycerol, 5 mM CaCl2, 5 mM MgCl2, and 0.03%
DM) plus 30 mM MgSO4. The cores were then passed
though an Econo-Pak 10 DG desalting column equilibrated
with buffer II only. The core complexes were then concen-
trated to ∼200 µg of Chl/mL by spinning overnight in
Centricon 100s (Millipore) according to the manufacturer’s
direction. All treatments were at 4°C. The core complexes
were stored at-80 °C until use. The glycerol was removed
for PA measurements by centrifuging using Centriprep YM-
50 (Millipore) and placed in the 10 mM Mes, Hepes, or Ches
buffer and 0.03% DM. The chlorophyll to QA ratio was
determined by the method described in ref11 and showed
that the purified PS II core complexes contain 40 Chl per
photoreducible QA. These preparations were frozen and
stored in liquid nitrogen prior to the PA measurements.

Photoacoustic Measurements. The procedure is similar to
the methodology described elsewhere (9, 10). Laser pulses
of 5 ns at 625 and 674 nm were used to excite the PS II
core complexes. The OD values of the PS II core complexes

were adjusted to∼0.2 per mm at the excitation wavelengths
for PA measurements. Global convolution analysis of PA
data was performed according to the previous paper (10).

RESULTS

Photoacoustic Signals of PS II Core Complexes. The
typical PA signals of isolated PS II core complexes are shown
in Figure 1. In our experiments with PTRPA, we used flashes
at 674 nm for excitation of the PS II core complexes. Curve
1 and curve 2 in Figure 1 are the PA signal of the thermal
reference, carbon ink, at room temperature and at the
temperature of maximum solution density,∼4 °C, respec-
tively. As expected, the thermal PA signal was zero at∼4
°C. The photochemical reaction of PS II core complexes
produces PA signals from two sources. The first is the
thermal signal, which is heat released by the system in the
measured time window. The other is the volume change of
the reaction center itself following the photochemical reac-
tion. At the temperature of maximum density of water,∼4
°C, the thermal signal disappears, leaving only the volume
change of the reaction centers. The PA signal of Mn-depleted
PS II core complexes ofSynechocystis6803 shows a volume
contraction at∼4 °C (curve 3) but an expansion at 25°C
(curve 4). This observation is different from those of PS I
trimer complexes fromSynechocystis6803 (10) and bacterial
reaction centers fromRb. sphaeroides(9), which show
negative signals even at room temperature. This implies that
the enthalpy change of electron transfer in PS II is larger
and/or the∆V is smaller than that of PS I and bacterial
centers.

As the averaging of several low-energy flashes is required,
the recovery time of reaction centers must be measured in
order to ensure that the centers have returned to their initial
state before the next actinic pulse. Following the same
protocol as in the preceding paper (10) we have determined
the recovery time of the Mn-depleted PS II core complex of

FIGURE 1: PA signal of the Mn-depleted PS II core complex and
carbon ink reference: 10 mM Mes, pH 6.0, 0.03% DM, OD674 )
0.12/mm (∼16 µg of Chl/mL), pulse energy 14µJ cm-2 at 674
nm. Curve 1, carbon ink, 25°C; curve 2, carbon ink, 3.7°C; curve
3, PS II core complexes, 20µM benzidine, 0.1 mM FeCy, 2 mM
CaCl2, 3.7 °C; curve 4, PS II core complexes with the same
additions at 25°C.
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Synechocystis6803 in the presence of benzidine (20µM)
and FeCy (2 mM) at 4°C. There are two components: a
fast phase with a time constant of less than 0.1 s (11%) and
a slow phase of 0.4 s (89%). Thus the recovery time of PS
II is less than 1 s, and we used a pulse rate of 1 Hz at low
excitation energy (<10% centers excited) and<0.5 Hz at
near saturation energies to allow full recovery of the reaction
centers.

We recorded the light saturation curve at∼4 °C and thus
obtained the quantum yield of photochemistry of the samples
using measured versus calculated optical cross sections (see
ref 10 for details). Table 1 lists the quantum yield of
photochemistry in PS II core complexes fromSynechocystis
6803. The quantum yield of photochemisty in PS II was close
to unity with two different preparations at pH 6 and 7.5 using
two excitation wavelengths, 625 and 674 nm (Table 1).
However, it decreased to 83( 8% at pH 9.0.

Volume Contraction. Light-induced charge separation
produces a volume contraction in both PS I and PS II reaction
centers. Comparing the amplitude of PA signals, we found
that PS II showed a smaller PA signal than PS I.

We used two different methods to obtain the volume
changes of the reaction centers near 4°C: (1) volume yield
method and (2) saturation method (see preceding paper, ref
10). In the first method, as shown in Figure 2, increasing
the excitation energy of the flash reduced the yield of the
negative volume change. This is caused by multiexcitation
of the “filled” reaction center and waste of energy. Therefore,
the true volume contraction of the reaction center is that at
the lowest excitation energy. However, the low energy
produced a PA/E signal with significant error. To improve
the signal-to-noise ratio, we used the curve fitting method
to obtain the limiting volume change of the samples (Figure
2; see ref10 for details). The results are listed in Table 1. It
was found that the volume contraction of PS II is about-8.8
( 1.0 Å3 at pH 6.0,-7.3( 2 Å3 at pH 7.5, and-3.4( 0.5
Å3 at pH 9.0.

The second method uses the maximum PA signal of the
reaction center of PS II. Surprisingly, the PA signal of PS II
core reaction center decreases when the pulse energy exceeds
∼100µJ/cm2 at 674 nm and∼200µJ/cm2 at 625 nm (Figure
3). This phenomenon may result from excitation of the
initially photogenerated charge-separated state producing a
large positive volume change∆Vm, presumably by charge
neutralization. We fit the curves with nonlinear least squares
to the equation∆V ) ∆Vs(1 - e-ΦσE) + ∆Vm(1 - e-ΦσE)(1
- e-ΦσmE), whereE is the photon energy absorbed by the
sample, Φ is the quantum yield of the photochemical
reaction,∆V is the observed volume change,∆Vs is the
maximum volume change of charge separation in PS II,∆Vm

is that of the secondary reaction, andΦσ and σm are the
optical cross sections of the centers for charge separation in
initial and for charge neutralization in charge-transferred
states, respectively. As shown in Table 1,∆Vs of ∼-11 Å3

and∼-3 Å3 were obtained at pH 6 and pH 9, respectively.
These data are in line with that of the first method. Because
of the many unknowns (four) in this equation, we fixed the
values ofΦσ to those obtained by the first method and of
∆Vm as-2∆Vs. Theσm was found to be∼7 Å2, independent
of wavelength at 674 and 625 nm. This indicates that the
target is not all the antenna chlorophyll molecules. The
candidate is one or a few molecules with broad absorption
spectra (13). This reaction was completely reversible, since
no change in the volume contraction was observed at low
flash energies after saturation experiments at 4°C.

Thermal Efficiency and Enthalpy. The positive PA signal
of PS II at room temperature implied a lower thermal
efficiency or significant enthalpy change of electron transfer
in PS II. Using the difference of slopes of d(PAk)/dR of the
PS II core reaction center and of the ink reference, whereκ

and R are the compressibility and expansivity of water,
respectively, thermal efficiencies per trap of PS II on the
microsecond time scale were obtained (see ref10 for theory).
The thermal efficiency per trap was found to be 52( 5% at
pH 6.0. It decreased at higher pH values, 43( 5% at pH

Table 1: Photochemical and Thermodynamic Parameters of PS II Core Complexes fromSynechocystis6803

buffera
λex,
nm Φσ, Å2 Φ,b % ∆Vy,c Å3 ∆Vs,d Å3 TE0, % ∆H, eV T∆S,e eV

pH 9.0, Ches 674 87( 9 83( 8 -3.4( 0.5f -2.6( 0.5 37( 7f -1.15( 0.13 -0.23( 0.13
pH 7.5, Hepes 674 104( 10 99( 10 -7.3( 2 -11.8( 2 43( 5 -1.04( 0.1 -0.27( 0.1
pH 6.0, Mes 625 32( 3 114( 15 -8.8( 1.0 -10.6( 2 52( 5 -0.9( 0.1 -0.1( 0.1
a Buffer concentrations are 10 mM with addition of 20µM benzidine, 0.2 mM FeCy, 2 mM CaCl2, and 0.03% DM.b The values of quantum

yield Φ are obtained from the ratio of calculated optical cross sections of PS II, 105 and 28 Å2 at 674 and 625 nm, respectively, to the effective
optical cross sectionsΦσ. c The limiting value, in Å3 per molecule, of the yield curve fit at low energies at 4°C. d The maximum value, in Å3 per
molecule, at 4°C when all reaction centers are excited.e ∆G is estimated to be-0.77 eV at pH 6-7.5 and-0.92 eV at pH 9.0 (from data in Tables
3 and 4).f With correction for the quantum yield of 83%.

FIGURE 2: Volume yield of PS II core complexes versus light pulse
energy at 3.7°C: medium with 20µM benzidine, 0.2 mM FeCy,
2 mM CaCl2, 0.03% DM. The excitation area of the sample within
the PA cell is about 1.43 cm2. The fits are∆V/E ) ∆Vy(1 - e-ΦσE)/
(σE). Curve 1 (closed circles): 10 mM Mes, pH 6.0, OD625 ) 0.106/
mm (∼14 µg of Chl/mL), excitation at 625 nm; solid line is the fit
with Φσ ) 32 ( 4 Å2, ∆Vy ) -8.7 ( 2 Å3. Curve 2 (open
circles): 10 mM Ches, pH 9.0, OD674 ) 0.151/mm (∼20 µg of
Chl/mL), excitation at 674 nm; dashed line is the fit withΦσ ) 87
( 9 Å2, ∆Vy ) -2.6 ( 0.5 Å3.
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7.5 and 30( 7% at pH 9.0 (Table 1 and Figure 4). Since
the quantum yield at pH 9.0 was 83% (Table 1), this
increases the true thermal efficiency to 37%. These values
are in line with the energy storage of∼40% in a similar PS

II core preparation fromChlamydomonas reinhardtiireported
by Delosme et al. (14). However, they are smaller than the
value for PS II membranes from spinach (∼60%) measured
by the same authors (14). This discrepancy could be
attributed to a contamination of PS I in the BBY preparation.

Taking the trap energy of the PS II reaction center,Etrap

) 1.82 eV, the enthalpy of reaction in PS II in the time
window of 0.1-10 µs is determined to be-0.9( 0.1 eV at
pH 6.0,-1.0 ( 0.1 eV at pH 7.5, and-1.15 ( 0.2 eV at
pH 9.0 (Table 1).

Global Analysis of Volume and Enthalpy Changes. The
above thermodynamic data analysis was based on the peak-
to-peak PA signals. Using a global convolution analysis of
PA data under given conditions at all of the different
temperatures and pH 7.5 between 4 and 25°C, we obtained
a thermal efficiency of 45( 8%, volume contraction of-7.0
( 2 Å3, and enthalpy of-1.0 ( 0.1 eV. These data agree
with the peak-to-peak analysis (Table 2).

Kinetic Analysis by ConVolution of PA Signals. The
advantage of PTRPA is that data analysis by convolution
can be used to obtain the time-resolved PA components (15,
58). The acoustic pressure signal is caused by the rate of
heat production. Thus the amplitude of the PA measurement
is weighted by the rate constant of the heat producing step
(8). The time window in the present study was 0.1-10 µs.

The YZ f P680 electron/proton transfer is dependent on
pH (17-18, 28, 44, 45). At pH ∼6 this reaction occurs at
room temperature in>10 µs and at pH∼9 in <1 µs. Using
our convolution method we would expect to resolve the fast
components at high pH unless they occur in<100 ns.

The fits of the entire time course of the PS II signal via
convolution at pH 6.0 indicated that there were two negative
components: a fast component of rise time<100 ns with
∼90% amplitude and a 1-5 µs component with∼10%
amplitude at 4°C. The deconvolution showed no indications
of a positive component ((20%) in our time window. In
the case of pH 9.0 the convolution of PA data also resolved
no positive PA component, which would be expected if
cancellation of charge via YZ- oxidation by P680

+ occurred.
Our results suffered from the small volume contraction
observed and the limited signal-to-noise ratio, especially at
pH 9.0.

DISCUSSION

Volume Contraction and Electrostriction. Charge separa-
tion in reaction centers induces a volume contraction via
electrostriction that is revealed by pulsed photoacoustics. The
reaction centers ofRb. sphaeroidesundergo a-28 Å3 per
molecule volume contraction on excitation (9), and PS I
trimer reaction centers contract by-26 Å3 (10). What about
the oxygenic photosynthetic reaction center of PS II?

Since the structure and organization of PS II is proposed
to be similar to that of bacterial reaction centers (20, 21),

FIGURE 3: Saturation curves of PS II core complex volume change
at 3.7°C: medium with 20µM benzidine, 0.2 mM FeCy, 2 mM
CaCl2, 0.03% DM. The excitation area of the sample within the
PA cell is 1.43 cm2. The fits are∆V ) ∆Vs(1 - e-ΦσE) - ∆Vm(1
- e-ΦσE)(1 - e-σmE), assuming∆Vm to be twice∆Vs with opposite
sign. Curve 1 (closed circles): 10 mM Hepes, pH 7.5, OD674 )
0.180/mm (∼23 µg of Chl/mL), excitation at 674 nm; solid line is
the fit with ∆Vs ) -10.6( 2 Å3, Φσ ) 105 Å2 (assumed, Table
1), σm ) 6.6( 1 Å2. Curve 2 (open circles): 10 mM Mes, pH 6.0,
OD625 ) 0.106/mm (∼14 µg of Chl/mL), excitation at 625 nm,
dashed line is the fit with∆Vs ) -11.8 ( 2 Å3, Φσ ) 32 Å2

(assumed, Table 1),σm ) 6.8 ( 1 Å2.

FIGURE 4: The product of the photoacoustic signal and water
compressibility (κ) versus water thermal expansivity (R) for carbon
ink reference and PS II core complexes: medium with 20µM
benzidine, 0.2 mM FeCy, 2 mM CaCl2, 0.03% DM; OD674 ) 0.12/
mm (∼16 µg of Chl/mL), excitation at 674 nm, pulse energy 6µJ
cm-2. Curve 1 (open circles): carbon ink reference. Curve 2 (closed
squares): 10 mM Ches, pH 9.0, solid line is the fit with TE0 )
29%, ∆V ) -2.6 Å3. Curve 3 (closed circles): 10 mM Mes, pH
6.0, solid line is the fit with TE0 ) 48%, ∆V ) -10.3 Å3.

Table 2: Comparison of Analytical Results of Global Convolution
and Peak-to-Peak PA Data for the PS II Core Complexa

method ∆Vy, Å3 TE0, % ∆H, eV T∆S, eV

global analysis -7.0( 2 45( 8 -1.0( 0.15 -0.23( 0.15
peak-to-peak

analysis
-7.3( 1.5 43( 5 -1.04( 0.1 -0.27( 0.1

a pH 7.5, 10 mM Hepes; the excitation wavelength is 674 nm.
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the volume change of photoinduced charge separation of PS
II is expected to be about the same. However, the observed
volume contraction of PS II at pH 6.0 was only one-third
this value and even smaller at higher pH (Table 1). This is
not an artifact of the PA measurements or the low photo-
chemical activity of our PS II samples as discussed below.

The quantum yield of PS II reaction centers is a very
fundamental parameter, but there are no good data available
in the literature. This parameter is often assumed to be unity.
Using pulsed photoacoustics we were able to obtain these
crucial data. As shown in Table 1, the quantum yield of Mn-
depleted PS II core reaction centers fromSynechocystis6803
at pH 6 was determined to be 114( 15% from its effective
optical cross section assuming the Chl/RC ratio of 40.
Additional support is provided by the similar maximal
volume change using both the yield and the saturation
methods (Table 1). This finding indicates the quantum yield
is close to unity since the yield method depends on the
quantum yield and the saturation method does not. Thus the
smaller volume contraction of PS II is not caused by a low
yield. However, the quantum yield is lower (83%) at pH 9
(Table 1).

Arata and Parson (59) have proposed that the light-induced
volume change of reaction centers is attributable to elec-
trostriction, which has been described thermodynamically by
Drude and Nernst (22). According to thermodynamics and
electrostatics, the volume contraction is described by the
extended Drude-Nernst equation for two ions of opposite
charge:

where ∆Vel is electrostriction,∆Gel is the Born charging
energy,P is pressure,z is the charge on the spherical ions,
κ is compressibility of the protein,V is its molar volume,ε
is its dielectric coefficient,r+ and r- are the radii of the
donor and acceptor (assumed previously neutral), andr( is
the distance between the two ions.

Effect of Size of Ions on∆V. The size of P700 in the PS I
reaction center fromSynechocystis6803 is expected to be
the same (or somewhat smaller because of less overlap and
thus charge delocalization) as that of P870 of the bacterial
reaction center ofRb. sphaeroides. But the radii of Fx, FA,
or FB iron-sulfur centers (∼5.2 Å, an estimation in this
paper, and 4.9 Å in ref23) are larger than that of QA (radius
of ∼2.5 Å) in the reaction center ofRb. sphaeroides. It is
thought that the core charge changes from+3 to +2 but is
surrounded by four negative cysteinates bounded to the irons.
From the viewpoint of electrostatics it is the total charge
change-1 to -2 and the total volume of the charge
delocalization over the Fe4S4(cysteinate)4 complex that
counts. Our estimate of this radius is 8 Å, and this leads to
a predicted∆V of ∼-23 Å3. Together with the-8 Å3 of
the P700

+ the total,-31 Å3 is reasonably close to the observed
-26 Å3 (10). Also, the distance between P700 and FA or FB

is about 42 or 54 Å (24, 25), respectively, considerably larger
than that between P870 and QA in reaction centers ofRb.
sphaeroides, about 28 Å (26, 27). Taking this change into
account, the calculated volume contraction is-30 Å3 for
PS I. However, in the case of PS II, the observed volume
contraction is unexpectedly small,∼-9 Å3 at pH 6.0 and

∼-3 Å3 at pH 9.0. We use the Drude-Nernst equation to
discuss the possible charge-transfer reactions.

The pKa for YZ has been estimated to be∼7-8 (17, 28)
but see Hays et al. (45) for a contrary opinion, pKa ) ∼10.
The electron donor to P680

+, redox-active tyrosine YZ, would
thus be deprotonated at pH 9.0 before it is oxidized by P680

+

(Figure 5D). Therefore, at the time of light-induced charge
separation, the electric field of the positive P680

+ would be
partly canceled by the negative charge of YZ

- at a distance
of 12 Å (2). This would reduce the volume contraction
around P680

+ and can be calculated by an extension of eq 1
for three ions, using pairwise interactions, i.e., three inter-
ion terms with appropriate signs. The calculation results in
a volume contraction of-22 Å3, ∼7 times that observed.
By adding more negative charge near P680, one could further
decrease the electrostriction. However, all of this negative
charge would decrease the redox potential of P680, which is
necessarily much higher than chlorophyll in solution and thus
is unlikely to be present. If the transfer of charge from YZ

-

to P680
+ occurs in<100 ns, the electrostriction of both ions

will vanish. It has been demonstrated that the oxidized YZ
•

is a neutral radical (17, 29; for a review see ref6). The
resulting volume change for this reaction step, YZ

-P680
+QA

-

f YZ
•P680QA

-, is estimated to be+29 Å3, taking a radius
of 2.2 Å for YZ and distance 12 Å between YZ and P680 (2,
30-34). It has been reported that the distance between YZ

and QA is 32-35 Å (35-38). Using these values, the total
volume change forming YZ• and QA

- from YZ
- P680*QA is

then estimated to be+3 Å3. The difference between this
value and the observed-3 Å3 is close to the error and could

∆Vel )
∂∆Gel

∂P
) (z2e2

κ

2ε )(∂ ln ε

∂ ln V)[ 1
r+

+ 1
r-

- 2
r(] (1)

FIGURE 5: (A-D) Possible electron- and proton-transfer reactions
in Mn-depleted PS II core complexes. (E) The solid line stands for
the direction of electron transfer and the dashed line for proton
transfer. D1/D2 are the reaction center core subunits. CP47 and
CP43 are the peripheral light harvesting proteins. Upon the
photoinduced charge separation (1), at pH 6 the electric field of
the cation induces a fast proton transfer from protonated His near
YZ (3), possibly D1-His-190. The proton is most likely released to
the polar region (4) and then to the aqueous solution. At pH 9,
proton transfer from YZH to neutral histidine is induced (3),
followed by electron (2) and proton transfer (4). The electron
transfer from YZ

- to P680
+ cancels the charges, induces a volume

expansion, and thus gives a small volume change in the overall
reaction. For details see text.
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be caused by some redox equilibration of YZ and P680
+ or

an ensuing change in protein conformation. Another pos-
sibility is that YZ may be incompletely deprotonated. It is
estimated that∼60% of YZ may be deprotonated by the
comparison of difference spectra (pH 6.0 minus pH 9.0) of
oxidized-minus-reduced YZ with that (pH 7.4 minus pH 12)
of tyrosine in water (17). The estimated∆V is then-2 Å3,
using∆V observed at pH 6 as the protonated∆V (see below).

Optical measurements indicate that the charge transfer of
P680

+ to tyrosine YZ at acidic pH at room temperature in the
absence of Mn occurs on theg10 µs time scale (39-41).
All measurements of P680

+ reduction and of YZ oxidation
agree on a wide distribution of reaction times in the 10-8-
10-5 s range (42-47). The particular time constant and its
contribution in amplitude vary widely depending on the
presence or absence of the Mn cluster and in the case of the
latter on the pH. The particular preparations used here have
“most” of the P680-YZ reaction occurring in>10 µs at pH
6 ande1 µs at pH 9 when measured by absorption changes
at room temperature in the UV and visible region. A possible
complication in the optical measurements is the use of high-
intensity, saturating flashes. As shown clearly in our flash
saturation curve (Figure 3), there is a decrease in|∆V| at
high flash energies. Our analysis shows that a secondary
reaction causes a large, reversible, positive volume change
indicating charge neutralization. If this reaction is a proton
movement, it could be invisible optically. No such positive
volume change is seen in PS I and bacterial reaction centers
(9, 10).

If only P680
+QA

- formation were observed at more acidic
pH, a volume change of-28 Å3 is expected, not the observed
-3 to -9 Å3. A possibility, much discussed in the literature
(17, 19, 28, 44, 45), is that a base, histidine, is hydrogen
bonded to YZH (Figure 5A). The reaction His‚‚‚HYZP680*QA

f His‚‚‚HYZP680
+QA

- would produce a∆V of -28 Å3. If
the field of the P680

+ cation forced proton transfer from the
tyrosine to the histidine, rapid electron transfer would
occur: His...HYZP680*QA f [HisH+‚‚‚YZ

-P680
+QA

-] f
HisH+‚‚‚YZ

•P680QA
-. However, the estimated electrostriction

would be-65 Å3. Thus the charge of any proton involved
must move to a more polar region in<100 ns. The overall
reaction is His‚‚‚HYZP680*QA f His‚‚‚YZ

•P680QA
- + polar

proton with estimated∆V of ∼-25 Å3. If proton transfer
occurred in the complex, i.e., HisH+‚‚‚YZ

-P680*QA f
His‚‚‚YZ

•P680QA
- + polar proton, then the calculated elec-

trostriction would be+28 Å3 because of the small size of
the histidine cation and loss of its electrostriction. Thus if
some 40% of the tyrosine-histidine were in the ionized form,
a ∆V of -6 Å3 is predicted, as is observed. The solvent
accessibility of YZ and YD by deuterium isotope effect on
YZ oxidation and ESEEM technique demonstrated that the
environment of YZ is more polar than that of YD (17, 57).
Kinetic measurements using site-directed mutants also
showed that YZ is located in a significant polar region in
contrast to YD (44). Thus the ionization of tyrosine by
histidine is quite possible.

At pH 6.0, the histidine is expected to be protonated. On
photoformation of the P680

+ cation, its electric field will
decrease the pKa of the histidine, causing movement of the
proton to the polar region (Figure 5B). The reaction is
HisH+‚‚‚YZHP680*QA f His‚‚‚YZHP680

+QA
- + polar proton.

The volume change calculated is+6 Å3. An admixture of

some nonprotonated histidine can account for the difference
from observation.

Effect of Compressibility and Dielectric Coefficient on∆V.
What about the other parameters in the Drude-Nernst
equation that we have assumed constant? The negative term
∂ ln ε/∂ ln V is the change in relativeε with relative volume
or reciprocal density. This is the least known term for
proteins, but changes little even over a wide range of
substances (48) and is why we write the equation in this
form. The compressibilityκ of proteins, when corrected for
changes in hydration, is fairly constant (49, 50) since they
are usually close-packed. The dielectric coefficient,ε, of
proteins is still a subject of some controversy, and the
measurement of electrostriction may be a good way to obtain
this important parameter (16). Accommodation of our
observed∆V in PS I would require only an increase of the
effective dielectric coefficient from∼4 to ∼5. However,
accommodation of our data on PS II would require a tripling
of the effective dielectric coefficient in PS II relative to
bacterial reaction centers. An even greater increase is required
at alkaline pH. This seems extravagant given that the proteins
and their structure are quite similar.

An estimate of the effect of a higher dielectric (waterε )
80) adjacent to the protein (effectiveε ) 4-6, via electro-
striction; Mauzerall, to be published) can be made by the
method of images (51). Even if the polar interface is situated
at the radius of the ion, the electrostriction would only be
reduced by a factor of 2. Movement of the polar interface
by another ion radius, i.e., having the ion1/2 in the polar
region would however cause reduction by a factor of 8. Thus
bulk water would have to be less than 7 Å from the center
of P680

+, and its contribution is only-8 Å3 out of the-28
Å3 expected. The water would also have to be less than 2 Å
from QA

- to reduce its contribution to less than one-half,
and that is not likely. Note that the distance of any of these
ions to the water interface in the RC, radius of∼20 Å, is
far less than the Coulomb radius (the distance where
univalent ions interact with energy ofkT), 270 Å in a protein
of ε ) 2. The effectiveε, 4-6, thus includes considerable
effect of the nearby water as expected. As noted above and
pointed out by Gilson et al. (51), the effectiveε depends on
the distance from the polar interface.

We conclude that our data are best accommodated by a
mixture of neutral and anionic tyrosine and neutral and
cationic histidine with ratios dependent on pH. A mixture
of neutral (Figure 5A) and ionic forms (Figure 5B) would
result in a small volume change. As the pH becomes more
acidic, the histidine is protonated and the photoformed cation
field forces the proton out (Figure 5C), with a volume change
of +6 Å3. The proton is most likely released to the polar
region (step 4) and then to aqueous solution on a slower
time scale. The steps are shown in Figure 5E. It was reported
that the half-time of proton transfer to aqueous solution is
∼40 µs in the Mn-depleted PS II reaction centers (28). If
the base in the polar region is a carboxylate anion, e.g.,
glutamate, then a further contribution of “electroexpansion”
will occur as charge is neutralized. As the pH becomes more
alkaline, the tyrosine ionizes and the total charge transfer to
YZ (Figure 5D) produces a volume change of+3 Å3. A
mixture of these forms will explain our observation as
outlined above. Note that such a mixture guarantees several
time constants for the oxidation of tyrosine YZ.
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Enthalpy. The pulsed, time-resolved photoacoustic meth-
odology that we have developed is suitable for investigation
of the thermodynamics of photosynthetic systems on a
nanosecond to microsecond time scale. By use of this method
we have successfully measured the enthalpy of charge
separation in reaction centers ofRb. sphaeroides(9) and PS
I reaction centers ofSynechocystis6803 (10). Here the
enthalpy of electron transfer in PS II was obtained at different
pH values. The enthalpy of reaction at pH 6.0 is-0.9( 0.1
eV, -1.0 ( 0.1 eV at pH 7.5, and-1.15 ( 0.2 eV at pH
9.0 (Table 1). Comparing the enthalpy of electron transfer
in the bacterial reaction center ofRb. sphaeroides(-0.44
eV) and the PS I reaction center (-0.39 eV), the large
enthalpy of PS II reaction centers is surprising.

The electron-transfer reaction in PS II core complexes,
involving YZ oxidation in this study on the 1µs time scale,
is coupled with proton transfer. In the case of bacterial and
PS I reaction centers, it is a pure electron-transfer process
on the same time scale. The large enthalpy change in PS II
may be produced by the rapid proton-transfer step associated
with electron transfer.

Entropy. The entropy of electron-transfer reactions is often
assumed to be zero. However, recent photoacoustic studies
have shown that such an assumption may not be true (8-
10). Using the triplet state of zinc uroporphyrin in aqueous
solution as electron donor and naphthoquinone-2-sulfonate
as electron acceptor, it has been demonstrated that the entropy
of this electron-transfer reaction is quite large and negative,
-0.6 eV, as expected for a liquid (8). The recent PA data of
bacterial reaction centers ofRb. sphaeroides(9) and PS I
(10) revealed unexpected positive entropies, which have been
attributed to bound counterion release.

The electron-transfer rate in Mn-depleted PS II core
complexes depends on the pH of the solution. At high pH
(∼9.0) it is proposed that the electron can transfer from YZ

to P680
+ in <1 µs (17, 44, 45) at room temperature. If so,

we may estimate the apparent entropy of the reaction for
formation of YZ

•QA
- from excited P680*. Note that we refer

to an apparent entropy since the free energy may be different
in an unrelaxed state of the protein (9). TheT∆S is -0.23
( 0.13 eV, assuming the free energy is-0.92 eV (Tables 3
and 4). If at pH 6 the reaction only proceeds to P680

+QA
-,

with free energy of-0.77 eV, theT∆S is -0.1( 0.1 eV. If

this reaction occurs with a deprotonation of histidine (see
above on∆V) with pKa ) 6.9-7.5 (before charge separa-
tion), then∆G will increase by 0.1 eV (pKa < 6 after charge
separation) andT∆S will decrease to-0.2 eV.

Thus we conclude that the entropy of electron transfer in
PS II core reaction center is small but negative no matter
what the pH of the solution, in contrast with those of PS I
and bacterial centers. Since the unexpected positive entropy
of the bacterial and PS I centers was assigned to the liberation
of counterions by charge neutralization on charge formation,
this process does not occur in PS II centers since there is no
charge formation on the microsecond time scale.

Comparison of the Thermodynamics of Electron Transfer
in Bacterial, PS I, and PS II Centers. The volume changes
(-28 Å3) for the formation of P870

+QA
- in the bacterial

reaction centers and that of PS I (-26 Å3) forming P700
+FA/

FB
- are quite similar (9, 10). In the present paper a smaller

volume contraction, about-9 Å3 for the formation of
YZP680

+QA
- and about-3 Å3 for YZ

•QA
-, in PS II is

measured. The former data can be explained by electro-
striction, but assuming similar dielectric and thermoelastic
properties, the data on PS II require that if the donor is P680,
it be linked to rapid proton expulsion, and if tyrosine is the
donor, it must be partly in the anionic form. Proton transfer
to polar environment must occur in<100 ns.

The enthalpies of electron transfer in bacterial and PS I
reaction centers were found to be-0.44 and-0.35 eV,
respectively (9,10). The similar differences in redox
potentials of the donor and acceptor produce similar entropies
of reaction. However, our PA data indicate that the enthalpy
change of photochemistry on the 1µs time scale in PS II is
larger (-1 eV) than that of PS I and bacterial reaction centers
(-0.4 eV). The entropy of electron transfer in PS II is
negative, which is normal for charge formation in solution
(8). The electron-transfer reaction in PS II is associated with
proton transfer, which is favored by a more polar environ-
ment in the complex. Overall, our thermodynamic data of
bacterial, PS I, and PS II reaction centers show that the
entropy of electron transfer is complex and depends on the
microenvironment of the protein and may involve coupling
with proton transfer in PS II. This complexity of electron-
and electron/proton-transfer reactions requires detailed and
systematic studies using pulsed photoacoustics in order to
understand the mechanism of electron transfer in photosyn-
thetic systems.

Recently, we have obtained in vivo PA data of PS I and
PS II inSynechocystisusing selective excitation wavelengths.
This has revealed volume contractions of about-27 Å3 (PS
I) and-2 Å3 (PS II) and enthalpy values of-0.4 eV (PS I)
and -1 eV (PS II) (56). These findings provide strong
supporting evidence of our in vitro studies using purified
PS I and PS II complexes from the same cyanobacterium.

If our hypothesis of proton transfer in PS II is correct, it
must occur in<100 ns, too fast to be time-resolved using
microsecond pulsed photoacoustics. We have developed a
fast pulsed, time-resolved photoacoustics setup with time
resolution of<10 ns. Experiments with this cell may allow
one to time-resolve the components of the YZ

- f P680
+

reaction which we predict to have large and opposite volume
changes. Another test would be YZ -less mutant [e.g., D1-
Tyr161Phe (55)] PS II core complexes, which is expected
to form P680

+QA
- upon photoinduced charge separation on

Table 3: Redox Potentials of Cofactors in the PS II Reaction
Center

cofactor Em, V reference

P680
+/P680 +1.13∼ 1.23 6 (theoretical limit)

P680
+/P680 +1.12( 0.05 52 (exptl estimation)

QA/QA
- -0.08 53 (O2-evolving PS II)

QA/QA
- +0.065 53 (apo-PS II)

YZ
•/YZ

- +0.97( 0.02 54

Table 4: Free Energy of Electron Transfer in the PS II Reaction
Center

electron-transfer reaction ∆G, eV reference

YZ
-P680

+ f YZ
•P680 -0.075 41 (pH 5.0, apo-PS II)

YZ
- P680

+ f YZ
•P680 -0.12 55 (pH 6.0, apo-PS II)

YZ
-P680*QA f YZ

•P680QA
- -0.92 estimated from Table 3

for apo-PS II
P680*QA f P680

+QA
- -0.77 estimated from Table 3

for apo-PS II
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a microsecond time scale. This preparation would enable one
to measure the volume contraction and enthalpy producing
the P680

+QA
- from excited P680* without interruption of the

electron/proton-transfer step from YZ.

CONCLUSION

We obtained thermodynamic data on primary photoreac-
tions of PS II core reaction center complexes from the
cyanobacteriumSynechocystissp. PCC 6803 using pulsed
photoacoustics. Volume contraction was determined to be
-8.8 ( 1.0 Å3 at acidic pH (6.0) and-2.8 ( 0.5 Å3 at
alkaline pH (9.0) on the 1µs time scale. On the basis of
estimations of electrostriction using the Drude-Nernst
equation and experimental∆V values of PS II, we propose
that (1) the pH dependence is caused by a mixture of
protonated and nonprotonated states of YZ and (2) fast proton
transfer is involved in these reactions. The enthalpy of the
electron-transfer reaction in PS II on the 1µs time scale is
-0.9 ( 0.1 eV at pH 6.0 and-1.15( 0.13 eV at pH 9.0,
respectively. These data allow one to calculate a negative
apparent entropy change (T∆S ) -0.1 ( 0.1 eV at pH 6.0
and-0.23 ( 0.1 eV at pH 9.0) for electron transfer from
P680 and YZ to QA in PS II. These values differ considerably
from those of PS I and bacterial centers.
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