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Enthalpy, Entropy, and Volume Changes of
Electron Transfer Reactions in
Photosynthetic Proteins

Harvey J.M. Hou
University of Massachusetts Dartmouth
USA

1. Introduction

Photosynthesis involves a series of electron transfer steps to convert the sunlight energy into
the chemical energy in green plants, algae, and cynobacteria. The three-dimensional
structures of photosynthetic reaction centers at the high resolution uncover the binding sites
and precise orientation of cofactors and their interaction with proteins and provided an
excellent model to investigate the mechanism of electron transfer reaction. To understand
fully an electron transfer reaction, it is necessary to understand not just its kinetics, but also
thermodynamics. However, in contrast to the kinetics of electron transfer mechanisms,
thermodynamic information is far less accessible. Thermodynamics reveals the energy levels
of reactants and products, as well as the driving forces in the reaction. The driving force of
the chemical reaction is the Gibbs free energy, which is composed of enthalpic and entropic
components.

Pulsed photoacoustics provides direct measurements of enthalpy and volume changes of
electron transfer. Using pulsed photoacoustics, the volume change and enthalpy of electron
transfer reaction were measured in the photosynthetic reaction center complex of Rb.
sphaeroides. A large entropy was calculated based on these measurements. Further
photoacoustic measurements indicated that the entropy change of electron transfer in
photosystem I from Synechocystis sp. PCC 6803 is similar to that in bacterial center. The
deconvolution fit of the photoacoustic waves distinguished thermodynamic parameters of a
large negative enthalpy change and large volume change for P7p0* —A; step and a positive
enthalpy change and a small volume change for A1~ — Fa,p step. To explore the specific role
of protein matrix, the menA and menB genes were inactivated by molecular genetics and
showed the altered thermodynamics of electron transfer. Inactivating the menG gene causes
2-phytyl-1,4-naphthoquinone (Q) to be presented as a quinone acceptor. The fit by
convolution of menG photoacoustic waves resolved a large volume contraction for the P700*
— Q step and a positive volume change for the Q- — Fa/p step. The photoacoustic data of
the bacterial reaction center, menA/B mutant, menG mutant, and wild type phtosystem I
show significant positive entropy. In contrast, electron transfer in photosystem II is
accompanied by a small negative entropy change. In vivo photoacoustic measurements
confirmed the difference in entropy between photosysmte I and photosystem II. We
conclude that apparent entropy may play a vital role in photosynthetic electron transfers.
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Fig. 1. Structures and arrangement of cofactors in PS I (upper) (Jordan et al., 2001) and PS II
(lower) (reproduced with permission from Nature publishing Group (Loll et al., 2005)).

In this chapter we will present an overview of the protein structure and the electron transfer
pathways of photosynthetic reaction centers and highlight the recent advances of
thermodynamic aspects of these photosynthetic electron transfer reactions on the microsecond
and nanosecond time scales using photoacoustics. The principle and experimental procedures
of the pulsed photoacoustic methodology will be presented. The main focus of the chapter will
be placed on the determinations, interpretations, and future endeavors of the thermodynamic
parameters including the enthalpy, entropy, and volume changes of electron transfer reactions
in the photosynthetic reaction centers of purple bacteria, cyanobacteria, and green plants in
vitro and in vivo. The enthalpy, entropy, and volume changes of electron transfer in proteins
provide novel insights into the role of the membrane environment and cofactors in vitro and in
vivo in terms of a broadly thermodynamic view. These unique features offer the potential for a
deeper understanding of the mechanisms of electron transfer in chemical and biological
systems. They also present a framework to modify and improve the existing Marcus electron
transfer theory as well as the formulation of a comprehensive electron transfer theory.

2. Protein structures, kinetics and thermodynamics in photosynthesis

Photosynthesis is the only process for large-scale solar energy storage in nature, in which
the light photon energy is harvested by specific photosynthetic ligtht harvesting protein
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complexes in thylakoid membranes and transfered to the reaction center. The key step of
energy conversion occurs in the photosynthetic reaction centers. The three-dimensional
structures of both Type I (Jordan et al., 2001; Amunts et al., 2007) and Type II (Ferreira et al.,
2004; Loll et al., 2005) photosynthetic reaction centers have been determined at the atomic to
molecular level. Figure 1 shows the structures and arrangement of cofactors of
cyanobacterial photosystems I (PS I) at 2.5 A resolution (Jordan et al, 2001) and of
cyanobacterial PS II at 3.0 A resolution (Loll et al., 2005). These structures reveal the binding
sites and precise orientation of cofactors and their interaction with proteins and provide a
solid basis to interpret results of photoacoustic studies at an atomic level.

On the basis of the high-resolution structural information, the kinetics and thermodynamics
of electron transfer reactions in biological systems are required for understanding precise
mechanisms. During the past decade the kinetics of electron transfer steps in reaction
centers of anoxygenic and oxygenic photosynthesis has been thoroughly investigated over
the timescale of femtosecond to second (Brettel, 1997; Dekker & Van Grondelle, 2000; Brettel
and Leibl, 2001; Gobets & van Grondelle, 2001) as shown in Figure 2. These works revealed
the electron pathway and identified almost the entire electron transfer intermediates in both
photosystems. However, the thermodynamics of electron transfer steps in photosynthesis,
such as volume change, enthalpy and entropy, is far less well understood. There are at least
two reasons to measure these thermodynamic parameters accurately. First, knowledge of
the thermodynamic parameters of electron transfer reactions allows one to gauge the
efficiency of energy conversion, Efficiency refers to the amount of the solar energy stored in
the photosynthetic organisms. The second motivation for investigating thermodynamics is
to separate the free energy into its enthalpy and entropy components, which provides more
details and deeper understanding of the driving force of electron transfer mechanisms.
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Fig. 4. Pathways and rates of electron transfer reactions in PS I (left panel) and PS II (right
panel).
3. Principle of pulsed photoacoustics

Pulsed time-resolved photoacoustics provides an unique way to probe the molecular
mechanism of electron transfer and proton transfer events in chemical reactions (Braslavsky
& Heibel, 1992; Chen & Dibold, 1996; Borsarelli & Braslavsky, 1999; Feitelson & Mauzerall,
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2002; Andres et al., 2006; Crovetto et al., 2006; Davies et al., 2008) and photosynthetic
systems (Malkin, 2000; Herbert et al., 2001; Delosme, 2003; Mauzerall, 2006). For a given
photoreaction, the accessible parameters include the molecular volume change secondary to
conformational change or electrostriction, and enthalpy changes. With the measurement of
enthalpy change by pulsed photoacoustics, the reaction entropy can be calculated when free
energy is known (Feitelson & Mauzerall, 1996; Edens et al., 2000; Hou & Mauzerall, 2006).

3.1 Molecular volume change by electrostriction and structural conformational
changes
Figure 3 shows the experimental setup of the pulsed photoacoustic apparatus, which
enables one to determine the volume change and enthalpy of photoreactions on the
nanosecond to microsecond time scales. A Nd:YAG laser and OPO are used to produce light
of 680 nm and 700 nm with 1-mm light path. Consider the different response time of film,
the PA detector containing a 128 mm piezoelectric film and 1-cm thickness of cell are used
for the microsecond time scale photoacoustic experiments. A 28 pm film and 1-mm path cell
are used for the nanosecond measurements. A 5-cm dielectric mirror was used according to
the design of Arnaut et al. (Arnaut et al., 1992).
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Fig. 3. Block diagram of pulsed photoacoustic system on the nanosecond-microsecond time
scale. BS = beam splitter, L = lens, Amp = amplifier, OPO = optical parametric oscillator.

The advantage of using the mirror in the photoacoustic system is two-fold: (1) to increase
light absorption and (2) to generate the time delay to eliminate the electric artifact in
photoacoustic measurements. The volume change or heat of a photochemical reaction
generates a pressure in a photoacoustic cell. The pressure is sensed by a piezo film or a
microphone and recorded as a form of sound wave, designed photoaoustic wave or
photoacoustic signal. To calibrate the photoacoustic signal, a reference must be used. A
photoacoustic reference is a sample that degrades all the absorbed energy to heat within the
resolving time interval of the apparatus. Two kinds of photoacoustic references are used to
ensure the accuracy of the experimental data. The first is an external black ink reference,
which is the supernatant fraction of high-quality commercial black carbon ink suspension
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after centrifugation. The other is an internal reference —the light-saturated photosynthetic
material. The photoacoustic signal generated by a reference is described by Equation 1:

pa, =L % ) (1)
K

where E; is photon energy absorbed by the sample, F is piezo film sensitivity, o’ is an
abbreviation for thermal expansivity/heat capacity * density, k is compressibility, and I(?) is
the impulse response of the system.
The photoacoustic signal is produced by the active photosynthetic reaction centers, which
form a charge-separated radical pair upon light excitation, which undergo light-induced
structural conformational change. The signal typically consists of two components (Equation 2).

PAw =Lla" Que + AV 1 1(1) @)
K

where Qrc is the heat output, which includes the enthalpy change of the reaction and other
rapidly released heat, and D V¢ is the molecular volume change of the reaction.

When the temperature of the sample in aqueous solution is above the maximum density
temperature (~4 °C), the heat output (Qrc) of a photochemical reaction induces the volume
expansion of solution. When the temperature is below ~4 °C, the heat induces the volume
contraction. At ~4 °C, the heat component (Qrc) is zero as the expansibility of water is zero.
The photoacoustic signal at ~4 °C is simply the molecular volume change (4Vgc). To
determine the precise values of the volume change resulting from charge separation in the
photosynthetic materials, two different approaches are wused: (1) volume yield
measurements, and (2) saturation measurements.

In the first approach, the flash yield (4V/E) is the volume change per unit photon energy
absorbed by the system. The flash yield of the photoacoustic (DV/E) signal is dependent on
the excitation photon flux, following Equation (3):

AVic

_ ,PoE
S _Nay, 1=¢7)

NoE ©)

Assuming AV does not change over a small temperature range, AVrc is obtained in the
limiting low pulse energy region (the linear region of Equation 3) by normalizing to the
reference photoacoustic signal, converting PA,f to volume via a’ at 25 °C and correcting for
the change in the compressibility of water between Ty, and 25 °C:

PATm K_Tm
AVRC :TIEX?XAV@; (4)

ref

where DV, = o'E, is the thermal volume change of the reference at its temperature. Since
the system is linear, one can calculate AV, the thermal volume change at 25 °C, for each
absorbed photon at the excitation wavelength. At low energy, one obtains the volume per
center multiplied by the quantum yield, ®-AVy. However, if the energy is too low, the
photoacoustic signal-to-noise ratio is poor. In the case of photosynthetic reaction centers the
value of volume change can be obtained by fitting a curve to Equation 3 and extrapolating to
zero excitation energy.
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In the second approach, every photosynthetic reaction center is excited to obtain the
maximum photoacoustic signal. Fitting of the photoacoustic data to Equation 5 allows one to
obtain the light saturated volume change, AV:

AV = NAV (1-e ") ()

where AVs is the volume change produced per photosynthetic reaction center; s is the
optical cross section per photosynthetic reaction center; @ is the quantum yield of the
photochemical reaction, and E is the excitation photon flux.

In this method, one must calculate the number of photosynthetic reaction centers in the
illuminated volume of the cell (~0.34 mL), N, to obtain the real volume change AV,. The
effective cross-section (@-0) can also be obtained from the fit of the curves. This approach
measures the absolute number of photosynthetic centers, calculated without assumptions of
the quantum yield assuming all centers are successfully “hit” with enough energy.
Although these two methods use the same set of data, the calculation of AV is differently
weighted and completely different.

3.2 Quantum yield of photoreaction

The photoacoustic measurement includes the enthalpy or volume changes times the
quantum yield, which can be determined using the light saturation curve of photoacoustics.
The light saturation function at 4 °C (where there is no thermal signal) contains the
photochemical quantum yield. For a simple system with one cross section, the photoacoustic
signal is described by the cumulative one-hit Poisson distribution (Equation 6).

PA=N-PA,(1-¢ ") (6)

where N is the numbers of centers in the sample, PAy is the photoacoustic signal produced
per successful hit of the reaction centers; s and Fs are the optical cross section and effective
optical cross section; F is the quantum yield, E is the photon energy absorbed by the sample,
and A is the absorbancy of solution.

The effective cross section can be obtained by the curve fit of the photoacoustic saturation
curve. As the optical cross section, s with units of area per reaction center, can be calculated
from the chlorophyll content and ratio of chlorophyll to the primary electron donor, the
quantum yield of chemistry can be determined.

3.3 Enthalpy and entropy changes of photoreaction
The enthalpy change of electron transfer reactions in photosynthetic reaction centers can be
calculated by the Equation 7:

(d(PA K e j
da
(d(PA Ky j <Ey, )

da

AH = (Ehv _Etrap)_

As discussed above, pulsed photoacoustics directly measures the enthalpy and volume
changes of the reactions on the nanosecond and microsecond time scales. With the given
free energy, the entropy change is calculated from AG = AH — TAS.
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Fig. 4. Typical plot of the product of the photoacoustic signal and water compressibility (k)

versus water expansivity (a) for ink reference (blue symbols) and PS I complex (green
symbols).

To determine the reaction enthalpy and volume changes, the photoacoustic waves of ink
references and photoactive samples such as PS I complexes are recorded at five
temperatures, 4, 10, 15, 20, and 25 °C. A typical data analysis is plotted in the product of the
photoacoustic intensity (peak to peak value) and water compressibility versus the water
expansivity (Figure 4). The deconvolution analysis on photoacoustic waves allows one to
time-resolve the thermodynamic parameters of each individual step of photoreaction
(Rudzki et al., 1985; Feitelson & Mauzerall, 1996, 2002). The photoacoustic pressure wave is
caused by the rate of the heat release. The two or more steps of a photochemical reaction
will change the shape (wider or narrower) of photoacoustic wave than the photoacoustic
reference. The linear fit of the experimental points gives intercept and slope of ink reference
and PS I samples, respectively. The molecular volume change of PS I on the 1 ps time scale
can be easily obtained by inserting the intercepts values of the linear fit of ink reference and
PS I sample to the Equation 4. The enthalpy change of the photochemical reaction in PS I on
the 1 ps time scale may be found via the Equation 7 using the slopes of the fit.

4. Enthalpy, entropy, and volume changes of photosynthetic reactions

The pulsed photoacoustic technique gives a direct measurement of the enthalpy change of
photosynthetic electron transfer reactions (Feitelson & Mauzerall, 1996; Edens et al., 2000). A
microphone may detect the photoacoustic waves via the thermal expansion in the gas phase.
The 50-fold larger thermal expansion of a gas over liquid makes the microphone more
sensitive. A gas-coupled microphone in a closed chamber is used as a detector on the ms
time scale. This method allows measurements of the photosynthetic thermal efficiency, or
energy storage, and of the optical cross-section of the light harvesting systems (Canaani et
al., 1984; Mauzerall, 1990; Braslavsky & Heibel, 1992). However, the time resolution is low,
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typically about 30 ps, and inappropriate for obtain thermodynamic parameters on the
microsecond and nanosecond time scales. The use of piezoelectric films acoustically coupled
to a liquid sample and a pulsed laser light source increased the time resolution of the
photoacoustic technique to the microsecond scale (Nitsch et al., 1988; Mauzerall et al., 1995).
Photoacoustic thermodynamic studies have been carried out on isolated photosynthetic
reaction centers from bacteria Rb. sphaeroides (Arata & Parson, 1981), on PS I from
cyanobacteria (Delosme et al., 1994), and on PS II from spinach and Chlamydomonas
reinhardtii (Delosme et al., 1994).

Measuring the energetics of photobiological reactions in vivo is of more interest because the
local environment of photosystems may exert a prevailing consequence on their kinetics and
thermodynamics. Pulsed photoacoustics via a microphone detector revealed the oxygen
evolution and oxygen uptake in vivo on the millisecond time scale (Mauzerall, 1990). Using a
piezo film detector, the in wvivo enthalpy and volume changes of photosystem I and
photosystem II of Synechocysits sp. PCC 6803 were obtained on the microsecond time scale
(Hou et al., 2001, Hou et al., 2001). The contribution of the two photosystems was
distinguished by excitation at two different wavelengths, 625 nm for predominant excitation
of PS I and 680 nm for PS II, respectively. The difficulty in the photoacoustic measurements
of intact cells is the heterogeneous or “cell” artifact at the temperature of maximum density
of near 4 °C. To correct the “cell” artifact, five measurements are needed instead of usual
three (see reference (Hou et al., 2001) for details). The enthalpy and volume changes of intact
cells of Synechocystis sp. PCC 6803 were in good agreement with those of isolated complexes
within the experimental errors.

Theoretical calculations of electron transfer have often assumed the reaction entropy to be
zero. For example, the standard formulation of Marcus theory assumes that the vibrations
coupled to electron transfer have the same frequency in the reactant and product states
(Marcus & Sutin, 1985). Marcus theory introduces reorganization energy to interpret the
reaction rate of electron transfer reactions. The reorganization energy can have two
contributions: a vibration term and a solvent term. Treatments of the temperature
dependence of the rate of electron transfer often assume that the free energy is independent
of temperature (Gunner & Dutton, 1989). However, these assumptions are called into
question by recent work. For instance, the entropy change often neglected in an artificial
photosynthetic system was actually determined to be large (Rizzi et al., 2008). A fit of
Marcus reorganization energy cannot interpret the observed volume change of electron
transfer reaction.

Using pulsed photoacoustics, the volume change and enthalpy of electron transfer reaction
were measured in aqueous solution (Feitelson & Mauzerall, 1996) and in the photosynthetic
reaction center complex of Rb. sphaeroides (Edens et al., 2000). A large entropy was calculated
based on these measurements. Further photoacoustic measurements revealed that the
entropy change of electron transfer in PS I trimer from Synechocystis sp. PCC 6803 on the
microsecond time scale was the same as that in bacterial centers (Hou et al., 2001). The
volume contraction of reaction centers of PS I, which results directly from the light-induced
charge separation forming P700*Fa/Fp- from the excited state P70*, was determined to be —26
A3. The enthalpy of the above electron transfer reaction was found to be —0.39 eV. Taking
the free energy of the above reaction as the difference of their redox potentials in situ allows
one to calculate an apparent entropy change (TAS) of +0.35 eV. In contrast, electron transfer
in PS II core complexes from Synechocystis sp. PCC 6803 is accompanied by a small negative
entropy change (Hou et al, 2001). At pH 6.0, the volume contraction of PS II was
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determined to be =9 A3, and the enthalpy change —0.9 eV for the formation of the state
PesotQa~ from Pego*. The AV 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 AV for the formation of Pggo*Qa~ or Yz*Qa~ we proposed that fast proton transfer into
a polar region is involved in this reaction. These observations were confirmed using intact
living cells of the same organism (Boichenko et al., 2001). These thermodynamic parameters
are summarized in Figure 5. The enthalpies for the formation of states Pyo*Fap~ from Prpo*
and Yz'PesoQa™ from Peso* in vivo were estimated to be about —0.3 eV and —1 eV, respectively.
Comparison of these values with the free energies of the reactions indicates a significant
contribution of the apparent entropy changes T4S, +0.4 and —0.24 eV for the formation of
ion-radical pairs in PS I and PS II, respectively.

In order to obtain detailed information on intermediates in the PS I reactions, we measured
the volume change and enthalpy change on the nanosecond time scale. The time constant of
charge transfer from A;~ to Fa/p is reported to be 20 to 200 ns (Brettel & Leibl, 2001).
However the modeling analysis of the electron transfer reactions in PS I by electron
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Fig. 5. Energetic scheme of PSI and PS II. Dashed lines show the time window of the PA

measurements (reproduced with permission from the American Chemical Society
(Boichenko et al., 2001)).
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tunneling theory indicate complex equilibria between the various species (Santabarbara et
al., 2005). The enthalpy and volume changes associated with this reaction and with the
charge separation of the P7o* — A; reaction seem unknown. The photoacoustic waves of PS
I may involve the contributions of the initial and subsequent electron transfer reactions
(Figure 4). The deconvolution of the time derivative of the volume or heat release function
with the apparatus response function provided by the reference signal enables us to resolve
the fast and slow photoacoustic components (Feitelson & Mauzerall, 1996; Zhang &
Mauzerall, 1996; Strassburger et al., 1997). It is possible to time-resolve the thermodynamic
parameters of individual steps in PS I by the deconvolution analysis.

As shown in Figure 6, deconvolution analysis of photoacoustic signals on microsecond time
scales resolves enthalpy and volume changes of two steps: (1) a prompt component (<10 ns)

504 1

T —
5000 50 100 150 200 250 300

«*10°
Fig. 6. Deconvolution analysis of a typical photoacoustic pressure wave to time-resolve the
enthalpy and volume changes of two individual electron transfer steps in PS I of
Synechocystis sp. PCC 6803 (reproduced with permission from the American Chemical
Society (Hou & Mauzerall, 2006)).
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with large negative enthalpy change (-0.8 + 0.1 eV) and large volume change (-23 + 2 AS3),
which are assigned to the P7* — A1 Fx step, and (2) a component with ~200 ns lifetime,
which has a positive enthalpy change (+0.4 £ 0.2 eV) and a small volume change (-3 + 2 A3)
which are attributed to the A;~Fx — Fa s~ step. This parameters were confirmed by a similar
analytsis of photoacoustic waves on the nanosecond time scale. For the fast reaction using
the redox potentials of AiFx (-0.67 V) and P70 (+0.45 V) and the energy of Pyo* (1.77 eV), the
free energy change for the Py* — A1 Fx step is —0.63 eV. Thus, the entropy change (T4S, T
=25°C) is —0.2 + 0.3 eV. For the slow reaction, A1"Fx — Fa,s~, taking the free energy of —0.14
eV (Santabarbara et al., 2005), the entropy change (TAS) is positive, (+0.54 + 0.3 eV). The
redox thermodynamics of many FeS proteins (ferrodoxins) have been determined.
Interestingly, most of the Fe4S4(Cys)s proteins have positive enthalpies of reduction of +0.3
to +0.4 eV, while the others have very small negative enthalpies. The authors explain the
enthalpies in terms of electrostatic interactions with the protein dipoles. All the reduction
entropies are negative as anticipated from the increase in charge and seem to vary in
magnitude opposite to the enthalpies. Thus the positive enthalpy of the A; Fx to Fa/g
reaction may be assigned in part to the FeS cluster reduction. The positive entropy may have
contributions from the freeing of oriented polar groups on quinone anion oxidation. The
previous step has negative entropy as expected.

To understand more details of electron transfer thermodynamics, it is of interesting to
determine the thermodynamic parameters of electron transfer in the photosynthetic electron
transfer mutants on both the nanosecond and microsecond time scales. It has been generally
believed that phylloquinone is difficult to dislodge from the A; binding site in PS I, in
contrast to the ubiquinone (Qa) in bacterial centers from Rb. Sphaeroides that can be easily
replaced by a wide variety of different quinones (Gunner & Dutton, 1989; Xu & Gunner,
2001). A biological method to remove phylloquinone was recently devised. Targeted
inactivation of the menA and menB genes that code for phytyl transferase and napthoate
synthase in the phylloquinone biosynthetic pathway (Johnson et al., 2000) precludes its
availability for incorporation in the A; site. Yet, in spite of the demonstrated absence of
phylloquinone, the menA and menB null mutants grow photosynthetically. EPR
measurements show that plastoquinone-9 (Ap) is recruited into the A; site (Johnson et al.,
2000)and functions as an efficient 1-electron electron carrier (Zybailov et al., 2000). Time-
resolved optical studies indicate the forward electron transfer from A;~ to Fx is slowed 1000-
fold, to 15 and 300 ps, compared to 20 and 200 ns in wild-type PS I (Semenov et al., 2001).
Given the altered kinetics of electron transfer, it will be of interest to investigate the effect of
these mutations on the thermodynamics of electron transfer in PS I. These thermodynamic
parameters reveal that the driving force in the photosynthetic reactions may be both
enthalpic and entropic.

Figure 7 summarizes the volume changes, free energies, enthalpy and entropy changes on
menA/B PS 1 in comparison with those on the wild-type PS I. Opened arrows are the early
step forming P70t A1~ from P7o0* for the wild-type PS I or P7o*Ap~ from P7o* for the mutants,
and solid arrows are the number of the following reaction: Pyoo*Ap~ — P700*Fa/s~. As shown
in Panel A, the volume contraction of early step of photoreaction in the mutants (—17 A3 is
smaller than that in the wild type (=21 A3). Similarly, the enthalpy change (0.7 V) of the
early step in the mutants is smaller than that (-0.8 eV) in wild type PS I (Figure 7A and 7B).
Assuming a redox potential of —0.6 V for plastoquinone-9 in the A; site (Semenov et al.,
2001), the free energy (—0.7 eV) of this early reaction in the mutants is larger than the value
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(-0.6 eV) in the wild type as indicated in Figure 7C. Taking the difference of free energy and
enthalpy change in the mutants, the apparent entropy change of the early step in mutants is
zero. In contrast, the apparent entropy change in the wild-type PS I is calculated to be +0.2
eV. Since the apparent entropy change for the overall reaction of the generation of P7opo*
Fa/p~ from Pro" is +0.35 eV (Hou et al.,, 2001), it implies that the latter reaction in the
mutants, i.e., the Proo* Ap~ Fa/s = Proo* Ap Fa/p~ reaction, is almost completely entropy-
driven (TAS = +0.4 eV and AG= -0.1 eV) (Figure 7D). Therefore, based on our experimental
results we propose that the foreign quinone (Ap) in PS I does affect the thermodynamics of
charge separation in the early steps in PS I with a smaller volume and enthalpy changes, a
large free energy and zero entropy change.

The observed thermodynamic data of the menA and menB null mutants show little
difference. This is expected because the recruited quinone (Ap) is the same in both mutants.
Volume change of mutant PS I following charge separation on both time scales is =16 + 2 A3,
The quantum yield of charge separation in PS I of the mutants is slightly lower (85 + 10%)
than that of the wild-type PS1 (96 +10%). The observed reaction is assigned to the formation
of ProotAp~ FA/B from Proo*Ap FA/B- The enthalpy change (AH) of about —0.69 + 0.1 eV in
mutant PS I was obtained for this reaction. In contrast, a large enthalpy change of ~ -1.0 eV
for the formation of Pzpo*Ar- from Pr0* in the wild-type PS I was observed. These results
strongly suggest that not only the kinetics but also the thermodynamics of electron transfer
reactions in PS I is significantly affected by the recruitment of the foreign plastoquinone-9
into the A; site (Hou et al., 2009).

A Volume contraction (AV) B. Enthalpy change (AH)
Pro*4y

Pargo* A
700 <41 P?DD*AP

Proo'Fam

Prog'Fam
Prog"Ay t Prog*Ap’ u t
WT menA/B
C. Free energy change (AG) D. Entropy change (-TAS, T=25°C)

Pro*Ay

Prog"Ay

Prog*Ay _
Proo™Ay 0 5 poh [ 2T ]
PoooFam ProoFam
WT menA/B

Fig. 7. Thermodynamic parameters of charge separation in menA/B PS I and wild-type PS 1
from Synechocystis 6803 (reproduced with permission from the American Chemical Society
(Hou et al., 2009)).
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5. Limitations and possible solutions

The thermodynamic parameters of electron transfer in photosynthetic reaction center
complexes and in whole cells of Synechocystis have been determined using pulsed
photoacoustics (Boichenko et al., 2001; Hou et al., 2001, Hou et al., 2001). However, the
parameters in Synechocystis PS 11 were inconsistent with those obtained using
Chlamydomonas and spinach chloroplast (De Vitry et al., 1991; Delosme et al., 1994)). The in
vitro measurements, in particular, showed a significant difference from the in vivo values.
These discrepancies in purified complexes from different organisms such as Synechocystis,
Chlamydomonas, and spinach chloroplasts must be clarified.

We previously determined the volume changes and enthalpy changes of electron transfer in
Synechocystis PS I complexes on the microsecond time scale (Hou et al., 2001) and then time-
resolved two individual steps in the complexes on the nanosecond time scale (Hou &
Mauzerall, 2006). A significant entropic component was found. In future work, we intend to
determine the thermodynamic parameters in PS I in vitro and in vivo using photosynthetic
electron transfer mutants to uncover the roles of the protein matrix in electron transfer steps.
In contrast, for the volume changes in PS I and bacterial reaction centers with an reasonable
number within the error margins, the volume change of PS II charge separation is in the
range from -2 to —16 As (Hou et al., 2001). For example, Boichenko et al. (Boichenko et al.,
2001) reported a =2 A3 in the whole cells of cyanobacterium Synechocystis, and Delosme et al.
(Delosme, 2003) observed -9 A3 from Chlamydomonas to —16 A3 from spinach. This obvious
inconsistency needs to be investigated and clarified. The pH, species of organisms, redox
potentials of electron donor/acceptors, and cell artifacts in the photoacoustic measurements
may cause the discrepancy.

The discrepancy might arise from the fact that the measurements were performed at
different pH values. The volume change of our previous photoacoustic measurements
showed a strong pH dependence of volume change in PS II core complexes. A volume
change of -3 A3 was observed at pH 9.0 and -9 A3 at pH 6.0 (Hou et al., 2001). Future work
may determine the volume change of charge separation in PS II complexes using our
previous photoacoustic procedures over a range of pH. The volume change will be
measured by the yield and saturation method, respectively. As Delosme et al. pointed out,
the discrepancy of the volume change may be due to the use of different organisms:
cyanobacteria versus green plants (Delosme, 2003). We will test this possibility by using the
photosystem II preparations from cyanobacteria, green algae, and higher plants. These PS II
preparations can be purified from cyanobacterium Synechocystis 6803, from green algae
Chlamydomonas reinhardii, and from spinach chloroplasts following our established method
(Hou et al., 2000). The volume change of charge separation in PS II should be determined
and evaluated against the data from different groups.

The inconsistency in volume changes and enthalpies of electron transfer could be due to the
difference in intactness: in vitro versus in vivo. Most of the in vitro preparations gave around
~10 A3 compared to -2 A3 for the in vivo system. A number of factors in vivo are different
from the in vitro preparations. The overlap of absorption of PS I and PS II in the whole cell
preparations is significant. We estimated 30% PS II contributions and 70% PS I at 625 nm. In
contrast, the contribution of PS I is 20% PS I and of PS II is 80% at 690 nm, respectively
(Boichenko et al., 2001). Use of the PS I-depleted mutant may be required to address this
problem. Based on preliminary unpublished data Delosme et al. argued that the thermal
efficiency of purified PS II core from Thermosynechococcus elongatus strongly depends on the
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experimental conditions (Delosme, 2003), such as the electron donor or acceptor used, and
could be significantly higher than our previous data. This discrepancy needs to be clarified.
A number of photosynthetic electron transfer mutants in addition to chemically modified
the reaction centers altered the kinetics of photosynthetic reactions. For example, the
photosynthetic electron transfer mutants, including menA, menB, and menG null PS I
mutants and Ay to Fx, Fa, and Fg mutants, are available. Pulsed photoacoustics may probe
these mutants to explore the effects of mutation on thermodynamic parameters of electron
transfer in PS I. The focus should be placed on the effects of the mutations on
thermodynamics of photoreactions in photosynthesis. However, the entropic contribution
may suffer from the limited published data reporting free energy values. To overcome these
obstacles, the electrochemical measurements to determine the redox potentials in situ and
computational study to calculate the redox potentials of the cofactors will be beneficial.

It has been a long-term goal to reveal the thermodynamics of PS II oxygen evolution.
However, the time window of current photoacoustics is on the microsecond time scale,
which is too fast to determine the millisecond step of PS II oxygen evolution cycle. Recently,
using photothermal beam deflection techniques the enthalpies of PS II water oxidation were
reported (Krivanek et al., 2008). Using a novel photopressure cell that enables one to obtain
the volume and enthalpy changes on the microsecond to second time scales (Liu et al., 2008),
the thermodynamic parameter of reactions involved in PS II oxygen evolution might be
determined.

6. Conclusion

To fully understand a chemical reaction, it is necessary to understand not just its kinetics,
but also its thermodynamic parameters. However, in contrast to the kinetics of electron
transfer mechanisms, thermodynamic information is far less accessible. The driving force of
the chemical reaction is the Gibbs free energy, which is composed of enthalpic and entropic
components. The theory of electron transfer in chemical and biological system was
developed by Marcus (Marcus & Sutin, 1985) and played a key role in advancing the
understanding electron transfer mechanisms, including photosynthetic systems (Turro et al.,
1996; Renger et al., 1998; Mayer et al., 2006; LeBard et al., 2008). However, one weakness of
the theory is the omission of entropic contribution in the electron transfer steps.

The recent experimental results pointed out the crucial role of entropy change in chemical
and biological systems (Feitelson & Mauzerall, 1996; Edens et al., 2000; Xu & Gunner, 2000;
Crovetto et al., 2006; Hou & Mauzerall, 2006). The follow-up and extensive thermodynamic
measurements especially by photoacoustics is worth while. Pulsed photoacoustics provides
novel insights on the entropic contribution to electron transfer in proteins and is able to
probe the role of the membrane environment and cofactors in vitro and in vivo in terms of a
broadly thermodynamic view. These unique features of photoacoutstics studies provide the
potential for a deeper understanding of the mechanisms of electron transfer and proton-
coupled electron transfer in chemical and biological systems. They also provide a
framework to modify and improve the existing Marcus electron transfer theory as well as
the formulation of a comprehensive electron transfer theory. The results of photoacoustics
experiments also provide direct information about the function of membrane proteins
central to photosynthesis. In particular, the photosynthetic membrane proteins are excellent
models for elucidating electron transfer and proton transfer mechanism in other membrane
proteins.
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